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1 A greyscale image, I (x, y), is first low-pass filtered (smoothed) by convolving with
a 2-D Gaussian filter, Gσ (x, y), before gradients are computed as part of the feature
detection process.

(a) (i) Show how smoothing can be performed by two 1-D convolutions. Give an
expression for computing the intensity of a smoothed pixel, Sσ (x, y), using two
discrete 1-D convolutions. Your answer should identify the size and elements of the
discrete filter kernels. [15%]

(ii) Find an expression for the Fourier Transform of the 1-D Gaussian, gσ (x).
Hence show why the Gaussian is a suitable low-pass filter. [10%]

(iii) Show that repeated convolutions with a series of 1-D Gaussians, each with a
particular standard deviationσi, is equivalent to a single convolutionwith aGaussian
of variance

∑
i σ

2
i . How is this used to compute efficiently low-pass filtering with

large values of scale, σ? [15%]

(b) A blob-like image feature is usually localised in position and scale by filtering
the image with the scale-normalised Laplacian of a Gaussian filter, σ2∇2Gσ (x, y), over
different scales.

(i) Derive the second derivative of a 1-D Gaussian function. [10%]

(ii) Sketch the output of the convolution of a 1-D bar of width 2w with the second
derivative of the 1-D Gaussian. [10%]

(iii) Hence find the filter scale σ that is needed to localise the centre of a bar with
apparent size 2b and the centre of a blob with apparent radius r . [10%]

(iv) Show that the scale-normalised Laplacian of a Gaussian filter acts a band-pass
filter. [10%]

(c) The low-pass filtered images and their spatial derivatives can also be used for image
edge and corner detection at different scales.

(i) What is an image edge? How are edges detected and localised in images? [10%]

(ii) What is meant by a corner feature and how are corners detected and localised
in the image? [10%]
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2 The relationship between a 3-D world point X = (X,Y, Z )> and its corresponding
pixel at image co-ordinates, (u, v), under perspective projection can be written using
homogeneous co-ordinates by a projection matrix:


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(a) Under what assumptions is this relationship valid? [10%]

(b) For a calibrated camera the elements of the projection matrix are known.

(i) What is the perspective projection of the 3-D point with co-ordinates (X,Y, Z )
and give an expression for the distance to the point along the optical axis. [10%]

(ii) Derive the equation of the horizon of the X − Y plane under perspective
projection. [10%]

(c) For an uncalibrated camera the elements of the projection matrix, p j k , are unknown.

(i) Find the minimum number of measurements that are needed to be able to
recover the projection matrix. What are the degrees of freedom of a real camera? [10%]

(ii) Show how to recover the position and orientation of a known 3-D object.
Include details of the optimisation techniques used when the measurements are
noisy. [20%]

(d) Weak perspective projection consists of an orthographic projection onto a plane
which is parallel to the image plane followed by a perspective projection onto the image
plane.

(i) Derive the projection matrix between a 3-D point and its image under weak
perspective projection. [10%]

(ii) Under what viewing conditions is weak perspective a good camera model?
What are its advantages? [20%]

(iii) What happens to the X − Y plane’s horizon under weak perspective? [10%]
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3 (a) A filter bank consists of N engineered 3 × 3 weight matrices, forming an
N × 3 × 3 tensor W0. The filter bank is applied to a D × D greyscale input image I0,
resulting in a N × D × D tensor I1. In this notation I (n,r,c)

l indicates the pixel value which
is the output of layer l at channel n, row r , and column c.

(i) Write an expression for the pixel at I (1,1,1)
1 (using zero-based indexing as

shown in Fig. 1) in terms of W0 and I0. [10%]

(ii) I1 has the same spatial dimensions (i.e., D × D) as I0. How is this achieved?
Be specific about the mechanism used, and how it works. [10%]

(iii) Based on the image in Fig. 1 showing the filter at W0
0 (i.e., all 3× 3 weights at

channel 0), what features from the original image will be highlighted in I01? [10%]

(𝟎, 𝟎) (𝟎, 𝟏) (𝟎, 𝟐)

(𝟏, 𝟎) (𝟏, 𝟏) (𝟏, 𝟐)

(𝟐, 𝟎) (𝟐, 𝟏) (𝟐, 𝟐)

Fig. 1

(b) The application of the filter bank W0 forms a tensor I1 which then acts as the input
to a convolutional neural net (CNN) shown in Fig. 2.

1 × 𝐷 × 𝐷

  
 
 
 

 
 
 

𝑁 × 𝐷 × 𝐷 M× (𝐷 − 2) × (𝐷 − 2)

𝑊0 𝑊1

𝐼0 𝐼1 𝐼2

Fig. 2

(i) Weigh the pros and cons of using engineered features like a filter bank as the
input to a CNN. When might this be a good idea? [10%]

(ii) The first layer of the CNN has a tensor of filter weights W1, resulting in an
output tensor I2 of dimension M × (D − 2) × (D − 2). What is a possible shape of
W1, and why are the dimensions of I2 smaller than I1 given that shape? [10%]
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(iii) The next step in the CNN is a pooling layer. What might a convolutional layer
followed by a pooling layer enable the network to represent in terms of the semantics
of the image? [10%]

(iv) What is fine-tuning in the context of a CNN, and how could it be used to
improve the values in W0? What are common pitfalls of fine-tuning a network, and
how can they be avoided? [10%]

(c) The W0 filter bank has been replaced by a module that computes the pixel values as:

I (n,r,c)
1 =




I (0,r,c)
0 + cos rnπ n mod 4 = 0

I (0,r,c)
0 + cos cnπ n mod 4 = 1

I (0,r,c)
0 + sin rnπ n mod 4 = 2

I (0,r,c)
0 + sin cnπ n mod 4 = 3

What does this do? Why is it redundant for a CNN, but required for a Vision Transformer?
[10%]

(d) Transformers tokenise images by dividing them into a regular grid of patches, and
then converting those image patches into token vectors. Describe how the patch dictionary
tokenisation technique works, and compare and contrast it with learned embeddings. [20%]
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4 An object is to be reconstructed in 3-D by photographing it from two viewpoints
with a mobile phone camera. The correspondences in the left and right images, (u, v) and
(u′, v′), are first found by matching feature points extracted in each view.

(a) What is the geometric constraint that these correspondences must satisfy? Express
this constraint algebraically using the fundamental matrix. Your answer should include a
factorization of the fundamental matrix into matrices representing camera translation and
rotation. [15%]

(b) The fundamental matrix is to be estimated from pairs of point correspondences.

(i) Describe an algorithm for finding the feature points and their possible matches. [15%]

(ii) What is the minimum number of point correspondences needed to estimate
the fundamental matrix? Describe an algorithm for finding consistent matches in
the presence of incorrect or outlier measurements. [10%]

(iii) How is the transformation estimated when a large number of consistent
matches is available? What special constraints must be enforced? [20%]

(c) The fundamental matrix is to be factorized to recover the projection matrices for
each viewpoint.

(i) First describe an algorithm to recover the camera motion (rotation and
translation) between the two views if the internal camera parameters (matrix K)
are known. Include details of how any ambiguities are resolved. [20%]

(ii) Show how to recover the 3-D positions of each feature point and give the
equations that need to be solved. [10%]

(d) What will happen to the 3-D reconstruction if the camera motion is a pure rotation
or is very small? [10%]

END OF PAPER
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