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Abstract

Multimodal large language models (MLLMs) achieve remarkable perfor-
mance on fine-grained, pixel-level understanding tasks. However, state-
of-the-art methods for pixel-grounded understanding rely heavily on ad-
ditional components, such as a vision encoder (e.g., CLIP), segmentation
experts, a mask tokenizer, and a detokenizer. This dependence increases
system complexity and limits model scaling. In this work, we investi-
gate whether a highly simplified MLLM can achieve state-of-the-art per-
formance on pixel-grounded tasks without external vision encoders or
segmentation experts at inference time. Our work is motivated by re-
cent Single trAnsformer as a unified vIsion-Language Model (SAIL) de-
signs, which jointly learn vision and text tokens within a transformer. We
find that a single-transformer architecture can align visual and language
signals while retaining the fine-grained features required for pixel-level
understanding. Based on this finding, we present Pixel-SAIL, a single-
transformer model for pixel-grounded MLLM tasks. Pixel-SAIL com-
bines visual prompt injection, a learnable upsampling module, and vision-
expert distillation to enhance pixel-level perception and visual prompt un-
derstanding. In addition, we construct a comprehensive pixel-grounded
understanding benchmark (PerBench) with manual verification. It in-
cludes three tasks: detailed object description, visual prompt-based ques-
tion answering, and visual-text referring segmentation. Extensive experi-
ments on referring segmentation, visual prompt understanding, and Per-
Bench show that Pixel-SAIL matches or outperforms more complex archi-
tectures. The code will be released.

1 Introduction

Multimodal large language models (MLLMs) have garnered significant research attention,
driven by advances in large language models (LLMs) (Touvron et al., 2023; Hugo Touvron
et al., 2023; Yang et al., 2024a). While most studies focus on open-ended visual question-
answering tasks, there is growing interest (Rasheed et al., 2024; Zhang et al., 2024b) in
fine-grained, pixel-level understanding. Such capabilities support applications including
region-level editing and generation, as well as detailed understanding of designated image
regions.

Recent pixel-grounded MLLMs (Lai et al., 2024; Ren et al., 2024; Xia et al., 2024; Zhang
et al., 2024d; Rasheed et al., 2024; Zhang et al., 2024b; Yuan et al., 2025a; Yan et al., 2024)
mainly adopt vision-language fusion frameworks, following design patterns (Liu et al.,
2023c; Ding et al., 2021; Yang et al., 2022b) established before the LLM era. For example,
LAVT (Yang et al., 2022b) adopts an encoder-fusion approach that injects language embed-
dings generated by BERT (Devlin et al., 2019) into a vision transformer. With the advent of
LLMs (Hugo Touvron et al., 2023; Yang et al., 2024a;b), recent works (Lai et al., 2024; Ren
et al., 2024; Zhang et al., 2024b; Yuan et al., 2025a) integrate state-of-the-art segmentation
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Figure 1: Comparison between current methods for pixel-grounded understanding and our
method. (a) Pixel-grounded models without LLMs cannot process complex text instructions or sup-
port flexible dialogue. (b) Current pixel-grounded MLLMs use complex architectures that may in-
clude an LLM, a CLIP-like vision backbone, an object-token extraction model, a segmentation back-
bone or mask tokenizer, and a SAM-like decoder or mask detokenizer. (c) Pixel-SAIL uses a single
transformer without an external vision encoder or segmentation expert at inference time.

models (Kirillov et al., 2023; Ravi et al., 2024; Li et al., 2024d; Shu et al., 2025) for pixel-
level understanding, either by attaching them to LLM outputs or by embedding an LLM
within a segmentation pipeline. While effective, the overall architectures are complex, re-
quiring specialized components such as vision-language fusion modules and additional
decoders. Moreover, their final performance often depends heavily on either MLLMs or
segmentation models, which may lead to suboptimal results due to limitations within in-
dividual submodules. Although some works (Lan et al., 2025; Wang et al., 2023b; Praman-
ick et al., 2024) model segmentation differently, for example by outputting contour coor-
dinates (Wang et al., 2023b; Pramanick et al., 2024; Xie et al., 2020; Zhang et al., 2022) or
RLE-like textual representations (Lan et al., 2025), a substantial performance gap remains
relative to state-of-the-art methods (Yuan et al., 2025a; Wei et al., 2024b).

In this work, we explore a simple pixel-grounded MLLM design inspired by recent ad-
vances in SAIL architectures (Diao et al., 2025b; Lei et al., 2025; Diao et al., 2024; Luo et al.,
2025), also known as encoder-free MLLMs. These methods remove the external vision en-
coder and jointly train vision and language tokens on large-scale datasets, resulting in a
simpler design. Moreover, they show competitive performance on image-level VQA tasks
compared with LLaVA (Liu et al., 2023b; 2024a). Motivated by this success, we extend the
framework to pixel-level understanding tasks, aiming to reduce the complexity of existing
approaches. To the best of our knowledge, this is the first study to investigate a minimal
encoder-free architecture for pixel-grounded MLLM tasks, including referring segmenta-
tion and visual prompt understanding.

We first build Pixel-SAIL on the SAIL architecture and generate segmentation masks by
multiplying the final-layer vision-token representations by the predicted segmentation-
token representation. This baseline learns strong text-driven segmentation while retain-
ing the conversational capabilities of the base SAIL model and improving performance on
some vision-centric QA tasks, although its segmentation boundaries remain imprecise. We
therefore introduce a learnable upsampling module and a vision-expert distillation loss to
improve segmentation quality.

For visual prompt understanding, we design a visual prompt injection method that rep-
resents visual prompts with special token embeddings without introducing an additional
visual prompt encoder. Adding visual prompt embeddings to vision tokens enables early
fusion and eliminates the need for a separate visual prompt fusion module.

To evaluate Pixel-SAIL and support research on pixel-grounded MLLMs, we introduce
a challenging benchmark, PerBench. Compared with previous pixel-grounded MLLM
benchmarks, PerBench has three distinctive features. First, it includes detailed object cap-
tions, whereas most existing benchmarks contain only short, coarse-grained captions. Sec-
ond, it evaluates visual-prompt understanding through multiple-choice VQA, following
MME (Fu et al., 2023) and MMBench (Liu et al., 2024b), to provide a more objective evalu-
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Figure 2: Architecture of Pixel-SAIL. The examples on the right illustrate its capabilities
in general conversation and pixel-grounded understanding.

ation than free-form region captioning. Third, it introduces a task that requires segmenting
objects jointly referenced by visual prompts and text. Our benchmark reveals limitations of
current state-of-the-art pixel-grounded MLLMs on fine-grained understanding and multi-
modal referring tasks.

Pixel-SAIL is jointly trained on a mixture of referring segmentation, VQA, and visual
prompt datasets. Experimental results show that our method performs strongly on four
public referring segmentation benchmarks and PerBench. In particular, on the RefCOCO+
and RefCOCOg validation splits, Pixel-SAIL 3B reaches 75.7 and 78.7 cIoU, outperforming
Sa2VA 4B by 1.4 and 2.0 cIoU points, respectively, while using a simpler inference pipeline.
On PerBench, Pixel-SAIL 3B achieves 24.2 METEOR, 74% accuracy, 33.4 cIoU, and an over-
all score of 42.2, surpassing GLaMM 7B and Sa2VA 4B, which obtain overall scores of 15.3
and 39.0, respectively.

2 Method

2.1 Pixel-SAIL Architecture

Recently, several encoder-free MLLMs (Chen et al., 2024d; Luo et al., 2025; Diao et al.,
2025b;a; Lei et al., 2025) have achieved performance comparable to models with external
vision encoders. These models jointly learn vision and text features in a single transformer,
yielding a much simpler architecture. In particular, SAIL (Lei et al., 2025) uses a projection
layer to map images to visual tokens, combines them with language tokens, and feeds the
resulting sequence to the transformer. However, this architecture has not been thoroughly
explored for fine-grained vision-language tasks such as region captioning and referring
segmentation.

Plain Architecture. To address this gap, we first construct a plain single-transformer archi-
tecture, motivated by previous ViT-based MLLMs (Lai et al., 2024; Yuan et al., 2025a). We
start with a pretrained encoder-free MLLM. For segmentation tasks, we adapt previous
mask-generation methods to operate on features produced by the single transformer. First,
we reshape the hidden states of the last transformer layer of vision tokens V ∈ RN×C into
image features F ∈ R

H
S ×W

S ×C. N represents the number of vision tokens, C denotes the
channel dimension, H and W denote the image height and width, and S is the downsam-
pling stride. The image features are then multiplied by the hidden states of the predicted
segmentation tokens Q ∈ RK×C to generate segmentation masks M ∈ RK× H

S ×W
S . K de-

notes the number of predicted segmentation tokens, following previous works (Lai et al.,
2024; Rasheed et al., 2024). For visual prompt understanding, we employ a pooling-based
method (Yuan et al., 2024b) to derive object representations O ∈ RM×C from image patch
embeddings P ∈ R

H
P ×W

P ×C. These object embeddings are fed into the single transformer
to represent the corresponding objects. M represents the number of visual prompts, and P
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denotes the patch size. For segmentation tasks, we use an additional mask loss. For VQA
and visual prompt understanding, we use the standard text-generation loss.

The plain architecture demonstrates effective pixel-text alignment because the segmenta-
tion and visual prompt tokens are jointly learned with the vision and language tokens.
However, it has two limitations: 1) Segmentation masks have imprecise boundaries be-
cause of the large feature downsampling stride (16 or 32), even when pixel shuffle or bi-
linear interpolation is used for upsampling. 2) The single transformer struggles to identify
the object referenced by a visual prompt because the object representation is pooled from
patch embeddings with limited semantic information.

To address these limitations, we first integrate a learnable upsampling module to improve
the spatial detail of the single-transformer features. Second, we develop a visual prompt
injection mechanism that helps the model interpret visual prompts. Our method enables
early-stage fusion between vision tokens and visual prompt embeddings. Finally, we in-
troduce a dense feature distillation strategy to improve the model’s fine-grained visual
features. These improvements collectively address the shortcomings of the plain baseline
while maintaining its architectural simplicity.

Learnable Upsampling Module. Inspired by (Li et al., 2022b), we incorporate a learnable
upsampling module U to generate high-resolution features Fh ∈ R

H
4 ×W

4 ×C for pixel-level
grounding. The module comprises multiple upsampling blocks, each consisting of a trans-
posed 2D convolution followed by a depthwise convolution. It effectively upscales the
low-resolution features Fl ∈ R

H
S ×W

S ×C, derived from resized vision tokens, to one-quarter
of the original resolution.

Visual Prompt Injection. Previous works (Yuan et al., 2024b; Rasheed et al., 2024; Yuan
et al., 2025a) represent referenced objects by pooling vision-token features from a ViT en-
coder. Encoder-free MLLMs lack the semantically enriched visual features produced by
a separate pretrained vision encoder. Consequently, object representations pooled directly
from patch embeddings are dominated by low-level cues, such as edges, and may not iden-
tify the referenced object precisely.

To overcome this limitation, we propose a visual prompt injection mechanism. Our
approach adds multiple visual prompt special tokens {VPi | i ∈ [1, M]} to the lan-
guage model’s vocabulary, where M is the number of visual prompts. The correspond-
ing text embeddings VP t ∈ RM×C are assigned to the regions defined by mask prompts

Mvp ∈ RM× H
P ×W

P , producing visual prompt tokens VP ∈ R
HW
P2 ×C. The visual prompt

tokens VP are added to the vision tokens V ∈ R
HW
P2 ×C before the sequence is processed

by the single transformer. This design enables the model to identify referenced objects
through the corresponding special tokens {VPi | i ∈ [1, M]} in the text instructions.

Dense Feature Distillation. Without large-scale, high-quality segmentation data such as
SA-1B (Kirillov et al., 2023), the plain architecture produces imprecise masks, particularly
at object boundaries. However, directly training on such datasets would be costly and may
degrade the original instruction-following capabilities. To address both limitations, we
distill knowledge from pretrained segmentation experts into the single transformer, im-
proving boundary detail while preserving VQA capabilities. We use mask features from
the Mask2Former (Cheng et al., 2022) pixel decoder to supervise the upsampled features
Fh ∈ R

H
4 ×W

4 ×C and features from the SAM2 (Ravi et al., 2024) image encoder to supervise
the low-resolution features Fl ∈ R

H
S ×W

S ×C. This distillation strategy improves segmenta-
tion quality while increasing training time by approximately 3%, and the frozen teachers
are removed at inference time.

2.2 Benchmark and Dataset Engine

Our Benchmark: PerBench. We construct a manually verified benchmark named Per-
Bench (Pixel-grounded Understanding Benchmark). PerBench addresses three limitations
of existing pixel-grounded understanding benchmarks.
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The object is a charging cable for an electric vehicle. It 
is used to connect an electric vehicle to a charging 
station and is primarily colored yellow with black 
connectors at each end. The cable is flexible and of 
standard length, designed to reach from the charging 
station to the vehicle. In the image, the cable is 
connected to a charging station mounted on a pole and 
extends to a small, white electric car with green 
accents, indicating that the vehicle is being charged.

The object is an image of a woman in green attire, 
participating in a St. Patrick's Day event. She 
wears a green shirt and hat with a black and white 
design, featuring the text "ST. PATRICK'S 17TH," 
and accessorizes with sunglasses and bracelets. 
The woman holds a smartphone, presumably 
recording the event, which takes place near a 
stage adorned with a shamrock design.

The object is a framed mirror with an ornate design and a rose 
illustration at the top. The mirror is housed in a rich, dark brown 
frame with gold accents, made of wood or a wood-like material, 
featuring intricate patterns. It is medium-sized and rectangular, 
suitable for wall hanging. The frame's detailed, carved design adds 
to its ornate appearance. The mirror is placed on a beige wall in a 
room with light-colored carpeting, surrounded by a white electrical 
outlet with a purple device, a closed white door with a silver 
doorknob, and part of a bed with a beige knitted blanket.

The object is a woman participating in a running event. 
She is dressed in a black sports bra with orange and 
white accents, black shorts, a bright pink jacket tied 
around her waist, black and white knee-high compression 
sleeves, pink and white running shoes, and a small blue 
waist pack. She also wears a necklace and earphones. 
The woman is running on a paved path near a large 
stadium, with other participants and some spectators or 
event staff in the background.
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Q: What is color of the rims of the bicycle?  
A. The rims are red;  
B. The rims are blue;  
C. The rims are green;  
D. The rims are yellow;
Answer: B

Q: What is the stairs are made of?  
A. The stairs are made of wood and painted red;  
B. The stairs are made of marble and decorated with gold;  
C. The stairs are made of stone or concrete, appearing gray, and 
are wide with ornate balustrades;  
D. The stairs are constructed from metal and have a blue finish;
Answer: C

Q: What is the attire worn by the person dressed?
A. Wears a sports jersey with horizontal red and black stripes, black shorts, and dark blue sports shoes.  
B. Wears a sports jersey with vertical red and black stripes, black shorts, and bright orange sports shoes.  
C. Wears a sports jersey with diagonal red and black stripes, white shorts, and bright orange sports shoes.  
D. Wears a sports jersey with vertical red and white stripes, black shorts, and bright orange sports shoes.
Answer: B
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Question: Please segment the object is same type as <vp1> and closest to it. Answer: [SEG]

Question:Please segment the object that <vp1> is sitting. Answer: [SEG] Question: Please segment the object that keep <vp1> from falling off. Answer: [SEG]

Question: Please segment the jar between <vp1> and <vp2>. Answer: [SEG]

Figure 3: Examples from PerBench. Best viewed in color and at high magnification.

The first is the lack of detailed object captions. Previous works (Chen et al., 2023; Li et al.,
2024e) have emphasized more detailed image captions, demonstrating that comprehen-
sive captions significantly enhance model performance. However, current object-caption
datasets such as Osprey-724k (Yuan et al., 2024b) and evaluation benchmarks such as Ref-
COCOg provide only brief object captions. To address this limitation, we use InternVL2.5-
78B (Chen et al., 2024g) and Qwen2.5-VL-72B (Bai et al., 2025) to generate detailed object
captions. We then screen and refine them through manual review, yielding 500 object cap-
tions for evaluation. We use METEOR (Banerjee & Lavie, 2005) as the evaluation metric for
this task.

The second is the evaluation of visual-prompt understanding in a multiple-choice format.
Although captioning tasks can accurately reflect a model’s ability to understand visual
prompts, precise and fair evaluation is difficult. Rule-based metrics such as CIDEr (Vedan-
tam et al., 2015) and METEOR (Banerjee & Lavie, 2005) are affected by response length, for-
mat, and ground-truth quality. Using traditional models as evaluators, such as BERT (De-
vlin et al., 2019), makes it difficult to distinguish subtle differences, while employing large
language models as judges inevitably introduces model bias. Therefore, a fair and quan-
titative visual-prompt understanding benchmark is necessary. Inspired by MMBench (Liu
et al., 2024b) and MME (Fu et al., 2023), we manually annotate 500 multiple-choice ques-
tions based on the detailed object captions. The questions assess models’ understanding of
each referenced object’s appearance, attributes, function, and relationship to surrounding
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objects. Models must perceive the attributes of referenced objects and follow instructions
to select the appropriate answer. We use accuracy as the evaluation metric.

The third task requires segmenting objects jointly referenced by visual prompts and text,
which we abbreviate as V-T RES. It aims to test the model’s ability to understand objects
indicated by user-input visual prompts and segment associated objects according to text in-
structions. This task evaluates visual prompt understanding, textual reasoning, and pixel-
level grounding jointly. We manually annotate 500 V-T RES samples and have five expert
annotators verify them. As in the RefCOCO series datasets, we select cIoU and gIoU as the
evaluation metrics for the V-T RES task. The overall PerBench score is the average of the
three task scores after each is normalized to the range 0–100.

PerBench evaluates pixel-grounded MLLMs and highlights challenges in detailed object
understanding and joint visual-text reference resolution.

Training Dataset Engine. Following previous works (Diao et al., 2025b; Luo et al., 2025),
we collect diverse pixel-grounded data, including segmentation and visual-prompt under-
standing datasets.

For segmentation-related data, we first use RefCOCO/+/g (Kazemzadeh et al., 2014; Yu
et al., 2016) and COCO (Lin et al., 2014) semantic segmentation data used in LISA (Lai
et al., 2024), the Grandf dataset (214k samples) used in GLaMM (Rasheed et al., 2024),
and MUSE data (246k samples) used in PixelLM (Ren et al., 2024). We also use the re-
cent Pixel2Cap (You et al., 2025) dataset, which comprises 20k images, and convert it to a
referring-segmentation format. Finally, we add COCO (Lin et al., 2014) panoptic segmen-
tation data and structure it as follows: “Question: Please segment the {class name} in instance
mode. Answer: {class name}-1 [SEG], . . . , {class name}-n [SEG].”

For visual prompt understanding, we employ two public datasets: Osprey-724k (Yuan
et al., 2024b) and Pixel2Cap (You et al., 2025). Additionally, we reformat the COCO dataset
into a question-answer structure specifically designed to query object categories. To en-
hance fine-grained object description, we prompt InternVL2.5-78B (Chen et al., 2024g) to
generate approximately 300k detailed object captions for objects in 10k SA-1B (Kirillov
et al., 2023) images. Lastly, to maintain the ability to follow instructions, we also integrate
the LLaVA-1.5 (Liu et al., 2023b) 665k dataset into our training data.

Training. We combine all the aforementioned data for joint training. The loss function con-
sists of the next-token prediction loss Lntp, the segmentation loss Lseg, and the distillation
loss Ldistill :

L = Lntp + Lseg + αLdistill , Lseg = λLce + βLdice, (1)

where α is set to 0.5, λ to 2.0, and β to 0.5.

3 Experiments

Implementation Details. We evaluate our architecture using two open-source encoder-free
multimodal large language models: SAIL (Lei et al., 2025) and EVEv2 (Diao et al., 2025b).
For EVEv2, we retain its original architecture and weights without any modifications. We
build the 0.5B and 3B Pixel-SAIL models on SAIL and the 7B model on EVEv2. When
training Pixel-SAIL based on SAIL, we maintain the original resolution of input images.
For images with a long side exceeding 1024, we preserve the aspect ratio and resize the long
side to 1024. When training Pixel-SAIL on EVEv2, we resize images to approximately 800×
800 pixels to reduce training cost, rather than using the original 1600 × 1600 setting. We
train on 32 A100 (80 GB) GPUs using the AdamW (Loshchilov & Hutter, 2017) optimizer
with a cosine-decay learning-rate schedule. We set the initial learning rate to 4 × 10−5, the
warm-up ratio to 0.03, and the batch size to 256. The training duration for the 0.5B and 3B
models is 12 hours and 24 hours, respectively.

Evaluation Setup. For visual prompt understanding and general image QA, we use the
same settings as the corresponding base MLLM. For segmentation tasks, we use greedy
decoding. If the model does not predict a [SEG] token, we output an all-zero mask and
count the example as a failure; this case does not occur on the RefCOCO validation set.
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Table 1: Performance on referring segmentation benchmarks. The evaluation metric is cIoU. “ft"
denotes fine-tuning on the specific dataset.

Method MLLM Size RefCOCO+ RefCOCOg RefCOCO GRES(gRefCOCO)
val testA testB val(U) test(U) val testA testB val testA testB

Referring Segmentation Specialists Without MLLMs

VLT (Ding et al., 2021) - 56.3 61.0 50.1 55.0 57.7 67.5 70.5 65.2 52.5 62.2 50.5
CRIS (Wang et al., 2022) - 62.3 68.1 53.7 59.9 60.4 70.5 73.2 66.1 55.3 63.8 51.0

LAVT (Yang et al., 2022b) - 62.1 68.4 55.1 61.2 62.1 72.7 75.8 68.8 57.6 65.3 55.0
PolyFormer-L (Liu et al., 2023c) - 69.3 74.6 61.9 69.2 70.2 76.0 78.3 73.3 - - -

ReLA (Liu et al., 2023a) - 66.0 71.0 57.7 65.0 66.0 73.8 76.5 70.2 56.4 59.0 58.4

MLLMs With Vision Experts

LISA (ft) (Lai et al., 2024) 7B 65.1 70.8 58.1 67.9 70.6 74.9 79.1 72.3 - - -
PixelLM (Ren et al., 2024) 7B 66.3 71.7 58.3 69.3 70.5 73.0 76.5 68.2 - - -
GSVA (ft) (Xia et al., 2024) 7B 64.5 67.7 58.6 71.1 72.0 76.4 77.4 72.8 61.7 69.2 60.3

GroundHog (Zhang et al., 2024d) 7B 70.5 75.0 64.9 74.1 74.6 78.5 79.9 75.7 66.7 - -
GLaMM (ft) (Rasheed et al., 2024) 7B 72.6 78.7 64.6 74.2 74.9 79.5 83.2 76.9 - - -
SAM4MLLM (Chen et al., 2024e) 7B 73.5 77.8 65.8 74.5 75.6 79.6 82.8 76.1 66.3 70.1 63.2

LaSagnA (Wei et al., 2024a) 7B 66.4 70.6 60.1 70.6 71.9 76.8 78.7 73.8 38.1 50.4 42.1
OMG-LLaVA (ft) (Zhang et al., 2024b) 7B 69.1 73.1 63.0 72.9 72.9 78.0 80.3 74.1 - - -

F-LLM (Wu et al., 2025) 7B 65.8 75.2 58.5 70.1 71.7 75.8 79.5 72.4 - - -
UFO (ft) (Tang et al., 2025) 8B 72.3 76.8 66.6 73.7 74.3 78.0 79.7 75.6 - - -
Sa2VA (Yuan et al., 2025a) 4B 74.3 - - 76.7 - 80.4 - - - - -

MLLMs Without Vision Experts

Pixel-SAIL 0.5B 70.8 75.8 65.4 75.4 76.7 77.9 80.5 75.9 63.9 71.5 63.6
Pixel-SAIL (ft) 0.5B 73.0 77.0 68.0 75.6 76.1 79.1 81.7 77.0 68.0 74.0 66.8

Pixel-SAIL 3B 75.7 79.7 72.0 78.7 80.4 80.8 82.6 79.0 67.7 74.6 67.1
Pixel-SAIL (ft) 3B 76.2 79.7 71.2 78.5 79.4 81.8 83.4 78.8 72.1 77.1 70.4

Table 2: Performance on PerBench. Because
LISA cannot accept visual prompts, it scores 0
on all tasks.

Model Size Detailed Caption MCQ V-T RES Overall
METEOR Acc cIoU gIoU Score

LISA (Lai et al., 2024) 7B 0 0 0 0 0
Osprey (Yuan et al., 2024b) 7B 13.4 0.12 0 0 8.5

GLaMM (Rasheed et al., 2024) 7B 12.6 0.14 24.3 14.6 15.3
Sa2VA (Yuan et al., 2025a) 4B 19.2 0.71 31.9 21.9 39.0

Pixel-SAIL 0.5B 21.4 0.69 29.7 19.8 38.4
Pixel-SAIL 3B 24.2 0.74 33.4 23.5 42.2

Table 3: Performance on the VQA benchmarks.
⋆ refers to the use of an 8002 resolution, which
differs from the 16002 resolution in the pre-
trained model.

Model LLM Size MME MMBench SEED MMStar

SOLO 0.5B 523.2/222.5 13.8 45.5 26.2
SOLO 3B 1155.7/257.5 53.4 65.4 40.3

EVEv2⋆ 7B 1128.0/240.7 60.3 54.2 44.9

Pixel-SAIL 0.5B 564.1/150.7 31.8 52.2 26.3
Pixel-SAIL 3B 1187.3/242.9 56.3 66.1 40.1

Pixel-SAIL⋆ 7B 1081.0/260.4 58.9 64.7 44.3

3.1 Main Results

Results on Referring Segmentation Benchmarks. We compare Pixel-SAIL with other
pixel-grounded MLLMs and segmentation specialists on RefCOCO+ (Yu et al., 2016), Ref-
COCOg (Yu et al., 2016), RefCOCO (Kazemzadeh et al., 2014), and gRefCOCO (Liu et al.,
2023a), with results shown in Tab. 1. Without dataset-specific fine-tuning, Pixel-SAIL 0.5B
obtains 70.8, 75.4, and 77.9 cIoU on the RefCOCO+, RefCOCOg, and RefCOCO valida-
tion splits, respectively, while retaining image-chat capabilities. After dataset-specific fine-
tuning, Pixel-SAIL 0.5B outperforms the SAM-based LISA 7B (Lai et al., 2024) by 4.2, 7.9,
and 7.7 cIoU points on RefCOCO, RefCOCO+, and RefCOCOg, respectively. On gRef-
COCO, the fine-tuned Pixel-SAIL 0.5B outperforms GSVA 7B (Xia et al., 2024) by 6.3, 4.8,
and 6.5 cIoU points on the validation, testA, and testB splits, respectively.

When scaled to 3B parameters, Pixel-SAIL obtains 75.7, 78.7, 80.8, and 67.7 cIoU on the
validation splits of RefCOCO+, RefCOCOg, RefCOCO, and gRefCOCO, respectively, out-
performing the reported validation results of larger 7B MLLMs with vision experts. Pixel-
SAIL 3B also outperforms Sa2VA 4B (Yuan et al., 2025a), which uses InternVL2-4B (Chen
et al., 2024f) and SAM2-L (Ravi et al., 2024), by 1.4 and 2.0 cIoU points on the RefCOCO+
and RefCOCOg validation splits.

Results on Visual Prompt Understanding Benchmarks. We evaluate region captioning
on RefCOCOg, with results shown in Tab. 4. Because Pixel-SAIL is not trained on the
RefCOCOg region-captioning data, we evaluate it in a zero-shot setting. Pixel-SAIL 0.5B
achieves a METEOR score of 16.0, exceeding OMG-LLaVA 7B by 0.7 points. Scaling Pixel-
SAIL to 3B raises the score to 17.6, exceeding Osprey 7B and GLaMM 7B by 1.0 and 1.4
points, respectively.
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Table 4: Re-
gion caption
performance on
RefCOCOg dataset.

Method Size METEOR
Sa2VA 4B 17.3

OMG-LLaVA 7B 15.3
Osprey 7B 16.6

GLaMM 7B 16.2
Pixel-SAIL 0.5B 16.0
Pixel-SAIL 3B 17.6

Table 5: Ablation study on
the components of Pixel-SAIL.
“RC" denotes region caption
on the RefCOCOg dataset.

Model RefCOCO/+/g RC

Plain Architecture 74.1/67.3/71.9 1.2
+ Upsampling 76.2/69.6/73.8 1.4
+ VP Injection 77.4/70.4/75.2 16.1
+ Distillation 77.9/70.8/75.4 16.0

Table 6: Ablation study
on the base MLLM. The
training data include
only LLaVA-665k and
RefCOCO/+/g.

MLLM Size RefCOCO/+/g

SAIL 0.5B 69.7/62.5/65.3
SAIL 3B 73.2/66.4/69.1

EVEv2 7B 74.9/68.7/71.3

Table 7: Ablation
study on the distil-
lation strategy.

Teacher RefCOCO/+/g

w/o Distill 77.5/70.5/75.5
M2F 77.7/71.0/75.8

SAM2 77.8/70.9/75.9
Both 78.1/70.8/76.1

A fuzzy, dark object is located at the bottom 
left corner of the image. It appears to be a 
part of a ball, possibly a yarn ball or a ball of 
yarn. It's somewhat blurry and is located at the 
edge of the image, making it difficult to discern 
its exact shape or color.

A large, round ball of yarn is prominently 
displayed in the foreground of the image. It's 
located to the left of the picture and seems to 
be in the process of being worked into a ball, 
indicating the ongoing knitting process.

A grey kitten is sprawled out on a wooden table, 
occupying a large portion of the image. This 
adorable little creature is holding a knitting needle 
and ball of yarn, appearing as if it's in the middle of 
a knitting session. The cat's fur is soft and fluffy, 
characteristic of its kind. The overall scene creates 
an endearing picture of a kitten at home in the 
midst of crafting.
The wooden floor is dark brown with visible grains 
and textures, indicating it's made of natural wood. 
It provides a contrasting background to the cat and 
other objects in the image.

A woman is sitting on the right side of 
the image, wearing a vibrant shirt with a 
pattern of black, red, and yellow squares. 
She appears to be actively involved in 
the food preparation, possibly stirring 
something in a bowl.

A woman is seen in the 
middle of the scene, 
wearing a vibrant red 
and orange shirt. She 
appears to be reaching 
for something, possibly 
a bowl or a container. 
Her shirt's bold colors 
make her stand out in 
the bustling market 
scene.

A bicycle is prominently displayed on the 
right side of the image. It appears to be 
parked and is in front of a person 
wearing a blue shirt. The bicycle is 
located towards the back of the scene, 
with its front wheel visible.

Please segment the man bring up a 
blue box.

Please segment the left boat. Please segment the two people who 
are moving the blue box together.

Please segment all the bird.

Please segment who chat with <vp_0>. Please segment the object under  <vp_0>. Please segment <vp_1>.

Q: What the color of <vp_1>?
A: Black.
Q: What <vp_2> is doing?
A: He is holding a leash and 
appears to be walking a small dog. 
The dog is standing on the 
sidewalk, and the man is walking 
behind it.
Q: Which is closer to the camera, 
<vp_3> or <vp_2>?
A: <vp_2> is the closest object to 
the camera, while <vp_3> is the 
object in the background.

Q: Please describe the 
image.
A: The image features a 
man standing next to a 
large cardboard box. The 
man is wearing a red shirt 
and blue jeans, and he 
appears to be holding a 
cell phone in his hand. The 
cardboard box is placed on 
a table, and the man is 
standing in front of it. The 
scene seems to be set in a 
room with a plain wall.

Q: What is the 
name of the store?
A: Auntie ann's
Q: What is the 
text on the 
promotional poster 
in the bottom left 
corner?
A: The text on the 
promotional poster 
in the bottom left 
corner is "Tasty 
Bright".

Figure 4: Qualitative results of Pixel-SAIL across diverse tasks. Best viewed on screen. From top
to bottom, the examples show visual prompt-based object captioning, single- and multi-object refer-
ring segmentation, visual-text referring segmentation, image captioning and QA, and visual prompt-
based conversation. Point and box prompts are converted into mask prompts using SAM (Kirillov
et al., 2023). Additional results and comparisons with other MLLMs are provided in the appendix.

Results on PerBench. We evaluate several pixel-grounded MLLMs on PerBench, with re-
sults shown in Tab. 2. LISA (Lai et al., 2024) scores 0 on all tasks because it cannot accept vi-
sual prompts. Osprey (Yuan et al., 2024b) obtains 13.4 METEOR on detailed captioning and
12.0% accuracy on the multiple-choice task, possibly because its training data contain short
object captions and provide limited instruction-following supervision. GLaMM (Rasheed
et al., 2024) and Sa2VA (Yuan et al., 2025a) support both prompt understanding and seg-
mentation, although GLaMM obtains only 14.0% accuracy on the multiple-choice task.
Pixel-SAIL 0.5B achieves an overall score of 38.4, comparable to Sa2VA 4B despite Sa2VA
using a larger base MLLM and an external segmentation expert. Pixel-SAIL 3B achieves an
overall score of 42.2 and outperforms Sa2VA 4B on all three tasks.

Results on VQA Benchmarks. We compare the visual question-answering performance of
Pixel-SAIL with the corresponding base MLLMs on MME (Fu et al., 2023), MMBench (Liu
et al., 2024b), SEED (Li et al., 2024b), and MMStar (Chen et al., 2024b), with results shown
in Tab. 3. At 0.5B parameters, Pixel-SAIL outperforms the base MLLM on all four bench-
marks, particularly on MMBench, where the score increases from 13.8 to 31.8. At 3B and 7B
parameters, Pixel-SAIL remains comparable to the base MLLMs. Further improvements
may require a larger and more diverse collection of visual-prompt and segmentation data;
the current training set contains fewer than 2M such examples.
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3.2 Ablation Studies

Effectiveness of Each Component. We conduct comprehensive ablation studies on the
proposed components, with results presented in Tab. 5. Our plain architecture achieves
74.1, 67.3, and 71.9 cIoU on the RefCOCO, RefCOCO+, and RefCOCOg datasets, respec-
tively. However, this plain architecture performs poorly on visual prompt understanding,
attaining only 1.2 METEOR on region captioning. Upon incorporating the learnable up-
sampling module, segmentation quality improves dramatically, with the model achieving
cIoU scores of 76.2, 69.6, and 73.8 on RefCOCO, RefCOCO+, and RefCOCOg, respectively.
However, the model still cannot effectively interpret user-input visual prompts due to in-
sufficient semantic information in the object representation. After adding visual prompt in-
jection, the model reaches 16.1 METEOR on region captioning. The same component also
improves referring segmentation, suggesting that stronger visual prompt understanding
benefits pixel-text alignment. Finally, the distillation strategy further improves segmenta-
tion detail.

Ablation on Various MLLMs. To evaluate Pixel-SAIL across different base architectures
and sizes, we train using only LLaVA-665k and RefCOCO/+/g and report referring-
segmentation results in Tab. 6. With SAIL 0.5B as the base MLLM, Pixel-SAIL obtains
69.7, 62.5, and 65.3 cIoU on RefCOCO/+/g. Scaling SAIL to 3B improves these scores by
3.5, 3.9, and 3.8 points, respectively. With EVEv2 7B, which uses causal rather than full
attention between vision tokens and adopts a mixture-of-experts architecture, Pixel-SAIL
obtains 74.9, 68.7, and 71.3 cIoU. These results show that the method generalizes across
base MLLM architectures and sizes.

Ablation on Distillation Strategy. We evaluate feature distillation in Tab. 7, using average
cIoU across all splits as the metric. When only Mask2Former (Cheng et al., 2022) is em-
ployed to distill high-resolution mask features, Pixel-SAIL achieves performance gains of
0.2, 0.5, and 0.3 on RefCOCO/+/g. When SAM2 (Ravi et al., 2024) is used to distill low-
resolution image features, Pixel-SAIL obtains performance improvements of 0.3, 0.4, and
0.4 on RefCOCO/+/g. When both teacher models are used, performance improves by 0.6,
0.3, and 0.6 points. For Pixel-SAIL 3B, the distillation strategy adds 22 A100 GPU hours,
corresponding to approximately 3% additional training time, and incurs no inference-time
cost (Tab. 12).
3.3 Visualization Analysis
Visual Comparison. Figure 4 presents qualitative results from Pixel-SAIL across diverse
tasks. Pixel-SAIL interprets both visual prompts and textual instructions and responds
with text and segmentation masks. Feature analysis, additional qualitative examples, and
challenging cases are provided in Appendix Secs. C and E.

4 Conclusion
We investigate a minimal architecture for pixel-grounded understanding. Pixel-SAIL ex-
tends a SAIL-like MLLM with visual prompt injection, learnable upsampling, and training-
time feature distillation. Our results show that a single-transformer MLLM can achieve
strong performance on four public referring-segmentation benchmarks without an exter-
nal vision encoder or segmentation expert at inference time. We also introduce PerBench, a
benchmark for detailed object captioning, visual-prompt question answering, and visual-
text referring segmentation. We hope these findings encourage further research on simple
architectures for fine-grained multimodal understanding.

Limitations and Future Work. Pixel-SAIL is trained on only 1.7M examples. Future work
will investigate larger training sets, including datasets with billions of masks and visual
prompts Kirillov et al. (2023).
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Appendix

A Overview

We first provide additional training and testing details for Pixel-SAIL in Sec. B. We then
present visual affinity map analysis in Sec. C, the detailed benchmark construction process
in Sec. D, and challenging PerBench examples in Sec. E. Next, we provide additional com-
parisons with state-of-the-art pixel-grounded MLLMs in Sec. F. Additional related-work
discussion appears in Sec. G. Finally, we provide additional analyses, including scaling
and computational efficiency in Sec. H, robustness and alternative prompt representations
in Sec. I, generalization across different base MLLMs and further distillation analysis in
Sec. J, and a discussion of scope and limitations in Sec. K.

B More Detailed Training and Testing

Training. We provide further training details, including dataset sampling and the distil-
lation methodology. For the RefCOCO-series datasets (Kazemzadeh et al., 2014; Yu et al.,
2016), we randomly sample five referring expressions per image, organize them into a
multi-round dialogue as one training example, and process all images for four epochs. For
COCO (Lin et al., 2014), we sample five categories per image and randomly select either
instance or semantic mode when constructing the responses. In instance mode, objects are
ordered from left to right by their center points. We process COCO for one epoch. For
Pixel2Cap (You et al., 2025), our generated detailed object captions, and the Osprey (Yuan
et al., 2024b) object-description data, we randomly sample one to five visual prompts per
image. We also include questions about nonexistent visual prompts, for which the re-
sponse states that the prompt does not exist. We process these object-caption datasets for
five epochs and all other segmentation or visual-prompt datasets for one epoch. During
joint training, we sample LLaVA-665k examples at a 1:1 ratio with the remaining data to
preserve the base MLLM’s instruction-following capability. When the input sequence, in-
cluding vision tokens, exceeds 8192 tokens, we truncate the excess. We train the 0.5B model
with DeepSpeed ZeRO-1 (Rasley et al., 2020) and the 3B and 7B models with DeepSpeed
ZeRO-2 (Rasley et al., 2020).

We distill the mask features produced by the Mask2Former (Cheng et al., 2022) pixel de-
coder and the lowest-resolution features produced by the SAM2 (Ravi et al., 2024) image
encoder into Pixel-SAIL’s upsampled mask features and reshaped vision-token features,
respectively. We use bilinear interpolation to align the spatial dimensions and a learnable
linear layer to align the channel dimensions. The distillation objective uses an MSE loss
with a weight of 0.5.

For dense feature distillation, we use Mask2Former decoder features to supervise the up-
sampled mask features and SAM2 encoder features to supervise the reshaped vision to-
kens. The reason is that, in SAM2, decoder image features depend on prompt embeddings
and therefore vary across segmented objects, making them unsuitable as stable distilla-
tion targets. We also observe that simultaneously distilling the vision tokens with image
features from both Mask2Former and SAM2 may occasionally cause training instability.
In visual prompt injection, when multiple prompt masks overlap, we sort them by area
from large to small and sequentially fill the prompt embeddings, so smaller masks have
higher priority and overwrite the overlapping regions. We set the maximum number of
simultaneously injected visual prompts to 15.

Architectural details. In the reported configuration, final-layer vision-token features form
a stride-16 spatial grid. The learnable upsampler contains two blocks, each comprising a
transposed 2D convolution followed by a depthwise convolution and increasing the spa-
tial resolution by 2×; the resulting mask features therefore have one-quarter of the input
resolution. We linearly project the hidden state of each generated [SEG] token and take its
dot product with the upsampled pixel features to obtain the mask logits.

Testing. The main text describes evaluation on pixel-grounded benchmarks. For general
image question-answering benchmarks, we follow the prompt settings of the base MLLMs
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Figure 5: Image-feature visualizations. From left to right, the columns show image fea-
tures from the base MLLM, image features from Pixel-SAIL, and mask features from Pixel-
SAIL.

and use VLMEvalKit (Duan et al., 2024) without additional LLM assistance for answer ex-
traction. For referring segmentation, we use greedy decoding and convert each generated
[SEG] token into a mask. If no [SEG] token is generated, we return an all-zero mask and
count the sample as a failure. The missing-[SEG] rate is 0% on the RefCOCO validation set.

C Visual Affinity Map Analysis

We use principal component analysis (PCA) to visualize the features in Fig. 5. Pixel-
SAIL’s image features (third column) are denser and more diverse than those of the base
MLLM (second column), while its upsampled mask features produce clearer object bound-
aries. The image features encode semantic attributes such as category, color, and position,
whereas the mask features emphasize category and instance-level perception. For exam-
ple, in the second row, the left and right cars have distinct image-feature representations
but similar mask-feature representations.

D Detailed PerBench Construction Process

The construction of PerBench combines an automated model-generated pipeline with man-
ual screening, correction, and annotation. The process is divided into three stages.

The first stage involves annotating detailed object captions. We crop objects and draw vi-
sual prompts on the original images, then prompt InternVL2.5-78B (Chen et al., 2024f) and
Qwen2.5-VL-72B (Bai et al., 2025) to generate detailed captions. These captions are then
cross-validated using Qwen2.5 72B (Yang et al., 2024b). If the captions are consistent, an
LLM consolidates them into a single caption; otherwise, we discard the example. We man-
ually select and correct 500 generated captions to form the detailed object-caption subset
of the benchmark.

The second stage creates visual-prompt question-answering data in a multiple-choice
question (MCQ) format. In this phase, we manually generate a multiple-choice question
for each object caption obtained from the first stage. After completing the annotations, two
quality control specialists perform cross-verification to identify and rectify any potential
errors.

2



Published as a conference paper at COLM 2026

The object is a person standing 
behind a wooden podium covered 
with a blue cloth, addressing an 
audience outdoors. The podium has 
an emblem, and the person is 
dressed in a dark blue jacket with a 
logo, a scarf, and a white shirt. The 
audience includes people seated on a 
stool and a folding chair, with trees, 
parked cars, and a building with 
large windows visible in the 
background.

 The object is a bronze statue of a young 
boy with exaggerated features. The 
statue is dressed in a formal outfit 
including a suit jacket, vest, and shorts, 
and it wears flip-flops. The boy holds a 
small object resembling a ball in his right 
hand. The statue's whimsical and playful 
appearance, characterized by 
exaggerated proportions and a sense of 
movement, is set on a rock-like structure 
in an urban street scene with a 
pedestrian crossing visible in the 
background.

The object is a person dressed in 
black and blue attire, standing on 
skis in a snowy outdoor setting, 
preparing for or participating in a 
skiing event. This person is wearing 
a black beanie, a black puffy 
jacket, black gloves, black pants, 
and a blue bib with the number "1" 
in red. They also have ski poles and 
ski boots. In the background, there 
are other people skiing or standing 
around, along with parked cars and 
trees, indicating a recreational or 
competitive skiing area.

The object is a Smart Fortwo, a compact 
city car known for its small size and 
maneuverability. This car features 
predominantly white with green accents, 
including green wheels and trim. Designed 
for urban environments with limited 
parking space, it is parked on a sidewalk 
next to a charging station, indicating its 
electric vehicle status. The charging 
cable is connected, suggesting it is 
currently being charged. The surrounding 
area includes a paved road with multiple 
lanes and a grassy area separated by a 
curb.

The object is a stack of 
white bangles adorned with 
small, colorful stones. These 
bangles, part of traditional 
jewelry, are worn on the arm 
of a person dressed in vibrant 
traditional attire, including a 
yellow scarf with colorful 
patterns and a floral-
patterned garment, 
complementing the overall 
colorful and cultural 
appearance.

 The object is a black 
shoulder bag with a 
flap closure. It is made 
of a synthetic or 
leather-like material, 
has a smooth texture 
and sheen, and is 
carried over the 
shoulder of a person 
walking in a grassy area 
near a wooden fence 
and a small white stool, 
dressed in a black top 
and pink shorts.

The object is a navigational buoy used 
in maritime environments. It is a 
cylindrical structure with a pointed 
top, primarily white in color, featuring 
a pink top and a distinctive band. 
Mounted on a black base, it is 
situated in a body of water such as a 
harbor or marina, surrounded by other 
boats and buoys. Its function is to 
guide vessels through waterways, 
aiding navigation with its unique color 
pattern. This buoy is part of a larger 
maritime setting, often near 
populated areas or popular boating 
destinations.

The object is a waterfall cascading down 
a steep, rocky cliff. The waterfall serves 
as the central focus, with water flowing 
smoothly from top to bottom. The area 
around the waterfall features rugged, 
uneven rock surfaces and patches of 
green vegetation. The cliff is part of a 
larger mountainous or hilly terrain, with 
dense foliage at the top. The waterfall's 
flow and movement create a striking 
contrast against the dark, textured rocks, 
highlighting the natural beauty of the 
scene.

Figure 6: More visualization examples of detailed object captions from our PerBench.
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Q: Please segment which object <vp_0> is using. A: [SEG] Q: Please segment the <vp_0> that is sitting. A: [SEG]

Q: Please segment where <vp_0> will arrive. A: [SEG]
Q: Please segment the object that blocks the 
sunlight for <vp_0>. A: [SEG]

Q: Please segment the letter closest to <vp_0>. 
A: [SEG]

Q: Please segment the object that <vp_0> is enjoying. 
A: [SEG]

Q: Please segment the person who is 
holding <vp_0>. A: [SEG] Q: Please segment the tree between <vp_0> and <vp_1>. A: [SEG]

Figure 7: Additional examples of visual-text referring segmentation from PerBench.
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Table 8: Visual-prompt composition of the PerBench V-T RES subset.

Number of prompts Samples Proportion

1 364 72.8%
2 110 22.0%

≥ 3 26 5.2%

Total 500 100.0%

Table 9: Comparison with state-of-the-art pixel-grounded MLLMs. † denotes results obtained using
the same segmentation data as Pixel-SAIL.

Method MLLM Size RefCOCO+ RefCOCOg RefCOCO GRES(gRefCOCO)

Sa2VA (Yuan et al., 2025a) 4B 74.3 76.7 80.4 -
Sa2VA† (Yuan et al., 2025a) 4B 74.6 76.8 80.2 65.1

Pixel-SAIL 3B 75.7 78.7 80.8 67.7

The final stage involves annotating visual-text referring segmentation data. We manually
select and annotate object masks, visual prompts, and referring text from SAM images.
The annotations cover position, interactions, appearance, and size, including cases with
both single and multiple visual prompts. All 500 examples in the visual-text referring
segmentation (V-T RES) subset are double-checked by five expert annotators. The relations
include spatial relations (e.g., left or right) and dependency relations (e.g., an object worn
by or otherwise associated with the visually prompted object).

Overlap audit and prompt composition. The source images are drawn from the SAM im-
age collection and are manually reannotated for PerBench. An overlap audit against the
Pixel-SAIL training data finds no shared examples. Table 8 reports the number of visual
prompts in the 500 V-T RES samples. Most samples contain one prompt, while 27.2% re-
quire reasoning over multiple prompts.

E More Challenging Cases in PerBench

Figure 6 presents detailed object-caption examples from PerBench. The objects come from
diverse scenes and categories, including people, human-made objects, and natural envi-
ronments. The object captions include basic categories, attributes, purposes, and relation-
ships with surrounding objects. These examples illustrate the breadth of the benchmark
for evaluating visual prompt understanding.

More referring segmentation samples are illustrated in Fig. 7. Our manually annotated
samples cover a variety of scenes, such as indoor and outdoor settings, and include objects
of multiple granularities. The referring text describes positional and interaction relation-
ships. This task is more challenging than conventional text-only referring segmentation
because it requires joint interpretation of visual and textual references.

F Additional Comparison with State-of-the-Art Pixel-Grounded
MLLMs

We further fine-tune Sa2VA using exactly the same segmentation data as Pixel-SAIL, with
results shown in Tab. 9. Sa2VA improves only slightly on RefCOCO, RefCOCO+, and
RefCOCOg after training with additional COCO and GRES data. One possible explanation
is that SAM has already been trained on a substantially larger dataset. Even after training
on the same data, Sa2VA 4B performs worse than Pixel-SAIL, particularly on multi-object
segmentation in GRES. Pixel-SAIL also achieves these results with fewer model parameters
than Sa2VA.
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Please 
segment 
the two 
women.

Please 
segment 
the 
flower.

Please 
segment 
all the 
mans in 
right 
side.

Please 
segmen
t the 
person 
sitting 
on the 
floor.

Pixel-SAIL Sa2VA Pixel-SAIL Sa2VA

Figure 8: Qualitative comparison between Sa2VA and Pixel-SAIL.

Figure 8 qualitatively compares Pixel-SAIL with Sa2VA (Yuan et al., 2025a). Both meth-
ods perform well in many cases, but the examples reveal two recurring differences. In
the examples on the left, Sa2VA misses more objects in multi-object segmentation. In the
example on the right, it fails to segment an object near the image boundary, whereas Pixel-
SAIL identifies it. These examples complement the quantitative comparison but do not by
themselves establish a general causal explanation.

G More Related Work Discussion

Large Vision-Language Models. Starting with CLIP (Radford et al., 2021) and ALIGN (Jia
et al., 2021), modern vision-language models have used contrastive learning on large-scale
image-text datasets to learn aligned representations. These models also perform well on
open-vocabulary perception tasks such as segmentation (Yuan et al., 2024a; Lüddecke &
Ecker, 2022; Zhang et al., 2023b;c; Shu et al., 2025) and detection (Gu et al., 2022; Wu et al.,
2023; Wang et al., 2023a; Zareian et al., 2021; Jia et al., 2024; Chen et al., 2025; Zheng et al.,
2023). Subsequent works (Li et al., 2022a; Zhai et al., 2023; Li et al., 2023a; Xu et al., 2023) re-
tain similar architectures while exploring modified objectives, improved data quality, and
data filtering. With the rise of large language models (Hugo Touvron et al., 2023; Yang et al.,
2024a; Touvron et al., 2023; Cai et al., 2024b; Li et al., 2024c), recent works (Bai et al., 2023;
Zhang et al., 2023a; Chen et al., 2024g; Liu et al., 2023b; Chen et al., 2024f; Tong et al., 2024;
Zhang et al., 2024c; 2025; Rang et al., 2025; Bi et al., 2024; Han et al., 2024; Li et al., 2023b;
Feng et al., 2025; Shen et al., 2025; Fu et al., 2025; Luo et al., 2024b; Ma et al., 2025; Zhou
et al., 2024; Zhu et al., 2023; Wu et al., 2024; Luo et al., 2024a; Chen et al., 2024c; Luo et al.,
2023) have focused on multimodal large language models for open-ended tasks such as
visual question answering and OCR. One representative work, LLaVA (Liu et al., 2023b),
uses CLIP to encode images into visual tokens and feeds them to an LLM. Subsequent
works (Bai et al., 2023; Li et al., 2024a) improve this design through larger high-quality
datasets and joint image-video training. Meanwhile, several recent works (Diao et al.,
2025b; Chen et al., 2024d; Diao et al., 2024; Luo et al., 2025) also explore visual encoder-free
designs that jointly learn image and text representations within a single transformer archi-
tecture. For example, SOLO (Chen et al., 2024d) trains one transformer on mixed language
and vision datasets for VQA, while EVE (Diao et al., 2024) uses CLIP-based supervision to
enhance visual-token learning. Our work follows the visual encoder-free design and goes
a step further by exploring pixel-grounded understanding tasks, including grounding and
visual prompt understanding. To our knowledge, we are the first to apply an encoder-free
architecture for pixel-grounded understanding, conversation, and reasoning tasks.

Referring Expression Segmentation and Pixel-MLLMs. This task outputs specific masks
driven by text description. Earlier works (Feng et al., 2021; Yang et al., 2022a; Hui et al.,
2020; Liang et al., 2022; Liu et al., 2023a) explore various fusion architectures and mod-
ules to enhance the alignment of text and vision features. Equipped with LLMs, several
recent advanced works (Lai et al., 2024; Zhang et al., 2024b; Xia et al., 2024; Qi et al., 2024;
Yuan et al., 2025a;b; Munasinghe et al., 2024; Rasheed et al., 2024; Zhou et al., 2025; Wang
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Table 10: Scaling Pixel-SAIL to a larger base model. We keep the training data and hyperparameters
the same as Pixel-SAIL 3B. ‡ denotes zero-shot evaluation.

Model Size RefCOCO+ RefCOCOg RefCOCO GRES RefCOCOg Caption

Pixel-SAIL (SAIL) 3B 75.7 78.7 80.8 67.7 17.6
Pixel-SAIL (SAIL) 7B 77.2 80.2 81.9 69.4 17.9

Sa2VA (combined approach) 8B 76.2 78.7 81.6 46.2‡ 17.5

et al., 2025) propose more complex referring tasks, including reasoning-based referring,
joint mask and caption generation. In particular, LISA (Lai et al., 2024) involves complex
expression, while GLaMM (Rasheed et al., 2024) annotates a new dataset and proposes
region-level caption and segmentation tasks. However, all these works contain complex
designs: extra vision encoders, segmentation encoders, mask decoders, and prompt en-
coders. Some MLLMs (Zhang et al., 2024a; Zang et al., 2025; You et al., 2024; Bai et al.,
2023; Wang et al., 2024b; Chen et al., 2024f;a; Wei et al., 2024c) focus on referring-expression
comprehension, which can be integrated into textual output more easily. However, these
methods output coarse bounding boxes that are insufficient for downstream tasks such as
editing and matting. Additionally, GiT (Wang et al., 2024a) attempts to unify most vision
tasks using a transformer structure; however, it lacks the powerful reasoning and conver-
sational abilities of large language models. A contemporaneous work, UFO (Tang et al.,
2025), also attempts to enable MLLMs to acquire pixel-grounded understanding capabil-
ities more simply. However, even with careful design, there remains a considerable gap
relative to state-of-the-art performance. Several works (Zhou et al., 2026; Wang et al., 2025)
design new mask tokenizers for pixel-grounded MLLMs. However, these approaches still
require additional steps and components for mask tokenization and detokenization. Our
method, Pixel-SAIL, uses a single transformer to learn joint visual and language features.
With the proposed data engine and architectural improvements, Pixel-SAIL achieves state-
of-the-art results with a much simpler architecture.

Visual Prompt Understanding. Visual prompt understanding is important for interaction
between VLMs and users. Recent works (Cai et al., 2024a; Yuan et al., 2024b; Rasheed et al.,
2024; Ma et al., 2024; Lin et al., 2024) introduce visual prompt datasets for region captioning
and prompt-aware VQA. ViP-LLaVA (Cai et al., 2024a) overlays visual prompts directly
on the image and fine-tunes LLaVA on a visual prompt dataset, while Osprey (Yuan et al.,
2024b) encodes pixel-level mask regions within language instructions. Pixel-SAIL supports
visual prompt understanding through the proposed prompt-token injection design.

H Additional Scaling and Efficiency Analysis

Scaling to a larger base MLLM. To isolate model-size scaling within one base-model fam-
ily, we construct Pixel-SAIL 7B using SAIL-7B and keep the training data and hyperpa-
rameters identical to those of Pixel-SAIL 3B. This same-family experiment is distinct from
the EVEv2-7B variant evaluated in the main paper, which uses a different base architec-
ture and an approximately 800 × 800 input resolution. The results are summarized in
Tab. 10. Pixel-SAIL 7B consistently improves over Pixel-SAIL 3B on all pixel-understanding
and visual-prompt-understanding benchmarks and also outperforms Sa2VA 8B on several
benchmarks. The gains are moderate rather than linear with parameter count: the four
segmentation scores improve by 1.1–1.7 points, while RefCOCOg Caption improves by
0.3 METEOR. Thus, the result supports positive same-family scaling without implying a
scaling law.

Training cost under comparable visual-token budgets. Pixel-SAIL requires more training
time than Sa2VA mainly because current encoder-free MLLMs use a lower visual-token
compression rate. To control the number of visual tokens, we downsample the input image
by 2× and retrain Pixel-SAIL 3B. As shown in Tab. 11, Pixel-SAIL (DS) reduces the training
cost from 768 to 216 A100 GPU hours and remains competitive with or better than Sa2VA
on the same benchmarks. This indicates that the higher training cost mainly results from
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Table 11: Training cost under different visual-token budgets. DS denotes using 2× downsampled
images as input.

Model Size Training (A100 hours) RefCOCO+ RefCOCOg RefCOCO RefCOCOg Caption

Sa2VA 4B 384 74.3 76.7 80.4 17.3
Pixel-SAIL 3B 768 75.7 78.7 80.8 17.6

Pixel-SAIL (DS) 3B 216 74.6 77.9 80.1 17.2

Table 12: Training-time overhead of dense feature distillation for Pixel-SAIL 3B.

Setting Training (A100 hours) Added cost

w/o distillation 746 –
w/ distillation 768 22 (2.9%)

Table 13: Inference speed comparison on the RefCOCO validation benchmark. DS denotes using
2× downsampled images as input.

Model FPS RefCOCO+ RefCOCOg RefCOCO RefCOCOg Caption

Sa2VA 1.05 74.3 76.7 80.4 17.3
Pixel-SAIL 0.82 75.7 78.7 80.8 17.6

Pixel-SAIL (DS) 1.96 74.6 77.9 80.1 17.2

the number of visual tokens used by the base MLLM rather than from the proposed Pixel-
SAIL components.

Isolating distillation overhead. Under the same Pixel-SAIL 3B configuration, training
without dense feature distillation requires 746 A100 GPU hours, whereas enabling distilla-
tion requires 768 A100 GPU hours (Tab. 12). The additional cost is 22 A100 GPU hours, or
2.9%. Mask2Former and SAM2 are frozen teachers used only to produce training targets;
they introduce no inference-time computation.

Inference speed. We further compare inference efficiency on the RefCOCO validation
benchmark in Tab. 13. The full-resolution Pixel-SAIL 3B reaches 0.82 FPS, compared with
1.05 FPS for Sa2VA, because it processes more visual tokens. With 2× downsampled in-
puts, Pixel-SAIL reaches 1.96 FPS, or 1.87× the throughput of Sa2VA, while maintaining
competitive performance. These results show that removing external experts does not by
itself guarantee greater speed: throughput also depends strongly on the visual-token bud-
get.

I Robustness and Alternative Representations of Visual Prompts

Robustness to noisy visual prompts. We evaluate the region captioning capability of Pixel-
SAIL under noisy mask prompts on RefCOCOg. Specifically, we obtain an object’s bound-
ing box from its mask, randomly scale the box by a factor sampled from a predefined range,
and use SAM to generate a noisy mask from the scaled box. All noisy masks are generated
offline so that Pixel-SAIL and Osprey are evaluated on exactly the same prompt inputs.
Tab. 14 shows that Pixel-SAIL degrades gracefully as the noise increases and remains more
robust than Osprey across all noise levels. These results suggest that Pixel-SAIL can toler-
ate moderate inaccuracies in interactive visual prompts.

Textualizing visual prompts with bounding boxes. We also test a simpler alternative that
represents visual prompts as textual bounding-box coordinates instead of injecting visual
prompt embeddings. The data and training hyperparameters are identical to those used for
Pixel-SAIL. As shown in Tab. 15, this strategy performs substantially worse, especially on
the V-T RES benchmark. This result supports our design choice of injecting visual prompt
embeddings directly into the visual token stream instead of representing the prompt only
as text.
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Table 14: Robustness to noisy visual prompts on RefCOCOg caption. R-x% means that the bounding
box is randomly scaled within [1− x%, 1+ x%] before converting it back to a noisy mask prompt with
SAM.

Model Size w/o noise R-10% R-20% R-25% R-30%

Pixel-SAIL 3B 17.6 17.5 17.2 16.9 16.4
Osprey 7B 16.6 16.2 15.6 15.0 14.1

Table 15: Comparison between textualized visual prompts and visual prompt embedding injection.
All settings, data, and training hyperparameters are kept the same.

Strategy RefCOCOg Caption V-T RES

Text bbox 13.5 18.9
VP Injection 17.6 33.4

Table 16: Generalizing Pixel-SAIL to a base MLLM with a vision encoder.

Model Base MLLM RefCOCO+ RefCOCOg RefCOCO RefCOCOg Caption

Sa2VA InternVL2-4B 74.3 76.7 80.4 17.3
Pixel-SAIL InternVL2-4B 76.2 79.0 80.7 17.8
Pixel-SAIL SAIL-3B 75.7 78.7 80.8 17.6

Table 17: Additional ablation of expert distillation. Results on RefCOCO/+/g are validation cIoU,
and V-T RES is reported on PerBench.

Distill V-T RES RefCOCO RefCOCO+ RefCOCOg

w/ 33.4 (+3.2) 80.8 (+0.6) 75.7 (+0.6) 78.7 (+0.4)
w/o 30.2 80.2 75.1 78.3

J Generalization Across Base MLLMs and Further Distillation Analysis

Using a base MLLM with a vision encoder. Although our primary goal is to show that
an encoder-free single transformer can simultaneously handle VQA, pixel understanding,
and visual prompt understanding, the proposed Pixel-SAIL mechanism is not limited to
encoder-free backbones. We further build Pixel-SAIL on top of InternVL2-4B. Similar to
the encoder-free version, visual prompt embedding injection is applied after the patch em-
bedding module, and segmentation masks are obtained by the dot product between the
vision tokens output by the MLLM and the segmentation tokens. To accelerate training,
we only use the thumbnail input, i.e., the maximum number of image splits is set to 1. The
results in Tab. 16 show that Pixel-SAIL built on InternVL2-4B also achieves strong perfor-
mance, demonstrating the generality of our design.

Additional analysis of expert distillation. We further analyze the effect of expert distil-
lation on out-of-domain generalization using PerBench V-T RES, whose examples do not
overlap with the training data. As shown in Tab. 17, distillation improves performance on
all benchmarks and yields a larger gain on V-T RES (+3.2), indicating that the distillation
strategy is particularly helpful for generalization beyond the training distribution. We note
that some results in the main paper use the average cIoU over val/testA/testB, whereas
Tab. 17 reports validation cIoU only on RefCOCO/+/g; this difference explains the appar-
ent inconsistency between tables. Overall, the teacher models guide early-stage learning
and improve generalization rather than defining a strict upper bound for Pixel-SAIL.

K Discussion and Limitations

What enables pixel grounding without a vision encoder. Encoder-free pixel grounding
presents two complementary challenges: preserving spatial detail after patch-level tok-
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enization and aligning language-side reasoning tokens with dense visual features in a
shared representation space. The lightweight upsampling path addresses the first chal-
lenge, while visual prompt injection addresses the second by assigning the same prompt
identity to an image region and its textual reference. In the controlled component abla-
tion of Tab. 5, all variants use the same data mixture, base model, and training schedule.
Adding visual prompt injection raises RefCOCOg Caption from 1.4 to 16.1 METEOR and
also improves referring segmentation, indicating that its effect is not explained by addi-
tional data. The no-distillation result in Tab. 17 further shows that the shared-transformer
pathway learns pixel grounding from supervised data alone; distillation improves accu-
racy but is not required for the capability to emerge.

Scope of the “single transformer” claim. The claim refers to the shared inference-time
backbone: image patches, text, visual-prompt identities, and [SEG] tokens are processed
by one transformer, whose hidden states support both language generation and mask pre-
diction. Pixel-SAIL still contains standard input embeddings, two lightweight learnable
upsampling blocks, a linear projection of [SEG] states, and a dot product for mask logits.
It does not use a separate pretrained CLIP/SAM vision encoder, Q-Former or resampler,
visual-prompt encoder, segmentation expert, or pretrained mask decoder at inference time.
Thus, “single transformer” describes backbone consolidation rather than the absence of all
input and output layers. The individual operations are standard; the contribution is their
reformulation into a shared encoder-free pixel-grounded system.

Attribution across systems and distillation scope. The controlled ablations isolate the
effects of Pixel-SAIL’s modules, but comparisons with independently trained systems can-
not fully separate architecture, pretraining, resolution, and data-mixture effects. The same-
data Sa2VA comparison in Tab. 9 reduces the data confound but does not remove the re-
maining architectural differences. For distillation, we use a fixed MSE weight of 0.5 and do
not claim that it is optimal; a broad weight sweep would require multiple full-scale training
runs. Because the frozen teachers shape the learned representation, their biases may also
be transferred. A useful future direction is staged training that uses expert guidance early
and removes the objective later, together with broader teacher and loss-weight studies.

Data, domains, and reasoning coverage. Pixel-SAIL is trained on 1.7M examples, so the
present results do not establish a data-scaling law or an optimal mixture. Changes in gen-
eral VQA performance can reflect both the selected base MLLM and a training shift toward
region-level and dense-prediction objectives, motivating more balanced mixtures. Our ex-
periments focus on natural images; we have not evaluated medical imagery, grayscale or
low-contrast inputs, or other specialized domains, where domain-specific data or adapta-
tion may be necessary. PerBench includes spatial and dependency relations, but it does not
replace dedicated spatial-reasoning benchmarks. Finally, compression below 0.5B param-
eters remains unstudied.

10


	Introduction
	Method
	Pixel-SAIL Architecture
	Benchmark and Dataset Engine

	Experiments
	Main Results
	Ablation Studies
	Visualization Analysis

	Conclusion
	Overview
	More Detailed Training and Testing
	Visual Affinity Map Analysis
	Detailed PerBench Construction Process
	More Challenging Cases in PerBench
	Additional Comparison with State-of-the-Art Pixel-Grounded MLLMs
	More Related Work Discussion
	Additional Scaling and Efficiency Analysis
	Robustness and Alternative Representations of Visual Prompts
	Generalization Across Base MLLMs and Further Distillation Analysis
	Discussion and Limitations

