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Abstract

Current large vision-language models (VLMs) frequently face challenges
such as the limited capabilities of a single visual component and the ex-
cessive length of visual tokens. These issues can limit the model’s ability
to interpret complex visual information and over-lengthy contextual infor-
mation accurately. Tackling these challenges is crucial for enhancing the
performance and applicability of VLMs. This paper proposes leveraging
the ensemble experts technique to synergize the capabilities of individual
visual encoders, including those skilled in image-text matching, image
segmentation, OCR, etc. This method introduces a fusion network that con-
solidates the outputs from different visual experts while bridging the gap
between image encoders and pre-trained LLMs. In addition, we explore
different positional encoding schemes to mitigate the waste of positional
encoding caused by lengthy image feature sequences, effectively address-
ing the issue of position overflow and length limitations. For instance,
in our implementation, this technique significantly reduces the positional
occupancy in models like SAM, from a substantial 4096 to a more efficient
64 or even down to 1. Experimental results show that VLMs with multi-
ple experts consistently outperform isolated visual encoders, with notable
performance improvements as more experts are integrated. Our codes are

available on our project website

1 Introduction

Current large vision-language models (VLMs) demonstrate significant potential in tasks
requiring joint visual and linguistic perception, such as image captioning (Agrawal et al.,
2019), visual question answering (Antol et al.|[2015), visual grounding (Yu et al,, 2016), and
autonomous agents (Durante et al., 2024} [Xi et al., 2023). VLMs harness large language
models (LLMs) as cognitive foundation models to empower various vision-related tasks,
while one vision component, such as CLIP (Radford et al}[2021), typically serves as aux-
iliary modules that provide additional visual perception (Liu et al.}, 2023b). However, the
perception abilities of the individual vision models still lag behind, even in simple tasks
like counting. (Yamada et al., 2022 Thrush et al., [2022; [Yuksekgonul et al., 2022). This
gap highlights a significant limitation in these models’ capacity to process and understand
visual information as effectively as they handle linguistic data. According to the operation
of the vertebrate visual system, with each functional unit encoding different visual aspects
in parallel, retinal ganglion cells transmit distinct features to the brain (Baden et al.,[2016).
This biological mechanism suggests a model structure where the varied visual information
should be parallelly encoded by diverse perception channels.
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Figure 1: Left: Comparing InstructBLIP, Qwen-VL-Chat, and LLaVA-1.5-7B, our poly-visual-
expert achieves SOTA on a broad range of nine benchmarks. Right: Performances of the
best models with different numbers of experts on nine benchmark datasets. Overall, triple
experts are better than double experts, which are better than a single expert.

To this end, the community has verified that each model, with its unique vision processing
approach contributes differently to understanding visual content (Chen et al.|[2023a). CLIP,
with its contrastive learning approach, excels in aligning images with textual descriptions,
providing a robust semantic understanding (Radford et al., 2021). DINOV?, through its
self-supervised learning at both the image level and patch level, offers significant advances
in robust and stabilized feature extraction without relying on labeled data (Oquab et al.,
2023). LayoutLM"%’s specialization in document Al tasks demonstrates the power of visual
text processing (Huang et al| [2022). (Wang et al., 2023a) empirically investigated different
visual tokenizers pre-trained with dominant methods (i.e., DeiT (Touvron et al., 2021), CLIP,
MAE (He et al.,2021), DINO (Caron et al.,|2021)), and observed that CLIP could capture
more semantics, whereas the other models excelled at fine-grained perception. However, on
the multimodal leaderboard organized by OpenCompasﬁ the visual encoders of all open-
source VLMs are based on the pre-trained CLIP encoder family. Many researchers have
pointed out the shortcomings of the CLIP encoder, such as the inability to reliably capture
even basic spatial factors of images (Kamath et al.,[2023), suffering from object hallucination
(Li et al., 2023c), and so on. In light of the distinct capabilities and limitations of these
diverse vision models, a key question emerges: How can we incorporate the strengths of
multiple visual experts so that they work in synergy to improve overall performance?

Drawing inspiration from biology, we take on the poly-visual-expert perspective and design
a novel model, similar to how the vertebrate visual system operates. Consequently, in the
process of developing VLMs with poly-visual experts, three problems are in major concern:
(1) whether the poly-visual experts are effective; (2) how to better integrate multiple experts;
and (3) how to avoid exceeding the LLM’s maximum length with multiple visual experts?

In order to verify whether multiple visual experts are effective for VLMs, we construct a
candidate pool consisting of six well-known experts, including CLIP, DINO"2, LayoutLM"?,
Convnext (Woo et al|, 2023), SAM, and MAE. Using LLaVA-1.5 as the base setup, we
explored single-expert, double-expert combinations, and triple-expert combinations in nine
benchmarks. The results, as shown in Figure indicate that as the number of visual experts
increases, the VLMs acquire richer visual information (due to more visual channels), and
the upper limit of the multimodal capability improves across the board.

In existing single visual channel VLMs, visual signals are transmitted using either the MLP
network (Liu et al.,|2023a; Wang et al., 2023b) or the Q-Former network (Bai et al.}[2023; Dai
et al.;[2023b). To support multi-channel signal transmission from multiple experts, we modi-
tied both methods for poly-expert fusion networks separately. The proposed method also
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compresses the local visual information by multi-patch-one-token for better transmission
efficiency and reduces the quadratic computational cost of subsequent processing of VLMs.

In position-aware VLMs, vision tokens consume a staggering amount of positional embed-
dings. Taking a single-turn multimodal dialogue in VQA as an example, with the SAM
expert, the number of vision tokens (about 4096) is more than 500 times higher than the
number of text tokens (about 8.7). Inspired by the fact that visual experts already have
positional encodings, we believe it is redundant to again assign a VLM position embed-
ding to each visual token individually. Therefore, we explore different positional encoding
schemes to effectively address the issue of position encoding waste. The results show that
the two schemes: sharing one position for all patches and 2D positional encoding (rows
plus columns) are able to reduce the position consumption (in the case of CLIP, the PE used
drops from 576 to 24 or even 1), while the performance is still comparable.

Our contributions can be summarized as follows:

¢ We introduce a poly-visual-expert VLM that synergistically combines the strengths of
various visual encoders to improve the overall capabilities of VLMs.

¢ We tackle the challenge of vision token overflow in VLMs by proposing multi-patch-
single-token projection and efficient positional encoding solutions.

¢ By experimenting with different combinations of experts, our results demonstrate en-
hanced performance (+1.8 with fair comparison) in multimodal tasks.

2 Architecture
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Figure 2: An overview of our model structure. The poly-vision-expert model supports the
integration of visual experts with various types and capabilities.

2.1 The Overview

When a user uploads an image of wind pollination in a conical inflorescence and asks
“Which cones make pollen?” the image is processed in sequence through the encodings of
the CLIP expert, the SAM expert, and the LayoutLM expert, yielding three sets of visual
representations. Subsequently, a poly-expert fusion network compresses the multi-channel
visual information and aligns it multimodally to the vision input tokens for our poly-vision-
expert model. The user’s question is processed into text tokens by the LLMs” Embedding
layer. Finally, our model generates the correct answer “Male cones make pollen.” by
employing its VQA capabilities to understand the vision-language question, and its OCR
capabilities to recognize the answer text from the image.
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Pre-training

Expert Res. Param. d_hid #Patch Type Tasks Tmages
CLIP 336 300M 1024 576 ~ ViT  Image-Text Matching 400M
DINOv2 224 1.1B 1536 256  ViT  DINO+iBOT+SwAV 142M
LayoutLMv3 224 368M 1024 196 ViT  Document OCR 11M
ConvNeXt 384 200M 768 1024 CNN Image Classification 2B
SAM 1024 637M 1280 4096  ViT  Image Segmentation 1M
MAE 224 630M 1280 256  ViT  Patch-level Denoising 1.3M

Table 1: Comparison of six pre-trained visual experts. Res. indicates image resolution,
d_hid indicates hidden dimension and Param. indicates the number of parameters.

In order to accomplish the above task, we propose the poly-vision-expert model, which
consists of three fundamental components:

1. a multi-expert visual encoder, which combines the experts selected from a pool;

2. apoly-expert fusion network, which is implemented as a simple projection fusion method
or a Q-Former fusion method (Li et al., 2023b);

3. a pre-trained open-source LLM (e.g., Vicuna v1.5).

Figure[2]shows an overview of our poly-vision-expert model. The core of a Vision-Language
Model is typically an LLM which is pre-trained on large-scale textual corpus. To perceive
the visual signals, a vision encoder and vision-language connection layer are adopted to
separately extract the visual features and align them to the semantic space of LLM.

The VLM takes as input a sequence comprised of interleaved text and image segments,
denotedas X = (..., Ty, 11, Tp, I, . . . ), where text fragments T are processed by the tokenizer
and embedding layer of the LLM, and image segments I are fed to the vision encoder. To
ensure the universality and generalizability of the vision encoder, it is common practice to
freeze its pre-trained parameters. In this paper, we rethink the design of the visual encoder
in VLMs and aim to improve its capability by ensembled experts.

2.2 Multi-Expert Vision Encoder

After extensive investigation, we choose six vision encoders skilled in different domains,

including CLIP (2021), DINO"? (2023), LayoutLM"? (2022), Convnext (2023), SAM (2023),
and MAE (2021). They differ significantly from each other in terms of input resolution,
hidden size, model type, model size, pre-training tasks, and training methods, as shown in
Table(l] Their detailed descriptions can be found in Appendix

Given a image I in the input sequence and a vision expert encoder ¢;(-), we can obtain the
representation vectors of n image patches:

ol,vb, ..., 0% = ei(I). 1)

Assuming we have three experts (¢;(-) € R"*4, ¢;(-) € R"*%, er(-) € R™>), the final
sequence of image representations V] is a concatenation of the three output sequences.

Vi=ei(I)®e(I) @ep(l) = [vi,...,v,ﬂi,v{,...,v{lj,v’f,...,v’,ik] )
It is worth noting that each expert outputs a different number (n; vs. ; vs. 1) and dimension
(d; vs. d; vs. di) of vectors, and we will handle these differences in the fusion network.
2.3 Poly-Expert Fusion Network

Since the dimension and number of output sequences are often different for different visual
experts, a fusion network needs to be designed to unify the processing. Following LLaVA
(Liu et al.,[2023b) and BLIP (Li et al.| 2022), we propose an MLP projection fusion network
and a Q-Former fusion network, respectively.
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Figure 3: Left: Examples of two poly-expert fusion methods. We show how the MLP
method compresses visual information with “2-patches-1-token”, and how the Q-Former
method compresses information with 3 trainable queries. The modules with color gradients
represent the sharing of parameters among multiple experts to transfer knowledge. Right:
Diagram of the four positional encoding schemes. The & operator indicates that the row
position embedding and column position embedding are summed.

MLP projection is a 2-layer (di, — dpiggen — dout) multilayer perceptron. To simplify the
processing and to share the knowledge among multiple experts, we set the hidden dimension
(@nidden) and the output dimension (do,¢) equal to the dimension (d,,,4.) of the LLM, and

the second layer network (MLP(Z) * Anigden — dout) parameters are shared among all experts.
1)

Given a specific expert ¢;(-), the first layer network is defined as MLP; "’ : d; — djggen-
Hy=MLP{ (e;(1)) & MLP(" (e;(1)) & MLP(" (ex(I))
Vi=MLP® (H) 3)

In practice, multiple experts output a large number of vision tokens, which not only increases
the computational cost and memory usage of the VLM but also tends to exceed the maximum
length limit during inference. Therefore, we propose multi-patches-one-token projection
to proportionally reduce the number of tokens output by each expert. Since image signals
have local or sparse properties, it is practical to use one token to represent neighboring
patches. Take m-patch-one-token for example, we make the input dimension of the first

layer of the network m times (MLP(l) s dip X m — dpiggen), and its hidden layer output
vectors hi, h5, ... are defined as follows:

{=MLPD) (o] @ -+ @ 0}, ]), By =MLPD) (0},.1 &+ B 0h,), ..

where the [@ - - - @] notation denotes concatenation over the vector dimension. The final
number of vision tokens is reduced to % of the original. In practice, m is typically set from 2
to 8, which reduces cost while usually not losing performance on downstream tasks. If m is
set too large, the information of the image might be lost.

Q-Former network is a trainable Querying Transformer module and proposed to bridge
the gap between a frozen image encoder and a pre-trained LLM. It extracts a fixed number of
output features from the vision encoder, independent of input image resolution. We create a
set number of learnable query embeddings as input to the Q-Former. The queries interact
with each other through self-attention layers, and interact with frozen image features e;(I)
through cross-attention layers. The output queries of the last layer are projected to the input
layer of the LLM. We use the pre-trained parameters in BLIP-2 as initialization to accelerate
convergence and, similar to the second layer MLP network, share the parameters among all
experts. Since the dimension of query embeddings is equal to 768, we add an additional

linear transformation (W; € R%*768) for each expert.
Vi = Q-Former (W; (e;(I)) ® W; (¢;(I)) @ Wy (ex(I)))

The ablation study in Section shows that the MLP fusion network fuses better than the
Q-Former despite having fewer parameters and not being pre-trained.
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2.4 Different Positional Encoding Schemes

Inspired by the fact that visual experts already have positional encodings (e.g., 2D position
encoding in ViT (Wang & Liu, 2019)), we believe it is redundant to assign a VLM position
embedding (PE) again to each visual token individually. Figure 3|illustrates our exploration
of three encoding schemes to optimize PE assignments:

1. all vision tokens of an image share a PE (share-all);

2. one PE shared by the same row of vision tokens (share-by-row);

3. one PE shared by the same row of vision tokens, plus a set of learnable columns PEs
(share-by-rowé&col).

Among the three methods, share-all can reduce the original O(N?) PE cost to O(1), while the
share-by-row and share-by-rowé&rcol can reduce the cost to O(N). All of them can significantly
alleviate the out-of-maximum-length problem, but the question is how much do they affect
the performance of VLM? We report ablation results in Section

3 Experiments

3.1 Main Results

We conduct explorations of single-expert, double-expert, and triple-expert ensembles. Fol-
lowing LLaVA-1.5 (Liu et al} 2023a), our training pipeline consists of two stages. In the
pre-training stage, we freeze the text-only LLM and the multi-expert encoder, and train
the poly-visual fusion network from scratch to align the representation space of both. Af-
ter training on a large-scale weakly-supervised (with noise) dataset, the text-only LLM
is already capable of multimodal input and comprehension. In the fine-tuning stage, we
unfreeze the LLM and further train it together with the poly-visual fusion network on
diverse and high-quality supervised fine-tuning (SFT) datasets.

Datasets & Evaluation & Hyperparameters We use the same datasets, evaluation, and
hyperparameters as in LLaVA-1.5 (Liu et al,, 2023a). The details can be found in Appendix|[C]

Case Study We present case studies on seven tasks in Appendix [D] Our model can
successfully follow multimodal instructions, enabling flexible human interaction.

3.1.1 Single Vision Expert

Model Param VQA'? GQA SQA! VQAT POPE MMB MMBN SEED! MMYet Avg
Single Expert

CLIP 73B 785 620 668 582 859 63.0 574 662 305 63.2

DINOY? 81B 749 617 66.1 462 846 579 487 634 234 585

LayoutLMY® 74B 449 400 628 436 591 29.0 19.8 348 11.8 384
ConvNeXt 72B 751 605 650 563 856 633 55.0 61.5 26.0 609
SAM 76B 647 558 639 441 820 437 33.9 51.9 17.7 509
MAE 76B 620 532 633 445 797 416 33.0 494 165 492

Table 2: Comparison of six vision experts on 9 benchmarks.

Table [2| compares the performance of all six VLMs with a single vision expert. The CLIP
expert achieves the best performance in 8/9 benchmarks, fully explaining why it has become
the dominant choice of vision encoder for VLMs. Comparing the different attributes of
the experts, CLIP ranked 5th in terms of the number of parameters, 3rd in terms of image
resolution, and 2nd on the size of the pre-training data, none of which had an absolute lead.
Therefore, we guess that its main advantage lies in its image-text matching pre-training task,
which has multimodal alignment capability in advance. Overall, the performance ranking

of the six experts is roughly CLIP>ConvNeXt>DINO"2>SAM>MAE>LayoutLM"3. In
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addition, LayoutLM"? is an undisputed expert in OCR and SAM in image segmentation but
performs poorly as a single visual encoder in VLM. A natural question is whether poly-expert
fusion can activate their capabilities in their specialized fields?

3.1.2 Double Vision Experts

— Dino" — CLIP — Dino"+CLIP — LayoutlM? —— CLIP —— LayoutLM+CLIP —— ConvNeXt — CLIP — ConvNext+CLIP — SAM — CLUP  — SAM+CLIP

Textvoa TextVQA TextvoA Textvaa

8 58.2
MM-vet -y SQAIMG MM.vet 58 SQA-MG MM-vet 58.2 5QA-MG MMvet p s0aMG

68.5

7 789N €5
MMBench  VoAV2 N\ MMBench

SEED-Bench MMBench-CN SEED-Bench MMBench-CN SEED-Bench MMBench-CN SEED-Bench MMBench-cN

Model Param VQAY? GQA SQA! VQAT POPE MMB MMBN SEED! MMVe! Avg
Double Experts

DINOV?+CLIP 8.4B 790 631 698 577 864 67.0 605 669 32.0 64.7
ADINOV? 41 15 37 115 18 9.1 118 35 8.6
ACLIP 05 11 30 05 05 40 31 07 15

LayoutLMY3+CLIP 7.7B 79.2 624 685 589 861 67.0 59.9 668 33.0 64.6
ALayoutLM"3 343 224 57 153 27.0 380 401 320 212
ACLIP 07 04 17 07 02 40 25 06 25

ConvNeXt+CLIP  7.5B 787 619 699 578 86.1 655 592 661 321 64.1
AConvNeXt 36 14 49 15 05 22 42 46 61
ACLIP 02 01 31 04 02 25 1.8 01 1.6

SAM+CLIP 7.9B 789 635 703 579 863 663 588 667 327 645
ASAM 142 77 64 138 43 226 249 148 150
ACLIP 04 15 35 03 04 33 14 05 22

MAE+CLIP 7.9B 784 627 678 569 87.0 662 56.6 662  29.3 635
AMAE 164 96 45 124 73 246 236 168 128
ACLIP 01 07 10 13 11 32 08 00 1.2

Table 3: Comparison of different double-expert encoders. The A-marked rows are compared
to the single-expert methods. Where  blue cells mean the double-expert model is better,
and red cells mean the single-expert model is better.

The current mainstream open-source VLMs have only one visual encoder, i.e., a single visual
channel. Among six evaluated vision experts, the CLIP expert achieves the best performance
in 8/9 benchmarks. However, multimodal tasks are diverse, and different tasks require
different visual signals. We investigate whether dual-channel, i.e., double visual experts
can outperform single experts on various tasks. We combine the strongest CLIP expert with
other experts to construct a total of five double-expert encoders.

Table [3| shows the performance of the double-expert encoders and their respective sin-
gle expert. The results show that the “DINOY?+CLIP”, “LayoutLM"3+CLIP”, and “Con-
vNeXt+CLIP” three double-expert encoders outperform the arbitrary single encoder in
almost all cases (23/27). This demonstrates that using two visual channels enhances multi-
modal capabilities, confirming the feasibility of multi-expert collaboration.

Comparing the performance between double-expert methods, we found that the best double-
expert is DINOY2+CLIP, rather than the ensemble of the best single expert CLIP and the
second-best ConvNeXt. It indicates that superior performance as a single expert does not
necessarily imply optimality when ensembled. Since ConvNeXt and CLIP have considerable
overlap in their training methods and training corpora, leading to the extraction of similar
visual information, whereas the self-supervised DINO? and the weakly-supervised CLIP
complement each other, resulting in a more effective ensemble. Furthermore, it is worth men-
tioning that LayoutLM"?, which performed the worst as a single expert, shows significant
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Model Param VQAY2 GQA SQA! VQAT POPE MMB MMBSN SEED' MMYe! Avg
Triple Experts

ConvNeXt+LayoutLM"3+CLIP  7.9B 785 633 702 580 873 66.8 58.9 660 322 64.6
AConvNeXt+CLIP 02 14 03 02 12 13 03 01 0.1
ALayoutLM"3+CLIP 07 09 09 17 12 02 1.0 08 0.8

ConvNeXt+DINO"2+CLIP 8.6B 786 632 692 578 865 66.6 589 671 329 645
AConvNeXt+CLIP 01 13 07 00 04 11 03" 1.0 0.8
ADINOY2+CLIP 04 01 06 01 01 04 1.6 02 0.9

LayoutLM"3+DINOY?+CLIP  8.8B 791 63.6 69.0 584 865 674 60.0 675 33.6 65.0
ALayoutLM"3+CLIP 01 12 05 05 04 04 01 07 0.6
ADINOY2+CLIP 01 05 08 07 01 04 05 06 1.6

Table 4: Performance comparison of different triple-expert methods. The A-marked rows
are compared to the double-expert method. Where blue cells indicate the triple-expert
model is better, and red cells indicate the double-expert model is better.

improvement when collaborating with CLIP, performing the best on four benchmarks and
ranking overall just behind DINO2+CLIP. For SAM or MAE, even if their pre-training tasks
are Image Segmentation, Patch-level Denoising, respectively, which are mainly optimization
objectives from the image perspective. “SAM+CLIP” and “MAE+CLIP” double-expert
encoders outperform the arbitrary single-encoder in almost all cases (13/18). Therefore, we
can conclude that when paired with the versatile visual expert CLIP, other experts can focus
on capturing supplemental visual information to further enhance performance.

3.1.3 Triple Vision Experts and More Vision Experts

As shown in Table [} the triple-expert approach wins in 4/6 cases in comparison
with the two-expert at the data size of LLaVA-1.5. The best-performing three-expert
is LayoutLM"3+DINOY2+CLIP, followed by ConvNeXt+LayoutLM"3+CLIP, and finally
ConvNeXt+DINOY2+CLIP. Among them, model LayoutLM"3+DINO"?+CLIP has the largest
number of parameters, reaching 8.8 billion. Based on the triple-expert experiments, we
further conceptualize scenarios with more experts. The different types of vision encoders
we chose for the pre-training tasks contain Image-Text Matching, Image Classification, and
Patch-level Denoising, which fall into three categories: weakly-supervised, self-supervised,
and supervised. We have already achieved high performance in training triple-expert, and
continuing to increase the number of experts has limited performance improvement. Addi-
tionally, the integration of extra experts leads to an excessive total token count, causing the
length of the training process to be too long, increasing the cost of training and inferencing.

3.2 Ablation Study

3.2.1 Effect of Fusion Methods

Model Param VQA'? GQA SQA! VQAT POPE MMB MMBSN SEED! MMVt Avg
DINOV2+CLIP+MLP 84B 79.0 63.1 69.8 577 864 670 605 669 320 64.7
DINOV2+CLIP+Q-Former 85B 604 509 667 451 452 527 448 518 205 487
ConvNeXt+CLIP+MLP 75B 787 619 699 578 861 655 592 661 321 64.1

ConvNeXt+CLIP+Q-Former 7.6B 658 526 687 456 770 59.7 49.8 532 221 549

Table 5: Performance comparison of different poly-expert fusion methods.

The MLP projection and Q-Former network are two mainstream methods for connecting
vision and language. Which of them can more effectively convey visual signals is a key issue,
especially in the context of poly-expert fusion. Table [5|presents the performance of using
MLP and Q-Former respectively on three double-expert encoders, including “DINO"? &
CLIP” and “ConvNeXt & CLIP”. The results demonstrate that MLP significantly outper-
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forms Q-Former in all cases, despite having fewer parameters and not utilizing pre-trained
parameters like Q-Former, being instead directly initialized randomly.

3.2.2 Effect of Different Position Schemes

Model VQAY? GQA SQA! VQAT POPE MMB MMBSN SEED! MMVYet Avg
Origin 785 620 668 582 859 643 583 662 305 634
Share-all 790 624 684 584 863 674 582 657 317 642
Share-by-row 750 572 634 517 861 464 434 556 319 567

Share-by-row&col 79.0 62.6 683 581 863 66.0 58.8 66.2 30.6 64.0

Table 6: Comparison of four positional encoding schemes on 9 benchmarks.

TableE] shows the results of four positional encoding schemes introduced in Section
The share-all method (used by CogVLM (Wang et al., 2023b))) not only saves the most
PE but also improves the average performance by 0.8 on top of CLIP. The 2D positional
coding (share-rowé&ecol) also improves the average performance by 0.6. However, share-
row impairs the performance of the model, probably because row-sharing corrupts the
position information of the visual encoder itself. The results support our conjecture that it
is redundant to re-assign LLM positional encoding to each vision token that already has
positional information.

3.3 Analysis

Among poly-visual encoders, an important question is the contribution of different experts
to the model’s output. Attention mechanisms are commonly used interpretive tools in
Transformer networks (Wiegreffe & Pinter,2019). Here, we employ a triple-expert encoder
to assess the individual contributions of each expert within two multilingual benchmarks:
MMB-English and MMB-Chinese. A sample’s contribution is measured by the average
attention the output token directs toward each expert’s representations. By aggregating these
averages across the dataset, we determine each expert’s overall impact on the encoding
process. Table E] shows the individual contributions of the text prompt, LayoutLM"3,
DINOY?, and CLIP to the output. The results indicate that the contribution of the text
prompt to the answer is significantly higher than that of the visual experts. This is as
expected. Firstly, the text prompt defines the format of the VLM's response, necessitating
attention to the prompt during output, and secondly, the text has a higher information
density than images, hence the average attention is usually higher for text. Comparing the
three visual experts, we find that their contributions in descending order are CLIP, DINOY?,
and LayoutLM"?. CLIP still demonstrates the characteristics of being the dominant eye or
the primary visual channel. DINOY?’s contribution is approximately 20% of CLIP’s, while
LayoutLM'’s contribution is minimal, at only 1% of CLIP’s.

An ensuing inquiry is the relevance of visual channels that exhibit minimal contributions
within the model’s architecture. The detailed description of this section is in Appendix|[B]

3.4 VLM Benchmark results

We selected 9 of the 12 evaluation benchmarks for LLaVA-1. Table (8| reports the
results for LLaVA-1.5 (i.e., single CLIP expert), and our poly-vision-expert model
(LayoutLMV3+ConVNeXt+CLIP / LayoutLMV3+DINOV2+CLIP) on above benchmarks. The
poly-vision-expert VLMs show improved performance over the single-expert VLM, with
average improvements of +1.3/+1.8, while the number of parameters only increased by
600M/1500M. In comparison with established VLMs, our poly-vision-expert model emerges
as the top-performing system in 7/8 benchmarks, and secures a close second in the remain-
ing one, thus affirming its robust multimodal assistant capabilities.

4Excluding LLaVA-Bench that rely on unstable GPT4 responses, as well as VisWiz (2018) and MME
(2023) for the website crashed.
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Prompt

LayoutLM"3

DINOV2

CLIP

Table 7: Average attention prob-

ability (%) allocation of our
MMBCN 61.1% 0.14% 2.76% 11.1% LayoutLMV3 +DINOV2 +CLIP triple_
MMB 58.8% 0.16% 2.92%  10.7%  expert model’s output on each input.
Model Param VQA"2 GQA SQA! VQAT POPE MMB MMBN SEED! MM Vet Avg

BLIP-2 (2023b) 14.1B 41.0 41.0 61.0 425 853 - - 464 224
InstructBLIP (2023a) 82B - 492 605 501 - 360 237 534 262
VisualGLM (2022) 80B - - - - - 376" 355" 470t 148t
Shikra (2023b) 73B 774 - - - - 588 - - -
PandaGPT-13B (2023) 13B - - - - - 454% 320" 47.6F 19.6%
Qwen-VL-Chat (2023) 9.6B 782 575 682 615 - 606 567 582 -
mPLUG-OwI2 (2023) 82B 794 561 687 543 - 6657 5957 645t 3574
Monkey (2024) 98B - - 694 - - 596" 5471 643F 38.1F
CLIP / LLaVA-1.5 (2023a) 73B 785 620 668 582 859 63.0 574 662 305 632
Ours; . iM% sConvNexscLip 7B 785 629 69.8 57.6 86.6 66.6 598 662 325 645
88B 79.1 63.6 69.0 584 865 67.4 60.0 67.5 33.6 65.0

Ours; LM +DINOY +CLIP

Table 8: The effect of default data on nine benchmarks. Param. indicates the number of pa-
rameters. The t/§ marks denote the results from MMB/OpenCompass official, respectively.

4 Related Work

Vision-Language Models (VLMs) integrate linguistic and visual processing, showing
promising results in various applications. VisualGPT (Chen et al., 2022) provided founda-
tional work in image captioning, BLIP series (Li et al.,|2022;2023b) extended capabilities to
include visual question answering. Flamingo (Alayrac et al.,[2022) and Kosmos-1 (Huang
et al.|[2023) demonstrated effective multi-modal understanding. LLaVA (Liu et al.,[2023b)
and MiniGPT-4 (Zhu et al., 2023) utilize projection for connecting vision and language.
CogVLM (Wang et al., [2023b) replicated close to double the parameters to build visual
experts specializing in visual tokens, while similar to our exploration of positional encoding,
they used share-by-one rather than the original approach. Qwen-VL and BLIP series (Bai
et al.||2023; Dai et al., 2023b) use the Q-Former network to bridge text and image.

Multi-Modal Large Language Models (MLLMs) have been evolving rapidly, with models
like ImageBind-LLM (Han et al., 2023) and PandaGPT (Su et al.,[2023) incorporating richer
modality inputs, including audio and video. There is also a growing focus on region-
level parsing (Chen et al., [2023b), text-to-image generation (Wen et al., 2023), and 3D
understanding (Xu et al.,2023). These models show that MLLMs can achieve meaningful
performance across a range of tasks.

5 Conclusion

In this paper, we push the boundaries of VLMs by proposing a novel polyvisual system
that closely mirrors the complex and multi-dimensional nature of biological visual pro-
cessing. Leveraging the unique attributes of diverse visual encoders, our system unifies
their strengths to enrich the multimodal understanding of VLMs. Furthermore, we address
the challenge of efficiently integrating visual information into language models by intro-
ducing techniques such as multi-patch-single-token projection and optimizing positional
embeddings. This not only allows us to manage the overflow of vision tokens that typically
burdens VLMs but also retains the models” semantic and spatial reasoning capabilities.
Through rigorous experiments across a suite of benchmarks, we demonstrate that our
polyvisual approach significantly enhances the VLMs’ performance, outpacing existing
models in accuracy and depth of understanding. These results support our hypothesis that
a well-integrated assembly of expert encoders can lead to a substantial improvement in
handling complex multimodal inputs.
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A Vision Experts

CLIP learns the image-text alignment through contrastive learning. It is pre-trained on
a large-scale dataset consisting of 400M noisy image-text pairs sourced from the internet.
The vision encoder of CLIP is a Vision Transformer (ViT) with 300M parameters. The input

resolution is fixed to 336336, and the feature dimension is 1024

DINOY? trains a student network to mimic the behavior of a more powerful teacher
network, without the need for any training labels. Two objective functions are utilized for
self-supervised pretraining: an image-level object that constrains the CLS tokens from the
student network and teacher network, and a patch-level object that is applied to the extracted
representations of masked input. The DINOY? vision encoder is a Vision Transformer (ViT)
with 1.1B parameters. The input image is preprocessed to 224 x224 resolution and the

hidden dimension is 15362

LayoutLM"? pre-trains multimodal Transformers for Document Al with unified text and
image masking. The simple unified architecture and training objectives make LayoutLM"?
a general-purpose model for both text-centric and image-centric Document Al tasks. The

LayoutLM"? vision encoder is a ViT architecture with 368M parameters. The input image is
first preprocessed to the resolution of 224 x224 and then encoded to 1024-dimension patch

embeddings

ConvNeXt is a purely convolutional network (ConvNet) that introduces a fully convolu-
tional masked autoencoder framework (FCMAE) and a new global response normalization
(GRN) layer to ConvNeXt. ConvNeXt underwent pretraining on the ImageNet-22K dataset,
significantly enhancing the performance of the pure ConvNet across various recognition
benchmarks. The ConvNeXt vision encoder we used has 200M parameters. The input

resolution is 384 x 384 and the feature dimension is 768@

SAM is trained on a large-scale segmentation dataset, comprising 11 million images and
over 1 billion masks, and achieves impressive zero-shot generalization. It is designed to
efficiently predict object masks from images with different types of prompts, e.g., text or
point. SAM also adopts ViT as a vision encoder with 637M parameters. The input resolution

and hidden dimension are both larger, i.e., 1024 x 1024 and 1280, respectively.

MAE aims to reconstruct the original image given only partial observations (25% of the
patches). The ViT-Huge encoder paired with MAE achieved a new record at the time on the
ImageNet-1K dataset with an accuracy of 87.8% and generalized very well. The MAE vision
encoder has 630M parameters, while input resolution and hidden dimension are 1024 <1024

and 12805

Shttps://huggingface.co/openai/clip-vit-large-patch14-336
4https://huggingface.co/facebook/dinov2-giant
5https://huggingface.co/microsoft/layoutlmv3—large
6https://huggingface.co/laion/CLIP—convnext_large_d_320.laionZB—329B—b131K—ft—soup
7https://huggingface.co/facebook/sam—vit—huge
8https://huggingface.co/facebook/vit—mae—huge
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B Analysis

Q1: Where is the dog  Al: The dog is sitting on top of a wooden table in the picture.
in the picture?

?The dog is sitting on top of a wooden table ... mask DINOY? "@‘

' The dog is sitting on top of a table. | mask CLIP ¥

EThe dog is sitting on top of a wooden table... mask LayoutLM"3

Q2: How many dogs are A2: There are four dogs in the picture, and they are respectively
there in the picture? golden yellow, white, brown, and black.

What color are they?
| There are three dogs... They are brown and white. { mask DINO"? '@'

*_’ ] EThere are three dogs... They are black and white. | mask CLIP "@

Figure 4: The perturbation experiments on the triple-expert LayoutLM"?+DINO"2+CLIP
model, the specific perturbation is to mask all output of the corresponding vision expert.

— EThere are three dogs..., and they are all brown. mask LayoutLM"3 '@‘

Figure [4 presents perturbation experiments conducted on the same triple-expert. The
outputs of each expert were individually masked to assess their influence on the model’s
response. In Case 1, our model is queried with a straightforward question: “Where is
the dog in the picture?” The experiment demonstrates that, irrespective of which visual
expert is masked, the two unmasked channels sufficiently identify the location as “on top
of”. However, the presence of CLIP experts enriches the details by specifying “wooden
table” over a generic “table”. Case 2 poses a more complex question to our model: “How
many dogs are there in the picture? What colors are they?” Here, the perturbation tests
reveal that the collective operation of all three experts is necessary for an accurate response.
The omission of any single expert leads to erroneous answers, underlining the diverse
informational scope captured by each visual channel within the poly-visual-expert VLM.
This underscores the importance of channel integration in multimodal tasks, as certain
nuances can be missed when relying on a solitary channel or single-expert VLM.
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C Datasets & Evaluation & Hyperparameters

Datasets During the pre-training stage, we utilized the LCS-558K dataseﬂ which com-
prises ~558K image-text pairs from the LAION-CC-SBU, annotated with BLIP-generated
captions. During the SFT stage, We use the default SFT data from LLaVA-1.5, which is
~6651<ETL containing VQA, OCR, region-level VQA, visual conversation, and language
conversation data.

Evaluation Including VQAY? (2017); GQA (2019); SQA! : ScienceQA-IMG (2022); VQAT:
TextVQA (2019); POPE (2023c); MMB & MMB“N: MMBench & MMBench-Chinese dev
results (2023c); SEED! : SEED-Bench-IMG (2023a); MM-Vet (2023).

Hyperparameters For main results, we keep all training hyperparameters roughly the
same as the LLaVA series (Liu et al., 2023bja). We present a detailed description of the
hyperparameters in Table[9} For the MLP fusion network, we set 1 in m-patches-one-token
from 1 to 16 to avoid exceeding the maximum length for training and inference. For the
Q-Former fusion network, we set the number of queries per expert to match the number of
outputs from the MLP fusion network. The parameters of the Q-Former fusion network are
initialized using the pre-training parameters of BLIP-2 (Li et al., 2023b).

Hyperparameter | Pretrain Finetune

batch size 256 128
Ir le-3 2e-5
Ir schedule cosine decay
Ir warmup ratio 0.03
weight decay 0

epoch 1
optimizer AdamW
DeepSpeed stage 2 3

Table 9: Hyperparameters of our model’s pretrain and finetune.

9https ://huggingface.co/datasets/liuhaotian/LLaVA-Pretrain
Whttps://huggingface.co/datasets/liuhaotian/LLaVA-Instruct-150K
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D Case Study

ComplexImage Captioning

Q: What's this?

MousSi:

This appears to be a craft project, possibly made by a child.

It looks like a paper pumpkin decoration with a green leaf
on top. The pumpkin is made from strips of paper that
have been folded and taped together to create a three-
dimensional shape. The numbers "12345" are written on
the paper, which might indicate a sequence or a code, or it
could be part of a game or activity. The green leaf is also
made from paper and is attached to the top of the pumpkin.
The craft is sitting on a wooden surface, and there's a
green string or decoration on top of the lcaf.

Visual Text Generating

Q: Write a story based on the image.

MouSi:

In a time long past, in a land where the air was filled with
the scent of ink and the rustle of pages, there lived a wise
old man named Alaric. He was a scholar, a keeper of
knowledge, and a teacher to many. His home was a
humble abode, but it was filled with the riches of the
‘mind—books of all shapes and sizes, scrolls of ancient
lore, and maps that charted the known and unknown
worlds.

Alaric's students were a diverse group of young minds,
cager to leamn and explore the world through the lens of
knowledge. They would gather around him, their eyes
wide with curiosity, as he shared stories of distant lands,
the secrets of the stars, and the wisdom of the ages.

One day. as the sun dipped low in the sky, casting long
shadoy the room, Alaric called his students to
gather around him. He had a new tale to share, one that he
had discovered in the depths of his library, a story that had
been lost for centurics.

“The tale was of a magical island, hidden from the world by
a veil of mist. It was said that on this island, the trees
whispered secrets of the universe, the rivers flowed with
the purest water, and the animals spoke in the language of
the wise.

As Alaric spoke, his students leaned in closer, their breaths
held in anticipation. They imagined the island, its lush
forests and sparkling waters, and the creatures that roamed
its shores.

OCR Interpreting

LIMITED
TIME ONLY

Q: What does the writing on the clothe mean?

MouSi:

‘The writing on the clothing reads: "A woman cannot
survive on self-quarantine alone. She also needs her
Bichon Frise." This is a humorous statement that plays on
the idea of self-quarantine during a pandemic, suggesting
that a woman's emotional well-being and companionship
during such times are not just dependent on her own
company, but also on the presence of her Bichon Frise, a
breed of small dog known for its fluffy fur and friendly
nature.
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WHO FEARS THE LORD
D)

Q: What is the meaning of the words in the image?

MouSi:

‘The image contains a quote from Proverbs 31:30, which is
a verse from the Bible, The quote reads: "A WOMAN
WHO FEARS THE LORD SHE SHALL BE PRAISED."
‘This verse is part of a larger passage that describes the
qualities of a virtuous woman, emphasizing her faith in
God and the respect she receives for her actions. The verse
suggests that a woman who has a deep reverence for God
will be praised for her character and conduct.

Reasoning with World Knowledge

Q: Where was this photo taken?

MousSi:

‘The photo appears to be taken in Paris, France,
showcasing the Louvre Museum and the glass pyramid in
the foreground. The Louvre is one of the world’s largest
and most famous museums, and the glass pyramid is a
well-known landmark in the center of the museum's
courtyard.

Visual Math Problem Solving
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Q: Solve this math problem by writing the equation.

MouSi:
‘The image shows a rectangle with a height of 6 cm and an
area of 27 e To find the width of the rectangle, we can
use the formula for the area of a rectangle, which is:

Area = Length x Width

Since we know the area and the height, we can set up the
equation to solve for the widih (y). The equation would be:

27cmt=6emxy

Now, to find the width, we can divide both sides of the
equation by 6 cm:

y=27cmt/6em
y=45cm
So. the width of the rectangle is 4.5 cm.

Complex Counting

Q: How many horns are there in the image?

Mousi:

There are six homns in the image.

Q: How many homns are on the wall and how
many are not?

Mousi:

There are five homs on the wall and one hon that is not
on the wall.

Visual Grounding

Q: Frame out the blue car.

Mousi:

Figure 5: Qualitative examples generated by our poly-vision-expert model.

Figure | shows the case study of our model on seven tasks, including Complex Image
Captioning, Visual Text Generating, OCR Interpreting Reasoning with World Knowledge,
Visual Math Problem Solving, Complex Counting, and Visual Grounding. Our model is able
to successfully follow a variety of multimodal instructions, allowing for flexible interaction

with humans.
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