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1 Nanoscale Science, Engineering, and Technology (NSET) program. 
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2 There are tools which address specific research issues, but which do not address industry requirements, 
e.g. programs to simulate the conductance of molecules, or to solve the coupled Schrödinger and Poisson 
equations to examine quantum effects in MOS (metal-oxide-silicon) capacitors, but these need to be 
integrated into industrial tools. 
3 http://www.smalltimes.com/document_display.cfm?section_id=29&document_id=4909 
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4 e.g. Scanning probe microscopes, Scanning Near-field Optical Microscopy, Static Secondary Ion Mass 
Spectrometry, X-ray Photo-electron Spectroscopy, X-ray interferometers, and Ellipsometers. 
5  November 12th, 2002 report. The North American MEMS sensor market is expected to grow from $1.3 
billion in 2001 to $3 billion in 2008, according to Frost & Sullivan. Widespread use of MEMS-based 
sensors in aerospace and defense and industrial process control underscore the industry's emerging status. 
http://www.smalltimes.com/document_display.cfm?section_id=29&document_id=5010 
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6 Advanced Filtering Systems have patented a method for reducing noise in systems by coating a wire with 
a magnetic shield. 
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NATIONAL INSTITUTE FOR NANOTECHNOLOGY 
 

Information and Communications Technology Sector  Workshop 
 

February 12th, 2003 
 
 
0800     Registration (Coffee and juice will be available) 
 
0830     Welcome and introduction to day’s program  

- Anthony Harckham, facilitator 
 
0840     NINT expectations for information about the kind of research direction NINT is 
looking for and can implement. 
     - Andy Gilliland 
 
0850     NINT overview and current status 
     - Dan Wayner, Director General, NINT 
 
0900    Case study overview.  
Presentation from a business which addresses some of the limitations seen by present 
technology and the possible areas which nanotechnology might beneficially address. 
     - Peter Paulson, Pure Technologies 
 
0930 Nanotechnology research and wireless systems 
     - Dr. Michal Okoniewski,  

University of Calgary 
 
1000 Break (Coffee, etc) 
 
1030 Nanotechnology research and tools 
     - Dr. Randy Goebel  
      University of Alberta 
 
1100 Nanotechnology research and sensors 
     - Dr. Steven Dew 
      University of Alberta 
 
1130 Discussion  
What are the perceived implications of nanotechnology? 

- Facilitator and group as whole 
 
1200 Lunch (A sandwich lunch will be provided) 



  

2003-03-11  32/38 

 
1300 Discussion  
What are the common problems perceived in each of the industry groups identified i.e. 
tools, sensors, wireless, if any? 
 
 This session will start with a series of short presentations ( 5 minutes each) by 
various industry representatives, including Rainer Iraschko, Greg Luoma, and Brian 
Moore. 
 
     -  Facilitator and group as a whole 
 
1415 Break (Coffee, etc.) 
 
1445 Discussion  
What are the possible technological approaches to the common problems identified? 

-  Facilitator and group as a whole 
 

1530     Identify Synergies 
Are there common interests for group action? Summary of perceived outcomes 

- Facilitator and group as a whole 
 
1600    Action items 
Which of the outcomes will be followed up by whom, and how will the result of this be 
made known to the group? 

- Facilitator and group as a whole 
 
1615    Future agenda 
Open discussion to capture anything not on the agenda. What topics does the audience 
consider to be worth following up in a future meeting, and with what expected outcome? 

- Facilitator and group as a whole 
 
1630    Close 
     -  Andy Gilliland 
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Update and Status

Danial D.M. Wayner

NRC – A National Institution
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NINT Announcement - Aug 17 2001 

� Federal and Provincial governments each commit $60 
million over 5 years  

� Federal Government commits ongoing operating funds of 
$12 million per year starting in Year 6 

� NRC, University and Province to build a new model of 
collaborative research

The Opportunity

Shaping the world atom by atom

“If I were asked for an area of science and engineering that 
will most likely produce the breakthroughs of tomorrow, I 
would point to nanoscale science and engineering.”

Dr. Neal Lane, Advisor to the President for Science and 
Technology and former National Science Foundation (NSF) director
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Anticipated Economic Impact

� Life Sciences
• rapid, point-of-care diagnostics
• non-invasive treatment of medical conditions
• smart drug delivery

� Information and Communications Technologies
• integration of biological and traditional information systems
• molecular scale devices and systems
• ultrathin films for electronics and photonics

� Energy
• nanoparticles for energy storage and conversion
• corrosion and wear resistant coatings
• new separations technologies

The World Scene - Projected Markets

� Enormous potential economic impact in the upcoming 10-15 
years:

� Domain Value ($US billion/yr)
� Materials 340
� Electronics 300
� Pharmaceuticals 180
� Chemicals 100
� Aerospace 70
� Nanotech Tools 20
� Healthcare 30
� Sustainability 45

Total »»»» $1 Trillion US/y
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NINT Goals
2002-2007
To be recognized internationally for excellence in research and 
innovation as Canada’s flagship nanotechnology research 
institute.

To participate in a national network of nanotechnology centres
and work with government, academia and industry to set national 
innovation priorities in nanotechnology

2007-2020
To stimulate and support the growth of a cluster of 
nanotechnology based firms in Alberta

To be an integral part of the Canadian innovation system 
providing world-class facilities and expertise as part of a national 
network of nanotechnology programs and facilities
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NINT: Building

NRC/UofA
Shared
Nanotech
Facility

NRC

•Research
Programs

•Innovation 
Program

•Incubator

Cross-
Appointments

University
Aligned
Nanotech
Research
Programs

Cross-
Appointments

$2
M

/a

$40M

$4
0M

$20M

$20M

NRC

Province+UofA

$1
2M
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NINT:  The Challenge

� Integrate and align research programs within an 
NRC-University of Alberta partnership

• Where will nanotechnology in life sciences, 
energy and ICT be in 5 years when the 
institute is fully operational?

• What is the research that will drive innovation 
and economic impact in nanotechnology in 
Alberta?

• Where can we compete and lead?
� Integrate and align strategic priorities with the 

province
• Alberta has well defined S&T priorities in life 

sciences, communications and energy

Nanoscience/engineering vs Nanotechnology

Nanoscience and Engineering

� research at the atomic, molecular or macromolecular levels to:
• provide fundamental understanding of phenomena and materials 

at the nanoscale in 1, 2 or 3 dimensions
• create and use structures, devices and systems that have novel

properties and functions because of their small and/or 
intermediate size

� these novel and differentiating properties and functions are 
developed at a critical length scale of matter typically under 100 
nm and require:

• manipulation of individual nanostructures, molecules or atoms 
• integration into larger material components, systems and 

architectures
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Nanoscience/engineering vs Nanotechnology

Nanotechnology

� useful applications of nanoscience/engineering 
knowledge and discoveries

• integration into existing technologies
• new applications based on transformational or 

disruptive discoveries

Where are the opportunities?
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Integrated Nanosystems
•Artificial organs/tissue
•Chemical information systems 
integrated with electronics
•Adaptive materials

bulk materials

cell  
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A Focus on Integration

� of two organizations
• NRC programs integrated and aligned with University 

of Alberta nano research
� across length scales

• the macro-to-nano connection is key to new 
technologies

� of materials
• integration of hard and soft materials

Proposed NINT Research Activities

Programmable, Adaptive Nanosystems – A Focus on Integration
� Create programs that exploit the assembly of atoms/molecules, 

nanoparticles or macromolecules, or combinations of these, to create 
new devices, processes or systems

• approaches to direct the assembly of nanoscale components

– use macromolecules (proteins, DNA, polymers) to direct the 
assembly of nanoparticles

– use prefabricated nanostructures to template the assembly of 
macromolecules  

• Create materials with built-in intelligence or materials with 
properties that are controlled by intelligent systems.  

• Link biological information systems to traditional information 
systems (electronic, photonic, magnetic)
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Areas to Recruit

� Synthesis and characterization of nanocrystals and 
nanowires

� Synthesis/assembly of polymer based nanomaterials
� Synthesis/assembly of supramolecular based 

nanomaterials
� Theory, modeling and simulation of nanosystems on 

multiple length scales
� Bio-inspired materials
� Fabrication and characterization of molecular scale devices 

and nanosensors

Some NINT Milestones
� March 2003

• NINT will have recruited at least one world-class 
researcher

• First researchers arrive
� September 2003

• ground breaking for NINT building on UofA campus
� July 2005

• NINT building opens
� September 2005

• international peer review of NINT research staff and 
programs

� March 2006
• NINT staff at full strength
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Facilities Planning

� NINT building
• 15,000 sq. m. including 2000 sq. m. of clean room space, 400 sq.

m. of vibrationally isolated pads
• functional programming complete, architectural designs by March 

’03
• building completed by July ‘05

� NINT core facilities will include:
• Electron Microscopy (SEM, TEM, sample prep)
• Surface and Materials Analysis
• Scanning Probe Microscopy
• Organic/Inorganic Synthesis and Analysis
• Computation and Modeling
• Optical Characterization
• Tool Development (instrumentation, software)

Facilities Planning

� technical planning committee (joint NRC, UofA)
• define facility requirements to achieve NINT research 

vision
• set priorities and timing for purchase of key equipment

� NRC-UofA collaborations
• approaches to integrate NINT and UofA facilities to 

avoid unnecessary duplication of facilities
� NINT as a National Facility

• visiting scientist programs to be developed
• partnerships, collaborations with academics, industry, 

OGDs
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Recruitment and Cross-appointments

� Key NINT and UofA researchers will hold cross-
appointments

• UofA researchers cross-appointed to NINT will have 
the status of full time NRC employees and be eligible 
to lead and participate in NINT funded projects

• NRC researchers cross-appointed to continuing faculty 
positions in UofA will be eligible for full funding from 
NSERC, CIHR…

Recruitment and Cross-appointments

� Advanced training programs
• bright young researchers to be hired and deployed 

around the world to work and train with established 
research groups/institutes in order to:

– hit the ground running when the building opens
– establish key international partnerships

• every six months the researchers will come to 
Edmonton for internal workshops
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Innovation Agenda: To stimulate and support the growth of a 
cluster of nanotechnology based firms in Alberta

� Industry Partnership Facility in NINT’s building to support 
spin-offs and industry collaborations

� partnership on campus with the University’s Industrial 
Liaison Office

� partnerships with industry, municipal and provincial 
governments, business and financial communities

� national and international partnerships with research 
institutions and companies whose vision and core 
competencies are aligned with and complement NINT 
objectives

NINT Goals
2002-2007
To be recognized internationally for excellence in research and 
innovation as Canada’s flagship nanotechnology research 
institute.

To participate in a national network of nanotechnology centres
and work with government, academia and industry to set national 
innovation priorities in nanotechnology

2007-2020
To stimulate and support the growth of a cluster of 
nanotechnology based firms in Alberta

To be an integral part of the Canadian innovation system 
providing world-class facilities and expertise as part of a national 
network of nanotechnology programs and facilities
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The role of Computing Science in The role of Computing Science in 
the development of the development of 
NanotechnologiesNanotechnologies

Randy Goebel
goebel@cs.ualberta.ca

http://www.cs.ualberta.ca/~goebel

NINT ICT Workshop, Feb 12, 2003© 2003 R.G. Goebel

OverviewOverview

� Background
� Foundational versus enabling
� Roles for computing?
� Visualizing Atomic Landscapes
� Research challenges
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NINT ICT Workshop, Feb 12, 2003© 2003 R.G. Goebel

Computing ScienceComputing Science

NINT ICT Workshop, Feb 12, 2003© 2003 R.G. Goebel

BackgroundBackground

� Feynman, Drexler: molecular machinery
� Molecular size machines, assemblers
� Molecular programming
� Dynamic molecular level reconfiguration
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Where are we?Where are we?

The idea

Programmable 
dynamically 
reconfigurable 
molecular devices

NINT ICT Workshop, Feb 12, 2003© 2003 R.G. Goebel

Foundational versus Enabling?Foundational versus Enabling?

� Understanding information complexity
� Removing Microsoft Windows viruses
� Managing complex information models
� Database design for bioinformatic data
� Scaling complex processes
� Machine learning for visualization
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Roles for Computing?Roles for Computing?

� Stochastic planning
� Visualization and imaging
� Component design
� Simulation
� Computing architecture
� Automated manufacturing
� Knowledge management
� Distributed robotics
� Sensor control

NINT ICT Workshop, Feb 12, 2003© 2003 R.G. Goebel

Visualizing Atomic LandscapesVisualizing Atomic Landscapes

� Atomic Resolution Microscopes
� Imaging surfaces with forces: van der Walls, 

magnetic, electric, chemical

� Tools for guiding the imaging process
� E.g., NanoManipulator

� Learning to visualize
� Knowledge representation and machine 

learning
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Visualizing Atomic LandscapesVisualizing Atomic Landscapes

� NanoManipulator, 
from 3rdTech

� Graphical and 
haptic control for 
Scanning Probe 
Microscopes

� Real time image 
generation, haptic 
feedback controls

NINT ICT Workshop, Feb 12, 2003© 2003 R.G. Goebel

Visualizing Atomic LandscapesVisualizing Atomic Landscapes

� Repertoire of alternatives for recognition

Wiesendanger 
(1998)
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Visualizing Atomic LandscapesVisualizing Atomic Landscapes

\*File list
\Version: 0x04420004
\Date: 02:48:58 PM Thu Jan 30 2003
\Start context: OL2
\Data length: 20480
\Text: 
\History: 
\Navigator note:
\*Equipment list
\Description: Extended D3100
\Controller: IIIA
\Microscope: D3100
\Extender: Basic
\Tip Exchange: None
\SECS: None
\Robot: None
\Vision: Frame Grabber
\Zoom System: Motorized
...

NINT ICT Workshop, Feb 12, 2003© 2003 R.G. Goebel

Visualization and imagingVisualization and imaging

AFM Image

02:48:58 PM Thu Jan 
30 2003,

Courtesy of Miro 
Belov, Mark Freeman, 
Physics 1Mb
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Visualizing What?Visualizing What?

This STM image shows the direct 
observation of standing-wave 
patterns in the local density of 
states of the Cu(111) surface. 
These spatial oscillations are 
quantum-mechanical interference 
patterns caused by scattering of 
the two-dimensional electron gas 
off the Fe atoms and point 
defects. 

http://www.almaden.ibm
.com/vis/stm/stm.html

A circular  corral of radius 71.3 
Angstrom was constructed in 
this way out of 48 Fe atoms.

NINT ICT Workshop, Feb 12, 2003© 2003 R.G. Goebel

Visualization Data ChainVisualization Data Chain

Source data

Abstraction (Abstraction Vocabulary 1)

. . . Abstraction (Abstraction Vocabulary N)

Picture

designer intentions

user intentions
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From Data to PictureFrom Data to Picture

Amino acid sequence (source data)

Coil, sheet, helix (abstraction vocabulary)

Cartoon model (picture)

NINT ICT Workshop, Feb 12, 2003© 2003 R.G. Goebel

Protein structureProtein structure

Human Thioredoxin (oxidized form)

Primary Structure (sequence of amino acids)

MVKQI ESKTA FQEALDAAGD KLVVVDFSAT WCGPCKMI KP FFHSLSEKYS
NVI FLEVDVD DCQDVASECE VKCMPTFQFF KKGQKVGEFS GANKEKLEAT
I NELV

Secondary Structure (alpha Helix, Beta strand, random Coil)

CBBBBCCHHH HHHHHHHCCC CBBBBBBBCC CCHHHHHHHH HHHHHHHHCC 
CBBBBBBBCC CCHHHHHHCC CCCCCBBBBB BCCBBBBBBB CCCHHHHHHH 
HHHCC
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Source Data?Source Data?

� Sometimes “scientific visualization” is 
distinguished by assuming that source data 
is always sampled from continuous 
phenomena

� Sensor technology defines the source data 
“frontier” of some kinds of visualization 

� Sometimes volume of source data is 
overwhelming

NINT ICT Workshop, Feb 12, 2003© 2003 R.G. Goebel

Abstraction VocabulariesAbstraction Vocabularies

� Abstraction levels
� Sampling, discretization, aggregation

� WIP principle: “No presentation without 
representation”

� Scientific visualization, based on modelling

� A Krueger's abstraction levels

� Data to image to scene space mappings
� Gagné, Poole, Goebel (1985)

� Abductive image interpretation

� Reiter & Mackworth (1989)
� Logic of depiction
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Pictures?Pictures?

� Visual Presentation Spaces
� graphics design, Tufte (1983, 1990, 1997)
� “using vision to think,” Card, Mackinlay et al. 

1999
� “perception for design,” Ware, 2000
� Principles of presentation, Spence, 2000

� Visual Manipulation/Control Surfaces
� IMAGEN project visualization of layout alternatives

� Interactive GANNT charts for scheduling

� Active images in KEE

NINT ICT Workshop, Feb 12, 2003© 2003 R.G. Goebel

Research QuestionsResearch Questions

� What is the veracity of a visualization?
� How can one verify that veracity?
� How can one control the form of what is 

visualized?
� How can one influence processes 

underlying a visualization?
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Research ChallengesResearch Challenges

� System structure for experiments
� e.g., Dynamic visualization interaction

� Development, analysis, and 
experimentation with abstraction 
vocabularies

� e.g., formal analysis of visual abstraction 
languages

� Experiments with different learning 
methods to do transformations

� e.g., learning distributions of visual clusters

NINT ICT Workshop, Feb 12, 2003© 2003 R.G. Goebel

Research ChallengesResearch Challenges

� What is preserved in moving from one 
abstraction vocabulary to another?

� e.g., some inference rules preserve truth, some 
should preserve topology (cf. algebraic 
topology)

� What is preserved in moving backwards
� e.g., what relationship between abstraction 

levels is required to use picture as control 
surface?
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NINT ICT Workshop, Feb 12, 2003© 2003 R.G. Goebel

SummarySummary

� Current science of nanotechnology 
requires data intensive computational tools

� Tool development current targeted at 
knowledge tools for nano scientists

� Computing Science has both enabling and 
foundational role
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Introduction 
 
Nanoscience and Nanotechnology 
 

Richard Feynman's idea about molecular level mechanisms [1] didn't get much 
attention until Eric Drexler's Ph.D. thesis was published in book form in 1992 [2].  
Since then, the idea of molecular machines has catalyzed what has been touted 
as the next scientific revolution [3].  Naming a field ªnanotechnologiesº without 
the basic scientific principles to support any serious engineering of nano-scale 
devices was, to say the least optimistic; however, while nanotechnologies remain 
experimental, their range of potential applications is as broad as those things 
made of atoms—i.e., everything. 
 
As is clear from the research of plans of several government organizations (e.g., 
[3, 4]), computer scientists are beginning to play leadership roles in the 
nanotechnology revolution.  While traditional science, especially physics and 
chemistry, are at the heart of understanding molecular level interaction at the 
nanometer scale, information and computing technology plays a critical role in 
creating both the tools for these scientific investigations as well as the  
operational models for both sensing and manipulating matter at the molecular 
level. 
 
As an example, consider one of the major tools for the nano physicist: the atomic 
resolution microscope (ARM).  The probe of this device is both a sensor and an 
actuator, and is used both to sense relative positions at the atomic scale, and to 
manipulate atoms into coherent configurations [5].  The ARM has been described 
in several emerging research programs (e.g., [6]) as a kind of robot, working at 
the nano scale. Since the behaviour of matter at the nano scale level can be 
quite different from that at the blocks macro world, there is an emerging demand 
for what one might describe as stochastically controlled nano scale molecular 
robotics [6]. Clearly the evolution of nano physics and nano scale robotics will go 
hand in hand. 
 
This is just one example of how computing science is an integral part of the 
nanotechnology revolution.  Many more will emerge as the experiments in 
constructing useful molecular level ªmachinesº evolve to require computational 
models for their construction and use. 

 
The role of computing science in nanotechnology 
 

Although Computing Science is a field of its own, many of its foundational 
contributions enable the development and evolution of almost all contemporary 
inter- and multi-disciplinary scientific research .  In other words, existing 
principles and tools of computing science aid the development of emerging 
disciplines, such as nanotechnology. 
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Furthermore, just as computing principles and applications enable other fields to 
emerge and grow, the foundations of these same computing principles and 
applications are also challenged in these new inter- and multi-disciplinary 
contexts.  Inter and multi-disciplinary research problems provide a forcing 
function for the reconstruction of the foundations within computing.  In fact, this 
interaction between foundations and enablement has been itself a fundamental 
strategy for the study of computing science since its inception. 
 
The current role of computing science within the existing discipline of 
nanotechnology can be seen in its conceptualization of the major tool for atomic 
scale investigation:  the scanning tunneling microscope. The computing science 
viewpoint is that the probe of an atomic microscope is both a sensor and an 
actuator.  The sensor creates data, which can be used to form models of the 
sample being scanned.  The actuator is a robot, which can be controlled to have 
affects on arrangement of matter at the atomic level. 
 

Anticipated 5-10 Year Impact 
 
The impact of computing science on nanotechnology can be seen in the 
accumulation and use of atomic level data, its interpretation, and its 
redeployment.   Accumulation requires the development of models of behaviour 
at the atomic level, where one can measure chemical, electrical, capillary and 
Van der Waals forces.  The creation of these models is enabled by the machine 
learning research within Artificial Intelligence. 
  
As one central aspect of data manipulation, the application of machine learning is 
used to create hypotheses on the data, which represents matter at the atomic 
level.  This creation of models of atomic data by computing scientists is an 
enabling contribution, which form the basis for various nanotechnology tools, 
including imaging and visualization tools, and the development of stochastic 
planning programs, required to control the atomic microscopes to construct 
atomic scale devices. 
 
The impact of computing science on developments in nanotechnology, and 
reciprocally, of nano-technology on computing science will be significant. These 
endeavours include the development of improved tools in support of the science 
of discovering nano scale principles, and the application of these principles, 
aided by computation techniques, to create hybrid electronic and biological 
mechanisms, atomic scale integrated circuits, custom biological molecules for 
health applications, and nanoscale machinery for medical applications. 
 
 

A Sampling of Computing Related Research Activity 
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The repertoire of challenges within the realm of computing science include at 
least the following: 
 
Imaging at the nanoscale 
 
Current technology is based on atomic force microscopy, but the image quality is 
not particularly good. With available atomic microscopes, there will be 
opportunities to develop appropriate image enhancement and shape 
reconstruction algorithms. Research questions include, for example, what is the 
noise model for this type of imaging equipment?  
 
Imaging in biological systems 
 
Another application of nanoscale imaging devices can be found in its deployment 
in the imaging of living biological systems such as the human body. For example, 
a group in Israel has successfully developed an imaging capsule for the digestive 
system. The user swallows the capsule and the whole passage that the capsule 
goes through is video recorded. The recording can detect colon cancer ± one of 
the most lethal killers in North America ± or other digestive system diseases. This 
trend, although not yet at a nanoscale, together with further miniaturization made 
available by nanotechnology, will continue to make even smaller imaging devices 
possible for deployment into any part of the human body, e.g. the blood vessels. 
Such imaging devices, potentially almost innumerable, could also be fitted with 
actuators if needed. All of these possibilities are interesting problems to 
investigate not only for biomedical engineers but also for computing scientists. 
 
Artificial retinas 
 
The possibility of constructing interfaces between atomic level electronic 
technology and biological systems means we can imagine the construction of a 
whole host of hybrid systems, including retinas.  Again computing science will 
play a pivotal role in such developments. 

  
 
Beyond Very Large Scale Integrated (VLSI) circuits 
 
When the nanoscale computing elements are better understood, they can then 
be assembled into nanoscale chips with line resolution below current VLSI.  In 
turn, appropriate design libraries will have to be created.  Techniques such as 
that proposed by Mead and Conway for VLSI will have to be developed.  The role 
of Artificial Intelligence and its theory of knowledge will have significant impact, 
as it has in other areas where detailed specification languages are required. 
 
Simulation.   
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Computer algorithms have been developed to provide insight and support during 
the digital design process.  For example, SPICE is a very widely used simulation 
program in VLSI design.  Similar approaches could be applied to develop 
nanoscale computing elements.  When the physics of the various processes are 
better understood, then such development will become feasible.  In fact, the 
machine learning models of atomic behaviour will provide the basis for 
experimenting with nanoengineering workflow models, which will help determine 
appropriate methods for building molecular size devices. 
 
Computer Architecture 
 
When more computing power can be packed into nano-sized spaces, 
opportunities for quantum computing, initially proposed by Feyman, arise.  Since 
quantum computing uses a different paradigm than the conventional computer, 
practical machines built on such concepts will also become available and the 
knowledge for using these machines will have to be developed. Quantum 
computing can also be applied to encryption, which in itself is a vast discipline 
within computing science. 
 
Nanomanufacturing 
 
Rather than using a fully automatic approach to nanomanufacturing, as some 
people have advocated, there may be some applications where manual 
interaction is required. Directions in the development of tele-nanorobotics will 
then be very important.  This is clearly within the domain of computing science. 
 
Database for nanotechnology 
 
It is anticipated that huge amounts of data will be generated from various 
nanotechnology research groups around the world.  It is important to be able to 
store and retrieve such information from a centralized database in order to 
facilitate ongoing and future research development.  For example, rapid 
advances in VLSI have been attributed to the ease of access to data stored in 
cell libraries. Similar databases will be developed to facilitate, promote and 
accelerate nanotechnology research and development.  
 
AI planning, Reasoning under uncertainty, Autonomous agents 
 
The world in which a nano-agent operates is highly uncertain.  Initial nano-agents 
will serve a single, very specific purpose but they will grow in complexity and it 
will not be long before they will need to be able to sense and react to the 
environment in which they find themselves.  As such, they will become 
autonomous agents. An autonomous agent, exemplified by the Mars Rover, 
relies on AI planning techniques and methods for reasoning about uncertainty in 
order to decide its actions.  Robotics, reinforcement learning, and fault-tolerant 
computing are other techniques relevant to the evolution of this scenario. 
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Further captured within this realm is the notion of stochastic planning.  
Conventional planning research has mostly focused on discrete planning, and 
has only recently begun to integrate probability models into a theory of 
automated planning.  Some of these emerging theories rely on the view that a 
plan is a kind of Markov Decision Process, which provides a kind of 
computational recipe for controlling a device whose behaviour is stochastic 
instead of deterministic. One can imagine using the sensing traces of an atomic 
microscope as data to train an appropriate probabilistic planner, to generate 
atomic microscope control programs with provable properties like expected yield 
for specific nanomachinery configurations.  
 
Robotics, Distributed Computing 
 
In advanced applications, nanotechnology will produce numerous "agents" that 
are introduced into the subject of interest (e.g. the human body) and are to work 
in a co-ordinated fashion to achieve some particular goal.  These might be 
swarms of identical agents or a team of diverse, special-purpose agents. Certain 
simple goals can be achieved by agents that operate entirely independently of 
one another, but for most purposes it will be necessary to design agents that 
communicate or, at the very least, interact in carefully designed ways.  The 
design of multi-agent systems is studied in robotics and distributed computing. 
 
Programming languages, Software Engineering, Virtual Reality, 
and High-Performance Computing 
 
Software tools will be needed to assist humans in creating large teams of nano-
agents that collectively achieve some purpose.  These tools might take the form 
of specialized programming languages which compile to nanotechnology 
primitives, computer-aided design (CAD) tools analogous to those used for 
software engineering, and virtual reality simulators to test and debug a 
nanotechnology design.  We add high-performance computing to the list because 
we imagine the simulators that will be used in the design of nano-agents will be 
very demanding computationally. 
 
Data Mining, Machine Learning, Pattern Recognition 
 
In certain applications nanotechnology will provide sensors that can be 
introduced into a subject of interest (e.g. the human body) and continuously 
monitor it, signaling back their status or warning messages.  This is analogous to 
the instrumentation on modern commercial aircraft which continuously transmits 
status information to the ground during a flight.  Just as with the aircraft, the main 
point of such data is to enable the need for maintenance to be detected (and 
carried out) before there is a catastrophic failure.  The rules for making a 
diagnosis based on the massive amount of data produced by such nano-
instrumentation could not be constructed by hand but could be created 
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automatically using machine learning, data mining, and pattern recognition 
techniques. 
 

Opportunities within the 5-10 Year Time Frame 
 
The research opportunities for computing science related to nanotechnologies 
are both foundational and enabling. 
 
In addition to participating in conducting the concentrated collaborative inter-
disciplinary research required to pursue progress in any of the above areas, 
computing science will also be needed to explore the potential impact of these 
projects. 
 
For example, major advances in nanotechnology initially hinge on the 
improvement of the visualization of atomic scale matter, i.e. the development of 
better models of atomic microscopes. With image and vision researchers, 
computing science will provide the support to improve data sensors to make this 
possible. 

 
Similarly, coupling electrically active atomic scale light sensitive structures with 
biological material can potentially yield devices ranging from artificial retinas to 
neural activity enhancements for quadriplegics. 
 
Conventional circuit fabrication is driving the integration scale smaller and 
smaller, and the development of design and manufacturing tools will require the 
best practices from existing software engineering research. 
 
The development of basic enabling tools is another area for productive work of 
computing scientists in nanotechnology.  Tools such as simulation models, and 
the curation of atomic microscope databases, which need to be developed by 
computing scientists, are part of the modern scientific tool kit for any discipline 
that relies on the creation, interpretation, and manipulation of sensor data. 

 
What is needed to capitalize on the opportunities? 

 
To pursue any of these opportunities there are two fundamental requirements. 
First, the basic atomic microscope infrastructure is required for both providing 
sensor data and conducting manipulation experiments.  
 
The second is a computational infrastructure (data capture, storage, and 
networking) that supports the full repertoire of experiments within the project 
areas suggested above. 
 
With these two enabling components in place, the next requirement is an 
environment that includes able and willing collaborators, with the administrative 
infrastructure that supports, rewards, and sustains the required activities of 
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multidisciplinary research.  These include sustained financial support for 
graduate students and technicians, as well as sufficient administrative support to 
keep collaborating scientists focused on research, not fund raising and 
administration. 
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What is Nanotechnology?

Catalog of Tomorrow, ed. A. Zolli
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Outline

· Nanoelectronics
· Nano-optics
· Nano-electromechanical systems (NEMS)
· Chemical sensors
· Biological sensors
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Nanoelectronics…?

· Moore’s law will take us to ~10-20nm 
· Power density, lithography, device issues, 

capital cost major challenges
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Top Down Fabr ication

· Patterns imposed by external processes 
· Highly controlled, increasingly expensive

Nanotechnology, ed. M. Wilson, CRC press, 2002, p. 45
University of Alberta NanoFab
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Bottom Up Self-Assembly

· Patterned structures 
form spontaneously 

· Hard to control, 
potentially very 
inexpensive

· Borrows heavily 
from biological 
systems

DNA Technology, Alcamo, 1996
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Molecular  Electronics

www.hp.com

· low power, high density, self-assembly
· HP demonstrated 16 bit device
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Nanowires – Carbon Nanotubes

muth.ae.bei.t-online.de/ gallery/nanotube.jpg physicsweb.org/objects/world/ 13/6/7/pw-13-06-07fig1.jpg

· Carbon nanotubes superb conductors
· Difficult to connect to devices
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Nanowires – wr iting

· Conducting 
polymers scribed by 
AFM

· Slow if many lines 
required

courtesy M. McDermott, Univ. of Alberta
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Nanowires – wr iting

· Self-assembled 
styrene lines

· Initiated by AFM

courtesy D. Wayner, National Institute of Nanotechnology
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Nano-optics - sources

· Quantum dot lasers 
from 
nanocrystalline 
materials

· Self assembled from 
solution or vapour 
synthesis
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Nano-optics - switching

· Micromirrors can 
switch and direct 
light

· Planar diffraction 
gratings, filters, 
waveguides, 
amplifiers possible

courtesy of Sandia National Labs
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Nano-optics - guiding

· Photonic bandgap 
materials can guide 
light without lenses 
or mirrors

· Possibilities of all-
optical switching 
and processing

courtesy of M. Brett, Univ. of Alberta
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Nano-electromechanics (NEMS)

· Very small mechanical structures can vibrate 
at very high frequencies and with very high Q

· Sensitive to very small deflections or changes 
in mass or damping

· Extremely low power, low noise

M. Rourkes, Physics World, 
February 2001
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NEMS Challenges

· Highly sensitive, high bandwidth 
transducers required

· Q decreases as surface:volume increases

M. Rourkes, Physics World, February 2001
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NEMS Oppor tunities

· Atomic resolution MRI
· Quantized phonons, heat transport
· Ultrahigh speed electromechanical devices

M. Rourkes, Physics World, February 2001



9

NanoSensors – Feb. 12, 2003

NEMS Oppor tunities

· Integration with biological structures (ie. 
F1-ATPase motor)

http://www.biomotors.ucla.edu/
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Self-Assembled Monolayers (SAM’s)

· Certain molecules will spontaneously order 
and orient themselves on certain surfaces

· Allows for tailored chemical surfaces

courtesy D. Kwok, Univ. of Alberta
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SAM Combinations

· Sulfur containing on gold (alkanethiolates)
· Alkyltrichlorosilanes on SiO2

· Fatty acids on metal oxides

Au
S S-S S

SiO2

O

Si

MO
H

O O
O

_
+O

courtesy K. Gill, Univ. of Alberta
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Soft L ithography

· Various nanoprinting technologies can be 
applied to pattern SAM’s to create more 
complex nanosystems

courtesy D. Kwok, 
Univ. of Alberta
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Chemical Sensors

· A self assembled monolayer, thin film or other 
chemically active surface is prepared

· The chemical state of that surface is 
interrogated using electricity, force or light

· Because of their small size, nanosensors can be 
extremely fast, portable, low power

· Possible to create nanostructures which are 
highly selective

· They can be arrayed to detect a variety of 
chemicals to develop a signature (artificial 
nose)

NanoSensors – Feb. 12, 2003

Micro-hotplate gas sensor

· Integrated heater, thermocouple, electrical 
contacts

· Pulsed heating allows determination of 
characteristic adsorption/desorption and 
reaction kinetics

Sensing film

Thermometer  Plate Contact Pads

Heater
SiO2 base layer

K. Gill, Univ. of Alberta
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Surface Acoustic Wave sensor

· Small changes in mass on surface affect 
velocity of SAW

· Target molecules adsorbed by the sensing film 
will shift frequency of device

· Concentration of gas molecules on surface will 
relate to concentration in volume

Piezoelectr ic substrate

Thin film

K. Gill, Univ. of Alberta
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Photo-absorption/emission sensors

· Optical absorption or reflection can be used to 
measure adsorbate concentration if a 
significant optical change occurs

· Target molecules can often be tagged with 
fluorescent molecules or nanoparticles

Chromophor  
containing 
film

LED

Photodiode
K. Gill, Univ. of Alberta
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Surface plasmon resonance sensors

· Surface plasmon waves can occur at interfaces 
between distinct dielectric media

· Plasmon frequency can be extremely sensitive 
to adsorbate concentration

· Optical stimulation at the plasmon frequency 
causes resonance which affects reflection

Pr ism coupler
Metal layer analyte

Optical wave

K. Gill, Univ. of Alberta
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Artificial Nose

· Measuring oscillation frequency shifts on an 
array of cantilevers with different sensing 
layers provides multidimensional mass 
information 

· Identify individual smells using neural 
networks and principal component analysis

www.ibm.com
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Biological Sensors

· Sensitized layers can also be used to detect 
specific proteins, antigens, DNA pairing

· Generally working within biofluids which 
greatly dampen oscillators, and must be moved 
around the sensor (micro- and nanofluidics)

· Often employ transport speeds and TOF 
spectrometry, or fluorescence detection

NanoSensors – Feb. 12, 2003

Microfluidics platform

· To process fluids, channels, reservoirs, valves, 
mixers, pumps (DEP) required

· Can be extended to processing cells (sorting, 
counting, lysing)

C. Backhouse, Univ. of Alberta
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Cantilever  DNA Sensor

· Probe DNA fragments are attached to 
cantilevers

· If complementary DNA fragments are in the 
analyte, they will bind and deflect the beam

www.ibm.com

NanoSensors – Feb. 12, 2003

Quantum Dot Tags

· Semiconducting 
nanoparticles emit light 
at a frequency 
dependent on size when 
illuminated

· Probe molecules can be 
tagged with one or 
more of these particles 
to create fluorescent 
`bar codes’

www.qdot.com
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DNA Mutations

· DNA pairing errors result in bumps which 
slow DNA transport through a nanosystem

· Errors can be detected by transit time

courtesy C. Backhouse, Univ. of Alberta

NanoSensors – Feb. 12, 2003

Conclusions

· A wide variety of unique and highly sensitive 
sensors are possible using a variety of 
nanotechnologies

· Significant development will be required
· Many major applications have not even been 

envisaged
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Demand

Moore©s Law 
growth of data 
storage and 
computing

Throughput

LAN Infrastructure designed for multiple small packet transfers
Not what we do today

Actual Network Performance

Capacity collapse

Theoretical Network Performance

BroadLan NanoOptical
Performance
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Integration of functions for both multi frequency and 
add-drop at an optical layer can save ports cost and add flexibility

Multiported add drops needed 
but require precise optical engineering
plus separate modules are hugely expensive

L1

L2

L3

L4

4x10Gig

A B C D

4
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The combination of very low loss and integrated function
Makes it possible to got to 40GigBits

With Nano costs and complexity 
are stripped out to make
economic optical networks

4x10Gig i^ikj

i^ikj i^ikj

i^ikj

A B C D

$

Amplitude Compensation
Fixed wavelength plan 
Precise optical engineering
Separate Optical Amps 
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· Provide Zero Latency

· Unlimited Bandwidth

· Maximum Security
· Transport Reliability

· Protocol Agnostic

Use Nano optical techniques:
Advantages:

· Low cost Very high speed (10 Gigabits and above)

·Low heat 

·Low energy usage

·Compact

·Multipurpose (carries digital and analog)

·Scaleable without retrofit.
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First Wave: Surface MEMS Pop-up mirrors, metal and poly silicon solutions

Second Wave: Surface Bulk  MEMS tilting mirrors, metalized silicon mirrors

Third Wave: Guided light MEMS, Arrayed wave guides, thermal switches

First Wave: Imbedded Nanomachined Cores, Optical Chips
Future DWDM on chip thousands of wavelengths, Terabyte capacity

MEMS

Nano Fabrication

GoodGood $2BSEMI .25um

ModerateLow$220MMEMS II

LowHigh$20MMEMS III

HighHigh$10MNano Technology

LowLow$200MMEMS I 

EfficiencyYieldFab 
Cost

Wave
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Scale  Parameter

1 cm  chip Real world requirement

125 um optical channels Fiber Optic Standard
9 um optical pathway in fiber   Single Mode Fiber MFD

2 um minimum feature size MEMS limit

100 nm registration Optical Requirement

<10 nm feature precision High Efficiency >97%

High Efficiency Optics requires Precision

spanning 10 nm to 10^7 nm in the same device!
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The BroadLAN NanoPhotonic Switching Core is processed on 
campus in the U of Alberta NanoFab
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· Raised $3,000,000 VC funding in late 2000

· Nano science component shown in early 2001 (cost ~$200k)

· Nano integration to Micro-System and System level while 
maintaining benefit of Nano Biggest part of job. (cost > $3M 
so far, others have spent $50M plus)

· Non-integrated devices are useless in the real world of 
Customers, Industry and VCs. (there are some exceptions)

· On going VC and Government leverage 
� SR&ED, IRAP, Joint Research Infrastructure projects (WD)

� Immature local technology funding

(neither local individuals nor the province are really in the game

unlike Boston, San Jose, Ontario, Quebec, BC etc.)

" � � " � � � %�� � � 	&�� � � � � � �" � � " � � � %�� � � 	&�� � � � � � �
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·To integrate Nano into ICT requires many Integration steps, 
many process steps, optics, electronics, software, materials…. 

·Many process steps are unknown at this point. Many diverse materials
technologies to be partially or separately integrated.

·Many chemical and Nano steps are incompatible with pre or post 
process steps of integration. Much path finding needed.

·Much trade knowledge needs to be created. Processing and design 
rules are yet to be defined.

·We are talking about multiple process steps using a diverse
set of tools materials and outcomes.
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·Measurement over scale: Want 10nm resolution over cm scale.
Integrate and test NANO in real world, optical, mechanical, material.
Tools must be up and available for industry to have industry involved, months waiting for academic 
maintenance just doesn't cut it. Buy good tools not half tools.

·Nanopositioning, Nanoscale devices placed in real world
How to integrate even one simple part into a structure?
Need robotics, control systems measurement feedback to ~10nm accuracy
Building one device is useless (probably really can't do this)

·Simulation Software:
Development, chemical, fab systems, material systems, tolerance, Integration, mfg 
Huge gap in capability, credibility. (Big dollars to be made)
All areas needed, simplest devices not yet simulated.

·Science Gaps/Process Gaps/Knowledge Gaps
Instrumentation needed everywhere. You need to measure outcomes.
Automation or semi automation needed everywhere, Shaky hands and Grad Students changing 

knobs at will just doesn©t cut it.
Chemical knowledge needed what is going on etch, deposition, pattern? 
How to make it repeatable (take this from witchcraft to science, please)
How to map it into compatible pre and post process steps
How to avoid hero experiments and build a community of knowledge

(Avoid: ask Joe he's the only one to have ever done it)
Crying need for good technicians/process engineers/cross discipline materials people
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· Lifts traffic off the LAN to an Alternate Link
· Connect to GigE NIC in Workstation=                   

x100 times performance improvement

Layer 2/3
Switch

Layer 2/3
Switch Router

Workstations Servers

Workstations
� � � � � � � �� � � � � � � �
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· University Alberta to 
University Calgary

· Secure link over WAN

· 20,000 node network


