Mijnheer de Rector Magnificus, zeer gewaardeertieehoorders dear
colleaguesand guests,

machine learning anth particularthe search for @aheory of machine learning
are currently considered as one of the biggest trends in scidncay talk, | will

surveythe state of the art anddescribethe challengeghat we facein the

current developmentof a mathematical foundatiorof machine learningBut

before | come to that,] want to go back to the origins of mathematide

highlightwhy we need mathematics and theoretical foundations

One of the beginnings of mathematics is the Babylonian period (around 1700
BC). Driven by reaborld problems, a lobf mathematical formula were found
during this time. However, there was no concept of a mathematical proof yet on
how to relate and derive results from each other. Essentially, Babylonian
mathematics is a pile of disconnected formellaSome results are dn
approximately correct, for instance, the number pi is set to 3.

In the old testament there is this story about the tower of Babel. The story is
that people wanted to build a tower to the skipuringthe construction work,

they started to talk in diffeznt languages leading to an enormous confusiad
because of this they had @ve upand the tower was avercompleted Maybe

this story can also be viewed as a metaphor for the less rigorous scientific style
during the Babylonian period. If science ochgates a pile of disconnected
results, without a common structure such as a proper scientific reasoning, then
different terminologiesdifferent scientific languagesill emerge and errors are
introduced that are hard to detecand to get rid of leadng to considerable
confusionand potentially causng the collapse of a field.

The proper way tostructure mathematics-as it is done until todaywas
subsequently developed during the ancient Greek period. One of the important
inventions is that mathematical objects get rigorous definitions. Instead of
disconnected results, mathematical statements are connected by logical
arguments, moreadvancedesultsbeingderived from simpler statements. We
can think of thestructure ofmodern mathematics as aeversedtower where

we start with the top representing the simplest possible statements that cannot
be reduced any furtheaxioms, in the mathematical languad&om the axioms,

we then derive subsequently more and more complex statements until we
arrive at the mathematics that can be used to solwemplex realworld
problems.



With my research interestd, sit somewherdan the middleof this tower, well
separated from the applicains.One mightstill call it the ivory tower of scienge
where more abstractmathematical theoryis developed Although the ivory
tower of science has a negative connotation it fulfils an important role namely
to providea highlevel understandinghat can be subsequently usetb design
methodsto tacklereal world problems
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Figure 1 A cartoon on machine learning aralsmall dictionary from astandardstatisticstextbook translating
between computer sciencend statisticsterminology.

1.Background

Let me nowdiscussthe current state of machine learnindgNowadays most
scientific disciplines are quantitative and draw conclusions from dataleab
with the enormous amount of available daand all the new data structures
variousnew data analysis tshave beemproposed Machine learninglenotes

a number of methods that have been derivem analyze large dataset with a
complicatedlatent structure. These methods ardesignedbasedon intuition,
imitating processes imature and by empirical search over many possible
configurationsMost of the newly developedataanalysigools are essentialy
just combinations ofcomplicatedformulae or algorithms This is also what is
highlighted in the cartoonabove We often do not understand how thee
methodswork and why they workMost experts would probably agrdbat at
this moment machine learningather resembles the Babylonian mathematics.



And similar as in the metaphor with the tower of Balibht | was alludig to
earlier, we speak different language&ifferent scientific communities have
developed their own languagetheir own scientific termialogies. Althoughwe

all work on the same problems we have trouble understanding researchers from
other scientific communitiesAs an examplethe small dictionaryin Figure 1
taken from a standard statistics textbo@tows thateventhe mostelementary
scientific terms aradenoted differently by different communitieor the same
word (for instance hypothesisjan have different meanirsgHavingdifferent
languagesobviouslycausesconsiderable confusioand contributes to the fact
that machine learning-which is mostlyformulated in computer science
terminology- is an extremelychaotc field. Another factor thatmakesmachine
learning very hard to overseels that it is so rapidlygrowing, with tens of
thousands ofarticlesbeing uploaded on the internetvery year Most of the
claimsin these preprintsare never checked ba proper scientific peer review
process.The major hopeis that a mathematicaltheory would unify different
approaches reducing methods to key concepts and presenting the whole field in
acoherent wayMoreover, it shouldead to a more highevel understandingn

how and why these methods work apdovide a common ground on whichew

can compardalifferent proceduregheoretically.

2. Prediction

Machine learning is an umbrella term for a collection of methods that have been
developed by computer scientists and that all have one goal: to make
predictions.Prediction essentiallpneans that we have to make a guefs.come

up with such a guess is ety what machine learning can déhese methods
are often extremely complex witmany parameters andhyperparametersand
perform surprisingly well if enough data are availaliachine learning is now
implemented for a variety afomplextasks that all an be cast into a prediction
problem.To mentiona few examples,his includes autoomoussystems such

as seHdriving cars, speech recognition, machine translation, game playing and
many othersMachine learning hagherefore many relevant applications antl

we think of mathematics as a reversed towelGan be located at the upper end

of the mathematics tower. But as | mentioned before- it lacks the
mathematical foundationin my research want to fill thegap in the heorythat

Is closest to myreviousexpertise My approach igo study machinelearning
from a more abstract point of viewy interpreting machine learning methods
asstatistical methodsBy doingso, we carbuild on manypowerful resultsfrom
mathematical statisticfor a theoretical analysis.



Figure 2:lllustration of the mathematical formulation underlyingobject detection on imagesThe aimof a
machine learning procedure is to recover thumknown function f.Images taken from@teenybiscuit

What is now the mathematical problethat | then want to solve® To explain
the idea, let us consider object detection of imagé& wantto train a machine
to see To see as the human eye can see thidgss means if we give an image
to a machineit shouldbe able torecognizethe object on this imagé/lNe can
simplify thatif we give a machine images tfo objectsonly, saymuffins and
chihuahua, which look surprisingly similgfor humans this is very simplef
we look at the image in Figure 2we immediately knowvhich images display
chihuahua and which images displamuffins. But for a computerd see what
Is on an imagas an extremely hard problerand onlybecause of machine
learningthere has been a lot of progresscently. In mathematical terms, we
can state the problem as follows. On a computeo&redpixel is just a number
and therefore an image is just a collien of numbers. We can now suppose
that there exists a functionthat is unknown to ussuch that whenever we stick
all the pixel values in it, it will return the true labd&lere muffin or chihuahua
(see illustration in Figure 2)

If we would know tle function, we could write a computer program and running
this program the computer could perfectly distinguish these two objects. Any
method that teaches the computer to recognize objects on images needs to
reconstruct the function f from data. To illuate the problem, suppose that all
these pictures would consist of one pixel onlipe unknown function f would
map then one pixel value to the label. Suppose that small pixel values are
chihuahuas and large pixel values are muffsee Figure 3 for anulstration).



