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At last robots with a sense of touch; New applications of force feedback
One of the first uses for robotic arms dates back to 1961, when General Motors
introduced the arms in the production lines. Nowadays there are over 750,000 of
them employed in industry. Since a few years now surgeons too have started to
explore the use of robotic arms, the idea being that these technical appendages
can operate without any tremors, and according to the manufacturers, they
offer up to ten times the precision of the human hand.

Also handy is the fact that a robotic hand can turn full circle time after time.

In 2001 surgeons at a London hospital operating on the prostate of a 61-year old
man were the first to use three robot arms controlled by joysticks and a console
in the operating theatre.

The downside is that surgeons can feel a touch when carrying out an operation
with their own hands, but not when they use the robotic arm. Research groups
world wide are looking into the possibilities of force feedback, i.e. transmitting
the reaction force acting on the robot arm back to the surgeon. A lot of progress
has already been made with soft structures, but hard structures remained a
problem.

At the Biorobotics Laboratory of the faculty of Mechanical Engineering &
Marine Technology of Delft University researchers have succeeded in building a
first prototype that can grasp both hard and soft structures while enabling the
remotely operating surgeon to really feel what he is doing.

12

Modern Mesdag fits the world into his computer; Digital photography
extends the boundaries of panoramic imaging

In 1881 Hendrik Willem Mesdag painted his world famous Panorama of the
fishing village of Scheveningen. The panorama covers a cylinder 14 metres high
with a circumference of 120 metres. It is in fact an early form of virtual reality,
giving the viewer the illusion of participating in life on the seashore. Like a
modern Mesdag, Aldo Hoeben creates digital panoramas that draw the viewer
into events such as the funeral of Queen Juliana or a visit to the jungle of a zoo.
As part-time lecturer at the ID-StudioLab of the faculty of Industrial Design,
Hoeben works on ‘inspiration engineering’, one of the research subjects.
Inspiration engineering is the development of tools and techniques to support
designers in the development of ideas and concepts during the early stages of
the design process, including the communication with other designers as well
as clients. The techniques used and developed by Hoeben for his panoramas can
help designers to visualise their ideas and concepts.

For this purpose, he designed a digital sketchbook that, like a paper book,
enables designers to develop and evaluate their ideas through internal and
external dialogues.

08

Internet pathfinder SAMCRA for irritation-free Internet phoning

Adverts in every possible media have told us the last couple of years that using
the conventional telephone networks would soon be old fashioned. Broadband
connections such as ISDN and later on ADSL would allow us to make international
phone calls over the Internet, better known as Voice-over-IP, a virtually no cost.
A growing number of people now have access to such fast networks, but does
the Internet garantee the quality of your Internet phone connection?

Not according to Piet Van Mieghem, Professor of Telecommunication Networks
at TU Delft: ‘No provider will guarantee that you can telephone flawlessly
across the Internet or that you can hold an undisrupted video conference.

There are simply no guarantees of quality.

Segments of sounds or images may disappear, you may have to wait too long for
an answer or the line just fails no matter how broadband your connection is. Yet
the ‘old-fashioned’ alternative, the telephone, has been operating for decades
with virtually none of those problems.

According to Van Mieghem, the design of the Internet needs a major overhaul.
Providers will have to start offering quality guarantees for Internet connections
and clients will have to start paying for them. Moreover, the control of the
World Wide Web will become significantly more complex.

17
Lithographic mirrors measured with sub-nanometre accuracy;

The absolute interferometer for extreme ultraviolet optics

The microchip industry is trying to create ever-smaller structures on its
products. Smaller and smaller circuits mean faster processors, more memory
capacity, and more efficient computers. Current production methods use

light to write structures on microchips. As the structures get smaller, the
wavelength of the light must be reduced also. According to the rules of optics
the smallest structural dimension is related to the wavelength of the light used
to create it. Microchip manufacturers already use light with a wavelength of 193
nanometres (visible light lies in the region of between 400 and 700 nanometre).
Therefore future generations of microchips will probably be produced using
extreme ultraviolet light with a wavelength of thirteen nanometres. Optical
lenses will no longer be suitable for the manufacturing process because they
absorb the light at such short wavelengths. So, instead they do it with mirrors.
Currently the main problem is to obtain the required precision to accurately
determine the curvature of the mirror down to the nanometre. Researcher
Luke Krieg at the Optics section at the faculty of Applied Physics has built a new
measuring system that promises to achieve just such a precision: an absolute
interferometer. This new measurement system offers many advantages over
competing methods.

coVeR: Fireworks at the seaside Town of Scheveningen (The Hague), Summer 2003
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For a number of years surgeons have been using robotic
arms to carry out precision operations. These technical
appendages can operate without any tremors, and according
to the manufacturers, they offer up to ten times the precision
of the human hand. The downside is that surgeons using
robot arms cannot feel what they are doing. Until now,

that is. Countless research groups are looking into the
possibilities of force feedback, i.e. transmitting the reaction
force acting on the robot arm back to the surgeon. A lot of
progress has already been made with soft structures, but
hard structures remained a problem. Researchers at TU

Delft have succeeded in building a first prototype that can
grasp both hard and soft structures while enabling the

remotely operating surgeon to really feel what he is doing.

By BENNIE MoOLS

® Seated at the console of Intuitive Surgical’s Da Vinci
telemanipulator, a surgeon controls the robot arms. On the
console’s display he is presented with a stereo image of
the operating area inside the patient. The surgeon’s hand The control console of the
movements are scaled down and reproduced exactly by the Da Vinci telemanipulator
instruments held in the robot arms. However, the surgeon'’s includes two joystick-like
hands do not feel anything of what he is doing in the operating grips which the surgeon
area. The rest of the medical team can follow the surgeon’s uses to control the robot
movements on the extra monitor (upper right). During the
operation the telemanipulator is shrouded in plastic covers to the operating area to the
maintain a sterile environment. surgeon is a purely visual

affair.

In 2001 surgeons at a London hospital operating on the prostate of a 61-year
old man were the first to use three robot arms controlled by joysticks and a
console in the operating theatre. The robot arms had to manoeuvre inside a
one centimetre wide opening. Two small cameras attached to one of the arms
provided a view of the operating area.

This type of operation requires maximum precision, which is something the
robot arm is good at. The robot even filters out the natural tremors that affect
even the best surgeons. The first robot operation in the Netherlands, on a
gall bladder, took place at Utrecht University Hospital in late 2003. Elsewhere
in the world, robot arms have even been used for basic heart surgery such

as pericardial operations and heart valve repairs. For more complex heart
operations human surgeons still outclass robots.

instruments. Feedback from

PHOTOGRAPH: INTUITIVE SURGICAL INC.
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The first industrial robot, the
General Motors Unimate,
was introduced in 1961, and
instantly reshaped industrial
production processes. Today
some 750,000 industrial
robots are in operation, all
of which are rigid, hard, and

heavy.

The classic remote surgery approach consists of a soft master
interface (on the right) and a hard robot slave. This works well as

long as the objects to be handled are reasonably soft.

<

The classic remote surgery approach does not work with hard

objects, because the forces acting between the rigid robot and
the rigid environment build up too fast for the control system to

keep up with. The result is contact instability.

b
D 4

The ideal remote surgery

system involves extending
the hand of the operator with
all its muscles and tendons.
In this theoretical case the
operator experiences the
correct interaction with the
object manipulated by the

system.

The approximation of the

b ¢

ideal remote surgery system
as envisioned by the Delft
Biorobotics Laboratory uses

a soft slave hand that mimics
the hand of the surgeon and a

hard master hand that mimics

An illustration of the contact
instability that occurs when a
rigid robot comes into contact
with a rigid environment.

The robot oscillates violently
onto and across the contact
surface. This behaviour is
known as the hammer effect,
and can even present a hazard

to bystanders.

The experimental set-up used at the Delft Biorobotics
Laboratory to test the soft/hard theory. On the right is the

master, with the slave to the left of it.

the slave environment.

Close-up view of the master (the operator interface). The force

is measured as close to the finger as possible. The system also

measures the position and speed of the motor.

The master interface is approximated using a simple
model in which the energy losses are represented by a
viscous element (by,,), while the mass attached to the
motor is represented by my,, on which the forces of the

motor (F,) and the operator (F,,) act.

Master Device

m

» I
F

m,motor

At last robots with a sense of touch

Movements in miniature All remote surgery operations were
performed using the Da Vinci machine, a commercially available robot, over
two hundred of which have been sold. A surgeon operates it by holding a pair of
grips that control the remotely operated robot arms which perform the actual
operation. A video display provides visual feedback. Robot arms used in keyhole
operations already have many advantages. They can remove surgeons’ natural
tremor, but they can also perform complex movements by exactly reproducing
the surgeon’s arm movements through a wrist joint in the instrument and

the robot arm to which it is attached. A major drawback of the system is that
the remotely operating surgeon cannot feel what is happening. He does not
know whether he is operating on hard tissue or on soft tissue, since no contact
sensation reaches his fingertips. To make the surgeon really aware of what is
going on you need a force feedback system. When the instrument at the end

of the robot arm comes into contact with a surface, the system feeds back the
reaction force acting on the instrument to the joystick operated by the surgeon.
This is also known as a haptic system. Researchers at the Delft Biorobotics
Laboratory of the faculty of Mechanical Engineering and Marine Technology
have been working on the development of just such a system.

The use of force feedback in robot arm control systems is not limited to medical
applications. The European Space Agency (EsA) is developing robot arms for

use on board spacecraft. Muscular dystrophy patients can be helped by fitting
wheelchairs with force feedback robot arms. Force feedback robot arms are even
used in robot rehabilitation. Force feedback enables us to control motor vehicles
and aircraft using a joystick, which is a safe and relaxed way of operating things.
Theme parks use the principle to create lifelike interactive attractions, and
underwater operations would not be the same without force feedback systems.
The TU Delft researchers are collaborating with a number of other parties,
among them ESA, the Academic Medical Centre (AMC), and Exact Dynamics,
Didam to ensure that their research follows real world needs as closely as
possible,

Hammer effect
biological functions,” says Dr. Ir. Richard van der Linde, who supervises the

“In our laboratory we design robots inspired by

research into haptic systems for remote control applications. Van der Linde
previously developed the world’s first autonomous two-legged robot driven

by artificial muscles which needs less mechanical power than humans do. He

is a part-time assistant professor at TU Delft, and is also employed by Altran
Technology Consultants. In 2001 Nwo, the Dutch Organisation for Scientific
Research, awarded him the Veni, Vidi, Vici innovation impulse award for his
research into biocompatible designs. The award money he received is now being
used for the current research into force feedback in remote control systems.

Van der Linde: “The aim of biologically compatible remote control is to give the
robot arm mechanical properties identical to those of the human hand. When
you push your hand against something, it will flex while still enabling you to
feel the difference between a hard and a soft surface. Even in contact with a hard
environment, the hand remains stable.”

This stability has proved to be a major problem when a robot arm is used to
grasp a hard object while at the same time transmitting the sense of touch to
the human hand operating the robot arm by remote control. Swedish doctorate
student Goran Christiansson let me feel for myself what can happen if you use

a traditional, rigid robot arm. I grab hold of the control arm and move the robot
arm to pick up a hard object. As soon as the robot arm touches the object, it
starts to hammer its surface like mad.

“Now you know why we call it the hammer effect,” Christiansson says. “When
the rigid robot arm comes into contact with a hard surface, the lightest
movement results in a strong reaction force. The measuring and control
systems simply cannot quantify the force and displacement involved: they
cannot send commands back to the control arm in time to stop things going
wrong. If the phase of the action becomes opposed to that of the measurement
system results, the robot arm will start to jerk violently.”

Crusher
rigid structures, and fast control systems, instability upon contact with a hard

Since traditional robot designers were aiming at accurate sensors,

surface became a common phenomenon. The lack of stability of the classic,
rigid robot arm is not the only problem. If a rigid arm is used to handle a fragile
instrument, it often ends up crushing the instrument when the robot lacks the
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At last robots with a sense of touch

delicate sense of touch that humans have. As the robot arm makes contact with
the object, the forces start to build up very rapidly because the robot is so heavy,
rigid, and strong. This can also result in systems that form a potential danger
to humans and the robots’ surroundings. The contact between the human
hand and the control arm is much slower because it is light, flexible, and soft.
A system like that is much less capable of causing damage to its environment.
Light and soft systems also tend to be less expensive to make.

The problems outlined above mean that the classic, rigid robot arm will only
work well in contact with soft objects. In surgery for example, any contact with
bone could spell disaster, while not all tissue is soft either. The surgeon may
well be looking for a badly calloused section of tissue, or he may be using the
robot arm to work with a hard instrument.

Dampened and soft robot arms
principles of the human hand, Christiansson, supervisor van der Linde, and

Bearing in mind the biological

supporting engineer Erik Fritz designed and built an experimental model

that solves both problems. To begin with, both the operating end (the master)
and the robot pincer end (the slave) have only one degree of freedom. When an
imaginary surgeon on the master side uses his thumb and index finger to move
two grip rings towards each other, an electrical signal transfers the movement
to the robot arm, which has also been fitted with a pair of gripper rings that

it can move to and fro along one axis. The single degree of freedom involved is
sufficient to investigate the force feedback principle.

“When I take hold of a hard object between my thumb and index finger,”
Christiansson explains, “my fingers will flex slightly, but I can still feel that
the object is hard. We are looking at ways of incorporating this underlying
biological principle into the robot arm. That is the main innovation.”

In technical terms the researchers opted for a pair of leaf springs with adjustable
stiffness, with a variable damper set parallel to them. This is the first time that
anyone has constructed a robot arm with variable rigidity and damping.

“We recently presented our concept at a conference,” van der Linde recalls, “and
some of the scientists there just couldn’t believe that we were intentionally
taking away the rigidity of a robot arm. The thing is that making the robot arm
less rigid actually increases its application potential. It will enable surgeons
to operate on both hard and soft tissue. Our solution is a full analogue of
biomechanical muscle models.”

Radioactive materials
cylinder with a small hole in it, the diameter of which can be varied to adjust

The damper consists of a piston in an air-filled

the degree of damping. The robot arm consists of a mass connected in series to

a parallel damper/spring system, which in turn is connected to another mass.
The result is that the robot arm can be made non-rigid.

Christiansson: “The question is, can you use a non-rigid robot to feel that a

hard object is just that? You are inclined to think that this is not the case, but as

it turns out, it works very well.”

The operating end looks identical to the robot end, i.e. it has the same

adjustable mass-spring/damper-mass system.

“Even so, the system is easiest to operate with the operating side made as rigid as
possible,” Christiansson continues, “producing a system that consists of a rigid
operator arm and a non-rigid robot arm.”

The asymmetrical set-up is a new and promising aspect of the development

of robot arms for remote surgery applications. The aim is to make the robot

arm a sensitive extension of the human arm. Previous development work on

robot arms with force feedback to the operator panel does exist, in particular
for handling radioactive material in the nuclear industry, but none included

this asymmetrical way of working, using a non-rigid robot arm linked to a

rigid operator arm. Instead of recreating the properties of muscles, traditional

robotics used powerful but far from subtle electric motors.

Integrating mechanics and controls When the slave unit
developed at TU Delft makes contact with an object, sensors automatically
measure the position of the end point and the force acting on it. The control
system at the robot end then processes the position and force information, and
passes it to the operating end in the form of an electronic signal. To supply the
necessary power, both the master unit and the slave unit have been fitted with
DC motors. So a motor supplies the power to push back against the human hand

Linear ball corrage system
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Although force feedback

appears to be rather obvious,

it requires a complex control
system. Even a simple set-

up with a single degree of
freedom requires some 10
different parameters, as well
as models of the environment,
the operator, and the set-up.
Since none of these models
can ever be exact, finding the
optimum settings becomes

a complex matter which in

practice often boils down to

trial and error.

The soft slave developed by
van der Linde’s group features
an internal element that gets
deformed when a hard object [ Lo - Fll .l-l I'
is grasped between the gripper y I
loops. This results in a natural
build up of forces between the
gripper loops of the slave and

its environment.
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ILLUSTRATION: NASA

The soft slave can also handle soft objects. In this case, both the slave and the object become

deformed as a result of the contact forces.

The exterior of the International Space Station (ISS) requires regular maintenance. Since the robots
developed so far (such as the European ERA developed by Dutch Space (marked by the red circle)
are too unwieldy for maintenance work, astronauts have to venture outside for maintenance work,

known as Extra Vehicular Activities.

The Eurobot is controlled by an astronaut from inside the ISS. Force feedback would be a useful
feature to prevent the Eurobot damaging the ISS. For this purpose, TU Delft doctorate student
André Schiele is working at ESTEC to develop an exoskeleton that will enable astronauts to operate

the Eurobot while providing force feedback from the robot to the astronaut.

At last robots with a sense of touch

enabling the operator to actually feel the reaction force. The control system
drives both motors. Ideally a human operator should feel exactly what the robot
arm feels, however, the robot will operate better at certain frequencies.
Christiansson: “At frequencies up to a couple of hertz we can achieve a

force transfer of about 95%, which is very good. At higher frequencies the
performance drops rapidly, but this is not a problem for most applications.”

Two worlds  “Inour system we have integrated the mechanics with the
control system,” van der Linde continues. “The Da Vinci robots now in use in
hospitals try to solve everything using pure control systems, i.e. with electronic
positioning and correction. My guess is that eighty percent of the world would
like to solve robot control along these lines. Control systems are easy to use
across distances, and to scale down large operator side movements to much
smaller movements at the robot arm end. Even so, apart from the various
mechanical alternatives there is still no force-controlled remote surgery system
that is robust and fully stable in contact with hard surfaces. There is always the
danger of contact instability, which is why we have added a mechanical damper
and spring system to an electronic control system, combining the best of both
worlds. Mechanics alone, just like pure electronic control systems, just cannot
do this.”

At the AMC in Amsterdam, fully mechanical master-slave manipulators are
being evaluated.

“Surgeons tend to like the idea of a fully mechanical system,” says supporting
engineer Fritz. “An electronic control system uses motors that can add energy
to the system. Most surgeons think that a motor has the potential to mess up
an operation. With a fully mechanical solution the surgeon feels completely in
control. So, we will have to win over the surgeons first before we can introduce
electronic control systems in a remote surgery system.”

Moreover mechanical solutions are still less expensive to manufacture.

Sound as additional information Whatever the integration of
mechanics and control system looks like, the information arriving at the
operator end is always slightly filtered.

“One of the things we still know very little about,” says Christiansson, “is which
kind of information is most important for certain tasks. For example, what is
the information you need to feel differences in human tissue? We don’t know
yet, but we will have to find out in order to set up our robot arm correctly. How
rigid should it be, and how much will it have to be dampened? How sensitive
must the sensors and motors be? How will time delays affect the force feedback?
All of these are still practically unknown factors.”

Christiansson, who took his degree at Chalmers University in Stockholm, is
now halfway through his doctorate research. He intends to use the remaining
time to find the answers to these questions.

“We will be asking various test subjects to perform experiments with our master-
slave setup, so they can tell us what the relevant types of information are.”

Fritz adds that if a surgeon looks at a display to see what he is doing he could at
the same time be hearing what is happening to provide him with additional
information that can help him assess the condition of certain types of tissue.

“It would enable him to integrate the information about what he can feel with
what he is seeing and hearing. As a possible result, it could mean that the extra
audiovisual information reduces the level of tactile information required,”
Fritz explains.

Flexible plastic fingers

Once the scientists understand what kind of information is needed to build the
right kind of operator arm, the next step will be to create more realistic grips.
Whereas current models still use a pair of loops through which you put a thumb
and forefinger, future models may well use lightweight plastic fingers.

“At some point in the future they will become small medical instruments,
flexible systems, that can be easily attached to a robot and so cheap that they
can be disposed of after use,” says van der Linde. The system will also have to
evolve from its current configuration with a single degree of freedom into a
mobile instrument with several degrees of freedom.

Van der Linde continues: “The crucial question really is, how good should
good be? Even though you cannot see the forces, you can feel them. This makes
it difficult to quantify what the human operator stands to gain from using

Delft Outlook
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At last robots with a sense of touch

robotic manipulators. Anyhow, the main point is that we have now managed
to demonstrate using a highly simplified system that our concept with a non-
rigid manipulator and a rigid control manipulator offers great advantages over
the classic approach.”

According to van der Linde, remote surgery is a newly developing field, even

though it has a history that goes back fifty years. And it can look forward to
a great future both in medical applications, in the form of touch-sensitive
instruments, and in other fields, including micro-assembly, the handling of
radioactive material, and underwater robotics.

For more information please contact Dr. Ir. Richard van der Linde, phone +31
(0)15 278 6585, e-mail r.q.vanderlinde@wbmt.tudelft.nl, Ir. G6ran Christiansson,
phone +31 (0)15 278 5633, e-mail g.a.v.christiansson@wbmt.tudelft.nl,

Ir. Erik Fritz, phone +31 (0)15 278 5633, e-mail e.c.fritz@wbmt.tudelft.nl, or
André Schiele Dipl. Ing., phone +31 (0)71 565 37 60, e-mail andre.schiele@esa.int.

Additional information:

http://dbl.tudelf.nl
www.intuitivesurgical.com/products/da—vinci.html
ttp://robotics.estec.esa.int/

www.exactdynamics.nl

www.fcs-cs.com/robotics

EPE)

muscles
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stiffness
controller
neuro-
controller

PHOTOGRAPH: EXACT DYNAMICS

Remotely operated mechanisms
are also used for rehabilitation
purposes. This picture shows a
disabled person suffering from
motor deficiency using the
Exact Dynamics ARM, a mobile
manipulator attached to the
wheelchair. Force feedback
might be very useful to this user
group. In addition, the soft slave
principle could improve safety.

People use force feedback
in many everyday tasks. To
perform the same tasks using

arobot without force feedback

PHOTOGRAPH: EXACT DYNAMICS

would require lots of training.

The human hand has 22
degrees of freedom and
contains over 17,000 SeNsors.
To reproduce the complete
range of movements available
to the human hand would
require complex mechanics, as
demonstrated by the hand from
the European Teleman project
from the 1990s (for which TU
Delft acted as secretary; see
also Delft Outlook 97.2).

Robots — From big, heavy and cumbersome to small,
light, and flexible.
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Internet

Image of the complex Internet structure.

Biologists and physicists quickly discovered the similarities with organic fractal sttuctures.

LR

The growth of the Internet is going to grind to a halt unless fundamental
changes are made in its organisation, predicts Piet Van Mieghem, Professor of
Telecommunication Networks at TU Delft. Routing, the information highway’s
traffic control system, is already a cause for concern. And, as in the case of road
congestion, simply creating additional capacity will not provide relief.

Van Mieghem’s solution: simply offer better Internet connections for sale in
order to guarantee the quality of the connection for Internet phoning or video
conferencing and ensure the service proceeds without interruption. Internet
service providers could then really start making money from the Internet.

But this calls first of all for smart routing software which is guaranteed

to find the best route through the network, preferably without having to
compute for days. With the routing algorithm SAMCRA, Van Mieghem and

his Network Architectures & Services (NAS) research group at Delft University
of Technology have found a prospective solution that, theoretically, seems to
have the best qualifications. A comprehensive simulation and test programme
recently carried out together with American researchers demonstrated that
the computation method also satisfied the high requirements under practical
conditions.

Professor Piet Van Mieghem is convinced of one thing: Internet has to do much
better! True, you can already listen to the radio through the World Wide Web,
you can telephone and you can surf anywhere you want. And e-mails almost
always reach their destination.

‘However, no provider will guarantee that you can telephone flawlessly across
the Internet or that you can hold an undisrupted video conference’, according
to Van Mieghem. ‘There are simply no guarantees of quality.’

Segments of sounds or images may disappear, you may have to wait too long for
an answer or the line just fails no matter how broadband your connection is.

Yet the ‘old-fashioned’ alternative, the telephone, has been operating for
decades with virtually none of those problems.

According to Van Mieghem, the design of the Internet needs a major overhaul.
Providers will have to start offering quality guarantees for Internet connections
and clients will have to start paying for them. Moreover, the control of the
World Wide Web will become significantly more complex.
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Secondary role Theroot of the problem is that the Internet was never
built to transmit data within a particular time span.

‘Basically, it was purely a data network in which time was initially a secondary
concern’, explains Van Mieghem.

Any file that is transmitted over the Internet, whether it is an e-mail, a webpage
or an audio signal, is split up into packets, each of which is sent individually
into the network. That network is an enormous, relatively unorganised system
of interconnected computers. Each packet follows its own route before they

are all neatly aligned again at the destination: the e-mail, the web page or the
sound segment has arrived. How long it takes depends on the travelling time of
the last packet, a fairly randomly determined parameter.

Moreover, data can also be lost, sometimes because of bad connections but
mainly because the routers, busy junctions in the network, become temporarily
overloaded and throw away incoming packets. These losses can be rectified by

a system of confirmation of receipt and resending but that causes additional
delays. Experts refer to this approach as “connectionless”. Not because there is
no connection between sender and recipient but because no fixed connection
is reserved for a single data flow. Every packet finds its own way, almost
haphazardly. The advantage is that the network is not particularly hierarchical
and can easily cope with local malfunctions (the data simply take a detour).

In addition, the network can easily be extended without central control.

The counterpart of a connectionless network is the “connection-oriented”
approach, exemplified for instance by the worldwide telephone network, which
is composed of a strictly hierarchical pattern of local, national and international
exchanges and connections. For a single telephone call to the United States a
connection route is reserved for the duration of the conversation. Everything is
designed to transport the data flow as flawlessly as possible, without losses and
preferably as quickly as possible, because even a delay of more than a tenth of a
second is a nuisance in a conversation.

According to Van Mieghem and many Internet developers like him, what is
actually required is a sort of hybrid between the two extremes. This would
involve a monitoring system that gives certain packets a higher priority, like
registered mail and reserves bandwidth for it at a surcharge for the user.
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Internet pathfinder SAMCRA for irritation-free Internet phoning

“Quality of Service” (Qos) is the somewhat meaningless technical term that
network specialists use for this approach of price and quality differentiation.

As amatter of fact there was once a Qos-based data communication protocol,
the “connection-oriented” ATM protocol for networks, which was developed by
the International Telecommunication Union (ITU) standardization sector and
ATM Forum, the foundation for broadcasting networks, in the late eighties and
early nineties.

‘It never took off, partly due to the Internet hype’, says Van Mieghem with regret.

Problem child However, whatis needed now is to improve the
Internet machinery, says Van Mieghem. With the current state-of-the-art the
international computer network will not be able to grow much further.

‘The approach to Internet extensions has always been that if you just increase
capacity everything will be all right’, the professor says. “That is basically how
the Internet was built. But that won’t work any longer.

Routing, the switching of data flows over the Internet through busy
exchanges or routers, is gradually starting to become a problem child. The
Internet comprises some fifteen thousand subnetworks of major Internet
providers, or ‘Autonomous Systems’ (AS). To find the best routes within

their own subnetworks the providers use the 0sPF (Open Shortest Path First)
protocol, which is based on a computation method developed in 1959 by the
Dutch mathematician Edsger Dijkstra (1930-2002). The major advantage of
this ‘Dijkstra algorithm’ is its lightning speed, even in large networks. As the
number of routers in the network increases the computation time to find the
optimum path only increases a little more than proportionally.

‘That is really awesome’, according to Van Mieghem.

At a higher level, however, in powerful routers that make up the network
backbone, the ‘Border Gateway Protocol’ is active. It does not determine the
route using ‘Dijkstra’ but on the basis of arrangements made between Internet
providers. Consequently, it does not necessarily result in the shortest route.

‘Border Gateway Protocol is a really complex system with all kinds of updates,
attenuators and other routing tricks to guide traffic properly’, Van Mieghem
says. ‘Routing specialists are already discovering that BGP cannot be extended
much further’

The complexity and inefficiency are already causing major problems, for
instance in the event of a BGP router failure. An alternative solution is a much
more extensive type of monitoring, with which it is also possible at the highest
level to obtain an overview of the entire network and to plan the best routes.

A Qos system with price and quality differentiation offers that possibility,
according to Van Mieghem, because the system already needs an overview of
the network for the division of the capacity among data packets with higher
and lower privileges. In 1998, after much debate this led the Internet standards
organisation IETF (Internet Engineering Task Force) to take over the ‘Quality of
Service’ idea, which was then already ten years old, and this boosted research
and interest in QoS systems. Experimental versions of such systems, for instance
with twelve different priority classes, are being tested by dozens of research
groups.

Infamous class
computational point of view Qos routing is much more complicated than

Yet making the switch over is not so easy. From a

regular routing. The Dijkstra algorithm has just one criterion per subpath
between two routers: the delay experienced by the data on the way. For efficient
Qos routing, by contrast, several criteria have to be considered, including
bandwidth, delay and the percentage of packets lost.

By contrast with ‘Dijkstra’, searching for a route that fully satisfies several
criteria is an ‘NP-complete problem’, according to Dr Fernando Kuipers, who
was until recently a doctoral student in Van Mieghem’s group. In other words,
Qos routing belongs to an infamous class of computation problems for which
in some cases the computation time increases exponentially with the scale

of the problem, in this case the size of the network. Quite simply, for some
network structures every possible route must be computed, and with every
node the number of possible paths may increase drastically by the number of
nodes in the network. A network with several dozens of nodes may easily have
billions times billions of possible routes and it will take even the most powerful
computers days or weeks to compute them all. Such waiting periods are no
option for the Internet.

Schematic overview of a small
part of the global Internet.
Each of these AS (Autonomous
System) ovals represents a
network of an Internet service
provider (ISP) as seen from the
Amsterdam Internet Exchange.
The Internet comprises some

15,000 autonomous systems all

over the world.

AS
connectivity

Autonomous system

Inter-domain
routing

Router
connectivity

Intra-domain
routing

The Internet actually consists of two hierarchical layers. At the top is the AS layer used for traffic
between Internet providers (known as inter-domain routing). Below it is the IP layer, where

communication between users of the same Internet provider takes place (known as intra-domain

routing).

There are two ways to

get a packet from A to B.
Telephone is an example of
the ‘connection-oriented
approach’, which is jargon
for the situation where all

packets of a conversation

follow the same path from
Ato B.'Connectionless’
transmission basically means that every packet of a data flow
may follow a different path from A to B. The Internet is a classic

example of ‘connectionless’ transmission

IPv4 header user data

0 4 8 16 19 24 31

digitalized voice
vers |hlen l ToS total length

identification flags I fr offset

9

header checksum

time to live | protocol

source IP address

destination IPaddress
IP options (if any)

padding

userdata

time

All information transmitted via the Internet is digitised. The data is sent as a data packet. A control
section is placed in front containing among other things the IP address of sender and recipient, the

total length of the packet and the protocol used to generate the data (the information).

2004.4

Delft Outlook



10

Sender Receiver Sender Receiver
Send packet 1
Send packet 1 6 »| Scheduled arrival
! Receive packet 1 ACK 1 would packet 1
SendACK 1 normally arrive
. |
Receive ACK 1 Network \
Send packet 2 ) . A Network
Receive packet 2 Retransmit packet 1 .
SendACK 2 Receive packet 1
en SendACK 1
Receive ACK 2 . .
time Receive ACK 1 ﬁ time

When data packets are transmitted over the When source and recipient decide to

‘connectionless’ Internet some packets may communicate through the TCP protocol the
not reach their destination. To ensure that source expects a confirmation (ACK message)
IP packets that have not arrived are still sent for every data packet sent. However, the source
TCP (Transmission Control Protocol) uses a will not wait forever for such an ACK. If the
technique in which the receipt of the packet is packet is lost in the network the source will
confirmed with an ‘ACK’ message. wait for a certain period. If it has not received

any message within the anticipated period the
lost packet is resent. This process is repeated

until a confirmation has been received.
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Yo a socket,and socket, B
Communication between two e-mail programs
MsS
Tep A Tcp on different computers over the Internet
* LN P follows a layered structure. The top layer is
packety >
w known as the application layer where the

Client Se . .
en erver programs generate information. On the layer

MSS = Maximum segment size

below it TCP divides the information into

segments. The size of the segments depends on the available capacity of the connection A-B. The
TCP segments are sent as IP packets over the Internet, whereupon TCP regroups them into a single

correct information flow at the recipient’s end.

There are various types of network topologies. Two extreme types are the random topology and
the lattice topology. The lattice topologies are highly regular, while their counterpart, the random
topologies, are irregular. The topology of the Internet probably lies somewhere between these
two extremes. The third topology, which besides for instance the protein structure probably also

includes the Internet, is referred to by physicists as ‘scale-free’.

Dijkstra(G,w,s)

G: graph

wi(i,j) : weight link from node i to j
§ 1 source

dfi] : sum of link weights from s to i

Initialize-Single-Source(G,s): d[i] =0
S={}
0={V}
while Q is not empty
do i = Extract-Min[Q]
S=SU{i}
for each neighbour j of i
do if d[j] > d[i]+ w(ij)
then
dfjj = dfi]+ w(ij)

predecessor[j] =i

The Dijkstra algorithm finds the shortest paths from the starting point (s) to all other nodes in the
network. The distance from s to all other nodes d[i] is initially infinite, except for s itself: d[s]= o.
Each time Dijkstra chooses the node i for which d[i] is smallest and checks whether it can improve
the path to the neighbours of i by going through i. Once a node has been chosen it is never chosen
a second time. So when all nodes have been chosen ‘Dijkstra’ stops and the shortest paths have

been found.

Internet pathfinder SAMCRA for irritation-free Internet phoning

‘This NP completeness tends to deter researchers’, Kuipers says. “Their reasoning
is that if you cannot solve it exactly easily, you just have to make a stab at it. That
leads to ‘heuristics’, computation methods based on reasonable sounding rules
of thumb. For example, preferably look for short routes through the network
even though a detour may cause less delay. This means that heuristic methods
do not guarantee that the optimum path is found, but at least the computation
time remains limited (even though that cannot always be guaranteed either)”
Van Mieghem: ‘There is currently a boom in publications in which people
compare their heuristic with a different heuristic which happens to be a little
better or a little worse.’

Van Mieghem himself, who was until 1998 employed by telecom company
Alcatel in Antwerp, initially also followed that strategy and developed the
heuristic algorithm TAMCRA, which stands for “Tunable Accuracy Multiple
Constraints Routing Algorithm’. Unfortunately, Alcatel decided not to develop
the idea further at the time.

SAMCRA Van Mieghem then started in Delft where he and his doctoral
student Kuipers decided to have another shot at finding a non-heuristic, exact
solution. This resulted in a new variant: SAMCRA (Self Adapting Multiple
Constraints Routing Algorithm). SAMCRA is an algorithm that does guarantee it
will find the path that best meets with all criteria (or reports with certainty that
there is no such path). Van Mieghem acknowledges that in theory this can take
avery long time.

‘But NP-complete means explosive computation time in the worst case.’

In practice, there were never any problems of extremely long computation times
with realistic network structures, the Delft researchers noticed. To substantiate
that observation, Kuipers carried out a comprehensive test programme
in which he tested SAMCRA for a large variety of network structure types.
Eventually he found four conditions that all have to be met for NP-complete
behaviour to emerge. Most of these conditions were not very realistic and are
unlikely to occur in a regular computer network. One such condition was a
clearly negative correlation between, for instance, delay and the rate of packet
loss. However, connections between two routers in fact tend to lose more
packets when delays increase, Kuipers explains. The researchers considered it
highly unrealistic that the four conditions would coincide.

‘The beauty of it is that you can conclude that realistic networks can still be
computed properly with an exact algorithm’, Van Mieghem states.'We have
developed more algorithms, but SAMCRA is our thoroughbred.”

Together with researchers at the University of Arizona and the University
of Texas, Austin, they compared SAMCRA with a large number of heuristic
algorithms by simulating a series of realistic networks on a computer.

‘In every case SAMCRA outperformed the others’, Kuipers reports.

The two cannot however prove that SAMCRA will never behave as Np-complete
in realistic networks, Van Mieghem admits. ‘If you could do that, you would not
be far from winning a major prize in mathematics.’

Kuipers recently obtained a doctorate cum laude for his work on the algorithm,
which the network researchers are trying to disseminate among Internet and
network experts.

‘The code is on our site’, says Van Mieghem invitingly. ‘Another nice aspect’, he
suggests, ‘is that SAMCRA can also be applied to other routing problems. Route
planning for vehicles, for instance: while Dijkstra’s algorithm can simply
find the shortest route, SAMCRA could also take into account delays caused by
congestion or traffic lights or, if you want, the number of restaurants along the
road’

Kuipers was once approached by a robotics researcher who wanted to
use SAMCRA for an independent robot. The robot worked on the basis of
information from various cameras. When integrating the various video
images problems similar to those of routing cropped up. Other applications,
for instance for logistic problems or when searching large databases, are also
conceivable.

Van Mieghem: ‘I welcome any suggestions’.

Business model
differentiation of QoS would immediately help Internet providers to improve

‘Broad application of SAMCRA and the quality

their ‘business model’, the professor says. “Today most Internet providers charge
a flat fee for which you can surf as much as you want (up to a certain limit).
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Internet pathfinder SAMCRA for irritation-free Internet phoning

They sell the bandwidth under an obligation to provide best efforts, not with a
quality guarantee.’ But to keep the revenues coming in once everyone is on the
Internet and there is no longer any market growth you are going to need price
differentiation, Van Mieghem predicts.

‘In America there have been studies into what types of infrastructures are
profitable in the long run’, Van Mieghem explains. ‘They showed that the
postal mail service and railroads, for instance, barely pay their way. Only the
telephone network, in this case America’s AT&T, generated a return after sixty
years.” According to Van Mieghem, apart from the monopoly position enjoyed
by the telephone companies this was also due to the ‘connection-oriented’
organisation of the telephone network where you pay more for more extensive
facilities (international phone calls are more expensive than local ones) but get
guaranteed quality for your money.

SAMCRA could be a first step in that direction for the Internet too, Van Mieghem
thinks, on the way to the ultimate goal of the ‘Holy Grail’. ‘When we have
reached that point you will be able to get the quality of connection you need for
any application at any time and anywhere and at a reasonable cost.” ‘Who needs
all those quality gradations and guarantees? Banks that want guarantees that
their money transactions are safe’, the professor suggests, ‘but also companies
that want to hold video conferences or to telephone over the Internet. I know
plenty of people who say: Voice over 1P (internet telephony - editor) works

fine for me. But what if 20 million people want to use it rather than 200,000

as at present, and not only in the evening? Then of course there are other
applications that you and I cannot even think of yet. E-mailing complete movie
libraries, real-time graphic applications in 3D, who can say? History has shown
that if you offer more bandwidth people will think of something to fill it

For more information on this subject, please contact Piet Van Mieghem,
phone (015) 278 2397, e-mail p.vanmieghem@ewi.tudelft.nl or
Fernando Kuipers, phone (015)278 1347, e-mail f.a.kuipers@ewi.tudelft.nl
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The QoS routing problem
involves finding paths

QoS constraints
Delay < 200 ms
Bandwidth >1 Mb/s
Packetloss < 0.1 %
Cost <10 euro

that comply with several

requirements (e.g. delays,
bandwidth, probability of

packet loss and costs).

For instance, VolIP (internet

phoning) can only perform
Link weights

Delay: 50 ms
Bandwidth: 1
Packetloss
Cost: 2 euro

properly if the delay is

lower than 200 ms, the

bandwidth is not less

than 110 Kb/s, the packet

loss probability is lower than 1% and costs are as low as possible. The network may be composed
of several connections (glass, copper, satellite) each with its own characteristics. The quality
properties of such a path are determined by the weights of the various links within that path. The
trick with QoS routing is to find the path that remains within the predefined QoS requirements.
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NP-complete problems are problems for which in the worst case the number of computation
steps and the computation time can very easily get out of hand. The QoS routing problem is such a

problem, but fortunately the computation time appears to be very short in practice.

Anillustration of SAMCRA. The network is characterised by two parameters: delay and costs.

The example shows a search for the path between node 1and node 9 that complies with the
requirements, in this case set at 20,20. That means the delay must be less than 20 units and the costs
must not exceed € 20. In the initialisation stage the Dijkstra algorithm is used to find the lower limit
for the distance from each node to the destination. These lower limits bounds are shown in the
rectangles. SAMCRA (just like Dijkstra) then starts to choose the path with the shortest length and
extends this path to the neighbours under certain conditions. SAMCRA’s length function is non-linear
and it is shown in the small rectangles. Once a path has been chosen it is coloured grey. Step 3 shows
that various paths can be established for a node. SAMCRA stops (step 8) when the path with the

shortest distance to the destination has been found.
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Digital technology extends the
boundaries of panoramic photography
l1

Panorama image of the path along the cemetry, with the TU Delft Assembly Hall across the water,
February 2004. The distorted horizon makes it more difficult to see that this is in fact a 360" picture

(the left edge connects to the right edge).

BY JOOST VAN KASTEREN

In 1881 Hendrik Willem Mesdag painted his famous Panorama
of the fishing village of Scheveningen. The panorama covers a
cylinder 14 metres high with a circumference of 120 metres.

Itis in fact an early form of virtual reality, giving the viewer the
illusion of participating in life on the seashore. Like a modern
Mesdag, Aldo Hoeben, part-time lecturer at the ID-StudioLab
of the faculty of Industrial Design, creates digital panoramas
that draw the viewer into events such as the funeral of Queen
Juliana or a visit to the jungle of a zoo. The techniques used and
developed by Hoeben for his panoramas can help designers to

visualise their ideas and concepts.

At the ID-Studiolab at the TU Delft faculty of Industrial Design, one of the
research subjects is ‘inspiration engineering’; the development of tools and
techniques to support designers in the development of ideas and concepts
during the early stages of the design process, including the communication
with other designers as well as clients. For this purpose, Hoeben is designing
adigital sketchbook that, like a paper pad, enables designers to develop and
evaluate their ideas through internal and external dialogues (see frame text).
On the face of it, developing a digital sketchbook would seem a far cry from
making panoramic views of a zoo or the Market Square in Delft, but there
is more to it than meets the eye, according to Hoeben. “In both cases I am
trying to get the imitation inside the computer to match what people are
used to seeing in real life. For instance, the most-used sketches in the digital
sketchbook get dog-eared like pages of a paper pad. In my panoramic view I
am trying to use software to increase the level of apparent reality, for example
by facilitating natural movements and through gradual transitions from light
to dark.
In both cases the main thing is not to spoil the user’s expectations through
technical flaws,” says Hoeben.

“Panoramic photographs are an interesting aid for industrial designers
and students,” he adds. “They can be used to give an impression of the
surroundings in which future products are to be used. To develop such an
image most people still use a collage or ‘mood board’. Another option is to
make a video collage as used in the TRI system, which was also developed at
the ID-StudioLab (see Delft Outlook 2004-3). A panoramic photograph is a bit
of both. It is relatively easy to make, though it takes more time than a video
collage does, and it offers a lot of spatiality and conveys the atmosphere.”

Crooked perspective Besides his part-time job as a TU Delft lecturer,
Hoeben works in his own company, fieldOfView, where he develops and
markets techniques for panorama photography. Photographers used to

think that panoramic photographs were a hobby that got out of hand. Special
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Modern Mesdag fits the world into his computer

Digital sketchbook

He has forsaken his pencil, pen, and paper. Aldo Hoeben now uses a digital sketchbook,
based on a Tablet PC with a touch screen. This makes him a walking prototype of the
designer of the future, entrusting his ideas and concepts to a digitiser rather than putting
them on paper.

Hoeben: “The computer already plays a major role in the design process, both for industrial
designers, architects and graphical designers, but mostly at the end of the design process,
when ideas are converted into working drawings and 3-D images. During the initial stages,
when designers are still searching, they prefer to put their ideas onto paper.”

Tablet PCs offer new possibilities, in particular now that their price has started to go down.
“But,” Hoeben says, “They will succeed only if we manage to tune into the designer’s
methods during the initial stages.”

This means for example that to start with the digital sketchbook display is empty, without
any tool bars or other aids that purport to make things easier but in fact do nothing but
force another person’s aesthetics onto the user. There is no array of virtual pens either,
just a quartet of scribbles in the lower right corner made by the user himself — virtually
speaking — using a black and a red fine liner, a blue marker, and a grey pencil.

Hoeben: “We teach our students to start a drawing by making a scribbles at the bottom
to see whether a pen or marker still works. This is mimicked by the digital sketchbook. All
you have to do is touch a squiggle to change the stylus from a fine liner into a marker or

vice versa.”

Dog-eared

A key property of the paper sketchbook is that you can get an idea of the design history
just by turning its pages, going from the first tentative jottings to more detailed sketches
later on. Of course, turning pages on an electronic display is always a bit cumbersome.
You may have to switch from page to page, or you may be using a scroll bar that does
not show which page you end up on until you release it. In the lower right-hand

corner of Hoeben's digital sketchbook there is a thumbnail view of a sketch page on
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cameras were used to create panoramic views of large groups of people but
the technique was costly and cumbersome. Of course, you can always resort
to sticking together separate photographs to form a panorama, but the
results are strictly for the family album only. The problem is that the lines of
perspective of such composite panoramas are all wrong. Unless the subject
is a wide landscape view, the perspective effect will always be slightly off.
Thanks to the advent of the digital camera and image-processing software
the panorama photograph has made a full comeback. Not only do the new
techniques make it much easier to create panorama photographs with the
correct perspective, but additional software has been developed that enables
you to walk through the panorama, as it were. You could visit an estate agent’s
web site to walk through a house without disturbing the occupants. Just as
we can experience late nineteenth century Scheveningen by visiting Mesdag’s
Panorama in The Hague, so modern digital panorama photography now
enables us to feel the atmosphere of a wintery day in Holland, or a pavement
in Washington, DC.

To make his panoramic photographs Aldo Hoeben uses a fish-eye
lens on his digital camera. This type of lens captures a hemispherical view,
covering just over 180 degrees in any direction.

A photographer pointing the camera straight ahead will also see the toes of
his shoes. To make a complete panorama, Hoeben does an about-turn with
the camera and takes four pictures within the space of ten seconds to record
a full view of the surroundings. Using special software the four overlapping
photographs are then combined into a single image. A special feature of the
software enables the user to correct the distortion introduced by the fish-eye
perspective, so crooked towers can be straightened out. Adding several fish-
eye photographs together produces what is known as an equi-rectangular
panorama in which the surroundings are recorded not only 360 degrees
around in the horizontal plane, but also 180 degrees from top to bottom.
The result is like projecting a view of the entire surroundings onto the inside

13
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To preserve the largest possible area of the

display for sketching, some of the action has
been relegated to the corners of the screen.

In the bottom left-hand corner of each page is
a set of scribbles that the designer can use as a
palette to select various types of pen.

The sketchbook pages can be leafed through
by clicking in the lower right-hand corner and
dragging the styles across a thumbnail image
of the current page. To make a page easier to
find, the top right-hand corner of the page can

even be dog-eared by the designer.

which you can just about make out the individual sketches.

Hoeben: “If the sketches and drawings are your own, you can recognise them from the

thumbnail.”

Clicking and dragging the thumbnail makes the previously filled pages of the sketchbook

appear in a fixed order. Pages that are checked more often remain slightly longer in view

than the other pages. After a while, these pages even become dog-eared.

Hoeben: “These are all simple aids to make the digital sketchbook conform to the

expectations of the designer.”

1S cONMIDN

Fish-eye view of the interior of the Mesdag
Panorama in The Hague. To increase the
panorama’s illusion, the edges of the painting
are hidden from view.

An important element is the so-called ‘faux
terrain’, a physical stretch of landscape that
practically seamlessly blends in with the
painted panorama. Visitors view the Mesdag
Panorama from a beach pavilion surrounded

by a section of imitation dunescape.

@V

Panorama painters soon discovered that

the standard tricks for creating a (central)
perspective did not work on the curved
surface of a panorama. To ensure that the
paintings appeared natural, they developed a
new trick. The artist sat with his head inside a
large glass cylinder onto the surface of which
he traced the surrounding view. The glass
cylinder used by Mesdag is on display at the

Mesdag Panorama Museum.

A fish-eye lens is an extreme wide-angle lens,
with a horizontal field of view of just over 180°.
Unlike a normal wide-angle lens, it introduces
a characteristic distortion that shows straight

lines as curves.
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Some estate agents already use interactive panoramas on their web sites to show the interiors of
the houses they have on offer. Whereas separate photographs on an estate agent’s web site often
give the idea that they show a single view of the house at its most advantageous, a panorama also

reveals what is on the other side of the room.

When taking photographs for a panorama, it is vital to rotate the
camera around the nodal point of the lens. Hoeben (shown here
on The Binnenhof, the seat of the Dutch government in

The Hague) uses a plumb bob instead of the usual tripod. It

enables him to easily maintain a fixed position and height for

each exposure.

The fish-eye images form sections of a sphere. By combining

the separate fish-eye views — 4 in this case — a full view of the
surroundings can be recorded. The overlap between the various
photographs is used to fit the views seamlessly together. In spite
of the fact that these pictures record the entire surroundings,
the photographer himself is not included in the picture as he

stood behind the camera for each exposure.

Modern Mesdag fits the world into his computer

of a sphere that is then reworked to create a flat surface. In fact, a similar
process was used to create the Mesdag Panorama. Just like other panorama
painters of his day, Mesdag traced the contours of the view he wanted to paint
onto the inside of a glass cylinder surrounding his head. The actual cylinder
he used can still be seen in the Mesdag Panorama Museum in The Hague.
Using this aid, Mesdag managed to get the perspective of a circular painting
justright. This is not a trivial matter, since the lines of perspective, which
normally extend as straight lines to the vanishing points on the horizon, are
now curved along a cylinder or spherical projection. Once the contours had
been sketched on the inside of the cylinder, they could be traced onto a long
rectangular sheet of paper to produce a flat version.

In addition to spheres and cylinders, other
geometrical shapes can also be used as projection screens for images of the
surroundings. Hoeben shows a photograph of the interior of a church in
Dordrecht, in which the raw image has been projected onto a cube which was
then unfolded to produce a cross. Another example is a photograph of the
Scheveningen Fireworks Festival featuring a hyperbolic perspective.

In the resulting image of this seaside event, the full horizon has become a
circle, with buildings, and the fireworks display sticking out of the almost
planetoid scene. Cylindrical projection also offers plenty of scope. Standing
on the north side of the Market Square in Delft, Hoeben took several
photographs shortly before the arrival of the funeral procession of Queen
Juliana. A cylindrical projection of the panorama produces an image in which
both the town hall and the church can be seen from the front even though
they are on opposite sides of the square. At first sight, it appears to be a normal
picture. But the fact that the guard of honour is arranged in a horseshoe shape
rather than in a straight line makes the viewer aware of the considerable
distortion involved. A very interesting effect can be created by putting the
virtual cylinder at an angle rather than vertically. This turns the horizon into
asinusoid. To illustrate the effect Hoeben shows a picture of a dog he took last
winter near the cemetery behind the University’s Assembly Hall.

Hoeben: “The little dog got a bit lost in the original picture, so I tilted the

axis of the cylinder at an angle that put the animal in the upper half of the
photograph, the centre of attention. As an additional effect, the horizon
became distorted into a sinusoid.”

The photograph also illustrates the time dimension involved. A woman
approaching along the path from the right can be seen walking into the
distance to the left in the same picture.

Hoeben: “Panorama photography enables you to capture not just three, but
even four dimensions on a flat surface.”

The software used to convert the
different projections was created by German mathematician Helmut Dersch.
Hoeben was involved in its development on the user side. Sadly, developments
in the panorama software sector are threatened by stagnation as a result of
a patent granted to an American company, IPIX. Like many U.S. patents, its
scope is rather wide, and even though the patent in itself does not apply to
Europe (where software patents did not become possible until very recently),
the company has a policy of aggressively tackling any party they suspect of
infringing it.

Hoeben: “As a result of this aggressive policy, few companies are interested

in improving the software for creating panoramic views. Consequently, a
number of panorama photographers all over the world have decided to
develop the required programs themselves, either as open source software in
large groups, or commercially in small, elusive companies.

Hoeben himself is one such developer. His fieldOfView company offers the
spi-v Engine, short for Shockwave Panorama Viewer, and known as Spiffy. It
enables the user to use a mouse to click on the image and then drag the image
from left to right or up and down (see also www.fieldofview.nl). It feels like
standing at the viewpoint and looking all around you, just like in the Mesdag
panorama. The spi-v Engine is based on Macromedia’s Shockwave technology,
and according to Hoeben it does not infringe the IPIX patent being entirely
based on techniques that had been published before the patent application
was submitted.

These techniques were, and still are, used to display three-dimensional
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objects in games like Doom, or feature films like Terminator II. The drawback
of classic 3-D objects is they either lack realism or require huge amounts of
processing power.

Hoeben: “The spi-v Engine on the other hand enables you to create a very
realistic environment in real time based on photographs in which you can
look all around you. WhatI am trying to do is add elements that will enhance
the realistic viewing experience.”

One of these elements is an inertia effect in movements.
In other panorama viewers the image halts rather abruptly as soon as you stop
moving the mouse. Hoeben developed software that continues the movement
for a fraction of a second. According to Hoeben, this feels much more natural,
because in the physical world a person’s neck does not stop instantly either.
To test his theory, he asked a number of students to look around in a
panorama photograph with and without the inertia effect.

“When people view the image without the inertia effect, nobody notices
anything wrong. The same applies when they subsequently view the image
with the inertia applied. However, if we reverse things to test the inertia
effect first, and then view the image without it, they do notice a difference.
Some even felt the lack of the inertia effect in their necks. This shows thata
built-in inertia effect is a closer match for the way people actually move, and
consequently, it makes viewing the image a more natural experience.”
Another addition is the transition from light to dark sections of the image.
The full dynamic range, which is the difference between the brightest white
and the darkest black, is easily covered by the human eye, which gradually
adapts to changing lighting conditions in a matter of 1-1.5 seconds. A
panorama photograph may contain a very wide range of values from light to
dark. Hoeben shows a photograph of a cave in the Jordanian desert where the
sole source of light is the entrance of the cave. The aperture is brightly lit, but
the inside of the cave remains too dark to distinguish objects. Hoeben has
developed software that gradually adapts the image in the same way that the
human eye gradually adapts to changing lighting conditions. The interior
now lights up to reveal a number of objects, including a person in a corner.

Besides enhancing existing objects in the panorama photograph,
virtual objects can be added to enhance the image. A special example of this
technique has the Seattle Space Needle as its subject. Standing on the tower’s
observation deck Hoeben shot photographs of the view using his fish-eye
lens. He then added an image of the Space Needle itself, or rather, a computer-
generated image he created using classic three-dimensional graphic
modelling techniques. Using a technique developed by Paul Debevec at the
Institute for Creative Technology of the University of Southern California,
Hoeben adjusted the lighting of the virtual tower to match the ambient
lighting. The technique uses each pixel in the panorama as a light source
with a certain colour and intensity. Not only do you see sunlight shining on
the tower just like it does on the surrounding area, but you also get reflected
light illuminating it, from a blue sky for example. The result is extremely
convincing.

“So much so,” Hoeben says, “that many people think I actually flew around
the Space Needle in a helicopter. They even ask me how I managed to get
permission, since aircraft have been banned from airspace close to tall
buildings ever since 9/11.”

Apart from these almost imperceptible additions, the
inclusion of a small animation may help to liven up the image, according to
Hoeben. He shows a panoramic photograph of a so-called boardwalk exhaust,
where a central heating plant releases its exhaust gases over a pavement
somewhere in Washington, DC. Using a particle generator, a piece of software
that generates moving particles, he can show smoke coming from the pipe,
and even vary the direction and force of the wind. A small moving element
brings the entire image to life. Another example is a movie of a talking woman
that has been added to a panorama photograph of a building interior.
Hoeben: “Panorama photographs are often used to show what a room looks
like, for example a hotel room or the living room of a house an estate agent is
trying to sell. However attractive the room may be, the image still looks empty
if it does not include people. A little movie like this, which in this case runs as
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To display the spherical image of the
surroundings onto a flat surface, the
sphere is cut along the back as it were,

folded open en stretched to produce an

equi-rectangular perspective.

The panorama can now be

projected onto any geometrical
shape, for example a cylinder, as
in the Mesdag Panorama, or even a
cube. As long as the viewer stands in
the exact centre of the sphere or cube,
and if the lighting were to be perfectly
even, the sphere and the cube would
both give the same view. In a cylinder the
only difference would be that parts of the

bottom and top views will be missing.
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Any normal wide-angle lens can also be used to create a 360° X 180° panorama, although it requires
more exposures. The first row of 16 photographs together form a cylinder. By photographing
several rows, rotating the camera around its focal point, the entire surroundings can be recorded.

In this example, a total of 52 exposures is required.

LYY
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The panorama Hoeben shot at the funeral of Queen Juliana in Delft shows how a panorama need
not be a wide view of a landscape. In this case, the view of the crowd accurately expresses the

elated, though at the same time subdued, mood of the occasion.

In his panorama of the
Scheveningen fireworks
festival Hoeben converted
the spherical perspective
into a hyperbolic perspective
in which the virtual camera
points vertically downwards.
Lenses that can produce such
a hyperbolic perspective do

not actually exist.

Most panorama
photographers regard it

as a challenge to achieve a
good exposure throughout

a scene. In the upper image
the exterior view has the
correct lighting conditions,
whereas the interior of the
cave is far too dark. On the
lower of the two pictures, the
lighting inside the cave is
perfect, but the outside view
is overexposed. Hoeben'’s software dynamically creates mixed lighting conditions depending on
the direction of view in the panorama. The resulting lighting matches that observed by the human

eye, which constantly adapts to differences in lighting levels.

A

Modern Mesdag fits the world into his computer

apermanent loop, adds authenticity to the image.”

Authenticity is what it is all about.

Hoeben: “People should not be distracted by the technology, however
beautiful or innovative. Whether you are looking around inside a panorama
photograph or, as a designer, jotting down ideas in a digital sketchbook, the
main thing is that you can really experience the space and objects.”

For more information, please contact Ir. Aldo Hoeben,
phone +31 (0)15 278 1714, e-mail a.hoeben@io.tudelft.nl or

Prof. Dr. Ir. Pieter Jan Stappers, phone +31 (0)15 278 5202,
e-mail p.j.stappers@io.tudelft.nl.

Relevant web sites:
www.fieldofview.nl
www.fieldofview.nl/events/outlook

For web sites as used by
estate agents, Hoeben came
up with additional features
for panoramas. In this case
he has added some video
footage of a woman to an
interior view of a large house.

She could be an estate agent

explaining the layout or the
history of the building to the

virtual visitor. Note that the

woman in the picture never
actually entered the building;
she was edited in later using

digital processing software.

For the Space Needle demo
Hoeben took photographs
from the observation deck of
the 180 metre high tower in

| Seattle. These enabled him
to create a panorama of the
area surrounding the Space
Needle, although it did not
include the tower itself. He
then reconstructed a view of
the tower using traditional 3D
software and photographs

he found on the Internet. The

panorama not only provided

a photo realistic background,

italso helped to create the
correct lighting conditions for

the tower reconstruction.

If — as in the upper view —
the panorama and the lighting
effects are removed, the
tower becomes instantly
recognisable as a product of
traditional computer graphics
software. The magic is in the
combination of the panorama
and the effect of the ambient
lighting on the reconstructed

tower.
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Microchips are getting more
complicated by the day and future
generations will feature even
more intricate circuit patterns.
The lithographic process
that is used to project
these circuits onto silicon
currently still requires
lenses. After 2010 however,
the feature density on the
chips will have grown so
far that extreme ultraviolet
light with a wavelength of
13nm will have to be used
and the lenses will have
to be replaced by mirrors.
To measure these with the
high accuracies required, Luke
Krieg developed an absolute
interferometer. This top view of his
measurement set-up shows the light
from an optical fibre shining through the

central hole of a mirror being tested.

Lithographic mirrors
measured with sub-nanometre accuracy

The absolute interferometer for extreme ultraviolet optics

Future generations of microchips will probably be produced using extreme ultraviolet light with a wavelength
of thirteen nanometres. Optical lenses will no longer be suitable for the manufacturing process because they
absorb the light at such short wavelengths. Mirrors will have to be used instead. Currently the main problem is
the required precision to accurately determine the curvature of the mirror down to the nanometre. Researchers
at TU Delft have built a new measurement system that promises to achieve just such a precision: an absolute
interferometer. This new measurement system offers many advantages over competing methods..

BY BENNIE MoOLs The microchip industry is trying to create ever-smaller structures on its
products. Smaller and smaller circuits mean faster processors, more memory
capacity and more efficient computers. Current production methods use
light to write structures on microchips. As the structures get smaller, the
wavelength of the light must be reduced also. According to the rules of optics
the smallest structural dimension is related to the wavelength of the light used
to create it. Microchip manufacturers already use light with a wavelength of 193
nanometres (visible light lies in the region of between 400 and 700 nanometre).
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According to Moore's Law the capacity of microchips will double
every eighteen months. Although the American Gordon Moore,
initially opted for a period of one year in 1965, and later changed
his mind to two years, his final choice of eighteen months

has yet to be proven wrong. The first lithographic processes
used 436 nm light to create electrical connections 5 microns
(17200 mm) wide. The current generation of equipment uses

193 nm light and can make connections only 100 nanometres
wide. Within a matter of years lithography is expected to use

157 nanometre light, although sceptics think this step will be

skipped to pass directly to 13 nanometre technology.

Test set-up of an extreme UV exposure system

developed by Sandia National Laboratories. The heavy
stainless steel structure is needed to ensure sufficient

stability of the writing system and structural integrity

for working in vacuum.
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Electromagnetic radiation affects our daily lives in many ways,
in both positive and negative senses. Radio waves enable us to
watch television, use mobile phones and cook in a microwave
oven. Infrared offers us heat, night-vision goggles and remote
control devices. Visible light, which is responsible for the wide
range of colours we can see, covers only a small part of the
electromagnetic spectrum. Although generally speaking the
high-energy radiation outside the visible range, i.e. UV, extreme
UV, X-rays and gamma rays, can be harmful to living organisms,
itis also used in medical applications, astronomy and the
semiconductor industry. The current lithography systems are
limited to light of wavelengths longer than those of extreme
UV, because this light would be absorbed by the lenses in the
equipment. The only way to write microchips with this type of

light is to use mirrors.

This drawing shows how the
extreme UV (purple) travels

from mirror to mirror through

the exposure system.

-

Microchip manufacturers are planning to create microchip structures

Four different methods of writing patterns onto silicon chips.
Although visible-light lithography and UV lithography are
limited by the wavelength of the light being used, these
techniques can be readily scaled and they are easy and fast

to use. Even finer patterns can be made using electron orion
beam lithography, but for the time being these techniques
remain slow, expensive and prone to teething problems. X-ray
lithography also has its drawbacks, in particular regarding
construction and maintenance. The mask needs to be practically
in contact with the surface being written on and no practical

photo resist has yet been discovered for use with X-rays.

smaller than 35 nanometres by the beginning of the next decade. This can
only be done using extreme ultraviolet light. The problem with this is that
the manufacturers will no longer be able to use optical lenses, as at such
short wavelengths these absorb all the light, so no light would pass through
them. The solution is to use mirrors, because such short-wavelength light
can still be reflected. The wavelength of the preferred light is 13 nanometre,
an extremely short wavelength, strongly absorbs at these wavelengths, but
since the reflective coatings made of silicon are very thin, this absorption has
only a small effect. The main complication when using mirrors is the need
for them to be very accurately shaped, down to one-tenth of a nanometre,
-which is about the diameter of a single hydrogen atom. Is there a measuring
principle that can offer such precision, is not too expensive and can be used in
a conventional optical workshop? Quite a challenge, but even so researchers at
the TU Delft have managed to come up with just such a measuring method.
Continuing from the preliminary theoretical work of doctorate student
René Klaver, another doctorate student, Luke Krieg managed to build a
measurement system that promises to achieve the required accuracy. Note

(PHOTOGRAPH: COURTESY OF SANDIA NATIONAL LABORATORIES /| WWW.SANDIA.GOV)

Photographs of an extreme UV mask.

Example of an extreme UV mirror substrate,

It contains the patterns that will eventually be made from Zerodur. This type of glass, with

projected onto thousands of chip wafers. its characteristic yellow colour, is designed to
minimise the changes in shape and size due to
temperature changes. The reflective coating

is deposited onto the practically transparent

material in several layers.

the ‘promises’ in the previous sentence. Krieg has not quite been successful yet,
but he is convinced that he will be so very soon. He works at the Optics section
of Professor Joseph Braat at the faculty of Applied Physics at TU Delft. The
research is supported by optical systems manufacturer Carl Zeiss, lithographic
equipment manufacturer ASML, the research establishment TNO-TPD and the
Netherlands Technology Foundation STW.

Absolute interferometry The system devised and constructed by
Krieg is an absolute interferometer. The interferometer uses two interfering
beams of light to measure the almost spherical shape of the concave mirrors.
One beam falls on the mirror surface, where it is reflected before hitting a
sensor, while the other beam of light reaches the sensor unobstructed. The
word “absolute” refers to the fact that the only difference between the two
beams of light is that one hits the mirror while the other one does not - there
are no additional optical elements present. All competing interferometers are
non-absolute, in that they use one or several intermediate optical elements,
such as lenses, fibre surfaces, gratings and prisms. Because these elements are
never entirely perfect, they introduce additional errors of their own which
destroy the accuracy of the measurements.

“Our idea was to create an interferometer that did not use any other optical
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elements to measure the mirror surface,” explains Krieg about the measuring
set-up. “It was to be a completely new type of interferometer”

On paper, the final setup appears very simple, but in practice, things are much
more complicated. The interferometer can be divided up into four major sub-
components: The light source, the interferometer frame, the sensor and finally
an algorithm to turn the complicated readings from the sensor into the shape
of the mirror.

Krieg: “Each component was a separate challenge. I spent about a year on each
of them.”

First however, he had to deal with the difficult concept of absolute
interferometry. “The ultra-precise measurement of optical surfaces is
essentially a chicken-and-egg problem”, Krieg explains. “The shape of the
surfaces is measured using a verified length standard - the wavelength of light
from a stabilized Helium Neon laser. There is no question whatsoever about
the accuracy of this length standard. The problem is in the path that this light
takes through the measurement setup. If we place any optical elements, like
lenses, in our light beam, we disturb its path. The only way to make an accurate
measurement is to know this path exactly, for which we need to know the shape
of the intermediate optics with the same accuracy as we need to know the shape
of our mirror. To measure these we would need exactly the type of setup we're
trying to build in the first place!”

Imperfect optics
optical elements can change with time.
Krieg: “If we were to measure the shape today and then calibrate the entire

And then there is another problem. The shape of the

system for that shape, we would not be able to repeat the measurement next
week. The temperature might be slightly different, which would affect the
shape of the lenses, so we would have to recalibrate all over again. Also, a surface
may change after some time due to ‘wear’. If all optics were perfect, it would be
simpler to use optical elements in the measuring set-up, but they are not.

The only way to get an absolute measurement is to make sure the beam of light
does not have to pass through any optical element. This makes for tough design
specifications.”

Krieg shows the mirror he used for his preliminary measurements, now

safely packed away in a box. It has a diameter of twenty centimetres and it is
transparent and yellowish in colour. The price of such a prototype is at least a
million euros. Although the shape of the concave mirror appears to be perfectly
spherical, it is ever so slightly off, in the order of a few micrometers, which
isintentional. The mirror consists of a glasslike substrate that expands and
contracts as little as possible with changing temperatures. The substrate will
eventually be coated with approximately one hundred extremely thin layers to

The task of the interferometer’s suspension

is to ensure that the relative position of the
optical fibres, the sensor and the mirror remain
constant within a few millionths of a millimetre.
The structure is made from a special alloy with
a thermal expansion coefficient one-tenth that

of stainless steel. The mirror being measured

(not shown) is placed on the ring at the top of
the instrument, which is designed to ensure
that the mirror always settles in exactly the

same position every time it is inserted.

The light of each of the two lasers has to be
focused to a spot of only a few microns before
it can be effectively coupled into the optical
fibre.
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The Fizeau interferometer currently being used

In broad terms, the prototype of the

to measure extreme UV substrates contains a absolute interferometer developed by the

number of optical elements, including lenses, Optics Research Group at Delft University
prisms and splitters. Paradoxically, all of these of Technology consists of a hexapod frame
elements must first be tested with an accuracy (to the left) and a light source, a box with a
equal to that of the instrument itself, creating complex optical system (to the right). Both
a chicken-and-egg problem. Even once the are connected by means of two optical
shape of each optical element is known, they fibres. During actual measurements the
would still have to be measured over and over cylinder is filled with helium to minimise any
again to take into account any changes over residual turbulence effects caused by minute

time. temperature variations.

2

Stabilized
Multiple Wavelength
Light Source

The light exits the optical block through a pair of glass fibres. The light from one of the fibres is
reflected by the mirror and focused between the two optical fibres before hitting the sensor,
where it interferes with the light coming from the other fibre. The continuously changing
interference pattern is recorded by the sensor. The measured data is processed using an Inverse

Propagation Algorithm (IPA) developed by Krieg, which enables the shape of the mirror to be

calculated down to sub-nanometre level.

Krieg's flexible light source can work with
several different optical techniques, so that it
can be used to measure with different sensors.
The beams from three lasers are sent through
an array of mirrors, splitters, modulators, wave
plates and optical fibres before they reach the
mirror under test. A feedback system adjusts
the wavelength of the tuneable laser to lock it

relative to the stabilised laser.
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Precision mirrors for astronomers, physicists and biologists

Microchip manufacturers
are not the only people
looking for extremely
accurate curved mirrors.
Astronomers measuring in
the extreme ultraviolet light
range (usually between

5 and 30 nanometres)

also need them. Extreme
ultraviolet radiation is
produced by gases with
temperatures of at least
one million degrees. The
Sun’s corona and the direct ~ The Chandra space telescope launched in 1999 by NASA to
vicinity of black holes detect novas, pulsars and other high-energy sources already
can produce this type uses mirrors for the X-ray range. Improved measuring methods
of radiation. Extremely will help to greatly enhance the resolution of such telescopes.
short-wavelength light is

also released when stars explode. Physicists analysing the conditions inside a plasma

(a mix of free electrons and ions of the type produced inside nuclear fusion reactors)
also have to work with extremely short-wavelength light for which optical lenses are
useless. Biologists studying minute structures inside living cells also use increasingly
short wavelengths. Under normal conditions, water absorbs very strongly at these short
wavelengths, which would result in very low contrasts. However, there is a very small
wavelength region where no absorption occurs in water, known as the water window.
Biologists are now looking for ways of harnessing this light. Normal optical elements can

no longer be used and mirror-based microscopes will have to be developed.

As in lithography, shorter wavelengths mean higher resolutions for microscopy. In ‘in-vitro’
biological applications very short wavelengths can be a problem however, since water absorbs
most of this light. There is only a small wavelength range around 3 nanometres, the water window,

in which the absorption by water is less than that by materials of interest such as proteins. Again,
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Many mirrors feature a hole or discontinuities to satisfy the requirements of optical designers.

At the edges of these areas, diffraction occurs, affecting the accuracy of the measurements.
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Lithografic mirrors measured with sub-nanometre accuracy

make the mirror as reflective as possible to extreme ultraviolet light. The final
result is a balance between good reflective properties and the lowest possible
absorption.

Trick & helium  The trick used by Krieg to achieve absolute interference
relies on the special properties of optical fibres. An optical fibre is placed near
the centre of curvature of the mirror. The fibre has to be close to the centre of
curvature, but not too close, or the light will be reflected back onto the tip of
the fibre, which must be avoided. The fibre core conducting the beam of light
measures only three micrometres in diameter. The laser light entering the fibre
at the light source exits at the fibre tip as a perfect spherical wave, propagating
radially in all directions like an expanding sphere. The spherical wave then
strikes the mirror where it is reflected onto a light-sensitive sensor. On the
other side of the centre of curvature of the mirror is the tip of a reference fibre.
This also emits a spherical wave, but this one hits the sensor directly. The
reflected light and the reference light interfere with each other, and the sensor
registers the interference pattern.

“In fact, we are comparing light reflected by our mirror with light that passes
unobstructed,” Krieg says. “Any difference is entirely the result of the shape of
the mirror. This means we only have to calibrate the system once, unlike other
methods.”

Since air also acts as an optical element with a certain refractive index, an
absolute interferometer cannot operate in air. One solution would be to put the
set-up in a vacuum, but this is far from simple. It is much easier to cover the
measurement system with a cylinder and flush the air out, to fill the cylinder
with helium gas instead.

Krieg, lifting the cylinder off the optical bench: “The refractive index of helium
is practically the same as that of a vacuum. It is much easier to supply a bottle
of helium gas with our system than to have users supply their own vacuum
system.”

Lines, rings & chaos
resulting interference pattern. It looks much more complicated than the usual

On a computer display, Krieg shows the

interference patterns of lines and rings. In fact, it’s chaos. Krieg also knows that
the number of interference lines exceeds the number of pixels in the sensor
measuring the interference pattern. This means that the sensor’s resolution is
too low to see the full interference pattern.
Krieg: “Any scientists working in interferometry when presented with a pattern
like this will say it’s no use to them. Nevertheless, we managed to solve the
interpretation problem.”
Krieg uses two interference patterns, produced by using light with two slightly
different wavelengths. He starts with a standard helium-neon laser with a
wavelength of 633 nanometres and then uses a 637 nanometre laser light source.
Both are in the visible part of the spectrum and both produce an interference
pattern, but the patterns differ slightly from each other.

“By subtracting one pattern from the other,” Krieg says, “we get a new
interference pattern, which we can interpret.”

Active stabilisation No commercially available light source could
produce an ultra stable wavelength different from but still close to 633
nanometres. So the research team had to make their own.

“We started with a standard tunable diode laser,” Krieg explains, “the
wavelength of which can be adjusted. However, we have actively stabilised it to
produce only light of 637 nanometres.”

The interference pattern produced between the beam reflected by the mirror
and the direct reference beam hits a ccD sensor. The sensor currently used by
Krieg is ten years old and lacks the required accuracy.

“As part of the same research project, the faculty of Electrical Engineering,
Mathematics and Computer Science at Delft University is currently developing
a completely new type of sensor that meets the specifications of our absolute
interferometer. The sensor is being specially developed for our test system, but
unfortunately it is not ready yet. The project started later because it proved
difficult to find a suitable doctorate candidate.”

In its current incarnation, the Delft interferometer can determine the shape of
the mirror down to four nanometres, whereas the requirement is one-tenth of
ananometre.
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“Even so,” says Krieg, “the sensor we are currently using is the main bottleneck.
The fact that we can get an accuracy of four nanometres using this old sensor is
a good indication that the new sensor being developed by DIMES will enable us
to achieve the one-tenth nanometre requirement. I am convinced we will get
there, since all the other parts of the system satisfy the accuracy requirements.”
Note that a dimensional accuracy of one-tenth of a nanometre does not mean
that the position of each atom on the mirror’s surface has been measured.

It simply means that the overall shape of the mirror will be measured within
one-tenth of a nanometre. The system does not look at small local deformations.
Other methods already exist to measure those in a statistical sense.

Countless benefits Inaddition to the great benefit that the absolute
interferometer does not introduce systemic errors caused by the effects of
optical elements along the route, the system offers other benefits.

“Our system can handle much greater deviations from a perfect sphere than
other interferometers can,” says Krieg. “Other interferometers always have
problems measuring deviations from a perfect sphere, and as the deviation
increases, the problems increase . The lithographic industry alone will need
many differently shaped mirrors. Some will deviate more from the perfect
sphere, others less. Since we are using two different wavelengths, there are
practically no restrictions. This increases the general applicability of the
absolute interferometer. On top of that, our system could be extended to
measure lenses as well.”

There is yet another advantage. Many mirrors contain holes or consist of
strange shapes, dictated by their application. Along the edges of a hole or any
other discontinuity, light is diffracted. This effect introduces undesirable
disruptions in the interference pattern, which seriously affect the accuracy of
measurements at sub-nanometre levels.

Krieg: “Other methods measure only mirrors without sharp edges, and if the
mirror does have them, they stay clear of the edges. Such methods cannot cope
with diffraction. Our method is capable of compensating for diffraction.”
First, the resulting interference pattern is reduced from a very chaotic pattern
to something that lends itself to interpretation. Next, the disruptive diffraction
effect is subtracted. Finally, the measurement system represents the shape of
the mirror as a series of at least six hundred numbers, each of which provides
information about which corrections are required at which location on the
mirror. Each of these interpretation steps requires quite a bit of mathematics.

Competition Themain competition for the absolute interferometer
developed by the group at TU Delft is the Sommargren interferometer
developed by the Lawrence Livermore National Laboratories in collaboration
with the National Institute or Standards & Technology (N1ST) in the U.S.

Krieg: “As early as 1999 Gary Sommargren said that he had an absolute
interferometer, but that was not the case. His first models still used a lens right
in front of the sensor, but that has now been removed. Even so, his system still

In the race to establish the standard method for the production of the next generation of
microchips, writing with extreme ultraviolet light (EUVL) is currently the most promising
candidate. It is the subject of research projects in Europe as well as the U.S. and Japan.
The International Semiconductors Roadmap describes EUVL as a potential solution for the
future of microchip manufacture. Large companies such as ASML, Intel, IBM and Motorola
are working on it, as are a number of large research establishments such as the Lawrence
Livermore National Laboratory, the Berkeley National Laboratory and the Sandia National
Laboratories. Even so it is far from certain that EUVL will become the next method of

choice. Critics are of the opinion that the system requires a level of accuracy that is not

feasible. One of the main obstacles to commercial use is the accuracy of the mirrors

needed. The key question is whether the method will be sufficiently cost-effective. This
has yet to be determined.

Another possibility, though often considered a second choice, is to write the patterns
using electrons (Electron Beam Projection Lithography, EPL). The wavelength of electrons
is one-ten thousandth of a nanometre, which is much less than the size of an atom. A
beam of electrons can easily be focused into a point with a diameter of one nanometre.
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The measurement data obtained by Krieg's The interference patterns of two almost

interferometer forms a chaotic interference identical wavelengths differ only slightly,
pattern. The pattern contains more oscillations but when one is subtracted from the other,
than the number of pixels in the measuring a pattern emerges that appears to be the
sensor. Hence additional information is needed  result of light with a much longer, ‘synthetic’,
to enable the pattern to be unambiguously wavelength.
interpreted nonetheless.. This information

is supplied by a second interference pattern

produced by a different wavelength.

The region in the centre of the image

represents the area of the mirror with the hole

in it. The pattern there is irreqular because

there is almost no light present. This area is not

included in the measurement.

The synthetic interference pattern, measured Physically speaking, this restored pattern is

using two different wavelengths, shows less identical to the chaotic pattern produced
variation than the pattern produced by asingle by the first wavelength, but it uses the
wavelength. information contained in the more ordered
synthetic interference pattern shown in the
previous illustration. Only after this restoration
procedure does the interference pattern
provide sufficient information to calculate the

shape of the mirror.

However, the benefits of the small wavelength are offset by several major problems. The
production speed of the writing technique is far too low for use in mass production. Also,
the resolution is limited by the dispersion of electrons in various steps of the writing
process on the chip and includes dispersion by the chip’s photosensitive layer.

Other existing methods include X-ray lithography and ion beam projection lithography.
X-ray lithography works with a (very expensive) synchrotron that supplies X-rays with
wavelengths of approximately one nanometre. A one-on-one mask then projects the
radiation onto the chip wafer. To avoid high absorption rates, most of the installation

has to be in a vacuum. X-ray masks are fragile and expensive to make and have remained
a major obstacle to the commercial use of X-ray lithography. lon beam projection
lithography uses hydrogen or helium atoms. Complementary stencil masks are used

to build up the image, which is then reduced by means of electrostatic lenses. The
production of masks, the design of an ion imaging system, the fitting together of
complementary masks and finding a suitable balance between sharpness and production
speed remain the major problems with this method of writing microchips.
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Ironically, the otherwise disruptive diffraction

th phenomenon also gives this interferometer

L its uncanny accuracy. Diffraction very rapidly
1 changes the wave front of light coming from

- O T a small point (e.g. the tip of a glass fibre) into

) a perfectly spherical shape, even though the

A B | original wave front is irregular.

The Sommargren interferometer is also based
on glass fibres, but unlike the interferometer
developed by Krieg it uses optical elements

between the fibres and the optics being tested.
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rest of the light from the fibre. The reflecting surface of the fibre and the optics just before the CCD
are optical elements. Just like the elements in a Fiezeau interferometer they must be accurately
measured as they may become distorted over time. This is why the Sommargren interferometer

cannot be called an absolute interferometer.

Lithography from Delft — the Mapper

In July 2000 Prof. Dr. Ir. Pieter Kruit established
the Mapper Lithography company, as a

spin-off project from his academic work at

TU Delft. Mapper is developing an alternative
lithography method in addition to the methods
currently receiving most of the world’s
attention: Extreme Ultraviolet Lithography
(EUVL) and Electron Beam Projection

Lithography (EPL). Mapper combines

simultaneous writing using 13,000 electron
beams with superfast optical data transport
methods as used in the telecommunication industry. A single electron beam is split into 13,000
separate electron beams. Electrostatic lenses are then used to focus each of these beams onto the
surface being written (the chip wafer). In a single scan, a wafer image field of 26x33 millimetres is
exposed. The electron beams are switched on and off by 13,000 light beams, one for each electron
beam. The light beams are generated by a data system containing information about what the
required chip pattern looks like. Mapper’s aim is to both write wafers rapidly (more than ten per
hour) and achieve a high resolution (less than 45 nanometres). The method is currently in the

developmental stage.

Lithografic mirrors measured with sub-nanometre accuracy

is not absolute. The fibre he uses to direct the light onto the mirror also serves
as a reflective surface for the light returning from the mirror. Only then does it
hit the sensor. The surface of the fibre can never be perfect and it is also prone to
change with time. This makes his method less than absolute. He claims to be
able to measure down to 0.25 nanometre, but that accuracy is not reproducible.
If he were to repeat his measurement a week later, the outcome could be very
different, even though the surface of the mirror under test hasn’t changed.

In addition, our system enables us to measure much larger mirrors in one go
than the Sommargren interferometer can.”

Other systems than Sommargren’s use even more optics, which puts them that
much farther from being absolute interferometers.

“Whether our absolute interferometer will eventually be developed for
commercial use depends on many other factors,” Krieg says. “The most
important factor is the commercial feasibility of the proposed microchip
production process.”

Although the microchip industry remains the driving force behind the
precision measurement systems for mirrors, the invention may also benefit
biologists, physicists and astronomers. These scientists are increasingly
involved in experiments requiring short-wavelength light and consequently
mirrors with nano-precision shapes. The principle of the absolute
interferometer developed at TU Delft is now protected by patent. Krieg will
remain with the Optics section until the end of 2004. He hopes that the new
sensor will become available before that time and that he will be able to use it to
provide conclusive evidence that his absolute interferometer can measure the
curvature of a mirror to an accuracy of one-tenth of a nanometre.

Krieg has no doubt that the new sensor design will bring the system up to
scratch. With a bit of luck he will be able to demonstrate this himself, but if not,
his successors will have their work cut out for them. Krieg has now completed
his research and was awarded his doctorate on 30 November 2004.

For more information please contact
Dr. Luke Krieg,

phone +31 (0)15 278 2455,

e-mail m.L.krieg@tnw.tudelft.nl, or
Prof. Dr. Ir. Joseph Braat,

phone +31 (0)15 278 6146,

e-mail jj.m.braat@tnw.tudelft.nl.

Delft Outlook

2004.4



INS & OUTS

Februari

THE CHANGING WORLD OF
CONTAINER LOGISTICS
Binsbergen, A. van

ISBN 90-407-2474-1,

236 pages, € 47,50

COMPUTATIONAL SUPPORT
FOR THE SELECTION OF
ENERGY SAVING BUILDING
COMPONENTS

Wilde, P. de

ISBN 90-407-2476-8, 240
pages, €45,37

Maart
WATERLEGISLATION IN THE
NETHERLANDS

Huisman, P.

ISBN 90-407-2463-6,

130 pages, € 27,50

OBJECTS WITH PERSPECTIVE
Gerhardt, W.

ISBN 90-407-2464-4, 320
pages, € 60,00

SHEAR AND ANCHORAGE
BEHAVIOUR OF FIRE
ExposeD HorLow CORE
SLABS

Fellinger, ].H.H.

ISBN 90-407-2482-2,

277 pages, €45,37

FLYING GLARE
Beumler, T.

ISBN 90-407-2481-4,
488 pages, € 55,00

MECHANICAL BEHAVIOUR
AND DIFFUSION OF

GAS DURING NEUTRON
IRRADIATION OF ACTINIDES
IN CERAMIC INERT
MATRICES

Neeft, E

ISBN 90-407-2475-X,

175 pages, € 33,92

April

MEGACORRIDORS IN
NoORTH WEST EUROPE
INVESTIGATING A NEW
TRANSNATIONAL PLANNING
CONCEPT

Zonneveld, W.

ISBN 90-407-2472-5,

104 pages, € 20,00

MULTI-OBJECTIVE
MANAGEMENT OF
SALTWATER INTRUSION
IN GROUNDWATER:
OPTIMIZATION UNDER
UNCERTAINTY

Tran, T.

ISBN 90-407-2480-6,
208 pages, € 45,37

INVERSE MODELLING

OF THE RAINFALL-
RUNOFF RELATION A
MULTI OBJECTIVE MODEL
CALIBRATION APPROACH
Rientjes, T.

ISBN 90-407-2491-1,

411 pages, € 50,00

KNOWLEDGE-BASED
DESIGN: DEVELOPING
URBAN & REGIONAL DESIGN
INTO A DUP SCIENCE
Klaasen, I.

ISBN 90-407-2479-2,

242 pages, € 37,00

BUBBLE SIZE EFFECT ON
THE GAS-LIFT TECHNIQUE
Guet, S.

ISBN 90-407-2492-X,

160 pages, € 33,92

SINGE-MOLECULE
EXPERIMENTS ON DNA
WITH NOVEL SILICON
NANOSTRUCTURES
Storm, A.

ISBN 90-407-2485-7,
134 pages, € 33,92

SLICING THE EARTH: A
LAYER STRIPPING METHOD
EMPLOYING A CAUSALITY-
BASED IMAGING CONDITION
Poot, H.

ISBN 90-407-2490-3,

141 pages, € 33,92

Mei

Influence of Admixtures
and Mixing Efficiency
on the properties of self
compacting concrete
Takada, K.

ISBN 90-407-2501-2,

249 pages, € 45,37

Prediction of Deterioration
of concrete bridges

Gaal, G.

ISBN 90-407-2500-4,

162 pages, € 33,92

INTEGRATING RELIABILITY,
AVAILABILITY AND
MAINTAINABILITY (RAM)
IN CONCEPTUAL PRECESS
DESIGN

Goel, H.

ISBN 90-407-2502-0,

157 pages, € 33,92

STOCHASTIC INEQUALITY
CONSTRAINED CLOSED-
LOOP MODEL PREDICTIVE
CONTROL

Hessem, D. van

ISBN 90-407-2489-X,

217 pages, € 45,37

MONITOR MARITIEME
ARBEIDSMARKT 2003
Aa,v.d.R.

ISBN 90-407-2495-4,
133 pages, € 25,00

A NANOSTRUCTURAL STUDY
OF RANEY-TYPE NICKEL
CATALYSTS

Devred, F.

ISBN 90-407-2503-9,

154 pages, € 33,92

TENSOR PRODUCT
REPRESENTATIONS AND
SPECIAL FUNCTIONS
Groenevelt,

ISBN 90-407-2504~7,

256 pages, € 45,37

RULES FOR COMMERCIAL
CRUISING VESSELS

NML

ISBN 90-407-2493-8,

92 pages, 25,00

A NOVEL TISSUE-
EQUIVALENT PROPORTIONAL
COUNTER BASED ON A GAS
ELECTRON MULTIPLIER
farahmand, M.

ISBN 90-407-2488-1,

160 pages, € 33,92

EFFECT OF SPATIAL
VARIABILITY ON
MAINTENANCE AND REPAIR
DECISIONS FOR CONCRETE
STRUCTURES

Li, Y.

ISBN 90-407-2505-5,

188 pages, € 33,92

PERFORMANCE-BASED
DESIGN OF SELF-
COMPACTING FIBRE
REINFORCED CONCRETE
Grunewald, S.

ISBN 90-407-2487-3,

233 pages, € 45,37

Juni

FORMING OF LAMINATES
Jong, de TW.

ISBN 90-407-2506-3,

288 pages, 45,37

LOCALIZATION IN DUTCH
DUNE SAND AND ORGANIC
CLAY

Cheng, X.

ISBN 90-407-2510-1,

108 pages, 33,92

HIGH-RISE HOUSING IN
EUROPE

Turkington, R.

ISBN 90-407-2483-0,
300pages, 49,95

Juli

TOWARDS A METHODOLOGY
FOR LARGE-SAMPLE
PROMPT-GAMMA NEUTRON-
ACTIVATION ANALYSIS
Degenaar, H.

ISBN 90-407-2509-8,

159 pages, € 33,92

ELECTRONIC
INSTRUMENTATION
Regtien, P.P.L.

ISBN 90-407-2525-X, 445
pages, € 32,50

23

RECENT PUBLICATIONS BY DELFT UNIVERSITY PRESS

Augustus

SAMPLING OF PARTICULATE
MATERIALS NEW
THEORETICAL APPROACH
Geelhoed, B.

ISBN 90-407-2517-9,

208 pages, € 45,00

PARALLEL HARDWARE
ARCHITECTURES FOR THE
Lire DUP SCIENCES
Epstein, A.

ISBN 90-407-2518-7,

160 pages, € 40,00

MODELLING PASSENGER
FLows IN PUBLIC
TRANSPORT FACILITIES
Daamen, W.

ISBN 90-407-2521-7,

404 pages, € 65,00

OPTOELECTRONIC
PROPERTIES OF DISCOTIC
MATERIALS FOR DEVICE
APPLICATIONS

Piris, J.

ISBN 90-407-2520-9,

159 pages, € 40,00

QUALITY OF SERVICE
ROUTING IN THE INTERNET
THEORY, COMPLEXITY AND
ALGORITHMS

Kuipers, F.

ISBN 90-407-2523-3,

243 pages, € 45,00

PHOTOINDUCED
CHARGE SEPARATION

IN DYE-SENCITIZED
FILMS OF SMOOTH AND
NANOCRYSTALLINE T102
Kroeze, J.E.

ISBN 90-407-2522-5,

198 pages, € 0,00

September
ATOMISTIC SIMULATION
OF CU/TA THIN FILM
DEPOSITION AND OTHER
PHENOMENA

Klaver, P.

ISBN 90-407-2526-8,

94 pages, € 25,00

ELECTROCHEMICALLY
FABRICATED NANOMETER-
SIZED MOLECULAR
JUNCTIONS

Kervennic, Y.

ISBN 90-407-2513-6,

174 pages, € 40,00

NEUTRON ACTIVATION
ANALYSIS OF
INHOMOGENEOUS LARGE
SAMPLES

Baas, E.

ISBN 90-407-2528-4,

176 pages, € 40,00

ELECTRON SPIN
AND CHARGE IN
SEMICONDUCTOR
QUANTUM DOTS
Elzerman, J.

ISBN 90-407-2533-0,
160 pages, € 45,00

Oktober

Development of new storage
phosphors for thermal
neutron detection
Sidorenko, A.

ISBN 90-407-2540-3,

120 pages, € 35,00

PHOTOGENERATION

AND DYNAMICS OF
CHARGE CARRIERS IN THE
CONJUGATED POLYMER
POLY(3-HEXYLTHIOPHENE)
Dicker, G.

ISBN 90-407-2542-X,

144 pages, € 35,00

CRUSTAL RHEOLOGY

AND POSTSEISMIC
DEFORMATION: MODELING
AND APPLICATION TO THE
APENNINES

Riva, R.

ISBN 90-407-2547-0,

125 pages, € 35,00

INSTRUMENTATION

TO HANDLE THERMAL
POLARIZED NEUTRON
BEAMS

Kraan, W.

ISBN 90-407-2527-6, 174
pages, € 40,00

NEW NEUTRON-BASED
ISOTOPIC ANALYTICAL
METHODS

Perego, R.

ISBN 90-407-2537-3,
189 pages, € 40,00

A WORLD OF TRANSPORT,
INFRASTRUCTURE AND
LoGisTiCs

Bovy, PH.L.

ISBN 90-407-2555-1,

461 pages, € 60,00

TOWARDS ON-LINE
Logistics: THE LINC
INTERACTION MODELING
LANGUAGE

Honig, J.

ISBN 90-407-2544-6,

327 pages, € 60,00

November
ANTENNAS FOR MULTI-
BAND RF FRONT-END
MODULES

Boyle, K.

ISBN 90-407-2549-7,

339 pages, € 55,00

ICT RELATED
TRANSFORMATIONS
IN LATIN AMERICAN
METROPOLISES
A.M. Fernandez-
Maldonado

ISBN 90-407-2556-X,
316 pages, € 45,00

POLICY INTEGRATION IN
PRACTICE

Stead, D.

ISBN 90-407-2541-1

172 pages, € 24,95

CONFORMAL SYMMETRIES
AND CONSTRAINED
CRITICAL PHENOMENA

Y. Deng

ISBN 90-407-2548-9,

209 pages, € 45,00

THE GOLGI: A TRANSITION
POINT IN MEMBRANE
LIPID COMPOSITION AND
TOPOLOGY

Lisman, Q.

ISBN 90-407-2543-8,

112 pages, € 35,00

SPATIAL FLOOD
EXTENT MODELLING A
PERFORMANCE-BASED
COMPARISON

Werner, M.

ISBN 90-407-25594,
188 pages, € 40,00

FILAMENT WINDING A
UNIFIED APPROACH
Koussios, S.

ISBN 90-407-2551-9,
400 pages, € 60,00

PRESENT-DAY KINEMATICS
AT THE AZORES-GIBRALTAR
PLATE BOUNDARY AS
DERIVED FROM GPS
OBSERVATIONS

Fernandes da Silva, R.

ISBN 90-407-2557-8,

212 pages, € 45,00

All publications of Delft University
Press can be ordered directly
through the TU Delft University
Customer Service
www.library.tudelft.nl,

by phone +3115 278 5678 or

through international booksellers.

For purchases within the
Netherlands, please add 6% value
added tax.

2004.4 J DeIJ’t Outlook



WHO & WHERE

DELFT UNIVERSITY OF TECHNOLOGY has eight faculties, each of which is engaged in education
and research in one or more disciplines. The University was founded in 1842 by King William I1.

With 13.000 students, 2.800 scientific staff members and 2.500 technical and administrative employees,

itis the largest university of technology in The Netherlands.
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AEROSPACE ENGINEERING
Kluyverweg 1

NL-2629 HS DELFT
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NL-2628 cn Delft
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Telephone +31 15 278 6260

GEODETIC ENGINEERING
Kluyverweg 1

NL-2629 HS DELFT
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COMPUTER SCIENCE
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CENTRE FOR INTERNATIONAL
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Telephone +31 15 278 3612
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ENGINEERING
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P.O. Box 5

NL-2600 AA Delft

the Netherlands
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Central ILbrary

Delft University of Technology
Library (DUTL) supplies
information and provides
services, particularly in the area
of the technical sciences.

It comprises a central library
and twelve sub-faculty libraries
housed at the respective sub-
faculties and institutes.

The DUTL is intended for
students and staff at the Delft
University of Technology.
However, as the task of the
library is to provide scientific
and technical information ata
national level, its facilities are
also available to the general
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technology and natural sciences,
the library also contains a
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works and congress proceedings.
Literature not in the collection
or not on hand can be obtained
through Delft University’s
Central Library from other
libraries in the Netherlands or
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For further information:

DELFT UNIVERSITY CENTRAL
LIBRARY

Prometheusplein 1

P.O. BOX 98

NL-2600 MG Delft
Telephone +31 15 278 8022

Delft University Press

Delft University Press publishes
scientific books and electronic
magazines, such as the
quarterly journal ‘International
Shipbuilding Progress’ (LSP)
(http://isp.tudelft.nl ), European
Journal of Transport and
Infrastructure Research (http://
ejtir.tudelft.nl) and the Journal
of Design Research (http://jdr.
tudelft.nl).

A catalogue is available free upon
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Information

General information:
INFORMATION OFFICE
P.0. BOX 5

NL- 2600 AA Delft
Telephone +31 15 278 5404
http://www.tudelft.nl

Information on facilities for foreign
students:

STUDENT ADVISORY OFFICE
Julianalaan 134
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Telephone +31 15 278 6098

Liaison between business

and research:

LiA1soN OFFICE
Julianalaan 134

NL- 2628 BL Delft
Telephone +31 15 278 1500

Information on research
fellowships:

Mrs. M.Y.M. Spiekerman
Julianalaan 134

NL- 2628 BL Delft
Telephone +31 15 278 3773
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