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Abstract: Remote sensing cross-modal text-image retrieval (RSCTIR) has recently attracted exten-
sive attention due to its advantages of fast extraction of remote sensing image information and
flexible human—computer interaction. Traditional RSCTIR methods mainly focus on improving
the performance of uni-modal feature extraction separately, and most rely on pre-trained object
detectors to obtain better local feature representation, which not only lack multi-modal interaction
information, but also cause the training gap between the pre-trained object detector and the retrieval
task. In this paper, we propose an end-to-end RSCTIR framework based on vision-language fusion
(EnVLF) consisting of two uni-modal (vision and language) encoders and a muti-modal encoder
which can be optimized by multitask training. Specifically, to achieve an end-to-end training process,
we introduce a vision transformer module for image local features instead of a pre-trained object
detector. By semantic alignment of visual and text features, the vision transformer module achieves
the same performance as pre-trained object detectors for image local features. In addition, the trained
multi-modal encoder can improve the top-one and top-five ranking performances after retrieval
processing. Experiments on common RSICD and RSITMD datasets demonstrate that our EnVLF can
obtain state-of-the-art retrieval performance.

Keywords: remote sensing cross-modal text-image retrieval; vision-language fusion; multi-modal
learning; multitask optimization

MSC: 68T07

1. Introduction

In recent years, remote sensing (RS) technology, which plays an important role in the
satellite and unmanned surveillance aircraft industry, is developing rapidly. Under this
trend, RS images have shown explosive growth [1,2], which bring challenges to multiple
tasks, such as large-scale RS image recognition, detection, classification, and retrieval.
Among these, remote sensing cross-modal text-image retrieval (RSCTIR) [3-7] aims to find
the same or similar images in a large-scale RS image dataset according to the given natural
language descriptions, and vice versa, as Figure 1. RSCTIR enables ordinary users, not
limited to professionals or researchers, to achieve retrieval tasks only by natural language
or visual input. It presents a better application value of human—computer interaction and
information filtering, which leads to a wide range of application prospects in military
intelligence generation, natural disaster monitoring, agricultural production, search and
rescue activities, urban planning, and other scenarios [8,9].

The RSCTIR task, belonging to multi-modal machine learning, is becoming an emerg-
ing research area at the intersection of natural language processing (NLP) and computer
vision (CV), which enables computers to understand image-text pairs in semantic terms [10].
In the RSCTIR task, there is often a huge semantic gap in feature expression between the
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query and target data modality. Therefore, major research focuses on establishing connec-
tions between samples of different modalities which have the same semantics. Specifically,
current RSCTIR methods are mainly divided into image caption-based methods and vision-
language-embedding-based methods. The former is mainly to semantically represent each
RS image to generate keyword tags that can describe the image, thus transforming RSCTIR
into keyword-based text retrieval. The core of such methods is to use generative models to
improve the performance of image caption tasks. For example, to make the generated tags
interpretable, Bao et al. [7] designed an interpretable word-sentence framework, decom-
posing the task into two subtasks: word classification and ranking. In order to enable tag
generators to have a more comprehensive semantic understanding of complex RS images,
Devlin et al. [11] proposed a recurrent attention and semantic gating framework to generate
better context features. Different from image caption-based methods, the vision-language-
embedding-based methods utilize a trained image and text encoder to map the same or
similar semantics sample into feature vectors with closer distances. The main point of these
works is how to choose the best loss optimization strategy to minimize the distance between
similar images and texts [12]. Lv et al. [13] solves the heterogeneous gap problem through
knowledge distillation. On the basis of knowledge distillation, Yuan et al. [14] expects
the model to be as lightweight as possible to achieve fast retrieval. Yuan et al. [5] pro-
posed an asymmetric multi-modal feature matching network (AMFMN) and contributed a
fine-grained RS image-text dataset to this task. Due to the well-studied vision-language
representing the model on pre-training tasks, the embedding-based methods have become
the preferred retrieval model in recent years.

Query: two baseball field opposite to each other with many trees. Ground Truth: I:l
Result:

1# 4# S5#

(a) Text to Image retrieval
Query: Result:

1# there are two football fields on the baseball fields surrounded by trees.
2# two baseball field surrounded by some trees and near a block.
3# two differently sized baseball field are surrounded by roads and rows of trees.

44# there is a baseball field lying on the lawn with trees and houses around.

5# two baseball field opposite to each other with many trees.

(b) Image to Text retrieval

Figure 1. Example visualization results of top-5 candidates for image-text retrieval and text-image
retrieval tasks.

We thus focus on the embedding based methods, which mainly generate visual and
text features from two uni-modal encoders, respectively, and optimize the encoders by
minimizing vector distances with similar semantics in a high-dimensional space. In view
of the high intra-class similarity and large inter-class differences of RS images, the current
RSCTIR framework is mainly based on convolutional encoders to extract the global fea-
tures of images [15,16] and object-detector-based encoders for the local information [17].
Finally, the two uni-modal features will be compared for loss optimization. In other words,
the core of the whole framework is to build a language or visual uni-modal encoder with
better feature expression ability. Although these methods have achieved good retrieval
performance, they do not integrate the features of text and image in the training process by
vision-language fusion. Secondly, most of them use pre-trained object detectors for image
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local feature extraction. Although it can effectively improve the ability of the model to
express the detailed features of RS images, the training processes for the object detectors
and the cross-modal retrieval model are fragmented.

Inspired by the current mainstream vision-language pre-trained model design, we
believe that an end-to-end training framework will eliminate the training gap brought by
the pre-trained object detectors, and improve the effect of the model by adapting more
training data. At the same time, under the whole framework, a vision-language fusion
model is required for image-text semantic alignment to optimize the feature expression
capabilities of uni-modal and multi-modal encoders simultaneously. By solving the above
problem, the end-to-end framework based on vision-language-fusion will ultimately bring
better results for RSCTIR tasks.

Driven by the above motivation, we introduced a multi-modal encoder to the current
most popular uni-modal encoder architecture, which is used to learn the semantic asso-
ciation between two modalities. Meanwhile, we discard the pre-trained object detector,
extract the local features of the image by introducing a vision transformer model, and use
multi-modal fusion and text erasure strategies to enhance feature interaction between
different modalities, so that the model can have the ability to represent local features based
on main objects. This end-to-end multi-modal framework demonstrates excellent training
convenience and shows more attractive performance. Compared with the most popular
method, our experiments finally achieved about a two point improvement measured by
the mR criterion, which represents the average of all calculated recalls on the RSICD and
RSITMD dataset. Furthermore, the trained multi-modal encoder can further improve the
top-one and top-five ranking performances after retrieval processing.

Our main contributions are as follows:

1.  Wedesign a framework with two uni-modal encoders and a multi-modal encoder
for RSCTIR named EnVLE. In this framework, the uni-modal encoders are used to
extract visual and text features, respectively, and the multi-modal encoder is used for
modality fusion. A multi-task optimization in the training process is used to improve
the feature representation for each encoder.

2. Inside the vision encoder, a shallow vision transformer model is chosen to extract the
local features of images instead of a pre-trained object detector, which transforms the
pipe-lined “object detection + retrieval” process into an end-to-end training process.
The gap between the object detector and retrieval model training process is bridged
by this end-to-end framework.

3. In the inference process, the multi-modal encoder, which learns the fusion features
of image-text pairs, is used in the post-processing for reranking. It can improve the
top-one and top-five ranking performances based on the results on the retrieval task.

Our method is proved to be effective. The results on two commonly used RS text-
image datasets can compare with state-of-the-art (SOTA) methods. Subsequently, we
first introduce related works of cross-modal retrieval and vision-language pre-training
in Section 2. Then, we introduce our proposed EnVLF method and each submodule in
detail in Section 3. Section 4 presents the extensive experiments we conduct to verify the
effectiveness of EnVLE. Finally, our work is concluded.

2. Related Works
2.1. Cross-Modal Retrieval

Cross-modal image-text retrieval (ITR) is to retrieve relevant samples from one modal-
ity given its expression in another modality. Its key challenge is to bridge the heterogeneity
gap and learn a transformation function to project multi-modal data to a common rep-
resentation space, thus reducing the cross-modal retrieval task to an embedding space.
The retrieval process includes the extraction of uni-modal features and the alignment
of multi-modal features. Extracting features is the first and most critical process in an
ITR system, which includes methods such as vision-language embedding, cross-attention,
etc. Visual semantic embedding (VSE) is the most direct way to independently encode



Mathematics 2023, 11, 2279

40f17

uni-modal features. The development of VSE mainly includes two aspects of data and
loss function improvement [18-21]. Cross-attention methods are mainly based on the
transformer method, which improve the retrieval performance by learning contextual
knowledge between modalities. For example, Cui et al. [22] proposed a method capable
of simultaneously encoding cross- and intra-modality knowledge in a unified scene to
enhance subsequent feature alignment tasks.

Feature alignment is also an important step, which needs to be used to calculate
pairwise similarity and achieve retrieval. It can be divided into two methods: global
alignment and local alignment. The global alignment method mainly uses the global
feature learning model [23,24], but this will ignore the fine-grained information in images
and texts, thus affecting the retrieval effect. Local alignment usually refers to corresponding
the patch-level information of the image with the word information in the text. Adopting
the ordinary attention mechanism [3,25] is a simple way to explore semantic region/patch
word correspondences. At the same time, it is also a strongly emerging direction to combine
global and local alignment. For example, Ji et al. [26] propose a step-wise hierarchical
alignment network, which decomposes image-text matching into a multi-step cross-modal
reasoning process, first achieving local-to-local alignment at the fragment level, and then in
turn performing global-to-local and global-to-global alignment at the context level.

2.2. Vision-Language Pre-Training

Most of the early cross-modal retrieval works used pre-trained networks in the fields
of natural language processing and computer vision followed by fine-tuning. However,
in recent years, as pre-trained models have become a hot topic, there has been a surge
of interest in developing general cross-modal pre-trained models and extending them to
downstream ITR tasks [27-29]. Most current pre-training ITR methods adopt the trans-
former architecture as a building block. CLIP [30] and ALBEF [31] are two typical cases.
CLIP uses a contrastive loss, which is one of the most effective losses in representation
learning, and is pre-trained on 400 million noisy multi-modal web data points, resulting in
highly general image-text features. Ultimately, CLIP achieves impressive performance on
many downstream vision and language related tasks. ALBEF also uses a contrastive loss to
align image and text representations before they merge. Unlike most existing methods, AL-
BEF requires neither labeled image data nor high resolution images. In addition, in order to
better learn from a large amount of noisy data, momentum distillation is proposed, which
is able to learn from the pseudo-objects of the momentum model. ALBEF also achieves
SOTA performance on many downstream vision-language tasks.

Through the analysis of all these existing studies, we believe that the essence of
RSCTIR is to bridge the gap in feature expression between images and texts. During the
training process, the two types of features need to be fused to better learn the interaction.
However, different from the pre-training process, RS retrieval has strong supervision
information. Therefore, in addition to improving uni-modal feature encoding, it is a focus
of our paper to use this supervision information to improve the vision-language fusion
features of the model and thus enhance the ability to express cross-modal features.

3. Methods

In this section, we first outline the overall architecture of our model and the design
purpose of each encoder in Section 3.1. Then, Section 3.2 introduces the optimization
objective in detail. Finally, we describe the training process for the entire architecture in
Section 3.3.

3.1. Model Architecture

Most traditional RSCTIR tasks are mainly to compute the vector similarity between
the features of the input query (RS image or text caption) and target features stored in the
database. A typical case is GaLR [4], which has been reported to achieve SOTA performance.
The core of GaLR is a well-designed vision and language encoder. Specifically, the image
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I and text T are encoded by vision encoder F,,._y(I) and language encoder F,,._1(T)
separately as two independent vectors which are mapped into the same space. Moreover,
for the visual module, GaLR specifically introduces an object detection branch followed
by a graph convolution network (GCN) based on the global encoder, which may cause
laborious model assembly. In the training optimization procedure, triplet loss is used
for optimization.

Through the detailed exploration of the above architecture, we found that most tradi-
tional RSCTIR methods mainly focus on improving the performance of uni-modal features
extraction. A multi-modal encoder which fuses vision-language features by completing
multitask training optimization objectives can further improve the performance of the en-
tire retrieval task. Illustrated in Figure 2, we propose our EnVLF model, which introduces a
multi-modal encoder based on the traditional RSCTIR framework for cross-modal semantic
feature learning. It is worth noting that we do not use the object detection branch, thus,
the whole training process is end-to-end. We also optimized the training process to enhance
the feature representation performance of uni-modal and multi-modal encoders by simulta-
neously optimizing three kinds of losses: image-text-triplet (ITT), masked-language-model
(MLM) and image-text-match (ITM). This process can be represented as follows:

fIL/ fIGL = Fenc—V(I)
fr= Fench(T) 1)
Sdistancer Spairwise = Fenchul(fIL; fIGLr fT)

f1L, ficL, and fr denote the local visual features, fused visual features, and text features

extracted by uni-modal encoders F,,._y and F,,._| separately. Cross-modal similarity
Saistance and pair-wised image-text similarity Spgirwise are calculated by multi-modal encoder
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Figure 2. Proposed RSCTIR framework based on EnVLF which consists of a vision encoder, a lan-
guage encoder and a multi-modal encoder. M,;; module is introduced into the vision encoder to
achieve local object representation enhancement. The language encoder is constructed based on the
BERT model with a specially designed language mask module. The multi-modal encoder aims to
promote better alignment of image-text features by utilizing multitask optimization, and can also
serve as a reranking module.

Next, we will describe our framework with regard to three aspects: vision encoder,
language encoder and multi-modal encoder.
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3.1.1. Vision Encoder

It has been found in the literature [5,7,32] that in vision-language pre-training tasks,
the information carried by the vision side is much more than the language side, so a more
complex vision encoder is needed to express comprehensive features. Inspired by this,
we believe that a vision encoder can be divided into a global feature extraction module
M cun—musa, an object-based local feature extraction module M,;;, and a vision fusion module
Myiqr, and in this way, the vision encoder can fully extract the multi-dimensional features
of the image. This can be formalized as follows:

Fenc—V - {Mcnnfmvsuz Mvit/ Mmidf}

fIG = Mcnnfmvsu(l) (2)
fir = My (I)
fioL = Muiag(fiG, fiL)

where fic and fi; are global and local features of the same RS image presented by
Meun—muvsa and My;; separately. The figy is the features fused by Mmz‘df-

CNN-based methods directly map the global features of an image into the high-
dimensional space, which have shown advantages in image embedding tasks. In more
detail, referring to the method of GaLR, we use ResNet-18 and a multi-level visual self-
attention (MVSA) module as the global features encoder Mcy;—mwsa for RS images.

An object-detection-based model pre-trained on other RS-related datasets can identify
the main objects in RS images, such as airplanes, cars, buildings, etc. Capturing local
features of RS images by characterizing the relationships between these main objects can
improve the RSCTIR performance [4]. However, training an effective object detector relies
on well annotated RS object detection datasets, such as DOTA [33], NWPU-RESISC45 [34],
and UCAS-AOD [35]. Meanwhile, it is worth noting that the difference of data annotation
forms between object detection and cross-modal retrieval tasks brings a data gap which
results in a pipeline mode of the training process. For this imperfection, we adopt My,
a transformer-based vision model [36], and exploit its image patch-based feature represent-
ing characteristics to replace the pre-trained object detector. By optimizing with MLM and
ITC loss in training, the visual features from M,;; and masked text features from My,,; are
aligned with the key semantics, which means M,;; has the same ability as a pre-trained
object detector for image local feature extraction.

The vision transformer module M,;; is the key for the local feature encoder, which
consists of stacked blocks that include a multi-head self-attention (MSA) layer and a multi-
layer perceptron (MLP) layer.

00 = [Velass; 11V -.. oNV] + VP, V € R(P*OxH ypos ¢ RIN+1)xH
o' = MSA(LN(o" 1)) 4071, d=1...D

v = MLP(LN(¢%)) +9,d=1 ... D

p = tanh(vg Wyool)

®)

The input image I € RF*W*C js slid into a flattened two-dimensional patch of size

(N x (P2-C)), where (P, P) is the patch size and N = HW/P2. N is the number of blocks

that affect the length of the input sequence. Followed by the linear projection V € R(P 2C)xH

and position embedding VP € RN+TD*H 3 js embedded into f; € RN*H,

The MIDF module M,,;4s proposed by GaLR is used to achieve the dynamic fusion of
global and local features in vision encoder F,,._y. After M, 1 fusing the local and global
information, the comprehensive features of RS images are represented by the F,,,._y, which
are subsequently used to interact and fuse with the text features generated by the language
encoder F;c 1.
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3.1.2. Language Encoder

As analyzed in Section 3.1.1, the information contained in language is less than that in
vision, so a lightweight language encoder that can represent text features is needed. To align
with sequenced vision features generated by M,;;, the same language encoder as BERT [11],
where a [CLS] token is appended to the beginning of the text input to summarize the
sentence, is the best choice. Specifically, aiming to simplify the computational complexity,
we initialize the first six layers of the BERT-based model Mj,,; as the language encoder
Fonc—1. The language encoder transforms the input text T into a sequence of embeddings
Wels, W1, - . ., wy, which is fed to the multi-modal encoder for cross modal representation
learning and language-vision fusion.

fT = Mbert(T) 4)

In order to use the semantic correlation relationship between modalities to improve the
extraction of features for each modal encoder, we perform a targeted masked strategy on the
target category information contained in RS images as well as the traditional random mask
processing in the language mask module. The masked text is passed through the language
encoder to generate the feature fr. The local feature fj; generated by vision encoder and
the masked text feature fr are fused in the multi-modal encoder. By optimizing with the
MLM loss in training, the My,,; in the language encoder and the M,;; in the vision local
encoder can reach a better performance in specific target recognition.

3.1.3. Multi-Modal Encoder

Considering that the semantic features of image I and text T extracted by the uni-
modal encoder with vector distance constraint cannot be sufficiently aligned in traditional
methods. Besides the cross-modal similarity module, a visual-language fusion module
is introduced in the multi-modal encoder, which is initialized with the last six layers of
the BERT-based model and uses an additional cross-attention layer to model the visual-
language interaction. The multi-modal encoder can be formalized as

Fenc—mur = {Mcms/ lef} 5)

where the M.;s calculates the similarity between image features f;; and text features fr
by using cosine distance and optimizes the parameters in uni-modal encoders by using ITT
loss. The My;r uses MLM loss to optimize the expression of visual local feature encoder
M,;; and text feature encoder My,,; by fusing the features f;; and fr. Furthermore, My
also utilizes ITM loss to simultaneously optimize the feature representation ability of the
uni-modal encoders and multi-modal encoder.

Training with vision-language fusion can improve the performance of each uni-modal
encoder and ultimately affects the RSCTIR results. Since the vision-language fusion model
My requires image-text pairs as input in the inference process, it cannot be used for a
large-scale data recall process in RSCTIR. Considering that the trained My,r has a better
fine-grained discrimination ability for image-text pairs, so we further use it to rerank the
results to improve the top-one and top-five retrieval performances.

3.2. Multitask Optimization

During the training process, the end-to-end RSCTIR framework should improve the
performance of each encoder by optimizing multiple targeted tasks. Thus we designed
three training objectives for the framework: ITT on the uni-modal encoders with cosine
similarity, MLM loss for capturing main objects based features, and ITM on language-vision
fusion for image-text pairwise similarity learning.
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3.2.1. Image-Text-Triplet Loss for Uni-Modal Encoder

Triplet loss is a loss commonly used in the field of image-text alignment. It calculates
the loss function value by comparing the distance between three samples (anchor, positive,
and negative). The main idea is to learn a feature representation space, so that anchor
samples of the same category are closer to positive samples in this space, and anchor
samples of different categories are farther away from negative samples. This can be
formalized as follows:

Ly = Z [e —cos(I, T) +cos(I, T)], + 2 [e — cos(I, T) +cos(I, T)], (6)
i

T

where € represents the minimum margin designed to widen the gap between anchor and
positive/negative sample pairs, [x]+ = max(x, 0). (I, T) is a paired image-text sample. T
is the text that is not paired with the image I, and [ is the RS image not paired with the
text T.

The advantage of ITT loss lies in the distinction of details, that is, when the two
inputs are similar, triplet loss can better model the details. Therefore, we choose the triplet
loss in our RSCTIR task to constrain feature representation for uni-modal encoders. The
strategy for choosing positive and negative examples is: given the N image-text pairs in one
batch are positive samples, and the other N> — N unpaired image-text pairs are negative
samples. The purpose of this strategy is to make the uni-modal encoder learn a complex
representation of both inter-class and intra-class differences.

3.2.2. Image-Text-Match Loss for Pairwise Similarity

In image-text matching, the model predicts whether a pair of input image and text is
matched or not. Inspired by most VLP models treating image-text matching as a binary
classification problem, we use this training target for the multi-modal encoder. Specifically,
a special token, such as [CLS], is inserted at the beginning of the input sentence, which tries
to learn a cross-modal representation. Different from the multi-modal encoder of VLP for
binary classification, we add a fully connected layer to calculate a two-class probability p*™
for each image-text pair which can be used as a reranking model in the inference procedure.
ITM loss can be formalized as follows:

Litn =B, 1)~pHY™, p"™(1, T)) @)

3.2.3. Masked Language Model for Object-Based Image Representation

The masking language modeling (MLM) loss strategy uses images and contextual text
to predict masked words, which was originally used in language training tasks, providing
better feature expression for pre-trained models. In RSCTIR, it has also been proved to
have the same importance as the ITM loss strategy. In our framework, in order to allow the
vision encoder to express the region features without using the object detection module, we
use MLM with the patch embedding ability of the vision transformer to express the features
of the main target of RS images. At the same time, we optimize the masked strategy by
using two methods: targeted masked strategy and random masked strategy. The targeted
masked strategy aims to enhance the generalization ability of the model, and the targeted
mask mainly focuses on important information in the retrieval process, such as the type
and number of objects. The text is input into the encoder through the above two masking
methods, and then the model is trained to reconstruct the original mark to achieve the
ability to represent the information of the main targets. The optimization objective of MLM
is minimizing a cross-entropy loss:

Loim = E, 1)opHY™, p" (1, T)) ®)

where the masked text is denoted by T, and the predicted probability of the model for a
masked token is denoted by p™"* (I, T).
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3.3. Training Procedure of EnVLF

The training and inference procedures of our proposed EnVLF are summarized in
Algorithm 1 and Algorithm 2, respectively.

Algorithm 1 Training Procedure of the Proposed EnVLF

Input:
Image-Text pairs of RS dataset Dyt = {{I, T1} - - - {In, Tu}, n is the number of pairs}
Through:
Global visual feature fig = Mepn—mosa(I; 61)
Local visual feature fi = My (I; 62)
Vision fusion feature figr = Myar(1; 03)
Text feature fr = Mye (T, 64)
Multi-modal fusion feature fym = Myi(I, T; 65)
Repeat until convergence:
1: foreachbatch I, T € D;r do
Dual visual feature extraction
2 fIG = Mcnnfmvsa(l} 91)
3 fiL = My(L; 62)
& fioL = Myas(L; 63)
Text feature extraction
5: fr= Mpert(T; 04)
Multi-model extraction
6 fmum = Mug(fiL, ficr, fr; 0s)

Calculate the ITT loss
7. Ly = L(ficL, fr)

Calculate the ITM loss
8 lLipn = L(fmm)

Calculate the MLM loss

9 Ly = L(frr, fr)
10:  Update 0y, 0>, 03, 04, 05 by Liyt, Litw, Lyim

11: end for
12: return Meun—mosa, Moit, Mmidf/ Mpert, lef

Algorithm 2 Inference Procedure of the Proposed EnVLF

Input:
Image-Text pairs of RS dataset Dy = {{I1, T1 } - - - {In, Tn}, n is the number of pairs}
Through:
EnVLF model fIGL/ fT = ETIVLF(I, T; 01)
Initialize the similarity matrix S
Vision-Language Fusion module rerank S;rwise = Mo (ficL, fr; 02)
Calculate image-text similarity matrix:
1: for each batch I, T € D;r do
Visual and text feature extraction

2: fIGL/ fT = ET’ZVLF(I, T; 91)
3: Sdistance = M (fIGL/ fT)
4: Append Syisiance t0 S

5: end for

6: return S

Multi-model module top-10 rerank: (optional)

Spairwise = lef (fIGL/ fT; 92)
8: return S rwise

In the training process, we mainly optimize the image encoder F,,._v, the text encoder
Fonc—1, and the multi-modal encoder F,,,._ ;. First, we input the RS image-text pair batch
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Dj; for training, and then pass it through the uni-model image encoder F,,._y and text
encoder Foyc—1. Fppe—y contains dual modules My —mosa and My;; to extract global features
f1c and local features fj;, respectively, and finally visual features are formed through the
vision fusion module M,,;;r. The whole process uses three loss strategies to guide the
training process, and the /;;; loss is used to optimize the generation of f;gr and fr. iy,
and I, are jointly optimized by text encoder F.— 1 and module M;s in multi-modal
encoder F,,._p,, and finally after multiple epoch iterative training, the optimal EnVLF
model is constructed.

For the inference process, the RS image-text test pair batch is required, which is
sent to the trained EnVLF model to obtain the uni-model image and text feature figy,
fr. Afterwards, the cosine distance is used to calculate the similarity S5z, between
query and targets, and all test datasets are traversed to generate a large matrix S, thereby
completing the final recall task. At the same time, in order to utilize the pairwise similarity
S pairwise calculated by multi-modal encoder, we choose to use it to complete the reranking
of top-10 results.

4. Experiments
4.1. Datasets and Evaluation Metrics

In our experiments, we validate our EnVLF on two datasets: RSICD [9] and RSITMD [5].
Each dataset is given in the form of a large number of image-text pairs, as shown in Figure 3,
where RSICD has 10,921 pairs, of which the image size is 224 x 224, making it the most
numerous retrieval dataset currently available. RSITMD has 4743 pairs with the image
size of 256 x 256. Compared with RSICD, RSITMD has a finer-grained text caption. In our
experiments, we follow the data partitioning approach of Yuan et al. [5] and use 80%,
10%, and 10% of the dataset as the training set, validation set, and test set, respectively.
For the evaluation criteria, we use R@k and mR [37] to evaluate the recall performance of
EnVLF. R@k indicates the proportion of ground truth contained in the top k results recalled.
Consistent with GaLR, we choose k to be 1, 5, or 10 to evaluate the results more fairly.
mR represents the average value of each R@k, which can be used as the final evaluation
criterion of the overall performance of the model.

¥ (1) this is a parking apron, roads, grassland, buildings and many planes .

(2) it is gray parking apron, gray roads, green and yellow grassland, gray buildings and gray planes .

(3) several plants are parked next to terminals and near runways .

Vd (4) several plants are parked next to terminals and near runways .

2 ‘ (5) this is a parking apron, roads, grassland, buildings and many planes .

(a) RSICD datasets

(1) Five baseball fields are surrounded by green trees.

(2) Five baseball fields surround the center of the building, forming a flower shape decorated with luxuriant plants.

J (3) Five baseball fields surround the center of the building, forming the shape of flowers decorated with luxuriant plants.
(4) Five baseball fields are surrounded by green trees.

(5) Five baseball fields are surrounded by green trees.

. Labels: "baseball fields", "five baseball”, "green trees", "lush plants", "flower shape"

(b) RSITMD datasets

Figure 3. Example image-text pairs from the RSICD and RSITMD remote sensing image-text datasets,
where each pair consisting of an RS image and five corresponding sentences.

4.2. Implementation Details

All our experiments are performed on a single Tesla V100 GPU. For images, we unified
the size of all images to 3 x 256 x 256 and sent them to the image encoder, and then applied
data enhancement methods such as random rotation and random cropping. We directly
chose ResNet-18 to apply to the global encoder. For the local encoder, we used a 6-layer
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standard VIT model, and the final generated image and text uni-model features were both
512. For the text model, we used the first six layers of BERT to build a text encoder, and the
last six layers to build a multi-model encoder. The batch size we applied in the training
procedure was 64 and adjusted to 128 during validation. The learning rate was initialized
to 2 x 107, and decayed by a factor of 0.7 every 15 epochs of validation following the
iterative process. We trained the entire model for 30 epochs and optimized the model
with the Adam optimizer. The rest of the parameters except the learning rate were kept as
default values and were not adjusted during the entire procedure.

4.3. Comparisons With the SOTA Methods

We compare the excellent work based on RS cross-modal retrieval task on RSICD and
RSITMD datasets: including VSE++ [23], SCAN [12], CAMP [38], MTEN [39], AMEMN [5],
LW-MCR [14], and GaLR [4].

VSE++ is one of the pioneers of using uni-modal encoders to extract image and text
features for cross-modal retrieval. A triplet loss is used to optimize the training objective.

SCAN enhances VSE++ by using an object detector to extract local features. The object
detector has been proved to achieve excellent performance in local feature extraction.

CAMP propose a message passing mechanism, which adaptively controls the informa-
tion flow for message passing across modalities. The triplet loss and the BCE loss method
are used as control groups.

MTEN designs a multi-modal fusion network based on the idea of rank decomposition
to improve the retrieval performance by a reranking process.

AMEFMN utilizes an asymmetric approach based on triplet loss that uses visual features
to guide text presentation.

LW-MCR takes advantage of methods such as knowledge distillation and contrast
learning for lightweight retrieval models.

GaLR optimizes the representation matrix and the adjacency matrix of local features
by using GCN. The quantitative analysis on multiple RS text-image datasets demonstrates
the effectiveness of the proposed method for RS retrieval.

For the methods above, we use the results reported in the literature [14]. Following
the same strategy for our experiments as these works, we provide the performance of our
final model for comparison.

EnVLEF: We use the whole EnVLF framework in training progress, and use the uni-
modal encoder for RS cross-modal retrieval.

Table 1 shows that the performance of the EnVLF is particularly impressive on both
RSICD and RSITMD datasets, and we can obtain conclusions as follows:

Table 1. Performance comparison with other models on the RSICD and RSITMD datasets.

RSICD Dataset

RSITMD Dataset

Model Sentence Retrieval Image Retrieval mR Sentence Retrieval Image Retrieval mR
R@1 Re@5 R@10 R@l R@5 Re@10 R@l R@5 R@10 R@l R@5 Re10
VSE++ 338 951 1746 282 1132 1810 1043 1038 27.65 39.60 779 2487 38.67 24.83
SCAN t2i 439 1090 1764 391 1620 2649 1325 10.18 2853 3849 10.10 2898 43.53 26.64
SCAN i2t 585 1289 19.84 371 1640 2673 1423 11.06 2588 3938 9.82 29.38 4212 2628
CAMP-triplet 512 1289 21.12 415 1523 2781 1439 11.73 2699 38.05 827 2779 4434 26.20
CAMP-bce 420 1024 1545 272 1276 2289 1138 9.07 23.01 3319 522 2332 3836 2203
MTEN 502 1252 1974 490 1717 2949 1481 1040 27.65 3628 996 31.37 4584 2692
LW-MCR(b) 457 1371 2011 4.02 1647 2823 1452 9.07 2279 3805 611 2774 4956 2555
LW-MCR(d) 329 1252 1993 466 1751 30.02 14.66 10.18 2898 3982 779 30.18 49.78 27.79
AMFMN-soft 505 1453 2157 5.05 1974 31.04 16.02 11.06 2588 39.82 9.82 3394 5190 2874
AMFMN-fusion 539 1508 2340 490 1828 31.44 1642 11.06 2920 3872 996 3403 5296 29.32
AMFMN-sim 521 1472 2157 408 1700 30.60 1553 10.63 2478 41.81 1151 34.69 5487 29.72
GaLR 6.59 1985 31.04 4.69 1948 3213 1896 14.82 31.64 4248 11.15 36.68 51.68 31.41
EnVLF 7.78 20.52 3156 6.09 2233 36.65 20.82 1342 33.11 4712 11.15 38.63 57.58 33.50
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The performance of EnVLF on the RSICD dataset, which is a large RS image-to-
text dataset, strongly demonstrates the effectiveness of our proposed method. For the
EnVLF model, the mR score is even 1.86 points higher than the most outstanding models,
reaching 20.82. Whether it is text-to-image retrieval or image-to-text retrieval, EnVLF model
shows the best performance compared with the previous SOTA method on R@1, R@5, and
R@10 results.

RSITMD has more fine-grained representation in text than RSICD, which makes the
retrieval task even more challenging. However, EnVLF still performs well on the RSITMD
dataset. The mR of EnVLF finally reached 33.50, which is 2.09 points ahead of GaLR. In
more detail, the most difficult R@1 results for text-to-image and image-to-text retrieval
of our EnVLF are slightly lower than SOTA. This may be due to the difference between
the training set and the test set. Perhaps the semantic distribution of the test set is a little
simpler than that of the training set. While compared with AMFMN, our model is more
complex, leading to poor results, which can be a future research point. However, it is worth
noting that the R@5 and R@10 results are well ahead of the SOTA.

We further compare the qualitative results of our EnVLF with GaLR in Figure 4.
For text-to-image retrieval, we chose an example of the playground. The results show that
EnVLF hit the ground truth of the image at the top-one position, and in the top-five results,
most of the results centered on the playground. While for GaLR, the hit is not only realized
in the top-three position, but most of the results are centered around the baseball field,
which indicates that EnVLF can learn more matching, semantically similar features through
our cross-modal design. The image-to-text retrieval results are shown below. We can find
that EnVLF can hit more ground truth texts in the top-five results, and all of them rank
within the top two, while GaLR only hit one low-ranked ground truth text.

Query Method Top 5 Results

Ground Truth: I:l

EnVLF

There is a bare place
on one side of the four
table tennis courts.

GaLR
1# The coastline is || 2# The coastline is || 3# the beach is brown || 4# The coastline is || 5# the white beach
EnVLF curved and the sea is || curved and the sea || and the water is || flat and the sea water || separate the green sea
clear. water is crystal clear. green . is scaly. and lots of jungles .
L A 1# The patches of || 2# gray yellow beach tslfe Th;\;’h:;z Sisrzi/o;l;
green sea and pale || is between green || 3# The color of the 44# The white beach is er
GaLR . . . to the yellow beach,
yellow beaches are || ocean and  many || spherical box is white. || close to the green sea. 5 .
. . with parking lots and
side by side. green trees.
green trees.

Figure 4. Visual comparison of retrieval results between EnVLF and the state-of-the-art GaLR on
the RSITMD test set for two retrieval tasks. Among the top-5 candidates, the red box surrounds the
ground truth.

We then explore the reasons why EnVLF exhibits more attractive performance com-
pared with GaLR, which we believe can be attributed to the following factors: Firstly,
EnVLF adds an M,;; local vision encoder on the basis of the global vision encoder. How-
ever, GaLR contains a global encoder and an object detector whose effect has been proved to
be closely related to the number of objects contained in the image [4]. When there are fewer
objects, the detector will show weaker performance. Secondly, the language encoder of
EnVLEF also adopts the transformer model and carefully designs a targeted masked strategy,
thus improving the expression of the main features, which are not considered in GaLR.
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Finally, GaLR only uses the triplet loss to optimize the vision and language encoder, while
EnVLF introduces a multi-modal encoder which can better perform semantic alignment
across modalities and uses three kinds of losses during the optimization.

4.4. Reranking Process Based on Multi-Modal Encoder

In EnVLF, the cross-modal similarity calculation module M5 can be used to effi-
ciently find the top-N similar results for large-scale data retrieval. Furthermore, in order
to take full advantage of the vision-language fusion module M, s that learns pairwise
image-text feature representations, we train it to be used as a reranking process. In our
experiment, the EnV LF model only uses each uni-modal encoder for feature extracting,
and M5 in multi-modal encoder for feature similarity calculating. However, the results
show that the recall rate of the model on the more difficult top-one and top-five is always
lower, so based on the results of EnVLFE,,,;,x, we use the EnVLF,,,,,,x model to calculate
the pairwise similarity between the query and top-ten recalled candidates. The results in
Table 2 shows the reranking process can further improve the mR criterion by about 0.1
points. During our experiment, we found that the performance of the reranking process is
not stable, but a slightly higher result can be achieved on most of the top-one and top-five
results, especially in some difficult cases, such as Figure 5; although EnV LF recalls similar
candidates, EnV LF,,, can still rerank the ground truth to top-one, and can even find
more top-five correct retrieval results, which shows the potential of the reranking process.
Thus, we believe that with more careful design in the future, the reranking process can play
a greater role.

Table 2. Comparison results of the rerank module on the RSICD dataset.

Sentence Retrieval Image Retrieval

Model R@1 R@ R@10 R@1l R@5  R@10 mR
EnVLF 778 2052 3156 6.09 2233 3665  20.82
EnVLE,punt 799 2098 3156 573 2280 3665 2095

4.5. Ablation Studies of Structures

We conducted ablation experiments on the RSITMD dataset for the cross-modal
retrieval task to validate each module separately. Specifically, four control experiments
were designed to explore the influence of every proposed module on retrieval performance,
and we kept the language encoder F,,._; the same in all experiments. The ablation
experiment modules are as follows:

EnVLFg: Use the vision encoder F,y,c—y only containing the global feature extractor
Meyn—musa for visual features and multi-modal encoder F,,;._ p1,,; only containing Mys for
cosine similarity calculating.

EnVLEF,,;: Use the full vision encoder F,,._y containing the global feature extractor
Menn—musa, local feature extractor M,,;; and vision fusion module M,,,;4 ¥ for visual features,
and multi-modal encoder F,,,._ 1,7 only containing Mcs for cosine similarity calculating.

EnV LFraumask: Use the full vision encoder F,,._y and full multi-modal encoder
Fone—mu containing Mcy,s and vision-language fusion module M,;;. We do not inter-
fere in the selection of masks in this experiment, and a random masked strategy is used for
text preprocessing.

EnV LFrypmask: The overall model is the same as EnV LFr,, 045k, but our proposed
targeted masked strategy proposed is used for the text preprocessing to guide the text
encoder to learn more targeted features that are conducive to the image-text retrieval
process. At the same time, we do not remove the random masked strategy module.

In these models, the comparison between EnV LF, and EnVLF,,; shows the perfor-
mance of the M,;; module without vision-language fusion. The results of EnV LFru,pask
compared with EnVLF,,; shows the influence of vision-language fusion module My, in
multi-modal encoder F,;._p,;. The control group (EnV LFraunmask, EnV LFra,mask) veri-
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fies the superiority of the targeted masked strategy with vision transformer M,;; in local
feature extraction.

Query Method Top 5 Results Ground Truth: [ |
w/o
rerank
a quadrangular green
pond is near some
green plants.
rerank
W MR ki
wlo 1# the baseball field || 2# the baseball field 3# two baseball field z#;l:iherlei;s @ t;z:qsebt:;lé 5# there are blue
ok is surrounded by a || is surrounded by a surrounded bysome lawn VS; thg trees and roofed houses around
rera grey roof. grey roof. trees and near a block. the baseball field.
houses around .
_—
1# two baseball field i:qedl:ae“ha(;ke];: ha:rt 3# here are two :l#:l;her]ei: ? l;z:]seb:lxllel 5# there are blue
rerank surrounded  bysome ne;gt 0 a rect;;n lar baseballfields of lawn “}; thgtrees and roofed houses around
trees and near a block. o eu different size .... the baseball field .
building. houses around .

Figure 5. Visual comparison of the rerank module for two retrieval tasks on the RSITMD test set.
Among the top-5 candidates, the red box surrounds the ground truth.

Table 3 shows the results of the above three groups of experiments.

Compared with EnV LFg, the mR criterion of the model EnVLF,;; increased by 0.77
points after adding the vision transformer M,;; for local feature extraction without multi-
modal fusion.

Subsequently, we show the results of EnVLFg,,pask- Through adding the vision-
language fusion module Mys to the multi-modal encoder Fy;,cp1,, the mR criterion is
further improved by 0.44 points compared with EnVLF, ;.

The results of control-experiment group (EnV LFrgupask, EnV LFrepask) show that
the object-related information masked strategy can improve the representation for local
features, especially for the top-10 recall results, through EnV LFy,, p,s¢ can reach 1.69 points
of improvement. This experiment can also prove that the vision and language transformers
trained by multi-modal fusion show a comparable ability with pre-trained object-detector-
based methods.

Table 3. Ablation experiments for different modules on the RSITMD dataset.

Mt I2T Retrieval T2I Retrieval
Model M mR
mosa ;"1/1‘; R;f[‘i‘;(m T?\f[iztlfd R@l R@ R@10 R@l R@5 R@10
EnVLEy, v J 12.83 2942 4425 11.64 3889 548 3198
EnVLE,,; V Vi 13.86 3237 4520 1149 3860 5496 3275
EnVLEgunmask v J 14.60 3252 4469 1239 39.03 5590 33.19
EnVLFryaac v v J 1342 3311 4712 1115 3863 5758 33.50

5. Conclusions

In this paper, we proposed an end-to-end RS cross-modal retrieval framework named
EnVLE which consists of three modules: a vision encoder and a language encoder for
uni-model feature extraction, and a multi-modal encoder for vision-language fusion. Specif-
ically, for the vision encoder, we introduce a vision transformer module trained with
a multi-modal encoder to achieve the ability of object detection, which transforms the
pipelined training process into an end-to-end process. By optimizing multiple target tasks
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for training, EnVLF can obtain competitive retrieval performance and bridge the training
gap between object detection and retrieval tasks. In addition, the trained multi-modal
encoder can improve the top-one and top-five ranking performances after retrieval pro-
cessing. The experiments and analysis on multiple RS text-image datasets demonstrate the
effectiveness of our EnVLF method for RS retrieval.

Visual grounding and image captioning, as two other typical tasks of multi-modal
machine learning, have potential benefits for text-to-image retrieval and image-to-text
retrieval separately. Therefore, in future work, we will further improve by means of multi-
level cross-modal feature learning and generative transformer modals, which are proved to
be efficient in visual grounding and image captioning tasks [40,41]. Furthermore, obtaining
accurate results from noisy data will also be part of our follow-up research to improve the
practical value of RSCTIR [42].
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