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Abstract: Unsupervised image captioning often grapples with challenges such as image—text mis-
matches and modality gaps, resulting in suboptimal captions. This paper introduces a semantic-
enhanced cross-modal fusion model (SCFM) to address these issues. The SCFM integrates three
innovative components: a text semantic enhancement network (TSE-Net) for nuanced semantic
representation; contrast learning for optimizing similarity measures between text and images; and
enhanced visual selection decoding (EVSD) for precise captioning. Unlike existing methods that
struggle with capturing accurate semantic relationships and flexibility across scenarios, the proposed
model provides a robust solution for unbiased and diverse captioning. Through experimental evalua-
tions on the MS COCO and Flickr30k datasets, SCFM demonstrates significant improvements over
the benchmark model, enhancing the CIDEr and BLEU-4 metrics by 3.6% and 3.2%, respectively.
Visualization analysis further reveals the model’s superiority in increasing variability between hidden
features and its potential in cross-domain and stylized image captioning. The findings not only
contribute to the advancement of image captioning techniques but also open avenues for future
research. Further investigations will explore SCFM’s adaptability to other multimodal tasks and
refine it for more intricate image-text relationships.

Keywords: image caption generation; text semantic enhancement; contrastive learning; image-enhanced
decoding

1. Introduction

Image captioning is a crucial research task in the multimodal area where computer
vision and natural language processing intersect. It aims to turn images into natural
language descriptions that provide the basis for computers to achieve an understanding of
images and generate human-readable text. Traditional image captioning methods depend
heavily on supervised learning and require large amounts of paired image and text data for
training [1]. However, acquiring large-scale paired data is laborious and costly, imposing
limitations on the applicability and scalability of such methods.

To overcome this limitation, the attention of researchers has gradually shifted towards
unsupervised image captioning techniques. These techniques aim to learn the correspon-
dence between images and text from unlabeled image data, enabling automated image
description generation. For instance, Iro Laina et al. [2] proposed an unsupervised image
captioning method based on shared multimodal embeddings. They achieved cross-modal
feature representation by combining image and text encoders. Similarly, Yang Feng et al. [3]
presented an unsupervised image description method utilizing generative adversarial net-
works (GAN) to generate diverse image captions. Using adversarial training of generators
and discriminators, they generated more successful and diverse caption results. However,
the approaches mentioned above no longer require manual labeling of image—-text pairs
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but instead rely on matching image blocks to labels, which can be challenging to control.
Furthermore, since the pseudo-descriptions are trained on a fixed label set, they may not
be applicable to scenarios beyond the predefined label set. To address this issue, Yoad
Tewel et al. [4] put forward a zero-sample image-to-text generation method that utilizes
visual-semantic arithmetic to generate images” descriptive texts. Yixuan Su et al. [5] in-
troduced a text generation method with visual control, incorporating a visual control
mechanism to generate image-related text descriptions by specifying visual conditions.
This approach enhances the accuracy and semantic consistency of the generated descrip-
tions. Challenges related to the modality gap in multimodal contrastive representation
learning have been recognized in the literature [6]; David Nukrai et al. [7] proposed a
noise-injection-based text training method for image description generation. By employing
a contrast learning strategy for noise injection, they improved the diversity and quality of
the generated descriptions.

Although previous works have explored various approaches and strategies to address
the problem of modality gap and image—text mismatch, they still have several drawbacks.
First, most existing models directly use the image feature vectors and text feature vectors in
a shared space where multimodal representations are learned, yet the differences between
different modalities in this shared space still exist, which inevitably leads to bias in the
inference process. Even though this problem is recognized, they often address it by adding
Gaussian noise without conducting further analysis [7]. Secondly, most existing methods in
the text generation stage rely on the widely used maximum probability decoding strategy
commonly employed in natural language processing. However, this approach often leads to
degradation in the generated results. Specifically, the generated text tends to be generic and
exhibits unreasonable repetitions at various levels, including words, phrases, and sentences.
This problem stems from the decoding strategy and the correspondence between the entire
image and the generated words. Consequently, a significant number of repetitive words
appear among the candidate words, resulting in varying degrees of semantic repetition in
the generated sentences.

To address the aforementioned challenges, this study proposes a novel semantic-
enhanced cross-modal fusion model. The model leverages a text semantic enhancement
network to extract text-enhanced semantic representations, effectively capturing the se-
mantic associations between texts, strengthening the semantic features, and attenuating
the modal features. This process provides robust support for subsequent feature fusion.
Furthermore, contrast learning is utilized to optimize similarity measures and feature
representation consistency between texts. Meanwhile, an image enhancement decoding
strategy is introduced to generate accurate and diverse description results. In contrast
to the traditional maximum probability decoding strategy, this approach structures the
decoding process and leverages the rich information present in the image. It employs a
top-k sampling technique to generate a set of diverse candidate sentences, guaranteeing
the diversity of the generated captions. Subsequently, a defined metric, such as cosine
similarity or a learned distance function, is employed to calculate the similarity between the
candidate sentences and the image. The sentence with the highest similarity to the image is
selected as the final output, ensuring the accuracy and visual relevance of the description.

The central aim of this research is to propose and validate a novel semantic-enhanced
cross-modal fusion model that addresses specific challenges in existing models. These
challenges include bias in the inference process due to differences between modalities and
degradation in the quality of generated results. Our approach leverages text semantic
enhancement and a unique image enhancement decoding strategy to improve the accuracy,
diversity, and quality of the generated image descriptions.

To validate the effectiveness of our proposed model and strategy, extensive experi-
ments are conducted on four widely recognized datasets: MS COCO and Flickr30k for stan-
dard image captioning and cross-domain image captioning experiments, and FlickrStyle10K
and SentiCap for stylized image captioning experiments. The experimental results demon-
strate that our model and strategy significantly enhance the performance of the image
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description task. Specifically, our approach improves the description accuracy, diversity,
and quality of the generated results compared to traditional methods. The main contribu-
tions of this paper can be summarized as follows:

(1) In this paper, we introduce a text semantic enhancement network designed to
extract enhanced semantic representations of text. This network is capable of effectively
capturing the semantic associations between texts, thereby providing robust support for
subsequent feature fusion. To optimize the similarity measure and ensure consistency
in feature representation between different texts, we employ contrastive learning. This
technique emphasizes the semantic properties of texts by maximizing text differences,
reducing the correlation between texts, and attenuating the modal properties of texts. As a
result, the proposed network significantly enhances the model’s ability to comprehend and
articulate the semantics of textual content.

(2) This paper introduces an enhanced decoding strategy to generate precise and
diverse caption results by structuring the decoding process and incorporating attention
mechanisms and language models. By adopting this strategy, the flexibility and diversity
of the generated captions are significantly enhanced, resulting in improved quality and
appeal of the generated results.

(3) Comprehensive experiments were conducted on two widely recognized image
captioning datasets to evaluate the proposed approach. Comparative analysis against
traditional methods demonstrates significant enhancements achieved by our approach
in the image captioning task, notably in terms of description accuracy, diversity, and the
overall quality of the generated results.

2. Related Work
2.1. Image Captioning

Image captioning is a crucial task in multimodal learning, with the goal of generating
accurate and grammatically correct natural language descriptions for images. The general
approach for image captioning is the encoder—decoder architecture, where a convolutional
neural network (CNN) serves as the encoder to extract image features, and a recurrent
neural network (RNN) functions as the decoder to generate image descriptions [8,9]. To
enhance the effectiveness of image captioning, various models and methods have been
proposed. For instance, Zhou et al. [10] introduced the deep modular co-attention network,
which utilizes a cascade of modular co-attention layers to model the relationship between
language and vision. Huang et al. [11] proposed the attention over attention (AoA)
network, which filters out irrelevant or misleading attention results in the decoder, retaining
only useful attention results. Pan et al. [12] addressed existing models’ limitations by
introducing the X-LAN attention module, enabling the capture of higher-order or infinite-
order interactions between modalities through bilinear pooling. These methods have shown
promising performance on supervised training with large-scale annotated image-text pairs
and have achieved good results on various evaluation benchmarks. However, collecting
such annotated datasets is challenging. Therefore, some researchers have explored weakly
supervised approaches for model training. For example, Feng et al. [3] proposed a method
that solely relies on individual image data and a sentence corpus, eliminating the need
for manual annotation of image—text pairs of datasets. Laina et al. [2] connected image
information and text information through shared multimodal encoding, leveraging image—
label datasets instead of paired image—text datasets. Pseudo-descriptions are generated
using object labels and visual content retrieval modules and used as new labels for training.
While these approaches partially overcome dataset limitations, they still face issues such as
a lack of one-to-one correspondence between generated pseudo-descriptions and images,
resulting in descriptions that may contain objects not present in the images.

To address these challenges, recent works have emerged that completely forego the
use of existing datasets containing both images and texts for model training. For instance,
Tewel et al. [4] proposed ZeroCap, a zero-shot learning method for image captioning
that employs CLIP [13] for image feature extraction and GPT2 [14] for caption generation.
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However, due to the absence of domain-specific training, this method performs poorly on
evaluation benchmarks. Nukrai et al. [7] introduced a training approach where textual
data are utilized to adapt the language model to a target style, and image substitution is
employed during the inference phase to obtain the desired output. While this approach
enables style adaptation and improves performance, it under-utilizes image information,
leading to descriptions that may not accurately describe the images.

Despite the advancements in image captioning, current methods still struggle with
challenges such as the one-to-one correspondence between generated descriptions and
images, lack of domain-specific training, and under-utilization of image information,
leading to mismatched descriptions and images.

In contrast to the aforementioned methods, our work incorporates image information
twice during inference. Initially, we input the image information into the language model,
allowing the model to generate multiple candidate sentences through random decoding.
Subsequently, we calculate the similarity between the candidate sentences and the image,
selecting the sentence that exhibits the highest similarity to the image as the final description.
This approach maximizes the utilization of image information and resolves the issue of
mismatched descriptions and images encountered in previous methods.

2.2. Contrastive Models

In recent years, several visual-language contrastive models have emerged, includ-
ing CLIP [13], ALIGN [15], UniCL [16], and OpenCLIP [17]. These models have shown
promising performance in zero-shot image classification and feature extraction for down-
stream tasks. For example, Clip2Video [18] utilizes contrastive learning for video—text
retrieval tasks, while the object detection model introduced by Gu et al. [19] employs
contrastive learning to detect objects with an open vocabulary. Khandelwal et al. [20]
applied CLIP and contrastive learning to acquire visual and language knowledge for robot
navigation tasks. Clip4Clip [21] utilizes contrastive learning for video clip retrieval and
description, and Portillo-Quintero et al. [22] presented a video retrieval method based on
CLIP. Shen et al. [23] have also explored the performance improvements achieved by CLIP
contrastive learning in various visual-language tasks. However, it remains challenging to
apply these models to complex tasks such as image captioning.

To address this challenge, we propose a method that combines unsupervised con-
trastive learning with a semantic-enhanced cross-modal fusion model to significantly
improve the zero-shot performance of contrastive models in image captioning. CLIP con-
sists of separate encoders for visual and textual information and leverages unsupervised
contrastive loss trained on a large-scale image—text dataset. This training enables CLIP
to establish a shared semantic space for visual and textual information. In our work, we
utilize CLIP for image captioning, style image captioning, and story generation tasks,
demonstrating the effectiveness and scalability of the semantically enhanced cross-modal
fusion model.

2.3. Text Generation

Text generation is a significant task in natural language processing, attracting substan-
tial research attention in recent years. Traditional methods for text generation often rely on
language-model-based decoding approaches, which can be categorized into deterministic
and stochastic methods. Deterministic methods, such as greedy search and beam search,
select the most probable text based on the model’s output probability. However, these meth-
ods often suffer from issues such as monotonicity [24] and degradation [25,26], which limit
the diversity and creativity of the generated text. To address these limitations, stochastic
methods have been introduced, including sampling-based techniques such as top-k sam-
pling. These methods select multiple candidate texts with higher probabilities and perform
random sampling within the set, thereby enhancing the diversity of the generated text.

In image captioning, the key challenge in text generation is effectively leveraging
the abundant information from images to generate accurate and diverse descriptions.
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Traditional approaches employ multimodal representation learning methods that aim to
map image and text features into a shared semantic space, facilitating fusion and association
between the modalities. However, these methods often encounter issues related to modality
discrepancy and information inconsistency, leading to generated text that is not fully
aligned with the images. To overcome these challenges, this paper proposes a novel
semantic-enhanced cross-modal fusion model for image captioning.

In summary, despite substantial progress in image captioning, contrastive models,
and text generation, existing methods face several challenges such as modality discrep-
ancy, information inconsistency, a lack of one-to-one correspondence between descriptions
and images, and difficulties in handling complex tasks such as zero-shot image caption-
ing. These issues often lead to mismatched descriptions and images, lack of diversity in
generated text, and poor performance on evaluation benchmarks. In contrast to these
methods, our work aims to address the following tasks: (1) Maximize the utilization of
image information to ensure that generated descriptions accurately correspond to the
images. (2) Enhance the zero-shot performance of contrastive models in image captioning
by combining unsupervised contrastive learning with a semantic-enhanced cross-modal
fusion model. (3) Implement a novel semantic-enhanced cross-modal fusion model to
overcome the challenges of modality discrepancy and information inconsistency, ensuring
that generated text is fully aligned with the images.

Our proposed method is designed to resolve the aforementioned limitations by intro-
ducing novel techniques such as leveraging image information twice during inference and
utilizing CLIP for various tasks. In achieving this, our work offers a significant advance-
ment in the field of image captioning.

3. Method

In the pursuit of mitigating the challenges of the modality gap and the image—text
mismatch problem, this paper puts forward a groundbreaking semantic-enhanced cross-
modal fusion model (SCFM). This model is meticulously designed to address the inherent
complexities in bridging the visual and textual modalities, offering a unique approach that
distinguishes it from existing methods. The SCFM is built upon three carefully interwoven
components that work in harmony to enhance the entire process of image captioning. As
illustrated in Figure 1, these components are (1) a text semantic enhancement network: this
part of the SCFM focuses on extracting and enhancing the semantic features within the text.
It employs a combination of encoding techniques, enhancement strategies, and advanced
network architectures to capture and emphasize the intricate semantic relationships within
the text content. The enhancement of these features is pivotal in forming an initial semantic
representation that resonates with the visual content. (2) Contrast learning: this component
plays a central role in optimizing the consistency between texts by focusing on similarity
measures. By employing a contrastive learning approach, it works in conjunction with
the text semantic enhancement network to fine-tune the semantic representations. This
joint operation enables a more precise alignment between visual and textual modalities,
making this part essential for bridging the modality gap. (3) Image enhancement decoding
strategy: tailoring the final stage of the model, this strategy emphasizes the generation of
accurate and diverse captions. It not only adopts cutting-edge sampling techniques but also
employs well-defined metrics to calculate the compatibility between textual descriptions
and visual content. The intelligent integration with the preceding components ensures that
the generated captions are not only relevant but also rich in diversity and accuracy.
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Figure 1. Overview of the structure of SCFM. The upper section illustrates the training part, showcas-
ing the integration of a semantic-enhancement network and contrastive learning process. The lower
section depicts the inference part, where our model employs a visual-enhancement decoding strategy.

The collaboration and interrelation of these three components form the crux of the
SCEM, providing a seamless, integrative solution to the complex challenges of cross-
modal learning. By delving into the architecture and methodology of each component,
the following subsections will provide a clearer and more in-depth understanding of our
innovative approach.

3.1. Text Semantic Enhancement Network

The text semantic enhancement network aims to extract enhanced semantic repre-
sentations of text by capturing semantic associations, enhancing semantic features, and
attenuating modal features. It consists of two main components: a text encoder and a
semantic enhancement module. The text encoder maps the input text sequence into a
semantic space, generating an initial semantic representation. To enhance the sentences,
text enhancement techniques such as rule enhancement and semantic enhancements are
applied. The CLIP network model is utilized for encoding the enhanced text sequence into
a fixed-length vector representation. The semantic enhancement module incorporates key
components including a multilayer perceptron (MLP), a residual network, atrous convolu-
tion, and a pooling layer. The MLP consists of multiple fully connected layers, enabling the
extraction of higher-order features and semantic information. The introduction of residual
connectivity helps to alleviate the issues of gradient disappearance and enhances the expres-
siveness of feature representation, thereby improving the quality of semantic representation.
Atrous convolution, also known as dilated convolution, is employed to expand the effective
receptive field of the convolutional kernel by introducing holes (dilation) in the kernel. This
allows the network to capture a broader range of contextual information, enhancing its
ability to understand and represent the semantics of text. Furthermore, a pooling layer is
employed to reduce the spatial dimensionality of the feature map, facilitating more efficient
processing. Through the combination of the multilayer perceptron, residual network, atrous
convolution, and pooling layer, the semantic enhancement module effectively extracts and
merges features to generate a more comprehensive and semantically rich representation of
the input text.

3.2. Contrast Learning to Optimize Feature Representations

To enhance the similarity measurement and promote feature consistency between
texts, we adopt a contrastive learning approach in our model. Contrastive learning aims to
optimize feature representations by maximizing the similarity between positive sample
pairs and minimizing the similarity between negative sample pairs. For each text sam-
ple,As illustrated in Figure 2, we randomly select a positive sample that belongs to the
same category as the input text. Additionally, we choose multiple negative samples that
differ from the input text in terms of category. The similarity between the input text and the
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positive samples, as well as the similarity between the input text and the negative samples,
is computed using cosine similarity. By maximizing the similarity of positive sample pairs,
we encourage the semantic features to be more consistent. Conversely, minimizing the
similarity of negative sample pairs reduces their semantic correlation. The loss function
employed in our approach is designed to reinforce these objectives during training. The spe-
cific formulation of the loss function depends on the chosen contrastive learning framework
and network architecture. It typically incorporates margin-based or contrastive loss terms,
aiming to increase the similarity of positive pairs and decrease the similarity of negative
pairs. By optimizing the contrastive loss, our model effectively learns discriminative and
consistent semantic representations. This enables the model to bridge the modality gap,
mitigate the image—text mismatch, and improve its capability to comprehend and express
the semantics of text.

exp(s(vf, y7)/a)
L lexp(s(yf, yf) /o) +exp(s(yf, y?) /o))

1f = —log

1

M

where i,j € [1,N], a,b € {1,2,3}. « is the temperature parameter. s is the similarity
function; it is defined as follows:

u'v
s(u,v )
S TR
The total comparison loss is defined as follows:
1 ¥ b
Lew = 35 L+ 1 +1) ®

i=1

where [ is the contrast loss after rule enhancement for the i-th sample, [ 117 [ is the contrast
loss after semantic enhancement for the i-th sample, and N is the total number of samples.

Through the optimization process driven by contrastive learning, our model achieves
a more consistent representation between texts. This enhanced representation enables
the model to better understand and capture the relationships between texts, leading to
improved accuracy and diversity in the generated caption results.

Sentence Al —» —> I —
/ Positive
ya .
Sentence A pair
\ Encoder _
Sentence A2 >
2 Negative
Ya .
palr
Sentence B — Sentence Bl —>» —> I —
1
YB

Figure 2. Overview of the contrastive learning approach to optimize feature representations. This ap-
proach maximizes the similarity between positive text pairs and minimizes it between negative pairs.

3.3. Enhanced Visual Selection Decoding

To generate accurate and diverse caption results, we propose an image enhancement
decoding strategy. Departing from the traditional maximum probability decoding approach,
we adopt a structured decoding process that leverages the rich information present in the
images. Our strategy incorporates the use of the top-k sampling technique to generate a set
of diverse candidate sentences. This step ensures the production of varied captions and
avoids the generation of singular or repetitive results.



Electronics 2023, 12, 3549

8 of 16

Next, we employ a defined metric to calculate the similarity between the candidate
sentences and the image. By measuring the compatibility between textual descriptions and
visual content, we select the sentence that exhibits the highest similarity to the image as
the final output. This selection process guarantees the accuracy and visual relevance of the
generated captions. For the input image I, the vector of image information in the shared
semantic space is yj, Then, the set of generated candidate sentences is Q:

Q(?l) :{Q1/ QZ/ 4 Qn}
(n)

4

—{pe(_g/lf ), po( 1 +€),.-.pol b1 +s)} @
where y; refers to the mapping vector of the input image I in the shared space. ¢ is the
value of Gaussian noise, pg is the decoding strategy, and the obtained Qq, Q, ..., Q, are
the top n sentences from the top-k sampling.

The sentences in the candidate sentence set are mapped to the low-dimensional shared
semantic space, and the sentence with the highest similarity to the image is searched. The
definition of similarity is shown in (3). The final result, Qy,;, is defined as:

Qpest = arg max s(yy,q) ©)
qeQm)

where y; is the mapping vector of image I, and g is the candidate sentence.

Through the utilization of our image enhancement decoding strategy, we aim to
enhance the quality and diversity of the generated captions. By considering the inherent
information within the images and selecting the most appropriate textual descriptions, our
approach ensures the production of accurate and diverse results that effectively convey the
content of the images.

4. Experiment and Analysis

To thoroughly validate the effectiveness of the proposed SCFM method, extensive ex-
periments were conducted in this paper on two publicly available datasets, MS COCO [27]
and Flickr30k [28]. The experimental results were analyzed from both quantitative and
qualitative perspectives, and a comparative experiment was conducted between SCFM and
current state-of-the-art image captioning algorithms. This section begins by introducing
the evaluation benchmarks, experimental details, and evaluation metrics. Subsequently, a
detailed presentation and analysis of the experimental results are provided.

4.1. Experimental Setup
4.1.1. Evaluation Benchmark

We conduct experiments on four widely used benchmarks. MS COCO [27], Flickr30k [28],
FlickrStyle10K [29] and SentiCap [30]. MS COCO, comprising over 120,000 images from
diverse everyday scenes, served as a comprehensive benchmark to assess our method’s
accuracy and diversity. Each image in MS COCO is annotated with at least five captions.
Flickr30k, focusing on human-object interactions, includes around 30,000 images, each
provided with five different captions, allowing us to evaluate the model’s understanding
of human activities. The FlickrStylel0K dataset, containing 10,000 artistically stylized
images, was selected to test our method’s adaptability to unique visual expressions. Finally,
SentiCap, consisting of sentiment-annotated images, allowed us to assess how well our
approach generates captions aligned with emotional content. The combined use of these
datasets, with their varying content, format, and thematic focus, ensures a robust and
multifaceted evaluation of the SCFM method.

4.1.2. Implementation Details

The experiments were conducted using the PyCharm software, version 2021 (JetBrains,
Prague, Czech Republic), as the primary development environment. The implementation
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was executed on a system equipped with an NVIDIA 3080Ti graphics card (NVIDIA Cor-
poration, Santa Clara, CA, USA). These tools were selected due to their robust performance
and wide acceptance within the research community, ensuring consistency and reliability
throughout our experimental process. We utilized a frozen pre-trained Vit-B/32 CLIP
model as the image encoder, paired with the GPT2 language model as the text decoder.
To optimize the model parameters, the Adam optimizer was applied with a learning rate
of 2e-5. This combination of architecture and optimization is in alignment with state-of-
the-art practices in the field and proved effective for our specific experimentation. Our
experimentation evaluated the training time and inference speed on two widely used
datasets, MS COCO and Flickr30k, using the aforementioned 3080Ti GPU. The training and
inference time are subject to variation based on the specific hyperparameter configurations
employed. In the context of the parameters delineated within this manuscript, training
on the MS COCO dataset required 1 h per epoch, with a total of 10 epochs sufficient for
convergence. Training on the Flickr30k dataset was notably quicker, necessitating only
14 min per epoch for a similar total of 10 epochs. In terms of inference, the time required
to process 1000 images was recorded at 33 min. These metrics underscore the model’s
efficiency and suitability for practical applications.

4.1.3. Evaluation Metrics

Following the common practice in the literature, we perform evaluation using BLEU-
1 (B@1), BLEU-4 (B@4) [31], METEOR (M) [32], ROUGE-L (R-L) [33], CIDEr [34], and
SPICE [35]. BLEU-1 (B@1) and BLEU-4 (B@4) measure the precision of 1 gram and up to
4 grams, respectively, and are typically expressed as percentages ranging from 0 to 100%.
METEOR, ranging from 0 to 1, provides a balanced assessment of precision and recall,
taking into account synonymy, stemming, and paraphrasing. ROUGE-L, another unitless
metric ranging from 0 to 1, quantifies the overlap of the longest common subsequence.
CIDEr, typically ranging from 0 to 10 or higher, evaluates the consensus between human
captions and generated descriptions. Lastly, SPICE, ranging from 0 to 1, assesses semantic
propositional content. It is important to note that in the academic literature, and to facil-
itate more intuitive understanding, authors often multiply these values by 100, thereby
converting them to a percentage, and present them as two-digit numbers. This practice
aligns the results with a common convention that many readers will be familiar with.

4.2. Standard Image Captioning

To validate the performance of our model, extensive experiments were conducted
on the MS COCO and Flickr30k datasets, and the experimental results are presented in
Table 1. Initially, we evaluated models employing fully supervised techniques, including
BUTD [36], UniVLP [37], and Clip-Cap [38]. As anticipated, these models leveraged addi-
tional supervised training on image-text pairs, thereby demanding greater computational
resources and training time, consequently exhibiting slightly superior performance com-
pared to our approach. Nevertheless, in comparison to unsupervised methods such as
MAGIC [5], ZeroCap [4], and CapDec [7], our method yielded higher scores on the BLEU-4
(B@4) [31], METEOR (M) [32], ROUGE-L (R-L) [33], and CIDEr [34] metrics. These findings
illustrate the superiority of our approach over other unsupervised techniques, highlight-
ing its enhanced capability in the context of image captioning tasks. Figure 3 illustrates
a visual comparison between our proposed method and three other zero-shot methods.
The comparison clearly demonstrates that our approach enables more accurate and vivid
descriptions of the main content in the images. Let us examine each example in detail.
In Figure 3a, ZeroCap correctly identifies the prominent object “cyclist” but introduces
the non-existent object “stop sign,” resulting in an erroneous description. Additionally,
MAGIC focuses on describing the “street crossing sign” but deviates from the empha-
sis presented in the original image and contains grammatical errors. On the other hand,
CapDec describes a bicycle leaning against the roadside, which does exist in the top-right
corner of the image. However, the CapDec model excessively focuses on details while
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neglecting the overall overview of the image. In contrast, our model accurately captures the
image theme of a group of people riding bicycles and precisely expresses the environmental
context and human actions depicted in the image. Furthermore, considering Figure 3c,d, it
is evident that both the ZeroCap and MAGIC models exhibit varying degrees of errors in
their descriptions. Although CapDec provides a relatively accurate description of the image
content, it fails to identify that Figure 3c is a photograph and misclassifies Figure 2d as a
photograph. In contrast, our model accurately recognizes the people and scenes depicted
in Figure 3c and correctly identifies it as a photograph. These visual comparisons further
illustrate the superiority of our proposed method in image captioning tasks. Our model
not only improves description accuracy and diversity but also excels in recognizing image
content and providing contextually appropriate descriptions.

Table 1. Image captioning results on MS COCO and Flickr30k.The best result is bold.

MS COCO Flickr30k
Model
Bel Be4 M R-L CIDEr Bel B@e4 M R-L CIDEr
Fully Supervised Approaches

BUTD 772 362 270 564 1135 - 273 217 - 56.6
UniVLP - 36.5 284 - 116.9 - 301 230 - 67.4
ClipCap 747 335 275 - 113.1 - 217 221 473 53.5

Weakly or Unsupervised Approachs

ZeroCap 49.8 70 154 318 34.5 447 54 118 273 16.8
MAGIC 56.8 129 174 399 49.3 445 64 131 316 20.4
CapDec 69.2 264 251 518 91.8 555 17.7 20.0 439 39.1

SCFM 69.0 273 258 527 94.3 552 179 20.2 445 41.2

o

o
A v

(a)

ZeroCap: Stop sign with a cyclist on the street.

MAGIC: A street crossing sign shows the right for bicyclists.
CapDec: A bicycle is propped up on a sidewalk next to a street.
SCFM: A group of people riding bikes down a street next to a street.

ZeroCap: Sheep in a park with a fence and a hill in the background.
MAGIC: A dog carrying a racquet on a grassy field.

CapDec: A sheep that is standing in the grass.

SCFM: A sheep that is looking at the camera in a field.

ZeroCap: Couple with a framed and a teddy bear in a window.
MAGIC: A table covered with pictures of the outside world.
CapDec: A bed with a white bedspread and a mirror above it.
SCFM: A black and white photo of a man and woman in a bed.

ZeroCap: Bicycle thief on a street with a camera in the process.
MAGIC: A skateboarder doing a trick on a ramp.

CapDec: A black and white photo of a man on a skateboard.
SCFM: A man riding a bicycle next to a wall.

Figure 3. Examples of standard image captioning.
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4.3. Cross-Domain Image Captioning

To further evaluate the generation capability of our model, we conducted cross-
domain experiments. Cross-domain experiments involve training the language model
on one dataset (e.g., MS COCO) and testing our model on another target dataset (e.g.,
Flickr30k). The experimental results are presented in Table 2. We trained MAGIC, CapDec,
and our model on the MS COCO dataset and tested them on the Flickr30k dataset. The
results demonstrate that our model outperforms the other models in terms of captioning
performance. Additionally, we trained our model on the Flickr30k dataset and tested it on
the MS COCO dataset. The results indicate that our model possesses strong generalization
capability and robustness, as it achieves competitive performance even when applied
to a different dataset. These experimental findings further validate the robustness and
generalization ability of our model, highlighting its excellent performance across different
datasets. The results of the cross-domain experiments demonstrate the wide applicability
of our model and reinforce its reliability and practicality in various real-world scenarios.

Table 2. Cross-domain evaluation. X ==>Y means source domain ==>target domain. The best result
is bold.

Model Flickr30k ==>MS COCO MS COCO ==>Flickr30
Bel Be@e4 M R-L CIDEr Bel Be4 M R-L CIDEr
MAGIC 414 52 125 307 18.3 464 62 122 313 17.5
CapDec 43.3 92 163 367 27.3 60.2 173 186 427 35.7
SCFM 43.0 9.3 170 371 28.5 59.6 17.5 199 43.6 38.0

4.4. Stylized Image Captioning

To validate the model’s performance in terms of descriptive ability, we conducted styl-
ized image captioning experiments. Stylized image captioning aims to generate sentences
that accurately describe images while incorporating specific styles. Collecting image—text
pairs with different language styles is a challenging task. However, collecting text with
different styles is relatively straightforward. Our model only requires text data with dif-
ferent styles to achieve stylized image descriptions. In the experiment, we utilized the
FlickrStyle10K [29] and SentiCap [30] datasets and present the experimental results in
Figure 4. Through stylized image captioning experiments, we can visually observe the
performance of our model in generating image descriptions with specific styles. The
figure displays examples of images with different styles and the corresponding stylized
descriptions generated by our model. The results demonstrate that our model can generate
image descriptions that conform to the corresponding style requirements based on different
style text data. This further validates the model’s capabilities in semantic understanding
and language generation. Through the stylized image captioning experiments, we verify
the flexibility and adaptability of our model, showcasing its strong performance in han-
dling image captioning tasks with diverse styles. This provides broader prospects for the
application of our method in various scenarios.

4.5. Ablation Experiments

To investigate the impact of various factors on the generation of image captions, we
conducted a series of ablation experiments, the results of which are detailed in Table 3.
Firstly, we introduced the text semantic enhancement network to the baseline model while
keeping other components unchanged. We observed improvements in performance across
all metrics, including a significant increase from 68.1% to 68.6% in BLEU-1 and from
26.4% to 27.3% in BLEU-4. This signifies that the model acquires a more comprehensive
understanding of the image by leveraging multiple semantic perspectives, resulting in the
generation of richer and more expressive descriptive sentences.
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Romantic: A baby with a toothbrush in its mouth is enjoying
the happiness of childhood

Humorous: A little boy with a toothbrush in his mouth to eat
Positive: A happy child brushes his teeth with a blue toothbrush
Negative: A little kid is brushing his teeth with a blue and

white toothbrush

Romantic: Two giraffes are standing in a grassy area, enjoying

the beauty of nature

Humorous: Two giraffes are standing in a grassy area to

search for bones

Positive: Two giraffes stand next to each other in a grassy area
Negative: Two giraffes are standing in the dead grass near a werd tree

Romantic: A variety of vegetables are laid out on a kitchen counter
to make a delicious meal

Humorous: A bunch of vegetables are sitting on a cutting board
ready to be eaten

Positive: A great variety of vegetables on a cutting board on

a counter top

Negative: A variety of vegetables on a kitchen counter top
Romantic: A woman in a white dress is cutting a cake for

her husband to enjoy

Humorous: A bride and groom are cutting their wedding cake
at the reception

Positive: A bride and groom are cutting a delicious cake
Negative: A bride and a groom are cutting their wedding cake

Figure 4. Examples of stylized image captioning.

Table 3. Ablation experiments.The best result is bold.

Method B@l B@4 M R-L CIDEr
Baseline 68.1 26.4 25.1 51.0 90.9
+TSE-Net 68.6 27.3 25.3 51.6 92.3
+contrast learning 68.4 26.8 25.0 515 91.9
+EVSD 68.8 26.9 25.7 52.1 93.7
SCFM 69.0 27.3 25.8 52.7 94.3

Subsequently, the introduction of contrast learning resulted in consistent improve-
ments, such as an increase from 68.1% to 68.4% in BLEU-1 and from 26.4% to 26.8% in
BLEU-4. This illustrates the efficacy of contrast learning in fine-tuning semantic repre-
sentations. The experimental results revealed consistent score improvements across all
evaluation metrics compared to the baseline model. Furthermore, we explored the adop-
tion of an image enhancement decoding strategy, replacing the conventional maximum
probability decoding strategy in the baseline model. The experimental findings indicated a
substantial 2.9% improvement in the CIDEr metric (from 90.9% to 93.7%) when utilizing
the image enhancement decoding strategy. This demonstrates the efficacy of the strategy in
enhancing the precision of generated textual descriptions, enabling the model to produce
more accurate and contextually aligned sentences that effectively depict the content of
the image. To investigate the synergistic effects of these approaches, we performed com-
prehensive improvements on each component of the baseline model. The experimental
results exhibited significant advancements across all evaluation metrics. In comparison to
the baseline model, we observed a remarkable 3.2% increase in the BLEU-4 metric (from
26.4% to 27.3%) and a notable 3.6% (from 90.9% to 94.3%) improvement in the CIDEr
metric. These outcomes provide further evidence of the complementary advantages and
collaborative effects of the proposed strategies.

In conclusion, our proposed text semantic enhancement network and image enhance-
ment decoding strategy present considerable advantages in the task of image captioning.



Electronics 2023, 12, 3549

13 of 16

By leveraging the text semantic enhancement network, contrastive learning, and image
enhancement decoding strategy in concert, our model exhibits enhanced capability in
generating more expressive, precise, and contextually coherent descriptive sentences. Thus,
our approach offers a robust and effective methodology for addressing the complexities
associated with image captioning and similar challenging tasks.

4.6. Heatmap Analysis

To provide a more intuitive demonstration of the impact of the text semantic enhance-
ment network and the contrastive learning training method employed during the training
phase, we generated heatmaps that depict the differences between the textual feature vec-
tors obtained by the baseline model and the SCFM model, as illustrated in Figure 5. These
heatmaps utilize a color mapping scheme to represent the similarity or correlation between
features. Upon examining the heatmaps of the baseline model’s features, as illustrated
in Figure 5a, we observed a relatively high degree of similarity among different features,
indicating some overlap in capturing semantic information relevant to the image captioning
task. However, such overlap may lead to generated descriptions lacking diversity and
richness. In contrast, the heatmaps of the features obtained after applying our model
exhibited significantly increased differences among the various features, as illustrated in
Figure 5b. This suggests that the text semantic enhancement network successfully extracted
unique information pertaining to visual and linguistic features that are relevant to the
image captioning task, thereby enabling the generation of more diverse and expressive
descriptions. By enhancing the differences among features, our approach comprehensively
captures the semantic relationships between images and text, resulting in improved quality
and diversity of generated descriptions. Through the comparison of these two sets of
feature heatmaps, the efficacy of the text semantic enhancement network in enriching
feature representations can be visually observed. Overall, the heatmaps provide visual
evidence of the positive impact of the text semantic enhancement network and contrastive
learning on the image captioning process. The differences in the heatmaps highlight the
ability of our model to capture distinct and relevant information, leading to more diverse
and expressive image captions. This analysis further supports the effectiveness of our
approach in enhancing the generation of descriptive sentences that accurately correspond
to the content of the images.

Vectors

0.0 0.0

Vectors
(a)

Figure 5. Heatmap of textual feature vectors using (a) the baseline model, showing high similarity and

potential overlap in semantic information and textual feature vectors, and using (b) the SCFM model,
highlighting increased differentiation and successful extraction of diverse visual and linguistic features.

5. Result and Discussion

In the realm of weakly or unsupervised image captioning methods, the comparison
of our semantic-enhanced cross-modal fusion model (SCFM) with other contemporary
models offers crucial insights. The comparison is grounded in experiments conducted
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on the MS COCO and Flickr30k datasets, utilizing standard metrics such as BLEU-1,
BLEU-4, METEOR, ROUGE-L, and CIDEr (Table 1). ZeroCap’s utilization of zero-shot
techniques renders a performance that is appreciably surpassed by SCFM, evidenced by
B@1 and CIDEr scores of 49.8 and 34.5 against SCFM’s 69.0 and 94.3, respectively, on MS
COCO. The marked enhancement accentuates the potency of our model’s semantic and
decoding strategies. The performance of MAGIC, another weakly supervised model, is
somewhat superior to ZeroCap but still falls behind SCFM. With B@1 and CIDEr scores of
56.8 and 49.3, it underscores SCFM’s advanced capabilities in both granular and overall
performance measures. Comparatively, CapDec exhibits a competitive approach, with B@1
and CIDEr scores of 69.2 and 91.8 on MS COCO. Nonetheless, SCFM slightly surpasses
CapDec in key domains, with B@4 and CIDEr scores of 27.3 and 94.3 versus 26.4 and
91.8, respectively, cementing the relative strength of our approach. An examination of
SCFM through ablation studies further elucidates the individual impacts of its components
(Table 3). The introduction of the TSE-Net led to an elevation in B@1 and CIDEr to 68.6 and
92.3. The implementation of contrast learning yielded a nuanced performance shift, while
the incorporation of EVSD boosted B@1 and CIDEr to 68.8 and 93.7. The full SCFM model
combined these incremental enhancements, solidifying the B@1 at 69.0 and CIDEr at 94.3.

In the field of image captioning, our semantic-enhanced cross-modal fusion model
carves out its distinctive niche when juxtaposed with prominent methods such as ZeroCap,
MAGIC, and CapDec. While ZeroCap showcases innovation by combining CLIP with
GPT-2 for zero-shot captioning and pivoting to a novel data source, our approach delves
deeper, emphasizing a comprehensive strategy to address the modality gap and image—text
mismatches. This commitment to excellence is further evidenced as we not only forge
a closer image—text alignment but also overshadow ZeroCap's key performance metrics,
underscoring our capability for a refined captioning control. Diverging from MAGIC’s
zero-shot approach, our model is grounded in a bespoke design that marries a cutting-edge
semantic enhancement network with a heightened decoding strategy. This amalgamation
not only propels innovation but also triumphs in crucial metrics such as BLEU-4, METEOR,
ROUGE-L, and CIDEr. Meanwhile, in comparison to CapDec, known for its decoding of
image embeddings supplemented by noise-injection as a bridge over the image—-text domain
chasm, our methodology leans heavily on semantic fortification and methodical decoding.
This deliberate emphasis equips us with the tools to tackle age-old challenges, ranging from
inference bias to output degradation. By prioritizing the symbiotic relationship between
textual and visual information over mere noise injections, our approach marks a significant
leap in performance, reinforcing its unique stature in image captioning research.

6. Conclusions

This paper presents an image caption generation method based on image-enhanced
decoding, aiming to improve the quality and diversity of generated descriptions. Our
approach incorporates a text semantic enhancement network and contrastive learning
to enhance feature vectors. Furthermore, we utilize an image-enhanced decoding strat-
egy to strengthen the correlation between generated text and images. By adopting these
techniques, we have made significant advancements over traditional image caption genera-
tion models. To evaluate our proposed method, we conduct experiments on two widely
used datasets and employ multiple evaluation metrics. The experimental results clearly
demonstrate remarkable improvements in both the accuracy and diversity of generated
descriptions compared to baseline models. These findings validate the effectiveness of
our approach in generating more precise and varied captions. In addition, we perform
cross-domain experiments and style-based image caption experiments to assess the gener-
alization ability and adaptability of our model across different application scenarios. The
results of these experiments further confirm the versatility and scalability of our approach.
While our approach has demonstrated promising results, it is important to acknowledge
potential limitations and challenges. For example, the effectiveness of the text semantic
enhancement network and contrastive learning might vary across different image types and
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domains, necessitating fine-tuning for specific applications. There may also be computa-
tional challenges related to scaling the image-enhanced decoding strategy for large datasets.
Moreover, understanding and interpreting the complex interactions between image and
text features may remain an open problem, warranting further investigation. Future work
should also consider potential biases in the training data that could affect the model’s
generalizability across diverse contexts. By recognizing and addressing these challenges,
we hope to inspire future research to build upon and refine our proposed method.
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