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Abstract

To explore the cross-modal semantic relevance, image-text retrieval has attracted much atten-
tion from the research community. The most of prominent models have shown thatintroducing
structured graph information is capable of improving the cross-modal retrieval performance.
However, the existing models either only focus on exploiting the structured information
within individual modality, or learn specific cross-modal graph-level metric functions which
fail to construct a shared semantic subspace for efficient retrieval. In this paper, we pro-
pose a graph attention network to transform general structured visual and textual graphs into
the shared semantic subspace. Specially, a structured semantic enhancement module is pro-
posed to learn the graph-level relevance information between images and sentences, which
is further utilized to promote the cross-modal semantic alignment. And the enhancement
module only depends on the structured input information at retrieval stage, which endows
our model with the flexibility that processing fragment-level data no matter whether the
structured information lacks. Besides, a graph-based pooling network is proposed to trans-
form the fragment-level features to the common cross-modal representations for efficient
retrieval. When compared with several state-of-the-art baselines, the experiments show that
our model achieves competitive performance on two publicly available datasets Flickr30k
and MS-COCO.
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1 Introduction

As the amount of available multi-modality data drastically increases, the demand for various
intelligent multi-modality applications is imperative, e.g., indoor navigation [1, 2], video
captioning [3], web information extraction [4—6] and so on. As a common task, image-text
retrieval has attracted considerable attention from research community. In recent years, the
most of representative methods tend to evaluate semantic relevance by exploring the similar-
ity at the level of regions and words, which is termed as fragment-level matching in this paper.
Some early works [7, 8] attempt to evaluate the similarity of image-sentence pairs by multi-
step aggregation, in which the models selectively focus on different informative region-word
pairs at each time step. The most of recent works [9—15] have focused on directly evaluating
the image-sentence relevance given two sets of fragment-level features by introducing a vari-
ety of attention mechanisms. Lee et al. propose a basic cross-attention mechanism to compute
the similarity between two feature sets of images and sentences [9]. Except for the similar
attention mechanism, much effort has been made to further improve retrieval performance by
introducing auxiliary topic constraint [10], negative-aware constraint [11] or global context
reference [13]. Besides, the other works also attempt to integrate fragment-level seman-
tic relevance with information flow controlling [16], action-aware memory retrieving [17]
and multi-level feature fusion strategy [18, 19]. The aforementioned models have made great
effort to promote cross-modal retrieval performance by exploring fine-grained fragment-level
relevance. However, as reported in recent works [20], both attention and fusion mechanism
require cross-modal operation over image and text representations, which make it infeasible
to explicitly construct a shared cross-modal semantic subspace for efficient retrieval.

Instead of only exploiting fragment-level semantic features, some works [21-25] have
attempted to introduce structured information to further promote the cross-modal semantic
alignment. Because the visual and textual graph are common structured information in these
works, we divide these graph-based methods into the category named graph-level match-
ing in this paper. Li et al. propose to construct the visual graphs of images with structured
information learned from region-based features [21], in which the visual graph is fully con-
nected and undirected on account of little prior knowledge. The other works [22-25] not
only incorporate specific auxiliary prior constraints to construct more reasonable and infor-
mative structured graphs, but also convert all sentences to textual semantic graphs. Then some
multi-level feature fusion and attention-based strategies are utilized to perform graph-level
image-sentence matching. The graph-based models have shown that structured semantic
information is beneficial to the cross-modal retrieval. However, the most of graph-based
models also fail to provide the common cross-modal representations, i.e., the feature vectors
in a shared semantic subspace, and only exploit the structural information within individual
modality.

In conclusion, both fragment-based and graph-based models have achieved considerable
cross-modal retrieval performance. However they still face two-fold challenges which hin-
der the development of image-sentence retrieval. The one is that the most of them fail to
construct a shared semantic subspace where images and sentences are represented as points
and retrieval is equivalent to the vector-based ranking problem. The other one is that the
most of graph-based models generally exploit the structural information to only refine intra-
modal semantic features. To mitigate these problems, we propose a flexible graph attention
network to perform graph-level cross-modal retrieval in this paper. To make full use of the
structured information, a structured semantic enhancement module is proposed to learn the
shared structural features for improving fragment-level representations and promoting cross-
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modal semantic alignment. And the enhancement module only take as input the structured
information, which endows our model with the capability of processing fragment-level data
no matter whether the structured information lacks. To explicitly construct the shared seman-
tic subspace, we propose a graph-based pooling module to project a set of fragment-level
features to a feature vector in the common semantic subspace. The following experiments
show that the proposed model can achieve competitive retrieval performance on two publicly
available datasets when compared with several existing state-of-the-art models.

2 Related work
2.1 Fragment-level matching

To infer more accurate cross-modal semantic relevance, many existing methods attempt
to explore the similarity at the level of regions and words, which is termed as fragment-
level matching. Huang et al. propose to selectively focus on different informative region-
word pairs given global context reference at multiple time steps and utilize LSTM [26] to
aggregate all similarity vectors at various time steps [7]. Similarly, Nam et al. propose the
dual attention network to compute fragment-level similarity scores at multiple time steps
and retrieve database items with respect to the sum of all scores [8]. Lee et al. propose
the stacked cross-modal attention network to aggregate fragment-level semantic relevance
[9]. They first apply the attention mechanism to determine importance distribution over all
fragments, and then compute the importance-based weighted sum of all fragments as the final
feature vectors which is used to calculate similarity between holistic images and sentences.
Follow the similar framework, some other methods [12, 27-30] attempt to improve the
cross-modal attention-based retrieval by introducing either global context reference or prior
knowledge-based constraints.

Except for focusing on inter-modal alignment, Wei et al. first enhance intra-modal semantic
information with the self-attention mechanism and then refine inter-modal relevance with the
cross-modal attention mechanism [15]. Yu et al. first enhance the fragment-level features with
a multi-layer cross-modal attention module and then compute the similarity scores between
pairwise enhanced features with a heterogeneous attention module [14]. Zhang et al. design
a context-aware attention network to selectively focus on both intra-modal and inter-modal
informative fragments given the global context [13]. Zhang et al. propose the negative-
aware attention mechanism to take both matched and mismatched region-word pairs into
consideration, and design a dynamic updating strategy to select positive and negative sample
sets [11]. Wu et al. [10] propose the region reinforcement attention network to differentially
attend to various region-word pairs while calculating semantic similarity. And they design a
topic-based constraint module to promote the cross-modal semantic alignment. Qu et al. apply
routing mechanism to dynamically control cross-modal information interaction to selectively
aggregate fragment-level features with respect to the input samples [16]. Li et al. introduce the
action-aware information to improve the common cross-modal representations [17], in which
an action predictor is utilized to determine the action tags and the response representations in
an action memory bank [17]. Lan et al. [19] propose a multi-level fusion matching strategy
to integrate local and global features, in which the fusion representation is transformed to the
similarity score with the multi-head attention mechanism and fully connected network [19].

The aforementioned methods have made great effort to explore and aggregate fine-grained
semantic relevance, but fail to project both images and sentences into a shared feature sub-
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space where the retrieval can be efficiently completed by distance-based ranking. Specially,
there are also some fragment-based methods which are capable of providing common repre-
sentations. Qu et al. propose the context-aware summarization network to match sentences
with multi-view fused image representations [18], however, in which the max pooling oper-
ation used to compute similarity scores still brings significant computation burden when
dealing with a huge amount of samples. Wu et al. propose to learn fragment-level embedding
with multi-head self-attention mechanism [31] and apply the average pooling operation to
generate the cross-modal representations of images and sentences [32]. Instead of average
pooling operation, we propose a graph-based pooling module to embed structured informa-
tion into the process of aggregating multiple fragment-level feature vectors.

2.2 Graph-level matching

The recent works attempt to introduce structural semantic information (e.g., connectivity
between fragments) to construct multi-modal structured graphs for retrieval. Li et al. propose
to construct fully connected visual graphs with respect to all salient region-based features
[21], and then utilize the GCN [33] to further refine visual graphs. Finally, the enhanced
visual graphs are transformed to the common cross-modal representations with a reasoning
GRU [34]. Liu et al. propose a graph structured matching network to explore graph-level
semantic correspondence between images and sentences [22], in which both node-level and
structure-level similarity are taken into consideration. Except for learning the structured
semantic information from scratch, some other works tend to construct more reasonable and
informative graphs by incorporating auxiliary prior knowledge-based constraints and supe-
rior graph generators, e.g., visual scene graph generators [35, 36] trained on the datasets
[37-39]. Wang et al. attempt to convert both images and sentences to semantic graphs and
integrate the object-level and relationship-level similarity as the semantic relevance between
holistic images and sentences [24]. Similarly, Zhong et al. construct the bi-level visual and
textual graphs and compute both node-level and structure-level semantic similarity [23]. Lu
et al. attempt to generate the hash code for complete or incomplete multimedia items with
the multi-modal fusion graph. And a semantic GCN module is applied to supervise the hash
learning of a hash GCN [40]. Ge et al. propose a structured multi-modal embedding network
to learn robust cross-modal representations by aggregating instance-level [41], context-aware
structured and consensus-aware concept [42] semantic features. Long et al. attempt to lever-
age cross-modal semantic cues to promote the construction of two uni-modal scene graphs
[25]. In detail, the visual position information is introduced to generate the vision-integrated
text embedding for each sentence. And the prior semantic knowledge is introduced to gen-
erate the context-integrated visual embedding for each image. A dual graph-based matching
strategy is proposed to perform image and sentence retrieval independently. Besides, atten-
tion mechanism has also been widely applied in a variety of graph-based tasks. Yan et al.
designed a hierarchical attention fusion mechanism for geo-location [43]. Cui et al. applied
the attention-based blender module to combine the temporal relation and neighboring fea-
ture in video objection detection [44]. Liu et al. proposed a multi-scale feature aggregation
strategy to selectively focus on key points in visual localization task [45]. Cui et al. proposed
a geometric attentional edge convolution module to learn point cloud representations from
both intrinsic and extrinsic properties [46]. Similar graph attention mechanism is also uti-
lized to refine the visual and textual features in image-text retrieval. The most graph-based
methods either fail to construct a explicit semantic subspace or only leverage the structured
information to refine intra-modal fragment-level representations. In contrast, the proposed
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model not only explicitly provides the common cross-modal representations for images and
sentences, but also promote the cross-modal semantic alignment by learning the shared struc-
tured information between visual and textual graphs.

3 Flexible graph attention network

In this paper, we propose a flexible graph attention network to perform graph-level image-
sentence retrieval. The Fig. 1 presents an overview of the proposed model. As illustrated in
the Fig. 1, both images and sentences are first transformed to the data of type graph. And
then our model projects both visual and textual graphs into a shared semantic subspace. In
this work, we regard the graph data as the combination of fragment (vertex) and structured
(edge or relationship) semantic information. The fragment and structured information flows
are depicted as green and blue directed arrows in the Fig. 1. Besides, the fusion information
flow is depicted as the brown directed arrows. Finally, we model the cross-modal semantic
subspace with the rank loss and mutual information estimation loss. In this section, we will
elaborate on the proposed model from three aspects, the generation of visual and textual
graphs in the Section 3.1, the model architecture in the Section 3.2 and the training strategy
in the Section 3.3.

3.1 Semantic graph generation

As in many previous works, we first apply the pretrained Faster RCNN [47] model to detect
salient regions in each image. The 36 proposals with top confidence scores are selected
as the visual fragment-level features. The averages of corresponding outputs in pooling
layer are extracted as the feature vectors of proposals. Given these proposals and tentative
classification results, we further build the visual scene graph using the Causal TDE [48]
and NeuralMotifs [35] algorithms, in which the categories of all proposals are refined and
all possible relationships are detected and classified. Finally, each image is represented as a
graph Gy = {V, C,, C,}, where V € RM>*d 5 the node embedding matrix, i.e., row-wise
packed pooled feature vectors extracted from salient regions, C, € RM and C, € RM*M are
the category matrices of which each element is the index of categories of the corresponding
vertices and relationships.

SSE
o $ v
/\<\ Transformer GPN X
estimator

Image .
visual graph °
°
Ml loss
I_r Transformer GPN
% :: > | Rank loss
SSE
Text textual graph
=  graph information = structured information fusion information

Fig.1 Overview of the proposed graph attention network
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Given the textual data, we first split each sentence to an ordered sequence of words using
the WordPiece tokenizer trained in the work [49]. And then we further extract the semantic
dependency relationship using the SPICE [50] and Stanford CoreNLP toolkit [51]. Finally,
we represent each sentence as a textual semantic graph G = {T, C,}, where T € RV*¢ is
the sum of word embedding and position embedding. C, is the category matrix of which each
element is an index corresponding to specific dependency relationship. Because the visual
relationships are also categorized with respect to various predicates, the C, in graphs Gy and
G7 are all the subsets of same relationship set, i.e., the most frequent 50 predicates in Visual
Genome dataset. Therefore, it allows that a shared predicate embedding matrix is utilized to
mitigate the heterogeneous gap between images and sentences.

3.2 Architecture of network

The proposed graph attention network aims to transform both visual and textual graphs into
a common semantic subspace. As illustrated in the Fig. 1, the visual and textual branches are
mutually independent and built with similar architecture composed of three components. We
will detail the fragment embedding module (FE) in the Section 3.2.1, the structured semantic
enhancement (SSE) module in the Section 3.2.2 and graph-based pooling module (GPN) in
the Section 3.2.3.

3.2.1 Feature embedding module

As the backbone of our model, the fragment embedding module aims to improve the fragment-
level representations for further pooling operation. Due to the prominent performance in deep
learning domain, the multi-head attention mechanism [31] is adopted to construct the embed-
ding module. The core of attention mechanism is the scale dot-product attention operation
which is defined as the (1)-(2), where X represents the fragment embedding matrices V or
T and dj is the dimension of features in the h-th head. W), € RY*% and b;, € RZ is the
learnable weight matrix and bias.

T

Hj,(X) = softmax( Q;%‘ Wi (D
Zn=XWF +b%,Z€{0,K,V) 2)
Attention(X) = [Hy(X), - - - , Hy(X)IW, + b, 3)

Given the outputs of multiple self-attention modules, the multi-head attention mechanism
is defined as the (3), where [-] represents the concatenation operation along the feature
dimension. W, € R?*4 and b, € R? are the learnable weight matrix and bias.

FEN(x) = W2 (GELU(Wix + 1)) + b2 4)
T (X) = LayerNorm(X + Attention(X)) 5)
X5 = LayerNorm (T'(X) + FEN(T (X))) (6)

Finally, the feature embedding module is define as (4)-(6). The FFEN represents a position-
wise feed-forward network and the GELU is the Gaussian error linear units [52]. And the
normalization layer [53] and residual connection are introduced for improving the stability
of training. Note that the feature dimension is invariant due to the residual connection. And
we adopt two sequential embedding modules (formulated as (5) and (6)) as the backbones
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in visual and textual branches. The first one aims to improve intra-modal semantic features
and the second one is combined with the structured semantic enhancement module (detailed
in the Section 3.2.2) for generating more informative cross-modal representations.

3.2.2 Structured semantic enhancement module

The structured semantic enhancement (SSE) module aims to embed the relationship label
information into the fragment embedding module for further improving the cross-modal
semantic alignment. Concretely, we compute a coefficient matrix R given the relationship
category matrix C, € RM>*M using the (7)-(8). The WR e RNk*dr is the relationship
embedding matrix where the N and d are respectively the number of relationship categories
and dimension of embedding. The ® represent a index operation, i.e., replace the elements
of C, with the corresponding row vectors in embedding matrix WER . Then we apply the max
pooling operation along the second dimension to aggregate the context label information
for each vertex. The weight matrix W;, € R?*9%k maps the initial node embeddings into
the relationship embedding space. The representations of node features and their context
information are concatenated as the relation-aware embeddings. And we further apply a
parametric bilinear function (8) to generate the final coefficient matrix R.

R = [W,-rX, maxpool[WeR ® C,]] (7)
Ry = RW,,R” 8)

ok}l
Hp(X) = softmax( + ARV )

vy

We embed the structural information into the fragment embedding module by adding the
coefficient matrix R to the weight matrix in self-attention mechanism (1) before computing
the softmax function, which can be rewritten as the (9). The A is a predefined coefficient.
On the one hand, we regard the row vectors of matrix R as the context-aware representations
of vertices. The elements of coefficient matrix R is larger if two vertices have more similar
context semantic environment. And an important property of softmax function is that adding
the same scores to each variable dose not change the final weight distribution. Therefore,
we leverage the structured information to modulate the fragment embedding module with
the summation operation in (9). And it endows the proposed model with the capability that
dealing with the graph data while the structured information lacks. Note that we refer the
outputs of SSE module as X §.

3.2.3 Graph-based pooling module

The graph-based pooling module aims to transform the structured semantic enhanced features
XR to a feature point x¢ in the shared semantic subspace. To this end, the average and
max pooling are widely adopted in the most existing models. However, the average pooling
operation treats all feature vectors equally which may suppress the information from which
the cross-modal alignment benefits. On the contrary, the max pooling operation preserves the
most prominent feature information but may lose some other valuable information. Intuitively,
the more other targets an object connects to, the more important it is for understanding the
semantic content. Therefore, we argue that introducing structured information in pooling
operation is able to preserve as much valuable information as possible. To this end, we
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implement the graph-based pooling module with two-layer GCN [33] which is derived from
the spectral graph theory.

P(X) = X" softmax(A(GELU(AX W;))W») (10)

A=D"2A)D7'? where Dii =) Ay (11)
j

The GCN treats the graph data as one-dimension signal with multiple channels and filters
out the noise and useless information with the parametric filters. The whole pooling function
is formulated as the (10) where the W; € RY*4 and W5 € R9*! are the learnable parameters
of graph filters. And the normalized adjacency matrix A is defined as the (11) where the A
is the adjacency matrix with self-loop and the D is the diagonal degree matrix. The graph
filter takes as input the node features X in the (6) and output the weight coefficients used
to compute weighted sum of the output of SSE module, i.e., x¢ = P(X)XX. Finally, we
concatenate the average of self-attention module X5 and the output x4 as the representations
of images and sentences.

3.3 Objective functions

In this subsection, we elaborate on the training strategy given the batched N samples O =
{(vy, tn)},llvzy The v € R? and r € R? are the visual and textual common representations
computed using the (10). We use subscript i and j to index the images and sentences in
the batch. We apply the bidirectional triplet rank loss to promote the cross-modal semantic
alignment in the shared subspace. The rank loss is defined as the (12) where the s;; is the
cosine similarity between image v; and sentence ¢;. The i~ and j~ indicate the hard negative
samples [54] in the batch and the m = 0.2 is a predefined marginal value. The rank loss aims
to push away the irrelevant items and push the relevant items together.

Lr = Z[Sl'j— - Sij+ + m]+ + Z[S,'—j — Si*j + m]+ (12)
i J

We argue that the cross-modal retrieval benefits from the features with high correlation
between images and sentences. Therefore, a cross-modal mutual information (MI) estimation
loss is used to search the feature subspace with maximum correlation. Follow the work [55],
the low bound of mutual information between two high-dimension variables can be esti-
mated using an estimator and the Donsker-Varadhan (DV) representation of KL divergence.
Briefly, as the (13), the mutual information between two variables can be formulated as the
KL divergence between joint distribution and multiplication of two marginal distributions.
Therefore, the DV representation defined as the (14) is the low bound of mutual information,
the estimator 7 is a function from the sample space to the real number space.

Py
I(x,y) = Py ylog P P KL(Pyy|[(Py - Py)) (13)
KL(P|Q) > sup Ep[T]—log(Egle’]) (14)
TeF:Q—R

In our work, the variables are visual and textual cross-modal representations v and 7. We
implement the estimator with the neural network defined as (15), where the notation [-] is a
concatenation operation. And we compute the final estimated value using a sigmoid function
to avoid numerical overflow at the training stage. Therefore, we can define the cross-modal
mutual information estimation loss as the (16), where we use the n to index positive pairs and
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(U, ;) are the n-th negative sample pairs in the batch. We construct the batch of negative
samples by packing each image with the sentence next to its positive sample.

M,(v,t) = Wo(GELU(Wq[v, t]+b1)) + by (15)

1 . 1
L, = log(ﬁ ZeMe(vn,tn)) - ZMe(vns 1) (16)
n n

Finally, the whole objective function is formulated as the L = «L, + BL,,, where the
« and B are trade-off coefficients. And the proposed graph attention network can be trained
end-to-end.

4 Experiments and analysis
4.1 Datasets and evaluation

In this section, we experiment with our model on two publicly available datasets. Flickr30k
[56] containing 31,783 images about person and sports. MS-COCO [57] contains 123,287
images which belongs to 91 common object categories. Each image in both Flickr30k and
MS-COCO is annotated with five sentences. Follow the work [54, 58], we use same splitting
manner for Flickr30k (identical 29000, 1000 and 1000 images for training, validation and
testing) and MS-COCO (identical 5000 validation images, 5000 test images and the rest are
training images). We evaluate the proposed model using recall rate at K (R@K), i.e., the
percent of query for which at least one correct sample is returned in the top K retrieved items.
Follow the prior work, we report the results on either averaging over five folds of 1000 images
or 5000 images for the MS-COCO. We also report the sum of all recall rates in both image
and sentence retrieval tasks. The model which achieves the maximum sum of recall rates on
validation set is regarded as the optimal model, and the corresponding results on test set are
reported.

4.2 Experiment setup

We implement all experiments with the Pytorch [59] framework and optimize the model with
AdamW [60]. The dimension d is equal to 768 and the number of attention heads is set to
12. The internal size of feed-forward network (4) is set to 2048. The dimension of category
label embedding is set to 512 and the embedding matrix is randomly initialized. The internal
size of mutual information estimator is set to 768. For Flickr30k dataset, we train the model
with initial learning rate 0.0002 for 30 epochs and decay the learning rate by 10 for every
10 epochs. And the hyper-parameters A, o and g are set to 0.6, 1.0 and 0.2. For MS-COCO
dataset, we train the model with initial learning rate 0.0002 for 40 epochs, and set the learning
rate to 0.00002 for the last 20 epochs. And the hyper-parameters A, @ and 8 are set to 0.6, 1.0
and 0.3.We refer the model with default configuration as FGA in the following experiment
results.

4.3 Comparison with state-of-the-art methods

In this section, we compare our model with several state-of-the-art baselines. The fragment-
based methods include SCAN [9], SAEM [32], CVSE [42], CAMERA [18] and RRTC [10].
The graph-based methods include VSRN [21], SMFEA [41], ABGR[23] and SGM [24]. The
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comparison results on Flickr30k and MS-COCO are respectively illustrated in the Tables 1
and 2. And the superscript * indicate the results are achieved using ensemble technique.

As shown in the Table 1, the proposed model can achieve competitive performance in
all tasks. The CAMERA model which achieves the best performance only gains an average
2.5% improvement than our model. However, except for the VSRN, the other models fail to
provide the common cross-modal representations for the efficient retrieval. And our model
with ensemble technique gains a total 5.0% improvement than the VSRN. On the one hand,
we can see that out model achieves more competitive performance in R@10 in both image
and sentence retrieval tasks, i.e., only gains an average of 0.65% degradation when compared
with the CAMERA. On the other hand, our model gains about 3.4% degradation in both R@1
and R@5. We think the reason lies in the different metric functions adopted by these models.
For example, the CAMERA stores each database item as a set of local feature vectors and
evaluates the similarity by selecting partial features with respect to the specific query, from
which the fine-grained alignment task may benefit. But it also significantly increases the
computation burden at the retrieval stage.

Similarly, as shown in the Table 2, our model also achieves competitive performance in
all tasks when compared with other models. Due to the balanced category distribution in
MS-COCO, the 1000-images retrieval task is easier than in Flickr30k. Therefore, all models
achieve similar performance in all 1000-images retrieval tasks. When it comes to the results
on 5000-images retrieval task, our model gains only total 0.3% degradation than the VSRN
which achieves the best comprehensive performance. And the results on two datasets also
shown that the retrieval performance can be further improved using the ensemble technique.
In conclusion, our model is capable of achieving acceptable trade-off between efficiency and
effectiveness.

4.4 Ablation study
4.4.1 The effect of modules

In this section, we experiment with multiple ablation models to investigate the effectiveness
of different components. A baseline model (FGA;.) is first constructed with only fragment
embedding module and the average pooling operation is adopted to generate the cross-

Table 1 Comparison results with state-of-the-art methods on Flickr30k

Models Sentence retrieval Image retrieval Sum
R@1 R@5 R@10 R@I R@5 R@10

SCAN 67.4 90.3 95.8 48.6 71.7 85.2 465.0
CVSE 70.5 88.0 92.7 54.7 82.2 88.6 476.7
SAEM 69.1 91.0 95.1 52.4 81.1 88.1 476.8
CAMERA 76.5 95.1 97.2 58.9 84.7 90.2 502.6
RRTC 72.7 93.8 96.8 54.2 79.4 86.1 483.0
VSRN* 713 90.6 96.0 54.7 81.8 88.2 482.6
ABGR 723 91.8 95.1 53.7 80.1 87.2 480.2
SMFEA 73.7 92.5 96.1 54.7 82.1 88.4 487.5
FGA 71.0 91.7 97.0 54.6 82.1 88.1 484.5
FGA* 71.2 92.3 97.1 55.2 82.8 89.0 487.6

The bold entries refer to the best results in the comparison experiments
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Table 2 Comparison results with state-of-the-art methods on MS-COCO

Models Sentence retrieval Images retrieval Sum

R@1 R@5 R@10 R@1 R@5 R@10

1000 images
SCAN 72.7 94.8 98.4 58.8 88.4 94.8 507.9
SGM 73.4 93.8 97.8 57.5 87.3 94.3 504.1
VSRN* 76.2 94.8 98.2 62.8 89.7 95.1 516.8
SAEM 71.2 94.1 97.7 57.8 88.6 94.9 504.3
SMFEA 75.1 95.4 98.3 62.5 90.1 96.2 517.6
CAMERA 75.9 95.5 98.6 62.3 90.1 95.2 517.6
RRTC 76.2 96.3 98.9 61.6 89.3 94.6 516.9
ABGR 73.0 94.7 98.3 59.5 89.4 95.2 510.1
FGA 75.7 95.3 98.7 59.1 89.2 94.2 512.2
FGA* 75.6 95.2 98.8 59.7 90.0 94.4 513.7

5000 images
SCAN 50.4 82.2 90.0 38.6 69.3 80.4 4109
SGM 50.0 79.3 87.9 353 64.9 76.5 393.9
VSRN* 53.0 81.1 89.4 40.5 70.6 81.1 415.7
CAMERA 53.1 81.3 89.8 39.0 70.5 81.5 415.2
SMFEA 54.2 — 89.9 41.9 — 83.7 —
FGA 529 79.4 89.5 39.2 69.7 81.9 412.6
FGA* 52.6 80.9 89.5 40.3 70.0 82.1 4154

The bold entries refer to the best results in the comparison experiments

modal representations. Then the structured semantic enhancement module is removed from
the default model to investigate its effectiveness. We refer the ablation model as FGA ..
Similarly, we construct the model FGAg, by replacing the graph-based module with the
average pooling operation. Except for these modules, we also experiment with amodel FGA,,;;
which removes the cross-modal mutual information estimation loss function. Finally, we test
the model with default configuration using the data which lacks the structured information,
i.e., all relationships between fragments. The default value of normalized adjacency matrix
A is set to the identity matrix and the coefficient matrix R is set to zero. We refer the model
in this case as FGA 74y

We experiment with these models on the Flickr30k dataset and report the results in the
Table 3. The default model gains an average 3.9% improvement than the model FGAe,
which proves the effectiveness of structured semantic enhancement module. Similarly, the
default model gains an average 2.6% improvement than the model FGAg;,, which has shown
that the graph-based pooling module works better than an average pooling operation. In
contrast to the baseline model, we can see that both enhancement module and pooling module
improve the performance to some extent. The baseline model is trained using only fragment-
level features. Therefore, it is feasible to promote cross-modal semantic understanding by
introducing auxiliary structured information. When it comes to the loss function, the default
model gains an average 1.2% improvement than the model FGAp;. The cross-modal mutual
information estimation loss slightly improves the retrieval performance by maximizing the
low bound of mutual information between visual and textual representations. When the
structured information lacks, the model FGA¢;,g performs better than the baseline model by
an average 2.3% improvement on all tasks. Because the enhancement module does nothing
while the relationship labels lack, the graph-based pooling module mainly contributes to the
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Table 3 Results of the ablation experiments on Flickr30k

Models Sentence retrieval Image retrieval Sum
R@1 R@5 R@10 R@1 R@5 R@10

FGA 71.0 91.7 97.0 54.6 82.1 88.1 484.5
FGApgse 63.9 84.3 90.0 48.2 74.1 78.4 438.9
FGAgse 65.3 86.9 93.4 50.6 71.9 87.0 461.1
FGAg)p 67.7 89.2 95.7 52.6 79.6 84.3 469.1
FGA,,; 69.1 90.3 96.1 54.0 81.0 86.9 4774
FGA frqg 65.0 85.9 92.1 50.0 71.3 82.6 4529

improvement. Since we set the default value of adjacency matrix to the identity matrix, the
GCN network is equivalent to a two-layer feed forward network given the A = I. And the
weights of linear maps are the parameters of graph filters. Therefore, the pooling module still
tend to preserve as valuable information as possible.

4.4.2 The effect of hyper-parameter

Next we investigate how the performance changes as the value of specific hyper-parameters
change. We first experiment with several models of which the trade-off coefficients A are
selected from the range [0, 1] with the interval 0.1. The results on Flickr30k are reported in
the Fig. 2(a). We can see that the model achieves approximate performance while the A ranges
from 0.4 to 0.8 and the maximum sum appears at A = 0.6. The performance curve shows that
introducing the structured information can promote the cross-modal semantic understanding.
To further explore the effectiveness of cross-modal mutual information estimation loss, we
carry out several experiments in which the values of trade-off coefficient § are selected from
the range [0, 1] with the interval 0.1. The results on Flickr30k are reported in the Fig. 2(b).
We can see that the best performance appears at 8 = 0.2 and the difference between low and
upper bounds is approximate 10%, i.e., less than 2.0% on average. In contrast to the other
components, the mutual information estimation loss is not capable of significantly affecting
the retrieval performance.
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Fig.2 The results of ablation experiments on the hyper-parameters
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Table 4 Results of the ablation experiments on Flickr30k

Models Parameters(x 1 06) FLOPs(x 1 06) Dimension Common space
FGA 32.34 503.01 768 v
ABGR 110.32 530.67 1024 X
SMFEA 146.30 430.00 1024 v
SGM 25.28 875.55 1024 X

4.4.3 The effect of graph data

Finally, we investigate the retrieval performance of the model under case where either visual
or textual structural data is missing. And we select three classical graph-based cross-modal
retrieval models for comparison, i.e., SMFEA [41], ABGR [23] and SGM [24]. We first
present a brief comparison between these models in the Table 4 from four aspects: amount
of parameters, floating point operations (FLOPs), target dimension and whether the common
space exists or not. The first one directly reflects the storage cost of models. And the last
three items comprehensively reflect the time cost at both precomputing and retrieval stages.
Specially, we set the lengths of image and text sequences to 36 and 1 when computing the
FLOPs. We can see that our model has considerable advantage in time and storage cost.

We carry out the comparison experiments on Flickr30k dataset and train our model with the
default configuration mentioned above. The other models are trained with the configuration
reported in the original papers and open-source codes. All models adapt to the graph data
preprocessed as described in the Section 3.1. We report all results in the Table 5. We refer
the complete input data as visual graph G and textual graph G ¢, the incomplete data as V;
and V. For our model, we set the default adjacent matrix R to the identity matrix when the
structural information is missing. For other models, we simply treat the incomplete data as
the graph with only self-loop and represent the self-loop with background label embedding.
Consider that the SMFEA model takes as input the graph with fixed three-layer structure, we
appropriately trim our scene graph to meet the requirement. From the results of both scenes,
we can see that our model performs better that the other models. Obviously, the incomplete
data is not taken into account when the other models are designed. And the model achieves
better comprehensive performance in the second scene in the Table 5. In our view, it may be
caused by the fact that exact scene graph is easier to detect for text than image.

Table 5 Results of the ablation experiments on Flickr30k

Scene Models Sentence retrieval Image retrieval Sum
R@1 R@5 R@10 R@I R@5 R@I10

Gy, Ve FGA 64.7 86.0 92.3 51.0 77.6 83.1 454.7
ABGR 60.1 78.7 86.0 42.3 69.3 74.5 410.9
SMFEA 62.3 81.1 88.3 43.1 70.6 78.1 4235
SGM 61.2 80.4 86.7 43.0 72.1 78.3 421.7

Vi,Gc FGA 67.2 88.5 94.0 51.1 77.0 834 461.2
ABGR 59.3 76.7 82.1 38.3 65.8 70.3 392.5
SMFEA 63.0 80.9 88.1 40.2 67.5 77.6 417.3
SGM 63.7 83.5 89.9 45.5 75.0 80.1 437.7
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4.5 Visualization analysis

To better illustrate the effect of the proposed method, we visualize the learned cross-modal
representations in a 2-D subspace using the t-SNE algorithm [61] in the Fig. 3. We randomly
select 100 images and 500 corresponding sentences from test set in Flicikr30k for visualiza-
tion analysis, and visualize the distribution of these learned common representations in the
Fig. 3. Image and sentence are respectively marked as product sign and dot, the points with
same color represent those samples belonging to the same semantic category. From the visu-
alized result in Fig. 3, we can see that the most of samples are located near the semantically
relevant items. And there is no obvious trend that similar samples are distributed along the
radial direction.

Next we provide several retrieval examples selected from the test set in MS-COCO to
illustrate the effect of the proposed model. The results of sentence retrieval are illustrated
in the Table 6, where the top-5 sentences are arranged from top to bottom in order. And we
report the negative sentences using red font. We can see that all positives samples are ranked
at top 5 for the first two examples, and the negative samples in the rest examples also present
partial relevant semantic information. Table 7 shows several examples of image retrieval and
the samples are ranked from left to right. We mark the positives samples using green bound
box. We can see the correct image can be ranked at top 1 for the first three examples and
those incorrect samples generally present similar visual semantic information.

5 Conclusion

Many prominent works in multimodal deep learning domain have shown that structured
graph information is capable of improving semantic understanding. In this paper, we attempt
to learn the common cross-modal representations for heterogeneous graph data, i.e., project
both visual and textual graphs into a shared semantic subspace. To this end, we propose a
graph attention network to embed structured semantic information into the learned cross-
modal representations. Concretely, a structured semantic enhancement module leverages the
structured information to modify the attention weights for fragment-level feature enhance-
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Fig.3 Visualization of the cross-modal representations using t-SNE algorithm
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Table 6 The examples of sentence retrieval

Image query Results

Dog with orange ball at feet, stands on shore shaking off water. A white dog
shakes on the edge of a beach with an orange ball. White dog playing with
ared ball on the shore near the water. A dog shakes its head near the shore
, a red ball next to it. White dog with brown ears standing near water with
head turned to one side.

A man in a red long-sleeved shirt bikes over a body of water on a bridge.
A man riding his bike across the bridge that is over the river. A man in red
on a bicycle rides past a glass structure. Man in a red shirt riding his bicycle
around water. A man in a red shirt rides his bicycle.

Two different breeds of brown and white dogs play on the beach. Two dogs
run towards each other on a rocky area with water in the background. Two
large tan dogs play along a sandy beach. Two dogs playing together on a
beach. A white dog is running down a rocky beach.

Yellow-orange pecial purpose train engine with American flag painted in the
side. A very bright colored train near a big building. A group of yellow and
blue umbrellas near a building clock. A lot of blue and yellow umbrellas
sitting under a clock. Many blue and yellow umbrellas are shown next to a
building.

Table 7 The examples of image retrieval

Text query Results

A long-haired man is playing the
recorder and a seagull is sitting
nearby on a wall.

A girl with a soccer ball at her feet is
standing in front of a boy.

A bathroom featuring a walk in
shower, mirror, sink and toilet.

AN\

A lone climber on a snowcapped q

mountain with several huge
mountains in the background.
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ment. And a graph-based pooling module compresses a set of enhanced features to a single
vector in the shared semantic subspace.

In contrast to the most of existing fragment-level and graph-level methods, the proposed
model is capable of constructing an explicit semantic subspace where retrieval is equivalent
to the vector-based ranking problem, which make it feasible to process a huge amount of
data with acceptable time cost. And the proposed model is flexible to process the data no
matter whether there exists structured semantic information. The comparison experiments on
two publicly available datasets show that our model achieves competitive performance when
compared with several state-of-the-art models. And the ablation experiments have also shown
that our model is capable of achieving effective retrieval while the structured information
lacks.

However, there are still some shortcomings in our work. One is that the work of graph-
based pooling module is to generate the weight distribution, i.e., the common cross-modal
representations are still essentially the linear combination of fragment-level features, which
may limit the quality of cross-modal representations. The other one is that our model still need
to select some empirical hyper-parameters for various datasets. To mitigate these problem,
the future work will attempt to study a more robust and superior strategy to embed structured
semantic information into the cross-modal representations.
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