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What's a Quantum Computer?

* Uses quantum mechanical effects to
accelerate computation

e Can calculate a function on all possible
input values at the same time

* Getting a useful answer out is the hard
part

* Most famous result is Shor’s algorithm
for factoring large numbers

Factoring Larger Numbers
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Course OQOutline

® Lecture 1: Introduction

e |ecture 2: Quantum Algorithms,
Quantum Computational Complexity Theory

* |ecture 3: Devices and Technologies
e Lecture 4: Quantum Computer Architecture

* |ecture 5: Quantum Networking,
Wr apup

Today's Qutline

* |Introductions

* What’s Hot: the world we live in
(or, why quantum computing is
interesting)

* What’s a Qubit?

* Reversible computing and unitary
transforms

* What’s quantum computing (QC) good for?

- intro to algorithms, technologies,
networking

What’s Hot

* Mobile & ubiquitous computing
* Robotics

e Supercomputing

* (Computer systems)

* Quantum computing!




Wearable Computers
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Paral lels w/ QC

* Seductive, science fiction-like topic
* long time between vision and reality

e Convergence of many technologies
hecessary

* Reality might not look like original
vision
e Very big impact when successful




Supercomput ing

* A Quantum Computer is a type of
Supercomputer

¢ Today, more about Big Data than Big
Processors

Two Paths to Scalability
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Caltech Cosmic Cube, 64 processors (8086/7)
3MFLOPS, SMB RAM. 1982 (prototype)
Cray 1, 80MFLOPS, 8MB RAM, $9M, 1976

Two choices:

Make it bigger, or figure out how to

connect more than one smaller unit

hopefully achieving both speed and

storage capacity increases

TeraGrid (Aug. 2004):
13.6 TFLOPS, 6.8 TB memory, 900 TB network disk, 10 PB archive
(courtesy Reagan Moore, SDSC)
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TeraShake Simulation Area

* Rectangular region
paral lel to San Andreas
fault containing:

— Los Angeles,
— San Diego,

— Mexicalli,

- Tijuana,

— Ventura Basin,

— Southern San Joaquin
Val ley,

- Catalina Island,

- Ensenada
thorder parallel FDM

600 km x 300 km x 100 km [
~2.25Gpoints < 0.5 Hz | )




TeraShake Simulation
Parameters

600km x 300km x 100km
Spatial resolution d = 200m

Mesh Dimensions
- 3000 x 1500 x 500 = 2.25 Gpoints

TeraShake Simulation Output

* 4D WaveField
— Each mesh snapshot 27GBytes
— 20,000 time steps potentially 540TBytes
— Run at SDSC DataStar, planned for August

e Qutput 2,000 time steps or ~ 60TBytes in 20
hours

. Di%ital Library registration and archival
with SDSC Storage Resource Broker

e Surface Data for Synthetic Seismograms
— 1 TByte

» Temporal Resolution d,= 0.01s

* Maximum Frequency = 0.5 Hz

* Simulated time = 200s

* Number of time steps = 20,000

Astronomy is Facing
a Data Avalanche

Multi-Terabyte ’ 1 microSky (DPOSS)
(soon: multi-
Petabyte) sky
surveys and
archives overa * .

broad range of
wavelengths

Billions of
j detected
sources,
hundreds of
‘ oo s RERIE
A - ‘ ' attributes
1nanoSky (HDF-S) * -+ = . . per source

Supercomputing is Big Data

Supercomputing today is not about processing
power per se. It is about turning enormous
amounts of raw data into useful information.

Quantum computing will, indeed, must, open new
fields of applications, mostly heavily mathematical.
QC will probably be of minimal use on existing SC
applications.
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- A4 % gedankenexper iment :
Schroedinger’s cat

- Superposition (Eh&bHht)
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e Superposition, phase, and the ket
notation

¢ Entanglement
* 1 and 2-qubit gates
* Measurement and decoherence




Schroedinger’s Cat
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Schroedinger’s Cat

* |f an atom decays, poison is released
and the cat dies

e Set up so that probability of atom
decaying is 50%

e |s the cat dead or alive?

¢ When observed, the wave function

col lapses and the cat “chooses” to be
either dead or alive

Superposition (Era&ht) and
ket Notation

* Qubit state is a vector

- two complex numbers

0> means the vector for 0;

1> means the vector for 1;

00> means two bits, both 0;
010> is three bits, middle one is 1;

etc.
e A qubit may be partially both!
(just like the cat, but stay tuned for

measurement. ..)
complex numbers are wave fn amplitude;
square is probability of 0 or 1

1-qubit DIKRE &BlochEk (Phase)
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&14ENOT, Entanglement
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In Layman’s Terms

e “Unitary” implies “reversible”
* Necessary to preserve quantum state

* Deleting information requires energy,
creates entropy

* Reversible computing also making inroads
in classical computing

e Same number of outputs as inputs

Reversible Gates

Control-NOT

X

NOT

or

S

Control-Control-NOT
Control-SWAP (Toffoli gate)
(Fredkin gate)

———
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* Entanglement
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e Deutsch-Jozsa(D-J)D 7T Y X Ls

- Proc. R. Soc. London A, 439, 553 (1992)
* GroverDRFTEF7IVI) X Ln

- Phys. Rev. Lett., 79, 325 (1997)
* ShorDFRRYMNET7 IV T XL

- SIAM J. Comp., 26, 1484 (1997)
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* |BM, Stanford, Berkeley, MIT
(solution NMR)
* NEC (Josephson junction charge)
* Delft (JJ flux)
o BEFE (silicon NMR, quantum dot)
* Caltech, Berkeley (quantum dot)
* Australia (ion trap, linear optics)
* Many others (cavity QED, Kane NMR,
* Al'l schemes so far have drawbacks

Physical Realization
Cavity QED  —
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DiVincenzo’ s Criteria

1. Well defined extensible qubit
array

2. Preparable in the “000---" state
3. Long decoherence time
4. Universal set of gate operations
5. Single quantum measurements
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Problems

Coherence time

- nanoseconds for quantum dot,
superconduct ing systems

Gate time

- NMR-based systems slow
(100s of Hz to low kHz)

Gate quality

- generally, 60-70% accurate
Interconnecting qubits

Scal ing number of qubits

- largest to date 7 qubits, most 1 or 2

Al [-Silicon Quantum Computer

105 29Si atomic chains in 28Si matrix work like
molecules in solution NMR QC.

Many techniques used
for solution NMR QC
are available.

Copies

No impurity dopants or
electrical contacts are
9 needed.

A large field gradient separates
Larmor frequencies of the nuclei
within each chain.

T.D.Ladd et al., Phys. Rev. Lett. 89, 017901 (2002)

Overview
L=400 um Dy micromagnet W i bridge
W =4um
H=10um s=2.1um

dB/dz = 1.4 T/um
B,=7T

Active region
100pm x 0.2pum

Fabrication: #Si Atomic Chain

Regular step arrays on slightly
miscut 2Si(111)7x7 surface (~1°
from normal)

Steps are straight, with gbout 1
kink in 2000 sites.

STM image

J-L.Linetal, J. Appl. Phys 84, 255 (1998)
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* Quantum Key Distribution (QKD)
e Teleportation
* (Superdense coding)

¢ All discovered by Charles
Bennett (IBM) & associates

Quantum Key Distribution

* Bennett & Brassard, BB84 protocol

e Key distribution only, not data
encryption

* Requires authenticated (not encrypted)
classical channel to complete protocol

* Many, many places working on this!
- BBN, Harvard, Boston U. for DARPA
- MagiQ Technologies
- CERN
-®K

QKD Basic ldea
° (Oversimplified)
Send »OOOOOOOOOOO»

Photons
1011010011110010 1xxxx 10 x1 x1xx0x0
1234567891111111 1234567 891111111

0123456 0123456
@ Leam which photons Lot e e
were received 16791114 16 ‘

110110... (3) have shared 110110...

secret key
@ Apply FEC to check FEC for Shared Key Bits >

for opper

ACK if OK,
6 NAKif eavesdropper < ACK or NACK ‘




Alice

Putting It All Together

IKE and IPsec

V/)

QKD Protocols 2,

A

A4
SPD

SAD
P
F 3
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Traffic
in the Clear

VPN / OPC Interface

Optical
Process Control

QKD
B photons

I

Bob

- i1
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e
Dri
I
VPN Tunnel \
VPN / OPC Interface

/

- Create Key

* Use Key

Notional Equipment aannmnm D,
0t ourtesy g —EI:
MEMS Photonic Switch with E ; - UL ‘

The DARPA Quantum Network -
3rd Year (20047?)
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Eavesdropping-Aware Routing
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Building the DARPA Quantum
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Teleportation

o« FWHE LTI, ..

o 1 ¥ BFIIC. entangled pairZshared %
-—D2%Z¥-5T. —DZHEFIIED

s STELT (BRIFAL L), H->TLVBqubi
tlCentangle LT, AIEL T. HEMLGER
ZHEFISES

s HFIIZDHEREZFE-T. PLEFETELT
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Quantum Computing Systems
Research
s KEDEFIAVE1—FZ{EB AL,
HRIRESIENFLEFERLH S

e Berkeley, Oxford, NIST, MIT
THRINTSEH, HERFAOKIID A

The Chal lenge

* How do we build real, non—abstract,
usable quantum computing systems?

* More immediately, how do we find the
problems and establish a program to
build these systems?

The Wor ld of Computer Systems




Systems Areas

* Logic/Analog

* Microarchitecture

* System Architecture
* Operating Systems

* Compi lers/Languages
* Networking & 1/0

Layout/Algorithm Efficiency

Single line layout 3xM layout

2-qubit v ~. SWap
gate qubit
values

Neighbor only
operations require
swapping qubits

3xM layout roughly twice as efficient
3 new neighbors after each swap
= 2/3 reduction in swaps

Wrap-Up
* Qubits: superposition, entanglement, and
phase interference give great power
* Algorithms:
- search (0(sart(N))
- Factoring (0(L"3))
* Experiments: many kinds under way

e Networking: many experimental quantum
key distribution (QKD) systems being
built

e Systems: just beginning

References

* Nielsen & Chuang, Quantum
Computation and Quantum Information'
(esp. Chapter 1)

* ¥IEA,
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Tomorrow & Beyond

* Begin filling in details
e Algorithms (factoring, search)
* Technologies (ion traps and more)

e Architecture (how do you turn a
technology into a system?)

* Networking (quantum key distribution,
teleportation)




