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Archltectures for Fault_tolerant If the EPG is smaller than a threshold, then
. scalable quantum computing is possible.
Quantum Computing

Thresholds depend on additional assumptions on the
error model and device -capabilities. Estimated
In theory, quantum computers can efficiently siteila thresholds vary from below foto 3 102 with 10*
quantum physics, factor large numbers and estimateoften quoted as the target EPG for experimental
integrals, thus solving computational problems thia realizations of quantum computing.

otherwise intractable. In practice, quantum congpsit

must operate with noisy devices called “gates” that 2P

tend to destroy the fragile quantum states needed f

computation. The goal of fault-tolerant quantum -

computing is to compute accurately even when gates @ P [ Te

have a high probability of error each time they are
used. We are developing architectural concepts and
error remediation strategies which will enable the

development of practical quantum computing devices R L )
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Emanuel Knill Figure 1. The new NIST architecture for quantum computielies
on several levels of error checking to ensure tleeusacy of
quantum bits (qubits). The image above illustrdtesv qubits are

. . . . grouped in blocks to form the levels. To implentbatarchitecture
Research in quantum computing Is motivated by theWith three levels, a series of operations is perfed on 36 qubits

great increase in computational power offered by (ottom row) each one representing a 1, a 0, ohkattonce. The
guantum computers. There are a large and still ig@@w  operations on the nine sets of qubits produce telably accurate
number of experimental efforts whose ultimate g'sa| qubits (top row). The purple spheres represent guthiat are either

. used in error detection or in actual computatiofbe yellow spheres
to demonstrate Sc_alable qu,amum compu_tlng.. Sealabl are qubits that are measured to detect or correobre but are not
guantum computing requires that arbitrarily large used in final computations.
computations can be efficiently implemented withidi
error in the output. Many experimental proposals for quantum computing
claim to achieve EPGs below 1 theory. However,

One of the criteria necessary for scalable quantum the f h ; ts with t "
computing is that the level of noise affecting the In the Tew cases where experiments with two quantum

physical gates is sufficiently low. The type ofise bits_(qubits) have be(_en perforr721ed, the E.PGS cugrent
affecting the gates in a given implementation ideda ach|e\_/ed_ are much higher, 310 or more in ion traps
the error model. A scheme for scalable quantumand I!qmd-state nuclear magnetic resonance (NMR)
computing in the presence of noise is called atfaul experiments, for example.

tolerant architecture.  In view of the low-noise In our work we have provided evidence that scalable
criterion, studies of scalable quantum computing quantum computing is possible at EPGs abovel82.
involve constructing fault-tolerant architecturesda  While this is encouraging, the fault-tolerant
providing answers to questions such as the follgwin  architecture that achieves this is extremely imcat
because of large resource requirements. To reithece
resource requirements, lower EPGs are required.

Q1: Is scalable quantum computing possible for
error model E?

We have developed a fault-tolerant architecturbeda
the G/Cs architecture that is well suited to EPGs
between 10 and 1. We have analyzed the resource
Q3: What resources are required to implementrequirements for this architecture and comparetb it
quantum computation C using fault-tolerant the state of the art in scalable quantum computing.
architecture A with error model E?

To obtain broadly applicable results, fault-toléran The Architecture
architectures are constructed for generic erroretsod

In such cases, the error model is parameterizednby
error probability per gate (or simply error per gyat
EPG), where the errors are unbiased and independen
The fundamental theorem of scalable quantum
computing is the threshold theorem which answers
question Q1 as follows:

Q2: Can fault-tolerant architecture A be used for
scalable quantum computing with error model E?

Fault-tolerant architectures realize low-error gsilaind
gates by encoding them with error-correcting codes.
't;tandard technique for amplifying error reductian i
concatenation. Suppose we have a scheme that,
starting with qubits and gates at one EPG, produces
encoded qubits and gates that have a lower EPG.
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Provided the error model for encoded gates isg L T T

sufficiently well behaved, we can then apply thmea S €1} . o= =53

scheme to the encoded qubits and gates to obtainta = 1= f@//«//*/% Siovel ]
level of encoded qubits and gates with much lower § 1e3 | A #iLevel 2
EPGs. Thus, a concatenated fault-tolerant ardhitec .§ 164 | /7}//%

involves a hierarchy of repeatedly encoded qubits a 5 c5} 7/

gates. The hierarchy is described in terms ofleewé S . |

encoding, with the physical qubits and gates baing £ |

level 0. The top level is used for implementing % | | | | |
quantum computations and its qubits and gates areg 0.01 0.02 0.04 006 008 0.1

referred to as being logical. Typically, the EPGs Physical CNOT error probability

decrease SuPereXponemia”y with number of IeveIS'Figure 2. Errors for a CNOT gate implementation at leveld Ggnd
provided that the physical EPG is below the thré&sho 2. The errors are conditional on no faults havireeh detected. The

for the architecture in question. error bars are 68% confidence intervals. As candeen, errors

. . . . decrease rapidly with increasing level at EPGs &b ®r below.
The G/Cs architecture differs from previous ones in gygapolation suggests that this behavior persists even larger

five significant ways. First, we use the simplest EPGs. At high EPGs, the “no fault’ condition hapsemarely.
possible error-detecting codes, thus avoiding theNevertheless itis possible to complete a quantampatation with
complexity of even the smallest error-correctinges ~ Polynomial overhead by using many trials to prepaedatively

. . . error-free states that can then be used to impleregr-corrected
Error correction is added naturally by concatematio |ygical gates with high success probabilities.
Second, error correction is performed in one step a
combin_ed with Iog!cal gate_s b'y'n”!eans of error- Summary
correcting teleportation.  This minimizes the namb
of gates contributing to errors before they are We have given evidence that accurate quantum
corrected. Third, the fault-tolerant architectis®ased  computing is possible with error probabilities abov
on a minimal set of operations with only one unitar 3% per gate, which is significantly higher than wha
gate, the controlled-NOT. Although this set does n was previously thought possible.  However, the
suffice for universal quantum computing, it is pbks resources required for computing at such high error
to bootstrap other gates. Fourth, verificationtlod probabilities are excessive. Fortunately, they eases
needed ancillary states (logical Bell states) lgrge rapidly with decreasing error probabilities. If wad
avoids the traditional syndrome-based schemesguantum resources comparable to the considerable
Instead, we use hierarchical teleportations. Fiftie  resources available in today's digital computers, w
highest thresholds are obtained by introducing thecould implement non-trivial quantum computations at
model of postselected computing with its own error probabilities as high as 1% per gate.
thresholds, which may be higher than those for
standard quantum computing. Our fault tolerant
implementation of postselected computing has the
property that it can be used to prepare statescirft ~ References
for (standard) scalable quantum computing.

E. Knill, Quantum Computing with Realistically Ngis
The properties of the proposed architecture wereDevicesNature434 (03 March 2005), pp. 39-44.
determined with several months of calculations and
simulations on large, conventional computer . .
workstations. Although the new architecture hastge of Large Detected-Error RateBnhysical Review A1
be validated by mathematical proofs or tested m th (2005), pp. 042322/1-7.

laboratory, it provides some evidence that scalable

guantum computation may be closer to our reach that http://math.nist.gov/quantum/
previously believed.

E. Knill, Scalable Quantum Computing in the Pregenc
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Quantum Logic Circuit Synthesis

Design automation is an important technique for
finding efficient classical circuits. Given a Beah
function which the target circuit should implemeat,
synthesis program automatically determines
sequence of gates realizing this function.
logic synthesis aims to build a similar toolset for
guantum circuits, seeking the fewest number ofamigle

a

two-qubit processes to achieve a target quantum
f

computation. We have developed a technique o
automatic quantum circuit synthesis for unstructure
qubit evolutions improving a construction from thél

1990s by a factor of more than one hundred. In

Quantum

boxes denote® andH indicate single qubit operations,
i.e. particular2 2 unitary matrices. The gate spanning
both qubits is a quantum controlled not, or CNOT.
CNOT flips the target qubit (carrying the inverter)
when the control qubit (black slug) carrigsso that
these down-target CNOTSs excharigkand11.

—s!

Hls- T 5]

Figure 3. Two quantum circuits for performing the same task

Although their target computation is the same, egith
diagram might be better suited to a given quantum

addition, we have shown the new construction to becomputer implementation. For example, if CNOTs are

within a factor of two of optimal. For multi-level
guantum logics (qudits) similar advances have ked t
the first circuits ever with optimal asymptotics.

Stephen S. Bullock

While classical computers manipulate bits whichrycar

costly while one-qubit gates are implemented more
easily, then the circuit at left is preferable.tehately,
if one-qubit gates are expensive but CNOTs areghea
then the circuit at right is preferable. In preaeti
CNOTs tend to be more expensive than one-qubit
rotations, and three-qubit gates tend to be more
difficult to implement than CNOTSs. Further, whitas
possible to build any unitary using exclusively one

values of 0 or 1, quantum computers manipulatequbit gates and CNOT, simply employing one-qubit

guantum bits (qubits) which are state vectors af-tw
level quantum systems. If the quantum computapts
exchanging energy with the outside environmeniséhe
qubit state vectors are rotated during the comjmutat
Typical quantum algorithms call for implementing
such a rotation, mathematically a unitary matrixd a
then observing the qubits. Thus, while efficient
Boolean circuits realize complicated functions adts b
using a small number of logic gates, efficient guam
circuits break complicated unitary matrices intmgie
factors. These factors (quantum gates) typically
correspond to manipulating one or two quantum bits.

gates does not suffice. Thus, the following distus
of universal quantum circuits focuses on minimizing
CNOT counts.

In fact, it is not obvious that CNOT and one-qugstes
suffice to build any unitary evolution. This wasttted

in 1995 in a landmark paper of Barenco, Bennett,
Cleve, DiVincenzo, Margolus, and Shor. nfis the
number of qubits on which the unitary operator ,acts
then these authors showed tH8&r°4" CNOTS suffice,

in addition to many one-qubit gates. Shortly thade,
Knill argued that some multipl€4" gates must be
required for reasons of dimension. The result &as

The past two years have seen marked advances in thgarallel in classical circuits. Namely, giverramdom

design of universal quantum logic circuits. Such
circuits implement any possible unitary evolution b
appropriately tuning their gate parameters. The& ne
techniqgues are also overtly constructive.  Unitary
matrices implementing nontrivial quantum
computations are large, e.g. requirigy 2" matrices
for n qubits. The new quantum circuit synthesis
algorithms rely on well-known matrix decomposition
such as QR or the Cosine Sine Decomposition. dfor t

bit-valued function om bit strings, approximatel2"/2
strings will take on a value of 1. Thus, we exg2(2
gates are required to distinguish for which bitnsfs
the circuit should return a nonzero value.

A Unitary-Universal n Qubit Circuit

In summer of 2004, we discovered a new unitary-
universal n qubit quantum circuit requiring roughly

qubits, commercial software on a 2.5GHz PC requires(1/2)4' CNOTs, an improvement by a factor of two

a few seconds for these factorizations.

We illustrate basic quantum circuit design with an
example. Each circuit in the figure below appliles
same two-qubit computation, namely multiplying the
01 and 10 states by the complex numbeérwhile
leaving 00 and 11 unchanged. Each qubit is
represented by a single line or rail in the circulthe

over the best known circuit at the time and a facto
100r7 over the 1995 circuit. Moreover, work from the
summer of 2003 had sharpened Knill's bound, agtuall
valid for any two-qubit gate, to a specific bounfl o
(1/4)4 CNOTs. Hence, the present circuit may never
be improved by more than a factor of two.
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Figure 4. Recursively generated tree for automated quarivenit synthesis for three quitrits.

The outline for deriving the circuit is as followslhe

A sample tree, for 3 qutrits (i.ed=3, n=3) is shown

key step is to use the Cosine-Sine Decompositionabove.

(CSD) for matrices. The CSD splits any unitary nixat
into three factors; the circuit elements outlinetlie
box below represent the first and last. The slaghe
circuit represents a multi-line carrying an arbigra
number of qubits, meaninty may be any unitary
matrix on any number of qubits. Moreover, the witrc
elements having the square box controls correspond
uniformly controlled rotations, a circuit block for
which particularly CNOT-efficient circuits are know

Lessons Learned

These specialized techniques for generic unitary
matrices might help in optimizing other quantum
circuits.

- Just as Boolean factorizations are important for
classical circuit design, so too are matrix
decompositions useful in quantum circuit design.

Hence, the diagram employs the CSD to reduce

construction of then qubit U into four simplern-1
qubit unitariesVi, V,, Vs, andV,. This allows for a

recursive construction which terminates with hand-

optimized two-qubit circuits.

ey gy 4

Figure 5. Basic quantum circuit synthesis decoritjpos

Circuits for Quantum Multi-Level Logics

In addition, the efficiency of the circuit for quam
multi-level logics (quditsgd=level) has improved. One
may think of a qudit by way of analogy: a qubdtstis
a quantum superposition 6fand1, a qudit state is a
guantum superposition @, 1, ... d-1 Knill's lower
bound also stated thaEd™ two-qudit gates were
required for any generid" d" unitaryU. Yet the best
known constructive procedure requir@vd®" gates.
In fall of 2004, we produced a ne@d™ construction,
closing this gap. The circuit exploits a variafttioe
QR matrix decomposition. The original asymptotical

optimal qubit circuits, due to researchers at the

University of Helsinki, also leaned on a QR teclueiq
and a Gray code cancellation. Rather than gemerali
the Gray code cancellation to basaumbers, the new
circuit relies on a recursively generated tree.isTree
describes which entries of the unitary matrix to

construct with quantum gate elements at which time.

- It is possible to exploit parallels to classicabito
synthesis. For example, one may view the side
factors of the CSD as multiplexers, applyingrat
qubit unitary matrix dependent on the most
significant qubit.

- Novel aspects of quantum circuits must be explored
thoroughly. For example, at the heart of the qudit
circuit is a subcircuit capable of solving the hard
problem of initializing a generic quantum memory
state. In contrast, the classical problem of
initialization trivially requires at most bit flips.

References

V.V. Shende, S.S. Bullock, I.L. Markov, A Practical
Top-down Approach to Quantum Circuit Synthesis,
Proc. Asia and South Pacific Design Automation
Conferencepp. 272-275, Shanghai, China, 2005.

S. Bullock D.P. O’Leary and G. Brennen, Asympto-
tically Optimal Quantum Circuits for d-level System
Physical Review Lette@4, 230502 (17 June 2005).
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V. Shende, I. Markov (Univ. of Michigan)

http://math.nist.gov/quantum/
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Adaptive Finite Element the solution of the Schrédinger equation that medel
. . this interaction.
MOde“ng Of Two Conflned and For appropriately chosen laser intensities and

|ntel’aCting Atoms geometries the lattice sites are approximately barm
and cylindrically symmetric. This leads to a mottel
the relative motion of two atoms in a single site

ngh order finite e!ement mgthods using adaptive two-dimensional Schrédinger equation in cylindrical
refinement and multigrid techniques have been shown

L . ; . . coordinates, i.e., an elliptic eigenvalue probleifhe
to be_ very efficient _for solving partial differesit potential function in thepSchrijginger eqlE)ation ¢siss
equations on sequential computers. We have de\dalopeof a short-ranged atom-atom interaction potential,
a cade, PHAML, to extenq the;e methods to IoaralleImodeled by a Lennard-Jones potential, and a trgppin
computers. We have applied this code to solveoa tw potential that describes the optical well
dimensional Schrédinger equation in order to stthiy '
feasibility of a quantum computer based on extrgmel
cold neutral alkali-metal atoms. Qubits are
implemented as motional states of an atom trapped i
single well of an optical lattice. Quantum gate® a
constructed by bringing two atoms together in akn
well leaving the interaction between them to cause
entanglement. Quantifying the entanglement reduces
to solving for selected eigenfunctions of a Schgel F‘
equation that contains a Laplacian, a trapping ™I ~-
potential, and a short-range interaction potential. s

.

William Mitchell

The idea of using the rules of quantum mechanic as
paradigm for computing has engendered a flurry of
research over the last ten years. Strange quantur

properties, such as entanglement, may vyield a \

significant advantage, providing novel mechanisors f E

the solution of problems that are intractable on T

classical computers. Advances in diverse fields of x“‘xaﬂ_ﬁ_
physics have led to proposals for various alternate T T

physical realizations of a quantum bit and related

guantum gates, the quantum analog of one- and tivo-b

computer operations. We are interested in modeling

guantum gate with quantum bits that are based toa-ul

cold atoms. Ultra-cold atoms can be confined by

counter-propagating laser beams. The light creates

three-dimensional washboard potential or optical

lattice. A single atom is held in each potential

minimum or lattice site of the washboard. Two gyer

levels of an atom are a?’SOCiated With the “0” _aJh'd ) Figure 6. Contour map of the computed wave function forfits¢
states of a quantum bit. By brmgmg two isolated trapping state of a model of interacting Cesiumnago The large

?toms from separate 5it§5 togetlher and haVin_g thegifference in scales between different parts of wlae function is
interact, a two-quantum-bit operation can be redliz illustrated by two levels of zooming.

First-principle modeling of the interactions of two
atoms in a lattice site is numerically challengimg,
length scales for the lattice and the mutual attoma
interaction differ by orders of magnitude. Our wbiks
applied advanced finite element techniques, inclgdi
high order elements, adaptive grid refinement
multigrid solution methods, and parallel computitw,

The interest lies in obtaining a small number ofeva
functions whose eigenvalues are closest to zehesd
are called the trap states because they are eiessh
which the eigenfunction extends from short to large
atomic separations and in which the trapping paaent

' plays an important role. Fig. 6 illustrates théuna of
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the wave function for the first trapping state ahadel problem using hp-adaptivity. Polynomial convergence
of Cesium atoms. would appear as a straight line on this graph. The
curvature of the line obtained by a least squaite® f
She data illustrates that exponential convergenag h
been obtained. In our current research we are
developing new error estimates that will allow ws t
CIapply hp-adaptive techniques to elliptic eigenvalue
problems.

The large difference between the scales of the wav
due to the trapping potential, the large red wavEig.

6, and the waves due to the interaction potentthed,
small waves, which are evident through two levdls o
zooming the image, mandate the use of adaptive gri
techniques. An adaptive grid technique begins with
very coarse grid, and then selectively refines elais 1 ; ; —

by computing an error estimate for each element anc 5 Aoerol-181 o) ——
refining those with large estimates. The process i
repeated until a sufficiently accurate solution dan
computed. The grid used for the solution shownign F
6 consisted of approximately three million elements o}
The elements are extremely small in the area wihere
solution varies rapidly, and large in the outerioag
where the solution varies slowly. Such an element
distribution can lead to optimal utilization of cesces
during the solution process. If a uniform grid lwit ..l
elements the size of the smallest elements was teed
example, it would require on the order of*10
elements, clearly showing the need for non-uniform ** oo o0 o000
grids for this problem.

0,001

. . - - Figure 7. Exponential convergence of the error vs. degrekes o
Additional Improvements in the solution have re@em freedom for the hp-adaptive solution of an ellipticundary value

been made through the application of high order propiem.

elements. Linear elements represent the solusoa a

piecewise smooth function that is linear over eachwith the recent addition of high order element®tw

triangle of the grid. High order elements useghti  models, we are now beginning to perform numerical

degree polynomial on each triangle. Usingalegree  experiments on systems relevant to realistic atamst

polynomial, the error of the approximation decrease Currently we are investigation the effect of vagyite

like h P** whereh is the diameter of the element. Thus scattering length of the interaction potential and

high order elements give an accurate solution witheccentricity of the trapping potential on a modél o

many fewer grid elements than in the linear caBer Cesium atoms. We anticipate that the addition of hp

another Cesium model, a' solution with 3 accurate adaptivity will further reduce the solution time tioe

digits via linear elements required approximately 4 point where we can perform experiments with the

million degrees of freedom. The solution took 35 multi-channel time-dependent equations that are

minutes on a 32-processor parallel computer. Usingrequired for realistic models of quantum gates.

cubic elements, the same accuracy is obtained Wth

million degrees of freedom in 8 minutes on a laptop

computer. However, we require much higher accuracy

for realistic models. Using"5degree elements and References

resources comparable to the linear case, we have

obtained solutions accurate to 8 digits. W.F. Mitchell and E. Tiesinga, Adaptive Grid
Refinement for a Model of Two Confined and

Egrtr:(;rjelzﬂmg\ljzweonl}f gr;_;z(?nzolzgggréicrnn'&ieis\’:lotnteracting AtomsApplied Numerical Mathematic&2
2005), pp. 235-250.

hp-adaptivity. In this approach, adaptive refinainis
applied not o_nly to the size of elements (h), tsbao W.F. Mitchell, Error Estimators for the hp Versiof
the polynomial degree over each element (p). Thethe Finite Element Method with Newest Node

pr(ra;)l(imogtiohnp-a::daiptl\gséreisethaéx tgier?tri;(?lr OI];I t?ﬁeBisection of Triangles, 8th U.S. National Congress
PP b Y Computational Mechanics (July 2005).

number of degrees of freedom, whereas with fixed
degree polynomials it can only decrease polynomiall . .
Fig. 7 shows the exponential rate of convergence we"articipants

have obtained for a model elliptic boundary value yy. mitchell (MCSD); E. Tiesinga (PL)
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Mathematical I\/Iodeling Of organized in an extensible framework to enable
) computational simulation of magnetic systems.
Nanomagnetism

One recent example of the use of OOMMF to support
nanotechnology R&D is depicted in Fig. 8. An image
Measurement, understanding, and control of magneticof 2000 nm diameter ring of ferromagnetic material
phenomena at the nanoscale each require the supportvas produced by a magnetic force microscope (MFM).
of mathematical models of the physics involved, andSuch ring elements are proposed for both storage an
software that correctly implements and makes Sensor applications, where their utility is critiga
predictions based on these models. The Objectdependent on their precise behavior. The colotsef
Oriented MicroMagnetic Framework (OOMMF) image represent the strength of stray magnetid fiel
project provides this capability in a public domain sensed at each location scanned above the ring. An
package of portable software components organiged i MFM directly measures stray field; it does not dite

an extensible framework. OOMMF software is widely measure the magnetization pattern found in the ring
used and cited in the physics and engineeringitself. A measured stray field does not uniquely
literature. Current objectives are to continue tgpand  determine what magnetization pattern produced the
the features supported by components in the OOMMFstray field. Also illustrated is a magnetizationttpen
framework, with focus on high priority items, sty computed by OOMMF software based on known
thermal effects and spin transfer, motivated byirthe parameters chosen to match the experimental work.

relevance to nanoscale sensor and spintronics work. The pattern of arrows represents the magnetization
pattern predicted by the model, and it can be cowf

Michael J. Donahue and Donald G. Porter that the predicted pattern is consistent with the
measured stray field. In complementary roles likis,t
modeling is able to indirectly deduce details of a
Many existing and developing applications of Nanoscale system that are not within the capatwlity
nanotechnology make use of magnetic phenomenadiréct measurement.

Some of the most familiar and successful examples a _
information storage technologies such as magneticf
recording media, GMR sensors for read heads, and:
magnetic RAM (MRAM) elements. Computational
modeling continues to support advances such as the
novel patterned magnetic recording media that pgemi £
to achieve recording densities of 1 Tb per squath.i

Applications of nanomagnetism modeling are
widespread. For example, modeling was criticalht® t
development of a fully magnetic logic gate and tshif
register accomplished at University of Durham and _ _ )
recognized by the Institute of Physics as one efttp ~ Figure 8. Left: Image of 2000 nm diameter ring of
ten stories in physics for 2002. Other efforts @mm Iﬁiré?égigngt'c Frgaﬁ.”al\lﬂap:]o;?z(;%nbyat?errr]nigo”nit'ﬁtefgr%e
develop logic dgvices that carry infor'mation in the OOMMpraised ogn I;nowr? parameterg chosen to I?natch t%le
form of the spin of a charge carrier, so called

. . . . experimental work.
spintronics devices. In biotechnology, the use of

paramagnetic beads to locate and position biolbgica Many of the equations governing nanomagnetism were
macromolecules is under study. In materials s@enc gsiaplished long ago. The notable Landau-Lifshitz
the probing capability of ferromagnetic resonanse i equation dates back to 1935, and William Fullenro
used to characterize and measure material propgertie astaplished the fundamentals ofnicromagnetic
where an understanding of nhanomagnetodynamics is fnodeling in articles and books published from the
key to interpreting experimental results. Othdom$ 19405 to 1970s. At that time, the applicationshef

in materials science are aimed at improved SensOkneory were mostly limited to simple geometriest tha
designs capable of detecting magnetic fields that a ¢oyid pe attacked analytically. It was not untiet
both smaller in magnitude and more localized ircepa 19905  that widespread availability of significant

In each of these areas, the NIST Object-Orientedin€xpensive ~computing power made possible
MicroMagnetic Framework (OOMMF) system is in Micromagnetic modeling for practical problems.

use to enable nanoscale science and engineeringynfortunately, the accurate solution of the reldvan
OOMMF is a portable public domain package egquations is more difficult than many physicistsd an
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engineers realize. By the mid-1990s, many reseassch OOMMF has been remarkably successful in achieving
and their students had produced their own simulatio its objectives. OOMMF has been downloaded more
programs to support their work. While their than 10,000 times. A growing number of peer-revigdwe
publications were careful to list details of expeents research publications cite use of OOMMF; more than
and analyses, their home-grown software would 300 are listed on the OOMMF web site.

typically only merit a high-level description. Usly

the equations the software was meant to solve woeild Current plans for OOMMF are to supply additional

noted. but no reports of software testing were ioie extension modules and to make improvements to the
' P 9 X framework necessary to support the nanomagnetic

and there was no opportunity to review its gualithe simulations required in emerging research areast F
problems solved by these computer codes were q ging

pically precisely matched 0 @ paricula oxper e NST eseareh n he cevelopment of i
and it was rare that two independent teams wouldof thermal effects, a component that OOMMF hasl unti

now not provided. There is also considerable éger
in representing the effects of spin transfer in
nanomagnetic systems. In each of these casearchse
is active into determining the correct models.

perform precisely the same computations to enable
comparison.

Hle View Options Help
7| Arvow Subsample:| 2 | Sige:| 1.1 |
+| ™ | pata Scale (Aim): |465000 o Zoom:[ 85 Ref
Z-slice (m):| 45.00e-9 | | f 1 ererences

N. Dao, M.J. Donahue, I. Dumitru, L. Spinu, S.L.
Whittenburg, and J.C. Lodder, Dynamic Susceptipilit
of Nanopillars,Nanotechnologyl5 (2004), pp. S634-
S638.

L. Yanik, E. Della Torre, M.J. Donahue, and E.
Cardelli, Micromagnetic Eddy Currents in Conducting
Cylinders, Journal of Applied Physic87 (2005), p.
10E308.

Figure 9. Part of the graphical user interface for OOMMF.  E. Mirowski, J. Moreland, A. Zhang, S.E. Russeld an

M.J. Donahue, Manipulation and Sorting of Magnetic
In 1996, NIST challenged this research community Particles by a Magnetic Force Microscope on a
with a standard problem inviting all those with  Microfluidic Magnetic Trap PlatformApplied Physics
magnetic modeling simulation software to attempt to Letters86 (2005), 243901.

compute some properties of a magnetization reversa‘vI H. Park, Y.K. Hong, B.C. Choi, S.H. Gee, and M.J

tsr:rgllt?r;éo éﬁ?sjl rgtl:r't?r?ly f:gfnorttﬁg ;gngr;zea::;ﬁﬁtion Donahue, Vortex Head-to-head Domain Walls and Its
' 9 Formation Process in Onion-State-Stable Ring

The results were alarming. The number of .
significantly different solutions almost matchede th Elements, submitted.
number of programs. Subsequent research has

discovered flaws in both the programs and the bl Participants

An important value of OOMMF is that it provides a

transparent benchmark against which any researciM. Donahue, D. Porter (MCSD); R. McMichael
team developing their own magnetic modeling (MSEL)

software can compare their results.

Those researchers for whom OOMMF provides all _

required modeling capabilities can, of course, alse http://math.nist.gov/oommf/
OOMMEF in place of developing their own software. |

addition, OOMMF is structured as an extensible

framework of software components, so those usets wh

have needs beyond OOMMF's current capabilities can

often extend it to meet their needs without thedniee

rewrite a new software package from scratch.
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Stability Of Nanowires Because of the underlying crystal lattice, the auef
energy of a liquid-solid or vapor-solid interface i

. . ) . generally anisotropic and depends on the oriemtaifo
Metallic or semiconductor nanowires are important i« |ocal normal vector at each point of the irzteet

components in many eleqtronic tgc.hnologies. .Aﬂlsma The surface energy of a solid-solid interface betwe
length scales many materials exhibit unusual elealr 1, crystals is also anisotropic in general, witte t
chemical, and thermal properties that are not obser  5qgitional complication that the surface energyo als
in the bulk. Applications include novel electronic yenends on the direction cosines that charactéhize
devices ranging from high efficiency lasers and \oa4ve orientations of the two crystals. Here lvewe
detectors to exotic single electron transistors and .gnsidered a model of this type in which the swrfac

cellular automata. The tendency of nanowires to energy depends only on the local normal vector.
fragment into nanospheres due to area-minimizing

surface instabilities acts as a limit to the length

nanowires that can be used in nanodevices. This

instability can also be used beneficially as a

mechanism for the self-organization of chains of

nanospheres from unstable nanowires. We have studie

analytically the effect of surface tension anispyrmn

this instability in order to help understand anchto!

nanowire fragmentation. Our analysis predicts the

wavelengths (.)f the instability as a function of the Figure 10. Equilibrium shapes for materials with cubic anisuty.
degreg of anisotropy of the surface energy of theThese shapes are energy minimizing surfaces tteath&r anisotropic
nanowire. versions of soap bubbles (the isotropic case).

Geoffrey McFadden An observation_ _that partially motivates thi_s woskthe
apparent stability of elongated nanowires that are
grown in a bridge configuration or epitaxially on a
heterogeneous substrate. The nanowires (alterhative
called nanorods or quantum wires) are “one-
dimensional” crystals with dimensions as small as o
nanometer high, a few nanometers wide, and carsbe a
long as a micron. There are long-standing studies
experimental techniques to grow nanowires, and the
stability of these nanowires is beginning to coméder
¢study.  Another motivation for the work is the rete
observation that the Rayleigh instability of a naire
can be used to produce self-organized chains of
nanospheres with interesting electrical and opto-
electronic properties. In either case it is dedérao
As shown by Plateau in his classical studies ofdevelop models to predict the length scales of the
capillary instabilities, a cylindrical interface thi an instabilities in order to assess the geometry & th
isotropic surface free energy is unstable to volume resulting structures.
preserving  axisymmetric  perturbations  whose _ . . .
wavelength exceeds the circumference of the cyfinde Continuum modeling of nanowires provides some
Such perturbations lower the total energy of the guidance as to their expected stability, thoughstriet
cylinder, leading to the breakup of the cylindewim applicability of continuum n_10d_e|s |s_l|m|ted if the
series of drops or bubbles. The stability of a itigjet length scales ap.proach atomic dimensions. Therg_ ar
was subsequently studied by Lord Rayleigh, who numbe_r of _pOSS|t_)Ie mechgm_sms thgt could stabdize
argued that the length scale of the instability is nanowire, including elastic interactions betweee th

determined by the perturbations having the fastesti'® @nd the substrate, quantum electronic shisit,
growth rate; the phenomenon has generally come to b@nd surface energy anisotropy. A useful modehef t
known as the Rayleigh instability. The Rayleigh SUrface energy anisotropy for a cubic matllenall\ﬂser
instability arises in a number of diverse applicati, Y (he expression(n.nyn) = o[l + 4 (nc +n,"+
such as ink jet printing, two-phase flow, quantum "z)l- In the above figure we show examples of 3D

wires, fiber spinning, liquid crystals, and polymer equilibrium shapes coresponding to this surface
blends. P g 14 Y poly energy. The shapes are smooth -fo#18 < < 1/12

For < 0, the shapes resemble rounded cubes, with

At the small length scales that characterize
nanostructures, the importance of surface effects
relative to volume effects becomes significant. i€gb
surface effects that can be important at the naesc
include surface energy or capillarity, surface wbfon,
surface adsorption, and surface stress and sthain.
particular, the effects of capillarity must be takato
account in order to understand the tendency o
nanowires to fragment when the rate of surface
diffusion of atoms is high enough to allow shape
changes to occur over practical time scales.
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[110] edges first forming at = -1/18. As decreases case of a cubic material. We have computed the
below -1/18 the edges extend toward the [111] stability of the wire to general perturbations wihe
directions, merging to form a corner foe -5/68. For axis of the wire is in a high symmetry orientatgurch

> 0 the shapes are octahedral, with [100] corners firs as [001], [011], or [111].
forming at = 1/12 These equilibrium shapes are most
easily computed using the-vector formalism of
Hoffman and Cahn, which produces a closed-form
expression for the equilibrium shape in terms @ th
surface energy. This is also useful in formulatthg
variational problem for the stability of a nanowire

In addition to determining the stability of an istd
wire, we have also examined how both the anisotropy
of the surface energy of the wire and the inteoactf

the wire with a substrate affects the stabilityhe rod.

The equilibrium configuration of a wire in contagith

a substrate has an elegant description that can be
In collaboration with K. Gurski, George Washington obtained by again appealing to the Hoffman-Cahn
University, and M. Miksis, Northwestern University, vector formalism. This approach determines theamint
we have considered differentiable surface enengits angles in terms of the surface energies of the gzhas
anisotropies mild enough that the surface of the V& that meet at the contact line. Using general aropat
smooth and does not exhibit any missing orientation surface energies we have then derived an associated
In order to examine the stability of the wire usiag eigenproblem that describes the stability of theteay.
variational approach, we employ a general energyThe problem is described by a pair of coupled sdcon
functional that describes the total surface enerfghe order ordinary differential equations with periodic
system. This expression and the constraint of emtst boundary conditions along the axis of the rod and
volume of the wire are perturbed about the two- boundary conditions arising from the contact angles
dimensional equilibrium shape. The higher ordenge  between the wire and substrate. We have considered
in this perturbation expansion produce a condifam  the effects of the overall orientation of the cayst
stability. For constant volume, if the perturbatio relative to the substrate and examined a range of
increases the energy, the equilibrium state islestab contact angles. The substrate is assumed to be rigi
otherwise it is unstable. with an isotropic surface energy.

We applied the analysis to a number of examples,
including the case of a cubic material, and comphge
stability of the wire to perturbations when the sagif

the wire is aligned parallel to the high symmetry
orientations [001], [011], and [111]. We assumed a
weak anisotropic surface energy to eliminate mgssin
orientations on the wire. The magnitude and the eig
the anisotropy determine the relative stability in
comparison to the isotropic case. In general & th
contact angle tends to 90 degrees the wire becomes
more stable, which is analogous to the stabilita 8D
planar film.

Figure 11. Capillary instability of a nanowire with an anisopic
surface energy with three-fold symmetry about tine axis.

. . References
For small levels of anisotropy, we evaluate thbitta

of an isolated nanowire approximately using K.F. Gurski and G.B. McFadden, The Effect of
asymptotics. For larger amplitudes of anisotrop§,  Anisotropic Surface Energy on the Rayleigh Insiabil
compute solutions numerically. We find that suefac Proceedings of the Royal Society (London)439
tension anisotropy can either promote or suppriess t (2003), pp. 2575-2598.

Rayleigh instability, depending on the orientatioh KE. Gurski, G.B. McFadden, and M.J. Miksis. The

the nanowire and the magnitude and sign of the
d d Effect of Contact Lines on the Rayleigh Instabilitith

anisotropy. For general surface energies we detive , X X
associated eigenproblem whose eigenvalues govern th/\Nisotropic Surface EnergiglAM Journal on Applied
Mathematicsin press (2005).

stability of the wire. The eigenproblem is descdiltsy

a pair of coupled second-order ordinary differdntia o

equations with periodic coefficients, which genlgral Participants

lack closed-form solutions. We have applied the

analysis to a number of examples, including thevabo G. McFadden (MCSD); K. Gurski (George Wash-
ington Univ.); M. Miksis (Northwestern Univ.)
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Improving |mage Resolution in be usefully applied to a wide variety of real badr
images, including astronomical, Landsat, and aerial

Nanotechnology images, MRI and PET brain scans, and SEM images.
APEX processing of these images enhances contrast

Current nanoscale electron microscopy images remain@nd sharpens structural detail, leading to notieeab
of relatively low quality. To address this issue are ~ IMprovements in visual quality.
developing improved mathematical tools for image

analysis, and the use of such tools to provide

measurable increases in resolution in state-ofdhe-

scanning electron microscopy. One very major

difficulty lies in the large image sizes, often the

order of 10241024 pixels, or larger. This presents

formidable computational challenges. Many new

techniques are based on nonlinear partial diffelant

equations, and typically require thousands of

iterations, and several hours of CPU time, to agkie

useful results. Real-time image processing alporg

are exceedingly rare and very highly sought after.

Alfred C Figure 12. APEX blind deconvolution of state of the art S6ag
re arasso Electron Microscope imagery produces measurablere@ses in
sharpness. (A) Original 1024x1024 Tin sample ngcaph has
Lipschitz exponent = 0.40and TV norm = 13000. (B) Sharpened
. . image has = 0.29and TV norm = 34000.

A fundamental problem in scanning electron

microscopy (SEM) is the fact that the shape of the
electron beam that produced the image is seldom
known to the microscopist. Therefore, image
deblurring must proceed without knowledge of the
actual point spread function that caused the bBuch
so-calledblind deconvolutioris fraught with difficulty,

and little authoritative discussion of this subjescto be
found in most image processing textbooks.

Nevertheless, in recent years, considerable pregres
was achieved at NIST in developing mathematical

teChr?OIOgleS that I?‘?‘d to regl-tlme Image prp_cgssm Figure 13. APEX sharpening of SEM imagery. (A) Original
algorithms. In addition, a unique new capabiligsh  1024x1024 Magnetic Tape sample has 0.35and TV norm =
been created, the so-callé®PEX methodthat can 14000. (B) Sharpened image has 0.26 and TV norm = 39000
achieve useful blind deconvolution of 102924 SEM

imagery in about 60 seconds on current workstations Application to SEM Imagery

Because of its manifold applications, this techgyglis

the subject of intense and continuing research andRecently, a new Hitachi Scanning Electron Microstop

development. was acquired by the NIST Nanoscale Metrology
Group, capable of producing higher quality imagery
The APEX Method than had previously been possible. A major challeng

for our deconvolution algorithms was to demonstrate
The APEX method is an FFT-based direct blind measurable increases in sharpening of such stakee of
deconvolution technique that can process complglx hi art imagery. Two sharpness measures were used, the
resolution imagery in seconds or minutes on currentimage Lipschitz exponent, and the image discrete
desktop platforms. The method is predicated on atotal variation or TV norm. Image sharpening
restricted class of shift-invariant blurs that cha increases the TV norm, due to the steepening of
expressed as finite convolution products of two- gradients, while it decreases the Lipschitz expbrasn
dimensional radially symmetric Lévy stable probipil ~ finer scale features become resolved. Examples of
density functions. This class generalizes Gausasrah  such sharpening are shown in Figs. 12 and 13.ign F
Lorentzian densities but excludes defocus and motio 12A, the originall024 1024 Tin sample micrograph
blurs. Not all images can be enhanced with the APEXhas TV norm of 13000 and Lipschitz exponent
method. However, we have shown that the method car0.40 The APEX-sharpened Fig. 12B has TV norm =
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34000 with = 0.29 In Fig. 13A, the original advantage of allowing consideration of substantiall
1024 1024 Magnetic Tape sample has TV norm = wider Lipschitz spaces than is mathematically paesi
14000 with = 0.35 The APEX-processed Fig. 13B with existing procedures, thereby encompassing a
has TV norm = 39000 with = 0.26. These very much wider class of images.

substantial sharpness increases are typical ofethos

obtained in numerous other test images.

Measuring Image Smoothness

Most commonly occurring imaged$(x,y) are not

differentiable functions of the variables and y.

Rather, these images display edges, localized sharp

features, and other fine-scale detaildexture Many B
digital image-processing tasks require  prior A
specification of the correct mathematical function

space in which the true image lies. If an image is

incorrectly postulated to be too smooth, the prsiogs

algorithm may produce an overly smoothed version of

the true image in which critical information hasehe

lost.
Figure 14. The Lipschitz exponentin an image can be obtained by

During the last 10 years, a very considerable arnofin  plottinglog (||U*f - ||/ |Ifl[) versusog t as t tends to zero, where'U

; ; is the Poisson kernel with width t. The slope agtid line which
image analysis research has been based on th@symptotes the solid trace for-6 kg t < 0 is the Lipschitz

assumptlon that most Images belong to t_he space 0gxponent. Here, the original SEM image A has0.35. The APEX
functions of bounded variation. However, it hagme processed image B reveals more fine scale struetnde has lower

subsequently discovered that such so-called totak 0.26.(See Fig. 13 for larger images of A and B.)

variation (TV) image processing sometimes resuts i

unacceptable loss of fine-scale information. This Significant potential applications of this techrgyo
phenomenon is now known as thiircase effect In include the routine monitoring of image sharpness a
papers published in 2001, French researcherdmaging performance in electro-optical imaging
Gousseau, Morel, and Meyer, showed that most Haturasystems, the  performance evaluation of image
images are, in fact, not of bounded variation, trat reconstruction software, the detection of possibly

TV image-processing techniques must inevitably abnormal fine-scale features in some medical inggin
smooth out texture. applications, and the monitoring of surface finish

o industrial applications. In addition, specifyingpet
Correct characterization of the lack of smoothness ., rect Lipschitz space wherein an image lies can b
images is a fundamental problem in image processingsed to solve the blind image deconvolution probiem
It turns out that so-calledipschitz spacesare the 4 way that preserves texture, i.e., fine detail,ain
gppropriate fr%me_work.for accommodating non—.smooth recovered image. We recently have developed a new
images. Thel™ Lipschitz exponent for the given  method, the Poisson Singular Integral (PSI) method,
image, where0 < < 1, measures the fine-scale hich yields an excellent approximation to optimal

content of that image, provided the image is reéi  jn5ge filtering for a very wide class of images.
noise free. Heavily textured imagery has low value

for , while large values of indicate that the image is
relatively smooth. Estimating an image’s Lipschitz
exponent is a delicate problem. We have develaped References

new, computationally efficient, method for estimati .

. It merely requires blurring the image by conwimin A Carasso, Singular Integrals, Image Smoothness, a
with a specific singular integral kernel, and ewting  the Recovery of Texture in Image Deblurrir§lAM
the discreteL” norm of the difference between the Journal on Applied Mathematic$4 (5), (2004), pp.
blurred and original images. The rate at which ttis 1749-1774.
norm tends to zero, as the kernel approaches tfee Di

-function, is directly related to the Lipschitz exgent Participants

Since the required convolutions can be 3
accomplished by FFTs, very minimal computational A- Carasso (MCSD); A. Vladar (MEL)
effort is thus needed to implement the resulting
procedure. In addition, this approach has the
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Creating Visual Models of
Nanoworlds

The place where quantum and macro effects meet, thghdependent

nanoworld is full of the unexpected. In such an
environment, visual models of laboratory and
computational experiments can be critical to
comprehension.
visual modeling system that enables scientistasilye
view and interact with their data in multiple waiys
real time.

Howard Hung, Steve Satterfield, James Sims,

Adele Peskin, John Kelso, John Hagedorn,
Terrence Griffin, and Judith Terrill

Computational and laboratory experiments are
generating increasing amounts of scientific data.
Often, the complexity of the data makes it diffictd

devisea priori methods for its analysis, or the data is

DIVERSE

Our visual environment centers around a core
infrastructure program called DIVERSE (Device
Visualization Environment
Reconfigurable, Scalable, Extensible). DIVERSE,
which was developed by Virginia Tech with support
and technical contributions by NIST, is an integfac

We are developing an immersiveynat facilitates the development of immersive cotepu

graphics programs for use on a wide variety of iep
displays. DIVERSE provides a toolkit to load in
previously compiled objects, called DSOs. DSOs can
be used to describe the graphics display, inpuicdsy
navigation techniques or interaction styles forieg
visualization. Using collections of DSOs, applicas
can be reconfigured without recompiling. The same
DSO that defines how a wand controls an objectbean
used both in an immersive environment and on afapt
computer. With the ability to import the output of
conventional visualization programs, and acceghédo
increasing capabilities of commodity graphics cards
we have a very rich environment in which to express

from new landscapes, such as the nanoworld, where w&nd communicate visual models.

have little experience. Moreover, there may be
ancillary data, from databases for example, thatlevo
be helpful to have available. We are developirsyai
analysis capabilities in an immersive environméuatt t
allow scientists to interact with data objects itheee-
dimensional landscape rather than simply viewing
pictures of them. Fully immersive computer graghic
include one or more large rear projection screens t
encompass peripheral vision, stereoscopic display f
increased depth perception, as well as head trgd&in
realistic perspective based on the direction ther is
viewing. With visual exploration, scientists caasity
perceive complex relationships in their data, qglyick
ascertaining whether the results match expectations
Real time interaction adds to the potential foresfieg
the process of insight.

In a fast moving field like nanotechnology, it is
important to be able to create and interact witlw ne
visual models quickly. Our visual environment islb
for generality, flexibility and speed. Rather than
single monolithic program, it is a collection ofots

designed to work together to create, display, and

Figure 15. Image of a quantum dot created from the output of a
computer simulation of the optical properties ohoatructures. The
spheres represent s-orbitals.

Representation

interact with visual models. We have created threeRepresentation refers to the process of transfgrmin

main categories of tools: infrastructure software,
representation software, and scene interactiomacdt
We join programs together using Unix pipes aneit
for creation and transformation. We construct
Dynamically Shared Objects (DSO's) for functionalit
and scenegraph objects for ease of placement.

raw data into a visual geometric format that can be
viewed and manipulated. The key to quickly and
easily visualizing scientific data in an immersive
environment is the capability provided by the sét o
tools used to convert raw data to immersive datée
have created a variety of tools to make glyphsorcol
them, place them, and render them to a desired déve
transparency and other properties. While our syste
based on our own internal representation, we take
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advantage of representations computed by other dynamics of molecular interactions leading to the
packages by providing tools to take the output of formation of smart gels.

common packages and convert them into the format

that places them in our environment.

Interaction

For efficient scientific exploration, it is importato
have user interaction that is both easy to setngp a
easy to adapt to differing needs. Individual DSkt
add new functionality to our visualization software
system are loaded at run-time, and their behawor i
cumulative. Together, a set allows for a huge rasfge
combinations data visualization modes. We have
developed a wide range of DSOs that allow a user to

interact with the objects to be viewed. This imigs

functionality to move objects around, select indixal

objects or sets, assign functionality to the salest

interact with outside software, bring data into the

system, send data out of the system, and loadloadn

objects during visualization. They can also

interactively select the level of detail in a scene ) ) ]
ndvidual DSOS can add simple_capabilty to a [ 15, age of e st maaneie e Srer) o
scenegraph, such as adding a particular light 800rc  y metamagnetic materials.

an object to represent a pointer for the user tecte
objects. DSOs can also add tasks to the objects of
scenegraph. When selected, an object can be tiieen
task of turning on or off another object or itsedf, References

executing a command to interact with another DSO or

an external program. Objects can change visibility J.E. Devaney, S.G. Satterfield, J.G. Hagedorn, J.T.
initiate new simulations, define clipping planesdaso  Kelso, A.P. Peskin, W.L. George, T.J. Griffin, H.K.
on. DSOs provide a variety of ways to navigate Hung, R.D. Kriz, Science at the Speed of Thought, i
through the environment, including changing thdesca Ambient Intelligence for Scientific Discovelr. Cai,

at will. They allow viewing of individual scenes a ed.), Lecture Notes in Artificial Intelligenc@345
well as time sequences (i.e., movies). The outpan February 2005.

interaction can be saved as a simple image, asveemo
or the interaction itself can be saved as an egpeé
that can be replayed at a later time.

J. Sims, G. Bryant, H. Hung, Intrinsic Surface &an
Semiconductor Nanocrystals: HgS Quantum Dots,
American Physical Society, Los Angeles, CA, March
21-25, 2005.

J.P. Dunkers, J.G. Hagedorn, A. Peskin, J.T. Kelso,
We have successfully applied our visual analysisJ.E. Terrill, and L. Henderson, Interactive, Quiztitie
techniques and tools to the study of a variety of Analysis of Scaffold Structure Using Immersive
nanoscale phenomena. Among these are visuaVisualization, BIO2006: Summer Bioengineering
analyses of Conference

Applications to the Nanoworld

- s-orbitals for the simulation of electronic andioait ..
properties of complex nanostructures such aSPartICIpantS
semiconductor nanocrystals and quantum dots (se% Terrill, S. Satterfield, J. Kelso, J. Hagedom
Fig. 15), _ _ Peskin, H. Hung, T. Griffin, A. Dienstfrey (MCSDG.

- electric, magnetic, and energy field vectors frdma t Bryant, Z. Levine (PL); C. Gonzales (CSTL), J.

simulgtion of olptical scattering by metamagnetic Dunkers, L. Henderson (MSEL); R. Kriz (Virginia
materials (see Fig. 16), Tech)

- intermediate voltage electron microscope
measurement approaches to attain three-dimensional
chemical images at nanoscale-resolution, and http://math.nist.gov/mcsd/savg/vis/



Yearly Report FY 2005 37

Measurement Science in the tracked so that the system can render images of the
. virtual world, in stereo, in real-time. In addition
Virtual World motion tracking is also commonly used to track kand

held devices (e.g., a wand) that operate as toolkd

We are developing tools for selection and measuneme virtual world created within the immersive display.

from within the immersive visualization environment
These visualizations and their accompanying analyse
then vyield quantitative results that extend the
gualitative knowledge that is the typical produdt o
visualization.

John Hagedorn, Adele Peskin, John Kelso,
Steve Satterfield, and Judith Terrill

Laboratory experiments, computational experiments,
measurement, analysis, and visualization are tilgica
separate activities. This slows down the rate latkv
knowledge is gained. Combining them, where feasibl
yields greater efficiency, and the resulting syyergn
deepen understanding. We are working on combining
measurement, real time immersive visualization, and
analysis. Our immersive visualization environmint
the main tool which enables this.

It is not always possible to perform desired
measurements on laboratory data during the cotirge o
physical experiment. For example, a reconstruction
phase may be needed to get the data into a formewhe
it can be measured. An example is tomographic
reconstruction. The same is true for computational
experiments. While measurements are typically
gathered during runs, there are also many reasbgs w
measurements may need to be taken during the @alys
stage. Measurement from within the immersive
environment provides unique capabilities in thigarel.

We are working to use these capabilities to ensibbh
virtual measurements to be taken both during atet af
laboratory and computational experiments.

To bring measurement science into the virtual world

we need the objects in the environment to be drawn

and positioned with higher precision than is typica

applications of immersive virtual reality. To dugwe

first need the virtual space to be calibrated. nThe

need to be able to select and measure properties dfigure 17. The top image shows visual artifacts que to tracke
objects. Finally, we need to be able to operatéhose " T! Ze bottom image shows the same scene vatker data
measurements and relate them to both the immersive '

environment and the real world.

_ We describe our gnyironmental factors such as the presence of fioetal
approach to each of these in turn.

objects and electromagnetic fields generated bgovid
monitors contribute substantially to errors in
measurements reported by electromagnetic tracking

The use of motion tracking devices is essential indevices. We have developed a method for calitgatin
immersive visualization systems. The location and and correcting location and orientation errors from

orientation of the users eyes must be continually €/€ctromagnetic motion tracking devices. This idelsi
a new algorithm for interpolating rotation corrects at

Calibration
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scattered data points. This method, unlike previous
methods, is rooted in the geometry of the space of
rotations. Results have shown large improvemeants i

the precision of both location and orientation

measurements. The methods impose minimal
computational burden.

Selection, Measurement, and Analysis

We have developed a capability for linear
measurements in the immersive environment. Our
objective is to build a software system within the
environment that integrates the following tasks) (1
linear measurement, (2) analysis of the collected
measurements, (3) display of the results, and (4)
interactions with the data and analyses that widilbde
grouping of results. The goal of these tasks is to
achieve greater understanding by generating
guantitative results.

There are two main components to our implementation Figure 18. A user in the NIST immersive visualizatiemvironment

The first is software that allows the user to mdilyua making measurements on a scaffold for tissue eagime The

make a series of linear measurements in the imweersi measurements are shown in blue. The histogramsofiteeis shown
. . . in the upper right.

environment. The second is a standardized 2D user ppermg

interface displaying the measurement statistics and

distribution in tabular and histogram form. Current Applications

?u;qmlfmtﬁbjzgwni n d?sﬁnwtgtthi lésifr [[ntenr(fjmxf]fst " IWe are currently working on a variety of applicaso
0 make the easurement tas ect a atu aSpanning several disciplines.

The user makes a linear measurement simply by

moving the hand-held wand to a point in the 3Dwélt -  Reference scaffold for Tissue Engineered materials
space, pressing a button on the device, then mdeing .  Correlate microstructure with global properties of
a second point and pressing the button again. aVisu hydrating cement

feedback is given at each step of the processtaad t . Particle identity and distribution at the nanoscale
user is able to adjust each end point simply bplgrey . Stress and strain at the nanoscale

it with the wand and repositioning it. The procéss
fast, simple, and intuitive. A user interface dratbne
to bring the measurements into an analysis and to

display the results. In Fig. 18, the user has madeReferences

measurements (shown in blue). The measurements

have been brought out of the environment and a mead. Hagedorn, S. Satterfield, J. Kelso, W. Austin, J
and standard deviation computed. They are alsarsho Terrill, and A. Peskin, Correction of Location and
as a histogram in the upper right. Portions of theOrientation Errors in Electromagnetic Motion
histogram can be selected and highlighted backeén t Tracking,Presencesubmitted.

immersive environment for a better understanding.

J. Hagedorn, J. Dunkers, A. Peskin, J. Kelso, L.
We have found that immersive visualization enablesHenderson, and J. Terrill, Quantitative, Interaetiv

both qualitative and quantitative understanding3bf Measurement of Tissue Engineering Scaffold Strectur
structure that was not otherwise possible. Thgsest in an Immersive Visualization Environmen2006

of measurements made in the virtual environmentlEEE International Symposium on Biomedical
would be very difficult to make with typical deskto Imaging submitted.

visualization techniques. We are planning a veridt

extensions to our selection and measurement cétyabil Participants

for the future. ) ]
J. Hagedorn, A. Peskin, J. Kelso, S. Satterfield, J

Terrill (MCSD); J. Dunkers, L. Henderson (MSEL)
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Identifying Objects in LADAR
Scanning Data

Laser scanning technology has developed into a majo

tool for geographic and geometric data acquisititvie

are investigating the feasibility of using such

technology for monitoring construction sites. A eor

problem in the analysis of such data is object Figure 19. Experimental configuration for scanning an I-bebya
recognltlon Recently we demonstrated a techr"que f LADAR placed at the camera location. The whitedioa the floor

. e . P _ - are alignment marks for setting the |-beam at déffe¢ angles
|dent|fy|ng partlcular ObJeCtS' such as | beamsnmsy relative to the LADAR. The spheres on the tripods lacated for

LADAR scanning data. coordinate registration with a world coordinate .

David Gilsinn

During the past decade, laser-scanning technolagy h

developed into a major vehicle for wide-ranging

applications such as cartography, bathymetry, urban

planning, object detection, and dredge volume

determination. One advantage of such scanningislata

that it can provide information on spatial relasbips

that ordinary photography cannot. The NIST Buitdin

and Fire Research Lab (BFRL) is investigaing the u_ 1% 20 Tue fouks 0.5 % o b 1.7, 1 Mo

of such FeChn.OIOgy to monitor progress of work on Notice the results of hits on thgl?hree tripodsg ofi which is seen és
construction sites. Here laser scans taken froreraev  somewhat of a shadow in the lower middle of thaecalso note the
vantage points are used to construct a surface Imodepcclusion shadowing.

representing a particular scene. A library of 3D

representations of construction site objects, abthi Fig. 20 shows a typical LADAR scan. Whereas the
from CAD data sets, would also be used. The object photograph in Fig. 19 provides a clear image itsdoe
would be loaded into an associated simulation syste not provide coordinate information. Although eadh o
that tracks both equipment and resources basedabn r the points in the figure are associated with xany( 3
time data from the construction site obtained ftaser ~ coordinate relative to the LADAR, the identificatiof
scans. the nature of the objects scanned is quite difficTihe
challenge is to use the database of design
specifications, in this case of I-beams, to locate
object in the scanned image and to report its cerite
mass location and angular pose relative to the LRDA

Pick-and-place control of construction site objdasta
major application. With automation and robotics
entering on construction site scene, vision systems
such as LADAR (laser direction and ranging), wid b
incorporated for real time object identificatiorased ~ Three main tasks must be performed: segmenting the
on 3D library templates. Once objects, such as I-data points into groups corresponding to likelyeaks,
beams, are located, robotic crane grippers can bedentifying the segmented objects with the highest
manipulated to acquire the I-beam. We are devetppi likelihood of being the object sought, and regisigr
and testing algorithms for this particular task. the object relative to a world coordinate systenthsa

the LADAR scan can be related to a global coordinat

LADAR scans of I-beams of multiple lengths and gy qtem in which other objects are potentially ledat

angular poses relative to the scanning LADAR have

been generated (see Fig. 19). A database of deSigSegmentation Algorithms

specifications for potential I-beam candidates Ihesn

created. The LADAR scans generate a large nunfber oTwo algorithms have been developed. The first uses

points, ranging in the millions, which can be acgdi  binning of the scanned points to reduce data volume

seconds. These scans usually contain a large nushber The bins are then examined to identify those that a

noisy data values arising from ground hits to pbant likely to be phantom points or floor hits. Phantom

pixels caused by beam splitting at sharp edges. points are coordinate points generated by the LADAR
due to the internal process of averaging the retirn
beam signal. Due to the finite size of a LADAR beam
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a targeted point at the edge of an object canteal  corner points of the I-beams were made using a-lase
partial signal returns from both the object and@en based Site Metrology System (SMS) developed by
distant one. The entire signal is averaged and aBFRL. These reference points were used to measure
coordinate point returned somewhere between the two the performance of the algorithms in their ability
locate the points. The binning algorithm performed
well in identifying length of the I-beam, the loat of
the center of the I-beam, and the angle relativéh¢o
LADAR scan direction until the I-beam’s major axis
was placed at 30 degrees and 0 degrees relatitree to
scan direction. Thus as the major axis of the hbea
became more aligned with the scan direction of the
LADAR the algorithm had a harder time identifying
the I-beam. The TIN algorithm performed bettemtha
the binning algorithm as the I-beam axis became
aligned with the scan beam direction. However,ras i
Figure 21. Anomalies from scanning a box from different ci@ns. the binning algorithm the TIN algorithm could not

Phantom points off of the top edges are seen aditws beginning ; : _ - ; ;
at the edges. Phantom points along the sides didlkeare due to the identify the I-beam when the major axis was aligned

averaging of LADAR hits along the sides of the box. with the scan beam.

In Fig. 21 a line of phantom points is seen emanati
from the top edges of the test box. Phantom painés

to hits along the edges are also visible. Bins that
include phantom points and floor hits can be elated
since they are likely to be sparsely populated.je€ib
identification occurs when the bins are groupea int
potential objects and bounding boxes are placednaro
them. These boxes are compared with bounding boxes
defining I-beams in the database and the bestsfit i
reported, along with the center-of-mass and posbkeof
bounding box. An example of the bounding box placed

around the I-beam is shown in Fig. 22. Figure 23. TIN image of the data in Fig 20. The densityriafitgles

can be used to locate the I-beam and referencersghipods.

Future work will involve extending the bounding box
concept to other shapes such as polygons, cylinders
etc. in order to develop a general comparison #lgor
that covers most objects located at constructites si
such as vehicles, gas cylinders, etc.
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