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ARTICLE INFO ABSTRACT

Keywords: In adapting Transformer from language to computer vision, the major obstacles are the
Transformers high computational complexity and large model size of Transformer blocks, derived from
Lightweight backbone

the great quantity of visual tokens and high resolutions of input entities. To address these
challenges, this paper presents a mixture lightweight Transformer (MLT) backbone for image
understanding, where each Transformer block, called SH-Transformer, adopts Single-Head Self-
Attention (SHSA) and Convolutional Inception Module (CIM). Unlike previous Transformers
that compute Multi-Head Self-Attention (MHSA), SHSA limits the representation of input token
into a single head, resulting in a low-dimensional embedding that greatly reduces computational
complexity. In spite of adding a small number of model parameters, SHSA greatly minimizes the
number of input tokens. As complementary of SHSA that only investigates global interactions,
CIM is designed to explore multi-scale local information using lightweight convolutions in a
multi-path parallel manner. Experimental results reveal that MLT yields competitive or state-
of-the-art results with respect to recent transformers while keeping smaller model size and
lower computational costs for different visual tasks, including image classification, semantic
segmentation and object detection. Particularly, the proposed method has 4.2% improvement
to the tiny version of Pyramid Vision Transformer on image classification of top-1 accuracy on
ImageNet-1K.

Multi-scale pyramid pooling
Convolutional inception

1. Introduction

Inspired from the success in natural language processing (NLP) [1], Transformer-based backbones begin to show their potential
in computer vision [2-5]. As a pioneer work, vision Transformer (ViT) [2] directly inherits Transformer from NLP for image
classification. Since then, many researchers prefer to design pure transformer backbones for various dense prediction tasks [3,5,6].
However, due to the inductive bias that pure Transformers only consider global context, some CNN-transformer hybrids are proposed
to inherit the merits of transformers and CNNs [7,8], where global and local features are investigated synchronously. Although
these Transformer backbones have achieved remarkable progress in classification and downstream tasks, they are still inherently
suffered from following limitations: (1) Quadratic complexity of computing Multi-Head Self-Attention (MHSA). The complexity
of calculating MHSA is quadratic with respect to the resolution of input features [2]. When there are large number of input tokens
embedded in a high-dimensional feature space, computing MHSA is extremely expensive. (2) Huge model size of Feed Forward
network (FFN). The traditional FFN usually employs a multiple layer perception (MLP), where this fully-connected architecture,
however, leads to huge number of parameters in each Transformer block, eventually slowing down the implementing efficiency of
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Fig. 1. Analysis of model size of tiny version of Swin-Transformer [3] backbone. (a) is the percentage proportion of different components, including MHSA,
FFN, and others. (b) shows their absolute number of parameters.

entire backbone. Taking the tiny version of Swin-Transformer [3] as an example, Fig. 1 shows that model size of entire backbone
has been dominate by FFN, achieving 61.1% percentage with 17.28M model parameters.

To address these limitations, this paper presents a mixture lightweight Transformer backbone, named mixture lightweight
Transformer (MLT), served as an alternative to conventional Transformer-based backbone for many vision tasks, including image-
level estimations as well as pixel-level dense predictions. More specifically, the core unit of our backbone is SH-Transformer block,
which consists of two major components: Single-Head Self-Attention (SHSA) and Convolutional Inception Module (CIM). In contrast
to previous transformers [2,3,5] that calculate self-attention in multi-head, our SHSA is designed to save computational costs from
two perspectives: (1) compressing feature dimensions, and (2) shrinking token numbers. In the first aspect, we argue that the
representation of an input token can be limited into a single head, resulting in a low-dimensional embedding that saves huge
amount of computations in self-attention. In the second aspect, inspired from [3,5,9], we also adopt a token-to-region attention
scheme, where a Pyramid Pooling module is employed to reduce the number of tokens.

On the other hand, inspired from Inception [10] that is widely adopted in CNN architecture [11-14], MLP is replaced by CIM,
in SH-Transformer block to minimize model size, while maintaining powerful representation ability. Unlike earlier FFN [1,3] that
involves huge amount of model parameters, CIM follows the design principle of Inception, adopting an multi-path structure to
adaptively enlarge receptive fields using a series of depth-wise convolutions step-by-step, resulting in the lightweight and diverse
transformations designed in each separated path. Furthermore, CIM inherits the advantage of local convolution, to some extend
alleviating inductive bias that SHSA only consider global interactions.

In summary, the main contributions of this paper are four-fold:

(1) We design a lightweight hybrid Transformer that inherits the merits of transformers and CNNs, enabling MLT to be a fully
lightweight versatile backbone for various vision tasks, including image classification, object detection, and semantic segmentation.

(2) Earlier Transformer backbones [2,3,5] calculate self-attention independently in each head of MHSA, resulting in no information
interactions among different heads. In contrast, this is not required in our SHSA. Additionally, due to its elegant structure, SHSA
remains powerful modeling capabilities, while greatly reducing computational complexity.

(3) Unlike traditional FFN [2,3] that involves large number of model parameters, CIM designs a lightweight local convolution
network. The multi-path parallel architecture enables CIM a powerful representation ability to encode local features with different
receptive fields, while keeping CIM lightweight synchronously.

(4) We have evaluated MLT on the tasks of image classification, object detection, and semantic segmentation. It only has half
size of tiny-version of Swin-Transformer [3] with only 14.11M model parameters, yet yielding competitive or state-of-the-art results
for image classification (79.3% top-1 accuracy on ImageNet-1K), semantic segmentation (77.4% and 44.3% mloU on Cityscapes and
ADE20K), and object detection (42.3% box AP and 38.6% mask AP on COCO test-dev).

The remainder of this paper is organized as follows. In Section 2, mainstream methods related to MLT are reviewed. In Section 3,
the overall framework and detailed structure of MLT are described. And in Section 4, the effectiveness of MLT will be validated in
different vision tasks and the results will be analyzed.

2. Related works

This section reviews recent backbones from three perspective: Attention based Full Precision Backbones, Lightweight Transform-
ers and the Application of Transformers.

2.1. Self-Attention and transformer in vision
Both self-attention [15-17] and vision Transformers [2,18] are original from the success of NLP [1]. Before Transformers become

popular in computer vision, self-attention is dominant to capture the global context in CNNs [15]. As the core idea of self-attention
is to compute feature responses from all other positions, it can be considered to harvest global context of the entire scene.
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Recently, vision Transformers [2-4] have started to show their potential for image classification [2,19], and downstream dense
estimation tasks [6,20]. Different from self-attention layers that replace some convolution layers in the popular ResNet [19], vision
Transformers construct backbones by directly stacking self-attention layers. For example, ViT [2] is the first work that applies a
Transformer based on non-overlapping patches (known as tokens) for image classification. Due to the tendency of ViT to overfit
on small datasets, DeiT [18] integrates a diverse set of effective training strategies to enhance the performance of ViT on smaller
datasets, such as ImageNet-1K. Swin-Transformer [3] designs a pure Transformer backbone that captures hierarchical features using
shifted windows. This paper also belongs to this category, yet we seek a lightweight Transformer backbone that achieves available
trade-off in terms of recognition accuracy and running efficiency.

2.2. Lightweight transformer in vision

Some earlier attempts [4,9,21,22] also have a similar goals to our work. Those attempts are mainly divided into two directions,
using lightweight convolution or pooling operation to compress the query, key and value tensors in Transformers.

The first category mainly uses depth-wise convolution for lightweight design. For example, CvT [22] utilizes depth-wise
convolution to generate the query, key, and value tensors used for the computation of MHSA. ResT [4] builds a memory-efficient
multi-head self-attention, which compresses the memory by a simple depth-wise convolution, and projects the interaction across
the attention-heads dimension while keeping the diversity ability of multi-heads.

The second category contributes to building the pyramid structure for the vision Transformer using pooling operations [3-5,9].
Among them, PVT [5] and MVIT [23] are the first two methods that adopt the single pooling operation to reduce the number
of tokens in the calculation of MHSA. In this way, they conduct token-to-region instead of token-to-token modeling. But the
features extracted by a single-scale pooling operation appear less powerful. In addition, the high computational complexity of
MHSA and heavier FFN are not well addressed. Conversely, thanks to the proposed Single-Head Self-Attention (SHSA) and CIM,
our Mixture Lightweight Transformer (MLT) shows its compatibility with a broad range of vision tasks, while significantly reducing
computational complexity with very few model sizes.

The most related work to our method is P2T [9], yet there are several major differences between MLT and P2T [9]. In P2T [9],
the pooling ratio of each layer has a small change so that the pooling regions do not strictly follow a hierarchical pyramid structure.
Therefore, the pooling regions are spatially overlapped among different pooling levels, leading to great redundancy in hierarchical
feature representation. In contrast, we carefully control the pooling ratio of SHSA so that there is no region overlapping in the
produced hierarchy feature representation, resulting in a great token reduction compared with P2T [9]. More importantly, MLT
adopts SHSA and CIM to save computational costs, which are different from the MHSA and FFN used in P2T [9].

2.3. Application of transformer in vision

Transformers have achieved great progress, such as image classification, object detection, semantic segmentation, position
estimation, and image generation task. YOLOS [6] and SETR [20] build a pure Transformer backbone for object detection and
semantic segmentation, respectively. Paul et al. [24] point out that a large percentage of attention heads can be removed at test
time without significantly impacting the detection performance. Tim et al. [25] present a simpler and faster Transformer-based cell
detection Transformer (Cell-DETR) for direct end-to-end instance segmentation. In the position estimation, Lin et al. [26] use a
Transformer encoder to output 3D joint coordinates and mesh vertices without relying on any parametric mesh models. For image
generation, Esser et al. [27] utilize Transformer to efficiently formulate their composition within high-resolution images. In addition,
TransUNet [28] combines the merits of Transformers and UNet [29] for medical image segmentation.

3. Our method
3.1. Overadll architecture

The overall architecture of mixture lightweight Transformer (MLT) is illustrated in Fig. 2. More specifically, MLT adopts a
pyramid structure backbone similar with PVT [5], which has four stages that generate feature maps of different resolutions. Each
stage consists of three components, one patch embedding module (or stem module) [4,5], one position encoding module [4], and
a set of D;(i = {1,2,3,4}) SH-Transformer blocks, where i denotes the stage number.

The detailed settings of the proposed MLT are shown in Table 1. To produce a hierarchical representation, at the beginning of
each stage, the patch embedding module(or stem module) [4,5] is adopted to reduce the number of tokens by embedding multiple
low dimension tokens into high dimension ones. The position encoding module [4] is fused to restrain position information and
strengthen the feature extracting ability of patch embedding. Thereafter, the embedded patches along with a position encoding are
passed through the transformer encoder, producing the output features F; € R%*H>W: in jth stage, where W;, H;, and d, stand for
width, height, and channel, respectively. For more details, please refer to Table 1.
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Fig. 2. Detail architecture of MLT and SH-Transformer block. The overall architecture of MLT and the specific structure inside one of the stages.

Table 1

Detailed settings of the proposed MLT. Output Size refers to the resolution of the output. Operation represents the operation in
the ith stage, such as SH-Transformer Block. In addition, each SH-Transformer Block uses an compression ratio of s and the

pooling ratios of p;.

Stage Output size Operation Parameter setting
1 F, : 128 X 56 X 56 Stem s=1
Position Encoding {h=1Lp=2
S H-Trans formerBlock X 2 p3 =4,py =8, ps =16}
2 F, : 256 x 28 x 28 Patch Embedding s=2
Position Encoding {h=1Lp=2
S H-Trans formerBlock X 2 Py =4,py =8,ps =16}
3 F; :512x14x 14 Patch Embedding s=4
Position Encoding {py=1Lp,=2,p3=4,p, =8}
S H-Trans formerBlock X 6
4 F, :1024x7x7 Patch Embedding s=38

Position Encoding
S H-Trans formerBlock X 2

{p1 =1.p, =2,p; =4}

Algorithm 1 X sy < SH-Trans formerBlock(X)

Input: X € R*"™®_vyector representations of the input sequence.
Output: X,,, € Rexmxw ypdated representations of tokens in X, vector representations of the output sequence.
Operation: LayerNorm(-) representations of the operation of layer normalization,
Re(-) representations of the operation of reshape;
S H S A(-) representations of the algorithm of Single Head Self Attention;
CI M(-) representations of the algorithm of Convolutional Inception Module;

: function SH-TRANSFORMER BLock(X)

return ‘X ffn
end function

X, < Re(LayerNorm(Re(X + SHSA(X)))) [X,, € R ] \\ Eq.(1)
X ;s < Re(LayerNorm(Re(X ., + CIM(X ,))) \\ Eq.(1)

3.2. SH-transformer block

In this section, we elaborate on the details of the core block SH-Transformer, as illustrated in Fig. 2, which consists of two major
components: Single-Head Self-Attention (SHSA) and Convolutional Inception Module (CIM).

Let X € R and X, € RO/ be the input of the SHSA and CIM, where w, h, and ¢ stand for width, height, and channel
number, respectively. Unlike traditional Transformer block [2,3], CIM is proposed to replace the traditional Multilayer Perceptron
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Fig. 3. The structure of SHSA. The illustration of SHSA which consists of two parts, an efficient pyramid pooling calculation method for fusing multi-scale
information and self-attention. 1X 1 Convc,yes, (1) and 1x 1 Convg,,y,,,(-) represent two 1 x 1 standard convolutions for compression and recovery the input
dimension, PP;(-) denotes pyramid pooling operation in the jth level, Re(:) stands for reshape operation, Concat() represents concatenating operation, DW C;(-)
indicates the depth-wise convolution operation in the jth levels, and Linear(-) is the operation of linear projection.

(MLP) layer [1] in the Transformer encoder for feature projection. A residual connection and LayerNorm [30] are applied again to
produce the output X ;,, € Rexhxw,

X, = Re(LayerNorm(Re(X + SHSA(X)))) o
X frn = Re(Layer Norm(Re(X ;,y + CIM (X ,,))))
where Re is the reshape operation. Algorithm 1 summarizes the whole process of computing SH-Transformer Block.

3.2.1. SHSA
To save the huge computational costs, we propose an efficient SHSA module (illustrated in Fig. 3) that is mainly divided into

three computational steps: dimension compression, token-to-region projection and self-attention computation. Immediately below,

we introduce each component in detail.
The first procedure is the dimension compression. The input X first passes through an 1 x 1 convolution Convc es;(+), producing

a low-dimensional embedding X’ € RY/**"* whose channel numbers is ¢/s, where s is compression ratio as shown in Table 1:

X' = Convcompress (X) 2

The second procedure is token-to-region projection that mainly contains the pyramid pooling operation (pyramid pooling module)
and relative positional encoding operation (Inter-regional Information Exchange module). Let P P;(-) be the operation of jth levels’s
pooling with the pooling ratio p; as shown in Table 1. In order to implement token-to-region projection, we first apply multi-
level pooling operation PP;(-) on input features X', parallelly producing multi-level hierarchical representations P;‘ € RY>Pixp;,
p? < hxw. As a result, each element in P* represents an image region that includes hw/p? pixels in X '.Let P},and P; € RY/¥P%pj
be the input and output of Inter-regional Information Exchange (IIE) module, respectively. Pj is first fed into a 3 x 3 depth-wise
convolution DW C;(-) to encode the positional information. Then the positional encoding serves as a residual function that is added
with the P;T:

P; = PP(X")
P, = DWC,(P))+ P’

The output of token-to-region projection needs to be flattened and concatenated, facilitating computations of forthcoming self-
attention. Let the Concat(-), LayerNorm(-) and Re(-) be the concatenation, layer normalization and reshape operation, respectively.

We collect all pyramid pooling representation P; together, producing the stacked features P € R™/s (m =Y ; p?, m < h x w) that
is the output of the whole token-to-region projection:

j=12,...,L3<L<LY5) 3

P = LayerNorm (Concat (Re(P)), ..., Re(P)))) 4

The final procedure is computing self-attention. Note that the query, key, and value tensors are not split into multiple heads for
calculation. Suppose the query, key, and value tensors are Q, K, and V, respectively. To obtain the Q@ € R"™*/s (n = h x w, ¢/s < ¢),
SHSA maps the reshaped X’ to the query tensor Q by adopting the weight matrix W49. On the other hand, the key K € R™*/s and
value V € R™ /s tensors (¢/s < ¢,m < n) are instead derived from features P through the other two weight matrices W and w?,

respectively:
(Q.K,V)=(Re(X" W9 +b,1", PW* + 5,17, PW" + b,17") (5)
Then, Q, K, and V tensors are fed into the attention module to compute the attention tensor X ’;)eighte 4 € R%¢/s;
KT
X*weigmed:Softmax<Q - )xV (6)
c/s
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Fig. 4. Attention calculation analysis. Figure (a) intuitively shows the difference in computational method between single-head and multi-head. Figure (b)
compares the relative size of computational complexity of the third stage’s SH-Transformer Block with the latest proposed Transformer-based backbone
ViT(MHSA) [2]. Because MLT’s Transformer block in the third stage repeats the most times.

Finally, the reshape operation and 1 X 1 convolution named Convg,,,,..(-) are used to recover the same resolutions and dimensions
of the input X, producing the weighted output features X ;. € R/,

Xweighted = ConURecaver(Re(XZ;e,'ghted)) (7)

It can be seen from Fig. 4(a) that SHSA is quite different from traditional MHSA. Since K and V have less token numbers and
feature channels than X, and Q also has less feature channels compared with X, SHSA produces only one attention map. In contrast,
due to multiple head, traditional MHSA generates multiple attention maps, where each one has more elements than attention map
calculated from SHSA that directly yields great saving of computational costs. As shown in Fig. 4(b), The relative computational
complexity of SHSA is much smaller than that of MHSA. On the other hand, since K and V contains multi-scale information,
the proposed SHSA has a stronger capability in global contextual dependency modeling, which is helpful for scene understanding.
Algorithm 2 shows the entire computing process of SHSA.

Algorithm 2 X ;. .s < Single Head Self Attention(X, W)

Input: X € R/ vector representations of the input sequence.
Output: X ,,.;pprea € Rxw updated representations of tokens in X, vector representations of the output sequence.
Operation: Layer Norm(-) representations of the operation of layer normalization,
Re(-) representations of the operation of reshape;
PP;(-) representations of the operation of the j-th level pyramid pooling whith the pooling ratios p;;
Convcympress () TEPresentations of the compression operation of 1 x 1 convolution;
Conv g,..ver(-) Tepresentations of the recover operation of 1 x 1 convolution;
DW C(-) representations of the operation of Depth-wise convolution.
Parameters: W, consisting of:
W, eR™" (n=hXw), b, eR"
W eR™" (m= 3, p}), b €R"
W,eR™m p cR"
1: function SINGLE HEAD SELF ATTENTION(X ,quv)
2 X < COnvCypress(X) \\ Eq.(2)
3 Q< W,Re(X)+b,17 [Query€ R™/J\\ Eq.(5)
4 P, < DWC,(PP(X )+ PP(X) [P; €R/>P*\]\\ Eq.(3)
5: P < LayerNorm(Concat(Py; Py; -3 P;)) [j=1,2,-,L3 < L <5),PeR™/]\\ Eq.(4)
6 K<« W, P+b1" [KeyeR™/]\ Eq.(5)
7. VeW,P+b,1" [Value € R™/ ]\ Eq.(5)
8 weighied < S0Stmax (CKT/TT) XV X neq € R™1\\ Eq.(6)
o X ypeighted < Coaneer,(Re(X*weigh,ed)) [X wweighted € Rexmw] \\ Eq.(7)
10: return X ;o peq
11: end function
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Table 2

The comparison of required operations. The comparison of required operations using MHSA [2],
W-MHSA [22], and our SHSA, when attention is computed. n is the number of tokens, M is
the number of shift windows in Swin-T [3], ¢ is feature dimension of the input tokens, m is the
number of output tokens after pyramid pooling, and s is the compression ratio.

Method Computational complexity

MHSA (ViT) [2] O(4nc? +2nc)

W-MHSA (Swin-T) [3] O(4nc? +2M?nc)

SHSA O (2n¢/s + (n+2 m)(c/s)* + (2 nm)</s)

X/f” cxhxw

o | cMAxhxw
BI BN+Swish i BN+Swish BN+Swish

3x3 AvgPool

cxhxw cxhxw cxhxw cxhxw

| IxIConv | [ 1x1Conv | [ 1xIConv | [ 1x1Conv |

c/4xhxw c/4xhxw /4 xhxw c/4xhxw
B, B, B B,

| Channel Spilt |

leT cxhxw

Fig. 5. Convolutional Inception Module (CIM). AvgPool represents the standard average pooling. And Conv stands for standard convolution, while DW C denotes
depth-wise convolution.

Computational Complexity Analysis. We also analyze the computational complexity of proposed SHSA, and compare it with
recent vision transformer networks [2,3] in Table 2, as they all have powerful representation capability. Previous methods [2,3]
and MLT both involve two computational steps: feature embedding and attention calculating.

In the MHSA (ViT) [2], feature embedding which contains four fully-connected layers to embed the feature before and after the
attention calculation demands 4nc? operations and attention calculating requires 2n’c operations, leading to a quadratic complexity
of input spatial and channel dimensions. To alleviate the quadratic computation of MHSA (ViT) [2], W-MHSA (Swin-T) [3] proposes
a method which is same as MHSA(ViT) [2] in feature embedding and attention calculating requires 2M2nc operations, leading to a
linear complexity of input spatial dimensions.

The computational complexity of SHSA is primarily comprised of three components: two 1 x 1 convolutions, three fully-connected
layers, and two matrix multiplications. From Fig. 3, the standard 1 x 1 convolutions have different usages, including compressing
dimensions with Convcy,.ss(-) and recovering dimensions with Conv g, (-)- Since the computational costs of two convolutions
are the same, we select the Convcy.(-) as an example to analyze its computational complexity. Let X € R"Xw be the input
feature map, where 4 is height, w is width, ¢ is the number of channels, and X’ € RY**"*® be the output feature map, where ¢/s is
the number of filters. Thus, the computational costs of the Conve ,ypress(-) are O (n¢’/s), where n = h X w. Similarly, the input and
output feature maps of the Convg,cope,() are Re(Xj . 10q) € R7™ and X oigneq € R, respectively. This indicates that its
computational costs are O (nc’/s). Therefore, the computational complexity of both convolutions is equal to O (2n¢*/s).

For the second part, let Re(X’) € R"™/* be the input of the first fully-connected layer to produce Q € R™/s, P € R"™/* be the
input of the remaining two fully-connected layers, and K € R"*%* and V € R"™*/> are key and value tensors of the remaining two
fully-connected layers, respectively. Therefore, generating Q, K, and V require O ((n +2 m)(¢/s)?) operations. Finally, the two matrix
multiplications are performed between the matrices QK', and QK" V, respectively. Taking QK as an example, as Q € R and
K" e RY/>m, computing Q- KT requires O((nm)c/s) operations. On the other hand, as QKT € R™" and ¥V € R"**/s, the computational
costs of multiplying QK" and V is O((nm)c/s). Therefore the computational complexity of two matrix multiplications is O((2 nm)</s).
Finally, the total computational costs are:

O (20 /s + (n +2 m)(¢/s)* + (2 nm)e/s) (8)

322 CIM
The detailed architecture of CIM is shown in Fig. 5, following the split-transform-merge architecture used in Inception [10]. At
the beginning of each CIM, the input X ,, € R/ is first split into four low-dimensional parts, where each one has the quarter

channels of X,

{B,, B,, B3, B,} = channel_split(X ;) 9
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Algorithm 3 X ... < Convolutional Inception Module (X ;)

Input: X, € R _vector representations of the input sequence.
output: X e € R, updated representations of tokens in X ,,, vector representations of the output sequence.
Operation: LayerNorm(-) representations of the operation of layer normalization,
Re(-) representations of the operation of reshape;
Convy ysampie(+) Tepresentations of the compression operation of 1 x 1 convolution;
Conv g,..ver(-) Tepresentations of the recover operation of 1 x 1 convolution;
DW C(-) representations of the operation of 3 x 3 Depth-wise convolution.
1: function ConvoLuTIONAL INCEPTION MoDULE (X ;)
2 [B'; B%; B*; BY] « channel_split(X ) [B) € R/*" w0 =1,.... 4] \\ Eq.(9)
3 B« Convpocorer(CONVY poampr(BY)  [BL € RY>Mxw])
4 B2« Convpeeoper(DW C(Convy pyumpo(BY))  [B € RY*Ixw]
5. B}« Convpeepper(DW C(DW C(Convy poamp(B*)))  [BS € R/
6 B, — Convgeeoper(Avg_P0oling(Convy psampo(B))  [BS € RY/Hhxwy)
7 Xconea < Concat(B!, B2, B}, B*) \\ Eq.(10)
8: return X ..o
9: end function

where B, € RY/**hxw(f =1, ...,4) is the input of each branch of the CIM.

According to the traditional FFN [9,18], each branch adopts the idea of inverted residual bottleneck [9,18,31]. Specifically, the
input feature dimension of each branch is first expanded to four times of the original dimension, and then compressed to the input
feature dimension after feature extraction. In order to extract features with different receptive fields, a series of convolution and
pooling operations are applied to each branch with similar structure. And we define the output of the kth branch as B} € RY/#xhxw
(k=1,...,4).

In the case of third branch, it first applies 1 x 1 convolution to project the dimension from ¢/4 to c. After that, two 3 x 3
depth-wise convolutions are stacked for extracting features in the receptive field of 5 x 5. Finally, an 1 x 1 convolution is utilized
to reduce the dimension to the quarter of X, for the final concatenating operation. As for the second and the fourth branch, two
depth-wise convolutions are replaced by one depth-wise convolution and an average pooling, respectively. Besides, the first branch
is only composed of two 1 x 1 convolutions to extract the feature information under the 1 x 1 receptive field.

Finally, a concatenation operation is applied to acquire the final output X ¢ ,cqr € R

X concar = Concat(BY, Bg, Bg, BZ) (10)

The usage of MLP as FFN in previous Transformers is weak in learning 2D spatial information, and brings huge number of
parameters at the same time. In contrast, using depth-wise convolutions and average pooling strengthens the ability of 2D modeling,
and reduces model size occupied by FFN. Algorithm 3 summarizes the computing process of CIM.

4. Results and discussion

The experiments are conducted on various commonly-used benchmarks, including ImageNet-1K [32] for image classification,
COCO [33] for object detection and instance segmentation, and ADE20K [34] and Cityscapes [35] for semantic segmentation. In
the following, we compare our mixture lightweight Transformer (MLT) with previous state-of-the-art Transformers for above tasks.
In addition, we carry on a series of ablation studies and hyper-parameters setting experiments to uncover the underlying impact of
various components of our method on the performance. Experimental results show that our MLT achieves very few model size, yet
yields competitive performance.

4.1. Image classification

Experimental setup. ImageNet-1K [32] contains 1.28M and 50K training and validation images, respectively, which are divided
into 1000 classes. For fair comparison, all models are trained on the training set, and the results are reported in terms of top-1 error
on validation set. The initial learning rate is set to 1 x 107*, together with a momentum of 0.9 and a weight decay of 5 x 1072.
Following [3,5], the cosine schedule learning scheme is employed to train MLT using AdamW optimizer [36] for 200 epochs with
20 epochs linear warm-up and the cross-entropy [37] loss function is used. As shown in Fig. 6(a) that our method can converge
effectively on the ImageNet-1K [32] dataset. And the size of input sequences of MLT is 224 x 224 x 3 which is the same input size
as the traditional and most advanced Transformer backbone [3,5] to obtain a fair comparison result.

Results. As reported in Table 3, we observe that MLT achieves available trade-off in terms of top-1 accuracy, model size and
GFlops. Although there are 2.0% and 0.5% performance drop compared with the tiny version of Swin-T [3] and DeiT-S [18], MLT
only has nearly half size with respect to [3,18]. Table 3 shows that MLT outperforms other state-of-the-art backbones, including
traditional CNN-based backbones, e.g., ResNet [38], and recent Transformer-based backbones, e.g, PVT-T [5] and ResT-Lite [4]
by a large margin (4.2% and 2.1%, respectively). Particularly, MLT suppresses light version of ResNet by nearly 10%, but with
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Table 3
Comparison with state-of-the-art backbones on ImageNet-1k benchmark. The number of GFlops is reported with the input size
of 224 x 224. “#param.” refers to the number of parameters. The bold number indicates the best performance among all

approaches.

#param. FLOPs top-1 top-5
Method o) 1) (%) (%)
ConvNet
ResNet-18 [38] 11.7 1.8 69.7 89.1
ResNet-50 [38] 25.6 4.1 79.0 94.4
Transformer
DeiT-Tiny/16 [18] 5.7 1.3 72.2 -
DeiT-Small/16 [18] 221 4.6 79.8 94.9
PVT-Tiny [5] 13.2 1.9 75.1 92.4
TNT-S [39] 23.8 5.2 81.3 -
Swin-Tiny [3] 28.29 4.5 81.3 95.5
ResT-Lite [4] 10.49 1.4 77.2 93.7
ViL-Tiny-RPB [40] 6.7 1.3 76.7 -
T2T-ViT-12 [21] 6.9 - 76.5 -
MLT 14.11 2.9 79.3 95.0

(b) Training loss on MS-COCO dataset

(a) Training loss on Imagenet-1K dataset for object detection and instance

for image classification
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Fig. 6. Training loss on different datasets using our method. Note the horizontal coordinate of (a) is the epoch, and the rest are iteration numbers.

similar number of model parameters. In the aspect of efficiency, Table 3 also shows that the GFlops and model size of MLT lower
than other state-of-the-art backbones, including traditional CNN-based backbones, e.g., ResNet [38] (2.1 gflops and 14.19 M lower,
respectively), and recent Transformer-based backbones, e.g., TNT-S [39] and Swin-Tiny [3] (2.1 gflops, 9.69 M and 1.4 gflops,
14.18M lower, respectively). Such improvement mainly stems from the design of SHSA and CIM in our SH-Transformer block.
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Table 4
Comparison with state-of-the-art networks on COCO dataset for Object detection and instance segmentation. AP® and AP” stand
for bounding box AP and mask AP. The bold number indicates the best performance among all approaches.

Backbone #param. (M) Mask R-CNN [41]

AP? AP;0 AP7'55 AP™ APy AP}
R-18 [38] 31.2 34.0 54.0 36.7 31.2 51.0 32.7
R-50 [38] 44.2 38.0 58.6 41.4 34.4 55.1 36.7
PVT-T [5] 32.9 36.7 59.2 39.3 35.1 56.7 37.3
ResT-S [4] 33.3 39.6 62.9 42.3 37.2 59.8 39.7
Swin-T [3] 47.8 42.7 65.2 46.8 39.3 62.2 42.2
MLT 33.5 42.3 64.0 45.7 38.6 60.7 40.7

4.2. Object detection and instance segmentation

Experimental setup. MS-COCO dataset [33] is a large-scale challenging dataset for object detection and instance segmentation.
Similar to [3-5], the dataset is divided into 118k/5K/20K images for training, validation, and testing, respectively. All selected
baselines and MLT are trained on training set and evaluated on validation set. We evaluate the effectiveness of MLT backbones,
pre-trained on ImageNet-1K [32], on top of standard detector: Mask R-CNN [41], and the results are reported in terms of box AP on
object detection task and mask AP on instance segmentation task, respectively. More specifically, AP is averagely evaluated at IoU
(intersection area over the union area between the predicted bounding boxes and ground-truth bounding boxes), ranged from 0.5
to 0.95 with updated step 0.05, reflecting the comprehensive performance of the detector. And APs, and AP;5 are computed when
IoU is 0.5 or 0.75, respectively. The software code is based on an open source repository for object detection using MMdetection
framework [42]. Following [43], a multi-scale training scheme is adopted, where an input image is resized to have a shorter side
of 800 pixels, while the longer side does not exceed 1333 pixels. Except the batch size is set to 8, we employ the same hyper-
parameter settings used in image classification in a 1x training schedule (12 epochs). There are two losses used in detection task:
cross-entropy [37] loss for object classification and segmentation, and L1 [44] loss for bounding box regression. As shown in Fig. 6(b)
that our method can converge effectively on the MS-COCO dataset [33].

Results. The quantitative comparisons are report in Table 4. For fair comparison, the comparisons are performed by only
changing backbones, yet remaining other settings unchanged. As shown in Table 4, except to Swin-T [3], MLT has comparable
number of model size, yet significantly surpasses selected models. For example, the AP and AP” of our method is 10.5 and 7.4
points higher than ResNet-18 [38]. On the other hand, although our MLT deliver slightly AP? drop (0.4% and 0.5) with respect to
Swin-T [3], MLT has fewer model size (33.5M vs. 47.8M), indicating that MLT can be a valid lightweight alternative backbone for
object detection.

4.3. Semantic segmentation

Experimental setup. ADE20K [34] covers a broad range of 150 semantic categories. It has 25K images in total, with
20K/2K/3K for training, validation, and testing. Cityscapes [35] consists of 5000 high-quality images of 2048 x 1024 resolution,with
2975/500/1525 for training, validation, and testing. We evaluate MLT backbones on the basis of UperNet [45] and semantic
FPN [46] using MMseg [47] toolbox, and report results in terms of mIoU. The baseline backbones are pre-trained using ImageNet-1K
or ImageNet-21K, and other layers are initialized using the Xavier [48]. Following [15], the poly learning schedule is adopted in
this setting, where initial learning rate, weight decay, and y are set as 5x 1075, 1072, and 9x 10~!, respectively. We train our method
using AdamW optimizer [36] in 80K and 160K iterations for Cityscapes and ADE20K datasets, together with 1500 iterations of linear
warm-up and the cross-entropy [37] loss function is used. As shown in Fig. 6(c) and (d) that our method can converge effectively
on the ADE20K [34] and Cityscapes [35] dataset.

Results on ADE20K and Cityscapes. Table 5 shows the comparison results on the validation set of ADE20K and Cityscapes
dataset, respectively. In Table 5, our MLT backbone achieves competitive results with Swin-T [3] and DeiT-S [18], but has fewer
number of parameters (47.6M vs. 60.0M and 47.6M vs. 52.0M). We also stress that, in spite of only using ImageNet-1k training set,
MIL surpasses some state-of-the-arts, such as ResNet-50 [38] and DeiT-S [18], which train their models using the more annotated
data, e.g., ImageNet-21k. From Table 5, it can be seem that MLT outperforms PVT-Tiny [5] by a large margin (5.7% mloU), yet
only slightly increase 3M model size (20.1 vs. 17.0).

4.4. Ablation study

Ablation Study for Components of Backbone. The experimental setup for the ablation study for components of backbone
remains the same as that trained on the ImageNet-1k dataset in 4.1. Table 6(a) presents ablation studies that quantify the
contributions of different components in backbone, where MHSA and MLP is firstly used to build up our baseline, then Single-
Head Self-Attention (SHSA) and Convolutional Inception Module (CIM) replace the MHSA and MLP step-by-step. This experiment
shows that each of these components consistently reduces the size of the model. Among all components, it is observed that SHSA
brings significantly improvements that the number of parameters is 13.92M less than the baseline together with slight decrease of
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Table 5

Comparison with state-of-the-art backbones on Cityscapes and ADE20K validation set. The bold number indicates the best performance among all approaches.
Backbone ADE20K pre mloU (%) #param. (M) Cityscapes pre mloU (%) #param. (M)

Method Method

ConvNet
ResNet-101 [38] UperNet [45] 21k 44.9 86.0 DANet [15] 21k 77.6 69.0
ResNet-50 [38] UperNet [45] 21k 40.7 66.5 Semantic FPN [46] 1k 74.5 25.8
Transformer
DeiT-S [18] UperNet [45] 21k 44.0 52.0 - - - -
Swin-T [3] UperNet [45] 1k 46.1 60.0 - - - -
PVT-Tiny [5] - - - - Semantic FPN [46] 1k 71.7 17.0
MLT UperNet [45] 1k 44.3 47.6 Semantic FPN [46] 1k 77.4 20.1

Table 6
Experimental results of ablation study. Ablation experimental results on the validation set of the ImageNet-1K [32] dataset and Cityscapes [35] dataset. MLP is
the traditional feed forward network with the expansion coefficient of 4.

(a) (b)

ImageNet-1K top-1 #params. Cityscapes mloU #params.
MHSA MLP SHSA CIM (%) (M) IIE (%) o)

v v X X 73.3 50.0 X 51.4 40.5

X v v X 712 ) 36.1 (1 ) v 57.8 (1 6.4) 42.8 (1 2.3)
X X v v 79.3 (1 6.0) 14.0 (|

classification performance, demonstrating the advantage of SHSA architecture. In addition, CIM outperforms the counterpart MLP
by 7% top-1 and the model size is reduced to 14.03M at the same time.

Ablation Study for Inter-regional Information Exchange (IIE). The experimental setup for the ablation study for IIE remains
the same as that trained on the Cityscapes dataset in 4.3, with the only difference being that the number of iterations is reduced to
40,000. The IIE is used to capture the position information. And the segmentation task is more sensitive to position information and
easier to compare gaps. Therefore, this section evaluates the effect of introduced by fixed backbone on Cityscapes [35] dataset with
the semantic FPN decoder head [46]. Baselines were constructed using a combination of SHSA and MLP, except for the omission of
IIE from all SHSA modules. The comparison results are reported in Table 6(b). Compared with baseline, a slight increase of model
size demonstrates that IIE is a lightweight and efficient module, yet it obtains significant improvement of 6.39% mloU.

4.5. Analysis of parameter setting

This section evaluates SHSA under various settings of pyramid pooling ratios and compression ratios. The pyramid pooling
structure and dimension compression ratios are crucial when applying Transformer to dense prediction tasks. Hence, the semantic
segmentation task with the semantic FPN decoder head [46] is used to analyze the parameter as it is sensitive to the multi-scale
spatial information. The experimental setup for the parameter setting experiments remains the same as that trained on the Cityscapes
dataset in 4.3, with the only difference being that the number of iterations is reduced to 40,000.

Parameter Setting of Pyramid Pooling ratios. We perform parameter setting studies of the pyramid pooling ratios for different
stages to validate the significance of using multiple pooling ratios. The baseline consists of SHSA, MLP, relative position encoding
module, and patch embedding module, where SHSA apply the compression ratios 1,2,4 and 8 in each stage respectively. Since the
last two stage only contain a few tokens, we do not perform parameter setting study at stage 3 and 4. The pyramid pooling ratios
are fixed at {1,2,4,8} and {1,2,4} in the stage 3 and 4, respectively. Since the number of tokens needs to be significantly less than
the token number before the pyramid pooling operation, the pooling ratios of the first two stages cannot be greater than 16. Hence,
The pooling ratio of the first two stages is set to {1,2,4,8,16} or {1,2,4,8}. Results are reported in Table 7(a). We can observe
that the non-overlapped pyramid pooling operation with bigger pooling ratios at the first two stages can improve the segmentation
performance. And the performance becomes higher when the first two stages are applied with the {1,2,4,8, 16} pooling ratios.

Parameter Setting of Compression ratios. We conduct experiments for different compression ratios operations, as shown in
Table 7(b). There are three typical choices, i.e., {1,2,4,8}, {1,2,4,4} and {1,2,2,2}, where each of them represents the compression
ratio in the four stages. The baseline consists of SHSA, MLP, relative position encoding module, and patch embedding module, where
SHSA apply the pooling ratios 1, 2, 4, 8 and 16 in each level at the first two stage, respectively. Since the dimension of the first
two stage is less, we do not perform parameter setting study at stage 1 and 2, which are set to the fixed ratios 1 and 2. The results
are shown in Table 7(b). As can be seen, the dimension compression operation with large compression ratios (e.g., 4, 8) has a better
performance. And the performance becomes higher when the four stages are applied with the {1,2,4,8} compression ratios.

11



Q. Zhou et al. Computers and Electrical Engineering 108 (2023) 108698

Table 7
Experimental results of parameter setting. Parameter setting experimental results on the validation set of the Cityscapes [35] dataset. Pyramid pooling ratios
represent the pooling output size of different levels of pyramid pooling. The compression ratios represent the dimensionality reduction factor for each stage.

(@) (b)

Cityscapes mloU (%) #params. (M)  Cityscapes mloU (%) #params. (M)

Pyramid pooling ratios Compression ratios

Level 1 Level 2 Level 3 Level 4 Level 5 Stage 1 Stage 2 Stage 3  Stage 4

1 2 4 8 16 57.8 42.8 1 2 2 2 50.6 47.6

1 2 4 8 - 577 ( ) 428 (-) 1 2 4 4 52.0 (t 1.4) 436 (1 )
1 2 4 8 577 17.1) 428 (1 )

5. Conclusions

This paper has presented a lightweight Transformer-based backbone, call-ed mixture lightweight Transformer (MLT), for 2D
scene understanding tasks. The designed mixture lightweight backbone enables us to mitigate computational complexity and reduce
model size, yet at the same time maintains competitive accuracy. Furthermore, MLT performs well in dense prediction tasks,
since the convolution is integrated into the backbone. To reduce the high computational complexity caused by the self attention
mechanism, a lightweight self-attention module, Single-Head Self-Attention (SHSA), is designed in backbone. We also raise the
Convolutional Inception Module (CIM) in feed forward network, which greatly reduces number of parameters while provides multi-
scale features. We have evaluated our method on several computer vision tasks: image classification, semantic segmentation, object
detection and instance segmentation. The experimental results demonstrate that MLT achieves state-of-the-art trade-off in terms of
accuracy and model size. In the future, we are interested in two directions to improve MLT. As shown in Table 3, there is still
a large performance gap between MLT and high-accuracy Transformer-based backbone in the image classification task, requiring
further efforts to improve our model. In addition to achieving superior performance for image classification, semantic segmentation,
object detection and instance segmentation, we believe that MLT can be easily used for other visual tasks, such as medical image
segmentation [49-51] and scene text recognition [52,53].
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