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X ∈ Rm×n
U ∈ Rm×r V ∈ Rn×r X ≈ UVT

r < (m,n)
UVT UVT r U

V U V

U ,V d(X ,UVT ), U ∈ S1,V ∈ S2,

d(X ,Y )
X Y S1 S2

X Y
d(X ,Y )

X Y
X d(X ,Y )

ℓ2 X
Y

S1
S2

S = {U |Ui, j ≥
0,∀i, j} S =

{U |∥U ∥1 ≤ z}

S = {U |∥U ∥2F ≤ z}

X
U V

Xi, j
i j

i ∈ Rr r
i j ∈ Rr

j
Rr

Xi, j i ( j )T

X1 ∈ Rn×d1 X2 ∈ Rn×d2

n X1 d1
X2 d2

U ,V1,V2

d(X1,UV
T
1 ) + d(X2,UV

T
2 ), U ∈ S0,Vi ∈ Si , i = 1, 2,

U
U

X1 X2

t
X1 ∈ Rn×d1 , . . . ,Xt ∈ Rn×dt

n дθ (.)
θ Xi ≈ Uдθi (Vi )

KDD 2017 Research Paper KDD’17, August 13–17, 2017, Halifax, NS, Canada

1157



k

дθi (Vi ) = f (W(k,i) f (W(k−1,i) f (. . . , f (W(1,i)Vi )),

W(j,i) j θi = {W(k,i),
W(k−1,i), . . . ,W(1,i)} f

Xi U

дθi (Vi ) i

U , {Vi ,θi }ti=1

∑t
i=1

d(Xi ,Uдθi (Vi )) U ∈ S0,Vi ∈ Si ,∀i .

U
V V

{дθi }

{y1, . . . ,yn } n
h(U ; ) = U

Uj j U
j yj

ℓ(h(Uj ; ),yj )

,U , {Vi ,θi }ti=1

∑n
j=1
ℓ(h(Uj ; ),yj ) +

∑t
i=1

αid(Xi ,Uдθi (Vi ))

U ∈ S0,Vi ∈ Si ,∀i,

αi
i

αi

U

KDD 2017 Research Paper KDD’17, August 13–17, 2017, Halifax, NS, Canada

1158



{Xi }
U

U

i
Ii ∈ Rn×n j

(Ii )j =
⎧⎪⎨⎪⎩

j

j
,

j ∈ Rn n j

,U , {Vi ,θi }ti=1

∑n
j=1
ℓ(h(Uj ; ),yj ) +

∑t
i=1

αid(X̂i , IiUдθi (Vi ))

U ∈ S0,Vi ∈ Si ,∀i,

X̂i j

X̂ j
i =

⎧⎪⎨⎪⎩
i

X j
i

.

Xi X̂i

U

U

i ( j )T

Ṽi = f (W(k,i) f (W(k−1,i) f (. . . , f (W(1,i)Vi )),

Ṽi Ci, j (m,n)
m Ṽi n

Ṽj Ci, j (m,n) m
i n j

Ci, j (m,n)

113 × 113
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±4.95 ± ± ± ± ±

X Xobs Xor i

Xobs Xor i

Xobs = w1 · aдe +w2 · sex +w3 · cohort + Xor i ,

w1,w2,w3 (w1,w2,w3)
w (aдei , sexi , cohorti ) ti i i

w∗ =
w

∑n
i=1

(wT ti − Xobs
i )2.

Xor i = Xobs − (w1 · aдe +w2 · sex +w3 · cohort).

Xor i

5
5

10
6, 566, 154

− 10

{0, 1, 2}

0.529 ± 0.080 0.616 ± 0.102 0.564 ± 0.011
0.587 ± 0.069 0.593 ± 0.120 0.718 ± 0.076
0.610 ± 0.079 0.644 ± 0.075 0.659 ± 0.161
0.526 ± 0.065 0.597 ± 0.086 0.634 ± 0.097
0.656 ± 0.089 0.681 ± 0.116 0.658 ± 0.106
0.561 ± 0.024 0.613 ± 0.105 0.668 ± 0.127

0.519 ± 0.099 0.653 ± 0.139 0.719 ± 0.142
0.594 ± 0.151 0.646 ± 0.078 0.693 ± 0.100
0.573 ± 0.135 0.593 ± 0.165 0.758 ± 0.115
0.519 ± 0.093 0.610 ± 0.146 0.805 ± 0.073
0.558 ± 0.083 0.542 ± 0.048 0.726 ± 0.027
0.553 ± 0.124 0.544 ± 0.110 0.679 ± 0.152

0.770 ± 0.065 0.723 ± 0.031 0.617 ± 0.143
0.722 ± 0.088 0.743 ± 0.094 0.604 ± 0.026
0.689 ± 0.134 0.780 ± 0.054 0.560 ± 0.111
0.684 ± 0.089 0.703 ± 0.042 0.579 ± 0.068

∗ 0.735 ± 0.135 0.627 ± 0.165
∗ 0.699 ± 0.089 0.689 ± 0.131

∗

d(X ,Y ) ∥X − Y ∥2F

90
10

siдmoid(x)
x2
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p

0.702 ± 0.019 0.672 ± 0.137 0.708 ± 0.024
0.749 ± 0.052 0.793 ± 0.034 0.742 ± 0.063
0.743 ± 0.063 0.696 ± 0.037 0.747 ± 0.061
0.754 ± 0.046 0.756 ± 0.059 0.749 ± 0.049
0.791 ± 0.027 0.798 ± 0.058 0.786 ± 0.032
0.671 ± 0.049 0.652 ± 0.058 0.679 ± 0.048

0.634 ± 0.065 0.665 ± 0.044 0.627 ± 0.768
0.701 ± 0.064 0.735 ± 0.061 0.681 ± 0.039
0.778 ± 0.059 0.749 ± 0.011 0.784 ± 0.055
0.775 ± 0.063 0.801 ± 0.023 0.821 ± 0.015
0.806 ± 0.049 0.792 ± 0.031 0.800 ± 0.032
0.717 ± 0.037 0.705 ± 0.049 0.759 ± 0.044

0.801 ± 0.101 0.737 ± 0.063 0.758 ± 0.098
0.732 ± 0.041 0.753 ± 0.014 0.767 ± 0.069
0.788 ± 0.084 0.813 ± 0.047 0.756 ± 0.087
0.746 ± 0.159 0.750 ± 0.124 0.757 ± 0.078
0.759 ± 0.151 0.780 ± 0.058 0.754 ± 0.070
0.739 ± 0.183 0.774 ± 0.074 0.754 ± 0.056

Vj ∈ R162×dj j = 1, 2, ..., t
W1, j ∈ Rr×162

r ∈ {30, 50, 70, 90, 110, 130} U ∈ Rnj×r

r

x2

siдmoid(x)

{30, 50, 70, 90}

30, 50, 70, 90, 110, 130
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0.684 ± 0.051 0.658 ± 0.039 0.766 ± 0.115 0.632 ± 0.019 0.665 ± 0.042 0.670 ± 0.052 0.674 ± 0.114
0.767 ± 0.019 0.772 ± 0.032 0.818 ± 0.076 0.707 ± 0.054 0.737 ± 0.064 0.719 ± 0.073 0.666 ± 0.108
0.763 ± 0.059 0.759 ± 0.020 0.797 ± 0.049 0.781 ± 0.065 0.750 ± 0.010 0.799 ± 0.040 0.669 ± 0.119
0.772 ± 0.070 0.775 ± 0.030 0.767 ± 0.081 0.784 ± 0.071 0.797 ± 0.019 0.852 ± 0.018 0.667 ± 0.090
0.822 ± 0.018 0.795 ± 0.005 0.803 ± 0.014 0.811 ± 0.047 0.782 ± 0.030 0.779 ± 0.008 0.656 ± 0.080
0.702 ± 0.067 0.669 ± 0.055 0.689 ± 0.071 0.728 ± 0.048 0.705 ± 0.055 0.725 ± 0.105 0.671 ± 0.098

0.71 ± 0.04 0.63 ± 0.07 0.63 ± 0.14

0.72 ± 0.06 0.67 ± 0.27

α1 α2 α3

x2

α1 α2 α3 α3

α3
α3

α3 0.1

α3

U α3

U

α3 α1
α2 α2

α3 α2 α1
α1

α1 α2

U
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Cortical area

Left Right

Cortical thickness

Left Right

Low

High

0.001 0.01 0.1 1 10 0.001
Fusion parameter

0.5

0.55

0.6

0.65

0.7

0.75

0.8

0.85

0.9

AU
C

Performance changes with fusion parameters

,3
,2
,1

α
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β

β
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