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Abstract: Visual relationship detection aims to completely understand visual scenes and has recently
received increasing attention. However, current methods only use the visual features of images
to train the semantic network, which does not match human habits in which we know obvious
features of scenes and infer covert states using common sense. Therefore, these methods cannot
predict some hidden relationships of object-pairs from complex scenes. To address this problem, we
propose unifying vision-language fusion and knowledge graph reasoning to combine visual feature
embedding with external common sense knowledge to determine the visual relationships of objects.
In addition, before training the relationship detection network, we devise an object—pair proposal
module to solve the combination explosion problem. Extensive experiments show that our proposed
method outperforms the state-of-the-art methods on the Visual Genome and Visual Relationship
Detection datasets.
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With the rapid development of deep learning, computer vision has achieved good
performance in many tasks, such as object classification [1,2], detection, and semantic
segmentation. However, given an image, understanding the relationship between object-
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pairs is still a challenging task. It not only localizes the spatial and semantic information of
object-pairs but also infers pairwise relationships. Visual relationships are usually expressed
as triples <subject—predicate-object> [3-5]. They play an essential role in higher-level
vision tasks, such as visual question answering [6], image captioning [7], and image

generation [8]. There are many promising results in visual relationship detection works.
For example, Qi et al. [9] proposed a method to caption better sports videos by modeling
players’ interactions. Song et al. [10] devised a visual graph network to propagate semantic
information to capture relationships.

Although the existing methods have achieved superior performance in relationship
detection works, there are still two key dilemmas in this field, including combination
explosion and non-exclusive label problems, as follows. (1) The combination explosion
problem: prior works [11] follow the naive proposing method that if it extracts N objects
from an image, there are N(N-1) object-pairs in the object-pair proposal state based on N
detected objects. Even worse, multiple correlated relationships usually exist between two
objects, and we tend to reserve more visual relationship triplets so that the combinations
grow explosively. (2) The non-exclusive label problem. where, as different relationships in
the label space have similar semantic information, a pair of objects may be associated with
a group of predicates, not just one category. In particular, some predicates in the label space
do not satisfy this assumption and have very similar semantic meanings, which results in
blurred visual borders among these predicates. In other words, one visual object pair can
40/). be associated with a set of labels, not only a one-hot category [12].
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To address these problems, there are two steps in our framework. First, we propose a
relationship proposing module, which predicts whether a relationship exists between two
objects. Relationship proposing filters out irrelevant pairings and only keeps relevant pair-
ings. Moreover, it predicts the probability of the relationship and ranks scores. Second, we
integrate two prediction modules. With the development of computer vision, especially the
emergence of ViT [13], transformers have been applied to the multimodal research field. To
capture useful semantic information, we propose a vision-language fusion module, which
utilizes visual features and word embedding to predict the probability of the predicate. In
addition, inspired by human cognition of relationships, we construct a knowledge graph
reasoning module to further reveal predicate-level semantic correlations.

As illustrated in Figure 1, when seeing the person and basketball, humans combine
common knowledge with many factors to infer what relationship there is between the
person and basketball. As a result, translation embedding is used to obtain the visual
semantic relationship [7], and then the convolution neural network is used to integrate
all the projection objects. The relationship features of the knowledge graph form a new
relationship feature and encourage higher probabilities for all possible predicates. We
summarize the contributions of our work below.

Figure 1. Person sees the scene and infers the relationship between the player and basketball.

1.  We propose a novel two-step prediction framework that unifies visual semantic rela-
tionship prediction, visual-language fusion prediction, and commonsense reasoning
with a knowledge graph.
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2. In the first step, we designed a relationship proposing module, which can effectively
filter out irrelevant objects to solve the problem of combination explosion in visual
relationship detection.

3. In the second step, we propose a relationship prediction model that fuses the two
modules of visual-language fusion and knowledge graph reasoning. Visual-language
fusion combines visual features and semantic embedding to find the potential as-
sociation between objects. Knowledge graph reasoning integrates visual semantic
relationships and external common knowledge to facilitate predicate inference.

4.  Experiments on the Visual Genome and Visual Relationship Detection (VRD) datasets
show that our proposed method performs better than current state-of-the-art methods,
especially working well for infrequent relationships.

2. Related Work

In early works, visual relationship detection was developed as a phrase classification
task [14] whose scale developed poorly since it was significantly dependent on sufficient
training data [15]. Afterward, researchers proposed combining objects and predicates into
triples for expressing relationships. For example, Lu et al. [16] first detected subjects
and objects and then classified their predicates individually. Recently, as one of the most
challenging problems in computer vision, visual relationship detection has been extensively
investigated [17-19]. Li et al. [20] proposed a recurrent attention method, which can
detect pipelines and focus on different parts of the image when given more than two
predicates for object-pairs. Liu et al. [15] used the RGB-D information of images to represent
inaccurate depth features for extracting semantic information. Qian et al. [6] propose
to refine the scene graphs for improving the effectiveness and present a scene graph
refinement network (SGR), which introduces a transformer-based refinement network to
enhance the object and relation features for better classification. Wu et al. [21] propose to
enhance video captioning with deep-level object relationships that are adaptively explored
during training and present a transitive visual relationship detection (TVRD) module. They
estimate the actions of the visual objects, and construct an object-action graph (OAG) to
describe the shallow relationship between the objects and actions. Liu et al. [22] propose
a multimodal similarity guided relationship interaction network (MSGRIN) to explicitly
model the relations of relationships in graph neural network paradigm. The MSGRIN
takes the visual relationships as nodes to construct an adaptive graph and enhances deep
message passing by introducing entity appearance reconstruction, entity relevance filtering,
and multimodal similarity attention.

Based on the above work, we propose a unified framework that is generally divided
into two steps, which include object-pair proposal and predicate recognition [11]. First, the
main task of object-pair proposal is to remove some unrelated object pairs. Researchers
have performed some corresponding work in this regard. For example, Li et al. [23]
scored a triplet non maximum suppression (NMS) to reduce the number of object-pairs.
Zhou et al. [24] extracted the spatial relationship from an image and ranked the intersection
over union (IOU) scores while ignoring the semantic relevance. Compared with previous
methods, we integrate object spatial features, word semantic embedding, and attention
mechanisms to derive relational predicates to predict object pair proposals and rank scores.
Second, predicate recognition integrates vision-language fusion and graph reasoning with
common sense knowledge [23,25]. Liu et al. [15] proposed integrating object features with
the language prior and clustering-driven attention to infer visual predicates.

In our method, we make up for the above shortcomings and integrate the relationship
between vision and language. Vision-language fusion takes object-mechanism feature
information to analyze the existing characteristic relationship [25]. In addition, we also
integrate the knowledge graph into the model so that it can correct the probability of a
relational predicate by using common knowledge reasoning combined with the influence
of the environment and improve the accuracy of relational expression.
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3. Approach

In this section, the overall framework of our model is first introduced, and then we
describe each module of the model in detail. Finally, the process of training and reasoning
is shown.

As illustrated in Figure 2, our framework is divided into four modules, including
Feature Extraction of Image (blue box), Relationship Proposing (light green box), Vision-
Language Fusion (pink box), Knowledge Graph Reasoning (brown box). Firstly, if receiving
an image, Feature Extraction of Image is a pretrained detector that outputs a set of object
labels, object features and corresponding bounding boxes. Then all of feature factors are
fed into the Feature embedding module (yellow box) to output feature embedding. Feature
embedding is fed into relationship proposing module to obtain a rating score of object
proposal. Finally based on all of above factors, we utility vision-language fusion module
and knowledge graph reasoning module to recognize predicates.

Feature Extraction Of Image
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Figure 2. Structure of our proposed framework. A blue box is a module that is used to extract the
features of an image and predict object labels. The green box can propose object-pairs and rate location
embedding. The orange and brown boxes are the vision-language fusion module and knowledge
graph reasoning module, respectively.

3.1. Image Feature Extraction

In our work, gaining all of the information from the image is a crucial step for relationship
detection. The following sections detail several components of image feature extraction.

We choose the pretrained object detection model Faster R-CNN [11] with the ResNet_101
backbone as the image detector. Given an image, it exactly detects all object labels L = {I;},
object features V = {v;},.y, and bounding boxes B = {x;, y;, w;, h; };.n, where (x;, y;) is
the upper left corner of i-th bounding box, w; is denoted as width and #; is height. The
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object-pairs are denoted as N (N — 1), and the corresponding feature of the union bounding

box is:
i nevotnd @ oan () (o (1
box " ion = [xi,yi,xj,yj,ln<bl);>,ln<}l;>,ln<wi),ln(hiﬂ €))

where In (;}ﬂ) is the width ratio and In (%) is the height ratio. To adjust it, we introduce a
j j

fully connected layer as follows:

Vemb = {Relu(Norm(Linear(Vi) + Linear(B') + idxi))}' (2)
ie{1, 2, 3}

As shown in Figure 2, the feature embedding module fuses the above information,

and the region index for each region is denoted as idx = {idxi} , calculating the

ie{1,2, 3}
embedding code of the image feature, denoted as:

Vemb = {Relu(Norm(Linear(Vi) + Linear(B) + idxi))}. (12,3} 3)
1€l 2,
where Linear(-) is denoted as full connection layer; Norm(-) denotes normalization func-
tion; and Relu(+) is denoted as nonlinear activation function.

3.2. Relationship Proposing

To determine whether two objects are related to one another, our proposed relationship
proposal module is built on the feature extraction of the image module. The proposed relation-
ship contains a multihead scaled dot-product attention sublayer [26], layer normalization [27],
and N fully connected layers, where N is set to 3. The feature embedding of the feature
extraction of an image module is denoted as L; € R% i € K, where K is the number of initial
object-pairs. The calculation formula is represented as follows:

(WOLi)T.(WlLi>

X = softmax( TH ) 4
head;, = (Wp,L)X,h=1,...,H (5)
L; = Wy[heady, ..., heady] (6)

D =LN(L; + L;) 7)

where H is the number of attention heads. Wy, W;, W, € R %% are the projection matrices
for the H-th head. LN(-) denotes layer normalization, D is input into fully connected layers,
Y = f3(D), where f3(-) is an output network implemented by three full connection layers.
The probabilities of object-pairs being related to one another are denoted as P, defined as:

P = softmax(W,Y) 8)

To search the corresponding object pair closer to one human-annotated relationship in
one image, we calculate the area of intersection between bounding-box objects detected by
the detector and object annotations. In an image, relationship annotations are denoted as

koo , which describes the relationship feature between object-pairs. The
<bsubbobj> " ke (1,2,...n)

target combination that should be obtained is represented as M_; o> The overlap rate
'subsYobj

between object-pairs is defined as:

p = max({IOU (m* i

< subrbsub >

) IOU(migobj/bobj>)}ke{l'z'""n}) )

where IOU(-) is denoted as the ratio of intersection and union of two bounding-boxes. The
larger p is the closer that the corresponding object-pair is to one human-annotated relationship.
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We make the binary rating label A indicate whether a relationship exists between
object-pairs and set A as 1 or 0, as follows:

/1 p>05
/\{O p <03 (10)

Object-pairs are removed when p is between 0.3 and 0.5 in the training process. The

loss is:
K

Lor = 2 ) [\elog Py + (1 - Ay log(1 — )] (1
k=1

where K is the batch size.

3.3. Proposal Scores of Object-Pairs

Plausible proposals are produced from the outputs of the pretrained object-pair pro-
posal model. We calculate the probability of each object-pair < 0;,0; >, and the proposal
score is defined as .

P;] = P<oi,oj>'q>(0i)'q)(0j) (12)

where ®(-) is the probability of an object from the object detector. The rating score comes
from the ranking proposal of object-pairs by proposal scores P .

3.4. Vision-Language Fusion

Based on the output of the feature extraction of an image module, we encode feature
embedding and object labels as inputs and use bidirectional multimodal transformers [12]
as backbones. As shown in Figure 2, vision-language fusion, text embedding, and visual
features are concatenated as input, represented by t = {#7,..., t‘”vl, t,...,t5} = Cod(e”,e").
As discussed in Section 3.1, the feature extraction of an image module attains the feature
vector denoted as ¢’ = {emb;,emby, embs} and e* = {encode(label; ), encode(labely)}.
The multimodal transformers architecture consists of an encoder and decoder. The encoder
is a stack of m transformer encoder blocks denoted as E,;, and the decoder is a stack of m
transformer decoder blocks denoted as D,;,. Each transformer encoder block consists of a
self-attention layer and a fully connected layer with additional residual connections [2].
However, the transformer decoder has an additional cross-attention layer compared with
the encoder in each block. The output of the encoder is 0, = E;,;(t) and the output of
the decoder is 05 = D, (0e,y;), where y; denotes the decoder’s input token. Finally, the
probability of feature text tokens is predicted.
exp o di+1

S ol M- 13
Yy;ey exp og”l 13)

Po(yiy1lyist)

The model parameters 6 are trained by minimizing the negative log-likelihood of text
embedding and visual feature vector as:

|yl

Lyif = Leel (Ppred,ns Yn) = — ) 10gPy(yi+1lyis t) (14)
i=0

where the initial input token y is a start-of-sequence token and L is the cross-entropy loss.

3.5. Knowledge Graph Reasoning

In Figure 2, for knowledge graph reasoning, the object space contains the entities
obtained from the image and represented by the brown color. At the same time, we map
relationships from a commonsense knowledge graph to the object space, represented
by yellow. In the knowledge graph, the relationship between entities is expressed by
translation embedding models, subject + predicte ~ object. Moreover, it can also solve
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the relationship characteristics of visual objects. From Sec. A, we can obtain all the object

features, which are denoted as VP d, v;, 0} € VDd, where v; is the object and vj is the subject.
The relationship formula between two entities can be expressed as follows:

Wisvi + 150 & Wi 0 (15)

where embedding matrices Wig, W, € R**D? and relationship vector rg, € RY.
Based on feature extraction of the image, the spatial union box feature v;; between two
objects can be obtained. The relationship representation can be deduced R;; from Formula (15):

Rjj = (Wiovj — Wist;) 0 05 (16)

where R;; € R"* D'isa relationship group indicating k relationships between object-pairs.
To select the correct relationship predicate, it distinguishes the relationship between

two objects. Transformation matrices Wy € R(D*+L)xD* map W (I;, lj) e R“*L and Rjj con-
catenation matrix, resulting in multiple groups of entities’ evolved features, as following:

Ro= ), WulRy Wi(l;, 1;)]Wy (17)
ll‘,l/‘EL

where R, € RP**D° W, € RP*¥¥ ig a transformation matrix.

As human common knowledge has the function of reasoning about the relationship
between two entities, we will use common knowledge semantics to constrain the repre-
sentation of nodes in the knowledge graph. A is an adjacency matrix that contains the
original A and identity matrix I and is denoted as A = A + I in graph G. We use graph

convolutional networks [28] such that all rows sum to one, i.e., Q™ 2 AQ™ 2 , where Q is the
diagonal node degree matrix of A. Relational knowledge presentation is Sy € RM*P* and
the formulation is represented as:

A A

Sme = (O 2AQ 2[Ry, S|Wy) (18)

where S € RP**L maps the common relationship from the knowledge graph.
For making Smc refine relationship characteristics, we extended the concatenation of

R and Sy, representing R € RN*M D" and §,,c € RN*MxD* Through a trainable weight
matrix, Wj, € R(P "+D9)1 eyaluates the compatibility of relational knowledge presentation,
resulting in S,

Srt = (7( {R, Sch Wh)smcwst (19)
where Wy € RP“*D’ is a transformation matrix, adjusting the dimension of output.

S, € RNxD ‘ is N groups of relational knowledge presentations.
To enhance relationship representations, we fuse the spatial relationship R;; and the

common knowledge relationship s;]t € Syt is as follows:
P = softmax(aW/ R;j + W/ sl,) (20)
where & and B are the trade-off parameters and W} and WY are learned parameters.

3.6. Training and Inference Procedures

During the training stage, we unify vision-language fusion and knowledge graph
reasoning into the overall framework, and the training loss is defined as:

Lr = “Lvlf + ,BLcel(Plg'/ yn) (21)
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4. Experiments

In the following work, we perform experiments to verify the proposed model, compare
it with current state-of-the-art methods and use charts to show the relevant detection results.
In addition, we also adjust the hyper-parameters and configuration structure of the model
and then analyze their impact on the results.

4.1. Datasets

Visual Relationship Dataset (VRD) [11]. VRD is a previous dataset using relational triples
as annotations for visual relationship detection. It consists of 70 predicate categories, 100 object
categories and 5000 images. We use 20% of the images for testing and 80% of the images for
training. In addition, there are 6672 unique relationships and 37,993 relationship instances.

Visual Genome (VG) [29]. VG s a larger scale relationship dataset than VRD. Currently,
the pruned version of VG contains 19,237 unique relations, 1,174,692 relation instances,
200 object categories, and 100 predicate categories. In addition, there are 99,658 images,
consisting of 73,801 images for training and 25,857 for testing [30].

4.2. Analysis of Common Sense Knowledge

We extract structured information such as entities, relationships, and entity attributes
from semi-structured and unstructured data. After acquiring new knowledge, they are
integrated to eliminate contradictions and ambiguities, for some entities may have multiple
expressions, and a specific title may correspond to multiple different entities. As the
knowledge obtained by the automatic extraction method often has a large number of
missing relationships, we further complete the knowledge based on the existing knowledge.
For the new knowledge that has been merged, the qualified part can be added to the
knowledge base only after the quality evaluation (part of which needs to be manually
screened) to ensure the quality of the knowledge graph. In knowledge graphs, there are
219,506 relationship instances, 816 object categories, and 113 predicate categories.

4.3. Evaluation of Model

Phrase detection. Given an image, phrase detection aims to indicate what the relation
is between objects and output the triplet of labels <subject—predicate—object>. There are
correct labels and bounding box proposed has more than 0.5 IOU with the ground truth box.

Relationship detection. Relationship detection not only detects two correct object
labels and corresponding bounding boxes, but also it locates their IOU with the ground
truths more than 50% of which each box has. Equally, the output is a relationship triplet of
labels <subject—predicate—object>.

Predicate Classification. With the ground truth boxes and categories of object given,
the task of predicate classification is to predict possible predicates between the objects.

4.4. Experimental Environment and Parameter Settings

In the experiment, our server is conducted on a single NVIDIA Quadro RTX 8000 GPU
and 128 G RAM. We implement our method with the PyTorch [11] framework and use
Faster R-CNN as the object detector. Adam [31] is used as the optimizer with an initial
learning rate of 0.00001. We trained our model for 60 epochs on the VRD and on the VG.

4.5. Comparison with the State-of-the-Art Methods

BLOCK [17] combines image features and semantic embedding, ignoring spatial loca-
tion information between the subject and object. Compared with BLOCK, Zoom-Net [32]
performs better, fusing image features, spatial location information, and semantic em-
bedding. Based on fusing the three features mentioned above, HGAT [29] constructs an
object-level attention graph and a triplet-level attention graph, and MF-URLN [33] ex-
plores undetermined relationships and achieves significant improvements. In contrast
to MF-URLN, which directly incorporates determinate confidences into final predictions,
TCE [11] utilizes rating scores that indicate probabilities of objects being related to one
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another to select plausible proposals to reduce computational complexity. Inspired by the
previous methods, we integrate all the advantages of the previous methods and achieve
better performance.

To prove the advantages of our method, we compare our model with the above state-
of-the-art methods and describe the detailed results of relation detection, phrase detection,
and predicate detection in the following sections.

4.5.1. Experiments on the VRD

We compare our method with the representative method TCE and MSGRIN [22] at
present in R@n; when n is set to a different parameter, the result is greatly impacted. As
shown in the Figure 3, our method considerably improves and our model outperforms
TCE, e.g., 92.35% vs. 90.25% for R@50 in predicate detection. In different tasks, the perfor-
mance of the model is also different. In relationship prediction, our model outperforms
MSGRIN by 3% and 41.87% vs. 38% for R@100, while our model outperforms MSGRIN
33.81% vs. 30.8% for R@50. Compared with TCE and MSGRIN, we have added attention
mechanism in our model to associate image features with relationships, which produces
better results.

Predicate Detection

100 A

Recal |

(Pre)R2100 (Pre) R250 (Phr)R2100 (Phr) R250 (Rel)R2100 (Rel)R250

Figure 3. While k is set 70, our method surpasses TCE and MSGRIN in R@n, reaching state-of-the-art
results in predicate detection.

Based on R@n, we introduce the top-k predicate after sorting the confidences of
predicates between a pair of objects. Hyper-parameter k is set to 1 and 70 in per n value. As
illustrated in Table 1, compared to TCE, our model achieves comparable performances in
predicate detection, especially 61.13% vs. 57.93% for R@50, k = 1. In addition, our method
outperforms MSGRIN by more than 2% on all sets in the relation detection.



Sensors 2022, 22,7918

10 0f 13

Table 1. Comparison with previous methods on VRD, where bold font indicates the best results.

Predicate Detection

Phrase Detection Relationship Detection

Method R@100/50 R@100 R@50 R@100 R@50 R@100 R@50 R@100 R@50 R@100 R@50
k=1 k=70 k=70 k=1 k=1 k=70 k=70 k=1 k=1 k=70 k=70
Zoom-Net [32] 55.98 94.56 89.03 28.09 24.82 37.34 29.05 2141 18.92 27.30 2137
BLOCK [17] - 92.58 86.58 - - 28.96 2632 - - 20.96 19.06
TCE [11] 57.93 96.05 90.25 40.01 33.46 45.69 36.69 31.37 26.76 37.13 30.19
MF-URLN [33] 5820 - - 36.10 31.05 - - 26.80 23.90 - -
HGAT [29] 59.54 97.02 90.91 - - - - 2463 2252 27.73 22.90
MSGRIN [22] 57.9 96.9 91.0 - 33.8 473 374 - 272 38.0 308
Ours 6113 97.59 92.35 4255 35.71 47.96 38.83 3443 29.95 41.87 33.81
Since the number of training instances is even smaller than the possible triplet com-
binations, it is important to detect unknown relationships for the model. In a real en-
vironment, the relational semantics are similar between two different object-pairs. For
example, <person-sit on-desk> and <person-sit on-chair>. A successful model should have
the ability to generalize similar predicates. We evaluate our model in zero-shot detection
and compare it with current state-of-the-art methods, the results are listed in Table 2. As
we used the common sense relationship in the knowledge graph to reason the relationship
of object-pairs in the image, our model performs better than other methods in all sets.
Table 2. Comparison with previous methods on the VRD zero-shot set; bold font indicates the best results.
Predicate Detection
Method k=1 k=70
R@100/50 R@50 R@100 R@50
MCN [34] 26.7 26.7 - -
TCE 26.52 26.52 86.66 7297
MSGRIN - - 89.15 75.28
Ours 29.13 29.13 89.87 75.95
4.5.2. Experiments on the VG
To further validate that our method outperforms other methods, we evaluated our
method with the different metrics on VG.
As illustrated in the Table 3, our model performs better than the other methods in all
sets. We compare the method with TCE in R@n, k = 1, and our method respectively yields
3.37% and 4.14% gains for R@50 and R@100 in relationship detection. In addition, in R@n,
k =100, our model significantly outperforms MSGRIN (e.g., for R@100, the result increases
from 23.19% to 26.95% and for R@50, it increases from 19.51% to 21.82%).
Table 3. Comparison with state-of-the-art methods on VG; bold font indicates the best results.
K Method Predicate Detection Phrase Detection Relationship Detection
ethods R@100 R@50 R@100 R@50 R@100 R@50
MF-URLN 72.20 71.90 32.10 26.60 16.50 14.40
1 TCE 71.25 70.95 34.31 26.90 21.45 17.22
MSGRIN 71.64 71.23 33.49 26.35 21.08 16.79
Ours 73.32 72.69 36.83 28.76 25.59 20.59
TCE 96.23 91.19 35.04 27.75 22.82 18.47
100 MSGRIN 96.58 91.36 35.47 27.82 23.19 19.51
Ours 97.86 92.79 36.92 28.66 26.95 21.82

In summary, in the process of semantic understanding, TCE uses a fully-connected
network, while we use bi-transformers [12], which include an attention module and a fully-
connected network. Thus, by capturing the semantic information, our method performs
better than TCE. Moreover, we introduce a knowledge graph for common knowledge
reasoning, which not only helps to enhance the accuracy of relational predicates but can
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also greatly promote the prediction of similar predicates in zero-shot. In the next section,
we compare the result of the method without common knowledge reasoning with the
complete model from the perspective of visualization.

4.5.3. Qualitative Comparison of Our Model

To verify the effect of common knowledge reasoning, we compare our full method
and the method without the knowledge graph reasoning module, listing their results in the
Figure 4. As the knowledge graph includes all of environmental factors, the accuracy of
relationship detection between objects improves significantly and more relationships are
deduced in line with common knowledge. Moreover, the predicate between two objects
will be reasonably adjusted. In particular, it achieves a quite good effect on detecting the
predicate with similar semantics in zero shots.
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Figure 4. Qualitative results of our model on the VRD. On the right of each image, the green box
shows the positive prediction in the top 50 predictions of our full model. The brown box shows that
of our model without common knowledge reasoning.

5. Conclusions and Future Work

In this paper, we devise a unified network architecture for visual relationship detec-
tion, which is the supervised model to realize triplet <subject-predicate—object>. We first
propose an object-pair proposal module to predict plausible proposals. Second, we fuse the
vision-language fusion module and the knowledge graph reasoning module to capture
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features of relationships from different perspectives, including attention-level information
and knowledge graph reasoning. In particular, we inject external common sense knowledge
to support the visual common sense reasoning task, which greatly promotes the accuracy of
predicate-detection. The experiment on the VRD and VG datasets shows that our method
outperforms the state-of-the-art methods.

In future work, we will attempt to extend our method to operate mobile robots, hoping
that relationship detection can play a great role in visual language navigation in the real world.

Author Contributions: Conceptualization, S.X.; writing—original draft preparation, S.X.; writing—review
and editing, S.X. and W.E. All authors have read and agreed to the published version of the manuscript.
Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data available on request.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Johnson, J.; Gupta, A.; Li, EF. Image generation from scene graphs. In Proceedings of the Computer Vision and Pattern
Recognition, Salt Lake City, UT, USA, 18-22 June 2018; pp. 1219-1228.

2. Lu,];Batra, D.; Parikh, D.; Lee, S. VILBERT: Pretraining task-agnostic visiolinguistic representations for vision-and-language
tasks. Adv. Neural. Inf. Process. Syst. 2019, 32, 13-23.

3. Liu, C;Mao, Z; Zhang, T.; Xie, H.; Wang, B.; Zhang, Y. Graph structured network for image-text matching. In Proceedings of the
Computer Vision and Pattern Recognition, Seattle, WA, USA, 13-19 June 2020; pp. 10918-10927.

4. Liu, Y,; Wang, R; Shan, S.; Chen, X. Structure inference net: Object detection using scene-level context and instance-level
relationships. In Proceedings of the IEEE Conference on Computer Vision and Pattern Recognition, Salt Lake City, UT, USA,
18-22 June 2018; pp. 6985-6994.

5. Peng, Y,; Chi, ]. Unsupervised cross-media retrieval using domain adaptation with scene graph. IEEE Trans. Circuits Syst. Video
Technol. 2020, 30, 4368—4379. [CrossRef]

6. Qian, T,; Chen, J.; Chen, S.; Wu, B; Jiang, Y. Scene Graph Refinement Network for Visual Question Answering. IEEE Trans.
Multimed. 2022, 32, 1-13. [CrossRef]

7. Sharma, P; Ding, N.; Soricut, R. Conceptual captions: A cleaned, hypernymed, image alt-text dataset for automatic image
captioning. In Proceedings of the 56th Annual Meeting of the Association for Computational Linguistics (Long Papers),
Melbourne, Australia, 15-20 July 2018; pp. 2556-2565.

8. Jing, B.; Ding, H,; Yang, Z; Li, B.; Liu, Q. Image generation step by step: Animation generation-image translation. Applined Intell.
2021, 52, 8087-8100. [CrossRef]

9. Qi, M., Wang, Y.; Li, A; Luo, J. Sports video captioning via attentive motion representation and group relationship modeling.
IEEE Trans. Circuits Syst. Video Technol. 2020, 30, 2617-2633. [CrossRef]

10. Song, H.; Dai, Z.; Xu, P,; Ren, L. Interactive Visual Pattern Search on Graph Data via Graph Representation Learning. IEEE Trans.
Visual. Comput. Graph. 2022, 28, 335-345. [CrossRef] [PubMed]

11.  Zhou, H.; Zhang, C.; Zhao, M. Improving Visual Relationship Detection with Two-stage Correlation Exploitation. IEEE Trans.
Circuits Syst. Video Technol. 2020, 31, 2751-2763. [CrossRef]

12. Su, W,; Zhu, X,; Cao, Y.; Li, B,; Lu, L.; Wei, F,; Dai, J. VL-BERT: Pre-training of generic visual-linguistic representations. In
Proceedings of the International Conference on Learning Representations, Addis Ababa, Ethiopia, 26-30 April 2020; pp. 2-16.

13.  Wu, S;; Yuan, Y.; Ma, Y.,; Huang, J.; Yuan, N. Deep Convolution Neural Network Label Decomposition Method for Large Scale
DOA Estimation. Signal Process. 2021, 37, 1-10.

14. Sadeghi, M.A ; Farhadi, A. Recognition using visual phrases. In Proceedings of the Computer Vision and Pattern Recognition,
Colorado Springs, CO, USA, 20-25 June 2011; pp. 1745-1752.

15. Liu, A.A.; Wang, Y.; Ning, X. Adaptively Clustering-Driven Learning for Visual Relationship Detection. IEEE Trans. Multimed.
2021, 23, 4515-4525. [CrossRef]

16. Lu, C; Krishna, R.; Bernstein, M.S.; Li, F. Visual relationship detection with language priors. In Proceedings of the European
Conference on Computer Vision, Amsterdam, The Netherlands, 11-14 October 2016; pp. 852-869.

17.  Ben-Younes, H.; Cadene, R.; Thome, N.; Cord, M. Block: Bilinear superdiagonal fusion for visual question answering and visual
relationship detection. In Proceedings of the Association for the Advancement of Artificial Intelligence, Honolulu, HI, USA,
27 January-1 February 2019; pp. 8102-8109.

18. Dali, B.; Zhang, Y.; Lin, D. Detecting visual relationships with deep relational networks. In Proceedings of the IEEE conference on

computer vision and Pattern recognition (CVPR), Honolulu, HI, USA, 21-26 July 2017; pp. 3076-3086.


http://doi.org/10.1109/TCSVT.2019.2953692
http://doi.org/10.1109/TMM.2022.3169065
http://doi.org/10.1007/s10489-021-02835-z
http://doi.org/10.1109/TCSVT.2019.2921655
http://doi.org/10.1109/TVCG.2021.3114857
http://www.ncbi.nlm.nih.gov/pubmed/34587078
http://doi.org/10.1109/TCSVT.2020.3032650
http://doi.org/10.1109/TMM.2020.3043084

Sensors 2022, 22,7918 13 of 13

19.

20.

21.

22.

23.

24.

25.

26.

27.
28.

29.

30.

31.

32.

33.

34.

Zellers, R.; Yatskar, M.; Thomson, S.; Choi, Y. Neural motifs: Scene graph parsing with global context. In Proceedings of the IEEE
conference on Computer Vision and Pattern Recognition, Salt Lake City, UT, USA, 18-23 June 2018; pp. 5831-5840.

Li, Y,; Ouyang, W.; Wang, X.; Tang, X. ViP-CNN: Visual phrase guided convolutional neural network. In Proceedings of the IEEE
conference on Computer Vision and Pattern Recognition (CVPR), Honolulu, HI, USA, 21-26 July 2017; pp. 7244-7253.

Wu, B.; Niu, G,; Yu, J.; Xiao, X.; Zhang, J.; Wu, H. Towards Knowledge-aware Video Captioning via Transitive Visual Relationship
Detection. IEEE Trans. Circuits Syst. Video Technol. 2022, 32, 6753—-6765. [CrossRef]

Liu, Z.; Zheng, W. Learning multimodal relationship interaction for visual relationship detection. Pattern Recognit. 2022,
132,108848-108851. [CrossRef]

Li, Z.; Du, X.; Cao, Y. GAR: Graph assisted reasoning for object detection. In Proceedings of the IEEE/CVF Winter Conference on
Applications of Computer Vision (WACV), Snowmass Village, CO, USA, 1-5 March 2020; pp. 1284-1293.

Zhou, H.; Hu, C.; Zhang, C.; Shen, S. Visual relationship recognition via language and position guided attention. In Proceedings
of the ICASSP 2019-2019 IEEE International Conference on Acoustics, Speech and Signal Processing (ICASSP), Brighton, UK,
12-17 May 2019; pp. 2097-2101.

Zhang, W.; Yu, J.; Zhao, W. DMRFNet: Deep Multimodal Reasoning and Fusion for Visual Question Answering and explanation
generation. Inf. Fusion 2021, 72, 70-79. [CrossRef]

Ren, Y;; Xu, X,; Yang, S.; Nie, L. A Physics-Based Neural-Network Way to Perform Seismic Full Waveform Inversion. IEEE Access
2020, 8, 112266-112277. [CrossRef]

Ba, ].L.; Kiros, ].R.; Hinton, G.E. Layer normalization. arXiv 2016, arXiv:1607.06450.

Kipf, T.N.; Welling, M. Semi-supervised classification with graph convolutional networks. In Proceedings of the International
Conference on Learning Representations, Toulon, France, 24-26 April 2017; pp. 1-13.

Mi, L.; Chen, Z. Hierarchical graph attention network for visual relationship detection. In Proceedings of the IEEE/CVF
Conference on Computer Vision and Pattern Recognition (CVPR), Seattle, WA, USA, 13-19 June 2020; pp. 13886-13895.

Cui, Z; Xu, C.; Zheng, W.; Yang, J. Context-dependent diffusion network for visual relationship detection. In Proceedings of the
26th ACM International Conference on Multimedia, Seoul, Korea, 22-26 October 2018; pp. 1475-1482.

Diederik, PX.; Ba, J]. Adam: A method for stochastic optimization. In Proceedings of the International Conference on Learning
Representations (ICLR), San Diego, CA, USA, 7-9 May 2015.

Yinet, G; Lu, S.; Liu, B. Zoom-Net: Mining deep feature interactions for visual relationship recognition. In Proceedings of the
European Conference on Computer Vision, Munich, Germany, 8-14 September 2018; pp. 322-338.

Zhan, Y,; Yu, J.; Yu, T,; Tao, D. On exploring undetermined relationships for visual relationship detection. In Proceedings of the
IEEE/CVF Conference on Computer Vision and Pattern Recognition (CVPR), Long Beach, CA, USA, 15-20 June 2019; pp. 5128-5137.
Zhan, Y.; Yu, J.; Yu, T,; Tao, D. Multi-task compositional network for visual relationship detection. Int. . Comput. Vis. 2020,
128, 2146-2165. [CrossRef]


http://doi.org/10.1109/TCSVT.2022.3169894
http://doi.org/10.1016/j.patcog.2022.108848
http://doi.org/10.1016/j.inffus.2021.02.006
http://doi.org/10.1109/ACCESS.2020.2997921
http://doi.org/10.1007/s11263-020-01353-8

	Introduction 
	Related Work 
	Approach 
	Image Feature Extraction 
	Relationship Proposing 
	Proposal Scores of Object-Pairs 
	Vision–Language Fusion 
	Knowledge Graph Reasoning 
	Training and Inference Procedures 

	Experiments 
	Datasets 
	Analysis of Common Sense Knowledge 
	Evaluation of Model 
	Experimental Environment and Parameter Settings 
	Comparison with the State-of-the-Art Methods 
	Experiments on the VRD 
	Experiments on the VG 
	Qualitative Comparison of Our Model 


	Conclusions and Future Work 
	References

