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1 lntroduction

Figure 1.1 Nlachine learning is an area
of :rrtificial intelligence that fits math-
erratical rnodels to observed data. It
can coarsely be dividecl into supervised
Iearning, unsupervised learning, and re-
inforcernent lerirning. Dcep neural net-
works contributc to each of these areas.

1.1.1 Regression and classification problems

F'igure 1.2 depicts several regression and classification problelns. In each case, there is a
rnearringlul real-worid input (a sentencc, a sound file, an image, etc.), and tiris is encoded
as a, vectol of nurnbers. This vector forms the model input. The rrodel maps tlie input to
an output \rector which is then "translatcd" back to a rneaningfirl real-world prediction.
For nou,', u,'e focus on the inputs ancl outputs and treat the rnodel as a black box that
ingests a, vecbor of nr-rmbcrs anrl returns another vector of numbers.

Tlie uiodel in figure 1.2a predicts thc price of a house basecl on input characteristics
such as the square footagc anrl the nurrber of bedrooms. This is a rcqressi,on problern
because the model returns a corrtinlrolrs rrulnher'(r'ather than a catcgory assignruerrt).
In contrast, the rnodcl in figure 1.2b takes the chemical structurc of a molecule as an
irrput and predicts both the frcezing arrd boiling points. Tliis is a multiilariate regression
problem since it predicts rnore than one nurnber.

Thc rnodcl in figure 1.2c receives a text string containing a lestaurant review as input
and predicts whetliel the review is positive or negative. This is a bino,ry cla,ssi,fi,co,ti,ort

problern because the rnodel attempts to assign the input to one of two categories. Thc
output vector contains the probabilities that the input belongs to cach categorv. Fig-
ures l.2d and 1.2e clepict rnult'iclass class'ifi,cation problems. Here, the rnodel assigns the
input to one of ,\ > 2 categories. hi the first case- the input is an audio file, and the
rnodel predicts which genre of rnusic it contains. trn the second case, the input is an
inrage, ald the model predicts wirich object it contains. In each case, the model retruns
a vector of size N t,hat contains the probabilitics of thc A- categories.

1.1.2 Inputs

Tlie input rlata in figure 1.2 varies u,idely. In tire house pricing example, the input is a
Ii.xcd-lcngth vector corrtaining values that characterize the propcrty. This is an cxample
oI tabu,lar dtzla because it has no internal structurc; if u,'e change the order of the irrputs
and build a new- rnodel, then we cxpect the rnorlel prediction tci remain the sarne.

Conversely, the input in the lcstaurant rcvicw cxarrrple is a body of text. This nray
be of r,ariable length depending on the nutrber of rvords in tlie revielr,, arrd here input
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1 lntroduction
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Figure 1.3 Xfachine lenrning moclc]. T]rc rno<lcl rcprcscnts a farnily of relatiorrships
that rclatc thc iuput (age of child) to the output (height of chilcl). The particulat
relationsliip is chosen using tlaining data. r,vhich consists of input/output pairs
(orarrge points) \\rherr rve tlair the ruodel. u'-e search through the possible re-
lalionsliips fbr one that clesclibes Lhe cla,ta n'e11. Here. the trained moclel is the
cvi),n curve and c:rn be used to compute ther height for an1. zrge

orrler is irnportarrt; l .a '.", 'i,, ",.' 
I ' r; is liot the sa,nte as i jt: ,:',;, r.' ,, ,.,..', ;,

The text nmst l)e errcodecl into nurnerical fbrm before passing it to the model. Here, rve

use a fixed r.ocabular'), of size 10.000 ancl sirnply- conca,tenate the u''ord indices.

For the rrmsic crlassjfication exarnple. tlre input vectol uright be of fixed size (perhaps
a L0-seconci clip) but is \.er)-high-clirnensiorral. Digital trudio is usually sarnpled at 44.1
kHz ancl repleselrtecl b1- 16-bit integers, so a ten-secorid clip consists of441.000 integers.
Clearly, supervisecl learning models -"vill have to ].re a,ble to process sizeable irrputs. The
input in the irnage cltrssification exarnple (r'hich consists of the corrcaterraterd RGB values
at e.,.erv pixel) is also enorlnor.ts. \{oreover. its structure is naturalll- tu<>dirncnsiorralt
two pixels above and belou'one anothel ale closelv relatecl, everr if they aro not adjzr,ccnt

in the input vector.

Flna,llr', cronsicler the input for the r.Lrodel that prt:clicts tlrc fi'eezing and boiling points
of the molecule. A rnolecule rrar. contairr lar1-irrg munbers of atorns th:rt c:rn bc conncc;tcd
in diflerent ways. In tiris case, tlie rnodel nrrrst ingest both the geornetric stmcture of
tlxr molecule ancl the colstituent atoms to the rnociel.

1.1.3 Machine learning models

IJntil uo.,v, nc harrc treatecl thc rrrachine lezlrning riodcl as a black box that takcs an input
vector and leturns an output \rector. But r'viiat exactlf is iri this black box? Consider a
rnoclel to preclict the height of a chilcl fioni their age (figure 1.3). Thc machine lt.arning

Age of child
is '10 years

j-

Age n
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"l draw a iackal-headed
woman in the sand,
Sing of a lover's fate

sealed by jealous hate"

"Lhabilet6 sans l'imagination
est de I'artisanat et nous

donne de nombreux objets
utiles tels que des paniers
de pique-nique en osier.

Limagination sans habilet6
nous donne l'art moderne."

e)

"Skill without imagination
is craftsmanship and gives us

many useful objects such as

wickerwork picnic baskets.
lmagination without skill
gives us modern art."

"Teddy bears mixing
sparkling chemicals as

mad scientists. in

a steampunk style "

Deep ie=rning
rnodel

[78ool
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Figure 1.4 Supervised learning tasks with structured outputs. a) T'his semantic
segrnentatiori model maps an RGB image to a binarl, image indicating whether
each pixel bekrngs to the background or a cow (adapted front Noh et a1., 2015)
b) This monocular depth estirnation model rnaps an R.GB image to an output
image r,,'here e:rch pixel represents the depth (adapted from Cordts et a1..2016).
c) This audio transcription moclcl maps an audio sample to a trarrscription of
tbe spoken words irr the audio. d) This translation model rnaps an English text
string to its French translatlon. e) This irnage synthesis rnodel maps a caption to
an irnage (exarrple from https://opcnai.com/dall-e-21). In e:rch case, the output
has a cornplex internal structure or grammar. In sorne cases, many outputs are
compatible u,ith the input.
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Figure 1.5 Genorative moclels for irnages Left: tvr'-o inages wct-c generatecl frollr
a rnodel trainql on pictules of cats. These arc rtot real cats. trut samples frorn a

probabititl, moclel Right: tr.vo image-s gclrcrratecl from:r rnoclei trained on irnages
of buildings Adaptccl fronr K:rrras et a) (2020b).

The ruoor-r had risen by ttre tirnc I reached the edge of the fcrest, and the iigiii ttLat liltereci through tlLe

trees Tr'as siir.er ald coid. I shivererl. ihough 1 rvtr,s rLot coid, anri cluickeneri rn-). pace I ha,-i ner.<.r been
so far frorn the vi1ia61e before, and I r,vas nol; slre ivha1, to exirect. I irad becn -rvalkilg tbr lrours, and I
ivas tirerl and hungly. I had L-.it in sucir a lLLrrrl'that I hnrl not tliotight to pack any fbod. ani I irad
lot tLougtrt to bririg a w-6apon. I nas uriiirlned :rltl a,lor-re iri i:, stiilnge placer) atd I did not knou't'trat
J irirs dcir:g.

I ha,rl been vralking for so long thai I Lrad 1c-st all sense of t,ir-l-re. and I hii,cl lc idea ho',t' {ar I had cornc,

I onl3, l<1g.61 ihat I had to keep goilg. I htici to find her I iv:rs getting c]ose, I could feei it. Sire rvas

neart;v. alri she rvas iir tr+ubie i harl to finrl her atd irelp her. lierfore it ivas tclo late.

Figure 1.6 Short storv synthesized from a generativc ntodel of terxt data. The
model describes a probabilitl, clistribution that assigns a plobabilit\r to ever1,

output string. Sarnpling irom thc rnoclel creates strings that follolv the statistics
of the trairiing clata (here, short stories) but havc rlever been seen bcfore.

Figure 1.7 Inpainting. In the original irnage (left), the boy is obscured bv metal
cables. Thcse undesirable regions (celter) are removed and the generative model
synthesizes a new image (right) ulder the corrstrairtt tha,t the remaining pixels
must stay the s:rme. Adapted frorn S:rharia et al. (2022a).
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10 1 lntroduction

Figure 1.10 Latenl, r,ariables. \[a,n1- generatir-e rnodels use a cleep learrrirrg nrodel
to dt:scrribr: the'rerlationship bets-een a lou'-ciimensiontrl "lat,ent" valiable and the
observed high-dinrerrsional rlata. Thc latcrrt vari:rblers h:n'e n simple probabilitr'
distribution by clesign. Hence. ner'.,. extrrrrples ctrn bc gcrrcraterl by sampling from
the sinrple distribution over the latent raliables arxl thcrr usirrg the deep leaming
rnoclel to milp the sample to the obsen'ed data spacc.

Figure 1.11 Lrage interpolatiol Irr cach ror,r,the left:rnd right irnages are rcal
an<1 thc three im:rges in betxeen represent a sc(lllelxr(.of interpolations createcl
by a gcrrcrir.tive model. The genertrtive noclels that urrrkrrpin these interpoltrlions
have learned ttrat all irnagcs carr bc crt:a.tcc1 b1'a set oIunderlyirrg laterrt r'ilrizrbles.
Br' finding tl-rese valiables fbr tht: tr'vo rcal irnages. interpolating their r,aluers. and
thon rrsing these inleruediate rariables to crcatc nelv irnages. we call gerrerate
intc'rmr:cliate rtsrrlts that are both visuallv pJausiblc arr<l rnix the chiu:r.ctelistics
of thc tr,r-o origural images. Top rou adapted lrorn Sauer et tr1. (2022). Bottom
rori' adaptccl frorl Rarncsh r:t al. (2022).
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