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What 1s fixed-point arithmetic?

* Floating-point arithmetic
— For ex.) 0.9*0.55=0.495, 0.9*5500=4950
0.9*0.5555555=0.49999995

* Fixed-point arithmetic
— For ex.) 0.9*0.55=0.495 (seems OK)
0.9%5500=? (overflow)
0.9*0.5555555=0.499 (quantization)
— Fixed-point arithmetic
* Range is limited (scaling needed)
* Precision limited




Why fixed-point implementation?

» Fixed-point arithmetic (or integer arithmetic)
requires less chip area, less delay, and less bus
width (for memory).

— Leads to %2 to 1/10 chip area reduction
— Leads to x2 speed increase.

* Some embedded processors do not equip floating-
point arithmetic unit

— A floating-point arithmetic using library requires many
(at least a few 10’s) cycles.

— Leads to x10 speed increase or energy reduction.




Why 1s fixed-point implementation
important in DSP

* Digital signal processing
— Requires a large number of arithmetic operations (multiply, add,
memory access)
* 10M ~ 100M operations / sec
— Do not require exact results, in terms of SQNR 40dB~100dB

* Embedded systems
— Many do not equip floating-point arithmetic units
— Require different word-length according to the applications
* Audio: around 20 ~ 24 bits
* Speech: 12~20 bits
* Video: 8~16 bits
* Graphics: high precision

Issues 1n fixed-point optimization

» Performance estimation
— By analytical methods (theory)

 Usually limited to linear systems
— By simulation

* Requires simulation using a large number of input data (fast
simulation required)

+ Easy simulation program generation required
* Automatic scaling
— Scales the input and output data (x 2)
— 0.9*¥5500=? ->0.9*0.55 = 0.495 (*10™)
* Word-length optimization
— Smaller word-length degrades the system performance

— Larger word-length requires more chip area and power
consumption.
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Fixed-point Arithmetic and
System Design




1. Number Representation

* Floating-point format
— x=M(x) 2 E®)
— wide dynamic range <- no explicit scaling needed
— good for algorithm develop, higher hardware cost

 Fixed-point format

— only M(X) 1s used with constant E(x)

— minimizing the wordlength is important for
economic hardware implementation

Floating-point format

. SQNR

wide dynamic range

SQNR

determined by the
mantissa wordlength

SQNR,,,, |

 32bit IEEE standard format is most widely
used (24bit mantissa, 8bit exponent)




Fixed-point format

. SQNR

— Scaling is needed

quantzation
ise dominant

* Specification

— Negative number representation signal level

— Overflow handling
— Word-length reduction

— Conversion to or from real value

Negative number representation

» Unsigned
0000: 0, 0001:1,0111:7, 1111:15
* Signed
— Two’s complement (-x =x + 1)
0000:0, 0001:1, 0111:7
I111: -1, 1000: -8

— One’s complement (-x = X)




Overflow handling

* Saturation
— no sign loss for overflow Fr

— magnitude becomes maximum !J
— preferred in signal processing —'j

e Overflow
g

— simple implementation ’J

— good when signal range is known J_F

Quantization (Wordlength reduction)

* Methods

— Rounding
— Truncation

» Source of Quantization
— Signal quantization
— Coefficient quantization




Quantization methods

* Rounding
— max. quant. error is d/2 ’/{
P(e[n])

* Truncation f/{%

— max. quant. error gz d2
— D.C. bias
(fatal when P(e[n])
accumulated)
d

2. Fixed-point Data Format

* Integer format
— all data is interpreted as an integer
— the quantization level is large (1)
 Fractional format
— all data 1s between -1 to 1
— the quantization level is 2-B-D




» Generalized fixed-point format
— allow both integer and fractional wordlengths

— integer wordlength determines the maximum
signal range, and the fractional wordlength
determines the quantization level.

integer fractional
y%gth wordlength

|
siLJn

\ hypothetical binary point

Generalized fixed-point format

* SPW format
— <wordlength, integer wordlength, sign> <12, 3, t>
— signal range: -23 ~ +23, quantization level: 28
» Silage (DFL) format
— fix <wordlength, fractional wld>; always two’s compl.
— fix <12, 8>
» SNU Fixed-point Simulator format

— <wordlength, integer wordlength,
sign_overflow_quantization mode>

— <12, 3, ’tsr’>




Generalized fixed-point format

Arithmetic shift left by n bit
— decreases the IWL by n

Arithmetic shift right by n bit
— increases the IWL by n

Addition
— the IWL of both operands should be the same

Multiplication (z = x*y)
IWL(z) = IWL(x) + IWL(y) -1; in 2’s compl.

Generalized fixed-point format

x <10,2,’tsr’> y <12,3, ’tsr’>

—

<10,3, ’tsr’»

saturation &

rounding

|
z <10,2,’tsr’>




3. Scaling Method

* Purpose of Scaling

— prevent overflows or waste of bits by proper
shifting (arithmetic shift)

 Scaling implementation
— overflow prevention: shift right (IWL increase)
— save extra-bits: shift left (IWL decrease)
¢ Minimum integer wordlength
—IWL_, (x) =Ilog , | R(x) ||
— R(x) 1s the range of a signal

Range estimation method

* Analytical method
— L1 norm based is most widely used
— L1 norm based: very conservative estimate
— applicable to linear or simple systems

* Simulation based
— requires computing power
— optimum estimate, but input signal dependent

— applicable to non-linear and time-varying
systems




L1 norm based scaling

transfer
X[n] =1 function h[n][ yln]

| y[n] | < Xpnax Z [ h[n] |

This means that the output can be higher than
the input level by L1 norm times

L1 norm computation
- by using analytical method
- by computing the unit pulse response, and then
summing-up the absolute value of the response

L2 norm based scaling

L2norm =X | h [n] |?
— L2 norm is an upperbound for the signal energy
— it 1s less pessimistic than the L1 norm

— it 1s optimum estimation when the input is a
white random input




Linf norm based scaling

* Linf= Max |[HGw)|
— is an upperbound when the input is sinusoid

— good when the input signal is very highly
correlated

— least pessimistic norm

Simulation based range estimation

— collect information of sum, squared sum,
absolute max, and the number of update during
the floating-point simulation

— derive mean and standard deviation for a signal
after the simulation

— R(x) = max{|m(x)| + n 6(x), AMax},
where n is between 4 to 16




Simulation based range estimation

» Comparison for a 2nd order IIR filter for
speech application (WL = 16 bit)
— IWL determined by the simulation based

method is 4 bit smaller than that of the L1 norm
based method

— SQNR difference of 24 dB
« ADPCM implementation

— needs 4 different speech files for obtaining a
reliable range data

4. Wordlength Determination

* Wordlength reduction

— reduce the wordlength, at an ADC or multiplier
output, to minimize the hardware cost while
keeping the signal accuracy acceptable

(b+1)j1}o+c+l)bit (q+1) bit
o

(c+1) bit




Modeling of quantization

* Ideal system - for floating-point simulation

e Non-linear model

- for fixed-point simulation

 Linearized model - for analytical method

ADC

_.__1|_. _,Q@ T

Q

V4

L

Modeling of quantization - continue

[—

—H— |
Ca [n] .

!

em[n]

* the magnitude of e,[n] and e _[n] 1s
dependent on the fractional word-length




Linearlized modeling of signal
quantization

» Add statistically equivalent quantization
error signal instead of the quantizer

* Quantization noise

— wide-sense stationary white noise

— uniform distribution between -d/2 to d/2

— different noise sources are uncorrelated

P(e[n])

—— o’ =d?12

-d/2 ' d2

Modeling of signal quantization

« Computation of output noise power

_.Q?_.
Ca [n]

!

em[n]

-1
z

0% = (0%, + 62, )(1/2m) [| H(ei®) | 2 do

“y[n] =y[n] + {[n]

=(0%,+06°,) Z | hn] P




Coefficient quantization

* Word-length reduction in filter coefficients
or (usually) constant system parameters

a=0.876 ~a=0.875 (0111B)
» Effects of coefficients for FIR and IIR
digital filters

* deterministic

« easily known by obtaining the frequency response
from the quanitzed coefficients

* optimization program for minimum hardware cost

5. Fixed-point Performance

« Effects of quantization noise in digital
signal processing systems

— Linear digital filters:

additive quantization noise at the output
— Constant filter coefficients:

transfer function is modified
— Adaptive digital filter:

quantization noise changes the adaptation

performance or the mean squared error (mse)
after the convergence <- distortion




Performance measure

— Linear digital filters
- SQNR
— Adaptive digital filters

* mean squared error after some time-off period

— Speech coder

+ the SQNR between the original speech and the
reconstructed speech after compensating the filtering
or time-delay

— Communication system(Tx-Rx system)

« the bit-error rate is the best measure, but requires
much simulation time

* the peak error at the eye diagram can be a measure

Autoscaler for ‘C2x/5x

av

ab

-
AT




Hypothetical Floating-Point Instructions

Floating-point instructions Corresponding

Instruction | Operation ﬁxed-pgmt
mstructions

ADDF Add to accumulator ADD

APACF Add P register to accumulator APAC

INF Input a floating-point data IN

LACF Load Accumulator LAC

LTF Load T register LT

LTAF Load T register, add P reg. to accumulator LTA

LTDF Load T register, add P reg. .., move data LTD

MACF Multiply and accumulate MAC

MACDF Multiply, accumulate, and data move MACD

MPYF Multiply MPY

SACF Store accumulator SACH

SACFV Store with overflow check macro

SQRTF Square root macro

DIVF Divide macro

Simplified Data Path of
TMS320C2x/5x

* Note three barrel shifters
— Shifter a
:Ij’—‘ — Shifter o

— Shifter m

W(t) = max W,(x,P,ACC.z)

sm=4,1,0, or -6
W/(ACC) = Wi(w)+W,(y)+1-
sm > W(t)
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Reference: Seehyun Kim, Ki-Il Kum, and Wonyong Sung,
"Fixed-Point Optimization Utility for C and C++ Based
Digital Signal Processing Programs," IEEE Tr. Circuits
and Systems II,Vol. 45, No. 11, November, 1998.




Introduction

» Fixed-point simulation is very needed for
— Accurate performance estimation
— But takes much time especially when the wordlength or
quantization format is different
» Seamless conversion from floating-point to fixed-
point code 1s needed

— Do not want take much time. Just easy conversion

» Range estimation code is needed, usually range 1s
obtained from the floating-point simulation

* [ssues

— Word-length determination: high-level design or low-
level design?

* High-level (system or algorithm level) design
— Fast simulation and wordlength determination
— May not be bit-accurate

* Low-level (assembly, RTL level) design

— Slow simulation and word-length determination




2. Fixed-point format

Hardware oriented language supports good
fixed-point format

— VHDL

— Silage

— SPW

C language does not. Only integer (short,
long) and float.

C++ fixed-point class

C++ class — overloading

Each arithmetic operation in C code is translated to the
overloaded operations according to the type declaration of
the variables or constants

fSig: class for range estimation

— Conduct floating-point arithmetic and update the mean, variation,

and max of the variable

gFix: class for fixed-point arithmetic according to the SNU
fixed-point format

— gFix a(12, 0, “tsr”)
pFix: a pseudo fixed-point library using floating-point
ALU: 53bit for mantissa): may not be bit-accurate for high
precision data.




gFix class

gFix operator * (const gFix& x, const gFix& y)
/ assume that
// result.wl =x.wl+ywl-1
// result.iwl = x.iwl + y.iwl
{
short iwlen, wlen;
Integer I

wlen =x.wl +y.wl-1;

if (wlen > MAXWL) wlen = MAXWL;
iwlen = x.iwl + y.iwl;

I=xM*yM;

return gFix(I,wlen,iwlen);

3. C++ class based development
procedure

C or C++ programming using floating-point
arithmetic -> algorithm verification

Insert range estimation directives (fSig) to variable
declaration statements

Range estimator -> scaling

Insert fixed-point simulation directive (gFix or
pFix) s to variable declaration statements

Fixed-point simulator -> wordlength
determination




Code example (1%t order IIR filter)

void
iir]l (short arge, char *argv[])
{

float Xin;

float Yout; // fSig()

float Ydly; // fSig()

float Coeff;

Coeff=10.9;

Ydly=0.

for (i=0; i< 1000; i++) {
infile >> Xin;
Yout = Coeff * Ydly + Xin;
Ydly = Yout;
outfile << Yout << "\n’;
}

}

(a) Original C++ program

Range estimation & fixed-point
simulation code

void
iir]l (short arge, char *argv[])
{
float Xin;
static fSig Yout("iirl/Yout");
static fSig Ydly("iirl/Ydly");
float Coeff;

Coeff=10.9;

Ydly=0.

for (i=0; i< 1000; i++) {
infile >> Xin;
Yout = Coeff * Ydly + Xin;
Ydly = Yout;
outfile << Yout << '\n’;
}

}

(b) Range estimation code

void
iirl (short arge, char *argv[])
{

gFix Xin(12,0);

gFix Yout(16,3);

gFix Ydly(16,3);

gFix Coeff(10,0);

Coeff=10.9;

Ydly=0.

for (i=0; i< 1000; i++) {
infile >> Xin;
Yout = Coeff * Ydly + Xin;
Ydly = Yout;
outfile << Yout << "\n’;
}

}

(c) Fixed-point simulation code




Comparison of simulation time

* A Fourth order IIR filter

— Floating: 2.19 sec

— fSig: about twice of the floating-p simulation
time

— gFix: 340 sec

— pFix: 16.3 sec

— VHDL.: 181 sec

— SPW: 60 sec

Architecture considerations

 Fixed-point performance is architecture
dependent

gFix a(12, 0, "tsr") gFix a(12, 0, ""tsr"")
gFix b(12, 0, "tst") gFix b(12, 0, tsr ) )
gFix ¢(12, 0, "tsr") gFix tmp(10, 1, "tsr")
gFix d(10, 1, "tsr") gFix ¢(12, 0, "tsr")

gFix d(10, 1, "tsr")
d=a+b+tc;

tmp=a+ b;

d= tmp + c;




4. Scaling

 Can easily be determined from the range
information
— IWL > | R(x)| ceiling

Wordlength determination

» For uniform wordlength determination

* Needs only one iteration of search using fixed-point simulation
(16bit —ok-> 12bit —no-> 14bit-ok->13bit...

 For different wordlength for each variable
* Itis needed to group the variables that can have the same
wordlength
* Needs to determine the minimum wordlength for each group

* Then try to find out the combined wordlength satisfying the
performance




Overall procedure

C or C++ programming using floating-point
arithmetic

Integer wordlength determination using fSig
class

Minimum wordlength determination (gFix)
Optimum wordlength determination (gFix)

Conclusion

Fixed-point simulation for existing C
program can be conducted fairly easily
using C++ fixed-point class.

C program level fixed-point simulation
takes much less time than the assembly or
RTL level fixed-point simulation, but
should be careful for bit-accurate results.
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Floating-Point to Integer C
Program Converter




Contents

* Introduction

 Simulation based integer word-length determination
» Code conversion

 Shift optimization

* Implementation examples

» Conclusion

* Reference: Ki-Il Kum, Jiyang Kang and Wonyong Sung, "AUTOSCALER for C: An
Optimizing Floating-point to Integer C Program Converter for Fixed-point Digital
Signal Processors," IEEE Tr. Circuits and Systems II, Vol. 47, No. 9, September 2000,
pp. 840-848.

Introduction

* Motivation
— high level language for DSP

« reduce development time, portability

— fixed-point DSP
* scaling is important for avoiding overflows and for accuracy
» Previous research
— autoscaling assembler
— C++ based fixed-point optimization utility

« Employed development tool
— SUIF compiler system

* parser, C code generator
« all processes are performed with the SUIF data structure




Overall design flow

Floating point C code

Shift reduction

---------------------------------------------------

Code conxersion

IS
>

>
'

Range estimation i Profiling Syntax analysis

IWL annotator

i v ! /
IWL check IWL information Shift optimization .
! L T
Integer C code | |
t1 . .
genetaion *No wordlength determination

Integer C code

*Floating-point to integer code conversion
with less number of shift overhead.

Functional call based fixed-point simulation

» (C++ class based method
* applicable to static variables

» function call based method

— applicable to static or automatic variables
* recursion is allowed
— automatically generate range estimating code

— all floating variable in all symbol tables are given its identificaion
number

— statistic data are collected in a function call inserted for each
assignment

— 2.7 times faster than the C++ class based method
— Implemented using SUIF compiler front end




Original C code Range estimating C code

main() r{nam()
{ [ it _range(10);
c=atb; c—a+b:
| range(c,3);
Range estimating library }
range(x,1d)
{
sum[id]+=x;

sum2[id]+=x*x;

Code conversion
 Float to integer with known integer wordlength
 Fixed-point arithmetic rules
— add/sub/assign
* align binary point
— multiply
* high word of the multiplied result is used
» compiler dependent implementation

N bit N bit
«—>
] L ]
x [ x [ 7]
A | [ )
«—> «—>
Not used N bit N bit Not used
ANSI C integer multiply Fixed-point multiply




Fixed-point arithmetic rules.

Floating | fixed-point result IWL
-point Ix>1y,Iz Iy>Ix,1z 1z>1x,ly
Assignment X=y x = y>>(Ix-ly) | x = y<<(ly-Ix) Ix
Addition/ z=xty | xHy>(Ix-ly)) | c>>(ly-Ix))+y | >>(1z-Ix))+ | max(Ix,ly,lz)
Subtraction (y>>(1z-ly))
Multiplication | x*y mulh(x,y) Ix+ly+1 or
Ix+Iy

z: variable storing the result

Implementation of fixed-point multiplication.

int z;

Target processor | Implementation

TMS320C50 #define mulh(x,y) (X)*(y)>>16)
TMS320C60 #define mulh(x,y) mpyh(x,y)
Motorola 56000 |  inline int mulh(int x, int y) {

 asm('mpy %1.%2.%0""<D"(): R (9, R'();

return z;

Code conversion (2)

» IWL constraints for array and pointer
variables

— each array element has the same IWL

— pointer operation with different IWL i1s
prohibited

* assignment

* function parameter




Code conversion (3)

* Implementation using SUIF
— IWL annotation
* read IWL information file and modify symbol table
— IWL check
+ floating-point variables without IWL info are checked

» IWL constraints are checked

— integer C code generation
* type conversion of variables in symbol tables
* expression tree conversion by scaling shift insertion

Shift Optimization

» Scaling shifts are reduced by equalizing the relevant IWL’s
» Architecture dependent (barrel shifter or not (DSP56000))
» Expression conversion
— expressions are converted to simple sum of products form

X, = ij * X, +Zx,
j.k I
X = {Z((x] ;) >> Sj,k)+z(xl >>5;)} <<,
Jk /
— shift amount calculation
Irhs :rEl;a}((]xj +]Xk +1’IX1’]Xi)
Six =1 —(Ixj +lxk +1)
S, = Irhs _Ix,

Si :]rhs _le-




Shift optimization (2)

 Shift overhead is calculated with the IWL of
variables ¢, =Y (d,+> e )n,
« Shift reduction without a barrel shifter
— minimize X, <x, <x, +b
X, =X
d >0

el.J.ZO

— constraints

e =d +x,—(x,+x,+1)

e, =d +x,—x

— solve using ILP

Shift optimization (3)

« Shift reduction using a barrel shifter
— minimize
Lx#0

¢ = Z(fB(di )+Zf3(ei7f))ni’ /5 (%) :{0 x=0

— solve using simulated annealing




Shift optimization (4)

» Implementation using SUIF

— profiling

« insert a function call which collect profiling
information after each floating-point expression

— syntax analysis

« simplified parse tree is generated

— shift optimization

* generate a constraint file for ILP solver

* generate a simulated annealing program

— read initial IWL information determined by range
estimation, write back optimized IWL information

Implementation examples

e Fourth order IIR filter

Floatig-point C code

float al[ {1,0.355407, 1.0 };
float a2 {1,-1.091855,1.0 };
float b1[. { 1.66664, -0.75504 };
float b2[2] = { 1.58007, -0.92288 };
float d1[2], d2[2];

void iir4(float *x, float *y)

{

3]
3]
2]

float x1, y1, t1, t2;

x1=0.01* *x;

tl =x1 +bl[0]*d1[0] + bI[1]*d1[1];

yl =al[0]*tl +al[1]*d1[0] + al[2]*d1[1];
d1[1]=d1[0];

d1[0] =t1;

12 =yl +b2[0]*d2[0] + b2[1]*d2[1];

*y =a2[0]*t2 + a2[1]*d2[0] + a2[2]*d2[1];
d2[1] =d2[0];

d2[0] =12;

Integer C code

#define sll(x,y) ((x)<<(y))

intal[3]= { 1073741824, 381615360, 1073741824 };

int a2[3]= { 1073741824, -1172370379, 1073741824 };

int b1[2] = { 1789541073, -810718027 };

int b2[2] = { 1696587243, -990934855 };

int d1[2];

int d2[2];

extern void iird(int *x, int *y)

{
int x1;
intyl;
int tl;
int t2;
x1 = sll(mulh(1374389534, *x), 2);
tl =sll((x1 >> 4) + mulh(*bl, *d1) + mulh(b1[1], d1[1]), 2);
yl =mulh(*al, t1) + mulh(al[1], *d1) + mulh(al[2], d1[1]);
dI[1]=*dl;
*dl =tl;
t2 = sll((y1 >> 4) + mulh(*b2, *d2) + mulh(b2[1], d2[1]), 2);
*y = sll(mulh(*a2, t2) + mulh(a2[1], *d2) + mulh(a2[2], d2[1]), 3)
d2[1]=*d2;
*d2 =12;




Implementation examples (2)

Performance comparison for the fourth order IIR filter.

# of cycles SQNR

floating-p. | integer | speed-up | floating-p. | integer
’C50 2,980 100 29.8 - 49.3dB
*C60 3,659 9 406.6 - 57.9dB
56000 26,282 921 28.5 - 78.5dB

Implementation examples (2)

The shift reduction results of the fourth order IIR filter.

IWL increment upper bound | 0 3 Infinite
(no shift reduction)

# of shifts in C codes 7 4 2

’C50 # of cycles 100 96 94
speedup - 4% 6%
SQNR 49.3dB 51.2dB [ 54.1dB

*C60 # of cycles 9 6 8
speedup - 33% 11%
SQNR 57.9dB 57.1dB | 54.2dB

# of shifts in C codes 5 3 2

56000 # of cycles 921 675 577
speedup - 27% 37%
SQNR 78.5dB 78.5dB | 78.5dB




Implementation examples (3)

 QCELP
— 16 source and 4 header files, total of 3648 lines
— 381 floating-point variables
— floating-point code: SQNR 17.9 dB
— converted integer code: 17.36 dB
— speedup: 24.6 times faster
— shift optimization
» shift cost is reduced by 88%
* 4.5 % speedup
* 0.1 dB performance degradation

Conclusion

* Read and generate ANSI C compliant
programs

« IWL information is kept in separate file.

» Target specific fixed-point multiplication
and scaling shift optimization

» Converted integer C codes are 5 - 400 times
faster than the floating-point C codes

 Fast simulation due to high level language
simulation




ly=max(/ +1 +1,1 ,1)
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Word-Length Optimization for
High Level Synthesis of Digital
Signal Processing Systems

Contents

Introduction

Word-length optimization

— DFQG partitioning

— Multiplication conversion

— Minimum IWL, FWL determination
— Scheduling with WL information

— FU WL optimization

— Shifter minimization

Implementation examples

Concluding remarks

Reference: Ki-Il Kum, Wonyong Sung , "Combined word-length optimization and high-
level synthesis of digital signal processing systems", IEEE Transactions on Computer-
Aided Design of Integrated Circuits and Systems , vol. 20, no. 8, pp. 921-930, August
2001.




Introduction

Word-length determination is important for
VLSI implementation (not integers).

Objectives
— To satisfy DSP performance requirements

— To minimize hardware cost or power
consumption

— To meet time constraint (scheduling problem)

Previous approach

* High level synthesis after
algorithm level WL
optimization

— Hardware sharing is not

considered in algorithm
level WL optimization.

Signal grouping

Minimum IWL determination

Minimum FWL determination — Too much simulation time

for minimum hardware cost
WL search

— WL information is not
considered in conventional
high level synthesis.

Minimum hardware cost WL search |

High level synthesis

— WL can be increased during
the high level synthesis.

ynthesized architectu




Proposed approach

Data flow graph

DFG partitioning

Minimum IWL determination

Multiplication conversion

Scheduling and binding » Architecture Level Word-

length Optimization

Function unit WL optimization

— High level synthesis
with minimum WL

Shifter minimization

— Optimum WL search
after hardware sharing

Partitioning of data flow graph (1)
e Purpose

— To reduce simulation time for the determination of the
FWL.

— The FWLs in a partition are determined together.
» Algorithm
— Select an adder whose output is used for a multiplier
input or a system output.

— Select an adder whose output is used for more than two
operators.

— Search adders from the selected adders to the input
direction until the other selected adder or multiplier is
encountered.




Partitioning of data flow graph (2)

A fourth order IIR filter example

-----------------------------------------

Partitioning of data flow graph (3)

* Quantization model

— Both input and output of multipliers are
quantized.
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Determination of minimum IWL

* Minimum FWL of a signal is determined with the
range of the signal which is estimated using

simulation results.

 Minimum IWL for the fourth order IIR filter

signals

min IWL

A9, D20, D21, M11,

MI12, M13

16

X, A10, Al4

15

A7, AlS

14

M4, A8

13

A2, D10, D11, A3, M5

12

M6

11

M1

10

Constant multiplication
conversion

» Implementation with shifters and adders

 Scaling shifters can be used for the shifts
— concept of shifted value reading from registers

0.625

<83,t> <g3,t>

<8,3.t>

> <82t

<8,0,t>
>>3
&)

>>1

<8§,3,t>




Determination of minimum fractional
word-length (1)
« Min FWL of a signal satisfies the fixed-

point performance of a system, when the
other signals have enough WL.

* Lower bound of optimal FWL

* FWL of output signal for an adder cluster is
determined by simulation.

 FWL of other signals are determined using
noise model equation.

Determination of minimum fractional
word-length (2)
e Minimum FWL for the fourth order IIR
filter

cluster adders output FWL adder FWL
1 A2,A3 -2 -1
2 A9,A10,A7,A8 -6 -4
3 Al4,A15 -7 -6
signals min FWL
MI1,A3,M4,M5 -1
A2,D10,D11 -2
M6,A7,A8,A10,M11,M12 -4
A9,D20,D21 -6
M13,A15 -6
Al4 -7




Scheduling with word-length
information (1)

* Modified list scheduling

— Ready lists are generated
for each WL of FU.

— First, large WL OP is
scheduled to large WL FU.

— Small WL OP can be
scheduled to large WL FU,

when the large WL FU is
not used.

insert ready operations;
cstep = 0;
while (not all lists are empty) {

T {
if (the resource is free and
can do the first node

of the list) {
schedule operation;
delete first node from the list;
}
}
}
insert ready operations;

}

Scheduling with word-length
information

* Scheduling algorithm

— Insert ready operations for each FU having different WL

— Fisrt, for the ready list of largest WL, the resource of largest WL is

assigned.

— When there is no ready operation in the list, a ready operation in
the other list having smaller WL is assigned to the resource.

— If all the ready operations are scheduled with free resources,
control step is increased and ready lists are generated again.




Scheduling with word-length
information (2)

*  Number of FU and WL m

determination T
| Decrease i WL by 1 |

— List scheduling is resource
constrained algorithm.

Y
— Our problem is control step

. . N
constrained algorithm. | Restore WL |
— Iterative scheduling with I

modifying the # of FU and | i=i-1 |
WL until the control step N
constraints are satisfied.

* Find minimum # of FU end

with enough WL
* Reduce WL step by step n:#of FU

Scheduling with word-length
information (3)

» Scheduling result for the fourth order IIR filter
— four 9b, three 11b multiplications : 7 muls (16b coeff)
— three 13b, one 12b, five 11b, one 10b, two 9b ALUs :

12 ALUs
— hardware cost : 8z for n-bit multipliers, n for n-bit
adders
cstep mul ALU total cost
7 11,11 13,11,9 209
8 11,9 13,13 186
9 11,9 13,11 184
10 11 13,11 112




Register binding with word-
length Information

clique partition(G(V,E)) ({
while (G(V,E) is not empty) ({

C = max clique(G(V,E));
* Modified clique )

delete C from G(V,E);
}

partitioning
. max clique(G(V,E)) {
— Select anOde Wlth largest T o= opode with lsroest Wi,
. repeat {
WL first for finding a repeat {
: : U = set of nodes not included in C
maximum Chque‘ and adjacent to all nodes of C;
— Large WL register is B s enpEy
return C;
allocated first. else { 4
seiscr g pode with largsst WL in 5
add the node to C,

}
}
}
}

Register binding with word-
length information (2)

» Algorithm

— while G(V,E) is not empty, extract the largest clique C
from the graph G

— largest clique finding algorithm
* conventional
— select a initial node with largest degree
* proposed
— select a initial node with largest WL

— select a node with largest WL from the nodes adjacent to all
nodes included in the clique




Word-length optimization of
functional units

» System performance is better than desired
value because of hardware sharing

— Decrease WL of selected FUs
» System performance is worse than desired
value because minimum WLs are used
— Increase WL of selected FUs

» Select FU for minimizing the total hardware
cost

Shifter minimization

 Shifters are used for aligning adder inputs and
scaling multiplier outputs.

 Shifters are implemented with multiplexers.

 Shifter hardware can be reduce by exchanging the

two inputs of FU.
cstep |shift |shitf cstep |[shift |shitf

— ex) bits _|bits bits |bits

1 1 2 :> 1 2 1

2 2 1 2 2 1




Implementation examples (1)

« Fifth order elliptic filter

SV18 SV3g

Implementation examples (2)

Design spec.

— CSD optimized 6 bit coefficients
— White noise with the range of (-215,21%) is used for input.
— SQNR 40 dB is used for the desired fixed-point performance.

DFG partitioning

— grouped into 17 adder clusters

min [WL

— 15 bit to 19 bit

min FWL

— -7 bit to -10 bit




Implementation examples (3)

* A 6b by 11b multiplier, a 12b ALU, and a 11b ALU are
used for 18 control steps.

* 42.86 dB SQNR
 Further optimization of FU is not possible.
* Shift minimization

— # of multiplexer inputs are reduced from 3, 4, 3, and 3
to 3, 3, 2, and 3.

» Constant multiplication conversion
— 8 mul -> 10 ALU operations

— A 14b ALU, and a 12b ALU are used for 21 control
steps.

Implementation examples (4)
 Adaptive LMS Filter
X0 I X1 [P _Xu

SERR

BO B1

Co Cl




Implementation examples (5)

» Design spec.

— 12th order adaptive LMS filter for a channel
identification

— The average power of the error signal after some time
off period is used for the fixed-point performance.

* DFG partitioning
— grouped into 13 adder clusters

* WL of the signals

signals IWL FWL WL
X0,X1,X2,X3,X4,X5,X6,X7,X8,X9,X10,X11 15 5 11
S1,S2,83,54,S5,56,57,58,$9,510,S11,Y 15 -1 15
P1,P2,P3,P4,P5P6,P7,P8 P9 P10,P11
HOH1,H2,H3,H4H5H6,H7HSHOH10,H11 0 12 13

C0,C1,C2,C3,C4,C5,C6,C7,C8,C9,C10,C11
B0,B1,B2,B3,B4,B5,B6,B7,B8,B9.B10,B11

SERR -18 27 10

Implementation examples (6)

* An 11b by 13b multiplier, an 11b by 10b
multiplier, a 15b ALU, and a 13b ALU are
used for 13 control steps.

* Since the fixed-point performance after
hardware sharing is not satisfied, WL
optimization of FU’s is performed.

— An 11b by 10b multiplier and 15b ALU are

replaced by an 11b by 11b multiplier and a 16b
ALU.




Concluding remarks

 Architecture level word-length optimization

— WL optimization and high level synthesis are
combined.

 High level synthesis techniques using word-
length information
— Modified list scheduling
— clique partitioning based register allocation

* Signal grouping using hardware sharing
information

— Optimum WL search time is reduced.

Fixed-point optimization tools

 Fixed-point optimization utility for C based
DSP programs

— range estimator, fixed-point simulator
Fixed-Point Optimizer for SPW

— search based wordlength optimization method
for reducing the hardware cost

» Autoscaler

— auotmatic determination of the number of shifts
for the TMS 320C25 and C50 implementations
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DSP implementation using RISC CPU’s

+ Digital signal processing
— Essential for multimedia (MP3, CELP internet telephone,
MPEG video, H.263 video communication,..)
— Requires a lot of arithmetic (mul, add) and memory access
operations -> large power consumption
« Traditional approaches: programmable digital signal
processors (TI's C54x,...)
Efficient for multiplication and many-operands algorithms
Low-power for DSP only systems
*Not good for compiler based developments
*Not good for control intensive, large scale applications

*Prog DSP’s were fast when compared to conventional
controllers (68000,..), but no more.

VLSI Signal Processing Lab Seoul National University




Architectural requirements for efficient DSP

processing
Architectural

Feature Usuage
components

Havard architecutre

High bandwidth (separate Simultaneous access
memory |/O program and data of instr and data
bus)

Indirect addressing

Spemahzed_ Dedicated address with post-inc, bit
addressing . . )
generation units reversal and circular
modes .
addressing
Fast multiply Single cycle MAC., Most DSP algorithms
accumulate parallel execution

Iterative DSP
Efficient looping Hardware looping algorithms (FIR,
FFT)

VLSI Signal Processing Lab. Seoul National University

Block Diagram of ARM 7TDMI CPU

ADDRIZ1:5E

ol 1T

- Von Neumann Architecture

( Unified Instruction/Data BUS)

- Multiplier ( 32*8)

- MAC(Multiply and Add :MLA)

- Barrel Shift

p—— - 32bit ARM/16bit Thumb Instruction
i) - 31 32-bit general purpose register

||:

e
Suitipliar

ki
x
Barrat
whifter
: A2ebit AL ,‘

| Write Data | | Read Data |
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Block Diagram of TI TMS320C25

LSI Signal Processing Lab
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Comparison of RISC CPU’s and
programmable DSP’s

A. RISC CPU

-Small # of instructions. (less
than 128)

-Simple instruction format (1.t. 4)
-Simple addressing modes (1.t. 4)
-Single cycle execution of most
instructions

>
-Simple control unit (hardwired
controller)

-Good compiler support
-Larger number of instructions

LSI Signal Processing Lab. =

B. DSP CPU

-Many special purpose instructions
ex) FFT (bit reversed addressing.
Viterbi (CSSU)
-Many instruction formats (better
code density)
-Zero-loop overhead
ex) RPT,RPB
-Address generation units
ex)circular addressing
-Single Cycle MAC (multiply-
accumulation)

Seoul National University




Changing needs

Current embedded systems require a large size of applications
— Requires OS (such as Linux or WinCE)
— Requires good compiler support
— Requires DRAM
— Requires cache memory systems to supplement DRAM memory
Intermediate Solution: Combining RISC CPU and DSP (most
wireless telephone solutions today).
TI's OMAP, Qualcomm CDMA chipset.
Can use existing DSP libraries
Ideally it can be power-efficient
Data communication overheads (usually shared memory)
Requires different program development environments
More IP, complex hardware

VLSI Signal Processing Lab. Seoul National University #

RISC CPU based DSP systems

RISC CPU based systems

— More flexible, can handle large applications

— But requires a more number of clock cycles for running a
same application.

* How can we narrow the gap?
Increased clock speed(>70MHz) with less current per MHz.
Increase cache size and bandwidth (I, D separate caches)
Equip full precision multipliers
Employ efficient programming styles
» Loop optimization (because it has no repeat controller)
* Memory access optimization
 Strength reduction (precision reduction)

VLSI Signal Processing Lab. Seoul National Universit




Speaking Partner

An ARM7 based multimedia handheld device for
foreign language learning

— Cheap ARM7 CPU (from Samsung, LCD controller, DRAM
controller, 8KB unified cache) based (around $5).

— Implemented MP3 decoding (for audio), CELP decoding and
ADPCM (for speech), GIF animation, and speech recognition

— Can use about 15 hrs with 2 AA size batteries

» We will analyze the power consumption at each hardware
components.

VLSI Signal Processing Lab . Seoul National University

Overview of My Talk

Efficient Programming of DSP Algorithms on RISC
CPU’s

Speaking Partner and Power Consumption Analysis

VLSI Signal Processing Lab Seoul National University




Efficient Programming of DSP
Algorithms on RISC CPU’s

Wonyong Sung

VLSI Signal Processing Lab. Seoul National University °

Contents

Introduction
Optimization of DSP Algorithms on a RISC CPU Architecture
— Profiling for speed and code optimization
— Loop optimization
— Memory optimization
ARM7-based optimizations
Loop fusion
Loop Unrolling
Merging arrays
Circular Addressing
ETC
CELP Decoder Implementation and Comparison
Comparlson of DSP and RISC Performances

Conclusion

Reference: Jiyang Kang, Jongbok Lee, Wonyong Sung, "A Compller-FriendIy RISC-Based
Di%ital Slgnal Processor Synthe3|s and Performance Evaluation”, JOURNAL OF VLSI
SIGNAL PROCESSING, vol. 27, pp. 297-312, March 2001.
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1. Introduction

» RISC based implementation of DSP applications
— Speech: MP3 decoder, MPEG video, H.263,...

Graphics: Laser printer
Large size, multi-tasking applications
Good compiler support, supports large system memory
(DRAM)

» However, RISC processors may lack
Full precision multiplier

Large bandwidth memory (Havard architecture - multiple on-
chip memories)

Repeat unit (decrease the loop-overhead)
— Dedicated address generation units
* Need to increase the performance by employing
different programming techniques

VLSI Signal Processing Lab. Seoul National University

2. Optimization of DSP algorithms on a
RISC CPU

* Embedded DSP applications are extremely computationally
demanding, but often require low power, low memory use.

» Optimization yields a competitive advantage

— Execution speed
» Can use a slower and less expensive processor
* Allows upgraded functionality using the same processor
» More functionality, e.g., more channels

— Memory usage
* Memory usage contributes to system cost

— Power consumption

* Improved battery life or reduced power supply size

VLSI Signal Processing Lab. Seoul National University




Optimization objectives

+ Speed-optimized code

— May consume less energy

— But often sacrifices memory (loop unrolling, function inlining)
* Memory-optimized code

— For less memory size

— May reduce memory accesses and hence energy
consumption

— But generally slows down code (thumb mode in ARM)
* Power-optimized code

— Avoid instructions requiring large energy consumption

— Reduce external memory accesses

— Usually, speed can mean less-energy.

Rerformance gai

Seoul National University

Where to optimize?

The 80/20 rule

— 20% of the software uses 80% of the processing time

— and 80% of the software uses 20% of the processing tme
DSP algorithm software spends most of its time in loops

— This is where optimization for speed and power is most
valuable

— So loop optimization is important (for speed and power)

Control software takes up the bulk of the program memory,

but only a fraction of the processing time

— Control software is the best candidate for memory
optimization (instead of speed or power)

VLSI Signal Processing Lab. Seoul National University




Application profiling

Example: AC-3 execution time profile

— Which modules take the longest time?

25%

BEIDCT

B Window
ODenorm
[ Other

— Which modules take the most memory?

— Which modules are the most power-consuming?

VLSI Signal Processing Lab. &

Seoul National University

Code generation flow

Iterate these steps:

1. select algorithm

2. develop C code
» source debugger, profiler
refine C code

» code transformations, compiler
options, intrinsics, statements

develop and refine assembly

* hand optimize critical functions

VLSI Signal Processing Lab. =

| _RefneCCode |+  Compier
__F f/fi/////////

urther
Opﬂmlzanon
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Compiler shortcomings

Compilers typically don’t generate sufficiently optimized
DSP software

Some DSP features aren’t supported in the most common
high-level languages

Memory layout is important, but compilers don’t know that
Specialized addressing modes aren’t supported
— The best optimizer is still the human mind!
The programmer often must hand-optimize software
— But then there’s the development time..

Help the compiler!

VLSI Signal Processing Lab. Seoul National University

Loop optimizations

DSP algorithm software spends most of its time in loops

— This is where optimization for speed and power is most
valuable

— So loop optimization is important (for speed and power)
Loop Unrolling
Loop Interchange

Loop Termination

VLSI Signal Processing Lab. Seoul National University




Loop interchange




Loop termination

* Loops are not equal:
— Count-down-to-zero loops may be faster

.

|

Memory optimizations

* So many issues here:
— On-chip memory vs. Cache
— On-chip vs. off-chip
— Multiple memory banks

— Synchronous DRAM (row access means less energy and
less delay)

* Note:

— If your application runs too slow, check memory first!




On-chip memory vs. cache

* They are different:

What's on your target processor?

On-chip memory Cache

Access time deterministic unpredictable

Data manual automatic
management by programmer by hardware

separate fixed ‘mirror’ of dynamically

Address space address space determined address space

Traditionally

. DSP MCU, GPP
employed in..

Note: - hybrid ‘locking’ features

VLSI Signal Processing Lab. Seoul National Universit

y :
On-chip or Off-chip?

* Assembled or compiled
« Usually specified in your linker command file (.cmd)

o //% 0x001000 F

o
-

%{///// 0x000000 7 W%//%

A

0x809800 |

0x80900

0x802000

e

linker

VLSI Signal Processin




Arrange data in memory banks




3. ARM7-based optimizations

1. Transform the DSP architecture to software optimization
- reduce the loop overhead
- circular addressing
- indirect addressing
- MLA (MAC)

2. Minimize memory access
- reduce cache misses
- reduce power consumption
- reduce cycles (speedup)
=> maximize register usage

LSI Signal Processing Lab Seoul National University

3.1 Loop fusion

- Reducing #of Loop overhead
- Reducing cache miss by temporal locality

for (j=0;j<LpcOrder;j++) . . .
PrevLsp[j] = sub(PrevLsp[j]. LspDcTable[j] ) ; for (j=0;j<LpcOrder; j++){

for (j=0;j < LpcOrder ; j ++ ){ z=LspDcTablefj];
Tmp = mult_r( PrevLsp[j]. Lprd ) ; x = sub(PrevLsp[j], z ) ;
Lsp[j] = add( Lsp[j], Tmp ) ;} Tmp = mult_r(x, Lprd);

for (j=0;j <LpcOrder ;j++) { y=add(Lsp[]],Tmp);
PrevLsp[j]=add(PrevLsp[jl.LspDcTable[j] ); PrevLsp[jl=add(x,z) ;
Lsp[j] = add( Lsp[j], LspDcTable[j] ) ;} Lsp[jl=add(y,z); }

PrevLsp : load (3->1)
store (2->1)
LspDcTable: load (3->1)
Lsp : load (2->1)
store(2->1)

LSI Signal Processing Lab. = Seoul National University




3.2 Loop unrolling

-Reducing LDR and STR and #of Loop

-According to Bus width
32bit bus-width
16bit bus-width

for (1=0;1<SubFrLen/4 ;i++){
for (1=0;1i<SubFrLen;i++) TmpVect[T*4] = Tv[i] ;
TmpVect[i] = Tv[i] ; —_— TmpVect[I*4+1] = Tv[I*4+1] ;
TmpVect[1¥4+2] = Tv[I*4+2] ;
TmpVect[1¥4+3] = Tv[I*4+3] ;
}

Tv : short (2bytes)
int(4bytes)

VLSI Signal Processing Lab. Seoul National University

3.3 Merging arrays

- Reducing Cache miss by spatial locality
FirCoef[10],lirCoef[10] -> Fir_lirCoef[20]

FirCoef[0] FirCoef[0]

. . for (1=0;1i<LpcOrder;i++) {
FirCoef[1] lirCoef[0] FirCoef[i] = mult_r( Lpc[i], PostfirFiltTable[i] ) ;
FirCoef[2] FirCoef[1] LirCoef]i] = mult_r( Lpc[i], PostiirFiltTable[i] ) ;

: , }
for (1=0;1i<LpcOrder;i++) {
TirCoef[7] TIirCoef[8] Fir_lirCoefli*2] = mult_r( Lpc[i], PostFiltTable[i*2] ) ;
) ) Fir_lirCoef[i*2+1] = mult_r( Lpc[i], PostFiltTable[i*2+1] ) ;
TirCoef[ 8] FirCoef[9] )
lirCoef[9] lirCoef[9]

VLSI Signal Processing Lab. Seoul National University




3.4 Circular addressing method

for (j=0;j <LpcOrder;j++)

Acc0 =L _mac( Acc0, Lpc[j], SyntlirDI[j] ) ;
for (j=LpcOrder-1:j>0:j--)

SyntlirDI[j] = SyntlirDI[j-1] ;

SyntlirD1[0] = round( Acc0 ) ;

}

for (j=LpcOrder-1;j>=0;j--)
Acc0 =L _mac( Acc0, Lpc[j],SyntlirDI[j] ) ;
SyntlirDI[0] = round( Acc0 ) ;

VLSI Signal Processing Lab. Seoul National University #

3.5ETC

A. Multiplication by a constant

- Multiply by 6
ADD Ra,Ra,Ra,LSL #1 ;Ra*3
MOV Ra,Ra, LSL #1  ;Ra*2

-Multiply by 10 and Add(Rc)

ADD Ra,Ra,Ra,LSL #2 ;Ra*5
ADD Ra,Rc,Ra,LSL #1 ;Ra*2+Rc

VLSI Signal Processing Lab. Seoul National Universit




B. Calculation of Correlation
- Reduce # of Load

for (i=1;i<SubFrLen;i++) {

Acc0=L_mac( AccO, TmpVect[i], 7,

Accl =L mac( Accl, TmpVect[i], TmpVect[i] ) ;
X=TmpYectil;

C. Indirect Addressing and Loop count

- Remove loop count
- Reduce Code size of Loop

VLSI Signal Processing Lab. Seoul National University

3.6 Combined methods

(Loop fusion,circular addressing,loop unrolling,merging array)

/* FIR part */
for (j=0;j<LpcOrder;j++)
AccO0 =L msu( Acc0, FirCoef[j], PostFirDI[j] ) ;
for (j =LpcOrder-1;j>0;j--)
PostFirDI[j] = PostFirDI[j-1] ;
/*1IR part */
for (j=0;j<LpcOrder;j++)
AccO0 =L mac( AccO0, lirCoef]j], PostlirDI[j] ) ;
for (j =LpcOrder-1;j>0;j--)
PostlirDI[j] = PostlirDI[j-1] ;

|

for (j=LpcOrder-1;j>=0;j--) {
Acc0=L_msu( AccO0, Fir_lirCoef[j*2], PostFir_lirDI[j*2] ) ;
AccO=L_mac( Acc0, Fir_lirCoef[j*2+1], PostFir_lirDI[j*2+1] ) ;

VLSI Signal Processing Lab. Seoul National University *




3.7 Performance after each
optimization

Instruction Cycles
SRAM DRAM
Loop fusion Before opt. 487 538 1576
After opt. 150 167 436
Loop unrolling Optl 360 382 1076
Opt2 90 109 446
Array merging Optl 150 181 536
Opt2 140 162 446
Circular Optl 4735 5935 21586
addressing Opt2 4377 4718 14268
Correlation Optl 354 491 1646
Opt2 357 445 1341
Combined Optl 10197 12389 42717
Method Opt2 9473 7920 22645
- reduce the loop overhead

VLSI Signal Processing Lab. Seoul National University

3.8 CELP decoder implementations

Code Excited Linear Predictive Coding

* Combination of vector quantization and linear
predictive coding

Used for internet and wireless telephony (G. 723, G.729,

QCELP)

Quite good voice quality at the bit rate of 5.6 kbps to 16

kbps

Encoder is very demanding for the best code search, but

decoder is less.

VLSI Signal Processing Lab. Seoul National University




codebook

X(n)

e ® J

®
L A (2) L A(2)

VQ index Error e(n)
Minimization

* Federal standard 1016 Celp,
Vecor Sum Excited Linear prediction(VSELP)

VLSI sllgnc%l racqgmlr%YatQ

: Seoul National University

CELP optimization results

-Optl : loop fusion, Indirect addressing,
-Opt2 : loop unrolling,circular addressing, merging arrays

A. Code size

Code size (Byte)

Code size of each block

B C_level
B Opt1

O opt2 level: 12.5kbytes
tl : 8.3kbytes
t2 : 7.5kbytes

VLSI Signal Processing Lab. Seoul National University




B. Percentages for the processing of each block

Hetc

. |BLsp

B Scale

| Osynt

- |ODecod_Acbk
B Comp_Lpf

| Bspf

C. Performance improvement ratio

Performance improvement ratio

B C level to Opt1
i|B C_level to Opt2
O Opt1 to Opt2l

Decod_Acbk

VLSI Signal Processing Lab. Seoul National University #

4. Comparison of DSP and RISC
performances
« Performance comparison after the optimization
» Should be dependent on the algorithms
— Data intensive and regular algorithms -> good for DSP
— Control intensive algorithms -> good for RISC
» Should be dependent on the development methods

— Assembly programming -> good for DSP (CISC, specific hw)
— C compiler based -> good for RISC

VLSI Signal Processing Lab. Seoul National Universit




ample 1:

FIR-IIR filtering(C) — a regular &

multiply-intensive algorithm

- Formant postfilter (ARMA)

for(i=0;i < SubFrLen;i++)
sum = In_data[i];
/* Fir Part */
for(j=0;j<LpcOrder;j++)
sum -= FirCoef[j]*PostFir[j];
for(j=LpcOrder-1;>0;j--)
PostFir[j]=PostFir[j-1];
PostFir[0] = In_data[i];
/* Iir part */
for(j=0;j<LpcOrder;j++)
sum += lirCoef[j]*Postlir([j];
for(j=LpcOrder-1;>0;j--)
Postlir[j]=Postlir[j-17;
Postlir[0] = sum;

VLSI Signal Processing Lab.

-Loop Fusion,
-Merging Array,
-Loop Unrolling
-Circular Addressing

Seoul National University

Example1 : FIR -lIR filtering(ASM)

° ARM7TDMI

Spfs
LDRSH  a2,[v8]

Spf6
LDR
MOV
MOV
MOV
LDR
MOV
MOV
MOV
MUL
SUB
MLA
CMP
ADDEQ
LDR
MOV
MOV
MOV
LDR
MOV
MOV
MOV
MUL
SUB
MLA
CMP
ADDEQ

a3,[v6],#-4
a4,a3,ASR #16
a3,a3,LSL #16
a3,a3,ASR #16
vl,[v3],#-4
v2,v1,ASR #16
v1,vl,LSL #16
v1,v1,ASR #16
vl,a3,vl
a2,a2,vl
a2,v2,a4,a2
v4,v6
v6,v6,#0x28
a3,[v6],#-4
a4,a3,ASR #16
a3,a3,LSL #16
a3,a3,ASR #16
v1,[v3].#-4
v2,v1,ASR #16
v1,vI,LLSL #16
v1,v1,ASR #16
vl,a3,vl
a2,a2,vl
a2,v2,a4,a2
v4,v6
v6,v6,#0x28

CMP
BLT
ADD

MOV
ADD
cMP
SUBEQ
ADDNE
LDRSH
MLA
MOV

MOV
BIC
BIC
ORR
STR
CMP
ADDEQ
STRH
CMP
BLT

VLSI Signal Processing Lab.

j¥ikkk Store PostFir[0],Postlir[0]

Ir,v3
Spf6
v3,Ir,#0x28

jH*dkk T oad DecStat.Postlir[1]

v1,v6

v2,v4 #0x28
v2,vl
v2,v2,#0x22
v2,v6,#0x6
a4,[v2]
a3,a4,v5,a3
a3,a3,LSL #1

-Loop Fusion,
-Merging Array,
-Loop Unrolling (x2)
-Circular Addressing

a2,a2,LSL #16
ip,ip,#0xFF000000
ip,ip,#0x00FF0000
a2,a2,ip
a2,[v6]#-4

v4,v6

v6,v6,#0x28
ad,[v8]#2

v8,al

Spf5
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° TMS320C54x

;AR3=&iir_coef,AR4=&Fir_coef, AR5=&Post_Fir,AR6=&Post_iir

STM # DecStat+190,ARS
STM # DecStat+200,AR6
STM #(LpcOrder-1),BK
STM #SubFrLen,BRC
RPTB L25-1 RPT.RPTB,
RPT #LpcOrder-1 circular addressing
MAS *AR4+%, *AR5+%,A

RPT #LpcOrder-1

MAC *AR3+%, *AR6+%,A

STH B,*(_DecStat+181)
STM # DecStat+182,AR3
MVMM  SP,AR4

MAR *+AR4(#12)

STH AFAR2F

VLSI Signal Processing Lab. Seoul National University

xample :

(Quantizer Scale factor Adaptation Part) = a control intensive

algorithm
if(ap > (1 << 13)) al = (1 << 14);
else al = (ap << 1) ;
y=(al * yu+((1 << 14) - al) * yl) >> 14;

° ARM7TDMI ° TMS320C54x

;AR1=ap,AR2=al, AR3=yu,AR4=yl
LD #0x2000,A
SUB *ARIL,A

BC L1,AGEQ

ST  #0x4000,*AR5
B 12
L1:

ADD *ARI,1,B

ST BL,*AR5
L2:

LD *AR3,A

MPY *AR2,*AR3,A
MPY *AR2,*AR4,B
ADD B,A

SUB #0x4000,A
ADD A,14,B

;a2=ap , a3=al,v1=yu,v2=yl

MOV al,#0x2000 ;1 <<13

CMP a2,al sif(ap>(1<<13)) ??
MOVGT  a3,#0x4000 ;if(ap>al) al =1<<14
MOVLE  a3,a2,LSL #1 selse al=ap <<1
SUB a2,vl,v2 sa2=yu-yl

MUL al,a2,al s;al=al*(yu-yl)
ADD al,al,v2,LSL #14 ;al=al+yl*(1<<14)
MOV al,al, ASR #14 ;al>>14
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Comparison of implementations (ARM CPU v.s. TI DSP)

TI DSP(Tms320c54x) ARM(7TDMI)

C Assembly C Assembly
Code Code Code Code
Code size(b) 3.2k 3.1k 5k 2k

Cycle/ 12000 3200 4369 799
Sample
FIR Code size* 22 16 60 60

Cycle 5.06 6.09
FFT Code size 7.1k 11.8k
Cycle** 226134 126883
Viterbi Code size 9.2k 9.0k
Cycle/frame 338727 220526
DCT Code size 1.5k 1.3k
Cycle*** 10656 6607

Synthesis Code size 136 248
(IIR) Cycle 420 520

* kernel code size

** 256 point complex FFT ADPCM: very control intensive
FHE 8*8 matrix

VLSI Signal Processing Lab. Seoul National Universit

5. Conclusion

1.DSP processors show better implementation performance compared to
RISC processors, however the gap is becoming narrowed down due to
the architectural improvements of RISC cpu’s (dual cache, wide
bandwidth data bus, hardware multiplier).
2. Many optimized DSP algorithms usually contains less number of
multiplications, in this case, the RISC CPU based implementation can
show better performances.
3. When the application program is very complex, the compiler based
development is critical. In this case, the use of RISC based architectures
can be more advantageous.
4. By changing the programming style, which may be the opposite of the
DSP based methods, the performance of the RISC CPU can also be
improved much.
For example: CELP decoder

- code size : 13K -> 7.5kbytes

- speedup : app. 10 times.
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Overview of My Talk

« Efficient Programming of DSP Algorithms on RISC
CPU’s
» Speaking Partner and Power Consumption Analysis

VLSI Signal Processing Lab. eoul National University #

SPEAKING PARTNER: AN ARM7-BASED
MULTIMEDIA HANDHELD DEVICE
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Contents

Introduction
System overview
Application implementations
— MP3 audio decoder
— Speech recognition
— Image decompression(LZW)
Power consumption reduction using DFS
Conclusion

Reference: 1. Hoseok Chang, Wonchul Lee and Wonyong Sung, "Optimization
of Power Consumption for an ARM7-Based Multimedia Handheld Device,"
ACCEPTED at IEEE International Symposium on Circuits and Systems,
Bangkok 2003.

2. Wonong Sung, Hoseok Chang, Wonchul Lee and Subong Ryu, "Speaking
partner: an arm7-based multimedia handheld device," IEEE Workshop on Signal
Processing Systems, pp. 218-221, October 2002.
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Introduction

» Speaking Partner
— A handheld educational device for kids
— MP3 audio decoding, speech recognition, Animation

- ARMTTDMLbased——_
2 97 240*160 black and white ™,

o
/ Or Smart Media

Card{SMC)

Store programs &
contents,

: . Used as a solid-stals
\ hard-disk
\\\M
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System overview

CPU : S3C44B0X

— ARM7TDMI Without MMU

— 60MHz

— 8 kByte unified cache

— LCD controller, Timer, IIC, IIS, ADC ...

Memory : 2 Mbyte DRAM, NOR Flash, NAND Flash
Audio CODEC, USB controller, LCD, Key

VLSI Signal Processing Lab. Seoul National University

S3C44B0X

Feauture
- ASSP with ARM7TDMI by Samsung
- 0.25um CMOS standard cells,and memory compiler
- Bus architecture - SAMBAII ( Samsung ARM CPU
embedded Microcontroller Bus Architecture.
- SysTem & Peripheral
+ SRAM(8K), Memory controller(FP/EDO/SDRAM/SRAM)
+ LCD, DMA(Memory, Peripheral), UART with IrDA
+ SIO, Timer with PWM, External DMA, Watch Dog Timer
+ Power control : Normal, Holding, Slow ,Idle, Thaw,and STOP
« RTCPLL

VLSI Signal Processing Lab. Seoul National University




Block Diagram

Py

3

wEm

s el e ]

—

SR ViR ——

Wit oy

=Rm PTG ~m BT

Lo ]

T e
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Power Mode

SLIDLE BiT=1

ENTE?:0] RTC alarm
FOLE BiT=1

Inierrapts, EINT{Z:0], RTC atarm

MORMAL
(SLOW _BY JDLE BiT=0 &
STOP_BiT=0

EINTIT:0}

STOP_BIT=1 RTC alarm

STOP_BiT=1
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Speaking partner OS

Multi-tasking kernel
— For hard real-time, task switching
Audio output
— CELP, MIDI, PCM/MP3
GUI
— 240X160, 16 gray-level, 2-layer color-keying
— key input
File system
— Internal NAND flash, Smart media
— SSFDC, long file name support
— PCinterface
- USB

VLSI Signal Processing Lab. Seoul National University #

Multi-tasking implementations

» Using a simple real-time operating system
— Frame rate of 240 ms (can be changed in SW).
— Conduct audio, graphic and system control tasks.

— Be in the idle state when all the tasks for each frame are
finished. -> power saving.

— Consumes about 30% of power in the idle state.

e

Top g}{%@ﬁ?‘;; jobs
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Software optimization

ARM7TDMI

— A fairy large number of registers(31)
* Reduce the memory access, good compiler performance
— Conditional execution
* Reduce control overhead
— 32bit barrel shifter
» Execute shift/rotation with ALU operations
— Block load/store transfer instructions
Need to convert the floating-point version to fixed-point one
— Using automatic scaling method
Optimizations
— Algorithm optimization
— Loop transformation
- US‘”.% ARM CPU

VLSI Signal Processing Lab.
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%

Software optimization-continued

RISC Processors

— No DSP specific architectural features
» No full precision multiplier (only 32*8 bits) — is disadvantageous
for implementing computation intensive DSP algorithms
* No block repeat, No address calculation units — need software
optimization methods using RISC specific features
» Has only small internal memory size (8KB cache for ARM7, 32

KB cache for ARM9) — need to reduce memory access and
cache misses.

VLSI Signal Processing Lab. Seoul National Universit




ARM family architectures

ARMY7: unified cache 8KB
 ARMO920: separate |, D cache 16 KB each

CPUt Unit CPUt Unit

Write Buffer Write Buffer

. ARMOTDMI
ARM7TDMI ..
CPU core i CPU core

5, ;A

. AT _¢_
8KB Unified ) A

cache 16KB f
I-cache

It 3¢ 3t 9°F

Memory . Memory )
Interface Peripheral Interface Peripheral

Fig.1 (a) ARM7CPU (b) ARMOCPU

VLSI Signal Processing Lab.
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Implementation of MP3 decoder

« MPEG 1/2 Layer-1lII(MP3) algorithm
— Subband synthesis, IMDCT, Requantization

« => 85% of processing time
— Control intensive parts
* Huffman decoding

» Unpacking scale-factor
« Good for conditional execution

Fundion name

. # Subbarkd B8 nv.midet 17 Steree [ dequantization B hubiman 2 anfialing
VLS| Signal Prodessinyg caw. - :
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IMDCT and subband synthesis optimization

+ Employed Britanak and Rao IMDCT algorithm

— Small number of mulliplications for N=38, 12
* Good for ARM CPU since it doesn’t have a full precision multiplier

+ MPEG1/2 Audio standard
— N=36 for long blocks, N=12 for short blocks

N=36 N=
Mul | Add
ISO reference | 648 | 630 72 66
Britanak & Rao | 47 165 13 39

< Iso reference vs. Britanak and Rao’s algorithm >

VLSI Signal Processing Lab . Seoul National University

Use of 32*16 and 32*32 multiplications

« 32*32 multiplications — 6 cycles
» 32*16 multiplications — 4 cycles

« Overall: 32*16 multiplications is 9.4% faster
« But the quality: 32*32 mul: 91 dB
32*16 mul: 84 dB
(acceptable, but not desired)

VLSI Signal Processing Lab Seoul National University




Assembly language optimization

» Using block transfer instructions, L.DM, STM
~_Rarely fougd at thg gcompiler generaled cpdell
r0 o | SIRd,

M r | SR,
2 STRH,

-

i i & : Sequential cycle
—| _sTRi, & : Non-sequential cycle
i :Internal cycle

145 v 2N ducles (B 205 cycles (Blore)
165 + M+ lleyoles (oo} s AW+ 1 15 oycles (L oad)

- Accessing the internal memory and cache
* N, S, 1=1c¢ycle

- Bocessing for external DRAM access
= Noexoycle

VLSI Signal Processing Lab. Seoul National University

Instructions vs. Clock cycles

+ Optimization?

— Using block transfer instructions, LDM, STM

IMDCT Subband
Ins. Cycles Ins. Cycles
Before Opt. | 134144 | 275840 | 345580 | 790986
After Opt. | 97024 | 217472 | 227328 | 515484

— IMDCT
 Instructions : 28 % decreased
» Clock cycles : 21 % decreased
— Subband
* Instructions : 34 % decreased
» Clock cycles : 35 % decreased

VLSI Signal Processing Lab.
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Memory access results

Cache miss effects using block transfer instructions (LDM, STM)
» Cache environments

— ARM7 CPU core, No write allocation

— 8KB unified cache, 64 way set-associative

Instruction vs. Data cache miss

| demand | miss D demand D miss
Before Opt. | 6021044 145704 2135815 289573
After Opt. | 4766283 | 84082 1972899-| 266959

1.76% miss ratio 13.5% miss ratio
«  Required off-chip memory access for a second

Demand Fetches | Demand Writes Total RIW

(From Mem) (To Mem) Memory

Before Opt. 8.9MB 3.50MB 12.48MB
After Opt. 6.5MB 3.41MB 9.92MB

VLSI Signal Processing Lab. Seoul National University #

IMDCT

«  Reducing multiplier accuracy vs. using block fransfer

3500

| A : no block transfer & 32*32 multiplication 1 3000
B : block transfer & 32*32 multiplication
I C: block transfer & 32*16 multiplication - 2500

1 2000
1 1500
1 1000

1 500

. SNR

MOV/ADD/SUB  LDM/STM LDR/STR MULL Total(A/B/C) 32*32 bits : 91.61dB

= # of instructions of A mmmm # of instructions of B &2z # of instructions of C
—A—Cycles of A —8—Cycles of B —¢Cycles of C

32*16 bits : 82.45dB

The effect of reducing the data memory

« A>B:178% U
e B>C:81%

» the effect of reducing the precision for multiply

VLSI Signal Processing Lab. Seoul National University *




Instruction types

+ Subband part is more efficient using block tra

Insturctions(IMDCT)

MOV/ SUB/ADD... EC R SRS ———
Instructions

:
B Before Optimization B After Optimization

Instructins (Subband)

MOV/SUB/ADD... LDR/STR LDMW/STM
Instructions

H Before Optimization B After Optimization

VLSI Signal Processing Lab.

nsfer instructions

., Load/Store reduction !!

e ey
Guess voerany

Seoul National University

ARM7 vs ARM9

* ARMY architecture based implementation
« Unified Cache
*  ARMS9 architecture based implementation
* Separated Cache
— Cache simulator
« DinerolV

VLSI Signal Processing Lab.
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ARMY7 architecture-based
implementation

ARM7
- 8KBvie Unified Cache
- Performance degradsation due (o ma%zg% rs;@;;s can be ségnifa% y
o 470 P 2 bt

P

i1

— No support write allocation P /i

| demand

Before Opt.

After Opt. B | 266959

— Improve the spatial locality of data which reduces the miss ratio with
block transfer instructions

=> rgduce the # of accesses offrom the external DRAM

Demand Fetches | Demand Writes Total R/W
(From Mem) (To Mem) Memory

Before Opt. 8.95MB 3.50MB 12.48MB

After Opt. 6.5MB 3.41MB 9.92MB

VLSI Signal Processing Lab. Seoul National University #

ARM9 architecture-based

implementation

ARM9
- Separate 16KE Instruction and 168KEB Dala cache
— Support write allocation

Instructions & Data Cache miss ratio in ARM9 &?{M?{wﬂzﬁ%d 8?{8}
instruction cache miss 1 13.5%

Diata cache miss 1 1.7%

Cache Miss ratio(%)
N

o =
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Miss penalty

Miss penalty between the main processor and the external SDRAM
SDRAM model
- & clock cyeles of latency for the first word read
5 clock cycles for the first word write
1 clock oycles for successive memory read and write

Assume
* SDRAM clock freq. ~ CPU clock freq.

ARM7 with 8KB: 40% more clock cycles with 16 bit SDRAM
30% more clock cycles with 32 bit SDRAM

ARM9 with 16KBI, 16KBD, 4% more clock cycles with 32 bit SDRAM

VLSI Signal Processing Lab Seoul National University

Performance

» Tested using the ISO reference standard, and proved
by using 10 popular pop-songs
With ARM7TDMI@60MHz
Mono, stereo, joint stereo
Sampling freq. : 44.1kHz, 22.05kHz
Bit rate : 32kbps ~ 192kbps
Average of 94 24¢12 SNR
Average of 16.5 MIPS

VLSI Signal Processing La Seoul National University




Performance of MP3 implementations

» Implementation of MPEG1/2 Layer-lll decoding
algorithm usi 17 and ARMY based systems

* Optimization Summary
— Multiply resolution reduction (32*16): 9.4% faster
— Block load & store instructions: 17.8% faster

— Cache miss effects: ARM7: upto 40% slower
ARMS9: upto 4 % slower

« The overhead of date-transfer should be considered
very seriously for real-time and low-power

implementation

VLSI Signal Processing Lab. Seoul National University

Implementation of speech recognition

» Connected word speaker independent
| speech sample | || 8KHz(12bits), 12" order LPCC

‘ Feature extraction Pattern recognizer, Hidden Markov Model

l

l Beam-pruning => reduce total execution time about 60%

‘ grammar network J_ Recognition unit : word
Small vocabulary size

partial Examine just the previous word

backtracking Reduced the latency of recognition, small storage

|

scoring
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Profiling results

* Using software optimization methods
— Loop transformations
— Post increment/decrement conversion

— 16 bit multiplications
3

—

Execution ime
=» Raduced aboul 30 ~ 45%

Time(sec.)
"
Time(sec.)
"

0.5

09 14 24 3.4 45 09 14 24 34 45

Input Length (sec.) Input Length (sec.)

+ Test
— 215 word-set
- Over 90% recognition rate

VLSI Signal Processing Lab. & Seoul National University

Implementation of animation

» Using Lempel-Ziv-Welch(LZW) image decompression algorithm
* Decompression tjrpﬂgw .
~ Proportional %@%@m&z@) not the Cempressed data

8
8

processina time (msec)
processinad time (msec)

o B &8 8 &

o B8 & 8 8

off 200 30 40

Nurrber of pixel LZWdata size(Byte)
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Power consumption

+ The system is operating using two AA-size 1.5V batteries
— Most digital & analog circuits : 3.3V
— CPU core : 2.5V, LCD : 21V, Audio amp : 150mW

Activity CPU Audio | Current H/W Current Comment
Activity amp. block

Menu About Off 90mA CPU 70mA 100% running

H 0,
display | 10% DRAM | 60mA | Running MP3
Song with | About On | 250mA decoder

ng w )
animation | 90% LcD | 15mA | Includes frame
Speech About 160mA display buffer access

recognition 0
9 100% Audio | 90mA Peak Value

Others 20mA LCD bias current
20mA

Current consumption at
gach MW block

Sleep About 20mA
0%
Current consumption

according 1o the activity

VLSI Signal Processing Lab. Seoul National University

Power optimization using DFS

* DFS: reduce the clock frequency to minimize the idle period.
* Current measured

— With LZW compression
» Except for speaker drive and back light
— CPU load is controlled by changing the size and the # of images to

H/W Current

block Constant freq. | DFS

CPU | 34mA 11mA(-67%)
DRAM | 29mA 29mA

N

-

g8

Current(mA)

LCD |15mA 15mA
display

Others | 11mA 11mA
Total | 89mA 66mA (-26%)
CPU Load(%) CPuUload 1 10%

VLSI Signal Processing Lab. Seoul National University




CPU load estimation for DFS

CPU load for executing is need for determining the
optimum clock frequency.

— LZW, MP3, CELP based speech decoding, speech recognition
The load for MP3

— Dependent on the bit rate and sampling clock frequency

— 60MHz clock
+ 10% for 56kbps, 22.05 KHz
= 9.6% for 32kbps, 22.05 KHz
e 7% for 32 kbps, 16kHz

The load for CELP decoding

— Almost constant and is 18% of the 60MHz CPU load
The load for LZW

— Varying in each frame

VLSI Signal Processing Lab. Seoul National University *

LZW Image

8
8

R
—

-

0 10000 20000 30000 40000
Nurrber of pixel

processina time (msec)
o B8 353 8 &
processing time (msec)
o 8 8 8 &

(=]

1000 2000 3000 4000 5000
LZWdata size(Bvte)

Processing time of LZW according 1o the Processing time of LZW according to the
number of pixels compressed data size

.....‘-f//
e

LIVY decompression time s proportional 1o image size, not the compressed dala size
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Execution time prediction for DFS

* LZW decompression
— 15 msec of overhead is needed for updating each frame of image
+ ADPCM encoding

— Includes the CPU load for drawing speech waveforms on the LCD
screen

* Speech recognition S/W component Execution time at
60MHz(ms)
LZW number of pixel | (o«
decompression 800

MP3 decoding 27.5
G.729 decoding 42.5
ADPCM encoding 56.3
ADPCM decoding 2.5
Margin 10

VLSI Signal Processing Lab.

CPU Load

Constant frequency and dynamic frequency
— CPU displays animation while playing MP3 sound.

Activity | CPU Original | Optimized
load current | current

Menu 11% 92 mA | 68 mA
Display
Song with | 65 % 175 mA | 160 mA
animation

Speech | 100% | 150 mA | 150 mA
Recogniti
on

MP3 play

®
o

| DU
P

o
=3

Freq.(MHz)

ES
o

CPU load(%)

N
o

o

172 3 4 5 6 7 8 9 10111213 14 15

frame(240msec per frame)

‘_O_Constan!lreq. +Dynamicfreq. —8—Clock freq. ‘

3.1 v Most circuils
2.5y CPU core,
21v (LCD

— The average current consumplion in the system level is reduced by
VLSI%@%‘% Processing Lab. '
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Design review (1)

First version of the SpeakingPartner employed
Micronas MP3 chip: ARM7+DSP architecture

MAS3509 contains DSP for MP3 decoding/encoding,
CELP and so on. -> we can expect lower power
consumption.

MAS3509 contains ADC and DAC codec

MAS3509 contains two DC-DC converters

Design results

— We need to use a separate DC-DC converter due to
the short capacity of MAS3509 DC-DC converters
(total 3 DC-DC converters besides one (20volt) for
LCD (large PCB area)

The power consumption reduction was not remarkable
(almost same) because we applied 2.5 volt to
MAS3509 (for CELP).

We still use the RISC CPU for speech recognition,
which is the most intensive DSP job. (lack of
programmability for MAS3509).

Encountered many software problems, which were
eventually solved but had to ask Micronas frequently.
(e.g. missed very first part of audio). There are still
infrequent communication missing between the two
CPU’s. (lIC)

VLSI Signal Processing Lab. Seoul National University

Bat terminaloi|
3.0V

SP(Micronas) SP(no Micronas)

Menu AFE{ 95

At the beginning
== of the song

STOP

ldle

LCD off
30MHz Idle
PLL off

CPU 100%
VLSI Signal Processing Lab.
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Design

Internal memory (Y/N)

Samsung’s ARM?7 chip does
not have internal memory
(but 8KB caches), but Cirrus
EP7312 contains 48KB of
internal memory

— Good for power reduction

— But seems too large size

unless for DRAM less
systems

VLSI Signal Processing Lab. &
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WPERFACE 3

Design review (3)

The idle system current consumption is important, but

very hard to reduce

— About 10 mA even after optimization
Power consumption in the CPU stop mode seems about 8

mA

DC-DC converter inefficiency, ...

With 1400mAH batteries -> 140hr -> less than one week
» There is an on-off switch, but sometimes it is left with switch-on.

VLSI Signal Processing Lab. =
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Design review (4)

Can expect lower power consumption with ARM97?
(similar data-path, higher clock frequency with lower voltage 2.5
v-> 1.8 v, improved cache — 16KB [,D, write allocate)
Much less power consumption in DRAM due to cache misses
« But how about bigger applications (video)?
Much reduced CPU power consumption
« But how about demanding applications (video and graphics)?
Much improved stop mode current consumption
(longer hold time in stop mode)
But, same analog current consumption (can be improved by
employing D-class amp)
Egrg)e back light power consumption (50mA, maybe more for color
LCD bias (20mA for STN)
LCD frame buffer (13mA for 240*160, 4bit -> 4 times for
320*240*8bit)
. ;hisdwould be solved by using the LCD containing the frame buffer
nside.

VLSI Signal Processing Lab. Seoul National University *

Conclusion

MP3 decoding, speech recognition, animation
— Implemented in software using ARM7TDMI
Lacks of features in programmable digital signal processors
— Need software optimization techniques
The effect of reducing the data transfer
> the effect of reducing the precision for multiply
Power analysis
— Current consumed at the DRAM
~ Current consumed at the CPU core

=> reducing cache miss is most important for lowering power
consumption (this would be possible by the next generation cpu.)

Current consumption in frame buffer would be significant for large size
color display, which can’t be reduced by employing a better CPU.

CPU clock frequency scaling

— Load estimated by the real-time OS according to the profiling results
Current can be further reduced by voltage scaling

— With dynamic voltage scaling such as Intel’s Xscale

VLSI Signal Processing Lab. Seoul National University *
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Part 1: Energy Estimation
Background and Tools

Outline - Part 1

& Power Metrics

¢ Energy Estimation Tools

N ESSES 2003

Vijaykrishnan Narayanan joM-DI psu

B ESSES 2003

Why Power Matters?

# Packaging costs

¢ Power supply rail design

& Chip and system cooling costs

¢ Noise immunity and system reliability
¢ Battery life (in portable systems)

# Environmental concerns

+ Office equipment accounted for 5% of total US
commercial energy usage in 1993

« Energy Star compliant systems

Page 1

Vijaykrishnan Narayanan joM'DI psu
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Why worry about power? -- Power

Dissipation
Lead microprocessors power continues to increase

Why worry about power? -- Chip Power
Density

Sun’s
e
100 10000 Surface
s Rocket
g 5100() Nozzle ol #
S 1 E Nuclear ..chips might become hot...
H <
] %' 100 Reactor ¥
£ & /
5 10 8086 Hot Plate~4
% 04 P6
o 8008 5 6 Pentium®
0.1 286 486
1971 1974 1978 1985 1992 2000 1 t + + -
Year 1970 1980 1990 2000 2010
Power delivery and dissipation will be prohibitive Year
Source: Borkar, De Intel® Source: Borkar, De Intel®
s ESSES 2003 Vijaykrishnan Narayanan ?}CDI psu 5 ESSES 2003 Vijaykrishnan Narayanan ?kb‘: psu

Chip Power Density Distribution

Power Map i

#Power density is not uniformly distributed across the chip
#Silicon is not a good heat conductor
#Max junction temperature is determined by hot-spots

+ Impact on packaging, w.r.t. cooling

; ESSES 2003 Vijaykrishnan Narayanan

S DL

s ESSES 2003

Why worry about power ? -- Battery
Size/Weight

Rechargable Lithium .

o 40
=
5
5 Ni-Metal Hydride

30
2
g
T 20
© Nickel-Cadmium
: L —
£ 10
S
=z

0 —

65 70 75 80 85 90 95

Expected battery lifetime increase
over the next 5 years: 30 to 40%

Vijaykrishnan Narayanan

From Rabaey, 1995

© PSU
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Why worry about power? -- Standby Power

Year 2002 2005 2008 2011 2014
Power supply V4 (V) 15 1.2 0.9 0.7 0.6
Threshold V. (V) 0.4 0.4 0.35 0.3 0.25

0 Drain leakage will increase as V; decreases to maintain noise margins and
meet frequency demands, leading to excessive battery draining standby
power consumption.

50%

8KW

..and phones leaky!

Standby Power
8

0%

2000 2002

2004 2006 2008 Source: Borkar, De Intel®
Vijaykrishnan Narayanan gR;DI

o ESSES 2003 psu

Power and Energy Figures of Merit

& Power consumption in Watts
+ determines battery life in hours

o Peak power

+ determines power ground wiring designs

+ sets packaging limits

+ impacts signal noise margin and reliability analysis
& Energy efficiency in Joules

+ rate at which power is consumed over time

¢ Energy = power * delay
+ Joules = Watts * seconds
+ lower energy number means less power to perform a

computation at the same frequency

ESSES 2003 Vijaykrishnan Narayanan

© D-'|:Psu

Power versus Energy

Power is height of curve

Watts \(.ower power design could simply be slower

_I—\'_\—

time
Energy is area under curve

Watts . - Two approaches require the same energy
v |

AR A IR

Approach 1
Approach 2

Approach 1
Approach 2

time

ESSES 2003 Vijaykrishnan Narayanan

S DL

11

PDP and EDP
#Power-delay product (PDP) = P, * t, = (C Vpp2)/2
+ PDP is the average energy consumed per switching event
(Watts * sec = Joule)
+ lower power design could simply be a slower design

DP * 1= Py, * 1,7

a Energy-delay product (EDP) = o

e EDP is the average energy
consumed multiplied by the
computation time required

o takes into account that one
can trade increased delay
for lower energy/operation
(e.g., via supply voltage
scaling that increases delay,
but decreases energy
consumption)

=3

o

Energy-Delay (normalized)

o

05 1 15 2 25

e allows one to understand tradeoffs better
" ESSES 2003 Vijaykrishnan Narayanan
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Understanding Tradeoffs

0 Which design is the “best” (fastest, coolest, both) ?

CMOS Energy & Power Eguations

E=C Vpp?Poy + T Vip Lok Posi + Vi Tieakage

Lower
EDP
P *
S g forst =Posst ™ fetoek
5 c
2 [im|
P=0C Vpo? for + tVio Lok foort Voo Lo ckage
Dynamic Short-circuit Leakage
power power power
1/Delay
better _—
3 ESSES 2003 ?ljay?nshnan Narayanan ;“DIpsu u ESSES 2003 Vijaykrishnan Narayanan jo”‘DIPsu
Dynamic Power Consumption Lowering Dynamic Power
vdd
Capacitance: Supply Voltage:
Vi Function of fan-out, Has been dropping
in Vout . N . .
wire length, transistor with successive
1 T I sizes \ generations
f Payn = CL Voo Poost
Energy/transition = C, * Vpp2 * Py, Vi dn
Pyyn = Energy/transition * f = C_* Vppp? *
Activity factor: Clock frequency:
Payn = Cere * Vpp2 *f where Ceee =Py C, How often, on average, Increasin% :
do wires switch?
Data dependent - a function of switching activity!
5 ESSES 2003 Vijaykrishnan Narayanan TONLDIPSU © ESSES 2003 Vijaykrishnan Narayanan ToMDIPsu
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Short Circuit Power Consumption

Vin lse Vout

T

Finite slope of the input signal causes a direct
current path between Vp, and GND for a short
period of time during switching when both the
NMOS and PMOS transistors are conducting.

Short Circuit Currents Determinates

Esc =t Voo Ipeak Po

Pse =1t Voo Ipe:slk f0—>1

# Duration and slope of the input signal, 1

¢ I deftermined by

+ the saturation current of the P and N transistors
which depend on their sizes, process technology,
temperature, etc.

+ strong function of the ratio between input and output

slopes
+ a function of C,
. ESSES 2003 Vijaykrishnan Narayanan ;“DIpsu - ESSES 2003 Vijaykrishnan Narayanan jo”‘DIPsu
Impact of C, on P, L, .« as a Function of C,
x 104
25 When load capacitance

Large capacitive load

Small capacitive load

is small, |, is large.

Short circuit dissipation
is minimized by
matching the rise/fall
times of the input and

05 2 4 10 Output signals - slope
Output fall time significantly ~ Output fall time substantially ime (sec) engineering.
larger than input rise time. smaller than the input rise
time. 500 psec input slope
19 ESSES 2003 Vijaykrishnan Narayanan ° psu 2 ESSES 2003 Vijaykrishnan Narayanan joM'DI psu
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P.. as a Function of Rise/Fall Times Leakage (Static) Power Consumption
8
. When load capacitance VDD Ileakage
is small (t5;/ts, > 2 for
6 Vpp > 2V) the power is |—C‘
E 5 dominated by P, J_ | Vout
é 4 ?El Drain junction
5 leak
2 If Vi < Vi, + |Vr| then A e
] DD < VTn Tp = g
N P is eIir:ninated since Gate leakage Sub-threshold current
Vo =15V both devices are never
DD~ '~ .
0 ‘ ‘ ' on at the same time.
0 2 Sub-threshold current is the dominant factor.
tsh/tsout
WL, =1.125 um/0.25 um  normalized wrt zero input All increase exponentially with temperature!
WL, =0.375 um/0.25 um  ige-time dissipation
7 %55??200({3": Vijaykrishnan Narayanan ;“DI . » ESSES 2003 Vijaykrishnan Narayanan jo’“D_-: .
Leakage as a Function of Vr TSMC Processes Leakage and Vr
0 Continued scaling of supply voltage and the subsequent
scaling of threshold voltage will make subthreshold CLOI8G | CLOIBLP | CLOI8 |CLO18 HS |CLOI5 HS | CLOI3 HS
conduction a dominant component of power dissipation. uLp
Vi 18V | 18V | 1.8V 2v 15v | 12V
0 An 90mV/decade V; To (effective) | 42 & 42 i 42 & 42k 29 A 24 A
roll-off - so each
0.16 0.16 0.18 0.13 0.11 0.08
255mV increase in Lore m i um i o i
V; gives 3 orders of Ipsar (/) 600/260 | 500/180 | 320/130 | 780/360 | 860/370 | 920/400
magnitude reduction @A/um)
in leakage (but 1,4 (leakage) 20 1.60 0.15 300 1,800 | 13,000
adversely affects (pA/pm)
performance) Vo, 042V | 063V | 073V | 040V | 0.29V | 0.25V
FET Perf. 30 22 14 43 52 80
(6Hz)
ves(v) From MPR, 2000
» ESSES 2003 Vijaykrishnan Narayanan TQM-% psu “ ESSES 2003 Vijaykrishnan Narayanan ° psu
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Exponential Increase in Leakage
Currents

Review: Energy & Power Equations

10000 = 2
E=C Vpp?Poy + T Vip Toeak Post + VopTieakage
1000
= 025 fos1 =Poos1 ™ faioek
3. 100 —0.18
- 2
£ —0.13 P=0C Vep? four + t.Vep Leak four + VooTLieakage
_g 10 —0.1
1 - . ; ; . . ; ; Short-circuit
Dynamic power power L
30 40 50 60 70 80 90 100 110 eakage power
Temp(C) (~90% today and  (~8% todayand (.29 today and
decreasing decreasing increasing)
From De,1999 relatively) absolutely)
2 ESSES 2003 Vijaykrishnan Narayanan ° . % ESSES 2003 Vijaykrishnan Narayanan jo”‘DIPsu
Energy Analysis Technigues
# Simulation based techniques
+ characterization - using lower level analysis results to
construct higher level models
+ very computational intensive; cycle accurate
Ener. gy EstimationTools @ Probabilistic based techniques
+ signals viewed as random zero-one processes with certain
statistical characteristics
+ computationally efficient; average values for sequences of
cycles
+ large errors are possible if statistical assumptions are
incorrect
© TaPsu ESSES 2003 Vijaykrishnan Narayanan ToMDIpsu
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Analysis Abstraction Levels

Cireuit Level Simulation

& Extract circuit netlist description from layout

Abstraction  Analysis Analysis Analysis Analysis —Energy : ;OP:::;S ‘"fe'j:d (diffusion) and external (wiring and gate
an capacitances
Level Capacity Accuracy Speed Resources Savings P
Most Worst Fastest Least Most #Run an analog simulation
Application + characterization of device models (nfets, pfets)
Behavioral + solution of large system of equations so very computationally
intensive (< few thousand transistors)
Architectural (RTL) + can accurately estimate (within a few %) dynamic and
Loglc (Gate) leakage power dissipation
Transnstor (C"c“'t & HSPICE (Avantl), spectre (Cadence), PowerMill
Least Best Slowest  Most Least (Synopsys)
2 ESSES 2003 Vijaykrishnan Narayanan ;“DIpsu I ESSES 2003 Vijaykrishnan Narayanan jo”‘DIPsu
Analysis Abstraction Levels Medium-/evel models: RTL
# Logic simulation obtains switching events for every
signal
Abstraction Analysis Analysis Analysis Analysis Energy & Structural VHDL or verilog with zero or unif—delay
Level Capacity Accuracy Speed Resources Savings timing models
o Most  Worst  Fastest ~ Least Most # Capacitance estimates performed
Application + Device Capacitance
Behavioral + Gate sizing estimates performed, similar to synthesis
Architectural (RTL) + Wiring Capacitance
" + Wire load estimates performed, similar to placement and routing
Logic (Gate) o . . X
Transistor (Girouft odSwufch'mg event a:d c:pacufance estimates provide
i er esti e
Least Best Slowest  Most Least ynamic power estimates
. ESSES 2003 Vijaykrishnan Narayanan TONLDIPSU » ESSES 2003 Vijaykrishnan Narayanan ToMDIpsu
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Gate Level Simulation

#Perform logic simulation to obtain the switching
events for each net (signal)
+ logic description in structural VHDL or verilog
+ zero-delay or unit-delay timing models

o Determine frequency of each net f, = 1,/(2T),
where t, is the number of logic switches of net y
and T is the simulation time, to compute dynamic
power

de" = E CY Vbbz fy
#Pre-layout so must estimate C,

3 ESSES 2003 Vijaykrishnan Narayanan

© DIPSU

Capacitance Estimation

# Device (diffusion and gate) capacitance

+ depends on width/length of driving gate's
source/drain diffusion and fanout gates

+ part of characterization of cell based designs

¢ Wiring capacitance
+ depends on placement and routing

+ wire load - predict wire length of a net from the
number of pins incident to the net

+ mapping table can be constructed from historical data of
existing designs

” ESSES 2003 Vijaykrishnan Narayanan

© D-'|:Psu

Analysis Abstraction Levels

Abstraction ~ Analysis Analysis Analysis Analysis Energy
Level Capacity Accuracy Speed Resources Savings
Most Worst Fastest Least Most
Application
Behavioral
Logic (Gate)
Transistor (Circuit)
Least Best Slowest  Most Least
% ESSES 2003 Vijaykrishnan Narayanan TONLDIPSU

Power Modeling at Architecture Level

# Previously most academic research has either:
+ Calculated power within individual units: ie cache
+ Calculated abstract metrics instead of power
+ eg “needless speculative work saved per pipe stage”
¢ What is needed now?

+ A single common power metric for comparing different
techniques

Reasonable accuracy

Flexible/modular enough to explore a design space
Fast enough to simulate real benchmarks

Facilitate early experiments: before HDL or circuits. ..

P Oresy

» ESSES 2003 Vijaykrishnan Narayanan
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Architecture level models

#Examples:

+ SimplePower, Tempest, Wattch, PowerTimer,
Softwatt...

#Components of a “good” Arch. Level power
model
+ Capacitance model
+ Circuit design styles
+ Clock gating styles & Unit usage statistics
+ Signal transition statistics

ESSES 2003

- Vijaykrishnan Narayanan

© DIPSU

Accounting for Different Circuit Design
Styles

& RTL and Architectural level power estimation requires
the tool/user to perform circuit design style
assumptions
+ Static vs. Dynamic logic
+ Single vs. Double-ended bitlines in register files/caches
+ Sense Amp designs
+ Transistor and buffer sizings

# Generic solutions are difficult because many styles
are popular

¢ Within individual companies, circuit design styles may
be fixed

Vijaykrishnan Narayanan

© D-'|:Psu

5 ESSES2003

Clock Gating: What, why, when?

& Dynamic Power is dissipated on clock transitions

# Gating off clock lines when they are unneeded
reduces activity factor

# But putting extra gate delays into clock lines
increases clock skew

& End results:

+ Clock gating complicates design analysis but saves power.

Used in cases where power is crucial.
o ESSES 2003 Vijaykrishnan Narayanan joM-DI psu

Signal Transition Statistics

4 Dynamic power is proportional to switching

# How to collect signal transition statistics in
architectural-level simulation?

+ Many signals are available, but do we want to use
all of them?

+ One solution (register file):
¢ Collect statistics on the important ones (bitlines)
¢ Infer where possible (wordlines)
¢ Assign probabilities for less important ones (decoders)

+ Use Controllability and Observability notions from
testing community?

ESSES 2003

© Vijaykrishnan Narayanan
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SimplePower:
Architectural Level Simulation
#Perform RTL simulation to obtain the input
activity for each major functional unit
+ architectural description in behavioral VHDL or
verilog or C, C++
# Energy characterization of functional units

+ analytical energy models
¢ caches, DRAMs

+ macro energy models
+ system buses
¢ ALUs, register file, pipeline registers

0 ESSES 2003 Vijaykrishnan Narayanan ;“DI psu

Analytical Energy Model Example

40n-chip cache
Energy = Ebus + Ecell + Epad + Emain

Ecell = p*(wl_length)*(bl_length+4.8)*(Nhit + 2*Nmiss)
wl_length = m*(T + 8L + St)
bl_length = C/(m*L)

Nhit = number of hits: Nmiss = number of misses; C=
cache size; L = cache line size in bytes: m = set
associativity; T = tag size in bits; St = # of status bits
per line: B = 1.44e-14 (technology parameter)

° ESSES 2003 Vijaykrishnan Narayanan ToMDI psu

‘H/_’qh Level Power Estimation

| Empirical Macro-modeling|

Activity-Fixed Models
Inputs do NOT affect activity

Activity-Sensitive Models
Predictable inputs

Transition-Sensitive Models
Actual input transitions

4, [ESSES 2003 Vijaykishnan Narayanan Q"DI psu

Transition Sensitive Energy Model

& Must first design and layout a functional unit and
then simulate it to capture switch capacitances

+ bit independent - bus lines, pipeline registers

¢+ one bit switching does not affect other bit slices’
operations

+ bit dependent - ALU, MAC, decoders
¢ one bit switching does affect other bit slices’ operations

¢ Once constructed, the models can be reused in
simulations of other architectures built with the
same technology

" ESSES 2003 Vijaykrishnan Narayanan joM'DI psu
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Switch Capacitance Table

Table Compression

Previous Current Switch ¢ Problem
Input Vector Input Vector Capacitance + Results in large uncompressed table
_bi 32
0. 0o Y caPoss (e.g., .16 |i)lf adfler' — 232 pows)
+ Excessive simulation (e.g., 2321)
0...00 0...01 cal .
Po-1 # Solution
+ Clustering Algorithm
Reference: Huzefa Mehta, etal "Module Energy
Characterization using Clustering”, DAC'S!
1 11 1 11 capyny_ony + For 16-bit adder, to keep 12% average error —
1000 simulation points, 97 rows
5 ESSES 2003 Vijaykrishnan Narayanan ;“DIpsu ® ESSES 2003 Vijaykrishnan Narayanan jo”‘DIPsu
2:1 Multiplexer Table Register File Example
Uncompressed " Write
(64 rows) 5:32 Write Data Drivers
c Decoder
6 000 | 0.0 °3":"essed
000 001 |0.00 (32 rows) Reduced Write m g
000 010 |0.00 ogg (1)00 g‘oo (11 rows) Decoder a
Moo 011 | 0,00 - 000 Oxx | 0.00 Read = 32x32
000 1000.04 000 101 0.05 000 1xx | 0.045 32 ® Cell Array
: 3 Decoder o
000 110 |0.04 |/2*"%%F001 oxx | 0.00 s
000 101 |0.05 \ 01110 5
000 110 | 0.04 os‘Lm —To00 Read @
000 111 {0.05 X Decoder
001 000 |0.00 Read - Read Sense Amps
001 001 |0.00 becoder L 222
o Bit Dependent Cells __Bit Independent Cells
" ESSES 2003 Vijaykrishnan Narayanan TONLDIPSU " ESSES 2003 Vijaykrishnan Narayanan ° psu
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Decoder Characterization 6-T SRAM cell
¢ A 5:32 decoder — 210 row table! WLy,
¢ Build 5:32 decoder out of smaller decoders ZWL
" R1
W 0
i
1 |1 T |
L1 T L
A, A A, ALA, L 1
0 00 01 1B 1BLe,BL, BLy, BL
o A 2:4 decoder (with enable) — 26 row table b e e
© ESSES 2003 Vijaykrishnan Narayanan ;“DIpsu 0 ESSES 2003 Vijaykrishnan Narayanan jo”‘DIPsu

Validation of Register File Energy Model

SimplePower Framework

15 w .
S p Analytical
by P
g . Energy | Icache | | Dcache |
gm | " Models | Cache and Bus Simulator | Energ
S > .
z
5° . Processor | I ID I EX IMEN' WB
L Core
o $} ¢ ¢ 3 3
33 0 T T | RTL Energy Estimation |
T o 5 10 15 Interface
; . Switch Cap  o.8u) Go.350)
Estimated Power Consumption m m
o From Ye,DAC,2000 Tables =)
s ESSES 2003 Vijaykrishnan Narayanan T:R'DI psu 0 ESSES 2003 Vijaykrishnan Narayanan joM'DI psu
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Pipelined Processor Core

IF/ID ID/EX EXMEM  MEM/WB

ESSES 2003

5 Vijaykrishnan Narayanan

Datapath Energy Consumption

1.6

@ Other | |
B ALY
1.2 + # PipeReg ||
B RegFile
0.8 +
0.4 -
0 -
bubble heap quick
From Ye,DAC,2000
o ESSES 2003 Vijaykrishnan Narayanan joﬂtDI .

Wattch: An Overview

o Fleibility / /

& Reasonable accuracy

Overview of Features

#Parameterized models for different CPU units
+ Can vary size or design style as needed

¢ Abstract signal transition models for speed

+ Can select different conditional clocking and input transition
models as needed

#Based on SimpleScalar

Modeling Units at Architectural Level

Bitline Activity

Number of Active Ports l l

—_——

Data width of entries

—_——

# Read Ports

—_——
# Write Ports

Parameterized
Register File
Power
Model

Power

Estimate
_—

Modeling Capacitance Modeling Activity Factor

¢ Use cycle-level simulator to
determine number and type of
accesses

¢ Models depend on structure,
bitwidth, design style, etc.

¢ E.g., may model capacitance

of a register file with bitwidth « reads, writes, how many

& number of ports as input ports

parameters & Abstract model of bitline activity
. ESSES 2003 Vijaykrishnan Narayanan

© PSU
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One Cycle in Wattch

Fetch Dispatch Issue/Execute | Writeback/
Commit
Power e |-cache * Rename o Inst. Window | Result Bus
(Units e Bpred Table * Reg File * Reg File
Accessed) o Inst. Window |e ALU * Bpred
* Reg. File o D-Cache
o Load/StQ
Performance e Cache Hit? o Inst. Window |e Dependencies | Commit
* Bpred Full? Satisfied? Bandwidth?
Lookup? « Resources?

¢ On each cycle:
+ determine which units are accessed
+ model execution time issues
+ model per-unit energy/power based on which units used

and how many ports. o
. ESSES 2003 Vijaykrishnan Narayanan ;“DIpsu

Units Modeled
by Wattch

# Array Structures
4 Caches, Reg Files,
Map/Bpred tables
3 Content-Addressable
Memories (CAMs)
38 TLBs, Issue Queue,
Reorder Buffer
§ Complex
combinational blocks
48 ALUs, Dependency
Check
3 Clocking network
48 Global Clock Drivers,
Local Buffe] A

Wattch Simulation Speed

& Roughly 80K instructions per second (PII-450 host)

¢ ~30% overhead compared to performance simulation
alone

+ Could be decreased if power estimates are not computed every
cycle

& Many orders of magnitude faster than lower-level
approaches

+ For example, PowerMill takes ~1hour to simulate 100 test
vectors on a 64-bit adder

4 [ESSES 2003 Vijaykishnan Narayanan Q"DI psu

Architectural Level Analysis
Considerations

¢ Very computationally efficient

+ requires predefined analytical and transition-sensitive energy
characterization models

+ requires design only to RTL (with some idea as to the kind of
functional units planned)

+ coarse grain - use of gated clocks implicit

¢ Simulation based so can be used to support
architectural, compiler, operating system, and
application level experimentation

& WattWatcher (Sente), DesignPower and
PowerCompiler (Synopsys), prototype academic tools

attch - Princeton, SimplePower - PSU
Es(s\gzooa Vijaypkrishnan Narayanan ) ToMDIpsu
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Tools for low-power IC design

Abstraction: architecture

WattWatcher / Architect - Sente, Inc. Register transfer level analysis
Abstraction: gate

WattWatcher / Gate - Sente Full chip gate-level analysis

POET Viewlogic, Inc. -Cycle-by-cycle gate-level analysis

Power Compiler - Synopsys, Inc. Gate-level power optimization

Design Power - Synopsys Gate-level probabilistic analysis

QuickPower - Mentor Graphics Corp. Cycle-by-cycle gate level analysis

Power Gate - Epic Design Automation Cycle-by-cycle gate level analysis

ESSES 2003

& Vijaykrishnan Narayanan

© DIPSU

Tools for low-power IC design

Abstraction: transistor
PowerMill - Epic Transistor-level analysis
LSimPower - Mentor Transistor-level analysis
AMPS - Epic Transistor-level optimization
RailMill - Epic Transistor-level electromigration and IR voltage drop analysis
PowerArc - Epic Circuit characterization
Thunder & Lightning - Simplex Solutions Inc.
Transistor-level electromigration and IR voltage drop analysis
Star-Sim - Avant! Corp. High-capacity SPICE compatible transistor- level analysis
Star-HSPICE - Avant! Circuit-characterization
Star-Power - Avant! Transistor-level electromigration and IR voltage drop analysis

© D-'|:Psu

& ESSES 2003 Vijaykrishnan Narayanan

CASTLE: Measuring Power Data from
Event Counts

Basic idea:

¢ Most (all?) high-end CPUs have a bank of hardware
performance counters

& Performance counters track a variety of program
events
+ Cache misses
+ Branch mispredicts...

¢ If these events are also the main power dissipators,
then we can hope these counters can also help power
measurement

¢ Estimate power by weighting and superimposing event
. Cotvhs appropriately

Vijaykrishnan Narayanan joM-DI psu

Cn o
& Gather M counts for N

¢ Compute weights using least-squares error

CASTLE: Details & Methodology

Counter Values

Appls

Cn C P

G W
training applications

¢ Use these weights (W;-Wy) to estimate power on other

apps

# Consider accuracy of power estimates compared to other

powers measurements

Vijaykrishnan Narayanan

P Oresy
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Example & Results

Benchmark Estimation Error| ® For each of M
(%) benchmarks in suite:
go 2.36 use counters from M-1
other benchmarks
m88ksim -2.31 + determine weights using
gce 1.49 least-squares .eshmcmon )
+ Then apply weights to this
compress 4.49 benchmark
li 1.04 + Compare calculated power
! : to that given by a Wattch
ijpeg 4.03 simulation
+ A benchmark is never used
perl -7.94 in the calculation of its
ight:
vortex -6.36 oun welgis

ESSES 2003

- Vijaykrishnan Narayanan

© DIPSU

Complete System Simulation

Complete Machine Simulation

#Software: Application + OS + Runtime System +
Compiler

®Architecture: Processor + Memory Subsystem +
Peripherals

#Complete Machine Simulation Allows Studying
Desigh Issues in an Integrated Manner.

ESSES 2003

o Vijaykrishnan Narayanan

S DL

Softwatt
45SimOS simulates Hardware in Sufficient Detail
to run the entire IRIX 5.3 Operating System.
& Supports CPU Models: Embra, Mipsy, MXS.

#SoftWatt - Complete System Power Simulator
built on top of SimOS.

Vijaykrishnan Narayanan

P Oresy
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Design of SoftWatt
Workload Simos

Config.
Parameters

Memory Statistics Disk Statistics

Performance
s\l!}gkti'sﬁl;gﬁgrayanan

g ESSES 2003

Simulation Log
Files

Power

;,@;isﬁcs
© PSU

Processor Instrumentation

L y «—>  Secondary Cache

Ecgeof Koown ores

50 Acaess
ks Syom merace _Jea] Seomuary Geone our_|-Lezem 04
e (o=

Instruction Cacha
32 Koyl

oyles
2way Set Asscolative 2-way Set Assaciative.

L
il
i
E

18-wora blocks

Unalignea access B:woro blocks

ot Cluster Cootdinaor

|AgarFour 30 bit instr feich
S

Systom Bus: 64-01 0ata, 8-bit check, 12-0f commang

————— (512 Koyles 101U
e Sl HA
@ Mbyte cache reauires
£ LB el
E At crips)
H 0
slg2 Adr.Calc. |
(B
[l Fp ALU1
—J 5=
25 51 ALUZ
— 28
g
g2 -
=
— —
~—

«ESSES 2Bource: hitp://www.sgilobinipriiessrs/r10k/mhl ..,

Power Modeling

# Analytical Power Models Based On:

Brooks et. al. - ISCA '00
Clock - Duarte et. al. - VLSI '01

Brooks et. al. - ISCA '00

ESSES 2003 Vijaykrishnan Narayanan

Array Structures - Kamble et. al. - ISLPED '97,

CAM Structures - Palacharla et. al. - ISCA '97,

S DL

Power Model Validation

#R10000 Maximum Power Dissipation:
- R10000 Datasheet - 30 W
- SoftWatt - 25.3 W

®Estimation error due to non-availability of
detailed circuit-level information.

ESSES 2003

» Vijaykrishnan Narayanan

P Oresy
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Power Modeling Example Cache

Outgut Driver

Ingut
worg tines <V
§ £
it fines ] H
&
&
E~]
Cotump mukes
Sense Amps
Camparstors
Hhus Drivers utput Driver

sk ivipue?

Power Modeling Example Cache

PCache = PDa‘m-Ar‘my * PTag-Ar‘my

PDaTu—Army = PDecoder + PWordline * PBi‘Hine * PSenseamp

Therefore, Dynamic Energy Consumption of the
Cache is:

Ecache = # of Cache Accesses * P,

#Cooling System
#Leakage Energy

ESSES 2003

1 Vijaykrishnan Narayanan

N ESeurgg: Wilton et. al., WRLVLBMMMP"" 93/5, Mi’s " L ESSES 2003 Vijaykrishnan Narayanan hmu
Components Not Modeled
Disk Operating Modes
#Display
®Interconnects
SPINDOWN
®Network Interface

. ESSES 2003 Vijaykrishnan Narayanan joM'DI psu
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Processor Configuration

2 TALU, 2 FPALU

#4-Issue Superscalar Processor
432 Entry Load/Store Queue

#1024-Entry Branch-History Table

W ESSES 2003 Vijaykrishnan Narayanan ;“DI psu

Memory-System Configuration

#2-Level Cache Hierarchy

#32KB 2-Way Set-Associative L1 I- and D-Caches
¢1MB 2-Way Set-Associative L2-Cache

4128 MB Memory

% ESSES 2003 Vijaykrishnan Narayanan ToMDI psu

Jess - Energy Profiles

NOIXT %

auny,

Memory System Power Profile

Overall Power Budget
Datapath
15%

D-Caches
- 7 %

Clock

22%

% ESSES 2003 Vijaykrishnan Narayanan joM'DI psu
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Disk With Power-Mode Transitions

Breakdown of Power Consumption

Disk Dalt;qt;ath -
(4 emory

g B L2 I-Cache
/ D-Caches g OL1 I-Cache
///4 8% £ B L2 D-Cache
L1 D-Cache

B Datapath

Clock User Kernel Sync Idle
26% I-Caches
26 %
o ESSES 2003 Vijaykrishnan Narayanan ;“DI psu @ ESSES 2003 Vijaykrishnan Narayanan J@'\DI psu

05 Energy Variation in Energy Behavior of OS

& The OS Consumes Over 15% of the Overall
System Energy.

Service % Energy
utlb 65.43
read 13.4
demand_zero 435
cacheflush 119
4 ESSES 2003 Vijaykrishnan Narayanan Mor..

o ESSES 2003

Services

15
%
Coefficient 10
of
Variation

utlb read demand_zero cacheflush

Need to Simulate Only Functionality,
Not Exact Timing/Ene amyaCmcnmsumpptbln

Vi ayknshn

Page 21
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Idle Process Energy

Need a Substitute for Idle-Process
Bw&anospowef‘ is an ISMMNarayanan ;“DIpsu

Disk Energy Consumption
E3 Baseline [0 No Spindowns
B8 2 Sec. Spindown [ 4 Sec. Spind
60
S 40
¢
g 20

o]
compress

jess db

jack

Can Use Differential Spindown Timeouts.

. ESSES 2003 Vijaykrishnan Narayanan ToMDI psu

Summary

#Disk Without Any Low-Power Modes is
Single Largest Power Consumer.

Analysis Abstraction Levels

Abstraction Analysis Analysis Analysis Analysis Energy
& With Disk Power-Mode Transitions, Level Capacity Accuracy Speed Resources Savings
Processor and Memory Components Most ~ Worst Fastest Least Most
Dominate. Application
#0S5 Can Be a Significant Consumer of Power Behav'oral
. Architectural (RTL)
in the System. Logic (Gate)
#®Need Power-Efficient Substitute for Idle- Transistor (Circuit)
Process. Least Best Slowest  Most Least
- ESSES 2003 Vijaykrishnan Narayanan TONLDIPSU - ESSES 2003 Vijaykrishnan Narayanan ToMDIPsu
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Energy Estimation During Compilation

& compilers have an important influence on
system power consumption
+ determining types, order (to some extend), and
number of instructions
# most compiler optimizations focus on
performance and code size

# energy consumption is a very important metric
for embedded systems

© DIPSU

ESSES 2003

8 Vijaykrishnan Narayanan

Assembly vs. High Level Estimation

# estimation of energy consumption at assembly
level

restricting to a small number of alternative
optimizations

+ very slow
+ difficult to integrate high-level energy optimization
strategies
¢ estimating energy at high level is very
important

+ allowing energy/performance tradeoffs involving
high-level code and data optimizations.

© D-'|:Psu

% ESSES 2003 Vijaykrishnan Narayanan

Energy-Aware Compilation (EAC) Framework

#can estimate energy consumption of a high-
level (source) code
+ using the architectural and technology parameters,

energy models and energy/performance constraints

¢ determines the impact of optimizations on the
energy consumption of different components
of a system (on-chip or off-chip)

#be able to apply high level code and data
transformations (loop-level and procedure-
level) to optimize energy

ESSES 2003 Vijaykrishnan Narayanan

S DL

91

EAC Continue

# can generate a high-level code
+ satisfying a given specific set of operating constraints
(energy and performance) and a set of high level
optimizations
* fast
+ key to the exploration of a large optimization alternatives
¢ moderately accurate

+ with %6 error margin (compared to a cycle-accurate
architectural level energy simulator)

# currently supporting only array and nested-loop based
applications

Vijaykrishnan Narayanan

P Oresy

@ ESSES 2003
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System Architecture

Major Parameters for Energy Estimation of System
Components

. . . . . Comp Compil pplied Architecture/Circuit Parameters
#a single-issue, five stage pipe line Parameters
+ instruction fetch (IF), instruction decode/operand datapath | number of activations for | structure, bit-width, and switched
fetch (ID), execution (EXE), memory access (MEM), each component Copacitance
and wr'ife-back (WB) cache number of hits/misses bitline, wordline and decoder
number of reads/writes | capacitance, tag size, voltage
#system components swings
3 main number of accesses, of f-chip capacitance, refresh
+ datapath, cache, main memory, buses, and clock memory | intervals between rate, number and types of low-
network. accesses power modes
buses number of transactions wire capacitance, bus width
clock Number of execution Clock generation circuitry, size
network cycles, number of and capacitance of distribution
memory stall cycles buffers, load capacitance of
clocked components
% ESSES 2003 Vijaykrishnan Narayanan ;“DI . o ESSES 2003 Vijaykrishnan Narayanan Msu
Applications Supported by EAC Datapath Enerqgy Estimation
earray dominated nested-loop based ¢ need fo estimate the number of instructions of each type
associated with the high-level constructs
®constructs + an assembly equivalent of each high-level construct is obtained using
a back end compiler (a variant of gcc) with O2 level optimization
+ nested loops . ;
+ the number and type of each instruction are extracted from the
. qssignmem- statements bly code corr ding to the high-level construct
+ multi-dimensional array references # instructions with similar functionality and energy consumption are
. grouped together (ex. bnc and bcq)
+ scalar variable references . ) .
¢ assumption of the clock gating to reduce stall energy in datapath
due to branches or cache misses
% ESSES 2003 Vijaykrishnan Narayanan joM-DI psU o ESSES 2003 Vijaykrishnan Narayanan TOM‘DI Psu
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Cache Energy Estimation

# high-level code optimizations have more impact on data
cache than instruction cache
+ Considering only data cache energy consumption

¢ miss estimation technique proposed by McKinley
+ group the array references according to potential group
reuse
+ for each representative reference, calculate a reference
cost (misses during a complete execution of the inner most
loop)
+ 1, temporal reuse
+ trip/(cls/stride), spatial reuse
+ trip, otherwise
+ sum of the contribution of each representative reference

Clock & Bus Energy Estimation

#clock energy: need to estimate the number of
execution cycles

» counting the number of instruction (our system is a
single-issue architecture)

+ counting the number of stall cycles due to misses

#bus energy: need to estimate the number of
bus transactions

+ proportional to the number of cache and memory

gives the total number of misses accesses
& EAC differentiates between read and write misses
- ESSES 2003 Vijaykrishnan Narayanan ;“DIpsu % ESSES 2003 Vijaykrishnan Narayanan jo”‘DIPsu
Validation Base Configuration Parameters

¢ transition-sensitive energy models for the data path
(e.g, SimplePower)

+ based on the current and previous data inputs to a circuit (bit
switching)

+ very accurate
¢ analytical energy models for other components
(caches, main memory, and clock network, and buses)
+ based on activity-based approaches
. a fixed (comp t-specific) energy consumption when
the component is accessed
+ independent of the specific data input values

% ESSES 2003 Vijaykrishnan Narayanan

S DL

Page 25

Supply Voltage 33v
Data Cache Configuration 4KB, 2-way, 32byte line size
Data Cache Hit Latency 1 cycle
Memory Access Latency 100 cycles
Per Access Read Energy for Cache 0.20 nJ
Per Access Write Energy for Cache 0.21 nJ
Per Access Energy for Memory 4.95 nJ
On-Chip Bus Transaction Energy 0.04 nJ
Off-Chip Bus Transaction Energy 3.48 nJ
Per Cycle Clock Energy 0.18 nJ
Technology 0.35 micron
100 ESSES 2003 Vijaykrishnan Narayanan joM'DI psu
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Comparison of EAC and Simulator Based Datapath Energy

Comparison of EAC and Simulator Based Data Cache Energy

<
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o
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e
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Eéwmvégm“—év *oEggg_g‘Eﬁmm
s £E ¢ 3 5 tE ®? 5 0 o = T g E g e
o T ¢ € o Q s 5 <3 €
2 g s g o )
o £
0 ESSES 2003 Vijaykrishnan Narayanan ;“DIpsu 0 ESSES 2003 Vijaykrishnan Narayanan jol‘“DIPsu

Comparison of EAC and Simulator Based Memory Energy

Comparison of EAC and Simulator Based Bus Energy

30
g g 20
g g 10
g ﬁ 0 TEFT TEm T T
H o -10
-30
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o 2 o L2
10; ESSES 2003 Vijaykishnan Narayanan ToMDIpsu 1os ESSES 2003 Vijayksishnan Narayanan TOMDIM
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Comparison of EAC and Simulator Based Clock Energy
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105 ESSES 2003 Vijaykrishnan Narayanan ;“DI psu

Comparison of Estimation Times (in seconds) for EAC and the
Simulator

fir 0.31 434.44
conv 0.27 260.51
Ims 0.28 598.89
rel 0.34 563.24
biquad 0.35 1,366.60
complex 0.41 2,762.11
mxm (100) 0.28 36,602.23
vpentai 0.53 2,265.45
Tsfi 0.30 547.12
fomeatvi 0.46 5,614.99
Fadi s 2003 0.33 Vijaykiishnan Naraygnan 2, m

107

Causes of Errors

¢ datapath

+ estimating the number of instructions (5%
contribution)

+ the impact of input transitions (7.2% contribution)
¢ cache & main memory
+ inaccurate estimation of the number of cache hits and
misses
+ not taking into account of conflict misses
¢ not modelling data locality across separate nested loops
¢ clock network
inaccurate estimation of the number of instructions
inaccurate prediction of the number of cache misses

not accounting for pipeline stalls (due to data or
control hazards)

ESSES 2003 Vijaykrishnan Narayanan

S DL

Part II: Enerqy Efficient
Memory Systems
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Typical Memory Hierarchy Power Design Space (Memory)
_ SRAMs (Caches) eDRAMS
m / . Active | Partitioned caches
= pww—y s Secondary (Dynamic)| Way prediction Mode control
i Level A H Smrage
Datapath) (;l:.:lll\jl) ?]’;;‘;M"‘"y) (Disk) [C V2 f] Filter caches
i - Standby Higher V{'s
DEC 211644 (2.0V 4y, 0.35y, 400MHz, 30W max) (Leakage) | Gated-GND or Vy, Gated-Vyp
—caches dissipate 25% of the total chip power [V Ioff] DI‘OWSY caches

DEC SA-110 (2.0V 4, 0.35u, 233MHz, 1W typ) — no L2 on-chip
—I$ (D$) dissipate 27% (16%) of the total chip power

0 ESSES 2003 Vijaykrishnan Narayanan ;“DIpsu m ESSES 2003 Vijaykrishnan Narayanan jo”‘DIPsu
Importance of Optimizing Memory .
2D Memory Architecture
System Energy D Memory
#Many emerging applications are data-intensive ot
2kd it line
®For ASICs and embedded systems, memory Y word line
system can contribute up to 90% energy g3
3 § i | storage
#Multiple memories in future system-on-chip 3 oAl 3 = (RAM cell
designs N
11 {1 mo
Sense Amplifiers amplifies bit line swing
> Read/Write Circuits
f=I7 A0
§ g A selects appropriate
8 2 A, word from memory row
v
1o [ESSES 2003 Vijaykrishnan Narayanan Mor.. 11s ESSES 2003 Input/iyritamAishan Mo,
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2D Memory Configuration

i3 H

Sense Amps |

3

i1 )

| Sense Amps |

i1

Row Decoder

T ESSES 2003 Vijaykrishnan Narayanan ;“DI psu

SRAM Power Budget

60

& Decoders
@ Word line
H BL+SA+Cell
B Write ckt
B Read ckt

40

Average mW

16K bits

0.5 technology
10ns cycle time
4.05ns access time
3.3V Vy

From Chang, 1997
s ESSES 2003 Vijaykrishnan Narayanan Z“DI psu

128x128 256x64 64x256

Array Size

Low Power SRAM Technigues

¢ Operating power reduction
+ memory bank partitioning
+ SRAM cell design

+ reduced bit line swing (pulsed word line and bit
line isolation)

+ divided word line
+ bit line segmentation

¢ Standby power reduction
& Can use the above in combination!

116 ESSES 2003 Vijaykishnan Narayanan Q"DI psu

Memory Bank Partitioning

#Partition the memory array into smaller banks
so that only the addressed bank is activated
+ improves speed and lowers power
+ word line capacitance reduced
+ number of bit cells activated reduced

#At some point the delay and power overhead
associated with the bank decoding circuit
dominates (2 to 8 banks typical)

. ESSES 2003 Vijaykrishnan Narayanan joM'DI psu
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Partitioned Memory Structure

SRAM cell

& 6-T SRAMs cell reduces static current (leakage)

§§ '(l (I (I '[] but takes more area ] W !
N \ \ ﬁ
55 S N ~ La M ha l
A A == s S o af
%5 e # Reduction of V,, in F
o< very low V44 SRAMs L Bl
Input/Output (m bits) suffer from large
leakage currents
Advantages: + use multiple threshold devices (memory cells with higher
1. Shorter word and/or bit lines V., to reduce leakage while peripheral circuits use low Vi,
2. Block addr activates only 1 block saving power to improve speed)
e ESSES 2003 Vijaykrishnan Narayanan ° psu e ESSES 2003 Vijaykrishnan Narayanan jo”‘DIPsu

Switched Power Supply with Level
Holding

dd
High Vt —~ -
0 - Normal

1- Not used
Q
Low Vt —m8n0—, Level Holder Circuit

High Vt
1 - Normal
0 - not used

#Multi Vt device by changing Well voltages;
Vt high during standby & low otherwise

ESSES 2003 Vijaykishnan Narayanan Q"DI psu

_|
- N

120

Reduced Bit Line Swing

# Limit voltage swing on bit lines to improve
both speed and power
+ need sense amp for each column to sense/restore
signal
+ isolate memory cells from the bit lines after

sensing (to prevent the cells from changing the bit
line voltage further) - pulsed word line

+ isolate sense amps from bit lines after sensing (to
prevent bit lines from having large voltage swings)
- bit line isolation

” ESSES 2003 Vijaykrishnan Narayanan joM'DI psu
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Pulsed Word Line

#Generation of word line pulses very critical
+ too short - sense amp operation may fail
+ oo long - power efficiency degraded (because bit
line swing size depends on duration of the word line
pulse)
#Word line pulse generation
+ delay lines (susceptible to process, temp, etc.)
+ use feedback from bit lines

12 ESSES 2003 Vijaykrishnan Narayanan ;“DI psu

Pulsed Word Line Structure

Read — Word line
lines
Dummy
bit lines
@plete—’ \
10%
¢ Dummy column populated

+ height set to 10% of a regular column and its cells
are tied to a fixed value

+ capacitance is only 10% of a regular column

1 ESSES 2003 Vijaykrishnan Narayanan ToMDI psu

Pulsed Word Line Timing

Read /
Complete \
Word line / \

Bit line

AV =0.1Vy

T T~ AV =V,

#Dummy bit lines have reached full swing and
trigger pulse shut off when regular bit lines
reach 10% swing

Dummy bit line

1 ESSES 2003 Vijaykishnan Narayanan Q"DI psu

Page 31

Bit Line Isolation

it lin
bit lines (\AV=0.1V“
L 7
k2 k2
isolate .l HE
sense
) amplifier
sense i
AV =V
sense amplifier outputs \/—
125 ESSES 2003 Vijaykrishnan Narayanan joM'DI psu
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Divided Word Line

®RAM cells in each row are organized into
blocks, memory cells in each block are
accessed by a local decoder

#Only the memory cells in the activated block
have their bit line pairs driven
+ improves speed (by decreasing word line delay)

+ lowers power dissipation (by decreasing the number
of BL pairs activated)

126 ESSES 2003 Vijaykrishnan Narayanan ;“DI psu

Divided Word Line Structure

Row Block ( Local Decoder

ﬁji S B Ol

'oh |6 5 0 Cioh
BSL, BSL,,
oA Bl Bl Bl Lo
RAM cell Block Select Line
# Load capacitance on word line determined by
number/size of local decoder
+ faster word line (since smaller capacitance)
+ now have to wait for local decoder delay
+ BSL produced by column decoder

ESSES 2003 Vijaykrishnan Narayanan ToMDI .

127

DWL Energy Area Tradeoffs

# Write Op
B Read Op

% Energy Savings
% Area Penalty
g

2 4 8 16
# cells/block

256x64 memory

1 ESSES 2003 Vijaykishnan Narayanan Q"DI psu

Bit Line Segmentation

®RAM cells in each column are organized into
blocks selected by word lines

4Only the memory cells in the activated block
present a load on the bit line

+ lowers power dissipation (by decreasing bit line
capacitance)

+ can use smaller sense amps

129 ESSES 2003 Vijaykrishnan Narayanan joM'DI psu
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Bit Line Segmented Structure Cache Power
¢ Address decoder identifies
SWLy _ the segment targeted by #O0n-chip I$ and D$ (high speed SRAM)
Switeh 0 E—w.  the row address and « DEC 21164a (2.0V,,, 0.351, 400MHz, 30W max)
isolate B isolates all but the ¢ I/D/L2 of 8/8/96KB and 1/1/3 associativity
segment LBL, ¢ caches dissipate 25% of the total chip power
sw, targeted segment from the + DEC SA-110 (2.0V,,, 0.351, 233MHz, 1W typ)
U common bit line + I/D of 16/16KB and 32/32 associativity (no L2 on-chip)
L . I$ (D$) dissipate 27% (16%) of the total chi
B & Has minimal effect on * (. ) dissipate 27% ( ).o. e toal b Power.
BL, AL performance OIn.\p.r'ovmg the power efficiency of caches is
) critical to the overall system power
130 ESSES 2003 Vijaykrishnan Narayanan ;“DIpsu . ESSES 2003 Vijaykrishnan Narayanan jo”‘DIPsu
Cache Energy Consumption Analytical Energy Model Example

#Energy Dissipated by Bitlines: precharge, read
and write cycles

#Energy Dissipated by Wordlines: when a
particular row is being read or written

40n-chip cache
Energy = Ebus + Ecell + Epad + Emain

Ecell = B*(wl_length)*(bl_length+4.8)*(Nhit + 2*Nmiss)
#Energy Dissipated by Address Decoders wi_length = m*(T + 8L + St)

bl_length = C/(m*L.
#Energy Dissipated by Peripheral Circuit - —engt ()

comparators, cache control logic etc. Nhit = number of hits; Nmiss = number of misses;  C =
cache size; L = cache line size in bytes; #\ =f set b
-Chi i i associativity; T = tag size in bits; St = # of status bits
¢Off-Chip Main Memory Energy is based on L e e e Sramerar)

per-access cost

1 ESSES 2003 Vijaykishnan Narayanan Q"DI psu 15 ESSES 2003 Vijayksishnan Narayanan 7°”‘DI -
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Cache Power Distribution

Base Configuration:
4-way superscalar
32KBDM L1 1$
32KB, 4-way SA L1 D$

32B blocks, write back
128KB, 4-way SA L2

Low Power Cache Technigues

© SRAM power reduction
@ Cache block buffering
¢ Cache subbanking

£ 64B blocks, write back ¢ Divided word line

2 1MB, 8-way SA off-chip L3

z 128B blocks, write thru & Multidivided module (MDM)

< EL1 I$

5 |L1 D$ & MRU Cache

g mL2

o Interconnect widths # Modifications to CAM cell (for FA cache and FA

16B between L1 and L2
32B between L2 and L3 TLB)
ijpeg perl fopp avg 64B between L3 and MM
From Ghose, 1999
3 ESSES 2003 Vijaykrishnan Narayanan EP\DIPSU . ESSES 2003 Vijaykrishnan Narayanan jo”‘DIPsu
Cache Block Buffering Block Buffer Cache Structure
#Check to see if data desired is in the data disable row decoders
N —— and BL precharge

output latch from the last cache access (i.e.,

in the same cache block) Address issued by CPU Tag | Data Tag | Data
#Saves energy since not accessing tag and data

arrays

+ minimal overhead hardware
#Can maintain performance of normal set

associative cache

last_set_# Hit Desired word

15 ESSES 2003 Vijaykrishnan Narayanan TONLDIPSU 5 ESSES 2003 Vijaykrishnan Narayanan ToMDIPsu
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Block Buffering Performance Cache Subbanking
Same base configuration ll ! I ll I I
4-way superscalar
32KBDM L1 1$ subbank 0
Address issued by CRU Tag |Datg Tag [Dat
T 11 ] — subbank 1
EE O buffers L
B 1 buffer Only read from
M 2 buffers - v v v I v | one subbank

L11$ L1 D$ L2 Total Similar to column

multiplexing in SRAMs
columns can share

precharge and sense amps ’ .
— Frgn\%;ev 1990 each subbank has its own decoder it Desired word
1 ESSES 2003 Vijaykrishnan Narayanan ° psu ESSES 2003 Vijaykrishnan Narayanan ° psu
Subbanking Performance Divided Word Line Cache
Same base configuration from byte select bit<0>
3600 4-way superscalar Same goals as
32KBDM L1 1$ .
3000 subbanking
gmo B c4Bvsudtbank width reduce # of
S1800  subbank 168 active bit lines
%1200 H conv 328
c B subbank 328 reduce
5 600 capacitive
g . loading on word
L1I$  L1D$ L2 Total and bit lines
word<1> word<0>
From Ghose, 1999
o ESSES 2003 Vijaykrishnan Narayanan 'M.Psu W ESSES 2003 Vijaykrishnan Narayanan joM'DI psu
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Multidivided Module Cache

With M modules and only one
module activated per cycle,
load capacitance is reduced by
a factor of M (reduces both
latency and power)

Address issued by CPU

s0-s15 516-531

Can combine multidivided module, buffering, and subbanking or
divided word line to get the savings of all three

MRU Cache

®Access only the Most Recently Used way in a
multi-way cache

oIf it misses, access all the other ways

®If prediction is successful, can decrease the
energy cost per access for other ways

#But has performance penalty and could
increase system energy due to this penalty

P ESSES 2003 Vijaykrishnan Narayanan ;“DIpsu " ESSES 2003 Vijaykrishnan Narayanan jo”‘DIPsu
Most Recently Used Cache Translation Lookaside Buffers
#5Small caches to speed up address translation
in processors with virtual memory
wayo || way1 Way 2 Way 3 @ All addresses have to be translated before
cache access
+ DEC SA-110 (2.0V,,, 0.35u, 233MHz, 1W typ)
+ I$ (D$) dissipate 27% (16%) of the total chip power
+ TLB 17% of total chip power
®I$ can be virtually indexed/virtually tagged
. ESSES 2003 Vijaykrishnan Narayanan TONLDIPSU s ESSES 2003 Vijaykrishnan Narayanan ToMDIPsu
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TLB Structure

=R -

PA

VA Tag

Address issued by CPU (page size = index bits + byte select bits)

Data [Tag| Data

A =1

it

Most TLBs are small
(<= 256 entries)
and thus fully associative

TLB Power

Power in milliwatts

E DM
B2 sA
W4 s5A
E8 SA
EFA

Hit Desired word
Fi Juan, 1997
14 ESSES 2003 Vijaykrishnan Narayanan ;“DI . 1y ESSES 2003 Vijaykrishnan Narayanan rzhg;: psu
CAM Design Low Power CAM Cell
—i
WL<O0: L“\ D Hit
WiL<1 - match<g> —» Word line<0> bit bit bit bit
{:} » ﬁ\ of data array WL WL
Wie - match<t> I " -4[:_# i Bl {LJ__|
] [ [ [ " i " i
WL<3; _dﬁ\ I-—'_ match<2> vl:”_ _“:v ":"_ _“;
{:} {:} {:} {IJ' MM MM
_qf if"_ match<3: T
[ Read/MWrite Circuitry match L@ match L“i
f
match/write data  precharge/match control I_”:i
e ESSES 2003 Vijaykrishnan Narayanan o ESSES 2003 Vijaykrishnan Narayanan joM'DI psU
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Quick Overview of Other Technigues

Application-Specific Memories

#Data and Code Compression

+ Custom instruction sets: ARM thumb code:
interleaving of 32-bit and 16-bit thumb codes

+ Reduces memory size

+ Reduces width of off-chip buses

+ location of compression unit is important
+ Compress only selective blocks

ESSES 2003

15 Vijaykrishnan Narayanan

© D-'|:Psu

Hardware Code Compression

#Assuming only a subset of instr's used, replace
them with a shorter encoding to reduce
memory bandwidth

adldresses
e
Core
T
JogN bitsfinstructiqns LI " bits
\ instruction
memory decompression table

(restores original format
152 ESSES 2003 Vijaykrishnan Narayanan ° psu
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Other Technigues

#Customizing Memory Hierarchy
+ Close vs. far memory accesses

+ Close - faster, less energy consuming, smaller
caches

+ Energy per access increases monotonically with
memory size
+ Automatic memory partitioning

ESSES 2003

5 Vijaykrishnan Narayanan
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Memory Partitioning Scratch Pad Memory

®A memory partition is a set of memory banks

. P i
that can be independently selected #Use of Scratch Pad Memory instead of Caches for

locality
®Any address is stored into one and only one + Memory accesses of embedded software are usually very
bank localized
+ Map most frequent accessed locations onto small on-chip
#The total energy consumed by a partitioned is memory

+ Caches have tag overhead - eliminate by application
specific decode logic

banks + Map small set of most frequently accessed addresses to

consequetive locations in small memory

the sum of the energy consumed by all its

#Partitions increasing selection logic cost

Macii, 2000
Benini 2000

ESSES 2003 Vijaykrishnan Narayanan ;“DI psu 155 ESSES 2003 Vijaykrishnan Narayanan ToMDI psu
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Local Memory Key References, Caches
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Aug 1997.
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Key References, Memories
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Typical Memory Hierarchy

_—
H
‘On-Chip Components 2
P A
Second i Secondary
Level Main E Storage
Datapatk Cache Memory | | (Disk)
|
(SRAM) (DRAMD |
|
= S___

DEC 21164a (2.0Vyq, 0.35u, 400MHz, 30W max)
—caches dissipate 25% of the total chip power

DEC SA-110 (2.0V 4, 0.35u, 233MHz, 1W typ) — no L2 on-chip
—I$ (D$) dissipate 27% (16%) of the total chip power

ESSES 2003 Vijaykrishnan Narayanan
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DRAM Power Optimizations

#Refresh Energy Minimization
#Cached DRAMs

#Memory Partitioning and Exploiting Low Power
Modes

ESSES 2003 Vijaykrishnan Narayanan
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Low Power DRAMs

#Conventional DRAMs refresh all rows with a
fixed single time interval
+ read/write stalled while refreshing
+ refresh period -> 1.
+ DRAM power = k * (#read/writes + #ref)

450 have to worry about optimizing refresh
operation as well

ESSES 2003 Vijaykrishnan Narayanan
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Optimizing Refresh

#Selective refresh architecture (SRA)

+ add a valid bit to each memory row and only
refresh rows with valid bit set

+ reduces refresh 5% to 80%

#Variable refresh architecture (VRA)
+ data retention time of each cell is different

+ add a refresh period table and refresh counter
to each row and refresh with the appropriate
period to each row

+ reduces refresh about 75%

From Ohsawa, 1995
0 ESSES 2003 Vijaykrishnan Narayanan EP\DI psu

Cached DRAM

¢Integrates a cache on a DRAM chip that
optimizes cost/performance/energy.

#Relies on the fact that SRAM accesses are
faster then DRAM accesses

#Different from traditional on-processor
caches because of the width of transfer

16 ESSES 2003 Vijaykrishnan Narayanan ToMDI psu

Cached DRAM

DRAM array

[oramrow |11 TT

Sense amps L Memory
[ Controller

On Memory Cache

o1 ESSES 2003 Vijaykishnan Narayanan Q"DI psu

Different Cached DRAMs

ESSES 2003 [, T S - Mor,.,
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Motivation

]
g

g
g

g
8

Span of DRAM row
accesses (in bytes)
& 3

8
g

DRAM row accesses

azm’ ion in the extent of spatial locality it i Ws accessed
166 ESSEg during the execution of tomcatv bm&gﬁ( TOWs) © PSU

Motivation

# Scalar variables and arrays have different spatial
locality.

#Each array has a different size and this can
influence the extent of locality

¢ Data reuse might occur in different loop levels

forj=11032

fori=1to 1024
alil
bl10247]
i
endfor
endfor
ESSES 2003 Vijaykrishnan Narayanan ToMDI .

167

Motivation

®DRAM access takes around 30-90% of energy
®DRAM access is also time consuming

#Not loading the unnecessary data from a
DRAM row can save energy.

@It would also increase the hit rate in the on-
memory cache.

1 ESSES 2003 Vijaykishnan Narayanan Q"DI psu

Variable Line Sized Cached DRAM (VLCDRAM)

# Operates similar to the CORAM except that it does
not buffer a fixed portion of the DRAM row.

¢ The size of the cache line is smaller than the DRAM
row size.

# Based on the extent of spatial locality in a given
DRAM row access, multiple adjacent cache lines are
used to buffer the selected width of the DRAM row.

¢ The replacement policy identifies the least recently
used cache line and also uses the lines adjacent to it
if the buffering size is larger than a cache line.

169 ESSES 2003 Vijaykrishnan Narayanan joM'DI psu
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VLCORAM
VL-CORAM Architecture

#In order to enable transfer of
multiple cache lines in the same

cycle, an alignment needs to be
. . Memory Array
enforced for the variable size i sis2x 10268
blocks _— N —
ax Control 3 siang 3 Sense Amplfiers.
] moin ] e [ e Y oowepmitacane
M | 2 | 3 | 4 [ e B
[ Configuration 1] " b Dt bus
N I i N N )
| Configuration 2 | —
K | [ ] RE | [y— On-Memory Gache e
Configuration 3
1o ESSES 2003 Vijaykrishnan Narayanan Mor., 1 ESSES 2003 nedjaykrishnan hlarayamane 201,
Timing Diagram for a Miss
Constraints
REQ # First, if multiple cache lines chosen for replacement are

dirty, the delay incurred is proportional to the number
of cache lines that must be written back.

Address
>< e ¢ Second, due to the caching of multiple cache lines of
variable length, it needs to be ensured that there is no
Cas M duplication of the data in the on-memory cache.
& Data

>0
E
:

1, ESSES 2003 Vijaykishnan Narayanan Q"DI psu s ESSES 2003 Vijayksishnan Narayanan 7°”‘DI -
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The Algorithm

To generate the log n bits to be associated with each load/store
instruction

1. All the applications were profiled to identify the extent of spatial
locality of load/stores.

2. All the load/stores that incur an on-memory cache miss were tracked
as they initiate the DRAM row buffering.

3. To associate a single value with the static load/store instructions in
the program, the extents observed at all dynamic instances of that
static instruction were averaged.

4. This associated information indicates the number of cache lines that
needs to buffered when the DRAM row access was initiated by that
static instruction.

5.  This technique is called as the Average Block Size (ABS) technique.

The Algorithm

Block Size (in bytes)

‘E Average @ Standard Deviation

Static Load/Store Instructions

177

s ESSES 2003 Vijaykrishnan Narayanan Mor., 1y ESSES 2003 Average span forthe blocks for cagh i i elorlgionce and ther gl
Results Comparison
#Spatial Locality
5 40
g
k] 100% 30
E, = *
T @9 /o
] 60% Energy 20
5 ‘% 300 Savings B ORACLE
g-£ 3% 10 B ABS
'g 10%
32 0%
E (o]
a 512 256 128
Block size
16 FSSES 2003 Varying spatial localityfijagkrisheretaraghean TQM-% psu ESSES 2003 Vijaykrishnan Narayanan joM'DI psu

Page 44




ESSES 2003

Partitioned Memory Architecture Power Modes

Bank 3570n]

to/from CPU

0.830n) 0.320n) 0.005 nJ 0.000 nJ

ESSES 2003 Vijaykrishnan Narayanan ;“DI psu . ESSES 2003 Vijaykrishnan Narayanan ToMDI psu
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Alternatives Compiler Directed Approach

¢All memory modules are ON all the time

Energy

#Mode Control Only
Output Consumption|

+ If not used, reduce power Tput Cod st
le al ICS
Code Energy

+ No data/access pattern modifications SUIF Pass SUIF Pass oy L,
(Pre-processing)) (Mode Detection) (Coarse Grain)
#Mode Control + Optimizations =
+ Data Transformations (e.g., Clustering, ((STEII:::;S;)
Infer‘leaving) Technology Parameters,
P . eaas Memory Configuration,
+ Loop Optimizations (e.g., Loop Splitting) 4 Prediction Mechanism
180 ESSES 2003 Vijaykrishnan Narayanan TONLDIPSU . ESSES 2003 Vijaykrishnan Narayanan ToMDIPsu
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Array Clustering Heuristics

&Profile-Based

Array Access Profile (vpenta)

. . Array Variabl
#Static Analysis-Based Phase rray Yariables
. . Number
+ Constructive Algorithm (Graph-Based) ut Uz | us U4 ) US| U6 | U7 | U
+ Iterative Algorithm ! X X | X | X | X
2 X X X X X
3 X X X X X
Module/Bank Configuration is Important! 4 X | X X X | x XXX
5 X X X X X X
6 X X X X X
7 X X X
8 X X X
182 ESSES 2003 Vijaykrishnan Narayanan ;“DIpsu 15 ESSES 2003 Vijaykrishnan Narayanan jol‘“DIPsu
Iterative Algorithm (vpenta) Bank Access Profile (vpenta)
(unoptimized)
Memory Banks
Ul U2 U3 U4 Us U6 U7 US Phase
Number | gy | g1 | g2 | 83 | B4 | 85 | B6 | 7
1 X X X
2 X X X X
3 X X X X
4 X X X X X X
5 X X X X X X
6 X X X X X X
7 X X X X X
8 X X X X
10 ESSES 2003 Vijaykrishnan Narayanan TONLDIPSU 185 ESSES 2003 Vijaykrishnan Narayanan ToMDIPsu

Page 46




ESSES 2003

Energy Savings

19:
Control + Clustering)

Bank Access Profile (vpenta) (optimized) (Mode
§ As much as 50% saving over pure mode control
Memory Banks 7
Phase &
=
Number | g0 | &1 | B2 | 83 | 84 | B5 | B6 | B7 g
L
1 X X =
3
2 X X X K]
]
3 X X X E
4 x | x [ x| x z 1 2 3 4 5 6 7 8 9 10 11 12
5 X X
6 X X B Active B Active+Standby £ Active+Napping
7 % % % B Active+Power-down I All
8 X X X X
186 ESSES 2003 Vijaykrishnan Narayanan ;“DI . 15 ESSES 2003 Vijaykrishnan Narayanan ToMDI .

Hardware Optimizations for

Partitioned Memory

¢ Simple transitioning logic in current implementations (Intel
BX, 820 chipsets) to only one level degradation

¢ [Lebeck et al., 2000] explore runtime transitioning to
other levels

¢ [Delaluz et al., 2001] compiler-directed and runtime
mechanism.

¢ [Fan et. al. 2001] show memory access pattern is
memory-less

¢ [Nandagopal 2002] show history and memory is useful

ESSES 2003 Vijaykrishnan Narayanan

S DL

Page 47

System Diagram
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Processor Parameters

Fadinador

L

LipoR Bpesd
RS sipe

LS s

Fetoh usuy Sive
Faah wigih
Dl wighthy

Yz widh
Tanerermyit weiddith

L3 7t

Memory Module Idleness

& Transition module to appropriate low power mode
when it is idle
+ When to transition to the lower power mode?
+ Which mode to transition to?
+ How much additional time penalty can we incur?
+ When to transition back to active state?

F .3, A,
B2ty b
i Uit 25008, At mansed,
Gitbte blacks
Bty B Zokdit BIORAR

goEnE
190 Zpsu . ESSES 2003 Vijaykrishnan Narayanan jo”‘DIPsu
Definitions Memory Access gap
# Clustered accesses - sequence of accesses arrive

before completion of previous access.
# Gap - interval between two successive access clusters
. o1 . .. [PV 5 i 30 [
# Predictability of gap duration is important for power- i o
mode control
£
mimd S owd F mfﬁg“
i
Vi B 4
srcems limter, e e,

1, [FSSES 2003 Vijaykrishnan Narayanan Mor.. 1 ESS "
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OPT _time Timing Diagram

Optimal Policies
& OPT_time
+ Minimum energy when gap duration needs to remain o0
the same as the base case cod loseprser e
! brgin kxw@:ww ks ;’
& OPT_energy s /;
+ Minimum energy at the expense of larger execution g j
time E P
L
‘OPT mode smrtm';mwul%cy bepianing of scossevluder
. Minimum energy-delay given that transition to S
H . Hine
active state happens only when there is a access "
(incurs resynchronization latency)
108 ESSES 2003 Vijaykrishnan Narayanan ;“DIpsu 195 ESSES 2003 Vijaykrishnan Narayanan

OPT_energy Policy OPT_energy Results

gt

¢ OPT_energy concentrates on minimizing energy
first

¢ Range of gap durations exist where incurring a
small additional latency results in a lower power
mode, lower energy

196 ESSES 2003 Vijaykrishnan Narayanan joM-DI psu 107 ESSES 2003 Vijaykrishnan Narayanan
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OPT_mode Policy
¢ Useful for comparing with practical policies that do
not try to predict gap duration.

& Incur resynchronization delay on first access in next
cluster

ESSES 2003 Vijaykrishnan Narayanan

OPT_mode Timing Diagram

g
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OPT_mode Results

Page 50

OPT_mode Policy
¢ Observation: 3-11% within opt_time

# Heuristic: Predicting mode may be sufficient instead
of exact gap duration

ESSES 2003 Vijaykrishnan Narayanan
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Behavior of OPT_time

#Number of times a particular mode (active,
standby, nap, powerdown) was selected

#Number of cycles spent in each mode ( and in
transitions)

#Amount of energy consumed in each mode (and
in mode transitions).

ESSES 2003 Vijaykrishnan Narayanan
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Opt_time Mode Distribution

s

Opt_time Cycle Distribution

ESS

Opt_time Energy Distribution

205 ESS
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Gzip COF
Cumulative distribution functions

& The % of gap durations less than a given time g ’ G
interval is plotted against the time interval

# [Fang01] claim exponential distribution,
indicating memory-less behavior of gap
distributions.

gt

¢ Execution-driven simulations show jumps in
accumulated % in the left-hand portion of the
graph.

¢ Jumps correspond to gap durations that occur
more frequently than others

AR L) R

26 ESSES 2003 Vijaykrishnan Narayanan ;“DI psu 207 ESS

Compress COF Per| COF : Execution Phases
i R i v
. / ey
Fre s { s i g p

#3
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aak |
H pres
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B
@t # e i 8 E
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Power Mode Control

# Transition module immediately to a selected mode
when idleness is detected
+ Static-standby
+ Static-Nap [Fang01]
¢ Use predictions to select the mode and the time at
which the transitions must be effected
+ Prediction may be for power mode or gap interval
+ Constant Threshold Policies [Intel, Lebeck00]
+ Adaptive Threshold Policies [Delaluz01]
+ History Based Predictor [Delauz01]

ESSES 2003 Vijaykrishnan Narayanan
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Constant Threshold Predictor

#Rationale: If a module has not been
accessed for a while, it will not be needed
for a while.

#Approach:

L1 1
Active Ig-'% Standby 13|—§°2ncg;de

1M cycle Power

Nap Talenest down

ESSES 2003

m Vijaykrishnan Narayanan
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Adaptive Threshold Predictor

¢ Rationale: Maybe different thresholds at
different times, and adapt to the threshold
dynamically

& Approach: If the threshold was conservative the
previous time, double threshold, else if we
transitioned wrongly reset threshold to CTP
values.

ESSES 2003 Vijaykrishnan Narayanan

212

S DL

History Based Predictor

# Rationale: Previous gap duration indicative of
future gap interval.

& Approach: Next gap duration is predicted to be
the same as previous gap duration. Transition to
appropriate mode immediately, and bring it back
to active mode (hopefully before next access).

ESSES 2003

s Vijaykrishnan Narayanan
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Time Repetitions
Modlified History Predictor

¢ Rationale: If next gap is much larger than
previous gap, prediction is overly conservative

# Approach: Transition to low power modes after
a preset threshold beyond previous gap interval.

ESSES 2003 Vijaykrishnan Narayanan Mor., ESS

214 215

Mode Repetitions
History-based Mode Prediction

¢ Rationale: Gap durations don't repeat themselves
too often, but consecutive gap durations have
strong correlation

& Approach:

+ If you detect idleness, transition to the low power
mode which would have been ideal for the preceding
gap.

s ESSES 2003 Vijaykishnan Narayanan Q"DI psu ny ESS

Page 54



ESSES 2003

Results: Time

g,

ng ESS

Results:Energy

219 £ss u

Results:Energy Delay Product

e

20 ESS
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Summary of Results

# History-based mode predictor is generally best
scheme (EDP)

& Performs within 8%-25% of OPT_mode EDP

& Gzip is the only benchmark where it loses out
(marginally) to StaticNap

¢ When only execution time is considered, the
gains are even more impressive.

” ESSES 2003 Vijaykrishnan Narayanan joM'DI psu
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Conclusions

¢ Application characteristics are key to mode control
policies
& Memory access pattern is not purely memory-less

¢ History based policies are useful, especially for simple

Compiler Optimizations for MultiBanked
Memories

predictors o -
+ mode prediction policies Original Optimized
P P code Optimization Module Array Allocation|  °°%
¢ Complex history predictors not be very beneficial (Loop Fission, Spli.t'!ing Modue
+ increase overhead without significant gains and Array Renaming)
- ESSES 2003 Vijaykrishnan Narayanan ;“DIpsu 2 ESSES 2003 Vijaykrishnan Narayanan jo”‘DIPsu
Array Allocation Module
y Example
# Places arrays with similar access patterns into . . . NC B
for(i=0;i<N; i++) A ,
the same bank (set of banks) . . 1 C
{ALi1,Bli]} we !
& Two-step graph-based approach F \ -7
NxC - D
# Builds an Array Relation Graph (ARG) for (i = 0; i < N; i++) E
NxC

4 Runs an algorithm that generates a maximum
weight cover

ESSES 2003

- Vijaykrishnan Narayanan

S DL
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{Cl[i],Di], E[i]}

A/ c
for (i=0;i<N;i++) \/NXC
(E[i], FLi1} F D

25 ESSES 2003
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Effectiveness of the Array Allocation
Module

Normalized Energy
Consumption

226

ESSES 2003

adi aps bmem  eflux phods vpenta
i All Banks ON
& Mode Control (Declaration Order)
& Array Allocation
Vijaykrishnan Narayanan ;“DI .

Benchmarks
Benchmark Data size (MB) Bank Configuration
adi 48.0 8x8MB
aps 1.5 8x8MB
bmem 3.0 8x0.5 MB
btrix 47.3 8x8MB
eflux 33.6 16 x 4 MB
matvec 16.0 8x8MB
mxm 48.0 8x0.5MB
phods 33.0 8x8MB
56.0 8x8MB
vpenta 60.0 32x2MB
wss 30..0 8 x 0.5 MB
ESSES 2003 Vijaykrishnan Narayanan
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Energy Consumption per
Loop Nest

B Nest0 HEINest1 [HENest2 [INest3 [ENest4
B Nest5 B Nest6 ZINest7 [INest8

8 ESSES 2003

Vijaykrishnan Narayanan
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Optimization Module:
Loop Fission

# Takes a nested loop and creates multiple
nested loops each with a subset of the
original statements

& Generates K+1 alternatives and selects

the one with the minimum energy

consumption

ESSES 2003
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Optimization Module:
Loop Fission

S, S, S, { S4}
} for (...)
for (...){ { S;}
S k1 S, }Sk1 for.( )
} “ S 1 for (...){ { Sl
S\ Sy for (...)
} } {8«
70 ESSES 2003 Vijaykrishnan Narayanan ;“DIpsu

Percentage Energy Improvements:
Loop Fission

Alternative Fission Strategy

#1 #2 #3 #4 #5 #6 #7 #8 #9

adi 47.0 |47.0 |61.2
aps 48.5 |485 |48.5 |48.5
eflux 47.0 |45.2 |43.3 |66.9

matvec 49.8 |33.2 |16.6 |58.2

tomcatv 49.5

vpenta 8.2 235 (166 |24.9 |18.0 |16.6 |20.7 |8.2 48.4

~ ESSES 2003 Vijaykrishnan Narayanan el
- faykrishnan Narayanan ° PIpsy

Optimization Module:
Loop Splitting

#Divides index set of a nested loop into two
disjoint parts

#Tries to modify the nested loop structure
by creating several nests

¢ Always legal
& Works from the innermost to the
outermost index

1y ESSES 2003 Vijaykishnan Narayanan Q"DI psu

Optimization Module:
Loop Splitting

for (i=0;i<N/2;i++)

for (i=0;i<N;i++) { ali], bli]; }
t all, bil; } for (i=N/2+1;i<N;i++)
{ alil, b[i]; }

. ESSES 2003 Vijaykrishnan Narayanan joM'DI psu
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Energy Impact of Loop Splitting gfrg';gzgggmzdwe:

#Use of live array variable analysis

#Reuse the same memory space for storing
arrays with disjoint lifetimes

Normalized Energy
Consumption

for (i=0;i < N; i++) for (i=0;i < N;i++)
{ali], c[ll} {ali], [}
......... —_—
adi  bmem eflux matvec mxm vpenta wss for (i=0; i< N;i++) for (i = 0; i < N; i++)
B All Banks ON_E Mode Control [ Optimized | {blil, c[il} {afil, <fi}
-~ ESSES 2003 Vijaykrishnan Narayanan ;“DIpsu 2 ESSES 2003 Vijaykrishnan Narayanan jo”‘DIPsu
Energy Impact of
Array Renaming Normalized Energy Consumptions
>
>
B 25 08
i3
?. § 3 £ o6
S g 22 04
5 o E 8 0.2
= 0
adi aps matvec vpenta
btrix phods B Mode Control & Splitting
. B Fission D Renaming
B All Banks ON & Mode Control E Optimized | B Splitting+Fission B Splitting+Renaming
o B Fission+Renaming 2 Splitting+Fission+Rengming
2o FSSES 2003 Vijaykrishnan Narayanan Mor.. Jy ESSESZ003 y . -
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Array Interleaving Array Interleaving
forI=1N
forI=1,N forJ=1,N
b += Uy[I] + U,[I]: b += UJT][J]+ U,[TIT L
forI=1N forI=1,N
b += X[2I-1] + X[2I]; forJ =1, N

b += X[I][2T-1] + X[T][2T]:

Mappings:
Mappings:
U,[I] -> X[2I-1] & U,[I] -> X[2I]
Uy [TI[T] -> X[II[2T-1] & U,[I][T] -> X[I][2T]
- ESSES 2003 Vijaykrishnan Narayanan ;“DI psu 20 ESSES 2003 Vijaykrishnan Narayanan ToMDI psu

Array Interleaving

ESSES 2003

Experiments - I

Energy Consumption (J)
ocoo90o9000 900
L O N

conv

biquad

fir Ims complex real fft eflux

[ECTP @ CTP Opt LATP 1 ATP Opt WHBP & HBP Opt |

ESSES 2003

w Vijaykrishnan Narayanan
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OS5-based Power Mode Control Scheduler-based Approach

40S has global view of the system. o Transitions the banks at context switch time.

¢Information about actual physical frame & We expect the same banks will be used in the next
allocation. quantum.

¢ We need to keep track of the banks that are used

#The OS can determine points during execution by the application per time quantum.

of an application where banks would remain ¢ In order to do that, we propose the creation of a

idle, so they can be transitioned to low power Bank Usage Table (BUT).
modes.
- ESSES 2003 Vijaykrishnan Narayanan ;“DIpsu o ESSES 2003 Vijaykrishnan Narayanan jo”‘DIPsu
Bank Usage Table (BUT) Bank Usage Table (2)
Bank Number How do we update the BUT?
Process
B1 B2 B3 Bn L. .
o " - #Page Permissions. Wipe out access
P2 X X X permissions on the page table for those
virtual pages mapped to physical memory.
Pm X X

#Page Reference Bit. Reset reference bits on

¢ One row per application/task. the page table

¢ An X means a bank was used in the previous quantum.

s ESSES 2003 Vijaykishnan Narayanan Q"DI psu s ESSES 2003 Vijayksishnan Narayanan 7°”‘DI -
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Bank Usage Table (3)

#TLB Miss Handler. Modify the TLB miss
handler. This is a hand-optimized, very
efficient code. Not a good idea to modify
it.

Bank Usage Table (4)

# Nothing prevents us from combining our scheduler-based
technique with the hw-based ones (CTP, HBP).

Process 1 Process 2 Process 1
» Time

Access <
Hardware Approach

Our Approach - _

Integral Approach

Access -

k Additional energy savings

o ESSES 2003 Vijaykishnan Narayanan Q"DI psu

&Dump the TLB contents. Is expected that Time
the TLB will do a good job capturing the _—
program’s behavior.
We use the first approach in this work.
oy ESSES 2003 Vijaykrishnan Narayanan Mor., g ESSES 2003 Vijaykrishnan Narayanan 201,
Integral Approach Experimental Setup

#SUN UltraSparc 5, Linux RH 6.2.
oKernel 2.2.14.
4128 MB RAM, 16 banks.

®BUT rows implemented as part of the task
structure in the kernel.

#Scheduler and page fault handler were
modified.

oComplete, full-fledged operating system used
for evaluation.

250 ESSES 2003 Vijaykrishnan Narayanan joM'DI psu
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Experimental Setup (2) Benchmarks
Energy Models Benchmark Source
Energy rawcaudio MediaBench
Statistics rawdaudio MediaBench
. polyphase MediaBench
races md5 MediaBench
cordic MediaBench
Operating System Memory paraffins Trimaran
Configuration g721encode MediaBench
mcf Spec2000
%1 ESSES 2003 Vijaykrishnan Narayanan ;“DI . 25 ESSES 2003 Vijaykrishnan Narayanan ToMDI .
Conclusions

Normalized Energy Consumption

Normalized Energy

O
N

&0

&

|EBUT B CTP B CTP+BUT @ HBP B HBP+BUT]

S DL

ESSES 2003 Vijaykrishnan Narayanan

253

#®We presented an scheduler-based
technique to transition memory banks to low
power modes.

#®We show that important savings can be
achieved (up to 92%) with little HW
support.

#Further improvement can be achieved by
applying our technique along with existing
hardware-based techniques.

ESSES 2003
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Optimizing Leakage Power

Reducing Power in Standby (Sleep) Mode

¢ For idle components, all power dissipation is due to leakage
(subthreshold+gate) Voo
¢ Can reduce leakage by gating the Isleep

supply rails when the module is idle :
Virtual Vpp
+ In normal mode, sleep = 1 and

the sleep transistors must
present as small a resistance as
possible (via sizing)

In sleep mode, sleep = 0, the
transistor stack effect reduces

leakage by orders of magnitude - Virtual GND

sleep—|

Granularity has an
area/performance cost

# Can eliminate leakage by switching off the power supply to the module

ESSES 2003 Vijaykrishnan Narayanan ToMDI psu

256

Reducing Power in On-Chip Memory

#O0n-chip caches consume 15%-20% of the total
power in today's uniprocessors

#Leakage in caches is becoming a major issue

+ leakage increase from 0.18um to 0.13 pm is a factor of
almost 7
#Can put cache lines not in the
current working set into a low power
mode ("drowsy”) by lowering the
supply voltage (e.g., 1V — 190mV)
+ Reduces standby power by 8x <
+ Cell state is preserved oF s

+ Incurs a performance penalty
to “wake-up” line prior to
access (<10ns)

e |

s

Source: Jan Rabae
ESSES 2003 Vijaykishnan Narayanan ¥ Q"DI psu
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Leakage Controlled SRAM Cells

Cell :e;nLuge EIT Jine I¢
O

2
3
1L,

W25 ¢
B75C

Virtual Ground

Leakage energy/cycle in
J*10™
@

Asymmetric SRAM Cell
5
Idro 0
B e, e, ngwdware versus software
i g
Vg (1V) 256 bits, 70 nm, 1 ns cyag%-o of the sleep state

Vadkow (3V)1 + Only a small fraction of

dronsy - the cache lines are
accessed in a time
= period
4y ESSES 2003 Drowsy SRAMEgfishan Narayanan Mor,.,
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Drowsy Cache Microarchitecture
— Global Set
~ Set: drowsy
: Reset: active
Shutting down unused cache lines
5 § word line D
§ : . O‘SBYV) » B power line
§ E w _I—l SRAMs
: (active) _DJ_ word line
wordline gate
N to prevent accessing drowsy lines
© -rIPSU e ESSES 2003 Vijaykrishnan Narayanan jo”‘DIPsu
Global Counter Controlled Drowsy Cache Compiler Controlled Drowsy ICache

# Use an optimizing compiler to insert explicit
drowse instructions at the loop granularity
Ieveol8

#Periodically put all cache lines into drowsy
mode independent of their access history

¢ Periodic global counter (~4000 cycles has good E-D _
trade-off) asserts Global Set > & Lpop (Compiler)
. . pad rowsy-2K
¢ Wake-up cache line on access (incurs 1 cycle delay) g 06 rowsy- 4K
# Cache energy savings % o4
+ standby energy by 75% § e uzlha"g et.
+ total energy by 55% g o2 y
. . < > Micro02
+ Run fime increases 2 ol

+ <1% for D$

- + >5% for some I$ access
patterns

. Involves sophisticated program analysis

|
/ / > Flautner, Kim, Martin,
| i Blaauw, Mudge, I5CA'02 . Requires modification of the ISA

Regular D$ Drowsy D$ > Kim, Flautner, Blaauw, + Requires access to source code
Mudge, Micro02 ¢ Drowsy works well for loops with long executjon times
ESSES 2003 Vijaykrishnan Narayanan TONLDIPSU 20 E(g.sgqoa Vpe'\fd) Vijaykrishnan Narayanan ° psu
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Impact of Compiler Optimizations Loop Distribution

& Many compiler optimizations can modify the instruction

execution order leading to significantly different (T ] [Tk ]
energy picture; o
# Awareness of this impact helps develop better (e.g., - Body- e U
energy-aware) compilation strategies: Bodlyd i Theater
#Four frequently-used loop transformation strategies 7 . Badyetl
are studied:
+ Loop fission (distribution) Body-11
+ Loop fusion Body-1I
+ Loop tiling )
+ Loop unrolling
{a) (b} (¢ {dy
Fig.9 (a) A code fragment with a loop.
(b) The distributed version of (a).
(c) The instruction cache layout for (a).
o (d) The instruction qgche layout for (d).
% ESSES 2003 Vijaykrishnan Narayanan ;“DIpsu 264 ESSES 2003 Vijaykrishnan Narayanan jo”‘DIPsu
. L A TB C /e
Impact of Compiler Optimizations Iggg},?fed BTB Controlled Drowsy

# Program phases produce hot-spots in the cache

+ Instructions in a phase may not be localized in
the address space (or the ICache)

+ Can frack program hot-spots through the
branch predicfor (BTB)

¢ Add hardware (DHS) to BTB and cache to

+ Keep hot-spot cache lines from being turned
off by the Global Set counter
+ Allow early turn-off of cache lines not in a
newly detected hot-spot
¢ Take advantage of sequential access patterns to
do just-in-time activation (PA) of the next
cache line when the current line is accessed

Strategy|  Strategyll ~ Strategy Drowsy2K  Kilk4K  Drowsy-4K

[ @ original @ distril Diled |

All values are normalized w.r.t to the case without power
management. Strategies 1-3 are diff. Compiler controlled
265 ESSES 2003 !e&ww Narayanan j.fs\-DI psu 26 ESSES 2003 Vijaykrishnan Narayanan joM'DI psu
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Dynamic Hot Spot (DHS) Protection

I-Cache Global Set PC PC
activa’

activa’

mask I-Cache Global Set PC Pc

P ESSES 2003 Vijaykrishnan Narayanan ;“DI psu

DHS-PA Augmented Cache
Microarchitecture

Preactivate |Global Set

(] Set: dr‘ows:y
> Reset: active
1
0
@ g Reset b
4
3 N 0.3v I power line
L 2 (drowsy) O SRAM
s
E 3 sl
(active) —D—I— word line
wordline gate
Preactivate
25 ESSES 2003 Vijaykrishnan Narayanan ToMDI psu

BTB Microarchitecture for DHS

Leakage Control

Comparison of 1p Leakage Control
Mechanisms

Mils‘:(bgl'f Circuitry B Drowsy_Leakage [ Active_leakage [ Processor+Dcache
[ Turn_on B Extr_turn_on & Counter
pc o ICache
D
Branch Target Buffer 1 [
vbit tgt_cnt fth_cnt .y -
lolo z
1 DHS Bank-PA achieved the smallest EDP.
$— 63% over Base (Drowsy), 48% over Drowsy-Bank,
v and 38% over Loop (Compiler)
Branch taken ji OE 2] =
BTB hit
_ E L L Base Bank Loop DHs ;;;:: DHSP-icmk-
o > Hu, Narayal Irwin ISLPED'O3
20 ESSES 2003 Vijaykrishnan Narayanan TQM-% psu 20 ESSES 2003 %ymshnan Narayanan joM'DI psu
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Avoiding duplication in hierarchy

#We implement five leakage reduction
strategies that exploit data duplication in the

Leakage Optimization Strategies (II)

Strategy When is L2 subblock | Mechanism in L2 | When is L2 subblock
. turned off? reactivated?
cache hierarchy. :
Conservative when L1 block state- when accessed
®We employ state-destroying or state- becomes dirty destroying
. . Speculative-I | when L2 subblock is | state-preserving | when accessed
preserving mechanisms to L2 subblocks when moved to L1
fheil" da.',a GISO exis.l. in Ll A Speculative-II | when L2 subblock is | state- ) when accessed
moved to L1 destroying
Speculative- when L2 subblock is | state-preserving | when L1 block is
IIT moved to L1 evicted
Speculative-IV | when L2 subblock is | state- when L1 block is
moved to L1 destroying evicted
o ESSES 2003 Vijaykrishnan Narayanan ;“DI . m ESSES 2003 Vijaykrishnan Narayanan ToMDI .
Conservative Speculative-I
L1 L1 L2
re-access I
Write e Evict ~
Active
load load
m ESSES 2003 Vijaykrishnan Narayanan TQM-% psu - ESSES 2003 Vijaykrishnan Narayanan joM'DI psu
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Page 69

Speculative-IT Speculative-IIT
L1 12 L1 ) 12
re-access evict
evict
Active Active
loa |- loa
Thad— |
- ESSES 2003 Vijaykrishnan Narayanan ;“DI . 2% ESSES 2003 Vijaykrishnan Narayanan ToMDI .
Speculative-IV Average Saving of Five Strategies
75
L1 X L2
evict —_
L  Leakage
o
Active §
load [ Total Cache
lbad — § Energy
=)
S
o E Energy-
< Delay
-756.44
m ESSES 2003 Vijaykrishnan Narayanan TQM-% psu 8 ESSES 2003 Vijaykrishnan Narayanan joM'DI psu
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Integration With Other Strategies Average Savings

# Cache decay, presented by Kaxiras et al., is
a leakage energy reduction technique.

75

50

B Leakage

¢ Four strategies

+ Decay-I, state-destroying on both L1 and L2.

+ Decay-II, state-destroying on L1 and state-
preserving on L2.

+ Speculative-Decay-I, applying speculative-I to L2
and cache decay to L1. 50

+ Speculative-Decay-II, applying speculative-I to L2
and cache decay to both L1 and L2. 78

O Total Cache
Energy

& Energy-
Delay

Average saving (%)

Sp
ecu’a!ive_,

- =
I T
& &
q g
g §
@ &

- ESSES 2003 Vijaykrishnan Narayanan ;“DI psu 250 ESSES 2003 Vijaykrishnan Narayanan ToMDI psu

Conclusion

# Duplication of data at different levels of
memory hierarchy is costly from the leakage
energy perspective.

# Applying state-preserving leakage control

PPying P " J Influence of Leakage Control on
strategy to L2 cache can reduce energy s
S Reliability
consumption significantly.

¢ Our strategies can be combined with other

techniques to provide additional energy gains.

ESSES 2003 Vijaykishnan Narayanan Q"DI psu
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Reliability Soft Errors

#Soft errors or transient errors are circuit
errors caused due to excess charge carriers
induced primarily by external radiations

speed/area speed
<\

#These errors cause an upset event but the

area
circuit it self is not damaged.
power low power reliable ultra-low ger
1970's 1980's 1990's 2000's
- ESSES 2003 Vijaykrishnan Narayanan ;“DIpsu - ESSES 2003 Vijaykrishnan Narayanan jo”‘DIPsu
Soft Errors in Leakage Controlled
Soft Errors SRAMS

Qritical in fC for 1-> 0 flips Qcritical in fC for 0 -> 1 flips.

& For a soft error to occur at a specific node in
a circuit, the collected charge Q at that
particular node should be more then Q_iica

& As CMOS device sizes decrease, the charge
stored at each node decreases (due to lower

nodal capacitance and lower supply voltages). ¢ Quirca has an exponential effect on SER

. ) . Less than normal 6T for both the leakage optimized nodes
& This potentially leads to a much higher rate of

¢ Layout influences number of errors due to a strike
soft errors

& Support for error correction and detection (SECDED)
+  Specially important for dirty data not written back
ESSES 2003 Vijaykrishnan Narayanan TQM-% psu 26 ESSES 2003 Vijaykrishnan Narayanan joM'DI psu
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fCoulumbs
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0.30 040 0.50 0.60 0.70 080 0.90 1.00

e Qeritical in fC
—@ Leakage in pl/cycle

Vijaykrishnan Narayanan

Leakage Vs Soft Error Susceptibility

Using System Software for
Leakage Reduction

Case Study- Garbage Collection
in Embedded Java Virtual
Machines

287

What is KVM?

Java Langnage
S¥M

Resource Constraints on KVM

4Small memory budget
+ Typically 512 KB. “K" stands for “kilo"”
+ Lots of research has been carried out

#Limited energy supply
+ Powered by batteries
+ Not yet well exploited

#Requires: redesign of all the components of
virtual machine. Our work is focused on
Automatic Memory Management Subsystem

Mamory:
1B B it

S DL

1OME ¢ INME SAZKE e ITHE
Babr a2 vit.

From KVM White Paper (Sun Microsystem)
250 ESSES 2003 Vijaykrishnan Narayanan

(Garbage Collector)
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Garbage Collection in KVM
®Why?

+ To reclaim memory occupied by objects no longer
needed by the application
®When?
- Not enough free space in the heap for new object
(conventionally)
#&How? - 3 Phases:
+ Mark - find out garbage
+ Sweep - free the memory occupied by garbage
+ Compact- combine fragments (optional)

0 ESSES 2003 Vijaykrishnan Narayanan ;“DI psu

Mark Phase - detection of garbage
+ Roots: internally defined by the KVM implementation
+ Live Objects: reachable from the roots

+ Garbage (Dead Objects): not reachable from the
roots, not accessible to the application

- ESSES 2003 Vijaykrishnan Narayanan ToMDI psu

Compaction Phase

¢ Why?

+ Heap fragmentation wastes heap
memory, increases allocation cost
due to longer free list scanning

¢ How?

1. Slide live objects to one end of the heap and free
blocks to the other end.

2. Combine free blocks into one contiguous free area
3. References to the moved objects are updated

»; ESSES 2003 Vijaykishnan Narayanan Q"DI psu

Mark / Sweep / Compaction

Before 6C After Mark After Sweep After Compact

Garbage [ ] Unknown [7]Free

204 ESSES 2003 Vijaykrishnan Narayanan joM'DI psu
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System Energy Distribution

100%

20% + (—{ (] | FHH — H e
80% 1+ (| — 4 =

70% + — — e s O e A e R

60% -

50% 1| |71 1 o 7 e S e s A
40% -

Banked Memory Architecture s0% |
& 20% -

10%

GC Controlled Bank Turn off 0%

g &7 s:2=¢ 8 &3¢
(33 = @» 5
O Core @ Heap (Leakage)
0 Heap (Dynamic) O Runtime Stack (Leakage)
= Runtime Stack (Dynamic) 0 ROM (leakage)
O ROM (Dy i
© -rIPSU 40 ESSES 2003 Vijaykrishnan Narayanan jo”‘DIPsu
System Enerqgy Distribution (Average) Live Object Size Oscillations
Manyballs (max: 20682 bytes; avg: 13276 bytes)
. 25000
° ﬂ 20000 7\ A A\
R
57 A A\ N\
e
5% ol /N N/ '\
s2 v M v
o
[ 2 5000
o
. 1 369 737 1105 :I473 1841 2209 2577 2945 3313 .
Time (measured in the number of allocation)
Heap memory requirement varies during execution
Turning off part of the heap memory when memory
requirement is low can save energy
207 ESSES 2003 Vijaykrishnan Narayanan TONLDIPSU 208 ESSES 2003 Vijaykrishnan Narayanan ToMDIPsu
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Banked Memory
LVDD K/DD LVDD LVDD LVDD LVDD
1 | | ] 1 !
Bank | [Bank | [Bank | Bank| | Bank| | Bank
1 2 3 4 5 6

1. Each bank can be turned on/off by software
independently

2. When a bank is turned off, it consumes very
little energy

3. If a bank is turned off, data in it is lost

Energy Characteristics of Memory Banks

R

Read yes yes Not lost
ON | Write yes yes Not lost
No access no yes Not lost

OFF no no Lost

Note: turning on a currently off bank incurs 350 cycles’
penalty (resynchronization cost)

Page 75
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Embedded System Configuration 6C Controlled Bank Turn Off
. BANK1 BANK2 BANK3 BANK4
Optinat
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P
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L TTOOoO gbiee T-200
L
Ro# T=500
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Burk T=800
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Experiment Settings
Energy
Parameters
Tuning KVM's Garbage Collection Java Energy
Application Value
KVM
Shade Profile:
Simulator Instruction Counts
*Memory Accesses
:“'D;F_ PSU 3 ESSES 2003 Vijaykrishnan Narayanan TQMDI PSU

Benchmarks Influence of 6C Controlled Bank turn off

Application | Description | Application | Description
" Fixed-point
Cryptograph Lib MathFP math lib
calculator
Personal
E-map on Kva scheduler
. ] KPG (MPEG for
3 renderio KVM) decoder

Missiles Game

% Energy

Crypto
Kvideo
Kwml

Dragon
Kshape
MathFP
Mini
Missiles

StarCruiser
00 Vijaykrishnan Narayanan ;“'DI psU w5 FOSES 2003

Vijaykrishnan Narayanan joM'DI psu
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Influence of 6C Freguency Influence of Compaction
100 100

3 80

% 60 g

& 2

Calculator Dragon Kvideo Kwml Missiles
£ No Compact & Compact
47 ESSES 2003 o ESSES 2003 Vijaykrishnian Narayanan 201,

First/Active Bank Allocation

BANK1 BANK2 BANK3 BANK4

Influence of Allocation Strategy

Allocation policy of objects also influences
energy consumption Sefore [ orF | | [ off |
+ First Bank: Allocate objects from the first
bank having enough space
* Active Bank: Try to allocate objects from First Bank [o] ]
currently active banks. If fails, turn on a
new bank
Active Bank
- Active+GC: In addition to Active, perform Allocation
6C to find space in active banks before
turning on new bank

Mor.. ESSES 2003 Vijayiishnan Narayanan Mor,.,

200 ESSES 2003 Vijaykrishnan Narayanan 310

Page 77



ESSES 2003

Influence of Allocation Strategy Conclusions
100 #Banked memory with GC controlled turn off
8 reduces heap energy (30% on average)
>
g #GC invocation frequency critically impacts
g 60 system energy (optimal frequency depends on
§ m the application)
°I\o 20 | #0Object allocation and compaction schemes
affect the potential of memory bank turn-off
0- T o b #Strategies can be applied to design energy
Calculator Dragon  Kvideo Kwml  Missiles
- - - aware memory management software
BFirst @BActive 0OActive+GC
m ESSES 2003 Vijaykrishnan Narayanan ° psu n ESSES 2003 Vijaykrishnan Narayanan jo”‘DIPsu
OtherWork Adaptive 6C
®Adaptive 6C 100 1
90 B
+ Automatically find out the optimal 6C frequency 50 ——
#0Object Collocation . z & LHEAP
+ Put objects having same life time in a same bank g 50 8 DHEAP
w OLSTACK
#®More memory bank states 40 1 O DSTACK
30
+ Active, Stand-by, Sleep, Power-off 20 B8LROM
£ DROM
10
0 .. .
10 40 75 100 250 Outof adpt
Memory
s ESSES 2003 Vijaykrishnan Narayanan TONLDIPSU - ESSES 2003 Vijaykrishnan Narayanan ToMDIPsu
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Conclusion

#Energy optimization needs a holistic
perspective to optimization
+ Include impact on other components
+ Needs to span from circuit to software

+ Tools are critical in evaluating and enabling
optimizations

35 ESSES 2003 Vijaykrishnan Narayanan ;“DI psu

Thank you!
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Assistant Professor
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Lecture Outline

= Day 1 (July 28)
— High-fidelity system-wide energy estimation of
embedded systems
= Day 2 (July 29)
— Low-power LCD systems
— SEE Web and experiments
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Introduction

Research perspective in SNU

In-house energy measurement tools
In-house integrated energy estimation tool

Applications

— Energy characterization of ARM7TDMI
— SDRAM memory system optimization
— Where the power goes?

On-going project
' Conclusions
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Introduction

= Goal of engineering
— Design and implementation

= Invention versus innovation
— No more breakthrough invention

= Innovation is better optimization
— Traditional metrics
= Performance
Design
Volume and weight
Cost
You name it
— Modern performance indices
= Energy
= Power (heat)

Low-power System Modeling SEOUL NATIONAL UNIVERSITY Naehyuck Chang

and I/O Systems naehyuck@snu.ac.kr
P5

Introduction

= Characteristics of general purpose systems
— Applications are not defined at the time of design

— Layered optimization

= Each layer is not supposed to be optimized adjacent
layers

= Isolated design layers

= Characteristics of embedded systems
— Dedicated applications
— Layer-through optimization
= Software €-> system hardware €<- devices
= Codesign

Low-power System Modeling SEOUL NATIONAL UNIVERSITY Naehyuck Chang

and I/O Systems naehyuck@snu.ac.kr
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Introduction

—

_n

= Design of modern embedded systems
— Component-based (IP-based) design

= Performance and energy optimization
— Low-level approach
— System-level approach
— Application software-level approach

= Topics of interest
— System-level energy optimization

Low-power System Modeling SEOUL NATIONAL UNIVERSITY Naehyuck Chang

and I/O Systems naehyuck@snu.ac.kr
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Introduction

= City bus service example
— Goal - achieve more gas mileages

— Low-level approach
= Application independent approach
- swap the engine with more gas-mileage efficient one
— System-level approach

» Application-dependent approach
- tune the engine and the transmission for desired
route

— Application-level approach

= Application-oriented approach
- develop a gas-mileage efficient driving method
Low-power System Modeling SEOUL NATIONAL UNIVERSITY Naehyuck Chang

and I/O Systems naehyuck@snu.ac.kr
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Introduction

= City bus service example: low-level approach
— No information of the route and the schedule
— Upgrade the engine

Engine torque versus rpm Engine torque versus rpm

Low-power System Modeling SEOUL NATIONAL UNIVERSITY Naehyuck Chang

and I/O Systems naehyuck@snu.ac.kr
P9

Introduction

= City-bus service example: system-level approach
— Keep the engine but avoid using the energy efficient regions

— Tune the transmission shift position and/or the final gear ratio based
on the route of the buses

void using the energ
inefficient regions

Engine torque versus rpm Engine torque versus rpm

Low-power System Modeling SEOUL NATIONAL UNIVERSITY Naehyuck Chang

and I/O Systems naehyuck@snu.ac.kr
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Introduction

= City bus service example: application-level approach
— No hardware change
— Develop the optimal scheduling of the speed profile

—

A

Low-power System Modeling SEOUL NATIONAL UNIVERSITY Naehyuck Chang

and I/O Systems naehyuck@snu.ac.kr
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Introduction

_n

= City bus service example
— Low-level approach
= Engine upgrade

= Enhancement of efficiency of the hardware components
- CPU or components upgrade

— System-level approach
= Transmission shift policy optimization

= Control logic (policy) optimization
- avoiding bad usage of the components

= Operating system and middleware optimization
— Application-level approach
= Efficient driving schedule

= Task scheduling, power management, algorithm optimization,
etc.

Low-power System Modeling SEOUL NATIONAL UNIVERSITY Naehyuck Chang

and I/O Systems naehyuck@snu.ac.kr
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Introduction

_n

= High-level (system-level) power optimization
— Given IPs
— Given COTS chips
— System configuration, architecture and policy, device control,
system software and application software
= Example
— Within a given silicon space, order priority of the IPs for the
lowest power consumption for a task
= Size of I$ and D$, MMU, bus structures, and so on
— With a given application, find the optimal memory clock
frequency for the lowest power consumption.
= Given CPU clock, caches and the bus structure

Low-power System Modeling SEOUL NATIONAL UNIVERSITY Naehyuck Chang
and I/O Systems naehyuck@snu.ac.kr
P13

Introduction

= Power versus energy

— Power
= Energy consumption per unit time
= Instantaneous values
— Energy
» Integration of power over time
— Power is often useful when it does not fluctuate
— Energy is more precise representation if

» Time unit is enough short
= Power does fluctuate

Low-power System Modeling SEOUL NATIONAL UNIVERSITY Naehyuck Chang
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Introduction

= Low-power versus low-energy
— The total energy consumption to complete a given
task is meaningful
— Low power is easily achievable as time is longer
— Low power is also important to reduce
= Device rating

= Heat
= Volume

— Low power often mean low energy
= We go by low energy!

—

Low-power System Modeling SEOUL NATIONAL UNIVERSITY Naehyuck Chang
and I/O Systems naehyuck@snu.ac.kr

P15

Questions?

_n
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Research perspective of SNU
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In-house energy measurement tools

= Cycle-accurate energy characterization

(IEE Electronics Letters and IEEE TVLSI)

— Ultimate characterization for synchronous state

machines

— Based on cycle-accurate energy estimation or

measurement

— Technical barrier in cycle-accurate energy

measurement

CYCLE-ACCURATE
ENERGY MEASUREMENT

TARGET

= Difficult to measure by conventional equipment
= Applications of cycle-accurate energy

measurement

— Data-driven energy characterization
— Control-driven energy characterization
— Event-driven asynchronous device characterization
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In-house energy measurement tools

= Use of a digital multimeter
— Designed for DC or sinusoidal current and voltage.

— True RMS version for periodic-waveform current and
voltage that have limited bandwidth: tens KHz order.

series resistor : :
instruction

instruction
instruction
instruction

volt meter jmp loop:
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In-house energy measurement tools

= Cycle-accurate energy measurement
(IEE Electronics Letters 2000)

— Principle of operation
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In-house energy measurement tools

= Cycle-accurate energy measurement

— Example: a high-level energy characterization
= 4-bit binary counter (74HC393)

3.32
3.30
3.28
3.26
3.24
3.22
3.20
3.18

3.16
pA 30
Sample (10MS/s)
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In-house energy measurement tools

= Cycle-accurate energy measurement

— Example: a high-level energy characterization
— 4-bit binary counter (74HC393)

— Average power supply current with a multimeter
= 1.68mW (@ 5MHz), 3.39mW (@10MHz)

— Cycle-accurate energy consumption by the switched

capacitors with C = 3.200pF.

= 1-bit change (0000 to 0001, 0010 to 0011, etc.) > 0.21n]
= 2-bit change (0001 to 0010, 0101 to 0110, etc.) > 0.35n]
= 3-bit change (0011 to 0100, 1011 to 1100) = 0.49n]
= 4-bit change (0111 to 1000) - 0.62nJ]

= The equivalent average power consumption
- 1.64mW (@5MHz), 3.26mW (@10MHz)
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In-house energy measurement tools

= Proper tools of high-level power/energy optimization
— Commercial energy information

DC AND OPERATING CHARACTERISTICS
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In-house energy measurement tools

= Cycle-accurate energy measurement
— Comparison with voltage and current measurement

clock
state vector
switch control $0

switch control ¢1
power supply current
voltage of capacitor 1

voltage of capacitor 2
load voltage
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(a) current measurement (b) switched capacitors
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—

In-house energy measurement tools

_n

= Energy consumption by state transitions
(DAC2002, ACM TECS2003)

{a) asynchronous energy state {by synchronous energy state
machine machine
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In-house energy measurement tools

= Comparison with previous models
— Unit energy per access
— Power/mode
— Energy state machine

@ s50mw @ somw @ esmw
@ 25mw @ somw @ 33mw
@ s0mw @ e6mw @ e6mw

L L

Snd
—
| | | | Omw @ @ 100mwW

Bnd
0 O O
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—

Cycle-accurate energy measurement

_n

= Principle of operation (TVLS2002, ISQED 2003)
— Energy stored in a capacitor
— Charge sharing %ﬁi”ﬂf

Hge G &
furtsy
0. i

S0
A P : e e T e
///// g Haw K01 48 Proddedr 1 &g fag U2 -9 B
,,,,, 7 Bl €010 -6 GO6TR) PP IEEY 41 GEGTR Freqlep) 71 47057
o I wog (01) <3 X0 Hax ACEr 20 H3E%E Proddiay 14
On-chip bypass Load capacitance

capacitor (CMOS gates)
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In-house energy measurement tools

= Cycle-accurate energy measurement
— Leakage energy consumption is denoted by

2 At

strobe ™ 5 f :
FSM

leakage power
\4 : g dynamic energy/

dynamic energy — ¥
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Questions?

Low-power System Modeling SEOUL NATIONAL UNIVERSITY Naehyuck Chang

and I/O Systems naehyuck@snu.ac.kr
P29

In-house energy measurement tools

» SEC (SNU Energy Characterizer)
(DAC Ubooth 2001, 2002)

control

communication
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In-house energy measurement tools

= SEC (SNU Energy Characterizer) V3.0

— Tools for energy characterization of
»= Memory devices
= Peripheral devices

— Versions of SEC
= Universal PCB version to verify the idea
- 74HC393
— Use of a DSO
= SEC for the ARM7TDMI
— Serial interface
— 64 word vector length

Low-power System Modeling SEOUL NATIONAL UNIVERSITY Naehyuck Chang

and I/O Systems naehyuck@snu.ac.kr
P31

In-house energy measurement tools

= SEC (SNU Energy Characterizer)

— Software support for SEC tools
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In-house energy measurement tools

= SEC
(SNU Energy Characterizer)

— Software support B OHRER et
for SEC tools S
= Macro assembler for memory % - T
devices ]
= Device dependent
timing generator
— SRAM
— DRAM

— SDRAM
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In-house measurement tool

= SECF (ISQED 2003)
— 10-bit A/D converter
@50Ms/s
— Computer controlled

= PC Windows-based
measurement manager

= Ethernet interface

— Hardware vector generator
= 256KB vector memory
= FPGA controlled

= Programmed via
network w/o a
download cable
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In-house measurement tool

= SECF 2.0
— Target FPGA: Xilinx Spartan II XC2S50TQ144
— Vector generator: Xilinx Spartan IT XC2150FG456
— Data acquisition: Xilinx Spartan II XC2150FG456
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In-house energy measurement tools

= SES (SNU Energy Scanner)
(IEEE Design & Test of Computers 2002)

— Motivation
= Tool for high-level software energy optimization
— Dedicated tool for ARM7TDMI
— Large memory for real application programs
= Up to 8M words
— Fast data communication
= PCI local bus interface
= Real-time acquisition for continuous execution
— Upgraded accuracy
= 10-bit A/D converter
— Popular environment
= Powered by desktop Linux
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In-house energy measurement tools

= SES (SNU Energy Scanner)

— SES architecture

programming + User System power +
User information nterface Energy information

Program analysis “ CPU power Bus, memory
& debugging imi analysis

Trace analysis & distribute
HW/SW PCI interface
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In-house energy measurement tools

= SES (SNU Energy Scanner)
— SES tool hardware

Low-power System Modeling SEOUL NATIONAL UNIVERSITY Naehyuck Chang

and I/O Systems naehyuck@snu.ac.kr
P38




In-house energy measurement tools

= SES (SNU Energy Scanner)

— SES software support
= Profile data form

= Monitor program running on Linux over PCI local bus
interconnection

= Function call support
= GUI interface

0x000000ec |0xe3a01000 |[0x781f9378 |0x601fa31f  554.7660p) |425.5536pJ
0x00000118 {0Oxe3a01000 |0x78200371 |0x601fc2ef  534.4873pJ |353.4322pJ
0x0000011c_|0xe3a00701 |0xiB1f734c  [Oxe01i42e8  494.6298pJ |355.0500pJ
0x00000120 |0xe5801000 [0xf81f8356  |0xe01fa30a  507.5128pJ [395.3080pJ
0x00000124 |0xe5801004 |0x781fc35¢c |0xe01f830a  510.2559pJ |398.2391pJ
0x00000128 |0xe5801008 |0x781H340 [Oxe01i42ef — 471.5374pJ |365.1574pJ
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In-house energy estimation tool

= SEE (SNU Energy Explore)

— Motivation
» Tool for component-based system-level low-power
design
— System components
= CPU core
= Cache
= Main memory
= Auxiliary memory
= Communication controllers
= LCD display
— Based on SEC and SES hardware
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In-house energy estimation tool
= SEE (SNU Energy Explore)

— Fully integrated system-level energy estimation tool
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In-house energy estimation tool

= SEE Web

SEE connected to Web
interface

http://see.snu.ac.kr

Cache energy model
based on XCACTI

GUI support

Simple Web environment
for standard Web
browsers

Now open to public!
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In-house energy estimation tool
= SEE Web

— Configuration of a target
hardware E mo e e

Prepare a binary code

Upload the file and
execute SEE Web

Verify the output

g A S i s
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In-house energy estimation tool

= Configuration of a target
hardware
— Processor clock
I-cache and D-cache
= Capacity
= Associativity
= line size
SDRAM controller
= Auto-precharge
= Active-page
= Delayed precharge
SDRAM
= Clock
Bus interface
= Bus Hold
= Bus encoding
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In-house energy estimation tool

= Preparing a binary code
— Cross development
environment with C
Start up code support
Runtime library support

= newlib-1.9.0 from
Cygnus

(http://sources.redhat.c
om/newlib/)

Linker script support
Motorola S3 support
= Upload the binary file

— Common dialog box

g 8
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In-house energy estimation tool

= Trace formatter

— Oscilloscope like look and
feel

— Zoom and positioning
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Questions?
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Energy characterization of ARM7TDMI

* Energy characterization (IEEE TVLSI 2002, ISLPED 2000)
— Goal
= Energy optimization by software: instruction and data
= Characterization of energy-sensitive factors
— Energy components
= Controllable
— HDD (transition) and WDD (# of 1)
= Uncontrollable
— Leakage and CD (Common-mode dynamic, state transition)
= CD energy
— Default energy includes invisible parts from software:
clock drivers, etc.
— HDD = Max(dynamic) — Min(dynamic)
— Common-mode energy = Min(dynamic)
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Energy characterization of ARM7TDMI

= Energy-sensitive factors of ARM7TMDI RISC core

Switching

N opcode, register number
activity

register number, memory address

register value, immediate operand
Number

of 1's : register value, opcode, immediate operand
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Energy characterization of ARM7TDMI

= Energy characterization of a pipelined microprocessor

— Keep the same condition of other factors of no
interest

PC3

m -discard m
Lelte=le} cven
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Energy characterization of ARM7TDMI

= | ow-level (data-driven) characterization

— PC stage energy behavior
= Hamming distance between current and previous IF address

Offffffc
10000000

10000000
10000004
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Energy characterization of ARM7TDMI

= |ow-level (data-driven) characterization
— EX stage energy behavior (1)
= Hamming distance between current and previous register IDs.

10000000 add r0 r0 rl
10000004 sub

10000000 add r0 r0 rl
10000004 sub
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Energy characterization of ARM7TDMI

= |ow-level (data-driven) characterization
— EX stage energy behavior (2)
= Number of 1's in the current data value
= Dynamic CMOS configuration

+ A o o X ¥ ‘
X v 0O add o sl ey
= gl A o O i

g 0®

register values immediate operand
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Energy characterization of ARM7TDMI

= Previous two dimensional characterization
— Base cost + inter-instruction cost
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Energy characterization of ARM7TDMI

tween two instructions

— Fetch stage
— Decode stage
— Execution stage

= Suitable for average power estimation
Naehyuck Chang
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Energy characterization of ARM7TDMI

tween two instructions

— Fetch stage
— Decode stage
— Execution stage

= Suitable for average power estimation
Naehyuck Chang
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Energy characterization of ARM7TDMI

= Suggested parametric model
— H: Hamming distance, : weigh

s uREblefor highRleTaretsrgy reduction, oo
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Energy characterization of ARM7TDMI

+ High-level (function-level) characterization
+ IDCT routine function-level characterization
+ Energy versus the number of 1’s of the input data

1.6
1.4

[
1.2 4 f \VMAMWA/}A'A\,\ ' ’ﬁ '
HER N } 1 i {Vrj;bﬂf:éf} \;‘Z}\f‘sy?{\ “. : “ i
W v” "..V

Energy (nl)

IDCT

—  ffof1:32
#of1:24
s H0f 1016
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Energy characterization of ARM7TDMI

High-level (function-level) characterization
+ IDCT routine function-level characterization

= Energy versus the Hamming distance between the code and
the data segments

OXFFFFFFFF 1.6

y (n])

fo8
.

Ener

0x00000400
- 0xFFFFFC00

0x00000000 1 21 41 101 141
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Energy characterization of ARM7TDMI

High-level (function-level) characterization
— IDCT routine function-level characterization
= Energy reduction by register renaming

1.5

14 # of HD: 797
13 # of HD: 898
)

1.2
1.1
1.0
0.9

Energy (nl)

0.8

YCIC
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—

Questions?

_n
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Low-power bus encoding

= Motivation (DAC 2000)

— High-performance, large-capacity memory systems

high—bang\:vidth — sharp slew rate

incident wave switching signal reflection

end termination

large ca&icity | » powerfu\l‘ bus drivers

v
high-bus capacitance BiCMOS buffers

I

Lagg%e static power
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—

Low-power bus encoding

_n

= Target system: high-performance memory
systems
— High-transfer rate
= high-performance bus specifications
— Large-capacity
» heavy loaded bus
= transmission lines
— Embedded L1 or L2 cache memories
= Intel Pentium™ processor

— SDRAM arrays
= DDR SDRAM
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Low-power bus encoding

= GTL+

open-drain
output
— Processors to memory controllers
— Intel Pentium™ processor

— 3.3V supply, open-drain output end-terminated to
1.5V

— CMOS and BiCMOS versions
— Open-drain output
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—

bus encoding coding

_n

g (ABT) bipolar
totem-pole
outut

= general purpose interconnection
— TTL (ABT) or low-voltage TTL (LVT) compatible
— BiCMOS technology
— bipolar totem-pole output
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bus encoding coding

= S5 2

CMOS
totem-pole
output

— Memory controllers to DDR SDRAM arrays
— 2.5V CMOS totem-pole terminated to 1.25V
— CMOS technology
— CMOS totem-pole
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bus encoding coding

= Static power consumption

power
(mwW)

150

100

H L
GTL+
Low-power System Modeling
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Vi1 regulator

B termination resistor(s)

bus driver

H L
LVT

SEOUL NATIONAL UNIVERSITY

bus encoding coding

= Prototyping for measurement

Low-power System Modeling
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V,

SSTL 2

SEOUL NATIONAL UNIVERSITY

H L
SSTL_2
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bus encoding coding

= Power consumption coefficients

Hamming-distance cost (c, )
m weight cost (c, )
common-mode static cost (cg)

33 66 100 133 33 66 100 133 33 @6 100 133
GTL+ LVT SSTL_2
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bus encoding coding
= SDRAM burst-mode transfer

CLK

CPU
ADDR

CPU
DATA

Latched
CMD

Latched
ADDR

Latched
DATA

NOP: no operation COL: column address ROW: row address
ACT: activate a row WR: initiate burst-mode write
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bus encoding coding

= QOriginal sequence

burst sequence
b0
b1
b2
b3
b4
b5
b6
b7
weight
Hamming distance
weight + Hamming distance

actual
energy

W a0 O
DOOO 20O —

cost
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bus encoding coding

= Existing bus inversion deC|SIon
burst sequence » d0d1 d2 d3 d4 d5 total
) 10 11 1
b1
b2
b3
b4
b5
b6
b7

energy
cost of
original

sequence

0
1
1
1
0
0 1
4 4 O 20 /18
cost Hamming distance 4 2 4 4] 2028

weight + Hamming distance 40 \46

@Qooo—\—\o—\o

weight 6
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bus encoding coding

= Consideration of the transfer protocol

burst sequence Od1 d2d3 d4 d5 total
) ﬁ 0
b1
b2
b3
b4
b5
b6
b7

- -

energy
cost of

0
1
0
0
1
1
1

5

o

weight
cost Hamming distance
weight + Hamming distance
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bus encoding coding

= Consideration of the static power

burst sequence d0d1 d2 d3 d4 d5 total
b0
b1
b2
b3
b4
b5
b6
b7

weig 1418
cost Hamming distance 22| 28
weight + Hamming distance 36 \34
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bus encoding coding

= Consideration of the exact power consumption model

(heuristics)

burst sequence - 0d

b0
b1
b2
b3
b4
b5
b6
b7

weight
cost Hamming distance

Low weight + Hamming distance

and I/O Systems
)

bus encoding coding

= Trace-data-driven simulation
CRC

Low-power System Modeling OUL NATIONAL UNIVERSITY
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w@o_\_\_\_\_\o

1

1d2 d3 d4 d5 total

4

1

energy
cost of

protocol
-based

inversion

0 1
00
1 1
0 1
0 1
10
1 0 1
1 1 1
35 4
4 2 5 4

naehyuck@snu.&ekr
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bus encoding coding

Trace-data-driven simulation (contd.)
CRC DCT
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bus encoding coding

Trace-data-driven simulation (contd.)
CRC DCT
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Questions?
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SDRAM memory system optimization

= Energy portion of embedded systems (ACM TECS 2003)

— Energy exploration and reduction of off-chip SDRAM memory
systems

Embedded controller

BO0mW G1000MIPS
350mW QVE0MIPS
i i0OMIPS
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—

SDRAM memory system optimization

_n

* Why design space exploration?
— Globally optimal configuration
= Example 1) Small cache size?

1KB cache -1200mW/310mJ consumed in SDRAMs
16KB cache - 300mW/40mJ consumed in SDRAMs

= Example 2) Slow down the CPU?

100MHz ->300mW/87mJ] consumed in SDRAMs
1GHz > 1000mW/65mJ] consumed in SDRAMs

— With respect to
= System configurations
= Applications and data sets
= User behavior
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SDRAM memory system optimization

Annotation of energy state machine
= Memory data bus

Bus
Tl

[ 1 ! ~ 2
=8 = =(2Care + Con + Cir + 2Ca)Vg + Edre

Zes = (0.55,0.55,0.00,0.00), @,z = (0.00537,0.00) (unit: n3/bit)

Low-power System Modeling SEOUL NATIONAL UNIVERSITY Naehyuck Chang

and I/O Systems naehyuck@snu.ac.kr
P82




SDRAM memory system optimization
_m

Annotation of energy state
machine

— Memory address bus

D

% Cars % Cir

%O z‘i = —(de 'f"(fr'f""i'ca}v + Egpy

= = (0.58,0.58,0.00,0.00), @5 = (0.00537,0.00) (unit: nJ/bit)
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SDRAM memory system optimization
_ =

= Annotation of energy state
machine

z Energy Uost
Ene By F e fi A
S L oy w By whp g
veads By + o fil Dol + cuefilAe)
wilte: B+ e i il b Cone i {40
vead: B + g NS
write: e + e i)

fa Eg o B @,
é%}”? g

W o - {:}
ATE PO PP =
;isam m;um (% ig 2 it k. i
@e e W::;éo

wihvs page MM’”M sl (i & \E % Syinbol Presuription Samsung | Moo

‘th;ﬁmisgz & s nigen By row active 1635 (R

e wddns réf;%:?f } e colume active (read) %] 929

%W e 1 column setive (write) | 06K .783
Gy precharge 1,14% 261
@5 sedrest 453 B85

(b) CD constants (unit: nl/bit)
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(a) Dynamic energy = CD + WDD




SDRAM memory system optimization

= Input stimuli
— Dedicated processor approach

— SNU Energy Scanner for ARM7TDMI

= SES: A highly integrated energy monitoring tool for low-power
embedded programs, in IEEE Design and Test of Computers, 2002.
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SDRAM memory system optimization

= Application programs for the simulation
— MP3 decoder
— JPEG compressor and decompressor

= 512 X 512 gray-scale Lenna image
— MPEG4 decoder

= 176 X 144 pixel size

= Default system configuration
— 266MHz processor clock frequency
— 66MHz memory clock frequency

— 8KB/2way-set/4word block for Instruction cache and Data
cache

— Auto precharge policy of the SDRAM controller

Low-power System Modeling SEOUL NATIONAL UNIVERSITY Naehyuck Chang

and I/O Systems naehyuck@snu.ac.kr
)




SDRAM memory system optimization

= Energy and speed exploration

— By processor clock with JPEG compressor, 24M instructions
L ¥ cp W wpp

100 200 300 400 500 mW

Memory bus
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SDRAM memory system optimization

= Energy and speed exploration
— By memory clock JPEG compressor, 24M instructions

cb W wpD

0 50 100 150 200 250 300 350 400 450 mW

Memory bus SDRAM
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SDRAM memory system optimization

= Energy and speed exploration
— By cache size JPEG compressor, 24M instructions

0 20 40 60 80 100 120 140 mW 100 200 300 600 mw
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SDRAM memory system optimization

= Energy reduction of address bus
— Static energy reduction techniques
= Forced 1 scheme
= Bus-hold scheme
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SDRAM memory system optimization

= Energy reduction of address bus

— Static energy reduction techniques
= Bus-hold scheme

Bus-hold scheme
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SDRAM memory system optimization

= Energy reduction of address bus
evaluation

bus hold
forced 1 |
‘conventional
bus hold
forced 1
‘conventional |
bus hold !
forced 1
conventional
bus hold |
forced 1
‘conventional

CJPEG | DJPEG MPEG4

Reduction technique

1 2 3 4
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—

SDRAM memory system optimization

_n

Energy reduction of memory
device

e

Tresyueney {Bousands)

Active €= idle mode control

(o |49

2a6MHz MP3

= Idle clocks between successive
memory operations

P

1}
— Optimal configuration 0
= COTS controller is in 256 clock
steps

MP3 decoder: 3 clocks ]

frequency (thousands)

pLEd] .
mmber of clocks

fad idie choek distribation
frequency (housands)

JPEG compressor: 4 clocks o
34

cpeG

42660z

CIPRG
@ 2enMHz

JPEG decompressor: 4 clocks

MPEG4 decoder: 10 clocks g Y

number of elocks
iy total idle clocks
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SDRAM memory system optimization

]

Energy reduction of memory
device

— Idle €-> power down mode
control

= Idle time distribution

= Dynamic cost and static cost in
calculating mode control
energy overhead

Cost for idle = idle-mode
power down - idle

Low-power System Modeling SEOUL NATIONAL UNIVERSITY
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SDRAM memory system optimization

= Energy reduction of SDRAM devices

delayed precharge (CBR), power down
delayed precharge (CBR)

auto precharge, power down

auto precharge

active page (CBR)

active page (CRB)

delayed precharge (CBR), power down
delayed precharge (CBR)

auto precharge, power down

auto precharge

active page (CBR)

active page (CRB)

delayed precharge (CBR), power down
delayed precharge (CBR)

auto precharge, power down

auto precharge

active page (CBR)

active page (CRB)

delayed precharge (CBR), power down
delayed precharge (CBR)

auto precharge, power down

auto precharge

active page (CBR)

active page (CRB)

0 10 20 50 mJ
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Questions?
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Where the power goes?

¢ System wide power consumption of an MPEG4 player

CPU-main memory Main memory CPU
data bus 45.4mW 352.9mW 349.6mWwW Backlight & Inverter
- 1200.0mwW
CPU-main memory
address bus 77.6mW

LCD controller
136.7mW

Frame buffer memory

532.4mW LCD controller-LCD

LCD controller to frame panel bus
LCD controll frame buffer 233.2mW
buffer memory data bus
127.0mW memory address bus LCD panel
.0m
92.2mW 870.7mW
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Where the power goes?

= System wide power consumption of a document viewer

CPU-main memory address CPU-main

bus74.3mW

data bus 9.1mw  82.0mW

LCD controller
136.7mW

Frame buffer mem
404.6mW

LCD controller to frame
buffer memory data bus
102.3mwW

LCD controller to frame buffer
memory address bus
83.1mwW

Low-power System Modeling
and I/O Systems
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Main memory CPU
.2mW

Backlight & Inverter

LCD controller-LCD
panel bus
233.2mwW

LCD panel
870.7mW

Naehyuck Chang
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Typical embedded systems

¢ Embedded systems with a quality LCD system

— Processor

= 32bit RISC CPU
@206MHz

— Cache
= 8KB 2-way D-cache
= 8KB 2-way I-cache
— Main memory
= 64MB SDRAM @66MHz
= 2" LVT address bus
= 27 32bit LVT data bus

Low-power System Modeling
and I/O Systems
P100
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LCD controller

— Xilinx Spartan-II XC2S150-FG456
FPGA

Frame buffer memory
— 8MB SDRAM @66MHz

— 27 LVT address bus and 32bit data
bus

LCD panel

— LG-Philips LP064V1 transmissive
color TFT LCD

— 6” 640x480 @60Hz refresh
— CCFL backlight
LCD to LCDC bus
— 4” control bus and 16bit data bus

Naehyuck Chang
naehyuck@snu.ac.kr




Power reduction of LCD systems

= |Low-power techniques for CPU and memory systems

— Power portion of the LCD systems become more significant
= Power reduction of LCD systems

— No explicit slack time

degradation
= N/A power
= Major power consumers
— Backlight system
— Frame buffer memory
— LCD bus
— Frame buffer memory bus
Power reduction w/¢ appreciable quality degradation
— Use of nature of the LCD panel and backlight system
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Power reduction of LCD systems

Block diagram of an LCD system

Erergy
Bl

LCD bus
Enormy

Reontn
Ensry < >
Bl
ey
. By
Boslsl
fModst |

Frame buffer bus

Enaray

Bl
Frunrgy () : Eraray

Worel - Mods |

) i
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Variable-duty-ratio refresh

LCD and CRT disp|ay Data-bus line Common electrode
— Compatibility

Keep the transparency between

CPU and frame buffer

LCD sub-pixel equivalent circuit

— Equivalent liquid crystal Gate-bus line
capacitance C

— Explicit storage capacitor C¢;

Once the refresh rate is higher than the time constant of
the CST, the image does not actually flick

Variable-dot-clock frequency requires a special hardware
support: non-interruptible PLL

Low-power System Modeling SEOUL NATIONAL UNIVERSITY Naehyuck Chang
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Variable-duty-ratio refresh

= Implementation of the variable-duty-ratio refresh
— Energy saving in frame buffer memory, frame buffer memory bus and

LCD bus
V-Sync. ] - l
H-Sync. gllﬁlls ]
e . 101 Tl 1] 1
DTMG
0ty g [} [} ] ]
data
50% duty |—5—l r5—|
DTMG
50% duty % Ij % [:'
data

75% duty ratio refresh & 129.8mW energy saving w/o flickering
50% duty ratio refresh =& 259.7mW energy saving w/o flickering
— 33% duty ratio refresh = 346.2mW energy saving w/ minor flickering
— 25% duty ratio refresh = 389.5mW energy saving w/ noticeable flickering

Low-power System Modeling SEOUL NATIONAL UNIVERSITY Naehyuck Chang
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Dynamic-color-depth control

= Conventional mapping
— Reduced 8bit/pixel color
depth
= Default energy
consumption
= |arger page size or
more number of pages

= Suggested mapping
— Reduced 8bit/pixel color depth

= Shut down the lower half of
the frame buffer

= Default page size or default
number of pages

= About 50% energy saving for
frame buffer memory

= Significant energy saving for

the frame buffer bus and the
LCD bus

Byte select Byte select
Independent RD/WR/Power down Independent RD/WR/Power down

Low-power System Modeling SEOUL NATIONAL UNIVERSITY Naehyuck Chang

and I/O Systems naehyuck@snu.ac.kr
P105

LCD backlight systems

= Brightness compensation
— Dim the backlight

= Power consumption is proportional to the luminance
— How to maintain the display quality?

Backlight L : luminance of backlight
p : transmittance of image
Y : luminance of image
I : perceived intensity

L pY | I =pLY
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LCD backlight systems

= | uminance versus
power consumption

2500 Power
Luminance

2000

1500

1000

500

1.
Vin (V)
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Brightness compensation

= Image processing to recover the brightness or contrast

Pixels

Low-power System Modeling SEOUL NATIONAL UNIVERSITY Naehyuck Chang
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Brightness compensation

= ”Beforg :
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Brightness compensation

SBLS (Static backlight luminance scaling)
' Maintain the original display color very closely
Is suitable for graphic image

Stretch the color spectrum to compensate the
given amount of the backlight dimming

Results in variable image distortion ratio
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Image enhancement

= Contrast enhancement
— Histogram stretching and histogram equalization
— Attempt aggressive power saving by aggressive
dimming
— Give up the original display color
— Keep the similar contrast
— Is suitable for text display
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Low-power LCD platform

LCD panel & backlight system
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Low-power design practices

= MPEG4 player and Image viewer
— Variable-duty-ratio
— dynamic-color-depth control
— Brightness shift
MP3 player, Document viewer and Text editor
— Variable-duty-ratio
— dynamic-color-depth control
— Contrast shift
= System-wide energy reduction
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Questions?
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DLS (Dynamic Backlight Luminance Scaling)

DBLS (ISPLED design contest award 2002)
— The Saturation ratio (5) is given
— Calculate Y™

_[;/'H yh. \t'd‘""

Sk =
‘r) Vh, wdv

— Convert the image to have Y’
= Image conversion equation

. 1
Y'= min( I,YTY)

— Dim the backlight by Y%
— Y™ is variable for every frame
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Dynamic control of a CCFL
= Voltage across the CCFL

tht
3 Coupling

CEBMY O CREZ T IeeV. M Tops . O 1m

vk | Fosiion

Fire 50
Somy - di
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Dynamic control of a CCFL
= Adding a photo diode

Areisition
ile

Samply

AU
| Posk ebert
£e BMSSY

ok

Erwelofey
&

M vemml O Sy R S Oy O sy

Tiop After
FL % kb
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Dynamic control of a CCFL

= Challenges
— Extreme slow response of the CCFL

2002/06,22 15:21:1 [ ormal
Sto) i 285/8

Response of
the backlight

Command
input

Low-power System Modeling SEOUL NATIONAL UNIVERSITY
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Dynamic control of a CCFL
= PID control

N, .
= Wt Ky Ko 3 0y KT {0yt Jo
) ! feedh
#; o o Pk
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Dynamic control of a CCFL

= Energy gain and loss after feedback control

Energy gain

Additional energy gain

Energy loss
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Dynamic control of a CCFL

= Feedback controller
— 1ms time tick
— PIC microcontroller
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Sequence of backlight luminance

= A movie example

Normal

% nc
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Sequence of backlight luminance

= Movie stream 1: Funny movie
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Sequence of backlight luminance

= Energy gain of the backlight system

Movie 1 Movie 2

on Funny movie

' Saturated pixels | ain (%)
(%)
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Image processing for DLS

= Brightness compensation

#
aimal imnge and histogram
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Image processing for DLS

= Brightness compensation
— Unstable with discrete spectrums
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Image processing for DLS

= Histogram stretching
— Robust than the brightness compensation
— Double computational complexity

H(M(C;))

Dark ¢ Light =

SEOUL NATIONAL UNIVERSITY Naehyuck Chang
naehyuck@snu.ac.kr
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Image processing for DLS

= Use of complementary colors

Complements
-

i
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Image processing for DLS

= Brightness compensation

— (a) original image

— (b) simulation of original
image on LCD with the
dimmed backlight (64%)
(c) compensated image, D/
=0.7
(d) simulation of
compensated image on

LCD with the dimmed
backlight (64%).
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Image processing for DLS

= Brightness compensation
— Movie examples with Di=0.03;

= (a) 147mW/87.5%; (b) 147mW/87.5%; (c) 188mW/82.0%; (d)
703mW/42.1%; (€) 805mW/35.9%; and (f) 278mW/75.0%.
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Image processing for DLS

* Image enhancement
— (a) Original image
— (b) Simulation of the

original image under
dimmed backlight (50%)

(c) Simulation of
histogram stretching with
10% threshold under
dimmed backlight (50%)\

(d) Simulation of
histogram equalization
under dimmed backlight
(50%).
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Image processing for DLS

= Image enhancement
— (@) Original image
— (b) Simulation of the

original image under
dimmed backlight (50%)

(c) Simulation of
histogram stretching with
10% threshold under
dimmed backlight (50%)

(d) Simulation of
histogram equalization
under dimmed backlight
(50%).
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Image processing for DLS

= Context processing
— (@) Original image
— (b) Simulation of

histogram stretching with
10% threshold

— (c) Simulation of context
processing after
histogram stretching
under dimmed backlight
(50%).
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Conclusions

= High-level, system-wide energy reduction
— Promising and ultimate energy optimization
— Need of an accurate, fine-grain energy estimator

= Cycle-accurate energy measurement tools

— Switched-capacitor-based measurement circuit
(IEE Electronics Letters 1999)

— SNU Energy Characterizer (Ubooth 2000)
— SNU Energy Scanner (Ubooth 2001, IEEE D&T 2002)

— SNU Energy Characterizer for FPGAs
(Ubooth 2002, ISQED 2003)

— SNU Energy Explore (2001~)
— Apollo testbed (USC and DARPA 2002~2003)
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Conclusions

= Energy reduction techniques
— Bus encoding for high-performance buses (DAC 2000)

— ARM7TDMI energy characterization
(DAC 2000, IEEE TVLSI 2002)

— Low-energy SDRAM memory systems
(DAC 2002, ACM TECS 2003)

— Low-power LCD controller (ISLPED 2002, Ubooth 2002)

— Dynamic backlight luminance control for MPEG4 players
(Ubooth 2002, ACM ISLPED design contest award 2002)

— Dynamic backlight luminance control for J2ME PBP
(ISLPED 2003)

— Low-power non-volatile memory systems (ISLPED 2003)
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Conclusions

= Recent work

— Compressed frame buffer
(2003 Low-power design contest award 2003)

— SEE Web (demonstrated at Ubooth 2003)
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