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1 PROOF OF THEOREM 1
At step 𝑘 − 1, we have

𝑊̂ 𝑎𝑣
𝑘−1 = ((𝑋𝑎𝑣

0:𝑘−1)
𝑇𝑋𝑎𝑣

0:𝑘−1 + 𝜂𝐼 )
−1 (𝑋𝑎𝑣

0:𝑘−1)
𝑇𝑌 𝑡𝑟𝑎𝑖𝑛0:𝑘−1 , (1)

Hence, at step k we have

𝑊̂ 𝑎𝑣
𝑘

= ((𝑋𝑎𝑣
0:𝑘 )

𝑇𝑋𝑎𝑣
0:𝑘 + 𝜂𝐼 )−1 (𝑋𝑎𝑣

0:𝑘 )
𝑇𝑌 𝑡𝑟𝑎𝑖𝑛0:𝑘 , (2)

In the paper, we let

𝑅𝑎𝑣
𝑘−1 = ((𝑋𝑎𝑣

0:𝑘−1)
𝑇𝑋𝑎𝑣

0:𝑘−1 + 𝜂𝐼 )
−1, (3)

To facilitate subsequent calculations, here we let,

𝑄𝑎𝑣
𝑘−1 = (𝑋𝑎𝑣

0:𝑘−1)
𝑇𝑌 𝑡𝑟𝑎𝑖𝑛0:𝑘−1 , (4)

Thus we can rewrite (1) as

𝑊̂ 𝑎𝑣
𝑘−1 = 𝑅

𝑎𝑣
𝑘−1𝑄

𝑎𝑣
𝑘−1, (5)

Therefore, at step 𝑘 we have

𝑊̂ 𝑎𝑣
𝑘

= 𝑅𝑎𝑣
𝑘
𝑄𝑎𝑣
𝑘
, (6)

From (3), we can recursively calculate 𝑅𝑎𝑣
𝑘

from 𝑅𝑎𝑣
𝑘−1, i.e.,

𝑅𝑎𝑣
𝑘

= ((𝑅𝑎𝑣
𝑘−1)

−1 + (𝑋𝑎𝑣
𝑘

)𝑇𝑋𝑎𝑣
𝑘

)−1, (7)

According to the Woodbury matrix identity, we have

(𝐴 +𝑈𝐶𝑉 )−1 = 𝐴−1 −𝐴−1𝑈 (𝑉𝐴−1𝑈 +𝐶−1)𝑉𝐴−1, (8)

Let 𝐴 = (𝑅𝑎𝑣
𝑘−1)

−1,𝑈 = (𝑋𝑎𝑣
𝑘

)𝑇 , 𝐶 = 𝐼 , 𝑉 = 𝑋𝑎𝑣
𝑘

, in (7), we have

𝑅𝑎𝑣
𝑘

= 𝑅𝑎𝑣
𝑘−1 − 𝑅

𝑎𝑣
𝑘−1 (𝑋

𝑎𝑣
𝑘

)𝑇 (𝑋𝑎𝑣
𝑘
𝑅𝑎𝑣
𝑘−1 (𝑋

𝑎𝑣
𝑘

)𝑇 + 𝐼 )−1𝑋𝑎𝑣
𝑘
𝑅𝑎𝑣
𝑘−1, (9)

Hence, 𝑅𝑎𝑣
𝑘

can be recursively updated using its last-step counter-
part 𝑅𝑎𝑣

𝑘−1 and data from the current step (i.e., 𝑋𝑎𝑣
𝑘

). This proves the
recursive calculation of 𝑅𝑎𝑣

𝑘
.

Next, we derive the recursive calculation of 𝑊̂ 𝑎𝑣
𝑘

. To this end,
we first recursively calculate 𝑄𝑎𝑣

𝑘
, i.e.,

𝑄𝑎𝑣
𝑘

= (𝑋𝑎𝑣
0:𝑘 )

𝑇𝑌 𝑡𝑟𝑎𝑖𝑛0:𝑘 = 𝑄𝑎𝑣
𝑘−1 + (𝑋𝑎𝑣

𝑘
)𝑇𝑌 𝑡𝑟𝑎𝑖𝑛

𝑘
(10)

Let 𝐾𝑘 = (𝑋𝑎𝑣
𝑘
𝑅𝑎𝑣
𝑘−1 (𝑋

𝑎𝑣
𝑘

)𝑇 + 𝐼 )−1. Since

𝐼 = 𝐾𝑘𝐾
−1
𝑘

= 𝐾𝑘 (𝑋𝑎𝑣
𝑘
𝑅𝑎𝑣
𝑘−1 (𝑋

𝑎𝑣
𝑘

)𝑇 + 𝐼 ) (11)

we have 𝐾𝑘 = 𝐼 − 𝐾𝑘𝑋𝑎𝑣
𝑘
𝑅𝑎𝑣
𝑘−1 (𝑋

𝑎𝑣
𝑘

)𝑇 . Therefore,

𝑅𝑎𝑣
𝑘−1 (𝑋

𝑎𝑣
𝑘

)𝑇 (𝑋𝑎𝑣
𝑘
𝑅𝑎𝑣
𝑘−1 (𝑋

𝑎𝑣
𝑘

)𝑇 + 𝐼 )−1

= 𝑅𝑎𝑣
𝑘−1 (𝑋

𝑎𝑣
𝑘

)𝑇𝐾𝑘
= 𝑅𝑎𝑣

𝑘−1 (𝑋
𝑎𝑣
𝑘

)𝑇 (𝐼 − 𝐾𝑘𝑋𝑎𝑣
𝑘
𝑅𝑎𝑣
𝑘−1 (𝑋

𝑎𝑣
𝑘

)𝑇 )

= (𝑅𝑎𝑣
𝑘−1 − 𝑅

𝑎𝑣
𝑘−1 (𝑋

𝑎𝑣
𝑘

)𝑇𝐾𝑘𝑋𝑎𝑣
𝑘
𝑅𝑎𝑣
𝑘−1) (𝑋

𝑎𝑣
𝑘

)𝑇

= 𝑅𝑎𝑣
𝑘
(𝑋𝑎𝑣

𝑘
)𝑇 , (12)

Hence, 𝑊̂ 𝑎𝑣
𝑘

can be rewritten as

𝑊̂ 𝑎𝑣
𝑘

= 𝑅𝑎𝑣
𝑘
𝑄𝑎𝑣
𝑘

= 𝑅𝑎𝑣
𝑘
(𝑄𝑎𝑣

𝑘−1 + (𝑋𝑎𝑣
𝑘

)𝑇𝑌 𝑡𝑟𝑎𝑖𝑛
𝑘

)

= 𝑅𝑎𝑣
𝑘
𝑄𝑎𝑣
𝑘−1 + 𝑅

𝑎𝑣
𝑘
(𝑋𝑎𝑣

𝑘
)𝑇𝑌 𝑡𝑟𝑎𝑖𝑛

𝑘
, (13)

By substituting (9) into 𝑅𝑎𝑣
𝑘
𝑄𝑎𝑣
𝑘−1, we have

𝑅𝑎𝑣
𝑘
𝑄𝑎𝑣
𝑘−1 = 𝑅

𝑎𝑣
𝑘−1𝑄

𝑎𝑣
𝑘−1

− 𝑅𝑎𝑣
𝑘−1 (𝑋

𝑎𝑣
𝑘

)𝑇 (𝑋𝑎𝑣
𝑘
𝑅𝑎𝑣
𝑘−1 (𝑋

𝑎𝑣
𝑘

)𝑇 + 𝐼 )−1𝑋𝑎𝑣
𝑘
𝑅𝑎𝑣
𝑘−1𝑄

𝑎𝑣
𝑘−1

= 𝑊̂ 𝑎𝑣
𝑘−1 − 𝑅

𝑎𝑣
𝑘−1 (𝑋

𝑎𝑣
𝑘

)𝑇 (𝑋𝑎𝑣
𝑘
𝑅𝑎𝑣
𝑘−1 (𝑋

𝑎𝑣
𝑘

)𝑇 + 𝐼 )−1𝑋𝑎𝑣
𝑘
𝑊̂ 𝑎𝑣

𝑘−1, (14)

According to (12), (14) can be rewritten as

𝑅𝑎𝑣
𝑘
𝑄𝑎𝑣
𝑘−1 = 𝑊̂

𝑎𝑣
𝑘−1 − 𝑅

𝑎𝑣
𝑘
(𝑋𝑎𝑣

𝑘
)𝑇𝑋𝑎𝑣

𝑘
𝑊̂ 𝑎𝑣

𝑘−1, (15)

By inserting (15) into (13), we have

𝑊̂ 𝑎𝑣
𝑘

= 𝑊̂ 𝑎𝑣
𝑘−1 − 𝑅

𝑎𝑣
𝑘
(𝑋𝑎𝑣

𝑘
)𝑇𝑋𝑎𝑣

𝑘
𝑊̂ 𝑎𝑣

𝑘−1 + 𝑅
𝑎𝑣
𝑘
(𝑋𝑎𝑣

𝑘
)𝑇𝑌 𝑡𝑟𝑎𝑖𝑛

𝑘
,

which proves the recursive calculation of 𝑊̂ 𝑎𝑣
𝑘

.

2 PARAMETER STUDIES
In this section, we explore the impact of different settings of 𝜆𝑎 and
𝜆𝑣 . Our experimental results, which can be found in Table 1, 2 and 3
for AVE, Kinetics-Sounds, and VGGSound100 datasets respectively,
demonstrate the effects of different settings of 𝜆𝑎 and 𝜆𝑣 on the
performance of the model.

Table 1: Parameter studies on the AVE dataset.

𝜆𝑎 𝜆𝑣
Accuracy Mean Acc.step 1 step 2 step 3 step 4

0.1 1.0 79.81 73.33 73.97 70.56 74.42
0.3 1.0 79.81 74.76 75.56 72.08 75.55
0.5 1.0 79.81 75.71 76.19 72.33 76.01
0.8 1.0 80.77 76.19 76.20 71.57 76.18
1.0 1.0 79.81 76.67 76.68 71.21 76.09
0.8 0.9 80.77 77.14 76.83 72.08 76.71
0.8 0.7 80.77 76.19 74.60 71.07 75.66
0.8 0.5 81.73 75.71 73.33 70.30 75.27
0.8 0.3 81.73 74.76 72.38 69.03 74.48
0.8 0.1 81.73 73.81 71.43 68.53 73.88
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Table 2: Parameter studies on the Kinetics-Sounds dataset.

𝜆𝑎 𝜆𝑣
Accuracy Mean Acc.step 1 step 2 step 3 step 4 step 5

0.1 1.0 94.89 82.73 75.65 69.71 67.57 78.11
0.3 1.0 95.16 83.38 76.08 70.36 68.33 78.66
0.5 1.0 95.70 82.73 76.17 71.00 69.31 78.98
0.8 1.0 95.43 82.34 75.65 71.07 69.20 78.73
1.0 1.0 95.69 81.82 75.48 70.61 68.54 78.42
0.5 0.9 95.69 82.33 76.08 70.61 69.00 78.74
0.5 0.8 95.43 81.95 75.56 70.61 68.84 78.48
0.5 0.5 94.89 81.43 75.22 69.51 66.60 77.53
0.5 0.3 95.16 80.00 73.48 68.28 65.42 76.47
0.5 0.1 94.89 78.44 71.23 65.95 62.97 74.69

Table 3: Parameter studies on the VGGSound100 dataset.

𝜆𝑎 𝜆𝑣
Accuracy Mean Acc.step 1 step 2 step 3 step 4 step 5 step 6 step 7 step 8 step 9 step 10

0.1 1.0 89.80 86.90 84.53 79.05 75.52 70.80 68.28 65.75 63.78 63.14 74.75
0.3 1.0 89.80 86.80 85.60 79.85 76.60 71.53 69.03 66.70 64.64 63.88 75.44
0.5 1.0 90.20 87.10 85.87 80.45 77.36 72.07 69.71 67.20 65.18 64.44 75.96
0.7 1.0 90.40 87.30 85.80 80.55 77.68 72.30 69.80 67.67 65.69 64.66 76.19
1.0 1.0 90.40 87.40 85.80 80.40 77.72 72.20 69.68 67.68 65.51 64.60 76.13
0.5 0.9 90.40 87.30 85.67 80.20 77.60 72.20 69.88 67.35 65.40 64.54 76.05
0.5 0.8 90.20 87.10 85.33 79.85 77.64 72.17 69.83 67.25 65.56 64.60 75.95
0.5 0.5 90.40 87.30 84.60 79.25 77.12 72.00 69.48 67.10 65.29 64.28 75.68
0.5 0.3 90.60 87.00 84.53 79.05 76.48 71.53 69.34 66.90 64.64 63.88 75.39
0.5 0.1 90.60 86.50 84.13 78.65 75.72 70.93 68.57 65.77 63.73 62.96 74.76
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