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Jiashi Feng, Ming-Ming Cheng, and Liangli Zhen

Abstract—Semantic segmentation tasks naturally require high-resolution information for pixel-wise segmentation and global context
information for class prediction. While existing vision transformers demonstrate promising performance, they often utilize high-resolution
context modeling, resulting in a computational bottleneck. In this work, we challenge conventional wisdom and introduce the Low-
Resolution Self-Attention (LRSA) mechanism to capture global context at a significantly reduced computational cost. Our approach
involves computing self-attention in a fixed low-resolution space regardless of the input image’s resolution, with additional 3 x 3 depth-
wise convolutions to capture fine details in the high-resolution space. We demonstrate the effectiveness of our LRSA approach by
building the LRFormer, a vision transformer with an encoder-decoder structure. Extensive experiments on the ADE20K, COCO-Stuff,
and Cityscapes datasets demonstrate that LRFormer outperforms state-of-the-art models. The code will be made publicly available.

Index Terms—Low-Resolution Self-Attention, Semantic Segmentation, Vision Transformer
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1 INTRODUCTION

As a fundamental computer vision problem, semantic seg-
mentation [1]-[3] aims to assign a semantic label to each
image pixel. Semantic segmentation models [4], [5] usually
rely on pretrained backbone networks [6], [7] for feature ex-
traction, which is then followed by specific designs for pixel-
wise predictions. In the last decade, the progress in feature
extraction via various backbone networks has consistently
pushed forward state-of-the-art semantic segmentation [5]-
[10]. This paper improves the feature extraction for semantic
segmentation from a distinct perspective.

It is commonly believed that semantic segmentation, as
a dense prediction task, requires high-resolution features to
ensure accuracy. In contrast, image classification typically
infers predictions from a very small feature map, such
as 1/32 of the input resolution. Semantic segmentation
models with convolutional neural networks (CNNs) usually
decrease the strides of backbone networks to increase the
feature resolution [11]-[14], e.g., 1/8 of the input resolution.
This attribute is also well preserved in transformer-based
semantic segmentation, demonstrating that high-resolution
is still necessary for semantic segmentation.
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Fig. 1. Comparison of existing and our proposed paradigms for the
self-attention calculation in the vision transformer. Representatives

include (a) ViT [15], DeiT [16]; (b) Swin [17], CSwin [18]; (c) PVT [19],
SegFormer [9], P2T [20]; and (d) our LRFormer.

(c) Downsampling-based

High-resolution features are powerful for capturing the
local details, while context information pertains to the
broader understanding of the scene. Contextual features dis-
cern the interrelations between various scene components
[21], mitigating the ambiguity inherent in local features.
Thus, considerable research efforts [1], [22] have been de-
voted to extending the receptive field of CNNs. Conversely,
vision transformers inherently facilitate the computation
of global relationships by introducing self-attention with a
global receptive field. Nonetheless, this comes at a signif-
icant computational cost, as vanilla attention mechanisms
exhibit quadratic complexity to input length. Intriguingly,
seminal studies [9], [20], [23] made a remarkable effort by
judiciously downsampling some of the features (i.e., key and
value) during the self-attention computation for reduced
computational complexities.
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Nevertheless, we observe that the computational over-
head of self-attention remains a non-negligible bottleneck
for existing vision transformers, as evidenced by Tab. 11.
Consequently, we aim to delve deeper into the downsam-
pling in the core component of the transformer, i.e., self-
attention. Diverging from prior works that only downsam-
ple the key and value features [9], [20], [23], we propose
to downsample all constituents—query, key, and value fea-
tures. In this way, the output of self-attention would be in a
low-resolution so that the mainstream of the transformer
would contain low-resolution. Furthermore, we adopt a
fixed downsampling size rather than a downsampling ratio
to attain a very low computational complexity for self-
attention. The proposed method is called Low-Resolution
Self-Attention (LRSA).

Fig. 1 depicts the differences between existing self-
attention approaches and our LRSA. Vanilla self-attention
[15] (Fig. 1(a)) directly computes the global feature rela-
tions in the original resolution, which is quite expensive.
Window-based methods [17], [18], [24], [25] (Fig. 1(b)) di-
vide the features into small windows and perform local
self-attention within each window. Downsampling-based
methods [9], [19], [20], [26], [27] (Fig. 1(c)) keep the size
of the query unchanged, and they downsample the key
and value features with a fixed pooling ratio. The lengths
of key and value features increase linearly with the input
resolution. In contrast, our LRSA (Fig. 1(d)) downsamples
all query, key, and value to a small fixed size, leading to very
low complexity regardless of the input resolution. More
analysis of the computational complexity can refer to §3.1.

While LRSA significantly boosts efficiency in capturing
global context, we recognize that maintaining fine-grained
details is another critical aspect for optimal performance in
semantic segmentation. To address this duality, we employ
LRSA to capture global context information in a purely low-
resolution domain, while simultaneously integrating small
kernel (3x3) depth-wise convolution to capture local details
in the high-resolution space. Based on these foundational
principles, we build a new backbone network for feature
extraction and a simple decoder to aggregate the extracted
multi-level features for semantic segmentation. This new
model is dubbed as Low-Resolution Transformer (LR-
Former). We evaluate LRFormer on popular benchmarks,
including ADE20K [28], COCO-Stuff [29], and Cityscapes
[30]. Experimental results (e.g., Fig. 2) demonstrate the su-
periority of LRFormer over state-of-the-art models. Besides,
LRFormer also achieves competitive performance for image
classification on the ImageNet dataset [31], compared with
recent strong baselines.

2 RELATED WORK
2.1 Semantic Segmentation

Semantic segmentation is a fundamental task in computer
vision. It is challenging due to the numerous variations like
object sizes, textures, and lighting conditions in practical
scenarios. FCN [32], the pioneering work in this area, pro-
posed the adaptation of CNNs for semantic segmentation in
an end-to-end manner. Since then, numerous studies have
been built upon FCN [32], with major efforts focused on
enriching multi-scale representations [4], [5], [33], enhancing

2
LRFormer (Ours)
52} P L
*——” _..@9MaskFormer
Q 50 *,/’ N e SegFormer
°5' h ¢ mDAVIT
o v /[ 4
E 48+ III P:?T “‘..-"HRFormer
g NN :
* Y6
W 46l : “
[=] N ® SegFormer
< ‘ MaskFormer
K HRFormer
44r B DAVIT
R P2T
a2l ..: . . . . * .LRFormer (.Ours)
10 50 100 150 200 250 300
FLOPs (G)

Fig. 2. Experimental comparisons on ADE20K [28] dataset.

boundary perception [34]-[37], contextual representations
[21], [38] and introducing visual attention [2], [3], [8], [11],
[14]. These studies deeply explored the semantic head de-
sign upon FCN [32] and achieved great progress. Among
these, many approaches [1]-[5], [8], [11]-[14] are greatly
benefited from the high-resolution features, performing pre-
diction in the 1/8 of the input resolution to ensure high
accuracy.

More recently, many works [9], [10], [39]-[41] showed
that vision transformers [15] can largely improve the perfor-
mance of semantic segmentation. This is mainly attributed
to the strong global capability of vision transformers, which
happens to be a crucial property required for semantic
segmentation. For example, SETR [39] first adapted ViT
as an encoder followed by multi-level feature aggregation.
SegFormer [9] introduced a novel pyramid vision trans-
former encoder with an MLP mask decoder. MaskFormer
[40] revolutionized mask decoders with transformer-based
mask classification. More discussions on vision transformers
can refer to §2.3.

2.2 Convolutional Neural Networks

Given that CNN-based semantic segmentation models rely
on CNN backbones for feature extraction, we discuss some
notable CNN architectures. Since the emergence of AlexNet
[42], many techniques have been developed to strengthen
the CNN representations and achieved great success. For
example, VGG [43], GoogleNet [44], ResNets [6] and
DenseNets [45] developed increasingly deep CNNs to learn
more powerful representations. ResNeXts [7], Res2Nets [46],
and ResNeSts [47] explored the cardinal design in ResNets
[6]. SENet [48] and SKNet [49] introduced different attention
architectures for selective feature learning. Very recently,
CNNs with large kernels are proven powerful in some
works [50]-[52]. To ensure the high-resolution of feature
maps for accurate semantic segmentation, semantic segmen-
tation models usually decrease the strides of these CNNs
and uses the dilated convolutions [22] to keep larger re-
ceptive field. Motivated by this, HRNet [53] was proposed
to directly learn high-resolution CNN features. Despite the
numerous successful stories, CNNs are limited in captur-
ing global and long-range relationships, which are of vital
importance for semantic segmentation.
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2.3 Vision Transformers

Transformers are initially proposed in natural language
processing (NLP) [54]. Through multi-head self-attention
(MHSA), transformers are capable of modeling global re-
lationships. Thanks to this characteristic, transformers may
also be powerful for computer vision tasks that require
global information for a whole understanding of the visual
scenarios. To bridge this gap, ViT [15] transformed an im-
age to tokens via a 16x16 pooling operation and adopts
the transformer to process these tokens, achieving better
performance than CNNs in image recognition. After that,
vision transformers are developed rapidly by leveraging
knowledge distillation [55], overlapping patch embedding
[56] or convolutions [57], [58]. Recently, pyramid vision
transformers [10], [17], [19], [20], [23], [26], [59], [6U] are
proven to be powerful for image recognition tasks like se-
mantic segmentation. For example, PVT [19] and MViT [26]
proposed to build a pyramid vision transformer pipeline
via performing downsampling on key and value features.
Liu et al. [17] created a window-based vision transformer
with shifted windows. Yuan et al. [10] presented HRFormer
to learn high-resolution features for dense prediction using
the vision transformer. Xia et al. [61] proposed DAT with
deformable attention, conducting deformable sampling on
key and value features.

Despite their reported effectiveness, it is still commonly
believed that high-resolution features are crucial for self-
attention to effectively capture contextual information in
semantic segmentation. Window-based vision transformers
[171, [18], [24], [25] calculate self-attention within each lo-
cal windows to reduce the computational complexity so
that they can keep the high-resolution of feature maps.
Downsampling-based vision transformers [9], [19], [20],
[23], [26], [27] keep the size of the query while partially
conduct the downsampling on the key and value features
with a fixed pooling ratio. Such strategy greatly reduces
the complexity compared with vanilla attention so as to
keep high-resolution features, making themselves computa-
tionally non-negligible especially for high-resolution inputs
(Tab. 11). In contrast, we question the necessity of keeping
high-resolution for capturing context information via self-
attention. We study this question by proposing LRFormer
with LRSA. The good performance on several public bench-
marks suggest the superiority of our LRFormer for semantic
segmentation.

3 METHODOLOGY

In this section, we first introduce the Low-Resolution Self-
Attention (LRSA) mechanism in §3.1. Then, we build Low-
Resolution Transformer (LRFormer) using LRSA for se-
mantic segmentation in §3.2. The decoder of LRFormer is
presented in §3.3. Finally, we provide the implementation
details in §3.4.

3.1

Unlike existing vision transformers that aim to maintain
high-resolution feature maps during self-attention, our pro-
posed LRSA computes self-attention in a low-resolution
space, significantly reducing computational costs. Before

Low-Resolution Self-Attention

3
Scheme Global Spatial Corr. ~ Complexity
Window-based [17] '3 v O(NC?)
Factorized [62] v X O(NC?)
Downsampling-based [9] | ¢ v O(N2C + NC?)
LRSA (Ours) v v O(NC + C?)

TABLE 1
Comparison of various self-attention schemes. N is the length of
the flattened features and C is the number of feature channels. “Spatial
Corr.” denotes the spatial correlation. We omit constant factors for
simplicity, like the window size in window-based methods and the
downsampled size of LRSA.

delving into our proposed LRSA, let us first revisit the vision
transformer architecture.

Revisiting self-attention in transformers. The vision
transformer [15] has been demonstrated to be very powerful
for computer vision [10], [17]-[20], [23]-[26]. It consists of
two main parts: the multi-head self-attention (MHSA) and
the feed-forward network (FFN). We continue by elaborat-
ing on MHSA. Given the input feature F},,, the query @, key
K and value V are obtained with a linear transformation
from Fj,,. Then, we can calculate MHSA as
T
o (1)
en
where dj, is the number of channels of Fj,,. We omit the
multi-head operation for simplicity. The overall computa-
tional cost of vanilla self-attention is O(N2C + C?N), where
N and C are the number of tokens and the number of chan-
nels of F;,, € RV*C, respectively. As the number of tokens
of natural images are usually very large, the computational
cost of vanilla self-attention is very high.

Attention(F};,) = Softmax(

W,

Previous solutions.  To alleviate the computational
cost while keeping the high-resolution of feature maps,
downsampling-based vision transformers [9], [19], [20], [23],
[26], [27] change the self-attention computation to
. QKT

Attention(F},,) = Softmax(—==)V%, )
Vv,
in which K, and V; are the downsampled key K and value
V' with a fixed downsampling ratio s,, respectively. The
1D <« 2D feature reshaping is omitted for convenience.
The length of K and V; is 1/s? of the original K and V. If
the original length of K and V is too large, the K and V
will also be long sequences, introducing considerable com-
putational cost in self-attention. Here, we only introduce
downsampling-based transformers because they are most
relevant to our method.

Our solution. Instead, we tackle the heavy computation
of vanilla self-attention from a new perspective: we do not
keep the high-resolution of feature maps but process the
features in a very low-resolution space. Specifically, the
proposed LRSA downsamples the input feature Fj, to a
fixed size m. Then, multi-head self-attention is applied:

QK

Vi o
where @), K, and V), are obtained by a linear transforma-
tion from the downsampled F,. Q,, K, and V, are with
a fixed size m, regardless of the resolution of the input
F,. Compared with vanilla self-attention and previous

Attention(F;,,) = Softmax(

Wos
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Fig. 3. Pipeline of the proposed LRFormer. F», F3 and Fy are fed into the decoder head for semantic segmentation.
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Fig. 4. lllustration of a basic block of our LRFormer. The symbol
“®” denotes the element-wise addition. We add a 3x3 depth-wise
convolution (DWConv) with a residual connection before LRSA, which
is also applied between the two linear layers of the FFN.

solutions, our LRSA has a much lower computational cost.
LRSA can also facilitate attention optimization due to the
much shorter token length. To fit the size of the original
F}y,, we then perform a bilinear interpolation after the self-
attention calculation.

Complexity and characteristics. ~The computational com-
plexity of LRSA is much lower than existing self-attention
mechanisms for vision transformers. We summarize the
main characteristics and computational complexity of recent
popular self-attention mechanisms and our LRSA in Tab. 1.
Spatial correlation means that self-attention is carried out
in the spatial dimension, and some factorized transformers
[62] compute self-attention in the channel dimension for
reducing complexity. As can be observed from Tab. 1, other
methods often face trade-offs among complexity, global
receptive field, and spatial correlation. In contrast, our LRSA
offers advantages in all these aspects.

Let us continue by analyzing the computational com-
plexity of LRSA. For convenience, we do not include
the 1D<+2D feature reshaping. LRSA first downsamples
the input features Fj,, € RY *C to a fixed size m x C
with a 2D pooling operation, whose computational cost is
O(NC). Then, LRSA performs linear transformations and
self-attention on the pooled features, which costs O(mC?).
The computation of self-attention costs O(m?>C'). The final
upsampling operation has the same computational cost as
downsampling. Overall, the computational complexity of
LRSA is O(NC +mC? +m?2C). As m is a constant number
(e.g., 16°) regardless of the value of N, we can simplify the
complexity of LRSA to O(NC + C?), which is much smaller

than existing methods.

3.2 Low-Resolution Transformer

In this part, we build the LRFormer for semantic segmen-
tation by incorporating the proposed LRSA. The overall
architecture of LRFormer is illustrated in Fig. 3, with an
encoder-decoder architecture.

Encoder-decoder. Taking a natural image as input, the
encoder first downsamples it by a factor of 1/4, follow-
ing prevailing literature in this field [17], [19], [20], [23],
[26]. The encoder consists of four stages with a pyramid
structure, each comprising multiple stacked basic blocks. In
between every two stages, we include a patch embedding
operation to reduce the feature size by half. This results
in the extraction of multi-level features I, I5, F3, Fy with
strides of 4, 8, 16, and 32, respectively. We resize F5, F3, F}
to the same size as F3 before concatenating and squeezing
them to smaller channels. The resulting features are then
fed into our decoder head, which performs further semantic
reasoning and outputs the final segmentation map via a
1 x 1 convolution layer. The details of our decoder head
are presented in §3.3.

Basic block. The basic block is illustrated in Fig. 4. Like
previous transformer blocks [17], [19], the basic block of
our LRFormer is composed of a self-attention module and
an FEN. The FEN is generally an MLP layer composed of
two linear layers with GELU [63] activation in between.
Differently, we renovate the self-attention module with our
proposed LRSA. As LRSA is computed in a very low-
resolution space, attaining a low complexity regardless of
the input resolution. However, the low-resolution space may
lose the spatial locality of the input features. Inspired by
recent works [20], [58], we further introduce depth-wise
convolution (DWConv) in both positional encoding and
FEN, assisting the feature extraction via capturing spatial
local details. That is, we insert a 3 x 3 DWConv layer
with short connection followed by our LRSA, providing
conditional positional encoding [58]. This strategy is also
applied between the two linear layers of the FFN. Therefore,
our basic block can be simply formulated as below:

F!, = F;, + DWConv(F},),
F,it = F!, + LRSA(LayerNorm(F},)),
Fout = Fu + FEN(LayerNorm(Fy)),

(4)
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Stage Output Size LRFormer-T LRFormer-S LRFormer-B LRFormer-L
1 FH o W C=48, E=8 C=64FE=8 C=80,FE=8 C=96FE=38
4 4 Cp=24,n1 =2 Cp=32,n =3 Cp =40,n1 =4 Cp =48, n1 =4
2 Py H W C=096E=38 C=128, E=38 C =160, E =38 C=192, E=38
8 8 Cp=24,n2=2 Cp =32,n2 =3 Cp =40,n2 =4 Cp =48, n2 =6
3 Fy: H o W C=240,E =4 C=320,E=4 C =400, E =4 C =480, E =4
16 7 16 Cp=24,n3=06 Cp =32,n3 =12 Cp=32,n3=15 Cp, =32,n3 =18
4 Pyl W C=384,E=4 C=512,E=4 C=512,E=4 C=640,E =4
32 7 32 Cp=24,n4=3 Cp=32,n4=3 Cp =40,n4 =8 Cp =48, n4 =8
TABLE 2

Detailed settings of the encoders for different LRFormer variants. C, C}, E, and n; denote the number of feature channels, channels of each

attention head, expansion ratio of FFN, and the number of basic blocks for the i-th stage, respectively.

where F;,, Fy and F,; represent the input, output of

pooling [

] to extract multi-scale features when computing

LRSA, and output of the basic block, respectively.

Architecture setting.  To fit the budgets of different com-
putational resources, we design four variants of LRFormer,
namely LRFormer-T/S/B/L, stacking different numbers of
basic blocks for each stage in the encoder. We summarize
the detailed settings of their encoders in Tab. 2. In terms
of ImageNet pretraining [31], the computational cost of
LRFormer-T/S/B/L is similar to ResNet-18 [6] and Swin-
T/S/B [17], respectively.

3.3 Decoder Head

In semantic segmentation, it is suboptimal to predict the
results based solely on the final output of the encoder, as
multi-level information is useful in perceiving objects with
various scales and aspect ratios [9], [64]. Thus, we design
a simple decoder for LRFormer to aggregate multi-level
features efficiently and effectively. To this end, we note
that an MLP aggregation can achieve good performance in
the state-of-the-art work SegFormer [9]. However, it does
not consider the spatial correlation between the features
from different levels. Therefore, we encapsulate our LRSA
into our decoder for feature refinement, strengthening the
semantic reasoning of LRFormer.

As mentioned above, Fy, I3, F, are resized to the same
size as F» and then concatenated together. We apply a
1 x 1 convolution on the concatenated feature to squeeze
the number of channels. Then, a basic block (LRSA + FFN)
is adopted to refine the squeezed feature. As we know, the
feature from the top of the encoder, i.e., Fy, could be the most
semantic meaningful. To avoid the loss of semantic infor-
mation in the aggregation of high-level (F;) and low-level
(F5, F3) features, we concatenate the refined feature with F)
to enhance the semantics. After that, another basic block is
connected for further feature refinement. Finally, we infer
the segmentation prediction from the refined feature with a
simple 1 x 1 convolution. The experiments demonstrate that
our simple decoder with LRSA can do better than previous
state-of-the-art decoder heads for semantic segmentation, as
shown in Tab. 9.

3.4 Implementation Details

In LRFormer, We apply the overlapped patch embedding,
ie., a3 x 3 convolution with a stride of 2, to downsample
the features by half between each stage. To strengthen multi-
scale learning of LRSA with negligible cost, we use pyramid

the key and value features in LRSA. The desired fixed
downsampling size m for generating the query, key and
value is 16 for semantic segmentation. Such size is changed
to 72 for ImageNet pretraining because m = 162 is too
large for image classification. For the number of channels
in the decoder, we set it to 256/384 /512 /640 for LRFormer-
T/S/B/L, respectively.

4 EXPERIMENTS

4.1 Experimental Setup

Datasets. = We perform experiments on three well-
established datasets. ADE20K [28] is a very challenging
scene parsing dataset that contains 150 semantic classes
with diverse foreground and background, consisting of 20K,
2K, and 3.3K images for training, validation, and testing,
respectively. COCO-Stuff [29] labels both things and stuffs
with a total of 171 fine-grained semantic labels, with 164K,
5K, 20K, and 20K images for training, validation, test-dev,
and test challenge. Cityscapes [30] is a high-quality dataset
for street scene parsing that contains 3K, 0.5K, and 1.5K
driving images for training, validation, and testing. These
datasets cover a wide range of semantic categories and pose
different challenges for semantic segmentation models.

ImageNet pretraining. We adopt the popular timm pack-
age to implement our network. Following other networks,
we first pretrain the backbone encoder of LRFormer on the
ImageNet-1K dataset, which has 1.3M training and 50K val-
idation images with 1K object categories. During ImageNet
pretraining, the decoder head of LRFormer is omitted. To
regularize the training process, we follow the standard data
augmentation techniques and optimization strategy used in
previous works [9], [17], [55]. We use AdamW [65] as the
default optimizer with a learning rate of 0.001, weight decay
of 0.05, a cosine learning rate adjustment schedule, and a
batch size of 1024. No model EMA is applied. The backbone
encoder is pretrained for 300 epochs, and we apply layer
scale [66] to alleviate the overfitting of large networks, as
suggested by recent works [50], [66]. For LRFormer-L, we
follow [17], [50] additionally pretrain the network on the
full ImageNet-22K dataset for 90 epochs and then finetune
it on ImageNet-1K dataset for 30 epochs. In the finetuning,
the learning rate is set as 5e-5, and each mini-batch has 512
images.
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Method FLOPs | #Params | mloU 1 Method FLOPs | #Params | mloU 1
SegFormer [9] 16G 14M 42.2% HRFormer-S [10] 109G 14M 37.9%
HRFormer-S [10] 109G 14M 44.0% SegFormer-B1 [9] 16G 14M 40.2%
LRFormer-T 17G 13M 46.7% LRFormer-T 17G 13M 43.9%
Mask2Former [64] 74G 47M 47.7% SegFormer-B2 [9] 62G 28M 44.6%
SegFormer-B2 [9] 62G 28M 46.5% LRFormer-S 40G 32M 46.4%
LRFormer-S 40G 32M 50.0% HRFormer-B [10] 280G 56M 42.4%
HRFormer-B [10] 280G 56M 48.7% SegFormer-B3 [9] 79G 47M 45.5%
SegFormer-B3 [9] 96G 47M 49.4% SegFormer-B5 [9] 112G 85M 46.7%
LRFormer-B 75G 69M 51.0% LRFormer-B 75G 69M 47.2%
DPT-Hybrid [67] 308G 124M 49.0% LRFormer-L 122G 113M 47.9%
DAVIT-B [68] 294G 121M 49.4% TABLE 4
ggz;iiﬁzeég [ ]] iggg 180521\1>[/[ g%goﬁo Comparisons with recent transformer-based methods on the full

- 7o -Stuff . Results of h ki Id.
LRFormer-L 183G 113M 52.6% COCO-Stuff dataset [29]. Results of our method are marked as bold
SETR-MLAT [39] - 302M 48.6%

MaskFormer! [64] 195G 102M 53.1%

CSWin-B [15] 463G 109M 51.8% 1\H’[§g‘°d - Flé%l’é | # Palr:ﬁs 1 ngé"(‘)ﬂ/T

LRF Lt 183G 113M 54.2% ormer- M7

S SegFormer-B1 [9] 244G 14M 78.5%

c ) ith “TABLfE 3 based methods on th LRFormer-T 122G 13M 80.7%

omparisons with recent transformer-based methods on the - o

ADE20K dataset [28]. The results of our method are marked as bold. i%FormerSB2 V] Zégg égﬁ g}gé

“I” indicates the result pretrained on ImageNet-22K. HRF?EFH?;_B [l A0 e 81j9°/z

SegFormer-B3 [9] 963G 47M 81.7%

LRFormer-B 555G 67M 83.0%

Training for semantic segmentation. ~We use mmsegmen- SegFormer-B5 [9] 1460G 85M 8242/0

tation framework to train our network for semantic segmen- LRFormer-L 908G 1M 83.2%

tation. AdamW [65] is adopted as the default optimizer, TABLE 5

with learning of 0.00006, weight decay of 0.01, and poly
learning rate schedule with factor 1.0. Following [9], [17],
the weight decay of LayerNorm [69] layers is set as 0.
Regarding the data augmentation, we use the same strat-
egy as mentioned in [9], [17]. That is we construct the
pipeline of image resizing (0.5 ~ 2x), random horizontal
flipping, followed by a random cropping of size 512x512,
512x512, and 1024x1024 for ADE20K, COCO-Stuff, and
Cityscapes datasets, respectively. Note that for our largest
model LRFormer-L in ADE20K, the cropped size remains
640 x 640, consistent with recent works. The mini-batch size
is set to 16, 16, and 8 images for ADE20K, COCO-Stuff, and
Cityscapes datasets, respectively. We train our network for
160K, 80K, and 160K iterations for ADE20K, COCO-Stuff,
and Cityscapes datasets, respectively. We only use the cross-
entropy loss for training and do not employ any extra losses
like the auxiliary loss [4] and OHEM [70].

Testing for semantic segmentation. During testing, we
maintain the original aspect ratio of the input image and
resize it to a shorter size of 512 and a longer size not
exceeding 2048 for the ADE20K and COCO-Stuff datasets.
We follow the suggestion of [9] and resize the input size
of LRFormer-L for the ADE20K dataset to a shorter size of
640 and a longer size not exceeding 2560. In the Cityscapes
dataset, we apply a crop size of 1024x1024 with sliding
window testing strategy following [9].

4.2 Comparisons

ADE20K. Results are shown in Tab. 3. LRFormer is com-
pared with several recent transformer-based methods in dif-
ferent complexity levels. We can observe that our LRFormer
exhibits strong superiority over other methods. For exam-
ple, LRFormer-T/S/B/L are 4.5%/3.5%/2.6%/1.6% better
than SegFormer-B1/B2/B4/B5 [9], [17]. LRFormer-T is 2.3%

Comparisons with recent transformer-based methods on the
Cityscapes dataset [30]. Results of our method are marked as bold.
FLOPs are calculated for an input size of 1024 x 2048.

better than Swin-T-based Mask2Former [64] with near half
FLOPs. With ImageNet-22K pretraining, LRFormer is 1.1%
and 2.4% better than the strongest Swin-B-based Mask-

Former [17], [40] and UperNet-based CSwin [18], [71] with
fewer FLOPs.
COCO-Stuff. We elaborate the results in Tab. 4. We evalu-

ated our method on different network scales and compared
it against recent popular methods. LRFormer achieved the
highest mIoU on all network scales, outperforming the other
methods. Specifically, our LRFormer-T model achieved a
mloU of 43.9%, which is 3.7% higher than HRFormer-S and
3.7% higher than SegFormer-B1. Similarly, our LRFormer-S
and LRFormer-B models outperformed the corresponding
SegFormer models by 1.8% and 1.7%. Our LRFormer-L
model outperforms SegFormer-B5 by 1.2%. These exper-
imental comparisons demonstrate the superiority of LR-
Former on the COCO-Stuff dataset.

Cityscapes. Tab. 5 presents the experimental comparisons
between LRFormer and recent popular methods on the
Cityscapes dataset. LRFormer outperforms SegFormer and
HRFormer in all cases. We can observe that due to large
input size, FLOPs of other methods are much higher than
ours. For example, SegFormer-B2 costs 717G FLOPs while
our LRFormer-S only spends 41% FLOPs with 0.9% im-
provement. More complexity analysis can refer to Tab. 11.

ImageNet. Since we pretrained our backbone encoder
on ImageNet, we also evaluate our network on ImageNet
classification for reference. Results are shown in Tab. 6.
We divide them to five groups. The first four groups are



IEEE TRANSACTIONS ON PATTERN ANALYSIS AND MACHINE INTELLIGENCE

Model

FLOPs | #Params | Size Top-1 Acc. 1

ResNet-18 [6] 1.8G 12M 2247 685%
PVTv2-B1 [23] 2.1G 13M 2242 787%
P2T-Tiny [20] 1.8G 12M 2242 79.8%
LRFormer-T 1.8G 13M 2242 80.8%
ResNet-50 [6] 41G 26M 2247 785%
Swin-T [17] 4.5G 28M 2242 81.5%
ConvNeXt-T [50] 4.5G 29M 2242 82.1%
MViTv2-T [27] 47G 24M 2242 82.3%
CSwin-T [18] 4.3G 23M 2242 82.7%
LRFormer-S 47G 30M 2242 83.5%
Swin-S [17] 8.7G 50M 2247 83.0%
ConvNeXt-S [50] 8.7G 50M 2242 83.1%
DAT-S [61] 9.0G 50M 2242 83.7%
P2T-Large [20] 9.8G 55M 2242  83.9%
LRFormer-B 9.3G 62M 2242 84.5%
DeiT-B [16] 17.5G 86M 2247  81.8%
RegNetY-16G [72]  16.0G 84M 2242 82.9%
RepLKNet-31B [51] 15.3G 79M 2242 83.5%
SwinT-B [17] 15.4G 88M  224%2  83.5%
ConvNeXt-B [50] 15.4G 8OM 224>  83.8%
FocalNet-B [73] 15.4G 8M 2242  83.9%
DAT-B [61] 15.8G 88M 2242  84.0%
CSwin-B [18] 15.0G 78M 2242 842%
LRFormer-L 15.7G 10IM 2242  85.0%
Swin-BT [17] 15.4G 8M 224>  85.2%
ConvNeXt-Bf [50] 154G 89M 2242  85.8%
LRFormer-Lf 15.7G 101IM 2242 86.4%
ConvNeXt-Bf [50]  45.1G 89M 3842  86.8%
Swin-Bf [17] 47.0G 88M 3842  86.4%
LRFormer-Lf 46.3G 101IM 3842  87.2%
TABLE 6

Classification results on ImageNet-1K [31] dataset. Results of our

method are marked as bold. Results marked with “I” are pretrained on

ImageNet-22K dataset.

Method Memory Top-1 Acc. T mloU 1

LRFormer-S 14.5GB 81.6% 48.5%

w/0o DWConv (bef. LRSA) | 13.8GB 81.4% 48.0%

w /0 DWConv (FEN) 11.7GB 81.1% 47.1%
TABLE 7

Ablation study on the spatial locality capturing. “Memory” is the
training memory in ImageNet pretraining.

divided by the FLOPs of approximate 2G, 4.5G, 9G, 16G,
respectively. The last group includes the results pretrained
on ImageNet-22K dataset. The backbone encoder of our
LRFormer outperformed recent state-of-the-art CNN-based
methods such as ConvNeXt [50] and RepLKNet [51], and
transformer-based methods like CSwin [18] and P2T [20].

4.3 Visualization analysis.

To visually illustrate the effectiveness of our method, we
pick segformer [9] as the model for intuitive comparison
from ADE20K val set and Cityscapes val set, as shown in
Fig. 5 and Fig. 6 respectively. The results indicate that LR-
Former is capable of generating more precise segmentation
maps, particularly in the areas highlighted by the red boxes.
We discover that LRFormer offers significant advantages
in terms of maintaining object segmentation integrity and
capturing intricate details.

Fig. 5. Qualitative Visualization on ADE20K val set. The figures
from left to right are input images, ground truth, segmentation maps
of SegFormer [9], segmentation maps of our LRFormer. Significant
improvements are indicated by red boxes on segmentation maps.

4.4 Ablation Study

In the following part, we conduct several ablation studies to
analyze our LRFormer. Except for specifically mentioning,
we use the following settings. LRFormer-S is set as the
baseline and trained using 8 GPUs for both classification
and semantic segmentation. For classification, our network
is trained for 100 epochs in the ImageNet-1K [31] dataset.
For semantic segmentation, our network is trained for 80K
iterations in the ADE20K [28] dataset. Other settings are
kept same as the setup in §4.1.

Locality capturing. Our LRSA only computes the atten-
tion in low-resolution space. Introducing spatial locality,
3 x 3 depth-wise convolution, to our network is beneficial for
getting fine-grained semantic maps. In Tab. 7, we analyzed
the effect of the two depth-wise convolution before LRSA
and in FFN. We can observe that the ADE20K performance
of our LRFormer is improved by 0.5% and 1.4% and when
adding the depth-wise convolution before LRSA in FFN,
with 5% and 24% training memory overhead. Therefore, we
add both of them in our LRFormer.

Fixed pooled size. = We reported the results in Tab. 8. For
each basic block, the pooling operation will be omitted if
the feature map size is smaller than the desired pooled size.
Default fixed pooled size m is 16 for semantic segmenta-
tion. Results show larger pooled size (m > 16%) achieves
saturated performance. The default setting only introduces
5% training memory overhead and FLOPs compared with
the pooled size of 82 for semantic segmentation. When
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Fig. 6. Qualitative Visualization on Cityscapes val set. The figures from left to right are input images, ground truth, segmentation maps of
SegFormer [9], segmentation maps of our LRFormer. The significant improvements are indicated by red boxes on segmentation maps.

Pooled Size | | FLOPs | Training Memory | mloU 1
8x8 38G (-5%) 4.0GB (-5%) 46.8%
16 x 16 40G 4.2GB 48.5%
32 x 32 52G (+30%) 5.3GB (+26%) 48.6%
48 x 48 74G (+85%) 7.4GB (+76%) 48.7%
64 x 64 108G (+170%)  10.9GB (+160%) 48.5%

TABLE 8
Experiments on the fixed pooled size settings of our LRSA. The
performance is saturated when pooled size is larger than 16 x 16.

Decoder Head | FLOPs | #Params | mloU 1

Ours 40G 32M 49.5%

w/ PPM [4] 82G 44M 48.4%

w/ DA [2] 924G 42M 48.9%

w/ CC [8] 84G 42M 48.6%

w/ OCR [21] 48G 34M 48.0%
TABLE 9

Comparisons of our decoder and other popular decoder heads.

increasing the pooled size to 322, 482, 642, we obtain a minor
improvement or even decreased performance on ADE20K
semantic segmentation. We also observe that the FLOPs and
training memory overhead are much more significant (26%
~ 170%) when the pooled size is larger than 16°. Consid-
ering the the performance, FLOPs and training memory, a
low-resolution setting in LRFormer is much more proper.

Comparions of different decoder heads. Our decoder
head aims to predict the semantic maps from multi-level
feature maps effectively and efficiently with LRSA. The
validate the LRSA of our decoder head, we compare it with
several popular decode heads. These popular decoder heads
are designed for CNNs, whose output feature maps are
usually 1/8 of the original image. However, the backbone

encoder of our LRFormer can output features of the 1/32
of the original image. To make a fair comparison, we first
upsample features of the last stages and concatenate them
together. Then, we feed them to the popular decoder heads.
Other processes keep unchanged in these popular decoder
heads. Tab. 9 summarized the results on ADE20K semantic
segmentation. The backbone is pretrained for 300 epochs on
ImageNet-1K. Compared with PPM [4], DA [2], and CC [§],
our LRFormer achieves 1.1%, 0.6%, and 0.9% improvement,
respectively, with only fewer than 50% FLOPs. Compared
with OCR [21], our LRFormer obtains 1.5% performance
gain, with 83% FLOPs. Therefore, our default setting is more
efficient and effective than other popular decoder heads.

Bilinear interpolation.  Although the self-attention is
computed in a low-resolution manner, a bilinear interpo-
lation is needed to fit the size as requested by the residual
connection. However, we find that using LRFormer-S with
an input size of 5122, the bilinear interpolation only has a
latency of 0.1ms, constituting a negligible 0.8% of the overall
network’s latency.

Dimensions of the decoder head. To optimize the per-
formance and computational cost of the decoder head, we
employ a 1x1 convolution to reduce the dimension of the
concatenated multi-level features before feeding them into
the decoder. We conducted experiments with various di-
mension settings and compared their results in Tab. 10. The
backbone is pretrained for 300 epochs on ImageNet-1K. The
experiments show that a dimension setting of 512 achieves
the best performance. However, setting the dimension to
384 results in only a 0.1% drop in mloU performance, while
saving 25% FLOPs. Therefore, we set the dimension of
the decoder head to 384 in our LRFormer-S, reflecting the
optimal trade-off between performance and computational
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Dimension FLOPs | #Params | mloU 1
128 27G 30M 47.8%
256 32G 31IM 49.2%
384 40G 32M 49.5%
512 50G 37M 49.6%
768 79G 46M 49.2%
1024 117G 58M 49.2%

TABLE 10

Discussions on the dimensions of the decoder. When the
dimension of the decoder is larger than 384, the performance will be
saturated or even decreased.

Method Size, Batch Size Memory | FLOPs | Att. FLOPs |
LRFormer-S 512x512,2 4.2GB 40G 04G
SegFormer-B2| 512x512, 2 7.2GB 62G 3.9G
LRFormer-S | 1024x1024, 1 5.7GB 145G 04G
SegFormer-B2| 1024x1024,1 18.8GB 291G 62G
LRFormer-L | 1024x1024,1 12.8GB 430G 2.0G
SegFormer-B5| 1024x1024, 1 28.8GB 563G 162G
TABLE 11

Analysis of the memory usage and FLOPs for different input size.
“Att. FLOPs” indicates the FLOPs of MHSA operations. "Memory” is the
training memory for semantic segmentation.

cost.

Memory and FLOPs. Our LRSA has a very low compu-
tational complexity of only O(C? + C'N). We numerically
analyze the efficiency of our LRFormer for different input
sizes, as well as the comparisons with the representative
method SegFormer [9]. The analyzed results on FLOPs,
attention FLOPs, and training memory are shown in Tab. 11.
Our LRFormer-S costs much less memory and FLOPs than
SegFormer-B2. Given input size of 1024 x 1024, the num-
ber of FLOPs of MHSA operations in our LRFormer is
dramatically lower than (0.4G vs. 62G) the self-attention in
SegFormer. The training memory SegFormer-B5 is close to
32GB, which is close to the memory limit of a 32GB V100
GPU. Instead, our LRFormer-L only costs 12.8GB memory.

5 CONCLUSION

In this paper, we presented a novel approach to seman-
tic segmentation via introducing the low-resolution self-
attention. LRSA computes the self-attention in a fixed low-
resolution space, regardless of the size of the input image,
making the self-attention highly efficient. Extensive exper-
iments on ADE20K [28], COCO-Stuff [29] and Cityscapes
[30] datasets show that LRFormer outperforms state-of-
the-art models, suggesting that LRSA is adequate to keep
global receptive field with negligible computational cost.
This study provides evidence for the effectiveness of LRSA
and opens a new direction for future research.
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