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Think like an Amateur, Do as an Expert:
Fun Research in Computer Vision and Robotics
Takeo Kanade

It is indeed a great honor to be chosen as the 2016 Kyoto Prize laureate in the
Advanced Technology Category.

As a researcher, [ have been involved in the fields known as computer vision and
intelligent robots. To put it simply, I work to realize a function akin to what the human
eye achieves, by using computers to process and understand camera images and then to
develop intelligent robots equipped with that function. I would like to start with a recent
project of mine to better illustrate what I do.

Before [ begin, I have a favor to ask you in the audience. I occasionally make
jokes. If you notice that I'm joking, please feel free to laugh out loud so that we can get
this event going and have fun. Thank you.

Smart headlights that make rain invisible

When driving on a rainy night, you might find it difficult to see ahead of you
because the falling rain, lit by the headlights, appears to be white streaks. Raindrops are
made of water and should be transparent, but these round drops of water are highly
reflective. When lit up by the headlights, the drops of water reflect the light and glow
white in the driver's vision, thereby making it difficult to see the road. One might
wonder if there is a way to make these water drops invisible on a rainy night so that one
can drive just as smoothly as if it were not raining.

Now that we know why raindrops appear white, the solution is straightforward.
When it rains, we control a headlight so thal it only emits light that goes between the
raindrops, while turning off light that falls onto them. This way, the light won't reflect off
of the raindrops and will pass right between them to illuminate and reflect off of the
background. Then, the only thing that drivers will see is the scenery ahead of them, and
it will appear as if there is no rain.

You might think, “That sounds like magic! How can it be done?” However, it is
surprisingly simple. Raindrops do not fall at a very high velocity. Their sizes are 4 mm or
10 mm in diameter at most and they fall no faster than 10 m per second. Because human
eves do not react quickly, they look like streaks. If you shorten the exposure setting of
your camera to, say, 1 msec, or 1/1,000 of a second, to capture raindrops, they indeed
appear as droplets in the camera image (Fig. 1). It is not very difficult to determine
where they are located in the image.

So, what you would do is to get a high-speed camera and a projector ready, and
place them together at the same position behind an optical lens (Fig. 2). Technically,
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this setup is called a confocal arrangement, that is, they will be positioned to share the
same light focal point. In reality, it is physically impossible to position two objects in
exactly the same place, and so you use a device called a beam splitter, which allows the
light from one direction to pass straight through, but reflects the light from the other
direction, at an angle of 45 degrees to the incoming and pass-through beams. Then you
get an arrangement equivalent to that of the two objects being placed at the same
location. What is unique about this confocal arrangement is the fact that the camera’s
line of sight and the direction of light from the projector have a one-to-one
correspondence. So, if you can see a raindrop in a certain pixel of the camera image,
you can determine the corresponding light beam emitted from the projector.

Now, smart headlights function like this. For a very short time, all of the projector
light beams are turned on and emitted forward, and an image is captured immediately
with the camera. As I mentioned earlier, the raindrops will glow white, and thus all one
has to do is to have the computer quickly detect their locations and turn off the
corresponding light beams from the projector, while keeping all of the rest turned on.
The process is simply repeated. In reality, avoiding raindrops to be shined can't be
perfectly achieved, and some light will inevitably hit raindrops. If the sole purpose were
to prevent raindrops from being lit, the best thing you can do is to turn off the
headlights completely. That is not good. The actual goal is to increase the throughput,
that is, the percentage of light that would pass between the raindrops. Also, no matter
how quickly you try to do the above, it will still take a little time to process the images
and control the headlight. In the meantime the raindrops will have moved slightly, and
that must be taken into consideration, but I won’t bore you with all of the details of that,
right now.

In summary, a smart headlight consists of a camera and a projector in a confocal
position that are connected by a computer, which processes the images and controls on-
off of the light heams (Fig. 3). We made a prototype by remodeling a projector used for
conferences. Built inside the projectors we use today is a digital micromirror device
chip, or a DMD chip, on which about a million tiny mirrors are aligned in an array. By
emitting light from a strong lamp onto a DMD chip and controlling the directions of
those tiny mirrors individually, it is possible to project any image that you want. With a
conference projector, you only have to switch around sixty images per second at most,
but we wanted to control the lights much faster, so we modified the projector. Then,
using a heam splitter, we placed the camera at a confocal position. We connected them

with a computer and put a cover on it (IFig. 4). If you equip a car with the devices we've
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Dis-Illuminating Snow Anti-Glare Persistent
High-Beams

or all drivers on the road
le difference to smart-headlight driver.

Fig. 5 Fig. 6

created, you will have a vehicle with a brand new set of smart headlights.

Using these smart headlights to look at rain, for sure, you will not notice it as
much. No wonder. We designed it so that no light would hit the water drops. Because
the water drops will reflect only a small amount of light, they will not be very visible to
human eyes. What about snow? (Fig. 5) We tested this with artificial snow and the
snowfall certainly appeared lighter.

[t will take some time before smart headlights that make rain or snow disappear
will be commercialized. Once you know that it is possible to create headlights that can
control light freely depending on the circumstances, it becomes to come up with many
other practical applications. One application that we have been working on is about the
issue of switching between high and low beam while driving at night. You want to drive
with high beam so that you can see far ahead when driving at night, particularly on
country roads without street lights. But, when there's a vehicle coming toward you, you
need to switch to low beam. This is because the intense high beam light will strike the
oncmoing driver’s eyes and results in glare, or temporary blindness, which can be
dangerous. However, this is a cumbersome task and, sometimes, you might get the
timing wrong or even forget to do it. [s there a good solution to this problem?

The simple solution is to turn off only that part of the headlight beam that could
strike the eyes of the oncoming driver of the oncoming vehicle (Fig. 6). The driver will
not be dazzled because there will be no blinding glare, while you will be able to see just
as well as you would with the lights on high beam. It may not be possible to pinpoint the
precise position of the eyes of the driver of the ancoming vehicle but, if the camera sees
a pair of large, bright, and round objects, whose between-distance is getting larger as
the time goes, chances are that they are the headlights of a vehicle coming toward you.
In the United States, the driver in the oncoming vehicle would be at slightly above and to
the right of the center of the two lights; in Japan, that would be on your left. You would

113



.IlL‘uﬁNﬁﬂi‘ :.‘

ERTID5, ZOH720 2059 W& OFFIZFUInna Ty, £oThb L,
AR, HFENAE—LDTETH, HPFICR T L ERLIERLEEEA

(Fig. 7)o 2% 1), ﬂ%ﬁ‘ﬁﬂh4E—A\W$KuﬁKU—’ LD ET,
BRI ORWI L TE LY. FIEOHUIHBEROREEIC L > THGDE
TIREL—2ZM->TFEFTH0, ThEEEHICHOEL L5 ICFERTET T,

EEEOBIRDE | DN TR WIHEETIIFCAHZTT. bbBA. [Z2THEI] &
W 7o UL B EEERIC IR T A LA T, 2612 BAET
& =¥l =i AT128-oT, AOHL Y L, E{OBTHERH
AT A EATEL T, 206, IDZELDOEEELLIZE,THRAIE
T MRS T R DV RERETFHKE T, BAETE, COLHIB AT

LI 2Dy F54 MBARDLLAMZETELTVE T, AL,
Wha LFHLVBREEL MWL ZENTELTLLE .

EHICkEZDE, AATETOTY 27 81E. KOF IS LHNASTL B
DA W HINHTIT K DD OENTET TERDIMNIE o 72 W LR A F o T
HEROMEICH Y T3, 206, BfEOT Y 27 73 GESSDNEDMDT 2
RaThiE & il S %A TS RS S ok 2 Wi & i
HL T DL > —TLLRZDNATIHEZONET, FALRNOH AF LT
Oy x 7 ¥ eflAtbehud, BiE ARThERIOWT, 2%ick. Hmo 3 H
HEE, Bal6 HHERMMTE L VAT A—AAZ - TOT 208« YATL—%%

HIENTET T, A—FF— A0 K¥E(CMU) DIDMFETH S A =/3A -
FFG AN IR FALRAAT - TuT Y - YATFAICEDLE LW, 5FTIC
Lol Lot Y —2BE o TV ET,

BADEZ EAELT...

BiliL7cA=— bty F74 [ OW%HER. SHOMEOT—<THd [EAD
xﬁr%k.ﬁkkLT%ﬂ¢?J4;<%wa EEZEZE T MR IRAHL
EELTIHRERS LTI LTHLEL. [~y FF4 bOXA Y125 DNZDER
[ilif;:b. Wb EAITHERW | & E 2501, JHUEEEBRNTURRRE
I2WVWTLLY ), TWTEAEITY, EiT. HMKIEI, WNThEhO 3 EKhE
B2 EMEICEEISGH T 2013 DT LWL, LT TUSHELEVWED

114

Commemorative Lectures

Fig. 7

turn off the part of light beams directed toward that areas, and then the oncoming
driver is not blinded by glare, even when your headlights are on high beam (Fig. 7).
Thus, the lights are always set on high beam for you, but appear to be on low beam to
the other driver.

Such devices can also improve safety. Today's vehicles “know” which lane they
should be traveling in, thanks to the vision technology for automated driving. The
driving lane can be displayed. This is particularly effective on country roads, where road
boundaries are not always clearly drawn. Of course, it would be a simple matter to
display information from a car navigation system, such as “Turn left here,” directly on
the road. Furthermore, today’s laser sensors and infrared cameras can detect
pedestrians and bicycles from a distance more quickly than the human eye. By shining
more lights in that direction, the driver should find it easier to see far ahead and drive
safely. If you think in this way, more new functions, one after another, will come to your
mind.

You will find further that the camera and the projector form a dual relationship;
they both have exactly the same properties, aside from the direction of light, that is,
whether the light comes in from outside or goes out from inside. Current projectors use
DMDs to control lights from the source in two-dimensional locations and directions.
Likewise, you can think of a camera that controls lights in two-dimensional locations and
directions before captureing them with a sensor on the image surface. By combining a
camera and a projector in a dual relationship, a camera-projector system could control
incoming and outgoing light with six degrees of freedom - two positiona and one
directional freedoms, multiplied by two. Professor Srinivasa Narasimhan, my colleague
at Carnegie Mellon University (CMU), uses such camera-projector systems to develop

many sensors with never-seen-hefore functions.
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Like an amateur. As an expert.

I believe this story about research and development of smart headlights
demonstrates a perfect example of the topic of this lecture: “Think like an amateur, do
as an expert.” When you want to prevent raindrops from obstructing vour view while
driving, no idea is more straightforward and natural than to think, “If the obstruction is
that the lights from the headlights hit the raindrops, the cure is to prevent it.” This is
such an amateurish opinion. Any expert would know that it would be extremely difficult
to accurately and rapidly measure the three-dimensional positions of each raindrop and
that — and this is actually the case — it would be even harder to control the lights so that
they don’t hit the raindrops. This knowledge would make an expert almost instantly
reject the above amateur’s idea. I am sure that you have had similar experiences. If you
come up with an idea for a new initiative, in most cases it will be an expert in the field
that will make a negative comment first. They'll say things like, “That would be too
difficult” or “You just don't do things like that.” In fact, people like me — professors at
universities — tend to have an ohsession that we must let people know that we know
better than others; so when a student makes a suggestion, we are tempted to say
something like, “Didn’t you know? Someone tried that in 1965 and failed.”

Let us, for now, accept this amateur’s idea. You would actually need expert
knowledge and skills to make it happen. For instance, imagine that for automated
driving you write a program that commands to steer to the right when the car swerves
to the left and, in the opposite case, to steer to the left when the car swerves to the right.
You might expect that the car would travel straight. It will likely weave back and forth
instead. Why? The concept of “gain” in control theory is missing from the program.
Recall that the key to implementing the smart headlight was using the confocal
placement of a camera and a projector, so that it is not necessary to know the three-
dimensional locations of raindrops, but just their locations on images. This is the expert
knowledge. Also, you need expert skills in order to put that principle into practice, that
is to use a camera and projector to process and control data accurately and rapidly. Mind
you, though, I am not saying, “We need both amateurs and experts, with amateurs
offering ideas and experts giving shape to them.” Each individual researcher and
engineer must be an expert of the highest level, but he or she needs to think without
preconceived ideas “as if a novice” and do methodically “as a real” professional. I would
also like point out that we found the idea of smart headlights not only interesting but
expansive. Once we correctly understood the principle of the smart headlight, we were
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able to come up with many other applications, such as the high/low beam headlights.
We were also able Lo generalize the idea of this device in the form of a camera-projector
system. Finally, whenever I talk about this story of smart headlights, my audience
almost always reacts like, “That’s interesting. Wouldn't it be even more useful if you do
it like this? Couldn’t you use my technology here?” In other words, it seems to have the
effect of stimulating people and helping them to expand their own thinking framework.

I have worked on computer vision and intelligent robots for over forty years, and
my approaches have been, as | have just said, based on very simple ideas in a sense. My
priority has always been to find ways of making my research findings benefit the world,
and I count myself fortunate to have enjoyed my work so far. Now, I'd like to tell you a
little bit about my career as a researcher, starting from my childhood.

My early years: From childhood to university graduation

I was born in October of 1945, just after the end of World War 11, in a place called
Kayano in Oji Village, Hikami District, Hyogo Prefecture (now Kasuga Township in
Tamba City) (Fig. 8). 1 have many memories about that place. My family rented a small
house in the middle of a paddy field with an earthen-floored kitchen and a narrow
veranda, which overlooked a small garden and a well. Behind our house was a small
stream, where I would often play and catch loaches using a bamboo basket in the
summer. My elementary school was located a bit up along the prefectural road from my
home. When I started school there as a first-grader, we only had one very small class of
maybe 10 students. It seems that there are also things that I don’t remember. | was the
youngest in a family of five children, with two elder sisters and two elder brothers. My
sisters, who were babysitting me, probably reluctantly, by carrying me around on their
backs, say that [ was hopelessly obstinate. According to them, once I started to demand
something, I would dig my heels in and refuse to budge an inch. As a person who
remembers myself a very obedient good and quiet child, I can't believe or even imagine
such a story, but since both of my sisters insist on it, I suppose I could have been like
that. By the summer of my first year in elementary school, my family moved to Kobe
City, where 1 spent the rest of my elementary school years, and went on to junior high
and senior high school, while moving with the city twice.

Quite frankly, my family was very poor and badly off. Even as a child, by the time I
started at elementary school I fully understood the situation and I don't think I ever

pestered my mother to spend money on me. My mother made a living by doing work of
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sewing Japanese kimonos from early in the morning to late at night. To prevent kimono
fabric from shrinking after being sewn, it is necessary to iron it, and I remember helping
her do this from as early as when I was in the lower grades of elementary school. My
mother came from a farming family in Tamba. While she only graduated from higher
elementary school, she was a very quiet, wise woman. I hardly remember her raising
her voice to scold me. She knew about a greal many historical events and interesting
sayings, and while she sewed, she used to relate various old tales and tell me all about
famous incidents and people from history. In retrospect, I learned virtually all of my life
philosophy from my mother: “Don’t waste money,” “Too much is as bad as too little,”
and “A person’s real capability makes itself appear not when things are going well, but
when things are difficult.”

I'm often asked if I was thinking about doing robotics research from my
childhood. T don’t think [ was. If [ had to think of any connection, | enjoyed making all
sorts of things from whatever was at hand around me to see how they worked. There is
one thing I remember to this day. Before entering elementary school, I decided to make
my own fishhook. I bent a wire with pliers into a hook shape, tied it to thread, put a bait
worm on the hook, and dangled the line in the river from a rod. However, I kept losing
the bait and couldn’t fish, no matter how many times I tried. That was because | didn’t
realize that I needed a barb, which is a backward-facing point, on my hook so that the
fish wouldn’t get away. I still remember how vexed I was. Perhaps because of this
experience, | never came to like fishing. Anyway, still I truly love making things and
doing things myself. At home, I disassemble anything, whether it be furniture or
electrical appliances, and try fixing it if it's broken to the point that it is my hobbby. 1
would say my success rate is quite high, and [ end up using old products forever. My
wife says to me, “You're not a good customer for salespeople, because you buy from
them only once.”

| graduated from high school in 1964 and went on to enter the Kyoto University’s
Electrical and Electronic Engineering. To tell the truth, it was not necessarily a decision
of any particular thought. One of my brothers suggested that I should go to Kyoto
University, instead of the University of Tokyo, which I did. I chose the Engineering
school because it was everyone's top choice at the time when the Japanese economy
was experiencing rapid growth. I picked Electrical and Electronic Engineering because
its quota was the largest. I figured that the chances of me failing there would be low
even though the competition rate was the same with other departments with smaller
quota. It might sound like nonsense but this was the probability theory that I made up.

12]
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Even in my later years as a researcher, it seems to me that I'm influenced easily by what
others say to me, and make decisions based on simple and probably not well-thought
oul reasons.

I was brimming with energy at university. My lodgings were in historic places in
Kyoto, like Murasakino and Kitashirakawa, and I visited most of the shrines, temples,
and promenades in the surrounding areas. That wasy [ was a typical student. If I were to
think of anything that made me different from others, I would say that I never played
the game of mah-jongg, which seemed to be a “mandatory” subject for college students
at that time. Also, when I came across an interesting theory or field in class, | made it a
rule to buy classic books or English textbooks on the subject and read through them
something that I found personally very satisfying. Some of those books included
Quantum Mechanics by Shin’ichiro Tomonaga and William Feller’s classic book on
probability theory, and those well-thumbed volumes are still on the shelf in my study.
Certainly what I gained from that experience was not just knowledge but also the
confidence that I was able to read them, and this definitely had a positive impact on my
subsequent life as a researcher.

Beginning a research career at the Kyoto University Graduate School

After completing the undergraduate course at Kyoto University in 1968, I moved
on to the university's graduate school. I chose Professor Toshiyuki Sakai’s laboratory
(Fig. 9). Dr. Sakai already stressed that, “Computers aren’t just for calculating numbers
— they can and should be used to process and recognize images and sounds.” We now
take it for granted that images and sounds can be handled using our computers and
mobile phones, but his idea was extremely novel at the time, and it had a profound
impact on me. [ would never presume to be as deeply philosophical as Descartes, but I
completely agreed with the theory of the human machine, and read Alan Turing's
essays on intelligence and Marvin Minsky’s paper “Steps Toward Artificial Intelligence.”
It was around this time when [ became convinced that, “it is self-evident that we will
someday have artificial intelligence on a par with or even surpassing human
intelligence.”

The experience I gained at Dr. Sakai's laboratory provided a framework for my
subsequent career as a researcher. I came away with several things from there,
especially my attitude toward research. Dr. Sakai's favorite phrases were “first in the
world” and “interesting.” At that time, Japan was far behind the United States in the
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information technology field, but his attitude of aiming for “world-class” and “interesting”
research — that is, “advanced” and “expansive” research — seemed (o motivate everyone
at the laboratory. Dr. Sakai also often said, “If people know only about hardware, they
won't use software even when they could make something much more flexible by using
a few lines of software. If people know only about software, they won’t use hardware
even when they could make something much faster by using a small piece of hardware.
The same holds true for theory and application. Theory without application is
meaningless, and application without theory cannot be relied upon.” To sum up, you
need to think about everything, irrespective of theory and application or hardware and
software, and instead see them all as parts of a system. Another thing that I learned at
the laboratory is from Dr. Makoto Nagao, then an associate professor in Dr. Sakai's
laboratory, who later went on to become President of Kyoto University. He said, “Any
research must have a concrete goal (Fig. 10).” You may think that this is obvious, but it
is much easier said than done. To help you to understand how often researchers forget
about this simple rule, perhaps | need to tell you how much difficulty I had doing
research for my doctoral thesis.

As an undergraduate student I was fairly good at solving math exam questions. So,
when I read theoretical papers, I could think, “Ah, I could modify it into such and such
big theorems.” However, unlike math exams, you never know beforehand if there is an
answer to it in the first place, let alone if a research question is worth solving. It was not
easy for a graduate student with a little experience to make a big discovery, and it wasn’t
long before I started running into dead ends. I began to grow anxious and tried a next
topic. And fail, and next, one topic after another. As I attempted various topics, I read
many papers, and becase knowledgeable, but I still couldn’t do anything. What I did was
actually things like “expanding on that point in this paper” or “making this point more
mathematical in order to make the paper look better.” However, such attempts easily
became ends in and of themselves, but were devoid of concrete objectives. This form of
approach made it difficult to determine the course of my research. About two years
passed almost in the twinkling of an eye, and [ became quite nervous thinking that I
would end up achieving nothing.

It was a piece of advice above mentioned from Dr. Nagao that saved me during
this time of crisis. He said to me, “Mr. Kanade, you should set a concrete goal for your
research.” He also told me about the existence of digital image data containing as many
as 1.000 human faces. “If only you could make a program that would process this data
properly, that in itself would be a superb achievement,” he continued. Those image data
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were collected for an attraction at the Expo '70 held in Osaka, which used a program
designed by my former classmate Masatsugu Kidode (later professor at the Nara
Institute of Science and Technology after working at Toshiba Corporation). The dataset
contained facial images of attendees at the event. In an era when such digital images
were not easily available, the digital images of 1,000 faces was a very substantive
database. True to his advice, once I had determined a concrete goal, my research got
going, and my thesis research was eventually recognized as “the world’s first full-scale

research in the area of processing and recognition of facial images (Fig. 11)."

From an assistant to studying in the United States

In 1973, I finished graduate school and became an assistant professor and then
soon an associate professor at Kyoto University. In 1975, a person who would later
change my life significantly came to visit my university — Professor Allen Newell from
the CMU School of Computer Science. He is one of the pioneering figures in artificial
intelligence research (Fig. 12). [ showed him a program for recognizing outdoor scens
that I was working on with Yuichi Ohta, who was at that time a doctoral student and
would later become a professor at the University of Tsukuba. He told me that
researchers at CMU were doing similar research. I asked him if I could go to CMU to
conduct my research and, in 1977, he invited me to come to CMU as a visiting research
scholar for a vear. I was hosted by Professor Raj Reddy, who was an authority on speech
recognition and was at that time expanding the scope of his research to include video-
related topics. By that time, [ was already married and had my first son. We all moved to
Pittsburgh and rented an apartment near the campus. Driving on the highways, seeing
huge mansions on the way to the university, and shopping at massive supermarkets —

Fig. 12
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my first stay in the United States was full of surprises for me.

At CMU, I was surprised to see how advanced the research environment for
computer scientists was in the United States. In Japan, batch processing by the
university computer center was standard, and the time-sharing system (TSS) had only
just started in a limited fashion. At CMU, on the other hand, the CS department had
several large TSS computers that were operating around the clock. In the offices,
cathode-ray tube (CRT) terminals were assigned to each individual researcher, allowing
them to use a computer whenever they wanted. They even provided another CRT
terminal and modem for use at home, The commucation line was extremely slow — 50
baud - which is unthinkable nowadays, but I wrote programs al my home in Pittsburgh
both day and night, even on freezing-cold days when I couldn’t get to the office. Also,
there was already the ARPANET, a prototype of the Internet, which connected major
universities and research institutions in the United States and allowed researchers to
send e-mails, transfer files, and talk and chat. There were also bitmap displays, free
fonts, and grayscale picture printing. In other words, all of the functions that current
computers have now were available forty years ago, albeit at very different rates of
speed and performance.

Now, let me talk about what I did as a visiting research scholar. When we as
humans see a line drawing like this, we can perceive its three-dimensional form (Fig. 13).
This was my research topic as a visitor, namely, “How can we recover a three-
dimensional shape from a line drawing?” I tried many different approaches with some
success, but 1 became increasingly frustrated when [ was unable to get clear, systematic
and convincing results. One day, when I bumped into Professor Newell in the hallway, he
asked, “How are you doing, Takeo? Why don’t vou come to my office and tell me what
you're working on right now?” I replied, “I don't have particular results yet. I'll tell you
when I get something interesting.” But he told me that I should simply come and talk. I
visited his office and explained what I was doing. Like when he visited us at Kyoto
University early, he always listened very carefully to what young people like me had to
say and then ask questions. During our discussion, he challenged me: “What you're
trying to do reminds me of the theory of David Waltz; what is the difference?” Waltz did
well known work for a mathematical theory on the understanding of line drawings. It
was one of the most successful artificial intelligence research researches at the time,
and I certainly knew about it. In fact, I had tried to apply his method to my example
drawing of a chair, but it didn’t work. On the spur of the moment, I replied, “I'm trying
to find a more flexible method.”



Ol

BIZHTZS, 759 A L—ardifegigdbTcwE Ll 2EeE =a—9x
VEARIZE T THE o726, [ 774, KA TR TV A% ? ORI H THFZE
TWaIEEEZ TR EV)] EEbhT L, [EclwLAZ i3 TETwE
Hho TELLBHLET] LEHL, [RoTWAZLEZFHRIIVVOE] LD
EROTHMITE E Lz Al 5HPAEEZGH SN &2 T Aok
S RO R LR BT THWT, SEXFLRILEHEMENTS. D5
L, [BORBEHELTWAILERZRFAY4 v F e O+ LyOMBRELNTHE L2
A, EIANES DD EldhF L 74 VY OBEE WS O, FBRETERRIC
M3 207 ) BEIW AR T, M0 A THIRENFE Tlit b i) L 72 5En—> T L
2DT, LD BAHAH-TWE L. LA L, ROBIETHHHTFOEIHED N
BERLAESS, D 2VAEDoDTT, T b, [Fidd h Flkz (more
flexible) HEZ HIEL T30 TY | LDEFTERATBXF L
HOHRBIR-TETHHEZ T L2 DI, FOFEIEY 4 VY OBERTIE
I ECUBTELRD72DT, [ETREVFEK] LHEZHIBLTWAIETTY, L
L. TORBOTRIZLAES ) LEZHROE LI, THE. TATTIFIT
I L7z a0z, WHEIAROLH L2 EE»HTETWL I EZBICHE
LTWwaA ROLEE LTy LHHIE. WEREIEADZWHAMPSTETWSEI L
LAFTREZL WS I LIZASMFVWA0TYT, ZOEEZRLERMIZETMIEIZO
[#i| ORTY (Fig. 14 ). [Hi] ##i< L 2 ZbhbhidihsaRo L9 2k Th
LA W OHEIERD L) (EALMAIANL I E 2L TV HDEE, K
B 7 VY OHEIENE) TLBMTELOTTY, AREANTRE, [Z
Hizdh 2] EWHLFES. $hbEWEERNT 2 AN 2 D SHiicE R

BE-EINE

Ro

5

\\\

B3P0 ¥ 3 0] B %5 Bod

Fig. 14

130

Commemorative Lectures

Back in my office, | began to wonder. To be sure, the Waltz's theory could not
understand my example, so what I am looking for is a "more flexible” way of doing
things. Then I started thinking what this “more flexible” really meant. And an idea came
to me. Waltz's theory implicitly assumes that an object is made up of elements with a
certain volume, but [ realized that the theory that I needed should also allow an object
to be made up of only surfaces without any thickness. The example drawings of “boxes”
most directly depict the difference here (Fig. 14). If we were to draw a “box,” we would
normally draw one like the box on the right, but Waltz's method expects us to draw
thickness as well, like you see in the drawing on the left. In fact, Waltz's method
recognizes the left drawing correctly, but if we input the right drawing, Waltz’s method
says that the drawing is “impossible”. In other words, what being “more flexible” really
meant was to change the basic unit that constitutes an object from a dimensional “body”
to a “plane”. With this small “discovery,” despite some mathematical and programming
difficulties, my research was rapidly set into motion toward a new theory of three-
dimensional form recovery. | named it the “theory of the origami world,” and 1 could
develop its extension theory as well, which became my second successful work after my
PhD thesis work. I still remember the excitement that [ felt at the time of the “small”
discovery. One of the lessons that I learned from this experience is the importance of
talking and sharing your work with others. This doesn’t mean that you always expect
them to give you a good idea. Rather, when you speak to others, you can organize your
thoughts, notice deficiencies, get feedback, and think through again. When I met
Professor Newell later, I said to him, “Thanks to your comment, I was able to accomplish
something great.” His reply was, “Did I really ask you that question?”

I ended up staying at CMU as a visiting research scholar for 18 months until
March 1979 before returning to Japan. On our way home, my wife, son, and I traveled
around, visiting the Grand Canyon, California, and Hawaii (Fig. 15). I dropped by
research centers and universities here and there to deliver lectures and I met many

interesting people. It certainly was a luxurious trip.
Moving from Kyoto University to Carnegie Mellon University

Some time after returning home to Japan, Professor Reddy contacted me (Iig. 16).
He told me that he was planning to set up a new research center called the Robotics

Institute, and he wanted me to take the opportunity of its establishment to officially
transfer to CMU. I was interested in the offer and consulted Dr. Sakai about it. He
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opposed the idea at [irst. Aflter several meetings, he finally gave in, saying, “If you really
insist, you may go.” He told me, “If you're going to go, make your presence felt as a
Japanese researcher,” and also advised me to “Never use the fact that you're Japanese as
your advantage.” The latter advice may sound somewhat contrary to the common sense,
but it turned out to be very appropriate advice. I did not fully grasp its deeper meaning
until later.

I moved to CMU in April of 1930. I must say that it was the biggest decision I had
made and a turning point in my career as a researcher. I was given the title of Senior
Research Scientist with a five-year contract. Compared to the life time stability of a
position at Kyoto University, the offered was rather tenuous. Honestly, I did not give
much serious thought to the matter because, when I was at CMU as a visiting
researcher, I came to be convinced that I would be able to do my research there with
three times more intensity than I would have in Japan. I casually assumed, “five times
three equals fifteen years, which is enough.” Thinking this, I convinced my wife that we
would be back in Japan after five years and set off for the U.S.

And so, my life as a full-time researcher and educator at CMU began. Having been
there once until the previous year, I thought that I knew most of the things that [ needed
to know. At the same time, I was a bit nervous and also fired up about the new
opportunity, knowing that I had no university to go back to in Japan. Having become a
regular facultv member, I discovered some things that I had not known or that puzzled
me. For instance, about one week after my arrival, a graduate student visited me in my
office and said, “I heard that you've just arrived here. I want to do research on computer
vision. Will you take me as your student?” I thought it would be a nice thing to do, so [
said, “Sure.” Then, after a week, another graduate student stopped by and said, “T want
to be your student, too.” I began to feel good about my unexpected popularity and said,
“Okay, of course” to that student. In time, [ ended up having three students and began
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working together with them. A little while later, I received an e-mail from the accounting
office of my department, which asked me to which account they should bill the tuition of
my three new students. My jaw dropped, and I said, “What? I have to pay their tuition?”
Unlike common practices at Japanese universities, where students have to take care of
their own tuition and living costs, professors at universities in the United States pay their
graduate students’ tuition and living costs out of their research budgets. In a nutshell,
professars are their employers. And this was no small sum of money - CMU is a private
institution in the U.S. Having just arrived, [ did not have such any research grant. In my
confusion, I spoke to Professor Reddy, and he kindly suggested that I could charge the
expenses to his account, and thus I was saved.

At that time, a big project on image understanding sponsored by DARPA was
underway in the U.S. CMU was one of the key members of the project, and Professor
Reddy was serving as a principal investigator (PI). At a meeting for the project held
about two months after I arrived, he suddenly declared that I would be a PI from that
time on. I became the head of such a huge research project without even writing a
research proposal. I couldn’t thank him enough for his bold decision of assigning me to
such an important position. Professor Reddy is a visionary and bold decision maker. He
conceives major concepts and projects, involves others in them, and makes them
happen. Though I could not possibly emulate him, at the very least, I believe that I
learned from him that you have to make an extra effort to stay one step ahead of others
in your research and think on a grander scale than others.

Constantly being perplexed, surprised, and impressed by one thing or another, I
gradually and eventually got used to teaching and researching at CMU. I also learned
how research activities work in the United States, a process of gaining research funds
from research support organizations such as the Defense Advanced Research Projects
Agency (DARPA) and the National Science Foundation (NSF) and hiring people to form
a group to carry out the project. I came to like this kind of dynamism in idea
development and project execution, and felt that it suited me well, so much so that |
ended up having stayed at CMU for a total of 35 years, contrary to my original plan of
five years. As shown on this slide, [ have worked on a diverse range of research topics
(Fig. 17), including basic methods and theories of computer vision like stereo, color and
video image processing, and their applications in face detection, virtualized reality using
numerous cameras, surveillance camera systems, and microscope image processing for
cell tracking. In robotics, I worked on the invention and development of autonomous
robots, including direct-drive robol manipulators using no gears, an autonomous
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helicopter, humanoids, and automated driving robots. [ also worked on surgical robots
and robot systems that work for people, which I named the quality of life technology.
You could say I do whatever comes into my mind. Now, I'd like to take this opportunity
to talk about two or three of these topics: how they started, whom [ collaborated with,
and what difficulties and fun I encountered along the way.

Automated driving — “No Hands Across America”

In the mid-1980s, about four years after I moved to the States, the Autonomous
Land Vehicle Project started. The project involved a vehicle that would drive on roads
and over natural terrains by detecting streets and obstacles using onboard cameras and
computers. It started as a part of a larger U.S.-government-initiated project called
Strategic Computing. I remember that five of us - from the Massachusetts Institute of
Technology (MIT), Stanford University, and The University of Maryland, the Stanford
Research Institute (SRI, now SRI International) — spent several days discussing the
vehicle's specifications in a conference room at DARPA. From that experience, | believe
that I learned how they set goals for DARPA-model projects, that is, setting goals at a
level that is forward looking and pioneering, but still deemed feasible.

For autonomous navigation research we started with a small wagon-like vehicle,
but by 1986 we had been convinced that we need a self-contained robot vehicle for
research. We converted a van into a robot vehicle equipped with four workstations, a
camera, and a special laser distance sensor (Fig. 18). We named it Navlab, a
portmantean of “navigation” and “laboratory.” We started with slow cruising at about 5
km per hour along a path in a park next to CMU, then moving on to suburban roads and
highways. This project lasted for more than 15 years, and we built Navlabs 1 through 10.
Tharnks to the research of many active doctoral students and capable staff members, we
experimenied with almost all of the functions required in today’s automated driving
vehicles, such as keeping the vehicle in the lane or changing lanes by detecting lane
markings, parallel parking, detecting other moving vehicles and pedestrians, and
detecting vehicles in the blind spot. Navlab had all of these, although they were still not
perfect. The biggest event of the Navlab Project that has had a profound impact on
automated driving research overall was the “No Hands Across America” tour of 1995,
a demonstration of automated driving with Navlab 5 across the North American
continent from Pittsburgh in the east to San Diego on the West Coast. For 98% of the

approximately 5,000-km-long journey, our vehicle drove by itself at about 100 km per
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hour. This was 21 years ago, and it was essentially the highlight of the project, as it
made people aware that automated driving was a possibility.

In the very early stages of the Navlab project, we received a visit from Mr.
Kazunori Ukikawa, then president of JustSystems, which is best known for the Japanese
word processor Ichitaro. I read about his recollections of that visit in a newspaper
article, in which he said, “While showing me a video of a very slow-moving vehicle, [Dr.
Kanade] spoke with great confidence, saying that it would soon become faster and faster
and even cruise on highways.” Honestly, [ do not remember sounding so confident back
then, but I must have talked big. In retrospect, 1 suppose I was modestly justified in
speaking in such grand terms. Automated driving is becoming practical technology, and

[ am very proud that the Navlab project paved the way toward making it a reality.
Directorship at the Robotics Institute

In 1990, when the Robotics Institute marked the tenth anniversary of its
foundation, Professor Reddy, who had served as the founding director since its
establishment, came to me and said, “Takeo, you'll be the next director.” By that time,
the Robotics Institute had become a huge, globally renowned research center with over
150 staff and an annual research budget of over 3 billion yen. Having been in the States
for only ten years or so, I was unsure whether I could fill such a big job but Professor
Reddy urged me to take on the directorship, saying, “You can do it, you can do it,” and
so I decided to accept the offer.

After taking up the position, I discovered two contradictory things: it was
somehow easier than [ had expected, but at the same time it was more difficult than I
had thought. In U.S. universities, individual professors and rescarchers follow their own
thinking, conviction, and vision to seek out research funding from national research
support organizations or private businesses, and then use the funding to hire people and
buy what they need to carry out their research. It's like a conglomerate of independent
operators. What this means is that you do not have to act politically or make backroom
deals so often. What the director is expected to do is surprisingly simple: to reduce the
number of unnecessary procedures and tasks imposed on researchers and keep the
organization moving forward quickly and flexibly so that researchers can perform their
work efficiently, even eliminating the distractions originating from the director himself.
Most importantly, the director must hire “star” professors and researchers who can

attract funds for their research, or young researchers who have the potential to become
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stars in the future. As such, for example, [ invited a senior-level researcher from another
institute — who I knew was thinking about a move - to give a lecture and offered (hat
researcher a position the same day. I also asked our Mechanical Engineering
Department to create a joint position in order to hire a promising young female
mechanical engineering researcher who had just completed her post-doctoral research
at MIT. When that researcher came to me after a while to say that the joint position
rather hampered the flexibility of her research activities, I readily switched her to a full-
time position at the Robotics Institute.

Now, the difficult part is promoting your Institute to outside organizations and
making them aware of the merits of your Institute. Without this, it is difficult to show
the vision of the institution and to attract supporters of the necessary new initiatives. It
is important that the director is seen and respected as a researcher but, more
importantly, you need to be able to present a package of successful projects being
undertaken by the entire organization and talk about them in a charismatic way on
various selected occasions. As a foreigner in the U.S., my English, thought not bad, was
naturally not perfect, which put me under considerable pressure when I had to make
remarks at various meetings. Looking at it another way, however, it might have been an
advantage for me, since | had to make a conscious effort to constrtuct my stories and
give an enjoyable speech that included jokes. Occasionally, I would be stuck for a word
during lectures and speeches and, while trying to explain my ideas with other words, |
would often ask the audience for help, saying, “Hmm, what's the word?” This wasn't
intentional and just came to me naturally, but somehow it appeared to people that these
instances were very finely timed, and one of them once told me, “I know you really
know the word, but pretend not to. That helps you to establish a dialogue with the
audience.” That kind of generosity from people in the U.S. helped me a lot.

I held the position of director until 2000, by which time the Robotics Institute had
doubled in size, with 300 staff and an annual research budget of 6 billion yen. In 1995,
the Wall Street Journal selected Pittsburgh as one of the hottest high-tech cities. In an
article describing how Pittsburgh had earned the moniker “Roboburgh,” the CMU
Robotics Institute was mentioned as having made significant contributions.

The only professor to ever appear at the Super Bowl?

“EyeVision” is a system that was used for the broadcast of Super Bowl XXXV,
which took place on January 28, 2001. The development of the system itsell was a major

141



| Jerliee

BEKRELT Ly v x—=TL . A5 I ZhW2IZA M=) —%¥2, Va—2}
ANTRELGETHMZ 28N 2R L iuE i b hwZ EidH-T7 B
TPt LT A L AE HHPAC—FORTESRECHE Tk
& TOEVWLWIEEROBTETHMILED S, B [RAZ—oERALEEID
TLzddal EEERISGACTHITTE6) S EABY T4, AL LTERAKIILTY
LDTETM, ¥AIVZPHEHEL L. TAV AN [HoTwh {FIZHMIZR -
TWADEAS . dNTHLl-OiF7 BRI E L T2 ARLOE] Ligfsh
DBV ET, ZIVITLEZITANDT A) AD5HEZADESIITICE
DEL

20004 X TR £ L7zA%, ToMizaRy Mg 2 oML, 300 A0
Filigs & 60E M OB 7ER% 24k W8N e ) F Lize F720 199550 4 — b - A b
—b -« Yo —FIUEHEHTRETE LT vy wR—F% [0R -] L&
7R HopiZCMU TRy MtJETOHO K TH L LB E F L7

A—23— R WA L7 - ANFdE 2

20014E 1 H2Z8HDOT AU Hh ¥ « 7w PAR— VO FHERER A — 73— Ky LXXXV
DRETHDNIZ [TAEYary] Lw) VAT AORBIE—2DHEHRTL.
20004EDAFIZCBSA Hlbig D ) F L7z, Wl [ hY v 2 A ] O L) ICPENT
L—Z W HZ LS TN v Lo THA Z2WHEFAE S AT L% 7 v PR— LT
FHTERVWDPLEEVET HEA B [T Ry 2 R] BTWICRD T LA
FORGEIZIE, 1008 LD A SHA Y TFodue ) & X5 IR xhE T,
ZORRTHEHETAHEY. ZZ2Z2EVAHBET. Chb0h 2T TRIHCE R
Wb T4, ENLOWMRE N ICORIFH E, W% WL Tw2 AR -
T, TORNZH-TVALICHIZDOTYT, THERLIERZTAYA - Ty
FE=LTRAEIEEIDTEI, 39 FOBFIZEWL, ¥ITRWZL—%
BILPbDNERVDT, 5L LI AT ZHEEORRIITIELTEL L
BTEEHA €ZT. AATENRY(ER). FUMET), 73—HR&, X—-4L
WIABGERMN G ERTETER TRy b HAFIZEL, 799 FENDEE LS 12
AFTT LD ERICEETADTYT (Fig. 19)e £LT. TRHE AT VT LAOHMNZ
Ehizay ba—wEhs, $XTHOH 2 FHFIFIC S L —0O—LEH- DT &

142

Commemorative Lectures

event. In the spring of 2000, CBS contacted me to ask if it was possible to develop a
video replay system for their broadcast of this annual American Football Championship
game. They wanted a system that would let you stop the frame on a decisive play and
revolve the camera viewpoint around it, like freezing a fired bullet in time as in The
Matrix. Have you all seen the film The Matrix? In the film, more than 100 cameras were
arranged around the center of the film studio. Actors and actresses performed at the
center, and all of the cameras recorded key scenes simultaneously. By putling together
those still images in a sequence, the audience would feel as if time stops and they were
spinning around the target. They wanted to do the same for the football game. The
problem was, it would be possible to preset the spinning point, since the football field is
huge and you cannot know where a good play is going to take place. So instead of static
cameras, we used robot cameras that could control their panning (left and right), tilting
(up and down), focusing, and zooming, and place them up around the top of the stadium
to surround the field (Fig. 19). By automatically controlling all of the cameras so that
they would follow the same play simultaneously from a control room outside of the
stadium, we were able to create Matrir-like effects at any point on the field we chose.
We set up a system like this by placing 33 cameras on the second level of a stadium in
Tampa, Florida. This is a video of the game. | was asked to appear in the broadcast of
the Super Bowl to introduce the system, which made me the “only university professor
to ever appear at the Super Bowl.” It was estimated that as many as 200 million people
watched the game throughout the world, which featured videos taken using EyeVision
and my explanations. After that, a similar system came into common use in broadcasting
and other attractions, and [ believe that you have probably seen this kind of video since
then.

Actually, the origin of EyeVision can be found in one of my research projects that
began around 1993 (Fig. 20). We built at CMU a hemispherical dome with 51 cameras
all facing inside. In the dome, it felt like being inside the compound eye of a dragonfly.
Images taken from 51 different angles were processed to create three-dimensional data
of each moment and its sequence. I dubhbed this four-dimensional digitalization, or
virtualized reality. If you “virtualize” the real world and broadcast the data, viewers can
freely move around the software-driven virtualized world and observe synthesized
images from arbitrary angles and positions that are different from the original camera
angle. This was the original idea. My slogan for the system was, “Let's watch NBA on
the court.” If we covered the basketball court with a veil of cameras, we would be able to
watch the game as if we were freely moving around the court. When I assembled the
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[Sheikh, 2014]

Fig. 21 Fig. 22

first system in 1995, some people criticized that it was not very practical to use so many
cameras. However, by now many research centers and private businesses have put
together similar multi-camera systems, and now such media using many cameras have
become common. The current system at CMU is made up of 480 cameras (Fig. 21). I

guess one secrel to “doing something interesting” is to “go a bit extreme.”

The Lucas-Kanade method — Students are right

One of the most fundamental visual abilities is to track the movements of objects
in videos (dynamic images). This is necessary, for example, when following the
movements of individuals recorded in surveillance camera video or when a self-driving
vehicle determines the moving direction and velacity of another vehicle or pedestrian.
More precisely, it is the capability to find vector w, which expresses the movement or
displacement of a characteristic pattern between an initial image frame G(X) and the
next frame F(X) (Fig. 22). Mathematically speaking, you need to find the u that
minimizes the error function E (u), shown here, which is the sum of squared difference
of pixel values between G(X) and F(X+u) over a certain window W. Most simplisticly,
you could calculate E (u) for every possible value of # — an all-point search — and find
the answer of u that generates the smallest E value. The problem of this simplistic
method, however, is that no matter how fast computers are, it will cost a considerable
amount of time to do this for every single characteristic pattern in an image. The
question here is how to find the best u accurately and fast. Actually, I was working on
this problem around 1980 with Bruce Lucas, one of my first graduate students whom I
mentioned before. One day, Bruce came to me and said that he had come up with a
good solution, He said, “The movement of u is generally small. So, we apply the Taylor
expansion (o the function F and use its first order approximation. By substituting F with
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its its first order approximation the error function E (1) becomes a second order
function of u, whose minimization can be easily solved and to produce this explicit
formula. In other words, just by applying differentiation to the images, u can be
computed directly and quickly. This is a great idea, and we should write a paper on this.”
I replied, “Bruce, the Taylor expansion is a 300-year old method, and the derivation of
the formula of the minimum is almost trivial to the level that even a high school student
could do it. There is nothing novel about it. If we publish a paper on it, it could ruin my
reputation. I don’t want that to happen. You shouldn't write it.” Since he kept on
insisting, however, I said to him, “All right, you can publish, but only at an obscure
conference.” And, in fact, we did not bother to contribute that research paper to any
academic society’s journal. Contrary to my expectations, the conference paper ended up
becoming a “super” popular paper, which has been cited over 10,000 times and became
the most referenced among some 500 papers to which my name is associated. The
method later became known as the Lucas-Kanade method, and is currently used to
compute the image movements or optical flow. Its application ranges from compression
coding technologies like MPEG, for efficiently transmitting and storing video data, to
tracking feature points, in the simultaneous localization and mapping (SLAM) method
for calculating one’s own movements from images for automated driving. The method is
also used for image processing in the fields of biology and medical science. It has gone
on to become one of the most extensively used vision algorithms. I Bruce had followed
my instructions, we would not have the Lucas-Kanade method, or even my current
reputation. Since then, I make it a rule to say to my students, “In most cases, what a
professor says is wrong.” Papers, or research for that matter, are valuable not because
they offer superficial newness but because they solve certain real problems and offer
some advantages. And, those points need to be strictly assessed. I certainly dramatized
this story a bit to make it more amusing, but this is a good example that indicates the
important roles that graduate students play in research projects at universities. | have
several other examples in which I worked with extremely talented students, and
together produced methods and theories bearing their names as well as mine. Like the
case of the Navlab system, project accomplishments tend to be attributed to principal
investigators, but the actual work of developing a system is performed by many staff
members and students, and no project would be successful without their brilliant
efforts. In this sense, I have been more than fortunate to have had consistent support
from such great staff members and students for as long as 35 years. [ would not even be
here today to share this story if it weren't for them. I cannot thank each one of them
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individually here, today, for their dedication.
Fun in Research and its Usefulness

Whenever 1 speak with researchers who have done brilliant work, I always feel
that they enjoy talking about their research. They typically start a story with, “Let’s
think about this common or familiar problem.” Then they go on and say “This problem
may look easy to solve, but it’s really quite difficult. You can think about it like this at
first, but the solution you'd end up with would be really odd. So, [ thought about it like
this to discover this interesting point and solution.” “In this way, we can solve this
problem and that problem, and we could have new applications like this and that.”
Listening to such people, we do not hear them speak one-sidedly, but find ourselves
being drawn into their stories before we know it and trying to solve the question
together with the speaker. We are drawn into the story because of its narrativity, that is,
what happens and how. Technically speaking, the story-like nature of research involves
clear ideas about the goals, setting methods, methodologies, and expandability. |
personally believe that at the very root of all this attraction is a feeling of joy — you get
excited about the prospect of your research, that is, how your research will turn out and
how it will become useful for society. Now, I may need to add some comments on the
concept of “useful.” When I emphasize the point of “usefulness,” one might say, “So, you
mean applied research, right?” Others might say, “You shouldn't evaluate basic research
from what use it offers or from a short-term usefulness perspective,” and some
extremists might say, “Basic research is doing something without any idea of how it will
turn out.” I wouldn't say that these comments are completely off the mark, but I believe
that such arguments are mistaken in most cases [rom either or both of the following two
perspectives.

Firstly, we shouldn’t interpret the term “usefulness” only in the narrow sense of
the word — in other words, “can be put to use tomorrow,” “can be applied to commercial
product development,” or “can make money.” “Useful” research refers to research that
has given birth to a systematic method for something that previously had no solution, or
that it reveals something that has remained hitherto unknown. Reading the true story of
how DNA’s double helix structure was identified, which is one of the most important
basic research findings of the past century, we can see that those who were involved
were completely aware that the discovery would lead to a fundamental elucidation of
hereditary phenomena. Put simply, research is “useful” when researchers have a clear
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awareness of the meaning, future impact, and potentials of the issues at hand. In this
sense, no other form of research is more “useful” than genuine basic research, and
activities without any such awareness is not research, let alone basic.

Secondly, it is a fact that most innovative technologies and discovery of
phenomena were created by people who had very concrete demands. Transistors were
invented for replacing vacuum tubes, which are bulky, consume much power, and have
a short lifetime. The computer network that later developed into the Internet was
originally created to protect a military computer system from missile attacks. You might
think a computer network is developed by merely linking together different
technologies, but this is not the case. It required the invention of fundamentally basic
ideas, such as virtual communication, packet switching, and multilayered communication
protocols. One of the progenitors of artificial intelligence and a Nobel Prize laureate in
Economic Sciences, Professor Herbert Simon of CMU calls such phenomena the
“sciences of the artificial.” He claims that there should be sciences for the artificial
things just as the traditional sciences for the nature. I mentioned earlier that we should
enjoy and have fun with our research. So, where does the fun of science and advanced
technological research come from? I imagine that doing research is like “playing an
intelligent game with problems to be solved or nature herself.” Generally speaking,
when you play games or sports, vou compete with your opponents by using all sorts of
means, sometimes attacking them by a frontal offensive move and other times taking
them off guard. This process between us and them is what makes it “fun.” The same
goes for research. When yvou work on something as a researcher, you try out your ideas
in a bid fo solve a problem. Then, the natural law or logic of nature, which governs the
problem or guards it from being solved, responds: “Hold on, that's not an essential
solution. Things won't work that way. 'm going this way to escape.” Then you say, “I
see. Then, how about this?” In this way, you drive the problem into a corner. It’s fun to
keep taking steps that will make your opponent — in this case, a research problem -
eventually concede “Hmm, that's a good move. It gets to the truth (essence). You won.”
So, what about the outcome of the game? Undoubtedly, for a game, the primary goal is
to win. Athletes and professional chess players are hailed as being top-notch or masters
because they win. Likewise, we researchers need to have a competitive spirit with which
to win the intellectual game against a problem, that is, to obtain an essential solution to a
problem. This requires education, training, and constant study. Once you do those
sufficiently, vou will come to take natural pose to these intellectual games. If vou do so,
you'll feel at ease, happily enjoy doing your research, and increase your winning
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percentage.

“In this world, there are so many problems that make you wonder why things are
the way they are, or those that make you want to do this and that,” [ remember,
Professor Allen Newell spoke passionately to his students. “Each of these problems is
eagerly waiting a rescarcher to come and ‘solve or elucidate’ them.”. If we face with
those research problems in a calm, relaxed manner, as if we are playing a game with the
natural law that governs them, and if we enjoy doing the research, we should end up
with a good outcome. If we can abstract the fundamental meaning of the problem that
we are working on, we should then reach a more universal and higher-order concept.
And if not, we should at least arrive at the particular solution of that specific problem.
Whichever happens probably depends on your ability and luck. However, either way is a
positive outcome - so long as it makes an impact of being useful.
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