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Introduction

In light of the rapidly increasing size of pre-trained VLMs, parameter-

efficient transfer learning (PETL) has garnered attention as a viable alterna-

tive to full fine-tuning. One such approach is the adapter, which introduces

a few trainable parameters into the pre-trained models while preserving

the original parameters during adaptation. In this paper, (1) we present

a novel modeling framework that recasts adapter tuning after attention

as a graph message passing process. (2) Within this framework, tuning

adapters in VLMs necessitates handling heterophilic graphs, owing to the

disparity between the projected query and value space. (3) Therefore, we

propose a new method, p-adapter, to mitigate the heterophilic issue.

Preliminaries

The attention mechanism and adapter tuning in VLMs can be modeled as:

Attention in Transformer

Given query Q ∈ RN1×dk, key K ∈ RN2×dk and value V ∈ RN2×dv,

attention aggregates the features by:

Attn(Q, K, V ) = MV , (1)

where

M = softmax

(
QK>√

dk

)
(2)

represents the attentionweights,N1 andN2 are the number of the query
and key/value features, respectively.

Adapter Tuning

An adapter is a small learnable module containing two matrices

W down ∈ Rl1×l2,W up ∈ Rl2×l1 and a non-linear function σ(·), where l1
and l2 are the feature dimensions in pre-trained models and the hidden
dimension in adapter (usually l2 < l1). Given a featureU ∈ RN×l1 in the

pre-trained model, the adapter encoding process can be represented as:

U ′ = σ(UW down)W up + U . (3)

Modeling Adapter Tuning as Graph Message Passing

From Equation 3 and Equation 1, we can formulate the features sequen-

tially encoded by attention and adapter as:

U ′ = σ(MV W vW oW down)W up + MV W vW o, (4)

whereM ∈ RN1×N2 is the attention matrix computed by the transformed

queryQW q and keyKW k using Equation 2.

Then, we define the augmented value feature Ṽ which concatenates the

transformed query and value and the augmented attention matrix M̃ as

Ṽ =
[

QW q

V W v

]
, M̃ =

[
0 M

M> 0

]
. (5)

Defining the projected augmented value feature V̂ = Ṽ W o, with the

augmented attention mechanism, we can further define the augmented

adapter encoding process by:

Ũ
′ = σ(M̃V̂ W down)W up + M̃V̂ . (6)

Comparing Equation 4 and Equation 6, we indicate that the adapter en-

coding process and the augmented one are equal. Since M̃ is a square and

symmetric matrix, we can regard it as the adjacency matrix of the atten-

tion graph Gattn. With this attention graph, we can transform the adapter

encoding process in Equation 4 into spectral graph message passing.
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M̃25

(c) Attn. graph

Figure 1. Illustration of the generation of the bipartite attention graph Gattn. For

simplicity, we omit the scale and softmax functions in attention mechanism.

The Heterophilic in Attention Graph Gattn

The attention graph Gattn is a heterophilic graph in which connected
nodes have dissimilar features. The visualization of the learned distribu-

tion of the projected query and value space is shown in Figure 2.
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(b) Cross-attention

Figure 2. The t-SNE visualization of the features in the projected query and value space

for self- and cross-attention.

p-Adapter

To mitigate the heterophilic issue in attention graph Gattn, we propose p-
Adapter inspired by p-Laplacian message passing.

p-Laplacian Message Passing [1]

p-Laplacian message passing is proposed for heterophilic graph learning.
By denoting α = diag(α1,1, · · · , αN,N ), β = diag(β1,1, · · · , βN,N ), and
two hyper-parameters µ, p ∈ R, one-layer p-Laplacian message passing
can be defined as:

X ′ = αD−1/2ĀD−1/2X + βX, (7)

where Ā is the p-Laplacian normalized adjacency matrix with entries
defined by:

Āi,j = Ai,j

∥∥∥∥∥
√

Ai,j

Di,i
Xi,: −

√
Ai,j

Dj,j
Xj,:

∥∥∥∥∥
p−2

, (8)

and for all i, j ∈ [N ] we have:

αi,i =

 N∑
j=1

Āi,j

Di,i
+ 2µ

p

−1

, βi,i = 2µ

p
αi,i. (9)

p-Adapter Architecture

For p-adapter, we take the attention matrix M and the projected aug-

mented value feature V̂ , as the output of attention. Then, we augment
the attention matrix to M̃ , as shown in Equation 5. We then normalize

the augmented attention matrix by:

M̄i,j = M̃i,j

∥∥∥∥∥∥
√

M̃i,j

D̃i,i
V̂ i,: −

√
M̃i,j

D̃j,j
V̂ j,:

∥∥∥∥∥∥
p−2

, (10)

where D̃ is the degree matrix of M̃ . Further, we can aggregate the

features using the calibrated attention matrix M̄ by

Ū = α̃D̃
−1/2

M̄D̃
−1/2

V̂ + β̃V̂ , (11)

where α̃ and β̃ are caculated according to the algorithm in p-Laplacian
message passing. With the aggregated feature Ū , we encode it with the
learnable adapter weights by:

Ū
′ = σ(ŪW down)W up + Ū . (12)
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Ṽ

<latexit sha1_base64="C+wQimTdPFJzqaX9yJc3kNU3v4Y=">AAAB/XicbVBLSwMxGMzWV62v9XHzEiyCp7IrRT2WevEiVLAP6C4lm03b0GyyJFmhLot/xYsHRbz6P7z5b8y2e9DWgZBh5vvIZIKYUaUd59sqrayurW+UNytb2zu7e/b+QUeJRGLSxoIJ2QuQIoxy0tZUM9KLJUFRwEg3mFznfveBSEUFv9fTmPgRGnE6pBhpIw3sIy8QLFTTyFyp10Qyvc2ygV11as4McJm4BamCAq2B/eWFAicR4RozpFTfdWLtp0hqihnJKl6iSIzwBI1I31COIqL8dJY+g6dGCeFQSHO4hjP190aKIpUHNJMR0mO16OXif14/0cMrP6U8TjTheP7QMGFQC5hXAUMqCdZsagjCkpqsEI+RRFibwiqmBHfxy8ukc15zL2r1u3q10SzqKINjcALOgAsuQQPcgBZoAwwewTN4BW/Wk/VivVsf89GSVewcgj+wPn8AOwCVvQ==</latexit>

M̄

Fixed during adaptation

Tunable during adaptation

Feature aggregation using 
Equation (13)

Feature re-normalization 
using Equation (12)

<latexit sha1_base64="/F54mhEx8YzWp77dKz3V79N2pRI=">AAAB+3icbVC7TsMwFL0pr1JeoYwsFhUSU5UgBIwVLIxFog+pjSLHcVurjhPZDqKK8issDCDEyo+w8Tc4bQZoOZLlo3PulY9PkHCmtON8W5W19Y3Nrep2bWd3b//APqx3VZxKQjsk5rHsB1hRzgTtaKY57SeS4ijgtBdMbwu/90ilYrF40LOEehEeCzZiBGsj+XZ9GMQ8VLPIXFkv97Np7tsNp+nMgVaJW5IGlGj79tcwjEkaUaEJx0oNXCfRXoalZoTTvDZMFU0wmeIxHRgqcESVl82z5+jUKCEaxdIcodFc/b2R4UgV8cxkhPVELXuF+J83SPXo2suYSFJNBVk8NEo50jEqikAhk5RoPjMEE8lMVkQmWGKiTV01U4K7/OVV0j1vupfNi/uLRuumrKMKx3ACZ+DCFbTgDtrQAQJP8Ayv8Gbl1ov1bn0sRitWuXMEf2B9/gD0ZpUM</latexit>

W k
<latexit sha1_base64="oDNWoRh/6Vc8TdZ59m0O7Ej/Igg=">AAAB+3icbVDNS8MwHE3n15xfdR69BIfgabQy1OPQi8cJ7gO2UtI03cLSpCTpcJT+K148KOLVf8Sb/43p1oNuPgh5vPf7kZcXJIwq7TjfVmVjc2t7p7pb29s/ODyyj+s9JVKJSRcLJuQgQIowyklXU83IIJEExQEj/WB6V/j9GZGKCv6o5wnxYjTmNKIYaSP5dn0UCBaqeWyurJ/72Sz37YbTdBaA68QtSQOU6Pj21ygUOI0J15ghpYauk2gvQ1JTzEheG6WKJAhP0ZgMDeUoJsrLFtlzeG6UEEZCmsM1XKi/NzIUqyKemYyRnqhVrxD/84apjm68jPIk1YTj5UNRyqAWsCgChlQSrNncEIQlNVkhniCJsDZ11UwJ7uqX10nvsuleNVsPrUb7tqyjCk7BGbgALrgGbXAPOqALMHgCz+AVvFm59WK9Wx/L0YpV7pyAP7A+fwAFLJUX</latexit>

W v

<latexit sha1_base64="XiGEBvzZhanVOXESt4sZHzDHito=">AAAB+3icbVA7T8MwGHTKq5RXKCOLRYXEVCWoAsYKFsYi0YfURpHjOK1Vxw62g6ii/BUWBhBi5Y+w8W9w2gzQcpLl0933yecLEkaVdpxvq7K2vrG5Vd2u7ezu7R/Yh/WeEqnEpIsFE3IQIEUY5aSrqWZkkEiC4oCRfjC9Kfz+I5GKCn6vZwnxYjTmNKIYaSP5dn0UCBaqWWyurJ/72UPu2w2n6cwBV4lbkgYo0fHtr1EocBoTrjFDSg1dJ9FehqSmmJG8NkoVSRCeojEZGspRTJSXzbPn8NQoIYyENIdrOFd/b2QoVkU8MxkjPVHLXiH+5w1THV15GeVJqgnHi4eilEEtYFEEDKkkWLOZIQhLarJCPEESYW3qqpkS3OUvr5LeedO9aLbuWo32dVlHFRyDE3AGXHAJ2uAWdEAXYPAEnsEreLNy68V6tz4WoxWr3DkCf2B9/gD9hJUS</latexit>

W q

<latexit sha1_base64="WGMhRNS0wRtVhbiXwQ+ZOAOLeM4=">AAAB+3icbVC7TsMwFL0pr1JeoYwsFhUSU5UgBIwVLIxFog+pjSLHcVurThzZDqKK8issDCDEyo+w8Tc4bQZoOZLlo3PulY9PkHCmtON8W5W19Y3Nrep2bWd3b//APqx3lUgloR0iuJD9ACvKWUw7mmlO+4mkOAo47QXT28LvPVKpmIgf9CyhXoTHMRsxgrWRfLs+DAQP1SwyV9bL/Uzkvt1wms4caJW4JWlAibZvfw1DQdKIxppwrNTAdRLtZVhqRjjNa8NU0QSTKR7TgaExjqjysnn2HJ0aJUQjIc2JNZqrvzcyHKkinpmMsJ6oZa8Q//MGqR5dexmLk1TTmCweGqUcaYGKIlDIJCWazwzBRDKTFZEJlphoU1fNlOAuf3mVdM+b7mXz4v6i0bop66jCMZzAGbhwBS24gzZ0gMATPMMrvFm59WK9Wx+L0YpV7hzBH1ifP/p6lRA=</latexit>

W o

<latexit sha1_base64="Car5R1TFOggVSsfB+f7Grcuv3AU=">AAACAHicbVDLSsNAFJ3UV62vqAsXbgaL4KokUtRl0Y0boUJrC00ok8mkHTqZCTMToYRs/BU3LhRx62e482+ctFlo64FhDufcy733BAmjSjvOt1VZWV1b36hu1ra2d3b37P2DByVSiUkXCyZkP0CKMMpJV1PNSD+RBMUBI71gclP4vUciFRW8o6cJ8WM04jSiGGkjDe0jLxAsVNPYfJnXoSwk2V2e14Z23Wk4M8Bl4pakDkq0h/aXFwqcxoRrzJBSA9dJtJ8hqSlmJK95qSIJwhM0IgNDOYqJ8rPZATk8NUoIIyHN4xrO1N8dGYpVsaOpjJEeq0WvEP/zBqmOrvyM8iTVhOP5oChlUAtYpAFDKgnWbGoIwpKaXSEeI4mwNpkVIbiLJy+Th/OGe9Fo3jfrresyjio4BifgDLjgErTALWiDLsAgB8/gFbxZT9aL9W59zEsrVtlzCP7A+vwBIwOWwg==</latexit>

M̃
<latexit sha1_base64="5NiaZaBrX1cyQDDkUTPLIu5kicI=">AAAB/XicbVDNS8MwHE3n15xf9ePmJTgET6OVoR6HXnac4OZgLSNN0y0sTUqSCrMU/xUvHhTx6v/hzf/GdOtBNx+EPN77/cjLCxJGlXacb6uysrq2vlHdrG1t7+zu2fsHPSVSiUkXCyZkP0CKMMpJV1PNSD+RBMUBI/fB5Kbw7x+IVFTwOz1NiB+jEacRxUgbaWgfeYFgoZrG5sq8NtJZL8+Hdt1pODPAZeKWpA5KdIb2lxcKnMaEa8yQUgPXSbSfIakpZiSveakiCcITNCIDQzmKifKzWfocnholhJGQ5nANZ+rvjQzFqghoJmOkx2rRK8T/vEGqoys/ozxJNeF4/lCUMqgFLKqAIZUEazY1BGFJTVaIx0girE1hNVOCu/jlZdI7b7gXjeZts966LuuogmNwAs6ACy5BC7RBB3QBBo/gGbyCN+vJerHerY/5aMUqdw7BH1ifP1UClc4=</latexit>

V̂

<latexit sha1_base64="gGu0nUlD9P54T/72OijjRWqQ93Y=">AAACA3icbVDLSsNAFJ34rPUVdaebYBFclUSKuiy6cVnBPqANYTKZtEMnmTBzI5YQcOOvuHGhiFt/wp1/46TNQlsPDHM4517uvcdPOFNg29/G0vLK6tp6ZaO6ubW9s2vu7XeUSCWhbSK4kD0fK8pZTNvAgNNeIimOfE67/vi68Lv3VCom4juYJNSN8DBmISMYtOSZhwNf8EBNIv1l3dzLBkAfIEuTPPfMml23p7AWiVOSGirR8syvQSBIGtEYCMdK9R07ATfDEhjhNK8OUkUTTMZ4SPuaxjiiys2mN+TWiVYCKxRSvxisqfq7I8ORKtbUlRGGkZr3CvE/r59CeOlmLE5SoDGZDQpTboGwikCsgElKgE80wUQyvatFRlhiAjq2qg7BmT95kXTO6s55vXHbqDWvyjgq6Agdo1PkoAvURDeohdqIoEf0jF7Rm/FkvBjvxsesdMkoew7QHxifP9HLmO8=</latexit>

W up

<latexit sha1_base64="IK3f1X4Mq/XQlc3DfhT3daoaeZE=">AAACBXicbVC7TsMwFHXKq5RXgBGGiAqJqUpQBYwVLIxFog+prSrHcVurjh3ZN0AVZWHhV1gYQIiVf2Djb3DaDNByJMtH59yre+/xI840uO63VVhaXlldK66XNja3tnfs3b2mlrEitEEkl6rtY005E7QBDDhtR4ri0Oe05Y+vMr91R5VmUtzCJKK9EA8FGzCCwUh9+7DrSx7oSWi+pJX2ky7QB0gCeS/StG+X3Yo7hbNIvJyUUY563/7qBpLEIRVAONa647kR9BKsgBFO01I31jTCZIyHtGOowCHVvWR6ReocGyVwBlKZJ8CZqr87EhzqbFFTGWIY6XkvE//zOjEMLnoJE1EMVJDZoEHMHZBOFokTMEUJ8IkhmChmdnXICCtMwARXMiF48ycvkuZpxTurVG+q5dplHkcRHaAjdII8dI5q6BrVUQMR9Iie0St6s56sF+vd+piVFqy8Zx/9gfX5A3KDmdY=</latexit>

W down

Experiments

Main Experiments

Method

Updated

Params

VQA2.0 VizWizVQA SNLI_VE COCOCaps TextCaps VizWizCaps

Karpathy test test-dev test-P Karpathy test test-dev test-dev Avg.

(%) Acc.(%) Acc.(%) Acc.(%) BLEU@4 CIDEr BLEU@4 CIDEr BLEU@4 CIDEr

BLIPCapFilt-L

Full fine-tuning 100.00 70.56 36.52 78.35 39.1 128.7 27.1 91.6 45.7 170.0 76.40

Prefix tuning 0.71 60.49 22.45 71.82 39.4 127.7 24.8 80.0 40.6 153.3 68.95

LoRA 0.71 66.57 33.39 77.36 38.3 128.3 24.6 82.2 41.3 154.3 71.81

Adapter 6.39 69.53 35.37 78.85 38.9 128.8 25.4 86.7 43.3 160.5 74.15

p-Adapter (Ours) 6.39 70.39 37.16 79.40 40.4 130.9 26.1 87.0 44.5 164.1 75.54

mPLUGViT-B

Full fine-tuning 100.00 70.91 59.79 78.72 40.4 134.8 23.6 74.0 42.1 157.5 75.76

Prefix tuning 0.71 60.95 47.42 72.11 39.8 133.5 18.8 51.9 35.5 135.6 66.18

LoRA 0.71 66.67 52.49 75.29 39.4 129.4 21.0 64.4 39.5 146.0 70.46

Adapter 6.39 70.65 56.50 78.56 40.3 134.7 22.9 71.5 41.9 155.6 74.73

p-Adapter (Ours) 6.39 71.36 58.08 79.26 40.4 135.3 23.2 73.3 43.1 160.1 76.01

Table 1. The main results.

Ablation Study: Different GNNs and Concatenation Patterns

GNN
VQA2.0 SNLI_VE COCOCaps

Avg.
Acc.(%) Acc.(%) BLEU@4 CIDEr

GCN 69.53 78.85 38.9 128.8 79.02

APPNP 70.22 79.03 39.4 129.1 79.44

GCNII 70.13 79.12 39.7 129.7 79.66

pGNN 70.39 79.40 40.4 130.9 80.27

Table 2. Ablation study on GNNs.

Concat.
VQA2.0 SNLI_VE COCOCaps

Avg.
Acc.(%) Acc.(%) BLEU@4 CIDEr

Zero 70.02 79.17 40.2 130.3 79.92

Noise 69.90 78.99 39.9 130.1 79.72

Query 70.39 79.40 40.4 130.9 80.27

Table 3. Ablation study on concatenation

patterns.

Ablation Study: Insertion Positions

Method FFN SA CA
VQA2.0 SNLI_VE COCOCaps

Avg.
Acc. (%) Acc. (%) BLEU@4 CIDEr

p-Adapter (Imps.)

! 68.65 (-) 78.21 (-) 38.4 (-) 128.4 (-) 78.41 (-)

! ! 70.11 (+0.90) 78.96 (+0.34) 39.9 (+1.4) 130.3 (+1.8) 79.82 (+1.11)

! ! 69.84 (+0.67) 79.17 (+0.57) 39.1 (+0.5) 129.4 (+0.7) 79.38 (+0.61)

! ! ! 70.39 (+0.86) 79.40 (+0.55) 40.4 (+1.5) 130.9 (+2.1) 80.27 (+1.25)

Table 4. Ablation study on different insertion positions, including FFN, self- and

cross-attention.

Ablation Study: Adapter Size
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Figure 3. Ablation study on the adapter size. We report the results on VQA2.0 and

SNLI_VE.

Visualization

Q: Do you see 

the number 25?
A: Yes (p-adapter)A: No (adapter)

Q: Are the desktop

 picture duplicated 

on the screens?

A: Yes (p-adapter)A: No (adapter)

Q: Are cats and dogs 

sleeping together?
A: Yes (p-adapter)A: No (adapter)
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