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- Goal: Build background and intuition to understand and critique 

latest developments in computer vision. 

- 4F12 is not a requirement 

- Assessment 

- Two courseworks (individual): Deadline - 23rd Feb and 24th March 

- More on coursework later today 

- Website: https://cambridgecvcourses.github.io/mlmi17/ 

- Office Hours: check website later this week 

- Discussions: Use Moodle

Goal and Logistics

https://cambridgecvcourses.github.io/mlmi17/
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What is Computer Vision?

Graphics

“what is present in the world, 

and where it is”-David Marr

Vision
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What is Computer Vision?

“The goal of a vision scientist is twofold: to 

understand how perception works and to build 

systems that can interpret the world around 

them using images…”
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Computer Vision is Interdisciplinary

Graphics
Vision

“what is present in the world, 

and where it is”
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Computer Vision is Interdisciplinary - Graphics

Graphics
Vision

“what is present in the world, 

and where it is”
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Computer Vision is Interdisciplinary 

NeRF [Mildenhall et al., ECCV 2020 Best Paper]
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Computer Vision is Interdisciplinary

Vision

“what is present in the world, 

and where it is”

Graphics
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Computer Vision is Interdisciplinary - Signal Processing 

Graphics

“what is present in the world, 

and where it is”-David Marr

Vision
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Computer Vision is Interdisciplinary - Signal Processing 

Mip-NeRF [Barron et al., ICCV 2021 Best Paper Honorable Mention]
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Computer Vision is Interdisciplinary

Vision

“what is present in the world, 

and where it is”

Graphics
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Graphics

Computer Vision is Interdisciplinary - Machine Learning

Vision

“what is present in the world, 

and where it is”
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Computer Vision is Interdisciplinary - Machine Learning

ViT [Dosovitskiy et al., ICLR 2021]

CNNs (https://stanford.edu/~shervine/teaching/cs-230/)

https://stanford.edu/~shervine/teaching/cs-230/cheatsheet-convolutional-neural-networks


15

Computer Vision is Interdisciplinary

Vision

“what is present in the world, 

and where it is”

Graphics
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Computer Vision is Interdisciplinary - Cognitive Science / Neuroscience

Graphics

“what is present in the world, 

and where it is”-David Marr

Vision
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Computer Vision is Interdisciplinary - Cognitive Science / Neuroscience

[Geirhos et al., ICLR 2019] 
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Why study vision?

- It is a requirement 

- It is cool
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Course Structure
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Machine Learning for Computer Vision: 
Supervised Learning
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Generic formulation of a computer vision task

Image /  
Sequence

Labels
Image/sequence

x f(x) y
What would make this problem supervised?
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Some tasks that humans care about..
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Image Classification 

cClassifier
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Guitarfish

image x label y
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cClassifier
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Car

image x label y

Image Classification 
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x
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f⇤ = argmin
f2F

NX

i=1

L(f(x(i)),y(i))
<latexit sha1_base64="oV5vmbOt97l54yrootkln6fwJQ0="></latexit><latexit sha1_base64="oV5vmbOt97l54yrootkln6fwJQ0="></latexit><latexit sha1_base64="oV5vmbOt97l54yrootkln6fwJQ0="></latexit><latexit sha1_base64="oV5vmbOt97l54yrootkln6fwJQ0="></latexit> Guitarfish

f⇤ = argmin
f2F

NX

i=1

L(f(x(i)),y(i))
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Important Questions

1. What data do you train on? 

2. How do you represent the input and output? 

3. What is the objective? 

4. What is the hypothesis space? (e.g., linear, polynomial, neural net?) 

5. How do you optimise? (e.g., gradient descent, Newton’s method?)
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Important Questions

1. What data do you train on? 

2.How do you represent the input and output? 

3. What is the objective? 

4. What is the hypothesis space? (e.g., linear, polynomial, neural net?) 

5. How do you optimise? (e.g., gradient descent, Newton’s method?)
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What data to use?

ImageNet [Deng et al., CVPR 2009] 
 >14M images with human annotations!
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Important Questions

1. What data do you train on? 

2. How do you represent the input and output? 

3. What is the objective? 

4. What is the hypothesis space? (e.g., linear, polynomial, neural net?) 

5. How do you optimise? (e.g., gradient descent, Newton’s method?)
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How to represent images?
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How to represent class labels?

Training data

n o
,

n o
,

n o
,

…

x

Night heron

f⇤ = argmin
f2F

NX

i=1

L(f(x(i)),y(i))
<latexit sha1_base64="oV5vmbOt97l54yrootkln6fwJQ0="></latexit><latexit sha1_base64="oV5vmbOt97l54yrootkln6fwJQ0="></latexit><latexit sha1_base64="oV5vmbOt97l54yrootkln6fwJQ0="></latexit><latexit sha1_base64="oV5vmbOt97l54yrootkln6fwJQ0="></latexit>

Bumble bee

Car

Training data

n o
,

n o
,

n o
,

…

x

1

f⇤ = argmin
f2F

NX

i=1

L(f(x(i)),y(i))
<latexit sha1_base64="oV5vmbOt97l54yrootkln6fwJQ0="></latexit><latexit sha1_base64="oV5vmbOt97l54yrootkln6fwJQ0="></latexit><latexit sha1_base64="oV5vmbOt97l54yrootkln6fwJQ0="></latexit><latexit sha1_base64="oV5vmbOt97l54yrootkln6fwJQ0="></latexit>

2

3

Training data

n o
,

n o
,

n o
,

…
x

[1,0,0]

f⇤ = argmin
f2F

NX

i=1

L(f(x(i)),y(i))
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[0,1,0]

[0,0,1]

One-hot vector
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Important Questions

1. What data do you train on? 

2. How do you represent the input and output? 

3. What is the objective? 

4. What is the hypothesis space? (e.g., linear, polynomial, neural net?) 

5. How do you optimise? (e.g., gradient descent, Newton’s method?)
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What should the loss be?

0-1 loss (number of misclassifications)

discrete, NP-hard to optimize!

continuous,  
differentiable, 
convex

Cross entropy

H(y, ŷ) = �
KX

k=1

yk log ŷk
<latexit sha1_base64="Nvgamej5IoGXAY7SBC0qipCV7Sc="></latexit><latexit sha1_base64="Nvgamej5IoGXAY7SBC0qipCV7Sc="></latexit><latexit sha1_base64="Nvgamej5IoGXAY7SBC0qipCV7Sc="></latexit><latexit sha1_base64="Nvgamej5IoGXAY7SBC0qipCV7Sc="></latexit>

L(ŷ,y) = (ŷ = y)
<latexit sha1_base64="A0WXKp9o13Z3kvLXlIFC/na5Caw="></latexit><latexit sha1_base64="A0WXKp9o13Z3kvLXlIFC/na5Caw="></latexit><latexit sha1_base64="A0WXKp9o13Z3kvLXlIFC/na5Caw="></latexit><latexit sha1_base64="A0WXKp9o13Z3kvLXlIFC/na5Caw="></latexit>

L(ŷ,y) = (ŷ = y)
<latexit sha1_base64="A0WXKp9o13Z3kvLXlIFC/na5Caw="></latexit><latexit sha1_base64="A0WXKp9o13Z3kvLXlIFC/na5Caw="></latexit><latexit sha1_base64="A0WXKp9o13Z3kvLXlIFC/na5Caw="></latexit><latexit sha1_base64="A0WXKp9o13Z3kvLXlIFC/na5Caw="></latexit>
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Important Questions

1. How do you represent the input and output? 

2. What data do you train on? 

3. What is the objective? 

4. What is the hypothesis space? (e.g., linear, polynomial, neural net?) 

5. How do you optimise? (e.g., gradient descent, Newton’s method?)
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Neural Networks..

L(ŷ,y) = (ŷ = y)
<latexit sha1_base64="A0WXKp9o13Z3kvLXlIFC/na5Caw="></latexit><latexit sha1_base64="A0WXKp9o13Z3kvLXlIFC/na5Caw="></latexit><latexit sha1_base64="A0WXKp9o13Z3kvLXlIFC/na5Caw="></latexit><latexit sha1_base64="A0WXKp9o13Z3kvLXlIFC/na5Caw="></latexit>
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Neural Networks..

logits z : vector of K scores, one for each class

ŷ = softmax(z)
<latexit sha1_base64="okq3mpTXQHLK8qhRMGGY/+RlSrw="></latexit><latexit sha1_base64="okq3mpTXQHLK8qhRMGGY/+RlSrw="></latexit><latexit sha1_base64="okq3mpTXQHLK8qhRMGGY/+RlSrw="></latexit><latexit sha1_base64="okq3mpTXQHLK8qhRMGGY/+RlSrw="></latexit>a probability mass function!

0 1

…

dolphin

cat

night heron

angel fish

bumble bee

fly

elephant

guitarfish

…

ŷ =
<latexit sha1_base64="FILLnQAxOWLtuyqvj1m4Z9Tc54A="></latexit><latexit sha1_base64="FILLnQAxOWLtuyqvj1m4Z9Tc54A="></latexit><latexit sha1_base64="FILLnQAxOWLtuyqvj1m4Z9Tc54A="></latexit><latexit sha1_base64="FILLnQAxOWLtuyqvj1m4Z9Tc54A="></latexit>

i
i

i
i

i
i

i
i

120 Chapter 9

differentiable (making it easier to optimize):

L(ŷ, y) = H(y, ŷ) = –
KX

k=1

yk log ŷk / cross-entropy loss (9.16)

The way to think about this is ŷk should represent the probability we think the image is an
image of class k. Under that interpretation, minimizing cross-entropy maximizes the log
likelihood of the ground truth observation y under our model’s prediction ŷ.

For that interpretation to be valid, we require that ŷ represent a probability mass func-
tion (pmf). A pmf p, over K classes, is defined as a K-dimensional vector with elements in
the range [0, 1] that sums to 1. In other words, p is a point on the (K – 1)-simplex, which
we denote as p2MK–1.

The (K – 1)-simplex,
MK–1, is the set of all

K-dimensional vectors
whose elements sum to 1.

K-dimensional one-hot
codes live on the vertices

of MK–1.

To ensure that the output of our learned function f✓ has this property, i.e., f✓ 2MK–1, we
can compose two steps: (1) first apply a function z✓ : X ! RK , (2) then squash the output
into the range [0, 1] and normalize it to sum to 1. A popular way to squash is via the softmax
function:

Using softmax is a
modeling choice; we
could have used any

function that squashes into
a valid pmf, that is, a

nonnegative vector that
sums to 1.

z = z✓(x) (9.17)

ŷ = softmax(z) (9.18)

ŷj =
e–zj

PK
i=1 e–zk

. (9.19)

The values in z are called the logits and can be interpreted as the unnormalized log
probabilities of each class. Now we have,

ŷ = f✓(x) = softmax(z✓(x)) (9.20)

Figure 9.9 shows what the variables look like for processing one photo of a fish during
training.

Figure 9.9: Softmax
regression for image
classification. The �
symbol represents an
elementwise product.

The cross-entropy loss
is the negative of the

sum over elementwise
agreements between the
prediction vector ŷ and
the label vector y, that

is, if s =y� log ŷ is
the vector of scores for

how well our prediction
agrees with the label, then

our cross-entropy loss
is H(y, ŷ) = –

PK
k=1 sk.

Prediction

dolphin

cat

grizzly bear

angel fish

chameleon

iguana

elephant

guitarfish

Ground truth label
y

dolphin

cat

grizzly bear

angel fish

chameleon

iguana

elephant

guitarfish

…

x
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…

f
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Elementwise scores

�
<latexit sha1_base64="efCHYzZUrrW5FJbsCkY/M8lzlGQ=">AAACP3icfZDPSgMxEMaz/rf+rR69LFZBRMquCHos6sGLqGCt0C0ym05rMJssyaxYlj6DV30cH8Mn8CZevZnWClrFgcCPb74kM1+cSmEpCJ69kdGx8YnJqenCzOzc/MJicenC6sxwrHIttbmMwaIUCqskSOJlahCSWGItvjno9Wu3aKzQ6pw6KTYSaCvREhzISdVINzVdLZaCctAv/zeEAyixQZ1eFb21qKl5lqAiLsHaehik1MjBkOASu4Uos5gCv4E21h0qSNA28v60XX/dKU2/pY07ivy++v1GDom1nSR2zgTo2g73euJfvXpGrb1GLlSaESr++VErkz5pv7e63xQGOcmOA+BGuFl9fg0GOLmACoXoEN0yBo/dwycpGiBtNvMITDuBu65brh1t9eg/o1BfRkcu13A4xd9wsV0Og3J4tlOq7A8SnmIrbJVtsJDtsgo7YqesyjgT7J49sEfvyXvxXr23T+uIN7izzH6U9/4BJ7WvgQ==</latexit><latexit sha1_base64="efCHYzZUrrW5FJbsCkY/M8lzlGQ=">AAACP3icfZDPSgMxEMaz/rf+rR69LFZBRMquCHos6sGLqGCt0C0ym05rMJssyaxYlj6DV30cH8Mn8CZevZnWClrFgcCPb74kM1+cSmEpCJ69kdGx8YnJqenCzOzc/MJicenC6sxwrHIttbmMwaIUCqskSOJlahCSWGItvjno9Wu3aKzQ6pw6KTYSaCvREhzISdVINzVdLZaCctAv/zeEAyixQZ1eFb21qKl5lqAiLsHaehik1MjBkOASu4Uos5gCv4E21h0qSNA28v60XX/dKU2/pY07ivy++v1GDom1nSR2zgTo2g73euJfvXpGrb1GLlSaESr++VErkz5pv7e63xQGOcmOA+BGuFl9fg0GOLmACoXoEN0yBo/dwycpGiBtNvMITDuBu65brh1t9eg/o1BfRkcu13A4xd9wsV0Og3J4tlOq7A8SnmIrbJVtsJDtsgo7YqesyjgT7J49sEfvyXvxXr23T+uIN7izzH6U9/4BJ7WvgQ==</latexit><latexit sha1_base64="efCHYzZUrrW5FJbsCkY/M8lzlGQ=">AAACP3icfZDPSgMxEMaz/rf+rR69LFZBRMquCHos6sGLqGCt0C0ym05rMJssyaxYlj6DV30cH8Mn8CZevZnWClrFgcCPb74kM1+cSmEpCJ69kdGx8YnJqenCzOzc/MJicenC6sxwrHIttbmMwaIUCqskSOJlahCSWGItvjno9Wu3aKzQ6pw6KTYSaCvREhzISdVINzVdLZaCctAv/zeEAyixQZ1eFb21qKl5lqAiLsHaehik1MjBkOASu4Uos5gCv4E21h0qSNA28v60XX/dKU2/pY07ivy++v1GDom1nSR2zgTo2g73euJfvXpGrb1GLlSaESr++VErkz5pv7e63xQGOcmOA+BGuFl9fg0GOLmACoXoEN0yBo/dwycpGiBtNvMITDuBu65brh1t9eg/o1BfRkcu13A4xd9wsV0Og3J4tlOq7A8SnmIrbJVtsJDtsgo7YqesyjgT7J49sEfvyXvxXr23T+uIN7izzH6U9/4BJ7WvgQ==</latexit><latexit sha1_base64="efCHYzZUrrW5FJbsCkY/M8lzlGQ=">AAACP3icfZDPSgMxEMaz/rf+rR69LFZBRMquCHos6sGLqGCt0C0ym05rMJssyaxYlj6DV30cH8Mn8CZevZnWClrFgcCPb74kM1+cSmEpCJ69kdGx8YnJqenCzOzc/MJicenC6sxwrHIttbmMwaIUCqskSOJlahCSWGItvjno9Wu3aKzQ6pw6KTYSaCvREhzISdVINzVdLZaCctAv/zeEAyixQZ1eFb21qKl5lqAiLsHaehik1MjBkOASu4Uos5gCv4E21h0qSNA28v60XX/dKU2/pY07ivy++v1GDom1nSR2zgTo2g73euJfvXpGrb1GLlSaESr++VErkz5pv7e63xQGOcmOA+BGuFl9fg0GOLmACoXoEN0yBo/dwycpGiBtNvMITDuBu65brh1t9eg/o1BfRkcu13A4xd9wsV0Og3J4tlOq7A8SnmIrbJVtsJDtsgo7YqesyjgT7J49sEfvyXvxXr23T+uIN7izzH6U9/4BJ7WvgQ==</latexit>

- 0 1log prob Prob1
<latexit sha1_base64="SewSXpMSbbFZwBdSTgiis61GRk4=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPaUDbbTbt2swm7EyGE/gcvHhTx6v/x5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wST25nfeeLaiFg9YJZwP6IjJULBKFqp3RcqxGxQrbl1dw6ySryC1KBAc1D96g9jlkZcIZPUmJ7nJujnVKNgkk8r/dTwhLIJHfGepYpG3Pj5/NopObPKkISxtqWQzNXfEzmNjMmiwHZGFMdm2ZuJ/3m9FMNrPxcqSZErtlgUppJgTGavk6HQnKHMLKFMC3srYWOqKUMbUMWG4C2/vEraF3XPrXv3l7XGTRFHGU7gFM7BgytowB00oQUMHuEZXuHNiZ0X5935WLSWnGLmGP7A+fwBwi+PPA==</latexit><latexit sha1_base64="z3MPlMVKwDt6VXp5+ofTHIRoWpw=">AAACEnicjVC7SgNBFL3rM8ZX1NJmMAhWYVcELYM2lgrmAckSZiezyZjZ2WXmrrAs+QcLG3/FRsTWys6/cZJsoYmFBwYO55zLnXuCRAqDrvvlLC2vrK6tlzbKm1vbO7uVvf2miVPNeIPFMtbtgBouheINFCh5O9GcRoHkrWB0NfFbD1wbEas7zBLuR3SgRCgYRSs1u0KFmPUqVbfmTkEWiVeQKhT4X7xX+ez2Y5ZGXCGT1JiO5ybo51SjYJKPy93U8ISyER3wjqWKRtz4+fSkMTm2Sp+EsbZPIZmqPydyGhmTRYFNRhSHZt6biH95nRTDCz8XKkmRKzZbFKaSYEwm/ZC+0JyhzCyhTAv7V8KGVFOGtsWyPd2bP3SRNE9rnlvzbs+q9cuisxIcwhGcgAfnUIdruIEGMLiHR3iGV+fJeXHenPdZdMkpZg7gF5yPb3W6lrU=</latexit><latexit sha1_base64="z3MPlMVKwDt6VXp5+ofTHIRoWpw=">AAACEnicjVC7SgNBFL3rM8ZX1NJmMAhWYVcELYM2lgrmAckSZiezyZjZ2WXmrrAs+QcLG3/FRsTWys6/cZJsoYmFBwYO55zLnXuCRAqDrvvlLC2vrK6tlzbKm1vbO7uVvf2miVPNeIPFMtbtgBouheINFCh5O9GcRoHkrWB0NfFbD1wbEas7zBLuR3SgRCgYRSs1u0KFmPUqVbfmTkEWiVeQKhT4X7xX+ez2Y5ZGXCGT1JiO5ybo51SjYJKPy93U8ISyER3wjqWKRtz4+fSkMTm2Sp+EsbZPIZmqPydyGhmTRYFNRhSHZt6biH95nRTDCz8XKkmRKzZbFKaSYEwm/ZC+0JyhzCyhTAv7V8KGVFOGtsWyPd2bP3SRNE9rnlvzbs+q9cuisxIcwhGcgAfnUIdruIEGMLiHR3iGV+fJeXHenPdZdMkpZg7gF5yPb3W6lrU=</latexit><latexit sha1_base64="z3MPlMVKwDt6VXp5+ofTHIRoWpw=">AAACEnicjVC7SgNBFL3rM8ZX1NJmMAhWYVcELYM2lgrmAckSZiezyZjZ2WXmrrAs+QcLG3/FRsTWys6/cZJsoYmFBwYO55zLnXuCRAqDrvvlLC2vrK6tlzbKm1vbO7uVvf2miVPNeIPFMtbtgBouheINFCh5O9GcRoHkrWB0NfFbD1wbEas7zBLuR3SgRCgYRSs1u0KFmPUqVbfmTkEWiVeQKhT4X7xX+ez2Y5ZGXCGT1JiO5ybo51SjYJKPy93U8ISyER3wjqWKRtz4+fSkMTm2Sp+EsbZPIZmqPydyGhmTRYFNRhSHZt6biH95nRTDCz8XKkmRKzZbFKaSYEwm/ZC+0JyhzCyhTAv7V8KGVFOGtsWyPd2bP3SRNE9rnlvzbs+q9cuisxIcwhGcgAfnUIdruIEGMLiHR3iGV+fJeXHenPdZdMkpZg7gF5yPb3W6lrU=</latexit> 0 -1<latexit sha1_base64="SewSXpMSbbFZwBdSTgiis61GRk4=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPaUDbbTbt2swm7EyGE/gcvHhTx6v/x5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wST25nfeeLaiFg9YJZwP6IjJULBKFqp3RcqxGxQrbl1dw6ySryC1KBAc1D96g9jlkZcIZPUmJ7nJujnVKNgkk8r/dTwhLIJHfGepYpG3Pj5/NopObPKkISxtqWQzNXfEzmNjMmiwHZGFMdm2ZuJ/3m9FMNrPxcqSZErtlgUppJgTGavk6HQnKHMLKFMC3srYWOqKUMbUMWG4C2/vEraF3XPrXv3l7XGTRFHGU7gFM7BgytowB00oQUMHuEZXuHNiZ0X5935WLSWnGLmGP7A+fwBwi+PPA==</latexit><latexit sha1_base64="z3MPlMVKwDt6VXp5+ofTHIRoWpw=">AAACEnicjVC7SgNBFL3rM8ZX1NJmMAhWYVcELYM2lgrmAckSZiezyZjZ2WXmrrAs+QcLG3/FRsTWys6/cZJsoYmFBwYO55zLnXuCRAqDrvvlLC2vrK6tlzbKm1vbO7uVvf2miVPNeIPFMtbtgBouheINFCh5O9GcRoHkrWB0NfFbD1wbEas7zBLuR3SgRCgYRSs1u0KFmPUqVbfmTkEWiVeQKhT4X7xX+ez2Y5ZGXCGT1JiO5ybo51SjYJKPy93U8ISyER3wjqWKRtz4+fSkMTm2Sp+EsbZPIZmqPydyGhmTRYFNRhSHZt6biH95nRTDCz8XKkmRKzZbFKaSYEwm/ZC+0JyhzCyhTAv7V8KGVFOGtsWyPd2bP3SRNE9rnlvzbs+q9cuisxIcwhGcgAfnUIdruIEGMLiHR3iGV+fJeXHenPdZdMkpZg7gF5yPb3W6lrU=</latexit><latexit sha1_base64="z3MPlMVKwDt6VXp5+ofTHIRoWpw=">AAACEnicjVC7SgNBFL3rM8ZX1NJmMAhWYVcELYM2lgrmAckSZiezyZjZ2WXmrrAs+QcLG3/FRsTWys6/cZJsoYmFBwYO55zLnXuCRAqDrvvlLC2vrK6tlzbKm1vbO7uVvf2miVPNeIPFMtbtgBouheINFCh5O9GcRoHkrWB0NfFbD1wbEas7zBLuR3SgRCgYRSs1u0KFmPUqVbfmTkEWiVeQKhT4X7xX+ez2Y5ZGXCGT1JiO5ybo51SjYJKPy93U8ISyER3wjqWKRtz4+fSkMTm2Sp+EsbZPIZmqPydyGhmTRYFNRhSHZt6biH95nRTDCz8XKkmRKzZbFKaSYEwm/ZC+0JyhzCyhTAv7V8KGVFOGtsWyPd2bP3SRNE9rnlvzbs+q9cuisxIcwhGcgAfnUIdruIEGMLiHR3iGV+fJeXHenPdZdMkpZg7gF5yPb3W6lrU=</latexit><latexit sha1_base64="z3MPlMVKwDt6VXp5+ofTHIRoWpw=">AAACEnicjVC7SgNBFL3rM8ZX1NJmMAhWYVcELYM2lgrmAckSZiezyZjZ2WXmrrAs+QcLG3/FRsTWys6/cZJsoYmFBwYO55zLnXuCRAqDrvvlLC2vrK6tlzbKm1vbO7uVvf2miVPNeIPFMtbtgBouheINFCh5O9GcRoHkrWB0NfFbD1wbEas7zBLuR3SgRCgYRSs1u0KFmPUqVbfmTkEWiVeQKhT4X7xX+ez2Y5ZGXCGT1JiO5ybo51SjYJKPy93U8ISyER3wjqWKRtz4+fSkMTm2Sp+EsbZPIZmqPydyGhmTRYFNRhSHZt6biH95nRTDCz8XKkmRKzZbFKaSYEwm/ZC+0JyhzCyhTAv7V8KGVFOGtsWyPd2bP3SRNE9rnlvzbs+q9cuisxIcwhGcgAfnUIdruIEGMLiHR3iGV+fJeXHenPdZdMkpZg7gF5yPb3W6lrU=</latexit>

(

<latexit sha1_base64="q4WCp+vNSk6GA1s6N0x45fCcZO8=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GOpF48V7Ac0oWy203TpZhN2N0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZemAqujet+O6WNza3tnfJuZW//4PCoenzS0UmmGLZZIhLVC6lGwSW2DTcCe6lCGocCu+Hkbu53n1BpnshHM00xiGkk+YgzaqzU9Zs8ivx8UK25dXcBsk68gtSgQGtQ/fKHCctilIYJqnXfc1MT5FQZzgTOKn6mMaVsQiPsWyppjDrIF+fOyIVVhmSUKFvSkIX6eyKnsdbTOLSdMTVjverNxf+8fmZGt0HOZZoZlGy5aJQJYhIy/50MuUJmxNQSyhS3txI2pooyYxOq2BC81ZfXSeeq7rl17+G61mgWcZThDM7hEjy4gQbcQwvawGACz/AKb07qvDjvzseyteQUM6fwB87nDyI/j2w=</latexit><latexit sha1_base64="6OZsRXZb9l4oZkzeMOaKbNhciVU=">AAACE3icjVA9SwNBFHwXv2L8ilraLAbBKtyJoGWIjaWCSYTkCHubd5cle3vH7p4QjvwICxv/io2IrY2d/8ZNcoUmFg4sDDPzePsmSAXXxnW/nNLK6tr6RnmzsrW9s7tX3T9o6yRTDFssEYm6D6hGwSW2DDcC71OFNA4EdoLR1dTvPKDSPJF3ZpyiH9NI8pAzaqzU6TV5FPXyfrXm1t0ZyDLxClKDAv+L96ufvUHCshilYYJq3fXc1Pg5VYYzgZNKL9OYUjaiEXYtlTRG7eezmybkxCoDEibKPmnITP05kdNY63Ec2GRMzVAvelPxL6+bmfDSz7lMM4OSzReFmSAmIdOCyIArZEaMLaFMcftXwoZUUWZsjRV7urd46DJpn9U9t+7dntcazaKzMhzBMZyCBxfQgGu4gRYwGMEjPMOr8+S8OG/O+zxacoqZQ/gF5+Mb216W5Q==</latexit><latexit sha1_base64="6OZsRXZb9l4oZkzeMOaKbNhciVU=">AAACE3icjVA9SwNBFHwXv2L8ilraLAbBKtyJoGWIjaWCSYTkCHubd5cle3vH7p4QjvwICxv/io2IrY2d/8ZNcoUmFg4sDDPzePsmSAXXxnW/nNLK6tr6RnmzsrW9s7tX3T9o6yRTDFssEYm6D6hGwSW2DDcC71OFNA4EdoLR1dTvPKDSPJF3ZpyiH9NI8pAzaqzU6TV5FPXyfrXm1t0ZyDLxClKDAv+L96ufvUHCshilYYJq3fXc1Pg5VYYzgZNKL9OYUjaiEXYtlTRG7eezmybkxCoDEibKPmnITP05kdNY63Ec2GRMzVAvelPxL6+bmfDSz7lMM4OSzReFmSAmIdOCyIArZEaMLaFMcftXwoZUUWZsjRV7urd46DJpn9U9t+7dntcazaKzMhzBMZyCBxfQgGu4gRYwGMEjPMOr8+S8OG/O+zxacoqZQ/gF5+Mb216W5Q==</latexit><latexit sha1_base64="6OZsRXZb9l4oZkzeMOaKbNhciVU=">AAACE3icjVA9SwNBFHwXv2L8ilraLAbBKtyJoGWIjaWCSYTkCHubd5cle3vH7p4QjvwICxv/io2IrY2d/8ZNcoUmFg4sDDPzePsmSAXXxnW/nNLK6tr6RnmzsrW9s7tX3T9o6yRTDFssEYm6D6hGwSW2DDcC71OFNA4EdoLR1dTvPKDSPJF3ZpyiH9NI8pAzaqzU6TV5FPXyfrXm1t0ZyDLxClKDAv+L96ufvUHCshilYYJq3fXc1Pg5VYYzgZNKL9OYUjaiEXYtlTRG7eezmybkxCoDEibKPmnITP05kdNY63Ec2GRMzVAvelPxL6+bmfDSz7lMM4OSzReFmSAmIdOCyIArZEaMLaFMcftXwoZUUWZsjRV7urd46DJpn9U9t+7dntcazaKzMhzBMZyCBxfQgGu4gRYwGMEjPMOr8+S8OG/O+zxacoqZQ/gF5+Mb216W5Q==</latexit>

0

How much better you 
could have done

log ŷ
<latexit sha1_base64="XD7yGwHMFLNjPZyexZhq7wvxWM0=">AAAB/nicbVBNS8NAFNzUr1q/ouLJy2IRPJVEBD0WvXisYGuhCWWz3bRLN5uw+yKEEPCvePGgiFd/hzf/jZs2B20dWBhm3uPNTpAIrsFxvq3ayura+kZ9s7G1vbO7Z+8f9HScKsq6NBax6gdEM8El6wIHwfqJYiQKBHsIpjel//DIlOaxvIcsYX5ExpKHnBIw0tA+8kQ89iYEci8iMAnCPCuKxtBuOi1nBrxM3Io0UYXO0P7yRjFNIyaBCqL1wHUS8HOigFPBioaXapYQOiVjNjBUkohpP5/FL/CpUUY4jJV5EvBM/b2Rk0jrLArMZJlRL3ql+J83SCG88nMukxSYpPNDYSowxLjsAo+4YhREZgihipusmE6IIhRMY2UJ7uKXl0nvvOU6Lffuotm+ruqoo2N0gs6Qiy5RG92iDuoiinL0jF7Rm/VkvVjv1sd8tGZVO4foD6zPH7i6lfU=</latexit><latexit sha1_base64="Z90RJcGjkPLtOKHy9SaxmZ8pdjs=">AAACI3icjVBNS8NAFNzUr1q/ouLJy2IRPJVEBD0WvXhUsLXQhLLZbtqlm03YfRFCyI/x4MW/4kWKFw/+FzdtDtp6cGBhmJnH2zdBIrgGx/m0aiura+sb9c3G1vbO7p69f9DVcaoo69BYxKoXEM0El6wDHATrJYqRKBDsMZjclP7jE1Oax/IBsoT5ERlJHnJKwEgD+8gT8cgbE8i9iMA4CPOsKBoDu+m0nBnwMnEr0kQV/hcf2FNvGNM0YhKoIFr3XScBPycKOBWsaHipZgmhEzJifUMliZj289mNBT41yhCHsTJPAp6pPydyEmmdRYFJlofoRa8U//L6KYRXfs5lkgKTdL4oTAWGGJeF4SFXjILIDCFUcfNXTMdEEQqm1rIpd/HQZdI9b7lOy72/aLavq87q6BidoDPkokvURrfoDnUQRTl6Rq/o3Xqx3qyp9TGP1qxq5hD9gvX1DU70nW4=</latexit><latexit sha1_base64="Z90RJcGjkPLtOKHy9SaxmZ8pdjs=">AAACI3icjVBNS8NAFNzUr1q/ouLJy2IRPJVEBD0WvXhUsLXQhLLZbtqlm03YfRFCyI/x4MW/4kWKFw/+FzdtDtp6cGBhmJnH2zdBIrgGx/m0aiura+sb9c3G1vbO7p69f9DVcaoo69BYxKoXEM0El6wDHATrJYqRKBDsMZjclP7jE1Oax/IBsoT5ERlJHnJKwEgD+8gT8cgbE8i9iMA4CPOsKBoDu+m0nBnwMnEr0kQV/hcf2FNvGNM0YhKoIFr3XScBPycKOBWsaHipZgmhEzJifUMliZj289mNBT41yhCHsTJPAp6pPydyEmmdRYFJlofoRa8U//L6KYRXfs5lkgKTdL4oTAWGGJeF4SFXjILIDCFUcfNXTMdEEQqm1rIpd/HQZdI9b7lOy72/aLavq87q6BidoDPkokvURrfoDnUQRTl6Rq/o3Xqx3qyp9TGP1qxq5hD9gvX1DU70nW4=</latexit><latexit sha1_base64="Z90RJcGjkPLtOKHy9SaxmZ8pdjs=">AAACI3icjVBNS8NAFNzUr1q/ouLJy2IRPJVEBD0WvXhUsLXQhLLZbtqlm03YfRFCyI/x4MW/4kWKFw/+FzdtDtp6cGBhmJnH2zdBIrgGx/m0aiura+sb9c3G1vbO7p69f9DVcaoo69BYxKoXEM0El6wDHATrJYqRKBDsMZjclP7jE1Oax/IBsoT5ERlJHnJKwEgD+8gT8cgbE8i9iMA4CPOsKBoDu+m0nBnwMnEr0kQV/hcf2FNvGNM0YhKoIFr3XScBPycKOBWsaHipZgmhEzJifUMliZj289mNBT41yhCHsTJPAp6pPydyEmmdRYFJlofoRa8U//L6KYRXfs5lkgKTdL4oTAWGGJeF4SFXjILIDCFUcfNXTMdEEQqm1rIpd/HQZdI9b7lOy72/aLavq87q6BidoDPkokvURrfoDnUQRTl6Rq/o3Xqx3qyp9TGP1qxq5hD9gvX1DU70nW4=</latexit>

y � log ŷ
<latexit sha1_base64="bsTxwgw/9ClqbDg7LL/dEB9Jp0g="></latexit><latexit sha1_base64="Nd5x5uTRiUxuH7DUcBdpGIfVBJg="></latexit><latexit sha1_base64="Nd5x5uTRiUxuH7DUcBdpGIfVBJg="></latexit><latexit sha1_base64="Nd5x5uTRiUxuH7DUcBdpGIfVBJg="></latexit>
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<latexit sha1_base64="lCtv+S8f2SnKh1StnwQc/tQBTdE="></latexit><latexit sha1_base64="lCtv+S8f2SnKh1StnwQc/tQBTdE="></latexit><latexit sha1_base64="lCtv+S8f2SnKh1StnwQc/tQBTdE="></latexit><latexit sha1_base64="lCtv+S8f2SnKh1StnwQc/tQBTdE="></latexit>
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Important Questions

1. How do you represent the input and output? 

2. What data do you train on? 

3. What is the objective? 

4. What is the hypothesis space? (e.g., linear, polynomial, neural net?) 

5. How do you optimise? (e.g., gradient descent, Newton’s method?)
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Machine Learning for Computer Vision: 
Supervised Learning

[Harrington et al., ICLR 2024] 
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Why is this dataset necessary?

ImageNet [Deng et al., CVPR 2009] 
 >14M images with human-verified annotations!
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- No large-scale training 

- Focus will be on analysis, possibly with some smaller-scale finetuning 

- We will give you pretrained models, optimisation environment, etc. 

- Similar (in spirit) to 4F13 courseworks

What will courseworks look like?
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