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1. Closed-form Leave-One-Out (LOO) predic-
tion in Multiclass Least-Squares Support
Vector Machine (LSSVM)

We follow closely proof given by Cawley [1] with gen-
eralization to multiclass scenario.

Additional notation:
X – Sample matrix, where each column is a sample
Y – Encoded One-Versus-All (OVA) label matrix, where
each label code is a column
A – model parameter matrix, where each model parameters
form a column
A(i) – i-th row of a matrixA
A(−i) – all, but i-th row of a matrixA
b – transfer parameter vector
In the following we will assume that solution in terms ofA
and b is given by solving[

A
b>

]
= M−1

[
Y −X>W ′β

0

]
(1)

To derive LOO prediction formula, we need to solve Equa-
tion 1 when one of X elements is missing. For this reason
we dissect matrix M as follows (notice r.h.s.)[

X>X+ 1
C I 1

1> 0

]
= M =

[
m11 m1

>

m1 M1

]
Consequently, we recover closed-form solution[
A(−1)

b>(−1)

]
= M1

−1(Y(−1)−[X>(−1)W ′ X>(−1)W ′β])

Using parameters
[
A(−1)

b>(−1)

]
we obtain prediction on the

missing sample

Ỹ(1) =m1
>
[
A(−1)

b>(−1)

]
+ [X>(1)W ′ X>(1)W ′β]

=m1b
>M1

−1(Y(−1) − [X>(−1)W ′ X>(−1)W ′β])

+ [X>(1)W ′ X>(1)W ′β]

(2)

Noting, that predictions with respect to all, but first element
are [

m1 M1

] [ A
b>

]
=M1

−1(Y(−1) − [X>(−1)W ′ X>(−1)W ′β])

we rewrite Equation 2 as

Ỹ(1) =m1
>M1

−1 [ m1 M1

] [ A
b>

]
+ [X>(1)W′ X>(1)W′β]

=m1
>M1

−1m1A
(1) +m1

>
[
A(−1)

b>

]
+ [X>(1)W′ X>(1)W′β]

(3)

Noting, that, first equation in the System 1 is

Y(1)−[X>(1)W′ X>(1)W′β] = m11A
(1)+m1

>
[
A(−1)

b>

]
we rearrange and plug m1

>
[
A(−1)

b>

]
into Equation 3 to

arrive at

Ỹ(1) =m1
>M1

−1m1A
(1) +Y(1)

− [X>(1)W′ X>(1)W′β]−m11A
(1)

+ [X>(1)W′ X>(1)W′β]

=Y(1) + (m1
>M1

−1m1 −m11)A
(1)
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Expressing M−1 by Schur complement lemma, we observe,
that inverse of complement µ = m11 −m1

>M1
−1m1 is

the first matrix element.

M−1 =

[
µ−1 −µ−1m1M

−1
1

M−11 + µ−1M−11 m>1 m1M
−1
1 −µ−1M−11 m>1

]
Combining this fact with insensitivity of system to row-wise
permutations, for the i-th sample we have:

Ỹ(i) = Y(i) − A(i)

M−1ii

2. Supplementary experimental results
Here, additional experimental results are provided for

Caltech-256 and Animals with Attributes (AwA) datasets.
Results are presented with respect to 5 and 20 unrelated,
mixed and related class semantic categories. Accuracies are
partitioned:

• by linear setting with one feature and non-linear set-
ting with multiple features by kernel averaging

• with respect to no-transfer and transfer baselines

• with respect toN source classes andN+1 target class

Each figure showing accuracy on N +1 classes, features
two smaller figures beneath, corresponding to accuracies on
N source classes and N + 1 target class.

Figure 1 depicts 5-class results for Caltech-256 dataset:

• Linear baselines and MULticlass Transfer Incremental
LEarning (MULTIpLE), SIFT feature in all cases

• MULTIpLE compared to no-transfer baselines in Sub-
figures 1a – unrelated, 1b – mixed, 1c – related

• MULTIpLE compared to transfer baselines in Subfig-
ures 1g – unrelated, 1h – mixed, 1i – related

Figure 2 depicts 5-class results for Caltech-256 dataset:

• Non-linear baselines and MULTIpLE, average of Ra-
dial Basis Function (RBF) kernels over oriented and
unoriented PHOG shape descriptors, SIFT appearance
descriptors, region covariance and local binary pat-
terns totalling in 14 descriptor types [2] and RBF hy-
perparameters γ ∈ {2i : −5 ≤ i ≤ 8}

• MULTIpLE compared to no-transfer baselines in Sub-
figures 2a – unrelated, 2b – mixed, 2c – related

• MULTIpLE compared to transfer baselines in Subfig-
ures 2g – unrelated, 2h – mixed, 2i – related

Figure 3 depicts 20-class results for Caltech-256 dataset:

• Non-linear baselines and MULTIpLE, feature setting
as in Figure 2

• MULTIpLE compared to no-transfer baselines in Sub-
figures 3a – unrelated, 3b – mixed, 3c – related

• MULTIpLE compared to transfer baselines in Subfig-
ures 3g – unrelated, 3h – mixed, 3i – related

Figure 4 depicts 5-class results for AwA dataset:

• Linear baselines and MULTIpLE, PHOG feature in all
cases

• MULTIpLE compared to no-transfer baselines in Sub-
figures 4a – unrelated, 4b – mixed, 4c – related

• MULTIpLE compared to transfer baselines in Subfig-
ures 4g – unrelated, 4h – mixed, 4i – related

Figure 5 depicts 5-class results for AwA dataset:

• Non-linear baselines and MULTIpLE, average of RBF
kernels over SIFT, rgSIFT, SURF, PHOG, RGB color
histograms, local self-similarity histograms [3] and
RBF hyperparameters γ ∈ {2i : −5 ≤ i ≤ 8}

• MULTIpLE compared to no-transfer baselines in Sub-
figures 5a – unrelated, 5b – mixed, 5c – related

• MULTIpLE compared to transfer baselines in Subfig-
ures 5g – unrelated, 5h – mixed, 5i – related

Figure 6 depicts 20-class results for AwA dataset:

• Non-linear baselines and MULTIpLE, with feature
setting as in Figure 6

• MULTIpLE compared to no-transfer baselines in Sub-
figures 6a – unrelated, 6b – mixed, 6c – related

• MULTIpLE compared to transfer baselines in Subfig-
ures 6g – unrelated, 6h – mixed, 6i – related

Figure 7 depicts 50-class results for AwA dataset, where
MULTIpLE is compared to transfer baselines and no-
transfer settings with features as in Figure 6.
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Figure 1: Caltech-256 5 classes linear, no-transfer and transfer baselines

3



4 6 8 10 12 14 16 18 20
Number of samples

0.50

0.55

0.60

0.65

0.70

0.75

0.80

0.85

N
+

1
 a

cc
u
ra

cy

Caltech-256 5 unrelated 
kernel, no transfer baselines

No transfer
Batch
MULTIpLE
Source
Source+1
Source+1 (hinge)

4 6 8 10 12 14 16 18 20
Number of samples

0.60

0.62

0.64

0.66

0.68

0.70

0.72

0.74

N
+

1
 a

cc
u
ra

cy

Caltech-256 5 mixed 
kernel, no transfer baselines

No transfer
Batch
MULTIpLE
Source
Source+1
Source+1 (hinge)

4 6 8 10 12 14 16 18 20
Number of samples

0.25

0.30

0.35

0.40

0.45

0.50

N
+

1
 a

cc
u
ra

cy

Caltech-256 5 related 
kernel, no transfer baselines

No transfer
Batch
MULTIpLE
Source
Source+1
Source+1 (hinge)

4 6 8 10 12 14 16 18 20
Number of samples

0.50

0.55

0.60

0.65

0.70

0.75

0.80

0.85

0.90

N
 s

o
u
rc

e
 a

cc
u
ra

cy

Caltech-256 5 unrelated 
 performance on N source classes 

 kernel, no transfer baselines

No transfer
Batch
MULTIpLE
Source
Source+1
Source+1 (hinge)

4 6 8 10 12 14 16 18 20
Number of samples

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

ta
rg

e
t 

a
cc

u
ra

cy

Caltech-256 5 unrelated 
 performance on target class 
 kernel, no transfer baselines 

No transfer
Batch
MULTIpLE
Source
Source+1
Source+1 (hinge)

4 6 8 10 12 14 16 18 20
Number of samples

0.60

0.65

0.70

0.75

0.80

N
 s

o
u
rc

e
 a

cc
u
ra

cy

Caltech-256 5 mixed 
 performance on N source classes 

 kernel, no transfer baselines

No transfer
Batch
MULTIpLE
Source
Source+1
Source+1 (hinge)

4 6 8 10 12 14 16 18 20
Number of samples

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

ta
rg

e
t 

a
cc

u
ra

cy

Caltech-256 5 mixed 
 performance on target class 
 kernel, no transfer baselines 

No transfer
Batch
MULTIpLE
Source
Source+1
Source+1 (hinge)

4 6 8 10 12 14 16 18 20
Number of samples

0.25

0.30

0.35

0.40

0.45

0.50

0.55

0.60

N
 s

o
u
rc

e
 a

cc
u
ra

cy

Caltech-256 5 related 
 performance on N source classes 

 kernel, no transfer baselines

No transfer
Batch
MULTIpLE
Source
Source+1
Source+1 (hinge)

4 6 8 10 12 14 16 18 20
Number of samples

0.0

0.1

0.2

0.3

0.4

0.5

ta
rg

e
t 

a
cc

u
ra

cy

Caltech-256 5 related 
 performance on target class 
 kernel, no transfer baselines 

No transfer
Batch
MULTIpLE
Source
Source+1
Source+1 (hinge)

4 6 8 10 12 14 16 18 20 22
Number of samples

0.45

0.50

0.55

0.60

0.65

0.70

0.75

0.80

0.85

N
+

1
 a

cc
u
ra

cy

Caltech-256 5 unrelated 
kernel, transfer & selected no transfer

MKTL
MultisourceTrAdaBoost-OVA
MultiKT-OVA
Batch
MULTIpLE
Source+1
Source+1 (hinge)

4 6 8 10 12 14 16 18 20
Number of samples

0.58

0.60

0.62

0.64

0.66

0.68

0.70

0.72

0.74

N
+

1
 a

cc
u
ra

cy

Caltech-256 5 mixed 
kernel, transfer & selected no transfer

MKTL
MultisourceTrAdaBoost-OVA
MultiKT-OVA
Batch
MULTIpLE
Source+1
Source+1 (hinge)

4 6 8 10 12 14 16 18 20 22
Number of samples

0.25

0.30

0.35

0.40

0.45

0.50

N
+

1
 a

cc
u
ra

cy
Caltech-256 5 related 

kernel, transfer & selected no transfer

MKTL
MultisourceTrAdaBoost-OVA
MultiKT-OVA
Batch
MULTIpLE
Source+1
Source+1 (hinge)

4 6 8 10 12 14 16 18 20
Number of samples

0.55

0.60

0.65

0.70

0.75

0.80

0.85

0.90

N
 s

o
u
rc

e
 a

cc
u
ra

cy

Caltech-256 5 unrelated 
 performance on N source classes 

 kernel, transfer & selected no transfer

MKTL
MultisourceTrAdaBoost-OVA
MultiKT-OVA
Batch
MULTIpLE
Source+1
Source+1 (hinge)

4 6 8 10 12 14 16 18 20
Number of samples

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

ta
rg

e
t 

a
cc

u
ra

cy

Caltech-256 5 unrelated 
 performance on target class 

 kernel, transfer & selected no transfer 
MKTL
MultisourceTrAdaBoost-OVA
MultiKT-OVA
Batch
MULTIpLE
Source+1
Source+1 (hinge)

4 6 8 10 12 14 16 18 20
Number of samples

0.64

0.66

0.68

0.70

0.72

0.74

0.76

0.78

0.80

N
 s

o
u
rc

e
 a

cc
u
ra

cy

Caltech-256 5 mixed 
 performance on N source classes 

 kernel, transfer & selected no transfer
MKTL
MultisourceTrAdaBoost-OVA
MultiKT-OVA
Batch
MULTIpLE
Source+1
Source+1 (hinge)

4 6 8 10 12 14 16 18 20
Number of samples

0.30

0.35

0.40

0.45

0.50

0.55

0.60

0.65

0.70

ta
rg

e
t 

a
cc

u
ra

cy

Caltech-256 5 mixed 
 performance on target class 

 kernel, transfer & selected no transfer 
MKTL
MultisourceTrAdaBoost-OVA
MultiKT-OVA
Batch
MULTIpLE
Source+1
Source+1 (hinge)

4 6 8 10 12 14 16 18 20
Number of samples

0.30

0.35

0.40

0.45

0.50

0.55

0.60

N
 s

o
u
rc

e
 a

cc
u
ra

cy

Caltech-256 5 related 
 performance on N source classes 

 kernel, transfer & selected no transfer

MKTL
MultisourceTrAdaBoost-OVA
MultiKT-OVA
Batch
MULTIpLE
Source+1
Source+1 (hinge)

4 6 8 10 12 14 16 18 20
Number of samples

0.0

0.1

0.2

0.3

0.4

0.5

ta
rg

e
t 

a
cc

u
ra

cy

Caltech-256 5 related 
 performance on target class 

 kernel, transfer & selected no transfer 
MKTL
MultisourceTrAdaBoost-OVA
MultiKT-OVA
Batch
MULTIpLE
Source+1
Source+1 (hinge)

Figure 2: Caltech-256 5 classes, non-linear, no-transfer and transfer baselines
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Figure 3: Caltech-256 20 classes, no-transfer and transfer baselines
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Figure 4: AwA 5 classes, linear, no-transfer and transfer baselines
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Figure 5: AwA 5 classes, non-linear, no-transfer and transfer baselines
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Figure 6: AwA 20 classes, non-linear, no-transfer and transfer baselines
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Figure 7: AwA 50 classes, non-linear, no-transfer and transfer baselines
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