6.111 Lecture 16

Today: Power Dissipation, Reversible
Computing, and Quantum Computation

1.Power dissipation: CMOS
2 .Physics of computation
3.Reversible computation

4 Fault tolerance
5.Quantum computation
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- Exponential rise in power dissipation!

1. Power dissipation in CMOS

* Moore's law: # of transistors/chip doubles every ~18 months
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Problem: Energy Capacity

No Moore's law for batteries!
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(from Jon Eager, Gates Inc. , S. Watanabe, Sony Inc.)

Today: Understand where power goes, fundamental limits on
power consumption in computation, and frontiers in new
approaches to computation
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Dynamic Energy Dissipation

Charging Discharging
Ey,1=CLVpp’ VDD

VDD

DD E,=1/2C; V2

Ediss,R_\' =1/ 2CLVDD2

P=Cy Vpp* fon
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Intel Pentium 4 Thermal Guidelines

m Pentium 4 @ 3.06 GHz dissipates 81.8W!
m Maximum T, =69 °C
m Ry <0.23 °C/W for 50 C ambient

m Typical chips dissipate 0.5-1W (cheap
packages without forced air cooling)

35mm sguare 4;| 478 pins

Courtesy of Intel Svetem boura

(Ram Krishnamurthy)
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Processor and Thermal Design
Core Frequency Power’Z (W)
Processors with
VID=1.500V
2 GHz 52.4
2.20 GHz 55.1
2.26 GHz 56.0
2.40 GHz 578
2.50 GHz 593
2.53 GHz 593
Processors with
VID=1.525V
2 GHz 54.3
220 GHz 571
226 GHz 58.0
2.40 GHz 598
2.50 GHz 61.0
2.53 GHz 61.5
260 GHz 626
266 GHz 66.1
2.80 GHz 68.4
Processors with
multiple VIDs
2GHz 543
220 GHz 571
226 GHz 58.0
240 GHz 598
2.50 GHz 61.0
2.53 GHz 61.5
260 GHz €26
266 GHz 66.1
2.80 GHz 68.4
3.06 GHz B1.8
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2. The Physics of Computation

*Q: What is the minimum energy dissipation

necessary for computation?

°A: kBT |Og 2 per oper‘a'l‘ion = J. von Neumann 1949

R. Landauer, "Irreversibility and heat generation in the computing process," IBM
Journal of Research and Development, vol. 5, pp. 183-191, 1961.
J. von Neumann, Theory of Self-Reproducing Automata, Univ. of Illinois Press,

Out

1966.
N
* AND gate: 00
This is irreversible! 01
10
11
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Landauer’s Principle:
Energy Dissipation

comes from
iIrreversibility

R O O O
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Billiard ball model of computation

Billiard ball collisions may be used to build logic gates

e N N
X XY X Y
XY
XY
Y X
Y XYL Y,
Interaction Gate Crossover

* Billiard balls obey classical Newtonian equations of
motion, and thus follow perfectly reversible trajectories.

(Feynman, Optics News V11 p11, 1985)
(Bennett, IBM J. Research and Dev, V6, p525, 1973)
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The Fredkin Gate

IN | OuT
ABC | A’B’C’
000 [ 000
001 | 001
010 [ 010
100 [ 100
011|101
101|011
110 [ 110
111 /111
A A
* Without C, A'=A and B'=B 53— o
* When C is present, A'=B and B'=A -

(Ressler, A. L., MIT EECS MS Thesis, Jan. 1981, “The Design of a

6.111 Fall 2005 Conservative Logic Computer and a Graphical Editor Simulator”)
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3. Reversible Computation
* Build an entire computer from Fredkin gates (vs AND/NOT)

IN OUT Schematic . i _ |
symbol AND” function “NOT” function

ABC | A’B’C’
000 | 00O A—L-':""::-— A 0 e T XY O == X
001 001 B _1. LY B’ X S e I XV 1 e >_<
010 [ 010
100 | 100 C C % v x «
011101
101 011 ]
110 | 110 o >
111 [ 111

* The Fredkin gate is computationally universal

 This reversible logic gate is a fundamental building block for a reversible computer
* Its function can be understood as a simple “controlled exchange-bypass switch”

(Fredkin and Toffoli, Int. J. of Theor. Phys., V21 p219, 1982, “Conservative Logic”)
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* All functions can be computed reversibly

« Reconstruct and erase intermediate results (garbage) by using inverse

Uncomputing

—> Out

functions:
In—> f; b= f;—=----—>f f —>—
Copy
L T et /W o B

(x.y) = (xys f(x))

* All computation can be done, in principle, at zero cost in
energy!

* Q: When is energy dissipation necessary?
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Irreversibility => Energy Dissipation

* Consider an error, eg the ball going off trajectory or timing

C

* Correct by expending energy to monitor ball trajectories, and
actively correcting errors: erasure of errors costs energy

Energy dissipation is needed only to

provide stability & correct errors!
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4. Fault Tolerant Computation

* Instead of constructing perfect digital systems, we can choose a
different strategy to achieve reliability.

Reliable computers can be constructed

from faulty components

A circuit containing N (error-free) gates can be
simulated with probability of error at most &,

using N log(N/¢€) faulty gates, which fail with
probability p, so long as p<py.
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Fault-Tolerant Circuits

Reliable Computation

in the Presence of Noise

S./Wz'nogmd and f. D. Cowan

“E £ -y
Lq(a\ A

MAY 11 1967 /
LIpRA |
i

The M.I.T. Press

Massachusetis Institute of Technology
Cambridge, Massachusetts
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Fault-Tolerant Circuits

Reliable Computation

in the Presence of Noise

S./Wz'nogmd and f. D. Cowan

“E £ 7

MAY 11 1967 /

LIpRA |
i

The M.I.T. Press

Massachusetis Institute of Technology
Cambridge, Massachusetts
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Ex: Fault Tolerant NAND

—

Fails with probability 0



Ex: Fault Tolerant NAND

— MA)
e NAND. IEE—

== NAND VAT pa

Encode data: 0 — 000, 1 — 111
Assume each gate fails with probability D

Circuit fails only if 2 gates fail (6 possibilities)

Prair < 6p° MM p < %




Ex: Fault Tolerant NAND

Recursive
construction:

0 — 000000000,

1 —+111111111

Circuit fails only
If 2 modules fall

4 Fd 4 4 EH EH




Fault Tolerance: Threshold

Use k recursive levels of error correction:

Circult failure Gate failure

™~

Error reduction is Threshold
exponential in resources!



Teramac: "Defect tolerant” FPGA Array

* Modern digital electronics vs fundamental limits:

* Intel 4004: 500 additions/Joule
* Modern microprocessors: 3x 10° additions/Joule
* Von Neumann-Landauer limit of k;T log 2: 10 add./Joule

* Teramac: an experimental digital system using
faulty devices:

[pcB | |pc | [pcs | [pcB | i . ¢ 864 FPGA'S
PCB | |PCB | [PCB | [PCB | :;l%;mum“huu!sidcwﬂrld ¢ 217 defCCT-fr'ee, 647 LIHCer'TifIQd

* 10% of FPGA logic cells defective
oawe * 10% of interconnects unreliable
wewe-n ¢ System made reliable through
e

wowess  redundancy
* Static, not dynamic faults

MCM| [MCM| |[MCM| |IMCM (4]

Wiy
£

128]

X-Bar| | X-Bar |, , .| X-Bar

mime w
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The Quantum Limit

Millions of Transistors Per Chip

1000 ,
| |» DRAM memory 256Me
100 x Intel microprocessor
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Quantum Computation

s Fundamental Motivations

* Quantum physics provides new physical resources
o Computer science = new mathematical tools for physics

_|_

Schrodinger

= Status

v Factoring: Exponential speedup Shor 94 Trapped lon 1-4
v 7-qubit QC demonstrated  1BM/ MIT 2001 Superconding JJ | 1-2

X Need: new algorithms? Quantum dots | 0-1
NMR 7
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Quantum Bits %@
- Classical states: 1= ‘ 0= t

* Arbitrary superposition:C1 ‘ + CO t
RlSFA S P, 2
= w.p. ‘Cl‘ OR W.p. ‘CO‘
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Classical vs. Quantum Circuits

* bit:
 Boolean logic:

—>o—
o« -

NOT

Hadamard
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Oorl

N/A

+

D

—{H}—

* qubit: a‘0>+b‘ 1>

e Unitary transform:

In

Out

00
01
10
11

In

00
01
11
10

Out

0
1

0+1
0-1
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e Superconductor

reservoir

[T): tunnel junction
[]: capacitor
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 Quantum Dots

e 31P in Silicon

-3
T=100 mK B (=10 ~Tesla)
B (=2 Tesla)

J—Gates
C A- Gates - -\

Fd
I~ Substrate
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heat sink

Summar'y %
Power dissipation in CMOS:

- Power = C Vdd?f (T R
- Fundamental limit:) NAND% MAJ
Fundamental Limits: — -

- kgT log 2 Joules/op (for irreversible logic)

- Power dissipation only required to correct errors!
Reliable computers:

- Can be constructed from faulty components, using

recursive error correction $> >

Future digital system technologies:
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— Bio: fault tolerant through redundancy
— Quantum: new computing resource primitives
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