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ABSTRACT

Training multimodal large language models (MLLMs) requires high-quality
image-question-answer (IQA) triplets, which are labour-intensive to curate and
often lack diversity. We propose a novel data augmentation framework for vi-
sual instruction tuning that efficiently generates diverse synthetic images based
on existing IQA anchor triplets. To ensure that the generated images align with
their associated QA pairs, we propose CYCLEAUG — cycle-consistency visual
augmentation which involves synthesizing images from text (text — image) and
then performing a verification step to confirm that the answers derived from the
synthetic images match the original answers (image — text), ensuring consis-
tency across images, questions, and answers. By combining synthetic images
with high-quality real data in the training phase, we demonstrate these synthetic
triplets act as an implicit regularization, which improves the robustness of MLLMs
and enables analogical reasoning. Extensive experiments show that our approach
improves model performance on multiple visual question-answering benchmarks
without additional real-world data. This work highlights the potential of leverag-
ing visual foundational models to enhance visual instruction tuning in MLLMs.

1 INTRODUCTION

Recent advancements in large language models paved the way for the success of multimodal large
language models (MLLMs) (OpenAll 2023} |Liu et al., |2024b). Taking advantage of the progress
achieved in large language models, connecting visual modality with LLMs is being intensively re-
searched. Apart from the design of the model’s architecture, it is universally agreed that carefully
curated, high-quality image-text pairs are crucial for achieving strong performance in MLLMs (Liu
et al., 2024bj |[Zhu et al.| 2023b; Bai et al., 2024). However, the process of curating this data is
labour-intensive due to the limited accessibility of image-question-answer data. To address this
issue, LLaVA(Liu et al.l 2024b) leverages GPT-4’s language processing capabilities to generate
corresponding complex visual question-answer pairs grounded on real images. Nevertheless, this
approach still heavily relies on real-world images, which poses a challenge to further scaling and
diversifying the training data.

The need for more diverse cross-modal data leads us to ask: Can we efficiently generate new images
based on an anchor triplet of image-question-answer? We hypothesize that diversifying images
for each QA pair could improve modality fusion, similar to analogical reasoning in cognitive sci-
ence, which refers to the ability to perceive and use relational similarity between two situations or
events (Gentner & Maravilla, [2017). By generating multiple diverse images asscociated with the
same QA pair, the model is encouraged to focus on the visual features most relevant to the ques-
tion. For instance, consider several images of an apple in different backgrounds all paired with one
question: What color is the apple in the image?. In this scenario, the model learns to attend to the
common and relevant element, the apple, ignoring irrelevant elements. This approach enhances the
fine-grained correspondence between visual components and textual descriptions, thereby improv-
ing the model’s ability to generalize and perform accurately on visual reasoning tasks.

Building upon these insights, we propose a framework for efficiently generating diverse multimodal
datasets for visual instruction tuning of MLLMs. In this framework, a diverse set of synthetic images
is generated based on multi-turn complex question-answering (QA) conversations. This approach
aims to improve the model’s ability to generalize and understand relational patterns in visual content.
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Figure 1: Overview of our proposed method of visual augmentation for LMMs. Figure 1 illus-
trates our proposed visual augmentation technique for large multimodal models (LMMs) through
cycle-consistency sampling. Starting with a source triplet (I, @), A), the process generates a syn-
thetic image(§ [3.2) and evaluates its consistency with the original response using a “Consistency
Judge”(§[3.3). If the new image and caption are deemed consistent, they are added to the augmented
dataset. This approach enriches the conditional distribution of image given question-answer pairs,
and we later show these samples act as an implicit regularization during instruction tuning(§ @

To ensure that the generated images accurately correspond to their associated question-answer (QA)
pairs, we propose a method leveraging cycle-consistency sampling across images, questions, and
answers. Initially, we employ a superior MLLM (LMMS Lab),2024) to convert an anchored image—
refering to the original image from our selected IQA triplet— into a detailed caption. Then, we
synthesize images conditioned on this caption using a text-to-image model. To evaluate the fidelity
of these images to the original QA pair, we employ MLLMs to ask the same questions about the
generated images and compare the consistency of the answers with the original ones. We retain
only those synthesized images that demonstrate high answer consistency, ensuring that the synthetic
images are correctly associated with their QA pairs. Crucially, the success of this method depends on
having a strong consistency judge to accurately assess the alignment between the generated images
and their QA pairs. Without a reliable consistency check, even well-aligned images can introduce
noise if subtle details, such as small objects or colors, are inaccurately represented. This judge helps
bridge the gap caused by limitations in the diffusion model and caption generation, ensuring that only
high-quality pairs are included in the augmented training set. Finally, we do not alter the training
scheme but directly mix these synthetic pairs with the real ones, allowing the synthetic samples to
serve as an implicit form of regularization during MLLM instruction tuning, which improves overall
model performance.

We demonstrate the effectiveness of our CYCLEAUG through extensive experimentation. Using the
same amount of real data, our approach increases the diversity of the training set while maintaining
the high quality required for complex reasoning and multi-turn dialogues. Models trained with our
augmented data demonstrate performance improvements on eight VQA benchmarks with different
focuses, leading to a performance gain of 1.0% averaged on 13 benchmarks.

In summary, our key contributions are as follows:

* We explore the impact of synthetic images for instruction tuning of MLLMs and propose a cross-
modal synthetic data generation framework using cycle-consistency sampling. This framework
generates cross-modal training data that includes diverse synthetic images with high-quality visual
question answering conversations.
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* We reason that synthetic images generated using the aforementioned pipeline effectively augment
the training set for instruction tuning and act as an implicit regularization.

* We conduct extensive experiments to validate the effectiveness of our proposed data generation
method. Our approach improves model performance on multiple VQA benchmarks without the
need for any additional real-world data.

2 RELATED WORK

Multimodal Large Language Models. The evolving capabilities of Large Language Models
(LLMs) (Brown et al., 2020; |Achiam et al.l |2023} Touvron et al., 2023 |Chiang et al., [2023)) in
managing complex tasks mark significant progress toward advanced machine intelligence. How-
ever, to achieve more generalizable systems, the integration of multimodal capabilities is essential
(Baltrusaitis et al., [2018]), which necessitates a thorough investigation into how LLMs can incorpo-
rate visual knowledge (Yin et al., [2023)). Contrastive learning enables models like CLIP (Radford
et al., 2021} Jia et al., 2021} Sun et al., 20235 |Zhai et al.,|2023) to align visual and textual information
within a unified representation space, rendering these models as common choices for the visual en-
coders for Multimodal Large Language Models (MLLMs). Many approaches focus on developing
various connection modules to bridge visual encoders and language models and enhance the inter-
play between visual and textual data. Some methods project the outputs from visual encoders into
image tokens using Q-Formers (Bai et al.| 2023} |Li et al.| 2023} |Dai et al.| 2024} |Tong et al., [2024)
and Multilayer Perceptrons (MLPs) (Mokady et al.l 2021} Liu et al., [2024cja; [Zhu et al.,2024), and
concatenate them with text tokens before feeding them into LLMs. Other methods fuse the visual
features with text features directly with Perceiver Resamplers (Alayrac et al.| [2022) and plugging
in visual expert modules in Transformer layers (Wang et al., 2023b} |[Zhang et al., 2023a). Another
line of research involves using expert models, such as image captioning models, to directly trans-
late multimodal inputs into different languages without additional training (Guo et al. 2023} Wang
et al.,|2023a; Zhu et al.| 2023a). In addition to architectural design, the training recipe profoundly
influences the performance of MLLMs. Pretraining and instruction tuning are widely recognized
as essential procedures for the models mentioned (Ouyang et al.l [2022; [Liu et al., 2024cja). Rec-
ognizing the capabilities of MLLMs, we aim to enhance their performance and develop a flexible
approach for generating synthetic data specifically tailored for instruction tuning, thereby supporting
continuous scalability.

Visual Question Answering (VQA). Visual Question Answering has been a long-standing problem
in the field of computer vision (Antol et al., |2015). The task is defined as answering a question in
natural language based on a provided image, thus necessitating multimodality (Ren et al.| [2015).
Before the emergence of large-scale VLMs, methods such as bilinear models (Fukui et al., 2016;
Ben-Younes et al.| 2019), bottom-up attention (Jiang et al.l [2020; |Anderson et al., 2018), neural
module networks (Hu et al.| 2018; 2017; [Yu et al., 2019), and transformer-based methods (Chen
et al., [2020; |L1 et al., [2020; 2019) were designed to tackle VQA tasks. Currently, visual question
answering primarily utilizes Multimodal Large Language Models (MLLMs), which offer signifi-
cantly greater capabilities than the aforementioned techniques. VisualGPT (Chen et al., 2022)) and
Frozen (Tsimpoukelli et al., 2021) represent some of the early efforts to apply MLLMSs to the chal-
lenge of visual question answering. Additionally, visual question answering is increasingly being
used as a key performance indicator for MLLMs. A variety of datasets have been developed for vi-
sual question answering, such as VQA (Antol et al., 2015)), which introduces open-ended questions
about images, VQAv2 (Kv & Mittal, [2020), which addresses the balance and diversity of VQA,
GQA (Hudson & Manning} 2019), focusing on real-world visual reasoning, Visual Genome (Kr-
1shna et al., [2017)), which offers rich image annotations, TextVQA (Singh et al., [2019), targeting
text-based questions about images, and Ocr-vqa (Mishra et al., |2019), which emphasizes OCR in
images for question answering. Moreover, these datasets are integral in enhancing the capabilities
of MLLMs, serving not only as benchmarks for instruction tuning but also as rich sources of train-
ing data, ensuring models can effectively interpret and respond to a wide array of visual and textual
stimuli (Karpathy & Fei-Fei, 2015} |Liu et al.| 2024 cza; Su et al., [2023; |Gong et al., [2023).

Synthetic Data for MLLMs. Multimodal Large Language Models (MLLMs) typically require
extensive training data during both pretraining and finetuning phases (Radford et al.|[2021}; [Li et al.,
2021} [Liu et al.l [2024c). However, collecting such data can be labour-intensive and prone to bias
(Paullada et al.l 2021). To mitigate these challenges, numerous approaches have been developed to
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generate synthetic data, which can be employed during either the pretraining or the instruction tuning
stages. In the domain of Large Language Models, various instruction tuning frameworks have been
developed to enhance the diversity and quality of synthetic data (Lou et al., 2023} |Li et al., 2024;
Zhang et al., 2023b; [Yin et al.| 2024; Wang et al.| 2024a)). In contrast to LLMs, the generation of
synthetic data for MLLMs places greater emphasis on aligning images with corresponding textual
descriptions. To generate well-aligned image-caption pairs for pretraining, current methods use
GPT4-Vision to caption real images (Chen et al.| 2023b), exploit LLaMA to generate richer text
data (Ma et al., [2024), or employ diffusion models to create images from selected captions (Liu
et al., 2024d). For instruction tuning, most works focus on utilizing existing high-quality datasets
to construct instruction-formatted datasets (Dai et al., [2024; |Chen et al., [2023a;[Zhang et al.,|2023aj
Wang et al., [2024b; [Luo et al., 2024} |Xu et al., [2022). LLaVA (Liu et al., [2024c)) develops LLaVA-
Instruct-150k by transforming real images into textual descriptions, including captions and bounding
boxes. This dataset then serves to prompt a text-only GPT-4 model, which generates new content
according to specific requirements and demonstrations. However, these methods, which rely on
real images, fail to address key challenges such as privacy concerns, inherent biases, and limited
diversity. Conversely, SimVQA (Cascante-Bonilla et al., 2022)) and SwapMix (Gupta et al.| [2022)
enhance VQA datasets by generating new images via feature swapping and concept perturbation,
significantly boosting data diversity and complexity. Yet, these enhancements are primarily tailored
for simple VQA tasks and do not sufficiently meet the needs of large-scale instruction tuning, as they
fail to perform well at complex reasoning tasks and multi-turn dialogue. Our method aims to bridge
existing gaps by generating diverse, high-quality images from question-answer pairs and multi-turn
conversations, thereby facilitating efficient instruction tuning for more complex interactions.

3 METHODS

In this section, we start by reviewing the visual instruction tuning of multimodal large language
models (MLLMs) in § We present the problem formulation of data augmentation for visual
instruction tuning and discuss the major challenges in § [3.2] Then in § [3.3] we propose our cycle-
consistent data augmentation framework. Lastly we discuss the updated instruction tuning pipeline
and the benefits of our cycle-consistent data augmentation in § [3.4]

3.1 PRELIMINARIES: VISUAL INSTRUCTION TUNING

Visual instruction tuning (Liu et al., 2024c;a) is an effective approach to endow MLLMs with strong
reasoning and instruction-following capabilities. Given input image X,,, we first utilize a pretrained
CLIP visual encoder g(-) to extract visual features Z,, = g(X,). To bridge the gap between pre-
trained visual and textual embeddings, [Liu et al.[(2024c) adopted a single-layer MLP parameterized
by W and transform the visual features Z,, into the textual space, given by H, = WZ,,.

For each image X, we generate multi-turn conversation data (X}, X}, ..., XT, XT') where T is
the number of turns. The data is further organized as a sequence, by treating all answers as the
assistant’s response, and the instruction X!, at the ¢-th turn is
‘ Randomly Choose [X}, X, ] or [X,, X!] t=1
Xinstruct = Xé t>1. (1)

Then we perform instruction-tuning of the LLM on the prediction tokens with the auto-regressive
training objective.

3.2 DATA AUGMENTATION FOR VISUAL INSTRUCTION TUNING

Problem formulation. While previous approaches (Liu et al.| |2024cza) focused on exploring GPT-
assisted approaches to generate rich multi-turn conversation data, generating diverse and high-
quality image data to benefit large-scale instruction tuning is largely understudied. In this work we
consider a novel data augmentation approach tailored for visual instruction tuning, where we gen-
erate diverse images based on an anchor triplet of image-question-answer. Besides improving the
richness of the set of image data for training, the generated data will also enable analogical reason-
ing (Gentner & Maravillal 2017)), with the availability of multiple images for each question-answer
pair.
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Q: Are there doors?
A: No.

>Caption for direct sampling:
There are no doors in this image.

Q: What are the weather conditions
today?

A: Clear.
Q: Is the sky blue and clear?
A: Yes.

>>Caption for direct sampling:

I - /////////l/l“)
A clear blue sky on a sunny day. | — m

Anchor Image Cycle-Consistency Sampling Direct Sampling

Figure 2: The limitations of direct sampling from p(I|g,a) stem from three reasons: (1) Em-
pirically we found SoTA text-to-image generation models cannot handle negation words well, like
“no” in the above example. (2) In negative cases, the reconstructed image should include real ob-
jects—such as the glass window in the top anchor image—rather than any hallucinated object, such
as a door, which was mentioned in the question but correctly excluded in the response. (3) While
CYCLEAUG maintains more details and diversifies anchored images, direct sampling is based on
objects mentioned in QA, which leads to an object-oriented and homogeneous generation. The cap-
tion for CYCLEAUG could be found in Appendix§ D]

Conditional image generation. Given the problem formulation above, a straightforward approach
is to explore pretrained conditional image generation. With an image-question-answer anchor triplet
(i,q,a), we generate new images {ij }2_, by sampling i;, from the conditional probability distribu-
tion given by

p(I|Q=q,A=a). (2)

At first, we ask a large language model to transform question-answer pairs into descriptive state-
ments and subsequently use them as prompts to powerful text-conditioned image generation mod-
els 2024). However, preliminary results show that synthetic images generated by this
method contain undesirable contents and directly sampling from p(i | ¢, a) leads to degraded image
diversity, as demonstrated in Figure [2| This is mainly due to two key limitations of state-of-the-
art (SoTA) diffusion models: (1) Even SoTA models cannot handle negation words well, such as
“no” and “not”. As a result, an image containing a door may be generated, even when the caption
explicitly includes a negation (see top example in Figure[2)). (2) Directly sampling from a caption
transformed from the question-answer pair (g, a) leads to homogeneous contents, lacking the variety
in real-world images (see bottom example in Figure[2). In contrast, we show that with CYCLEAUG,
we can generate diverse images consistent with the anchor triplet, which forms new and valuable
triplets that enable effective data augmentation for visual instruction tuning. We also refer the read-
ers to Section [f.3] where we run ablation study experiments to underscore the limitations of direct
conditional generation. We also provides more qualitative comparison results in Appendix§

3.3 IMAGE SYNTHESIS BY SAMPLING WITH CYCLE-CONSISTENCY

To enable effective data augmentation for visual instruction tumng, we propose CYCLEAUG, an
effective data augmentation framework that samples diverse images given an anchor image-question-
answer triplet, i.e., from p(I | @ = ¢,A = a). Our CYCLEAUG consists of two modules, a
diverse image synthesis module (see FigureEI) and a cycle-consistent filtering module to ensure the
generated images are compatible with the given question-answer pair (see Figure ).

Image synthesis module. The diverse image synthesis module builds on an encoder-decoder archi-
tecture and generates content that is diverse yet relevant to the original image by leveraging text as
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Original Images Synthetic Images
i MLLMs for Image D ;
9 Captioning ¢ —’( Captions g

“Describe the image in

detail for reconstruction.”
Figure 3: Synthetic Image Generation. The proposed approach utilizes an encoder-decoder struc-
ture to generate diverse images from conditional distributions, leveraging text as an information
bottleneck. This contrasts with traditional methods that sample directly from the real image distri-
bution, highlighting the improved sampling efficiency and the intentional loss of certain details such
as objects’ shape and location in the images to enhance diversity in the generated samples.

Diffusion
Models

the interface. Specifically, we adopt a pretrained MLLM (LMMS Lab), 2024) as the encoder and ob-
tain a detailed text description of the original image. Then we use Stable-Diffusion-3-Medium (sta-
bilityail |2024) as the decoder and sample images conditioned on this text description. Note that our
diverse image synthesis module operates in a zero-shot manner, as opposed to previous works which
finetuned the encoder-decoder model with reconstruction loss (Wu et al., 2017 |We1 et al., [2024).
This design enables our synthesis module to generate diverse contents, appearances, and layouts that
are relevant to the original image, exploring a much broader distribution of image data. To further
introduce randomness, we created a set of prompts for captioning and randomly selected a prompt
from this set for each caption generation.(Appendix§ D)

Cycle-consistency sampling. Although by Original Images Synthetic Images
design, the image synthesis module would

produce diverse images with relevant con- i
tents using texts as interface, in some b
cases the synthetic images may violate Questions

the question-answer pair from the anchor

triplet, e.g. when the caption doesn’t spec- ] } ]
ify the attribute mentioned in the question- MLLMs for VQA
answer pair. To ensure consistency between -
the diverse synthetic images and the an-
chor triplet, we propose a cycle-consistency
sampling module. Given anchor triplet
(,q,a), the generated image 4’ is a good
synthetic sample if question ¢ yields the
same answer a from the anchor triplet given

Consistency Judge
image i/, as it does from the original im- Accepted Dropped
age ¢. In practice, we prompt a pretrained

MLLM (Liu et al| 2024b) with image i’ Figure 4: Cycle-consistency Sampling. For synthetic

and question ¢ and check if the predicted 1mages generated from the same question-answer
answer a’ matches the original answer a, Pairs, we pose identical questions to both real and syn-

using character-wise matching and cosine thetic images and evaluate semantic distance between
similarity in text embedding space for sin- the corresponding answers and reject samples that
gle word and longer answers. Crucially, we exhibit significant discrepancies. In this way, well-
reject ¢ if the predicted answer a’ does not aligned synthetic image and question-answer triplets
match the true answer a. are selected.

fulisq) fo(@,q)

Interpreting CYCLEAUG as an implicit Bayesian sampling. Our cycle-consistent synthetic data
generation framework exploits pretrained MLLMs and diffusion models and presents an efficient
approach to generate diverse and high-quality images given an anchor triplet of image-question-
answer. We show the validity of our approach by showing that synthetic data generated by our
framework approximates the conditional image generation method in § [3.2] with sufficient sam-
pling. Following the results in Lemmal[I] our cycle-consistency sampling filters images that violate
fu(i,q) = a, and by repeatedly drawing samples ¢’ from the generative distribution p(I | @ = q),
the retained set of images will accurately reflect the posterior distribution p(I | Q@ = ¢, A = a).
In our implementation, we decide to accept or reject by thresholding the cosine similarity of the
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SBERT embedding of a’ := f,(i’,q) and a. If S¢(a/,a) > T, where Sc(x,y) = Hi’iv”y?j”

cosine similarity of x,y, we accept ¢’ and otherwise reject it.

Lemma 1 The posterior distribution of conditional image generation can be rewritten as

1 O=g A g = Plaliapile) _ d(a—fy(i q))p(ila)
pl=i]Q=q4 ) plalq) f{i\fw(i,q)za} plilq) di )

where fy is a pretrained MLLM parameterized by 1) and §(-) is the Dirac Delta function that ap-
proximates p(a | I =1,Q = q) = §(a — fy(i,q)).

To sample images from the posterior distribution p(7 | ¢, a), we start by drawing samples ¢’ directly
from the proposal distribution p(I|g) ~ p(I'|q) (See details in Appendix § [C). For each sample 7,
we then compute a’ = fy, (i, ¢). If @’ does not match the observed value a, we reject the sample 7.
Indicated by Lemmal[I] by repeating this process with a large number of samples, the retained set of
images will eventually reflect the posterior distribution p(i | ¢, a).

d = fu(i',q) = fyli,q) = a,¥Vi' ~ p(I|q,a) 4)
3.4 VISUAL INSTRUCTION TUNING WITH CYCLE-CONSISTENT SAMPLES

We follow the visual instruction tuning framework in [Liu et al.| (2024c) and augment the in-
struction tuning dataset (X,, X4, X,) € D with cycle-consistent data augmentation samples

{(Xy.k, Xy, Xa) }IY_,. The new instruction following sequence data is then structured as follows:

Xt _ JRandomly Choose [X}, X,] or [X,, X}] or [X;,vak] or [Xy.x, X t=1
instruct Xt ¢ (5)
q > 1

Benefits of Cycle-Consistent Samples. Visual instruction tuning with cycle-consistent data aug-
mentation offers two key benefits: (i) Diverse, high-quality synthetic images enrich the dataset,
boosting MLLM robustness. (ii) Multiple images per question-answer pair enable analogical rea-
soning, enhancing correspondence between visual and textual elements. As shown in Lemma
the training objective includes a regularization term R, encouraging consistent answers for original
and cycle-consistent image-question pairs. This promotes robustness via adversarial-style training
Goodfellow et al.[(2014)) and strengthens fine-grained alignment by focusing on shared concepts.

Lemma 2 Given image-question-answer triplets (i, q, a) sampled from training data D, the training
objective of standard visual instruction tuning (Liu et al.| |2024c) is given by

L= ]E(i,q,a)ND [e(f(i(zv q)a a)] (6)

in which £(-) is a general form of loss objectives used to reduce the distance between fy(i,q) and a
during optimization.

Then we can rewrite the training objective of visual instruction tuning with cycle-consistent samples
as the sum of the standard training objective L and a regularization term R:

ﬁcycle-consistent = IE(q,a)N;D(Q,A) [Ei’r\/p(ﬂq,a) [€(f9 (ily Q)v CL)]]
= IE:(i,q,a)ND [E(fé‘ (ia Q)a a)] + E(i,q,a)ND []Ei,i/wp(HQ:q,A:a) [d(Z, Z‘/|qa a)]] (7)
L R

where d(i,i' | q,a) = [(fo(i',q),a) — £(fo(i,q),a)| defines a semantic distance between fy(i', q)
and fy(i,q) with a as an anchor in between.

4 EXPERIMENTS

In this section, we present the results of our method, demonstrating that it effectively improves the
performance of MLLMs on general VQA tasks without utilizing additional real data. We begin
by detailing our experimental setups and then showcase the results of LLaVA-1.5 fine-tuned with
synthetic images sampled from the proposed conditional distribution p(I|Q = ¢, A = a).
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4.1 EXPERIMENTAL SETUP

We utilize the LLama3-LLaVA-NeXT-8B (LMMS Lab,|2024)) as image captioning model, incorporat-
ing the LLaVA-NeXT (Liu et al., [2024b) framework with the LLama3-8B (Dubey et al.,2024). For
image synthesis, we employ the Stable-Diffusion-3-Medium (stabilityai, 2024}, which integrates the
T5 text encoder (Raffel et al., [2020) capable of handling long prompts (up to 512 tokens) to ensure
comprehensive image descriptions.

For finetuning multimodal large language models (MLLMs), we follow the LLaVA-1.5 (Liu et al.,
20244) data preparation and training schedules for pretraining and instruction tuning. We adopt the
Vicuna-v1.5-7B (Chiang et al.l|2023)) language model, leveraging the LLaMA?2 codebase (Touvron
et al.| 2023)). The pre-trained CLIP ViT-L/14 (Radford et al., [2021; Dosovitskiy et al., 2021)) with a
336 x 336 input resolution, generating 576 visual tokens, is used as the vision encoder. Using the
LLaVA framework (Liu et al.,|20244al), we connect the frozen CLIP vision encoder and Vicuna LLM,
training the entire LLM with the projector instead of employing parameter-efficient fine-tuning. All
experiments are conducted on a machine with 8x Nvidia RTX 6000 Ada GPUs. Due to invalid
image links in the instruction tuning dataset, all LLaVA-1.5 scores in our analysis are reproduced to
ensure fair comparisons under consistent experimental settings.

To comprehensively evaluate our method, we use 13 benchmarks for MLLM evaluation: GQA (Hud-
son & Manning, 2019) and VQA-v2 (Goyal et al.| |2017) test visual perception with open-ended
answers; MME (Fu et al.| [2023) evaluates yes/no visual questions; ScienceQA (Lu et al.| [2022) tests
zero-shot scientific question answering; TextVQA (Singh et al., |2019) focuses on text-rich images;
MMBench (Liu et al.} [2023) and MMBench-CN (Liu et al., [2023)) assess robustness under answer
shuffling; MM-Vet (Yu et al.,[2023)) evaluates visual conversation skills. Metrics are computed using
official implementations for consistency§ Latency measures time until the first answer token is
generated. MME scores are normalized by dividing by 2000.

4.2 MAIN RESULTS

In this section, we present the results of training a multimodal language model using synthetic
images generated through cycle-consistency (§ [3). Due to limitations of the Stable Diffusion model
in rendering text, we focused on augmenting GQA and COCO datasets instead of text-heavy datasets
like OCRVQA or TextCaps. From these datasets, we generated 273,144 triplets and selected 178,304
samples using a consistency judge.

We evaluated multimodal capabilities across 13 benchmarks. As shown in Tab. [I, CYCLEAUG
outperforms two baselines, achieving the highest average score of 62.32 and excelling in 8 out of
13 benchmarks. Notably, CYCLEAUG surpasses the 2-epoch baseline in accuracy (+0.6%) while
requiring 73% fewer additional iterations, reducing training time from 30.2 hours to 20.1 hours.
These results highlight both the effectiveness and efficiency of CYCLEAUG in leveraging synthetic
data, aligning with discussions on the importance of data quality (Gadre et al., [2024).

Method ~ #Iteration VQA” MMMU GQA MMVet SQA' MME POPE MMB MMB®" VQAv2 LLaVA" VizWiz SEED’ Avg.
baseline 5196 58.2.50 353,99 62.0.50 31.11.9 66.8.60 151113 85.95964.3 99 58.3.99 78.5.40 65413 50.060 66.439 61.37 27

Jf;gggﬁh 10396 57.0.46 35.111 63323 32415 70.8.54 148915 87.4.3363.053 57.611 79.650 66.214 49.7.51 663,17 61.76.17

CYCLEAUG 6589 57.4.11 35.6.34 63.9 7 29.61 71.2.11 150746 86.4 32 67.0.09 61.2.26 79394 66.539 50.0 12 66.9 55 62.32 15

Table 1: Performance comparison across thirteen benchmarks. This table presents the results of LLaVA
experiments evaluated across 13 benchmarks. For each setting, we trained 3 models and the reported results
represent the mean performance along with statistics. Our method demonstrates an average improvement of
1.0% over the baseline.

4.3 ABLATION STUDY

In this section, we conduct an ablation study to evaluate the effectiveness of cycle-consistency sam-
pling, the role of synthetic data as a form of regularization, and the impact of consistency judge.
Effectiveness of cycle-consistency sampling. To generate images from the conditional distribution
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Method ‘VQAT MMMU GQA MM Vet SQA MME POPE MMB MMB“Y VQAV2 LLaVA" VizWiz SEED’ ‘Average
Direct sampling| 57.0 354 64.3 31.0 69.5 1496 874 639 56.2 79.0 664 440 63.0 | 61.01
CYCLEAUG | 574 356 639 29.6 712 1507 864 67.0 61.2 79.3 66.5 50.0 66.9 | 62.32

Table 2: Performance comparison of image generation strategies. This table compares the performance of
three image generation approaches, direct sampling and CYCLEAUG , across thirteen benchmarks. The gain
shows that the quality of VQA data is crucial for training MLLMs.

defined by question-answer pairs i ~ p(I|Q, A), the naive approach involves using an text-to-
image generation model (stabilityai, 2024) g; where the input prompt is simply the concatenated
question-answer text. However, it’s difficult for g; to fully comprehend conversational context. To
address this, we first convert the conversation into a descriptive image caption using a powerful
language model (Dubey et al.| 2024), and then generate synthetic images based on this caption.
Nevertheless, this direct approach often results in a loss of diversity in the generated images, which
subsequently leads to a degradation in multimodal performance. As shown in Tab[2} our proposed
cycle-consistency sampling outperforms the naive approach on eight out of thirteen benchmarks and
has a higher average score.

Synthetic images as implicit regularization. Synthetic images and their corresponding question-
answer pairs, as discussed in §[3.4] are treated as regularization rather than fully aligned cross-modal
data, differing from (Liu et al.,2024d). An ablation study removing real images from the training
set shows that synthetic data alone yields lower performance (59.5%) compared to using real data
(61.4%). Combining both achieves the best results (62.32%), highlighting the complementary role
of synthetic data as a regularization tool(Tab. [3).

Training Data ‘VQAT MMMU GQA MMVet SQA° MME POPE MMB MMBC®Y VQAv2 LLaVA¥ VizWiz SEED’ Avg.
synthetic images 53.5 364 638 294 684 1405 858 644 56.2 72.1 67.3 432 627 |59.50
real images 58.2 353 620 311 66.8 1511 859 643 583 785 65.4 50.0 664 |61.37
augmented images | 57.4 356 639 296 712 1507 864 67.0 61.2 79.3 66.5 50.0 66.9 |62.32

Table 3: Performance comparison on different training data. Models trained on three types of data are
compared: synthetic images, real images, and augmented images (Synthetic + Real). Results are evaluated
across thirteen benchmarks, with the augmented images approach achieving the highest average performance.
This demonstrates the effectiveness of incorporating synthetic images as a form of regularization.

Average Accuracy vs Consistency Judge
o Sentencenertasjudge 06/ 2 Figure 5: Ablation on different Consis-
620 == baseline (wo synthetic dat) o) tency Judges. The blue curve depicts
T the relationship between average accuracy
and the threshold on semantic distance.
At a threshold of 0.9, the accuracy peaks
at 62.32. The blue and gray dashed line
represents GPT-40-mini as a judge and
baseline trained without synthetic data,
600 respectively.The accuracy for each dataset
Threshold on Semante istance can be found in the Appendixs [E}

)

)
=
0

Accuracy (%

60.5

Choice of consistency judge. Accurately determining whether a new image aligns with the original
QA is critical for assessing the quality of generated data. Correspondingly, various methods are ab-
lated in this section, including large language models—GPT-40-mini (OpenAl, [2024)—and embed-
ding similarity evaluation on SentenceBert (Reimers||2019). For the first method, given the original
question, original answer, and the new answer about the synthetic image, a large language model
evaluates whether the two answers describe the same scene, outputting a “yes” or “no” (detailed
Appendix§ D). In the second method, a threshold is applied to the normalized similarity between
text embeddings of the original and new answer sentences, filtering out QA pairs with low similarity.
As shown in Fig. 5] SentenceBert achieves the highest performance, with an accuracy of 62.32 at
a threshold of 0.9. In comparison, GPT-40-mini achieves an accuracy of 61.8, both outperforming
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Method |[VQAT MMMU GQA MM Vet SQA MME POPE MMB MMBCN VQAv2 LLaVA™ VizWiz SEED!| Avg.
baseline | 58.2 353 62.0 3L1 668 1511 859 643 583 785 654 500 664 |61.37

Self-training
CYCLEAUG 56.6 357 639 304 70.7 1484 855 659 593 792 69.7 50.2 66.8 (62.14

CYCLEAUG| 574 356 639 29.6 71.2 1507 864 67.0 61.2 793 665 50.0 66.9 [62.32

Table 4: Performance comparison between baseline, self-training CYCLEAUG, and CYCLEAUG. This
table demonstrates the performance improvements achieved with CYCLEAUG and self-training CYCLEAUG
across various benchmarks, highlighting the robustness of the proposed methods.

Method VQAT MMMU GQA MM Vet SQA MME POPE MMB MMB®~ VQAv2 LLaVA" VizWiz SEED! | Avg.

MGM-28 532 303 624 284 622 1346 86.1 609 544 783 584  47.6 635 |58.10
w/ cycleaug

MGM-2B 52.5 297 60.5 26.8 64.1 1330 85.8 59.0 48.5 77.4 56.7 474 624 5691
LLaVA-13B
w/ cycleaug
LLaVA-13B 60.0 379 63.0 350 74.1 1503 86.6 68.2  63.5 79.6 71.0 53.6 66.8 64.18
LLaVA-LLaMA3
w/ cycleaug

LLaVA-LLaMA3| 583 37.6 63.5 349 809 1468 86.5 71.3  66.2 79.5 714 500 69.6 |64.85

60.1 38.1 642 352 74.1 1517 87.6 68.9  64.7 79.9 734 495 67.0 |64.55

574 379 647 351 789 1466 85.0 73.7 679 79.7 73.6 51.0 689 |65.08

Table 5: Performance comparison across different architectures. This table demonstrates the scalability
of CYCLEAUG across various model architectures, parameter sizes, and encoder-decoder combinations. The
results highlight that CYCLEAUG provides consistent improvements, with the largest gains observed in LLaVA-
LLaMA3 and LLaVA-13B models.

the baseline model trained without synthetic data. Notably, performance is sensitive to the threshold
value, which is vital for selecting well-aligned image and QA pairs. Without a suitable consis-
tency judge, synthetic images can degrade model performance, even if reconstructed from detailed
captions (Appendix§ [D). This is because small details, such as objects and colors, are not always
faithfully reconstructed, introducing noise into the dataset. A robust consistency judge is essential
to bridge the alignment gap caused by limitations in both the diffusion and caption models.

Self-training performance. While CYCLEAUG outperforms the baseline, it is important to deter-
mine whether this performance gain originates from CYCLEAUG itself or from distilling knowledge
from more advanced MLLMs, such as LLaVA-NEXT. To test this, LLaVA-v1.5-7b is utilized as
both the image captioner and judge, placing CYCLEAUG in a self-training setting. As shown in
Table ??74] the results highlight the robustness and adaptability of CYCLEAUG under self-training.

Scalability to different architectures. In this section, we validate CYCLEAUG’s performance
across three architectures: LLaVA-LLaMA-3, MGM-2B, and LLaVA-13B. This evaluation demon-
strates CYCLEAUG’s scalability under varying parameter counts, visual encoders, and language
models. As shown in Tab. 5] CYCLEAUG consistently improves performance across all architec-
tures, particularly excelling in larger models and diverse setups, highlighting its adaptability.

5 CONCLUSION

In this paper, we have conducted a study on generating synthetic images to enhance the performance
of multimodal LLMs. We introduced a novel cross-modal data augmentation approach leveraging
cycle-consistency sampling, which plays a vital role in generating high-quality and well-aligned
cross-modality data and acts as an implicit regularization mechanism during training. Our extensive
experiments demonstrate that this approach improves model performance across multiple visual
question answering benchmarks, achieving an average performance gain of 1% without relying on
additional real-world data. We hope this work inspires future research on the creation of high-quality
synthetic data for multimodal LLMs.

10



Under review as a conference paper at ICLR 2025

REFERENCES

Josh Achiam, Steven Adler, Sandhini Agarwal, Lama Ahmad, Ilge Akkaya, Florencia Leoni Ale-
man, Diogo Almeida, Janko Altenschmidt, Sam Altman, Shyamal Anadkat, et al. Gpt-4 technical
report. arXiv preprint arXiv:2303.08774, 2023.

Jean-Baptiste Alayrac, Jeff Donahue, Pauline Luc, Antoine Miech, Iain Barr, Yana Hasson, Karel
Lenc, Arthur Mensch, Katherine Millican, Malcolm Reynolds, et al. Flamingo: a visual language
model for few-shot learning. NeurIPS, 2022.

Peter Anderson, Xiaodong He, Chris Buehler, Damien Teney, Mark Johnson, Stephen Gould, and
Lei Zhang. Bottom-up and top-down attention for image captioning and visual question answer-
ing. In CVPR, 2018.

Stanislaw Antol, Aishwarya Agrawal, Jiasen Lu, Margaret Mitchell, Dhruv Batra, C Lawrence Zit-
nick, and Devi Parikh. Vqa: Visual question answering. In ICCV, 2015.

Jinze Bai, Shuai Bai, Shusheng Yang, Shijie Wang, Sinan Tan, Peng Wang, Junyang Lin, Chang
Zhou, and Jingren Zhou. Qwen-vl: A frontier large vision-language model with versatile abilities.
arXiv preprint arXiv:2308.12966, 2023.

Tianyi Bai, Hao Liang, Binwang Wan, Ling Yang, Bozhou Li, Yifan Wang, Bin Cui, Con-
ghui He, Binhang Yuan, and Wentao Zhang. A survey of multimodal large language model
from a data-centric perspective. ArXiv, abs/2405.16640, 2024. URL https://api.
semanticscholar.org/CorpusID:270062943,

Tadas BaltruSaitis, Chaitanya Ahuja, and Louis-Philippe Morency. Multimodal machine learning:
A survey and taxonomy. IEEE TPAMI, 2018.

Hedi Ben-Younes, Remi Cadene, Nicolas Thome, and Matthieu Cord. Block: Bilinear superdiagonal
fusion for visual question answering and visual relationship detection. In AAAI, 2019.

Tom Brown, Benjamin Mann, Nick Ryder, Melanie Subbiah, Jared D Kaplan, Prafulla Dhariwal,
Arvind Neelakantan, Pranav Shyam, Girish Sastry, Amanda Askell, et al. Language models are
few-shot learners. Advances in neural information processing systems, 33:1877-1901, 2020.

Paola Cascante-Bonilla, Hui Wu, Letao Wang, Rogerio S Feris, and Vicente Ordonez. Simvqa:
Exploring simulated environments for visual question answering. In CVPR, 2022.

Feilong Chen, Minglun Han, Haozhi Zhao, Qingyang Zhang, Jing Shi, Shuang Xu, and Bo Xu.
X-1lm: Bootstrapping advanced large language models by treating multi-modalities as foreign
languages. arXiv preprint arXiv:2305.04160, 2023a.

Jun Chen, Han Guo, Kai Yi, Boyang Li, and Mohamed Elhoseiny. Visualgpt: Data-efficient adapta-
tion of pretrained language models for image captioning. In CVPR, 2022.

Lin Chen, Jisong Li, Xiaoyi Dong, Pan Zhang, Conghui He, Jiaqi Wang, Feng Zhao, and Dahua
Lin. Sharegpt4v: Improving large multi-modal models with better captions. arXiv preprint
arXiv:2311.12793, 2023b.

Yen-Chun Chen, Linjie Li, Licheng Yu, Ahmed El Kholy, Faisal Ahmed, Zhe Gan, Yu Cheng, and
Jingjing Liu. Uniter: Universal image-text representation learning. In ECCV, 2020.

Wei-Lin Chiang, Zhuohan Li, Zi Lin, Ying Sheng, Zhanghao Wu, Hao Zhang, Lianmin Zheng,
Siyuan Zhuang, Yonghao Zhuang, Joseph E Gonzalez, et al. Vicuna: An open-source chatbot
impressing gpt-4 with 90%* chatgpt quality. See https://vicuna. Imsys. org (accessed 14 April
2023), 2023.

Wenliang Dai, Junnan Li, Dongxu Li, Anthony Meng Huat Tiong, Junqi Zhao, Weisheng Wang,
Boyang Li, Pascale N Fung, and Steven Hoi. Instructblip: Towards general-purpose vision-
language models with instruction tuning. NeurIPS, 2024.

Alexey Dosovitskiy, Lucas Beyer, Alexander Kolesnikov, Dirk Weissenborn, Xiaohua Zhai, Thomas
Unterthiner, Mostafa Dehghani, Matthias Minderer, Georg Heigold, Sylvain Gelly, et al. An
image is worth 16x16 words: Transformers for image recognition at scale. ICLR, 2021.

11


https://api.semanticscholar.org/CorpusID:270062943
https://api.semanticscholar.org/CorpusID:270062943

Under review as a conference paper at ICLR 2025

Abhimanyu Dubey, Abhinav Jauhri, Abhinav Pandey, Abhishek Kadian, Ahmad Al-Dahle, Aiesha
Letman, Akhil Mathur, Alan Schelten, Amy Yang, Angela Fan, et al. The llama 3 herd of models.
arXiv preprint arXiv:2407.21783, 2024.

Chaoyou Fu, Peixian Chen, Yunhang Shen, Yulei Qin, Mengdan Zhang, Xu Lin, Zhenyu Qiu, Wei
Lin, Jinrui Yang, Xiawu Zheng, et al. Mme: A comprehensive evaluation benchmark for multi-
modal large language models. arXiv preprint arXiv:2306.13394, 2023.

Akira Fukui, Dong Huk Park, Daylen Yang, Anna Rohrbach, Trevor Darrell, and Marcus Rohrbach.
Multimodal compact bilinear pooling for visual question answering and visual grounding. arXiv
preprint arXiv:1606.01847, 2016.

Samir Yitzhak Gadre, Gabriel Ilharco, Alex Fang, Jonathan Hayase, Georgios Smyrnis, Thao
Nguyen, Ryan Marten, Mitchell Wortsman, Dhruba Ghosh, Jieyu Zhang, et al. Datacomp: In
search of the next generation of multimodal datasets. Advances in Neural Information Processing
Systems, 36, 2024.

Dedre Gentner and Francisco Maravilla. Analogical reasoning. International handbook of thinking
and reasoning, pp. 186-203, 2017.

Tao Gong, Chengqi Lyu, Shilong Zhang, Yudong Wang, Miao Zheng, Qian Zhao, Kuikun Liu,
Wenwei Zhang, Ping Luo, and Kai Chen. Multimodal-gpt: A vision and language model for
dialogue with humans. arXiv preprint arXiv:2305.04790, 2023.

Ian J Goodfellow, Jonathon Shlens, and Christian Szegedy. Explaining and harnessing adversarial
examples. arXiv preprint arXiv:1412.6572, 2014.

Yash Goyal, Tejas Khot, Douglas Summers-Stay, Dhruv Batra, and Devi Parikh. Making the v in
vqa matter: Elevating the role of image understanding in visual question answering. In CVPR,
2017.

Jiaxian Guo, Junnan Li, Dongxu Li, Anthony Meng Huat Tiong, Boyang Li, Dacheng Tao, and
Steven Hoi. From images to textual prompts: Zero-shot visual question answering with frozen
large language models. In CVPR, 2023.

Vipul Gupta, Zhuowan Li, Adam Kortylewski, Chenyu Zhang, Yingwei Li, and Alan Yuille. Swap-
mix: Diagnosing and regularizing the over-reliance on visual context in visual question answer-
ing. In CVPR, 2022.

Ronghang Hu, Jacob Andreas, Marcus Rohrbach, Trevor Darrell, and Kate Saenko. Learning to
reason: End-to-end module networks for visual question answering. In ICCV, 2017.

Ronghang Hu, Jacob Andreas, Trevor Darrell, and Kate Saenko. Explainable neural computation
via stack neural module networks. In ECCV, 2018.

Drew A Hudson and Christopher D Manning. Gqa: A new dataset for real-world visual reasoning
and compositional question answering. In CVPR, 2019.

Chao Jia, Yinfei Yang, Ye Xia, Yi-Ting Chen, Zarana Parekh, Hieu Pham, Quoc Le, Yun-Hsuan
Sung, Zhen Li, and Tom Duerig. Scaling up visual and vision-language representation learning
with noisy text supervision. In ICML, 2021.

Huaizu Jiang, Ishan Misra, Marcus Rohrbach, Erik Learned-Miller, and Xinlei Chen. In defense of
grid features for visual question answering. In CVPR, 2020.

Andrej Karpathy and Li Fei-Fei. Deep visual-semantic alignments for generating image descrip-
tions. In CVPR, 2015.

Ranjay Krishna, Yuke Zhu, Oliver Groth, Justin Johnson, Kenji Hata, Joshua Kravitz, Stephanie
Chen, Yannis Kalantidis, Li-Jia Li, David A Shamma, et al. Visual genome: Connecting language
and vision using crowdsourced dense image annotations. IJCV, 2017.

Gouthaman Kv and Anurag Mittal. Reducing language biases in visual question answering with
visually-grounded question encoder. In ECCV, 2020.

12



Under review as a conference paper at ICLR 2025

Gen Li, Nan Duan, Yuejian Fang, Ming Gong, and Daxin Jiang. Unicoder-vl: A universal encoder
for vision and language by cross-modal pre-training. In AAAI, 2020.

Haoran Li, Qingxiu Dong, Zhengyang Tang, Chaojun Wang, Xingxing Zhang, Haoyang Huang,
Shaohan Huang, Xiaolong Huang, Zeqiang Huang, Dongdong Zhang, et al. Synthetic data
(almost) from scratch: Generalized instruction tuning for language models. arXiv preprint
arXiv:2402.13064, 2024.

Junnan Li, Ramprasaath Selvaraju, Akhilesh Gotmare, Shafiq Joty, Caiming Xiong, and Steven
Chu Hong Hoi. Align before fuse: Vision and language representation learning with momentum
distillation. NeurIPS, 2021.

Junnan Li, Dongxu Li, Silvio Savarese, and Steven Hoi. Blip-2: Bootstrapping language-image
pre-training with frozen image encoders and large language models. In ICML, 2023.

Liunian Harold Li, Mark Yatskar, Da Yin, Cho-Jui Hsieh, and Kai-Wei Chang. Visualbert: A simple
and performant baseline for vision and language. arXiv preprint arXiv:1908.03557, 2019.

Haotian Liu, Chunyuan Li, Yuheng Li, and Yong Jae Lee. Improved baselines with visual instruction
tuning. In CVPR, 2024a.

Haotian Liu, Chunyuan Li, Yuheng Li, Bo Li, Yuanhan Zhang, Sheng Shen, and Yong Jae Lee.
Llava-next: Improved reasoning, ocr, and world knowledge, 2024b.

Haotian Liu, Chunyuan Li, Qingyang Wu, and Yong Jae Lee. Visual instruction tuning. NeurIPS,
36, 2024c.

Yuan Liu, Haodong Duan, Yuanhan Zhang, Bo Li, Songyang Zhang, Wangbo Zhao, Yike Yuan,
Jiaqi Wang, Conghui He, Ziwei Liu, et al. Mmbench: Is your multi-modal model an all-around
player? arXiv preprint arXiv:2307.06281, 2023.

Zheng Liu, Hao Liang, Wentao Xiong, Qinhan Yu, Conghui He, Bin Cui, and Wentao Zhang. Syn-
thvim: High-efficiency and high-quality synthetic data for vision language models. arXiv preprint
arXiv:2407.20756, 2024d.

LMMS Lab. LLaMA3-LLaVA-Next-8B model card. https://huggingface.co/
Imms—lab/llama3—-1lava—-next—38b) 2024. Accessed: 08/21/2024.

Renze Lou, Kai Zhang, Jian Xie, Yuxuan Sun, Janice Ahn, Hanzi Xu, Yu Su, and Wenpeng Yin.
Muffin: Curating multi-faceted instructions for improving instruction following. In ICLR, 2023.

Pan Lu, Swaroop Mishra, Tanglin Xia, Liang Qiu, Kai-Wei Chang, Song-Chun Zhu, Oyvind Tafjord,
Peter Clark, and Ashwin Kalyan. Learn to explain: Multimodal reasoning via thought chains for
science question answering. NeurIPS, 2022.

Gen Luo, Yiyi Zhou, Tianhe Ren, Shengxin Chen, Xiaoshuai Sun, and Rongrong Ji. Cheap and
quick: Efficient vision-language instruction tuning for large language models. NeurIPS, 2024.

Waufei Ma, Kai Li, Zhongshi Jiang, Moustafa Meshry, Qihao Liu, Huiyu Wang, Christian Héne, and
Alan Yuille. Rethinking video-text understanding: Retrieval from counterfactually augmented
data. arXiv preprint arXiv:2407.13094, 2024.

Anand Mishra, Shashank Shekhar, Ajeet Kumar Singh, and Anirban Chakraborty. Ocr-vqa: Visual
question answering by reading text in images. In ICDAR, 2019.

Ron Mokady, Amir Hertz, and Amit H Bermano. Clipcap: Clip prefix for image captioning. arXiv
preprint arXiv:2111.09734, 2021.

OpenAl. Gpt-4 technical report, 2023.

OpenAl. Gpt-4o mini: advancing cost-efficient intelligence, 2024.

Long Ouyang, Jeffrey Wu, Xu Jiang, Diogo Almeida, Carroll Wainwright, Pamela Mishkin, Chong
Zhang, Sandhini Agarwal, Katarina Slama, Alex Ray, et al. Training language models to follow
instructions with human feedback. NeurIPS, 2022.

13


https://huggingface.co/lmms-lab/llama3-llava-next-8b
https://huggingface.co/lmms-lab/llama3-llava-next-8b

Under review as a conference paper at ICLR 2025

Amandalynne Paullada, Inioluwa Deborah Raji, Emily M Bender, Emily Denton, and Alex Hanna.
Data and its (dis) contents: A survey of dataset development and use in machine learning research.
Patterns, 2021.

Alec Radford, Jong Wook Kim, Chris Hallacy, Aditya Ramesh, Gabriel Goh, Sandhini Agarwal,
Girish Sastry, Amanda Askell, Pamela Mishkin, Jack Clark, et al. Learning transferable visual
models from natural language supervision. In ICML, 2021.

Colin Raffel, Noam Shazeer, Adam Roberts, Katherine Lee, Sharan Narang, Michael Matena, Yanqi
Zhou, Wei Li, and Peter J Liu. Exploring the limits of transfer learning with a unified text-to-text
transformer. JMLR, 2020.

N Reimers. Sentence-bert: Sentence embeddings using siamese bert-networks. arXiv preprint
arXiv:1908.10084, 2019.

Mengye Ren, Ryan Kiros, and Richard Zemel. Exploring models and data for image question
answering. NeurIPS, 2015.

Amanpreet Singh, Vivek Natarajan, Meet Shah, Yu Jiang, Xinlei Chen, Dhruv Batra, Devi Parikh,
and Marcus Rohrbach. Towards vqa models that can read. In CVPR, 2019.

stabilityai. LLaMA3-LLaVA-Next-8B model card. https://huggingface.co/
stabilityai/stable-diffusion—-3-medium—-diffusers, 2024. Accessed:
08/21/2024.

Yixuan Su, Tian Lan, Huayang Li, Jialu Xu, Yan Wang, and Deng Cai. Pandagpt: One model to
instruction-follow them all. arXiv preprint arXiv:2305.16355, 2023.

Quan Sun, Yuxin Fang, Ledell Wu, Xinlong Wang, and Yue Cao. Eva-clip: Improved training
techniques for clip at scale. arXiv preprint arXiv:2303.15389, 2023.

Shengbang Tong, Ellis Brown, Penghao Wu, Sanghyun Woo, Manoj Middepogu, Sai Charitha
Akula, Jihan Yang, Shusheng Yang, Adithya Iyer, Xichen Pan, et al. Cambrian-1: A fully open,
vision-centric exploration of multimodal llms. arXiv preprint arXiv:2406.16860, 2024.

Hugo Touvron, Thibaut Lavril, Gautier Izacard, Xavier Martinet, Marie-Anne Lachaux, Timothée
Lacroix, Baptiste Roziere, Naman Goyal, Eric Hambro, Faisal Azhar, et al. Llama: Open and
efficient foundation language models. arXiv preprint arXiv:2302.13971, 2023.

Maria Tsimpoukelli, Jacob L Menick, Serkan Cabi, SM Eslami, Oriol Vinyals, and Felix Hill. Mul-
timodal few-shot learning with frozen language models. NeurIPS, 2021.

Teng Wang, Jinrui Zhang, Junjie Fei, Hao Zheng, Yunlong Tang, Zhe Li, Mingqi Gao, and Shanshan
Zhao. Caption anything: Interactive image description with diverse multimodal controls. arXiv
preprint arXiv:2305.02677, 2023a.

Tianlu Wang, Ilia Kulikov, Olga Golovneva, Ping Yu, Weizhe Yuan, Jane Dwivedi-Yu,
Richard Yuanzhe Pang, Maryam Fazel-Zarandi, Jason Weston, and Xian Li. Self-taught eval-
uators. arXiv preprint arXiv:2408.02666, 2024a.

Weihan Wang, Qingsong Lv, Wenmeng Yu, Wenyi Hong, Ji Qi, Yan Wang, Junhui Ji, Zhuoyi Yang,
Lei Zhao, Xixuan Song, et al. Cogvlm: Visual expert for pretrained language models. arXiv
preprint arXiv:2311.03079, 2023b.

Wenhai Wang, Zhe Chen, Xiaokang Chen, Jiannan Wu, Xizhou Zhu, Gang Zeng, Ping Luo, Tong
Lu, Jie Zhou, Yu Qiao, et al. Visionllm: Large language model is also an open-ended decoder for
vision-centric tasks. NeurIPS, 2024b.

Chen Wei, Chenxi Liu, Siyuan Qiao, Zhishuai Zhang, Alan Yuille, and Jiahui Yu. De-diffusion
makes text a strong cross-modal interface. In CVPR, 2024.

Jiajun Wu, Joshua B Tenenbaum, and Pushmeet Kohli. Neural scene de-rendering. In CVPR, 2017.

Zhiyang Xu, Ying Shen, and Lifu Huang. Multiinstruct: Improving multi-modal zero-shot learning
via instruction tuning. arXiv preprint arXiv:2212.10773, 2022.

14


https://huggingface.co/stabilityai/stable-diffusion-3-medium-diffusers
https://huggingface.co/stabilityai/stable-diffusion-3-medium-diffusers

Under review as a conference paper at ICLR 2025

Shukang Yin, Chaoyou Fu, Sirui Zhao, Ke Li, Xing Sun, Tong Xu, and Enhong Chen. A survey on
multimodal large language models. arXiv preprint arXiv:2306.13549, 2023.

Zhenfei Yin, Jiong Wang, Jianjian Cao, Zhelun Shi, Dingning Liu, Mukai Li, Xiaoshui Huang,
Zhiyong Wang, Lu Sheng, Lei Bai, et al. Lamm: Language-assisted multi-modal instruction-
tuning dataset, framework, and benchmark. NeurIPS, 2024.

Weihao Yu, Zhengyuan Yang, Linjie Li, Jianfeng Wang, Kevin Lin, Zicheng Liu, Xinchao Wang,
and Lijuan Wang. Mm-vet: Evaluating large multimodal models for integrated capabilities. arXiv
preprint arXiv:2308.02490, 2023.

Zhou Yu, Jun Yu, Yuhao Cui, Dacheng Tao, and Qi Tian. Deep modular co-attention networks for
visual question answering. In CVPR, 2019.

Xiaohua Zhai, Basil Mustafa, Alexander Kolesnikov, and Lucas Beyer. Sigmoid loss for language
image pre-training. In ICCV, 2023.

Renrui Zhang, Jiaming Han, Chris Liu, Peng Gao, Aojun Zhou, Xiangfei Hu, Shilin Yan, Pan Lu,
Hongsheng Li, and Yu Qiao. Llama-adapter: Efficient fine-tuning of language models with zero-
init attention. arXiv preprint arXiv:2303.16199, 2023a.

Shengyu Zhang, Linfeng Dong, Xiaoya Li, Sen Zhang, Xiaofei Sun, Shuhe Wang, Jiwei Li, Runyi
Hu, Tianwei Zhang, Fei Wu, et al. Instruction tuning for large language models: A survey. arXiv
preprint arXiv:2308.10792, 2023b.

Deyao Zhu, Jun Chen, Kilichbek Haydarov, Xiaogian Shen, Wenxuan Zhang, and Mohamed Elho-
seiny. Chatgpt asks, blip-2 answers: Automatic questioning towards enriched visual descriptions.
arXiv preprint arXiv:2303.06594, 2023a.

Deyao Zhu, Jun Chen, Xiaoqgian Shen, Xiang Li, and Mohamed Elhoseiny. Minigpt-4: En-
hancing vision-language understanding with advanced large language models. arXiv preprint
arXiv:2304.10592, 2023b.

Deyao Zhu, Jun Chen, Xiaoqian Shen, Xiang Li, and Mohamed Elhoseiny. Minigpt-4: Enhancing
vision-language understanding with advanced large language models. In ICLR, 2024.

15



Under review as a conference paper at ICLR 2025

A FLOPS AND TIME-COST

In this section, we measure the FLOPs and time cost of CYCLEAUG to evaluate its computational
efficiency. As shown in Table [f] the image generation step (Stable Diffusion 3) accounts for the
highest computational cost, requiring 133.9 GPU-hours due to its high FLOPs (87.9T) and latency
(4.1s/sample). Image captioning and VQA (LLaVA-Llama-3) strike a balance, processing 273,144
samples in 91.0 GPU-hours, with moderate FLOPs (8.3T) and latency (1.2s/sample). The con-
sistency judgment step (Sbert-Model) is the most efficient, contributing only 3.7 GPU-hours.This
analysis highlights that image generation is the main bottleneck, while captioning and consistency
judgment remain computationally efficient. Optimizing the generation step could significantly re-
duce overall cost, improving scalability for larger datasets.

Model FLOPS Latency #Images  Overall Time
(T) (s/sample) /# QA (h * GPU)
SD for image generation 87.9 4.1 117,576 133.9
LLaVA-llama-3 for image captioning & VQA 8.3 1.2 273,144 91.0
Sbert-Model for consistency judge 0.2 0.0 273,144 3.7

Table 6: Performance of different models for data generation, captioning, and consistency judgment.
The table shows the FLOPS, latency, number of processed images and QA pairs, total time in seconds, and
GPU-hours for each model.

B OTHER AUGMENTATIONS

Addition to direct sampling and CYCLEAUG, we introduce a third approach, referred to as ’com-
posed transformation,” where generated images are further augmented using a combination of ran-
dom crop and resize, rotation, flip, and color jitter. This method enhances image diversity in ap-
pearance. However, such augmentation is likely to harm the alignment between image and QA like
changing the spatial relationship after image rotating. Therefore, it don’t have remarkably positive
improvment on VQA task(Tab. |Z[)

C PROOF OF LEMMAS

Lemma 1. We start from formulating our proposal distribution for cycle-consistency sampling. We
choose ¢ from existing questions and retrieve the corresponding images ¢, which could be more than
one, for each ¢, effectively sampling from p(I|q). We then use existing MLLM:s to generate captions
¢ ~ p(C) for the original images ¢ with prompt z, which we interpret as sampling from p(C|I, ).
Since the prompt x is consistently set to “Describe the image in detail for reconstruction,” we sim-
plify the notation p(C|I,z) to p(C|I) in the subsequent discussion. After that, we use diffusion
models with textual inputs C to generate synthetic images I’, sampling from p(I’|C). We then state
two initial assumptions, which are the captioning process is independent of the selected question ¢
with image I as in Eq[§|and the image generation process depends only on C, being independent of
I and ¢ as in Eq[9]

p(Cl1,q) = p(C|I) (8)
p(I'|C,1,q) = p(I'|C) ©)

Given these assumptions, our proposal distribution for image sampling can be written as Eq[T0}
w0 = [ [picyseins aac = [ krnpgar, o

where K (I'|I) is the transformation kernel defined as:
K1) = [ rieypcinac. (an

We assume that the caption C' retains most of the information about I and the generation process
p(I'|C) reproduces that information accurately in I’. In other words, we define C' as a sufficient
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Method  [VQAT MMMU GQA MM Vet SQA MME POPE MMB MMB®" VQAv2 LLaVA" VizWiz SEED!| Avg.

Composed
Transformation

Direct sampling| 57.0 354 64.3 31.0 69.5 1496 874 639 56.2 790 664 440 63.0 61.01
CYCLEAUG | 574 35,6 639 29.6 712 1507 864 67.0 61.2 793 665 50.0 66.9 (62.32

57.0 343 629 288 70.8 1501 85.6 66.0  60.2 79.1 645 485 66.1 |61.44

Table 7: Performance comparison of image generation strategies. This table compares the performance
of three image generation approaches, composed transformation, direct sampling and CYCLEAUG , across
thirteen benchmarks. The gain shows that the quality of VQA data is crucial for training MLLMs.

statistic of I for I’ when conditioned on q. As a result, K (I'|I) is sharply peaked around I’ = I,
which implies that for each original image I, the synthetic image I’ generated through the captions
is very close to I, leading to:

K(I'|I) ~ (' — 1) (12)
To prove p(I'|q) = p(I|q), without loss of generality, Vio € I’, where i¢ is an arbitrary synthetic
image, we have by plugging eq.[T2]back eq.

oI = iolq) ~ / 5(io — 1) plIlq) dI (13)

= p(I ="olq) (14
Therefore, Viyp € I’ we have p(I' = ig|q) =~ p(I = ig|q) and then p(I'|q) ~ p(I|q).

Our proposal distribution for sampling p(I’|q) can be approximated to p(I|q). We then define the
image pair (4,7") ~ p(I]q) to be cycle-consistent with respect to the question-answer pair (g, a) if
and only if

a=d := fu(,q), (15)
where fy(-) is a pretrained MLLM.

Subsequently, we illustrate the equivalence of our proposed cycle-consistency sampling and sam-
pling from the conditional distribution p(I|Q, A). We start by expressing our target posterior distri-
bution using Bayes’ Theorem in Eq

_ plall,q)p(I|q)
P = )

As we are able to evaluate drawn samples ¢’ in the semantic space; in other words, we can derive a
for any ¢ and corresponding ¢, as a = fy (4, ¢), we can then rewrite the likelihood as in Eq in
which §(-) refers to the Dirac Delta function.

(16)

plall =1i,q) =d(a — fy(i,q)) (17)
Then, we formulate the evidence p(a|q) in Eq[18]
pala) = [ pall =i.aptt = la)di = [ 8(a - fu.aDplilaydi = [ plilq) di
{ilfy (4,9)=a}

(18)

Therefore, we can rewrite the posterior distribution into Eq

. a|i,q)pli 8(a— fu(i,q))p(i

pI=i|qga)= plali @plilg) _ d(a— fu(i,q)p(ilq) (19)

Plala) Jus,g=a Plila) di
Lemma 2. We then demonstrate that synthetic images from the proposed conditional distribution
effectively act as an implicit regularization for training MLLMs.

During instruction tuning, multimodal large language models (MLLMs) learn to identify relevant
visual elements in images that correspond to the provided questions, which represents the mutual
information between visual and textual modalities. Given pairs (i,q,a) sampled from the joint
distribution p(I, @, A), the training objective can be expressed as:

L =E(iq,0)~p(1,Q,4) [((fo(i,q), a)] (20)
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, in which £(-) is a general form of loss objectives used to reduce the distance between fy(i, q) and
a during optimization.

We propose to use synthetic images sampled from the conditional distribution p(I]Q, A) with cy-
cle consistency to augment the training sets, effectively adding an implicit regularization for the
objective. After adding samples from the conditional distribution, our training objective alters to:

L' = E(g0)~p(@.4) [Eirmp(t]g,a) L(fo (i ), a)]] 1)

We can rewrite Eq21] into the original objective and extra terms by adding and subtracting
E(i.g.0)~p(1,Q.4) [((fo(2,9), a)]:

L= EGi a1, [(folia), a)]
+ (E(Q»a)NP(QA) [Ei'NP(IIq,a) [e(fo(i', ), a)]] —E(i,q,a)~p(1,0,4) [((fo (i, q), a)])

After further simplication, I’ can be rewritten as:

‘C/ =L + E(q,a)wp(Q,A) [Ei//\/p(ﬂq,a) [£<f9 (ilv q)a a)] - Eiwp(ﬂq,a) [g(fG (Za q)7 a)” (22)

We then define a semantic distance d between f (7', ¢) and f (i, ¢), which is anchored by the ground-
truth answer a, as follows:

d(ivi/‘qaa) = |€(f0(il7Q)7a’> - g(f@(iaq)’a” (23)

By definition, the regularization term R is rewritten as in Eq[24] which leads to the con-
sistency regularization.  Here, we assume that E;p1iq,q) [((fo(i',q),a)] is greater than
E;ip(1]q,a) [((fo(i,q),a)], as synthetic images {i'} are considered to be noisier than real images
{i} for (¢, a).

R =E(q0~p@.4) [Biirmptila.a) (400 7]q; )] (24)

Therefore, incorporating synthetic images generated from the conditional distribution p(I|Q, A)
effectively introduce an implicit consistency regularization, which encourages MLLMs to generate
consistent answers for the image pairs.

D QUALITATIVE EXAMPLES

In this section, we provide more examples about qualitative comparison between CYCLEAUG and
Direct Sampling. As shown in Fig. [6] we present a visual comparison between images generated
using cycle-consistency sampling and direct sampling, with reference to a set of anchor images. The
top row shows the anchor images, which serve as the initial inputs for comparison. The middle
row displays the results from cycle-consistency sampling, which closely align with the content and
context of the anchor images, demonstrating semantic consistency and relevance. In contrast, the
bottom row shows images generated through direct sampling, which exhibit more randomness and
less adherence to the original content of the anchor images. This comparison visually highlights the
effectiveness of cycle-consistency sampling in maintaining the integrity of the generated images in
relation to the reference anchor images.

We also provide the prompts we use for image generation and consistency judge(Fig. [7).
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Anchor Image

Figure 6: Comparison of image generation methods. The top row shows the anchor images used
as the base reference. The middle row presents the images generated through CYCLEAUG, which
maintains semantic alignment with the anchor images. The bottom row shows the results of direct
sampling, which lacks the same level of consistency and often diverges from the content of the
anchor images. CYCLEAUG demonstrates improved relevance and coherence in generating images

that reflect the context of the original anchors.

rPrompT for Image Captioning:

1. Describe the image in details for image reconstruction.

2. Provide a concise and precise description of the image so that others can recreate it from the description.
3. Use brief and accurate language to fully describe the image, allowing people to recreate it based on the
description.

4. Give a short and accurate description of the image, enabling others to recreate the image from it.

5. Describe the image succinctly and clearly, allowing people to reconstruct it using the description.

Prompt for Consistency judge with GPT-40-mini as judge:
You are an assistant with strong logical abilities. You will be provided with a question and a pair of answers.

Your task is fo determine whether the two answers are consistent or if they describe the same image with
respect to the provided question

Figure 7: Prompts for image generation and consistency judge
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In the background, a yellow building with a green roof adds a
splash of color to the scene. The building's vibrant hues
contrast with the more muted tones of the surrounding
structures, drawing attention to itself. The street itself is
lined with power lines, a common sight in many urban areas.
They crisscross above the street, creating a network that is
both functional and visually interesting. The sky above is a
clear blue, suggesting a bright and sunny day. The absence of
clouds indicates good weather, which is often associated with
increased activity on the streets. Overall, the image paints a
picture of a bustling city street in Bogota, with its mix of
commercial signs, colorful buildings, and clear blue sky. 1)

Figure 8: Prompts for top row in Fig.

In the tranquil setting of a zoo enclosure, two polar bears are
captured in a moment of rest. The bear on the left, with its back to
us, is lying on a rock formation, its body relaxed and at ease. Its fur,
a mix of white and light brown, blends harmoniously with the natural
surroundings. On the right, another bear is seen lying on a bed of
green leaves. Its head is gently resting on the leaves, suggesting a
sense of comfort and contentment. The leaves, a vibrant green,
provide a stark contrast to the bear's white and brown fur.The
enclosure itself is designed to mimic the bears' natural habitat. A
large glass window forms the backdrop, allowing visitors to observe
the bears from a safe distance. The window reflects the lush
greenery outside, further enhancing the natural ambiance of the
enclosure.The image is a beautiful snapshot of life in the zoo,
capturing the serene moments of these majestic creatures in their
man-made habitat.

Figure 9: Prompts for bottom row in Fig.

E ADDITIONAL EXPERIMENTAL RESULTS

In this section, we provides the quantitive result of the impact of consistency judge(see § [#.3)

We provide the caption used for generating image shown in Fig. 2] through CYCLEAUG.

Consistency Judge VQA” MMMU GQA MMVet SQA' MME POPE MMB MMBCY VQAv2 LLaVA" VizWiz SEED! Avg.
wlo synthetic data 582 353 620 311 668 1510.7 859 643 583 785 654 500 664 6137

0.1 58.3 347 630 294 709 1514 859 66.3 57.6 59.9 64.2 490 664 60.10
0.3 57.5 347 632 313 71.0 1458 864 65.6 573 59.9 65.2 499  66.0 60.07
0.5 58.3 346 632 30.1 69.0 1495 86.2 653 58.3 72.9 64.2 50.1 64.0 60.83
0.7 58.1 347 632 29.6 70.7 1482 86.6 66.0 59.8 76.3 66.2 505 662 61.68
0.85 57.6 36.6 630 291 719 1521 86.6 66.2 61.2 79.3 63.3 502 65.8 62.07
0.9 57.4 356 639 296 712 1507 864 67.0 61.2 79.3 66.5 50.0  66.9 62.32
0.95 58.0 337 635 303 706 1507 86.5 659 58.5 79.3 67.6 49.8 658 6191

GPT-40-mini 58.2 352 627 31.0 704 1511 856 664 58.8 79.3 65.4 50.01 663 619

Table 8: Performance comparison on different Consistency Judges. This table compares the performance
of models trained on different consistency judge including threshold on different semantic distance as well as
GPT-40-mini-based judgement.
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