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Technology Directions with High Economic Impact

HighPerformance Mobile MTC for SmatbTand CPS

MIMO Global Internet
Ful Duplex d¢ KS

Fiber connections &
millions of servers

1 ¢ 2 billion devices on the market
with an annual sales of OcAl billion
(~100¢ 500 USD / device)

20¢ 50 billion devices by 2020
(~1¢ 10 USD / device)

A Enabling technologieSignal Processing and Communicatiangell aSemiconductor
Technology and Integrated Circuits
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The Dawn of the “Happy-Scaling” Era
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Three Main Design Challenges Ahead
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Programmable Architectures vs. Dedicated Accelerators

A Computing idargely based on softwaqgogrammable architectures
I Programmability through extensive resource sharing

AMostly sequential operation with some parallelism
AAll operations mapped to resources prepared for the weaise (e.g., FP)

AHuge overhead for data movement (memesyresource> memory)
I Inherent overhead of programmability: instruction fetch/decode

A The case fodedicated accelerators
I Hardwired DSP kernels avoid ALL above issues!

I # of transistors still keeps increasing: We have space!

I Algorithms rely on few core kernels X
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Trend Toward Domain/Application Specific Design

Universal Domain Specific Application Specific
Fully Programmable Partially Programmable Mostly Fixed
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Various Types of Approximations and at Different Stages of the Lifetime of a

Circuit

New opportunities for Approximations
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At Design Time

Al ncorporated fiby delsi gnbo
AModifications of algorithms :
or arithmetic operations
Alnfluence quality, area
and energy efficiency
Aldentical for each chip
A100% predictable
Almpact fully deterministic
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New Dimension in the Design Space Offers New Opportunities
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What is “Approximate Computing”?

Approximation: A WeII known art ... In many aspects of our daily life
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S. Venkataramani, S. T. Chakradhar, K. RoyRaghunathan,

«Approximate Computing and the Quest for Computing Efficiemc®AC 2015




Approximate Computing: Just a New “Buzzword” for an Ancient Art?

Journal of VLSI Signal Processing 15. 177-200 (1997)
uwer Academic Publishers. Manufactured in The Netherlands.

Approximate Signal Processing
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What is "Approximate Computing”?

Specific objectives:
AReduce number and cost (complexity) of operations

AloT: Increase «nominal» operating frequency or reduce time-per-data-item to enable
voltage-frequency scaling

AKeep QoS-penalty as low as possible

AProvide performance «guarantees» across various operating conditions and input
data sets to ensure user satisfaction in all cases

AProvide efficiency improvement over the state of the art, rather than over an
artifically degraded implementation
AExample: an advanced exact adder may outperform an inexact RCA
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VLSI-Signal Processing: Many Beautiful Examples for “Approximate Computing”
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Approximations Have Huge Optimization Potential

ExampleFEC decoding | 2x Throughput
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Approximate Arithmetic: A New and Popular Approach

A Basic ideamodify basic arithmetic circuits to improve timing, area, or powe
whilek OOSLIGAY 3 | Gaf A3Ki€é OKIFy3aAS Ay
i Similar to fixegpoint designBUTtypicallybased on gatéevel considerations

A Many different strategies: pruning, speculation, ignoring irgpats

I Caveat: often straightforward truncation performs best
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Verification and Test: Only A Matter of Extending Design Cycles

A+SNATAOFIGAZY YR G4Said FNB 2F0Sy OAGSR
A Classical: Designers rely on checking against fixed specifications (golden models)

I VLSI designers are used to rigid specifications and to binary pass/falil criteria

I Algorithm development: golden models are typically not available and specifications are checked us
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Various Types of Approximations and at Different Stages of the Lifetime of a

Circuit

New opportunities for Approximations
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Runtime Energy/Quality Tradeoffs with Approximate Computing

A Conventionalapproximations defined at design time or even already in the specificatior

A The right level of quality (from a user perspective) is difficult to determine at design tim
need conservative estimate (contradiction to the apprximate computing paradigm)

A Objective dynamic adjustment of energy/quality tradeoff

Further approximations for energy efficiency

«Application-Level» «Static» «Dynamic»
approximation approximation approximation
JJJJJ ‘ E -l - - - =" i - -l -

l - - - - - ' ' ' -_ - - - ' - - -_ -_—

Single choice Graceful quality

of degraded quality degradation
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Run-Time Fixed Point/FP. Accuracy Adjustment

A Replacement for complex floatipgint arithmetic -
i Well established method for complexity reduction (both SW and HW) ~—== o

=1 mantizss Fixed-point

18 kit

A Routinely done and large optimization potential R m— -

& bit 23 bit

A Many examples in various application domains oo - ]

11 bit 52 bit

I Significant attention for machine learning applications in various flavours: Finite word-length optimization
I Word-length reduction , ternary NNs, binary NNs, pruning of coefficients, var. precision FP

Learning
~2X in perf.
| ~21x in perf. Theory: difficult,
| BUT theory: 256x BUT for sure

should be more

Performance 7.3 TOPS(1bB45 GOPS (16b) 600 GFLOPS (FRS00 GFLOPS (FP16)
Energy efficiency 51 (1b)- 3.1 (16b) TOPS/W 3.5 TFLOPS/W (FR8).7 TFLOPS/W (FP16)
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Example: FIR Filters / Convolutions.as Universal Key Kernel

A FIR filter kernels are used in DSP algorithms for almast afiplication domains

: |.' ‘—"—. '—’\J e*
Audio and Speech Image and Video Computer Bio- S|gnal ereless
Processing Processing Vision/Al Analysis Communication
A Equalization A Removal of artifacts A Down-/Re-sampling A Noise suppression A Channel selection
A Noise filtering A Image/color effects A Conv. Neural Networks A Pattern recognition A Int. suppression

A Natural need and significant room for flexibility to
Same HW must support a variety of applications
Support different FIR kernels within the same application
I Adjust filter coefficients to environmental conditions or user settings

A Different sets of coefficients are derived at degigre of the SW and rassigned at run
time to a programmable/parameterized HW accelerator

EPHSTIIELTCL 19
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Exploiting Hardware Knowledge on‘Algorithm Level

A Transpose diredorm FIR filterhigh throughput with maximum potential for voltage
scaling for energy efficient operation

e c[0] 0% ) ¢O ém&)

i Coefficientsft]; derived at desigtime of the algorithm / software and 4@ssigned for
each application / kernel at retme

A Most of the power consumption is due to multiplications
I Logic optimization: reduce logic complexity and switching activity
I Silencing: for a given topology reduce switching activity factor

EPHSTIIELTCL 20



Strong Interaction Between Algorithm and Hardware

A Observationpower consumption depends strongly on the choice of the filter (multiplier)
coefficients, even for filters with very similar characteristics
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&> mo Sanl S gl =2 Act|V|ty of a Radndr Booth recoded multlpller
| | | | _ , " with one random and one fixed mput

25%.3 0.235 OJ.4 O.I45 0|.5 0.|55 OI.G 0255__ OI.7 —‘%28 1l|2 —SI‘E- —BID —BI4 4|8 —3|2 1I6 6 1|6 3:2 4IB 6|4 BD 96 1‘I|2 154
Normalized Cutoff-Frequency Constraint [x n rad/sample] Input Operand x

A ldea modify coefficients of a baseline/reference filter slightly to minimize dynamic powe
based on power characteristics of the multiplier
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Algorithms Can Be Tuned to Hardware Characteristics

A Simple greedy algorithm for power reduction based on algotitivel specifications
A Exploitation of different

run-time specifications Fer coetfcont
specifications design

. . - . S Baseline
A Relaxing specifications | design
. |
provides further room | Cptimizec
. . . | TR For each constant
for optimization | A coefficient
I l Characterize
I power for
laxed Select lowest power For each filter coefficient c[n] random data
R? axet update that meets i
specifications specifications For each value c[n]-n : ¢[n]+n

Gompute filter
characteristics
with modified c[n]
| b NS v.

Power estimate from e ;
stand- alone power _—— with modified c[n] ] #00
characterization of the
multipliers

Optimization
procedure

Characterization
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Hardware Aware Algorithm (System-Level) Optimization

A FIR filter design based on few higliel specifications | cooim . -

I Design requirements: type, passband rip@lp) (
stopband attn. (As) and passband frequency eHpe (

I ExampleRelax stopband attenuation by 3 dB

5 o f?ffifﬁg i AW N | USSR PRI SN SO W o -
e No?lr?-alizengrequg:cv [xisradts::plel oo o NOD”;a"legltFrequue'icv [x(f)cfsradfsauﬁzple] R Normaized Frequeney [ radisampl]
Filter Type Multiplier Type BPoase [pW | Py 1lpW] | Sg [%]
Low-Pass | Radix-2 Baugh-Wooley 335.6 224.1 33.2 e ZOC 35 0
Low-Pass | Radix-4 Booth-Recoded 328.7 218.2 33.6
| | _ _ overall power
High-Pass | Radix-2 Baugh-Wooley 360.1 258.6 28.1 .
High-Pass | Radix-4 Booth-Recoded 350.7 248.7 29.0 Savings on
A. Bonetti, A. Teman, P. Flatresse and A. Burg, "Multipliers-Driven Perturbation Band-Pass | Radix-2 Baugh-Wooley 385.2 309.3 19.7 complete FIR
of Coefficients for Low-Power Operation in Reconfigurable FIR Filters," in IEEE Band-Pass | Radix-4 Booth-Recoded 374.1 207.3 20.5 accelerator
TCAS-I, 2017.

R R N ————————————————w———————————————————————————————————————————————————__—___—__—__——=_ujwwwyww_sssswwywywwwwwwwh———.
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Various Types of Approximations and at Different Stages of the Lifetime of a

Circuit

New opportunities for Approximations
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1

N ; <= PR : :

At Design Time During production At runtime i

Al ncorporated fby delsi gAAsconsequence of the ARun-time configurable i
AModifications of algorithms I manufacturing process parameters & SW :
or arithmetic operations i AParametric variations lead A100% predictable H
Alnfluence quality, area i to stuck-at or delay faults Almpact fully deterministic :
and energy efficiency i Alnfluence quality and yield !
Aldentical for each chip i ADifferent for each chip AZero-margin & better than H
A100% predictable ! ANon-predictable worst-case operation !
Almpact fully deterministic : Almpact deterministic, but ANon-predictable I
: only for a given chip Almpact non-deterministic |

1

M e e e e e e e e e 7
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Reliability Issues and their Origin

Two main drivers for performance improvement in integrated circuits:
Reduction of cost Strive for Better Energy Efficiency

’ ‘ ’S"’ ?‘ §= SRAM bit-cells 130nm-32nm

» 0 H
Do N 4 ; !
Sl Fl 1
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5 . 5 __l
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Technology Node (nm) DeV|ce 1 Device 2 - I |
1
i
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0% w ¢
>
o
Q
c
i

A Higher impact of small tolerances
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The Need to be Pessimistic

A Integrated circuits are at the foundation of complex systems
I These systems rely on accurate specifications of their components.
I Deviation from these specifications may or may not lead to failure.

Al 2a0 2F GNBLI ANhH AYyONBlFasSa SELRYSYGAL f
I Need to assume that any deviation from the specification will lead to a system failur
and requires repair or discarding of the entire system.

Dr. Andreas Burg EPHSTIIELTCL 26



VLSI Design is Highly Conservative

Established policyest and discard all chips that are not 100% functional
. . -NAOOIADABAO
S EAT A—nr—mra—
NMOAOMBAO
Al aKSIfiKeéeég LINPOS&aa | OKASQO@SAa BHdps @ASt
Achieving a high yielthcorporate margins into the circuits to account for uncertainties
A Assume worstase parameter variations
AarfftAzya 2F RSOAOSAa 2y SI OK OKALI NBI dzA
0 : Device failure probability
"Q: Multiples of std. deviation allowed

OEAI(A §) o pliples evation
or the circuit to remain functional*

67E3 0% 0% 7 .

62E3 0% 0%

2.33E4 10% 0% 3 67E3

3E6 97% 5% 4 6.2E3

) 2.33E4

. : . : . . . .6 3E6 .

Many simplifying assumptions: Gauss distributions—i+ndependenece—between devi ce
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Uncertainty is the Designer’s Worst'Nightmare

A Variability summarizes three Metricsandpropertiessubjectto variability
A ProcessVoltageTemperature

A Criticalpathlengthand activation

A Capacitance ancbupling
True randomness A Power & IR drop

different problems:

000600 A Active andeakagepower

Lack of

knowledge
XRXXXN |

® Worst-case assumptions
_ 00000 help to reduce uncertainty,
Uncertainty @ but are also very pessimistic

Variability

Inability to model ‘
00000

Worstcase design paradigm
100% reliable operation, under-albrst-case assumptions
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Uncertainty: Impact and Scope

Logic (Timing)

7))

8 Frequency [MHz]
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SNM Margin for noise to ensure reliable operation
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