L!. F&z Comru.l'ﬂr\ﬁﬂaﬂ (2025) QTSO]ULHOnf

Q'(o\)

(L) Smoothed pixe

S 52 2 e v 05 (T

—-Nn -n

Whare 9o (1) - ;‘l_j_y_—-;r\ Q«“%?i and_is sounrh_d ok (2n+|] foc
(Si'uz Intl Fiznls) (vl )

(u) Low-?a.u ?’l”’er \ ga- (J()

Nu.ol.nd bo_ramove_hiah Yeauney Noise whad 5 Lru.J b
ditharedsbion ? 0

C(y\.n'abr Powu,r }YWPUY'M L‘o M\".lf])ff.}’ os_a (UW ?M_E)hf

spalial domain sza;ij domain _uie 7z
Ir (») — K 90-1 (W) = ¢ z
whane 0o = B‘L‘— (] )

Thir o a Sui fuble \uu—f.cw P\“-m : lag;‘fz\(i lq_, w0

S awemge in}'w,l-\j unchong2d
-0

GO E= 1o (g bk



2
Ql@ (i) | Mage pyramid ond scale space

| Samrlﬂ S(X)BJO-) l03“n'Hf\m;C¢“j (i‘a' O_ia = 0o Q%J

%
() 0o, G = cro?_’ 0= 052%, 032200 o G

»

f ’- Sudosqmpl a‘—lrnr §=3 ‘“*“j”-’ 5in(a O‘ lg-o
| ) s("k"“""flﬂ v ‘+ se 1o r"WUMD naxy  ockave

(:l) — L)i'Hr\;n esach ocluve Uiz an Jncrsmlr-?l___l)wf O_Ki,

Git) = a;, *' OT( where O_KE. =05 EZ%"_‘
T

incremonbel blur

ILQJ_D.Asﬁ“T/j e fo— uuzd tn_goch ocfous [m@)

B e has =3 dishnck Imag e\ lagk ;s J\J:eru

b bega g
( l) D&l t::\: 0 "Ok\lel \ ZJ'G'OE;—‘ 2 lcl
ey lw U;J-Z._?:I . mage w ‘— Image imog 3
dul N 0o ] > |G, ] —3 ] e Jos

.M;;L,. ~sabemplo— W
ochwl_ “s:g@ 120‘0 ZBI “‘gl O‘o‘).s."’

ot = [h] —

w1
¥ (’; )

vdew % % .0-" ' @

ndmn. 5 ‘j “’0—0 — '-J'—-'-\,\

dchave i - 320, —> 6.[-(/0-0

-%Jl;: 1y 'oLk 0—: _— rewied chll echavass p
f\—/g"ﬁ

| L.l. dtshnd P\“eu are nasdad: 0 ) Gko \ O_U'K. ) O—Ka.



Q | (6) Lﬂfladm ¢ a_gc_t_m‘gn
@

S (x+ﬁ_x, 3+53)=5(x,3)+%_01 -+ _a_S_n, + o5 pt . 28 [3.3"-1-...

ad - 2
F(N A)le ) Afj:’
L
S(at,y) = Slayy)* 95+ 325+ 0(w)
S(l-l)g) = S(JL,y) 23S oLS
) L ot

. I(Ef'\d ’-w ao'l)—ti !! ~2 l J ,.D cofwolu,"*‘o«,

-2 l D (M\Uabukm

B:J"

)

(u) vg_s _ Q"’*_S N c);S ~ S(;L—\,g) —L‘,Sél,j)-l-S(lﬂﬂ)

=Y | | | 2D convelulNon

+ S(aa,!j-}) T _5(1) 3-{-\)

()



Q | (6) Lﬂfladm ¢ a_gc_t_m‘gn
@

S (x+ﬁ_x, 3+53)=5(x,3)+%_01 -+ _a_S_n, + o5 pt . 28 [3.3"-1-...

ad - 2
F(N A)le ) Afj:’
L
S(at,y) = Slayy)* 95+ 325+ 0(w)
S(l-l)g) = S(JL,y) 23S oLS
) L ot

. I(Ef'\d ’-w ao'l)—ti !! ~2 l J ,.D cofwolu,"*‘o«,

-2 l D (M\Uabukm

B:J"

)

(u) vg_s _ Q"’*_S N c);S ~ S(;L—\,g) —L‘,Sél,j)-l-S(lﬂﬂ)

=Y | | | 2D convelulNon

+ S(aa,!j-}) T _5(1) 3-{-\)

()



Q \GD)QU) Band- yauss ?\"’ﬂ‘;

lf\"ﬂrrr:_l-o.kcn os G Lond'-j)w) r'\n'(u' 5! (J.W\n \)y ccr\Jm\Qﬁt\J ‘H\Q
Foumer k‘ov\ffvmdf Hhe  second Mﬂdak«q‘ o gauuian

&Tc\.\'\nl domawn in 1D '}lﬁné]’\u\‘j Aomarn ID
vzr (3‘ = ...al- \—'LT——-_;'
gr)= 2 3 Gor o) (1)

e
eV Vsl
\/ ;

4

combinahen ¢ o LF ond Hf Fﬂnu

/]

(o
‘p)

L2 . bOAd—Fan F\H—V finue Om >0 ak U'M

ond qain >0 as w3 o “b




L
Q 0

(1)Ed L — inl:nn.nl’j ciA.'Jconl'.'\MLi\'y \VSO- .Lr A _moXx lmum

- lql;fnwima}‘.olj l\\cc.u.mt{ ot z.ero-crouian GF VZ\S '\
o Lc)ak ?‘W 'l‘mwl\miu;_\a\% in Sjn d V g ’ﬁIx,y)

— \r\\'arra\m\"ﬂ; "'D F\‘:\d axad z_;_;__ri—(_n).r/i!_\j , Fl}

(i) Blob = circular ragior ¢ unaform ihathy
T W Lond-])ow P\“"M‘ e hhad by aninl bleb o,- Vzg (7‘)3)

= Locobina of max we ¢ 0 v Q *‘-_(Iﬂ (l)

scole. —nomakise §

— LUCO\-\A'LQ ) 'IMW ond Scdda LJ
o.ua\.w.\\'ns INYY: JcaLg".Si)au 2L M.ij]xlaouw'

- Siwe d‘ Mob 1 31\10\ By ,S_LO-: (l )

[Ul) Edge.s _“oll\uan‘m" “"b ll_tg‘\"\f\i \ con \omh.u in Ta.u.h on_and o_r)m"al‘\gg
=~ nvode 2D ,r]u:.')g )i conkows i
= ucedn SIFT dascaphr —> RO s (L

Blohf‘ = ¢onbe \Oca\i.r.ncl . ?o.ui.h'o-\ ond ,S'qul.
= Wied "‘D s kﬂ. o lbcaUO-\ ond it
= dasciphor (18D SIPT ) ir builk orant foxl piccls  wingads
— Invasont o scale (I ‘




QQ(Q)@) R ection madrix

lrha.ja_ €0 -Qrdif\o-l'ﬂ (u-; )V}) Cnh Lﬂ FGPPQJO"\"'QJ L‘] }Wlwﬁmdw VO.CJ"UI

M
w = [fut
SV
S

MOFH roifﬁ' (X{,)Y.‘,)Z}) CoN La rzj)re.u\kaJ Lj l\wf\ojﬁf\-ﬂovu v».:.}-r-

SZ:— X wl\iro >< XI \{ Xa.
R X X‘-r
X3
X

Par;_jm..\\'u fro'\f.c\'i on_con be wonten:
.Sll-;"' Fu X\ + Pn XL + Pls Xj, T Fu,YH-

S\IL ® ?MX\ T Pz.'!. X2 _\'YQAX:J’ '\'Tu'. YH»

S = 23 X'l T Yy’_XL 'l"v.” )(3 T J);h,X\.‘-
5P X,
l (‘S u-':\ = f" Fn. rls F ‘fj{ ):l
SV Pz\ Fu ay L
3 - Flh Iz ;':;j ri\r )(3

3Ix proje echim makix

V22X
X

(2)



QZOQ( W)

\/Gu\u\inj roinl =

i)c.r.l])n(.'}'i\lo Frb‘lﬂ.(.han c" rou‘s\'c} 0Q_ia dira(.h'm
4— POTE-\\L\ \\f\D.J
L~ osis hnas PV N] >2,’" 8
ek 2,200 |
0

u’) Hor{-z_o,,i Pm]ﬂt}'\'(m q‘ FN&M f\w at ]f\p\‘r\i\'j

V——Px’m \—/fr’(';‘:;)
F" "32
l\aﬁw’_L_ "p\jl)x ;QQ:E\(
: | K

E;‘ F . F:’l | ““’l)




3

PJ_(.OW:' unknoun P o“ o eckion mohe:
(12 poramkers R

ond Mcomrouz. inh comen rﬂJi‘W\)I (.3)
Coram. Or'\v\hlm) R (3)

Comeco INMASIG

Ty
lﬂ : Pét#%ﬂ [ szuT] EJ (z)

Lu) EO\-L\\ 'lwm.tje G-N'Urcrxdhul. (u-; )V}) er-bJ 2 °-°l\*-&"\°"" if\ D— r\,K
l)n‘lnchc.. m*‘vw. rw'

N> ¢

Colibrahon 0b‘\9_c,L — [urg& ?‘\J—H 4’ vie w (F'n-’ \fin-uu)

Q‘%(L) Camm calibration

> Iwgl VW\‘CA\'\'OA l‘\ CLnrHs [ mulk NQThQ ulrlq\e:

— %‘_.e.o\\'wu 204y {‘o I@(_q\?u aqum}{!._j

2



Iy ﬂ

anc}\ calib mb ink (xf. V. 2) iV 2- \'\ (
b on__po y Yoy ] N2y CL-’—L\'\O\ L7V N
unkl\own r‘jK - r j

N ramh Nhace 2)\) -ﬂ.tjlm;"o'u ]"0 Jo\de_ LJ \g_w} J’«;Wu .;NJ
non- \inzor el)hwnc.k oA

F(' Y2y 1 0000 -uy -uY -wZ U‘ﬂflzn:} 0

0 0 0 0 XY\ —VX -v Y =v Vi | Py
Pot

po
Pt.‘L

” Fq
r!\

n(2)

fiu

—_S;\Ve [A] _F > 0 LB ls.a:l-—&alwu or S\D
INxIL 2y

Find _P__ (m\' V-u_}'d\r) lwlv:.t.\»\'.s samclhat o4 9.n_rwu.kw of ATH
Sin
N & f—;“—’;f- < de

1)
"‘l!\k\\&l ‘\M-W Jo\»}'\e« T« Orhw.u.d LJ Senrc \Nt\j If _P H\a.l—

Mimimi ey He st q— He re?rv'.cc}\cx_.emm -"V)\.A.nr

r:;\ Z (=2 )+ (v~ L-\ hare (\,ﬂ

e yreducked
pr jeshn wag .F



10

QQ((‘L Rcuj,j ond ‘i'ﬁonjmla.lﬁon

L) Ea.d'\ rain" (LL;)V;) cou\min.s (X )Y,Z) ‘h 11‘@. on_Q r'«j
33\!@\ L:) I:J'U.Lu}'\'o«q' Q liv\n.w Qolmi"ic-u CF]MJ)

Plasal: pX gty 20 gy = i (P Xt e pL e o)
0= (po st (po ¥+ (pu=ipa) L+t
J'ri)

P[am 2: rmXT P“’Y T r-._;z +FW = Vi (PhX*‘ rn\(‘(‘ ])332‘1'[),).
0= if:“ b X £ Qr=vipr) Y (pu=vipn)2 * pure poy

I’NLLL org. ]\mw ealluuc.“\ou iy (X)\() Z) ond .Ofe ndr O«I'Olld i)lowu
|\-4.j oLn_f\t\n_ o ruj i\Jrau " ‘O (‘l_)

) Wine anpebons s fovn
() Wk zoueh ?"'2[ + ]ﬁ(_}:(} 7

’l’\!\i)o:nlb. "\ Sa\ug w‘\,"““"j f‘ﬂlm 1'[ immst (7_. f‘ONU) : chd Od“a'
Glllrh‘nd‘ V;LWPOI:\" (Nujlf hewo o &wh\\'q\ 4 Couwm) ) gwe Zm
‘I\GK_Q_.PU\CLU\L -LG),\M:.‘\U\JIU Ua—howe

i ‘ [§ ]’ 0 Wik v Con o\t )’j Leak=sque
guu_}m\l\ :,_->+,;o,~5“£k.\ ‘] T ( 2\



Version IB/2

3 (a) This network follows a typical architecture for a CNN. However, instead of
using explicit pooling layers it uses convolution with stride two.

Convolutional stage.

Convolutional layers CONV1-4 extract translation invariant features from an image.

Non-linear stage.

The use of non-linear activation functions such as Rectified Linear Unit (ReLLU) enables
the network to learn complex (non-linear) decision boundaries.

Pooling/subsampling stage.

The convolutional layers CONV1 and CONV3 perform image subsampling in order to
encourage learning of feature hierarchies and to reduce number of parameters. They act
as learnable weighted average pooling layers.

Fully connected layer

The fully connected layer FC1 forms final features of our proposed network. Note that
FC1 layer features are not translation invariant.

Parameter calculation

Detailed calculation of the output shape (OS) of each layer and the corresponding number
of parameters (P).

(CONVIL, K=5%x5,S=2,C=16,P=2, A=ReLU) - OS =16 x 16 X 16, P =
5:5-1-16+16 =416. (CONV2,K=3x%x3,S=1,C=32,P=1, A=ReLU)-0S =
16x16%x32,P=3-3-16-32+32=4640. (CONV3,K=5%5,S=2,C=64,P=2,A
=ReLU)-0S=8x8x64,P=5-5-32-64+64 =51264. (CONV4,K=3x%x3,S=1,C
=128,P=1,A=RelLU)-OS=8x8x 128, P=3-3-64 - 128 + 128 = 73856. (FCI, C
=128, A =Linear) - OS =128, P=8 - 8- 128 - 128 + 128 = 1048704.

Total number of parameters: 1178880.
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Version IB/2

(b) (1) Ina Siamese network setup the same network is applied to a pair of training
images points, /; and /. A 128-dimensional embedding vectors f I'e R128 and
f 2 ¢ R'28 are obtained for each image.

The contrastive loss is used to train this network. It is defined (for a single pair of
inputs) as follows:

1 1
L= 5sD2+5 (1-s) (max (0,A — D))?,

2
where D = \/Zd (f(} - fg) , s = 0 1s a pair is of images of the same person and

s = 1, otherwise. A is a margin parameter.

At test time the a single image is used to obtain its embedding vector and find the
nearest neighbour in the database of the embedding vectors computed from face
images of known individuals. [10%]
(i1) We have:

Aijje = Dkle' Wi g o Xik,j—1,e’ and Yijc = max (0,ai /) as well as f; =

Dijc wg’ (i.j.c)Yioic Here (i, j,c) - is an single value index corresponding to

the output unit y; ; . in the CONV4 layer.

We also denote a?,y?,f°, where o € {1,2} to be the intermediate outputs of the
Siamese network for the first (0 = 1) and second (o = 2) pair respectively.

Applying chain rule:
0]‘; 0y? . . da?

oL oL oD [ J\C
0 ~ 9D Z Zafo Zayo ~0al.ojc~6wéjc'

C
Wite 0P A7y G 0., 9%,5.6 Ok 1!

dijé

Partial derivatives:
Ds if D > A,

D —A(1-s) otherwise,

Sr=ip 2 (A - s 0 = 5 (5 - 7)ot

9L = 2Ds+ (1 - s)max (0,A-D) - (-1) =

afe 0y} i & 947 ¢
—60d zwg(i_E)andﬁ:ﬂ[a?.5>0]and#: zg—kk—lc [
Yij.e AL i.j. I k! S
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Version IB/2

wer 0f 07 947ic
e aVCZoe{lZ}ZdafO 20530 50 e

i,j,¢ i,j,¢ k,l,c'

1 1_ 2\ vy, .,/ 1 1 _ 2 2 _
D 2d (fd fd) iYW i) (]1 [ai,j,c’ > 0] Xk jter L [ai,j,c’ > 0] xi—k,j—l,c’) =
1%

ol—
>0

VA
e

sv€ if D > A,
Hence, 7-6E— = 1 k1< _ [25%]
Yile! (1-50- S))Vi ;o Otherwise.

(iii) (1) It seems the network is failing to generalise, hence a couple of dropout
layers should be used in between the convolutional networks. The dropout layer
works by multiplying each input unit by 0 with a probability, @ (e.g. @ = 0.5). At
test time usually drop out is not used so the dropout layer should scale its input by
multiplying it by a.

(2) The increasing brightness of images may have a multiplicative effect on the

embedding vectors hence they should be normalised (ie. similar to SIFT feature
descriptors). [15%]

(c) Advantages and disadvantages.

(1) Advantage: modelling long range correlations. The attention operation considers
all the input pixels when producing each output value. This allows to the full size receptive
field from the very start of the architecture. This may allow to easier capture the long range
correlations, e.g. such as a specific distance between the nose and eyes. This information
may be captured only after quite a few layers in a typical convolutional network, potentially
requiring deeper networks with more parameters to solve the same problem.

(2) Advantage: input to the transformer networks are unstructured sets.

CNN’s assume that the data is presented on some fixed grid. This may not be the case for
many types of inputs. E.g. if one wanted to integrate other information along with the face
image such as a recording of a voice of a person, it can be seamlessly performed by just
concatenating the input of the rgb image pixels and chosen representation of sound. Also
transformer architectures can be more efficient in leveraging sparse input (e.g. if one uses
only edges or face landmarks for face recognition) since they would only use the number
of input data points provided as opposed to the full size grid.

(3) Disadvantage: quadratic time and space complexity in terms of input size. A
vanilla transformer network built of MHA and Layer Normalisation layers would have
a quadratic cost in the input size (e.g. (WH)? which may be prohibitive for many
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Version IB/2

applications. The time/space complexity in convolutional networks is much smaller
WHK? where K is the convolutional kernel size. This drawback of transformers can be
address by for example projecting the input into a smaller dimensional space as done by
the linear projection layer in the ViT. [10%]

(d) Pre-training and data

Since the dataset containing the group image segmentation/recognition information is
relatively small, we first train the original network in Fig. 1. Note that the original training
setup is likely produce a network which is sensitive to recognising faces that are not well
centered. Hence we may include crops of the original images where the center pixel is
near the edge of the face with the correct identity. The newly added part of the image can
be filled in with random noise, uniform color (e.g. black) or crops of background from
the provided dataset.

Architecture. The architecture shown in Fig. 1 is adapted by: replacing the final fully
connected layer with the deconvolution layer without a non-linearity which upsamples the
output from 8 X 8 X 128 to 32 x 32 x 128. This makes the network fully convolutional,
hence - very efficient in producing per pixel 128-dimensional embedding vectors. During
the finetuning stage the rest of the network of Fig.1 is initialised with pretrained weights
and are frozen. Only the the deconvolution layer parameters are trained.

Test use. At test time we find the closest embedding in the database to each pixel in the
image to produce a per pixel face identity label. To speed up this step the per-pixel
embeddings may be clustered (e.g. using mean-shift) and only cluster centers used to

retrieve the identity.

Objective function and fine-tuning. As with image-level face recognition task, the

contrastive loss is used in the fine-tuning stage. However, it should be applied per pixel
and not for the whole image.

Also there is a slight change in the sampling procedure for negative and positive pairs. In
the fine-tuning stage for each pixel we take a positive or negative example by randomly
sampling any pixel in the batch of image which has the same or different label id. The
background pixels can be grouped into their own class in order to not only be able to
recognise face pixels but also segment out a background class.

Colour normalization, rotation, horizontal flips, random crops and scales, colour jitter,
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randomized contrast and brightness and other data augmentation techniques can be
employed.

Also it is important to note that all geometric (e.g. rotation, flip, etc.) augmentation steps
performed on the input image should be applied on the corresponding target per-pixel class
label images.

[20%]
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