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Towards Fast and Accurate Image-Text Retrieval
with Self-Supervised Fine-Grained Alignment

Jiamin Zhuang, Jing Yu*

Abstract—Image-text retrieval requires the system to bridge
the heterogenous gap between vision and language for accurate
retrieval while keeping the network lightweight-enough for effi-
cient retrieval. Existing trade-off solutions mainly study from
the view of incorporating cross-modal interactions with the
independent-embedding framework or leveraging stronger pre-
trained encoders, which still demand time-consuming similarity
measurement or heavyweight model structure in the retrieval
stage. In this work, we propose an image-text alignment module
SelfAlign on top of the independent-embedding framework,
which improves the retrieval accuracy while maintains the
retrieval efficiency without extra supervision. SelfAlign contains
two collaborative sub-modules that force image-text alignment at
both concept level and context level by self-supervised contrastive
learning. It doesn’t require cross-modal embedding interactions
during training while maintaining independent image and text
encoders during retrieval. With comparable time cost, SelfAlign
consistently boosts the accuracy of state-of-the-art non-pre-
training independent-embedding models respectively by 9.1%,
4.2% and 6.6% in terms of R@sum score on Flickr30K, MS-
COCO 1K and MS-COCO 5K datasets. The retrieval accuracy
also outperforms most existing interactive-embedding models
with orders of magnitude decrease in retrieval time. The source
code is available at: https://github.com/Zjamie813/SelfAlign.

Index Terms—Fast image-text retrieval, concept-level cross-
modal alignment, context-level cross-modal alignment, self-
supervised learning.

I. INTRODUCTION

MAGE-TEXT retrieval (ITR) is a long-standing task that

requires an Al agent to retrieve semantically relevant im-
ages given a text query and vice versa. The key challenge
of ITR is to bridge the heterogeneous gap between low-level
visual appearance and high-level abstract language and align
their representations. It is also a fundamental problem for a
series of vision and language tasks [} 20l 27]. In real-world
scenarios, besides effective cross-modal alignment for accurate
retrieval, the retrieval system also strives to make real-time
retrieval possible with low latency. Therefore, how to balance
the accuracy and efficiency becomes a key challenge for large-
scale image-text retrieval.

Most of the previous works make much effort on either
retrieval efficiency or retrieval accuracy. Early independent-
embedding approaches [10, 23| [30] (Figure [I[(a)) encode each
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Fig. 1. Illustration of different image-text retrieval approaches. (a)

Independent-embedding approach. (b) Interactive-embedding approach. (c)
Late-interaction approach. (d) Intra-interactive embedding approach. (e) Two-
stage approach. (f) Independent-embedding approach with SelfAlign.

image and text independently into global embeddings. Then
image-text similarity is computed by directly measuring the
distance between their global embeddings in a common se-
mantic space. Since there are no interactions between texts and
images, independent-embedding approaches allow offline data
embedding extraction and linear computational complexity
[26] for online retrieval. Hence such approaches are widely
applied in real-world large-scale retrieval. However, their re-
trieval accuracy is not satisfactory since such a global embed-
ding alignment strategy cannot guarantee fine-grained content
alignment. To alleviate this problem, interactive-embedding
approaches [5, 121, 31]] (Figure [I(b)) are proposed for fine-
grained image-text retrieval by aligning visual objects in an
image with words in a text by cross-modal attention mecha-
nism. However, for each query, all the retrieved samples need
complex attention computation to encode their embeddings,
which is quite time-consuming and not scalable to large-
scale online retrieval scenarios. How to leverage the advan-
tages of independent-embedding approaches and interactive-
embedding approaches to achieve both high accuracy and
practical efficiency becomes an essential problem.

Current progress [12l [28, [32] aims to introduce
computation-efficient interactions into the independent-
embedding framework. The typical solutions can be

divided into three types: measuring fine-grained word-
object similarities instead of global embedding similarities
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(ak.a late-interaction approach as shown in Figure [I] (c))
[26, 28], adopting independent-embedding approaches for
coarse retrieval first and then using interactive-embedding
approaches for finer retrieval (a.k.a. two-stage approach as
shown in Figure [T] (e)) [12, 29], and exploiting stronger
intra-modal interactive encoder instead of the time-consuming
cross-modal interactive encoder (a.k.a. intra-interactive
embedding approach as shown in Figure [1] (d)) [17, [32].
However, compared with independent-embedding approaches,
these trade-off solutions still demand extra time cost in
the retrieval stage due to complex similarity measurement,
cross-modal embedding interactions, or heavyweight encoder
structure. They sacrifice the retrieval efficiency for the benefits
of fine-grained feature learning.

In this paper, to enable fine-grained image-text alignment
for accurate retrieval while maintain high retrieval efficiency
as the independent-embedding models, we propose a novel
trade-off strategy to learn fine-grained image-text alignment
by contrastive-based embedding mapping. The advantage of
contrastive-based embedding mapping is that it does not
require cross-modal fusion during the inference stage. In our
approach, we achieve embedding alignment between images
and texts by a new module, named as SelfAlign. Based on
the backbone of independent-embedding models, SelfAlign
aims to align image and text embeddings from local to global
by multi-level self-supervised contrastive learning. In this
way, independent-embedding models injected with SelfAlign
enhance original global embedding with more accurate fine-
grained semantic alignment across different modalities. In the
inference stage, the baseline model without the SelfAlign
module conducts image and text encoding independently while
maintains fine-grained embedding alignment ability. There-
fore, SelfAlign enables independent-embedding models to
achieve superior retrieval accuracy without sacrificing effi-
ciency.

Specifically, SelfAlign is designed to explore fine-grained
correspondence via mining rich visual and textual semantic
content in different layers of the independent-embedding mod-
els. There are two sub-modules in SelfAlign responsible for
semantic alignment at concept level and context level: (1) To
capture the pair-wise correspondence among visual region and
textual words, Local Concept Alignment (LCA) sub-module
is first proposed to learn the concept-level alignment in the
lower layer. (2) Since the semantically similar concepts have
different semantics in different contexts, Context Relation
Alignment (CRA) sub-module is further proposed to be in-
jected into higher embedding layer to achieve context-level
alignment. As a result, independent-embedding models with
SelfAlign learn fine-grained alignment between images and
texts from local semantics to global semantics progressively.

The main contributions are summarized as follows: (1) We
introduce a novel trade-off strategy for image-text retrieval to
learn fine-grained alignment by contrastive-based embedding
mapping. The contrastive-based embedding mapping aligns
the fine-grained image and text embeddings via cross-modal
contrastive learning during the training stage without requiring
cross-modal fusion during the inference stage. Thus, our
approach has the benefits of both the interactive-embedding

models and the independent-embedding models, i.e., en-
hancing fine-grained alignment learning while preserving the
independent-embedding framework for efficient retrieval. (2)
We propose a fine-grained image-text alignment module Self-
Align to achieve the trade-off strategy. Two sub-modules
of SelfAlign conduct concept alignment and context align-
ment via cluster-based contrastive learning and global-to-local
contrastive learning. Therefore, SelfAlign equips the global
embedding of the independent-embedding models with multi-
level fine-grained alignment to improve the retrieval accuracy
without extra supervision. (3) SelfAlign is a generic mod-
ule that can be injected into various independent-embedding
models. We incorporate SelfAlign with two representative
independent-embedding models. Experimental results show
that SelfAlign consistently boosts the accuracy of state-of-
the-art independent-embedding models respectively by 9.1%,
4.2% and 6.6% in terms of R@sum on Flickr30K, MS-COCO
1K and MS-COCO 5K. The performance also outperforms
most existing interactive-embedding models with orders of
magnitude decrease of retrieval time.

II. RELATED WORKS
A. Image-Text Retrieval

Existing works can be categorized into two types:
the independent-embedding approaches and the interactive-
embedding approaches. The former approaches [10, [11} 23|
30, 45] aim to project the images and texts into a com-
mon semantic space, so image-text pairs can be compared
directly via simple distance metrics. The architecture of main-
stream independent-embedding approaches is an independent-
embedding learning structure consisting of an image encoder
and a text encoder, and they adopt ranking loss [10] for
metric learning. Though these approaches have achieved some
promising performance, they are still limited since they cannot
conduct interactive encoding process and thus fail to provide
fine-grained alignment between images and texts.

Interactive-embedding approaches [} (16} (18 21} 25 [31]]
aim to learn fine-grained image-text matching by complex
object and word interactions with cross-modal attention mech-
anism. Lee et al. [21]] compute the similarities between regions
and words, and only count the region-word pairs with high
relevance. Some works [5, 116} 25] propose hierarchical interac-
tion methods for progressively extracting the complicated cor-
respondence. Recently, Qu et al. [31]] propose a dynamic router
with the capability to choose the different interactive mode
for each image-text pair and achieves state-of-the-art perfor-
mance. Nevertheless, the quadratic computational complexity
takes unavoidable computational cost for retrieval. In this
paper, we propose a model-agnostic module with multi-level
self-supervised learning strategy for independent-embedding
models to learn the fine-grained semantic correspondences,
instead of time-consuming attention mechanisms. Thus, the
independent-embedding backbones achieve superior retrieval
accuracy without sacrificing efficiency.

B. Trade-Off Image-Text Retrieval Models

To strike a balance between retrieval efficiency and accu-
racy, there are almost three types of approaches that have
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been proposed recently: late-interaction approaches [26| 28],
two-stage approaches [12,[29]], and intra-interactive embedding
approaches [[17, 34]. The late-interaction approaches retain the
independent encoding architecture and perform lightweight
token-wise interactions only in the late scoring stage [26]
28)]. Their retrieval speed is still slower than independent-
embedding methods since the independent-embedding meth-
ods only require the global embedding for similarity com-
putation. Secondly, two-stage approaches [12, 29] first adopt
independent-embedding models for coarse-level retrieval and
then utilize interactive-embedding models for finer retrieval
to trade-off between efficiency and accuracy. But they are
still slower than independent-embedding models due to the
existence of the re-rank stage. Lastly, the intra-interactive
embedding approaches [17,134] take two independent encoders
but they require large-scale image-text pairs for training and
stack a few Transformer blocks [37] to build stronger en-
coders. For example, ALIGN [17] leverages two transformers
encoders with 400M parameters and 1.8B image-text pairs
for training. Though they achieve surprising performance, the
inevitable huge computation cost in training and deploying
such massive-scale models limit their development. Contrast
to these three types of trade-off methods, without sacrificing
the retrieval time or requiring extra training data, our proposed
module improves the accuracy by enhancing image and text
representations of fine-grained information.

C. Self-Supervised Contrastive Learning

Self-supervised learning [6, 135, 46] aims at learning fea-
tures without manual annotations. Recent approaches based
on contrastive learning have achieved remarkable progress in
visual domain. Current contrastive learning can be divided
into two groups: individual-based contrastive learning [6) |13]]
and cluster-based contrastive learning [3} 4]. Individual-based
contrastive learning [6l [13]] considers each image in a dataset
as its own class [4], and brings the embedding of different
views from the same image closer and push embeddings from
different images far apart using instance-level contrastive loss.
This approach introduces the individual-level discrimination
but requires a large batch size for negatives storage. Cluster-
based contrastive learning [3 4] encourages the image em-
beddings to be closer to their assigned prototypes obtained by
clustering algorithm, and far from negative prototypes. This
approach introduces the group-level discrimination between
instances. However, current works only construct image-level
representation learning and lack of fine-grained information
learning such as the object information in images.

To learn local information, some researchers [22, |41] con-
struct local level contrastive learning to learn visual pixel-
level semantic information. Moreover, some works [2, [14]]
maximize global-local mutual information and aim to learn
the shared context information across patches/tokens. Here, we
aim to learn the fine-grained correspondences between images
and texts without detail annotations, and our word-object
alignment learning and context-level alignment learning were
inspired by these local contrastive learning works. Differently,
the contrastive reasoning should be performed across modali-
ties instead of cross-image views, and thus the learning process

is not fully symmetric since the local semantic information
involved in image-text pairs is not exactly equivalent to that
of two augmentations of an image.

III. METHODOLOGY

We propose a module SelfAlign to explore the multi-
grained correspondences in the different layers of independent-
embedding models. Independent-embedding models mainly
consist of a visual encoder and a textual encoder, as shown in
Figure 1| (a). Though the encoders are various from adopting
different encoding architectures such as GCN [19] and self-
attention [30, 45]], the encoding process for each modality
typically includes three stages as shown in the Figure [
(a), visual object encoding and textual word encoding stage,
visual and textual context encoding stage and visual and
textual embedding aggregation stage. However, independent-
embedding models only conduct global image-text alignment
at the embedding aggregation stage and overlook fine-grained
alignment in the first two encoding stages. To improve their
retrieval accuracy, we design two sub-modules in SelfAlign
injected in the first two encoding stages respectively: 1) Local
Concept Alignment (LCA) sub-module for local conceptual
level alignment between visual objects and textual words,
2) Contextual Relation Alignment (CRA) sub-module for
contextual level alignment.

In this section, we first describe the single modal embedding
extraction approaches in the independent-embedding models
in Section In Section [II-B} we introduce the LCA
sub-module, which learns the concept-level word-object cor-
respondences at the object and word encoding stage. We then
introduce the CRA sub-module in Section to explore
context-level alignment in the context encoding stage. Since
SelfAlign is model-agnostic and applicable to independent-
embedding models, we case study on two representative
baseline models, VSRN [23] and CAMERA [31]], which is

introduced in Section |[II-Df and Section [[1I-E] respectively.

A. Single-Modal Embedding Extraction

Image Embedding Extraction. For each input image I,
recent works [21} 23] usually employ an off-the-shelf object
detection model, such as Faster R-CNN [33]], to detect M
objects O = {oi}ﬁl, where each object o; is represented by an
object feature embedding o; € R%. Then a linear projection
is utilized to transform o; into a h-dimensional embedding.
Then the embedding of the ima%e is represented by a set of
object embeddings V! = vf}lil We name this encoding
process as visual object encoding stage. Then different works
utilize various approaches such as GCN [23] or Transformers
[23] to model the relationships between objects and obtain
contextualized object embeddings, named as visual context
encoding stage. Here, we omit the computation details and
simplify them as the visual context encoder, and the output of
the context encoder is denoted as visual context embeddings
Ve = {’uf}?il. Finally, the visual global embedding V9 is
obtained by integrating the context embeddings V¢, which is
named as visual embedding aggregation stage.
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Fig. 2. The overview of SelfAlign applied to independent-embedding models. SelfAlign consists of two sub-modules: Local Concept Alignment sub-module
and Contextual Relation Alignment sub-module. (a) illustrates the hierarchical encoding stage of independent-embedding models and the inject position for
the two sub-modules of SelfAlign. (b) describes the Local Concept Alignment sub-module and (c) describes the Contextual Relation Alignment sub-module.

Text Embedding Extraction. For each input text 7, the
word-level embeddings W = {wi}iD:1 is generally obtanined
from the pre-trained word embeddings [21, 23], such as
BERT [8]. Then an embedding layer is also employed to
transform w; to a h-dimensional vector. The word embedding
set is denoted as T! = {té}il. We name this encoding
process as the textual word encoding stage. Then different
works utilize different approaches, such as GRU [21} [23]]
and Transformer [17, 30], to capture the contextualized word
embeddings, named as the textual context encoding stage. We
denote the output of this stage as textual context embeddings
T = {tf}il, where D denotes the number of the words
in the sentence. The final global embedding 79 is obtained
by aggregating the context embeddings T°°, named as texual
embedding aggregation stage.

B. Local Concept Alignment Sub-Module

Local Concept Alignment (LCA) sub-module is injected
into the object and word encoding layer of the baseline model
and aims to force the consistency between the visual and
textual concept embeddings, as presented in Figure [2] (b). We
regard the object regions as the visual concepts and the whole
words in the sentences as textual concepts to make full use of
information in the whole sentence. Since there are no word-
object pair annotations, a word-object correspondence discov-
ery strategy is first proposed to build pseudo word-object
correspondences in LCA. Then a cluster-based fine-grained
alignment is designed to force the consistency between the
selected matched word-object pair by comparing their cluster
assignments. Though there are no annotations of the word-

object pairs, our concept alignment is under the constraint of
global image-text matching supervision.

Word-Object Correspondence Discovery. We take the
visual object embeddings V! and word embeddings T" as the
input of the LCA sub-module. Since there are no word-object
annotations, we first estimate the word-object correspondences
from image-text pairs. Specifically, we compute the cosine
similarities between the words and objects and choose the most
similar object as the correspondence for each word. Notably,
since the texts of an image is the linguistic expression of the
image itself [24) 48], each word is able to find at least one
matched object region given an image-text pair. We cannot
guarantee each object in the image has corresponding words
in the text. Therefore, we align each word to an object rather
than the inverse direction.

Formally, given the i-th word embedding ¢!, we compute its
cosine similarities with the region embeddings V! and apply
the argmax operation to select the most matched object region:

(D

v§+ = 3;_r€g[in]\z}]x cos (t,v!)
where v;+ is the selected matched image object region for
t; and cos(-,-) represents the cosine similarity function. We
utilize the whole word-object pairs obtained by all words in
a batch as pseudo-supervised alignment information for local
concept-level alignment.

Cluster-based Fine-grained Alignment. Cluster-based
fine-grained alignment aims to enforce the consistency be-
tween each word embedding and the matched object embed-
ding selected by the word-object correspondence discovery
strategy. Inspired by the recent success of self-supervised
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learning [6, [35], we treat the selected matched word-object
pair as two different views depicting the same conceptual
semantic and utilize cluster-based contrastive learning [3} 4] to
align their embeddings across different modalities. The basic
idea lies in that we cluster object region embeddings to form
a concept dictionary, where each cluster center represents a
concept. The embeddings of the cluster centers are more stable
and representative to represent concepts compared with the
object region embeddings in each image. Each region embed-
ding and word embedding are then mapped to the concept
dictionary and represented by concept assignments. In this
way, we represent regions and words at the semantic-consistent
concept level instead of the expression-variant instance level.
After that, we utilize cross-prediction to align the region and
word embeddings. Notably, there is an alternative solution
to align the embeddings, named as individual-based con-
trastive learning [0 [13]. However, individual-based contrastive
learning requires a large number of paired negative-positive
samples, and it is challenging to select the appropriate negative
samples without ground-truth word-object annotations. Thus,
to efficiently and effectively align the word-object embeddings,
we adopt cluster-based contrastive learning without requiring
numerous computations. It is an alternative to contrasting
multiple views by comparing their cluster assignments instead
of their instance-level embeddings [4].

The cluster-based fine-grained alignment process contains
two main steps: (1) We first perform concept codebook con-
struction to obtain the concept assignments, where the concept
codebook is a collection of learnable prototypes based on
object region embeddings. (2) Then cross-prediction learning
is conducted from word concept assignments to object concept
assignments to align the word-object embeddings.

Step 1: concept codebook construction. To learn the concept
codebook and let the learning process of cluster centers be
synchronous with the whole network, we use the online
clustering method as in [4]. Following [4], we define the
trainable concept codebook C' = {ci}fil, where K represents
the number of concept centers and each center c¢; is a h-
dimensional vector as visual and textual concept embeddings.

Step 2: cross-prediction learning. We use cross-entropy loss
between object and word concept assignments to set up this
cross-prediction problem. Firstly, given the concept codebook,
the visual concept assignment vZ € RX for the object
embedding v! can be obtained by mapping v! to the concept
codebook. Each scalar p¥ in v represents the probability that
v; belongs to the k-th prototype ¢ and is obtained by taking
a softmax of the cosine similarity of v! and ¢;, as follows:

of = exp (cos (vf7 ck) /Tl)
‘ Zszl exp (cos (v, cx) /1)
where 7; is a temperature parameter. Similarly, the word
assignment is computed by mapping each word embedding

t! to the concept codebook, and each scalar of the probability
that ¢\ belongs to the k-th prototype, denoted as g¥.

2

Then cross-prediction from word concept assignments to
the corresponding object concept assignments is performed to
align the selected word-object pair. The prediction problem is

optimized by the cross-entropy loss as follows:
K
Li=-> plilogqf 3)
k=1

where péﬁ is the object concept assignment of the matched
visual object embedding v§+. Finally, we aggregate the loss
values in Equation [3] over all the words D and result in the
following loss function to optimize the feature encoders:

1 D
Lroa= 5; Li 4)

C. Contextual Relation Alignment Sub-Module

Since semantically similar concepts have different semantics
in different contexts, Context Relation Alignment (CRA) sub-
module is further proposed to capture context-level semantic
correspondences in the context embedding layer, as presented
in Figure 2] (c). CRA first performs shared context enhance-
ment to capture the shared context-level information and
suppress the irrelevant information between the images and
texts. Shared context alignment is then conducted to achieve
contextual-level alignment.

Shared Context Enhancement. Given the visual context
embeddings V¢ = {vf}f\il and text context embeddings
T = {tf}il, we acquire the global context embedding
v, and ¢y for contextual relation alignment by adopting
the average-pooling over V¢ and T'° respectively. Here, we
design two symmetric contrastive mechanism to learn the
shared context information from visual perspective and textual
perspective: contrasting between the visual global context
embedding and the textual local context embeddings, denoted
as V-global/T-local and contrasting between the textual global
context embedding and the visual local context embeddings,
denoted as T-global/V-local. Under the global supervision from
one modality, the relevant local semantics of objects and
relationships in the other modality will be strengthened while
irrelevant semantics will be weakened.

Formally, a fully connected layer is first utilized to map the
global context embedding into the corresponding local context
space as the global supervision:

tg =0 (BN (Wltg + bl)) 5)
'Ug =0 (BN (WQ'U; + b2))
where o is the ReLU activation and BN is the batch normaliza-
tion. W1, Wy, by and b, are learnable parameters. Meanwhile,
the batch normalization and ReLLU activation operations are
employed on the local contextual embeddings vy, t{, and they
are then denoted as v, t; in contrastive learning.
Given the global context and local context embeddings, the
T-global/V-local contrastive learning and V-global/T-local con-
trastive learning is conducted in parallel. For T-global/V-local
contrastive learning, we consider the textual global supervision
embedding ¢ and the visual local contextual embeddings v}
that come from an image-text pair as a positive sample, while
the embeddings from unpaired image-text pairs as negative
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samples. Then we define the T-global/V-local contrastive loss
as:

M )
1 exp (cos (5, v}) /12)
Lig=—— log
=M 2T exp eos (85,57) /)

(6)

where 75 is a temperature hy}])ver-parameter and M is the
number of visual regions. {ﬁ;‘ }j: , Is a set of negative visual
local embeddings. /N is the number of negatives. Similarly,
the V-global/T-local contrastive loss is defined as:
1 & exp (cos (v, tF) /2)
s Y 2
‘Cvg = _5 Z IOg N £x

] ijl exp (cos (vg, tj) /7'2)

)

where {t }N: | is negative textually local context embeddings.
D is the number of textual words. We select the [V negative lo-
cal embeddings that are most similar to the global embedding
of the other modality ranked by cosine similarity. As a result,
these samples are hard negative samples which are beneficial
for learning high-quality representations of the anchor sample
[47]. The loss for shared context enhancement is defined as:

1
‘ccs = 5 (ﬁtg + ‘Cvg) (8)

Shared Context Alignment. Shared context alignment
aims to perform contextual level alignment based on the
enhanced global context embedding and local context embed-
dings. Specifically, both of the V-global/T-local and the T-
global/V-local contrastive learning enhance the global context
embeddings vy and ¢; from local and global perspectives and
introduce a paired final global context embeddings for con-
text alignment. Taking T-global/V-local contrastive learning
as an example, it enables the encoder to filter out irrelevant
local contextual information which is not aligned with global
contextual information of the other modality. We further use
avera%e-pooling on visual enhanced local context embeddings

vf} iil to form the final visual context embedding, denoted
as the visual local-aggregated context embedding vy. Given
the text global context embedding ¢ and its enhanced global
context embedding t;, we perform the fusion operation as
follows:
F=9-ti+(1-9) 1

g = sigmoid (Wg [tg, t;} + bg)

€))

where ¢ denotes the textual global-fused context embedding
obtained by the text global context information 7 and its
enhanced global context information ¢ from visual modality.
g is a gating value to adaptively balance the importance of ¢
and t¢. [, -] means the concatenation operation.

Similarly, as for V-global/T-local contrastive learning, we
obtain the textual local-aggregated context embedding ¢
based on {tf}il. By fusing vy and vg, we get the visual
global-fused context embedding v% similar to Equation

Based on these final global context embeddings, we obtain
the contextual-level matching score for a given image-text pair
(I, T'), which is defined as:

S.(I,T) = % (cos(t$,v;) + cos(v§, ;) (10)

Then we use the hinge-based triplet ranking loss [10] to
enforce the contextual similarity of matched image-text pair
to be higher than unmatched ones for contextual alignment:

Lo = max (O,oz+SC ([, i’) —S. (I, T))
+maz (0,a+ 8. (1, T) = 5.(1, 7)) b

where T = argmax 7 s(1,d) and I = argmax;_; s(j, T)
are the hardest negatives in a mini-batch for a positive pair (I,
T), and « is the margin parameter. Taking the loss objective
for shared context enhancement in Equation [§] together, we
define the total loss objective in CRA sub-module as:

['CRA = ['cs + »Cca (12)

D. SelfAlign with Typical Independent-Embedding Models

To prove the effectiveness of our module SelfAlign, we
case study on two typical independent-embedding models, the
widely compared model VSRN [23] and the state-of-the-art
independent-embedding model CAMERA [30].

VSRN with SelfAlign. For image encoding, VSRN [23]
uses the object embeddings from an object detection model as
visual inputs, followed by an FC layer and a graph convolution
network with four layers to perform object-relation reasoning.
Finally, VSRN utilizes a GRU unit to obtain the visual global
embedding. For text encoding, VSRN exploits a word embed-
ding layer to encode word-level embeddings and adopts an
LSTM to obtain the contextualized word embeddings. Finally,
VSRN utilizes the final hidden state of the LSTM as the
textual global embedding. For the loss function, VSRN utilizes
the sum of a matching loss on global embeddings via triplet
ranking loss and a generation objective from images to texts
to jointly align the images and texts. Here, we denote the loss
function of VSRN as Lj,s.. We take the outputs of the FC
layer in the image encoder and the outputs of word-embedding
layer in the text encoder into LCA sub-module. And we regard
the outputs of the last GCN layer and the LSTM as the input
of the CRA sub-module.

CAMERA with SelfAlign. For the image encoder, CAM-
ERA concatenates the object embeddings and the position
embeddings of each object as visual inputs and an FC layer
is followed to obtain the visual object embeddings. The word
embedding inputs are obtained from the output of pre-trained
BERT [8]]. Then CAMERA adopts a self-attention layer to
perform relation reasoning for image and text respectively. For
the loss function, CAMERA adopts the sum of a triplet ranking
loss on global embeddings and a diversity regularization loss
for cross-modal alignment and the summarization of multi-
view descriptions. Here, we also denote the loss function of
CAMERA as Lpqs.. And we take the outputs of the FC layer
as LCA sub-module inputs, taking the outputs of the self-
attention layer as the inputs of the CRA sub-module.

E. Model Training and Inference
The final training loss for baseline models with SelfAlign
is defined as:

L = Lygse + Lrca + Lcra (13)
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where L,s. means the loss objectives of the baseline model.
Lrca and Lega are defined in Equation ] and Equation

In the inference stage, the similarity for each image-text pair
of baseline with SelfAlign is computed as follows:

where S (I, T') is the similarity score evaluated by the baseline
model, and S.(I,T) denotes our proposed contextual-level
similarity score according to Equation It is noteworthy
that since our module keeps the advantage of the independent
encoding framework of the independent-embedding models,
the queried image or text embeddings can pre-computed offline
before the inference stage.

IV. EXPERIMENT

Datasets. We conduct extensive experiments on two bench-
mark datasets in image-text retrieval: Flickr30K [48] and MS-
COCO [24]. Flickr30K consists of 31,783 images collected
from the Flickr website and each image is associated with 5
sentences. Following the settings in [10, [21], we utilized 1,000
images for validation, 1,000 images for testing, and the rest for
training. MS-COCO contains 123,287 images with 5 captions
for each image. Following [10, 21], we take 113,287 images
for training, 5,000 images for validation, and 5,000 images for
testing, and the results are reported by both averaging over 5
folds of 1K test set images and testing on the full 5K test
images as in [10, 211

Evaluation Metrics. To compare with the state-of-the-art
models, we adopt the commonly used evaluation metrics in
all datasets as [10, 21} 23]. Namely, we adopt Recall at K
denoted as R@K to evaluate the performance on both text
retrieval (retrieve the most related text given an image query)
and image retrieval (retrieve the most related image given a
text query) tasks. R@K means the percentage of queries that
are correctly matched in the top-K ranking list. We report
R@1, R@5, R@10 for all datasets as in [23]. Besides, to
comprehensively reveal the overall retrieval performance, we
also report another metric R@sum as in [3], defined as the
summation of all R@K values in both retrieval tasks.

Implementation Details. To perform a fair comparison, for
VSRN and CAMERA, we completely preserve their network
structures and model settings such as training batch size
and other model-related hyper-parameter settings as stated in
their original work. We only inject our module into the two
baselines as introduced in Section For both baseline
models, the softmax temperature 7; in the LCA sub-module
is set to 0.1 as in [4]. The number of concept classes K is
set to 1024, and the number of negative samples N and the
softmax temperature 7o in CRA sub-module are set to 512 and
0.7. All of our experiments are conducted on a single NVIDIA
Tesla GPU with 24GB memory and implemented in PyTorch.

A. State-of-the-Art Comparison

To verify the effectiveness of SelfAlign, we compare our
results with the state-of-the-art models on Flickr30k and MS-
COCO in Table [I| This table is split into three blocks, from
top to bottom, representing independent-embedding models,

interactive-embedding models, and our models (i.e. VSRN
with SelfAlign and CAMERA with SelfAlign), respectively.
Notably, for a fair comparison with the interactive-embedding
models, following [23], we achieve our ensemble models by
averaging the predicted similarity scores of the two different
models obtained by utilizing different seeds for training.

From the comparison between the first block and last block
in Table[l] we conclude that our module SelfAlign can remark-
ably improve baseline independent-embedding models on all
the metrics, which proves the effectiveness of learning fine-
grained correspondences of word-object and global-to-local.
Specifically, SelfAlign consistently improves the performance
of VSRN and CAMERA by 11.2% and 6.6% in terms of
R@sum on Flickr30k, MS-COCO 1K, and MS-COCO 5K.
For the strongest baseline model CAMERA, SelfAlign also
achieves 9.1%, 4.2%, and 6.6% boosts in terms of R@sum
respectively and achieves a new state-of-the-art performance
in independent-embedding models. It is worth noting that Self-
Align helps the strongest baseline model CAMERA achieve
1.1%~3.1% boost in terms of R@1 on both retrieval tasks. We
also find the performance improvements of R@1 are almost
superior than the improvements of R@5/10, indicating that
SelfAlign improves the capability of the baseline model to
capture fine-grained discrimination on similar images or texts.

From the comparison between the second block and the last
block, we conclude that with the help of SelfAlign rather than
cross-attention mechanisms, the performance gap between the
interactive-embedding models and the independent-embedding
models is reduced by a large margin. Specifically, CAMERA
with SelfAlign model outperforms the second-best interactive-
embedding model ADAPT [44] by 6.7%, 4.8% in terms of
R@sum on Flickr30k, MS-COCO 1K. Compared to the-state-
of-art interactive-embedding model DIME [31]], CAMERA
with SelfAlign also achieves comparable performance in terms
of R@1 on text retrieval on Flickr30K.

B. Efficiency Comparison

To verify the advantage of SelfAlign in keeping the effi-
ciency of independent-embedding models, we construct re-
trieval latency comparison in the inference phase on base-
line models, baseline with SelfAlign models and typical
interactive-embedding models. Since the retrieval latency is
composed of feature encoding latency and scoring latency, we
construct the comparison from these two aspects as shown
in Table [lI| and Table respectively. Since the interactions
between the object and word can occur in the feature en-
coding stage only [31, 43| 144, 49|, the scoring stage only
[150 118 211 142] or both stages [5, 40], we select representative
interactive-embedding models from the above three kinds of
methods with comparable accuracy as ours for retrieval latency
comparison, e.g., DIME [31], PFAN [42]], IMRAM [3].

Encoding Latency Comparison. Table [[I} shows the online
encoding latency given per query. Besides, Table also
reports the model parameter size which mainly affects the
encoding time. Though SelfAlign adds about 36M and 27M
parameters and 1~3ms latency to the baselines, VSRN and
CAMERA respectively, the encoding latency of the baseline
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TABLE I
COMPARISON WITH EXISTING INDEPENDENT-EMBEDDING MODELS AND INTERACTIVE-EMBEDDING MODELS. OUR RE-IMPLEMENTED
INDEPENDENT-EMBEDDING MODELS ARE DENOTED BY THE SUPERSCRIPT ‘*’. THE HIGHEST RETRIEVAL ACCURACY IN EACH BLOCK IS MARKED WITH
UNDERLINE. THE ACCURACY OF OUR MODELS IS MARKED WITH BLUE COLOR WHEN IS BETTER THAN THE BASELINE MODEL.

Flickr30k MS-COCO 1K MS-COCO 5K
Model Text Retrieval ‘ Image Retrieval ‘ R@sum Text Retrieval ‘ Image Retrieval ‘ R@sum Text Retrieval Image Retrieval ‘ R@sum
R@l [ R@5 [ R@10 | R@1 [ R@5 | R@10 | R@l [ R@5 | R@10 | R@1 [ R@5 | R@I0 | R@l1 [ R@5 | R@10 | R@1 | R@5 | R@I0 |
Independent-embedding Models
Order 381 (2016) - - - - - - 46.7 78.6 88.9 379 73.7 859 411.7 - - - - - - -
2WayNet [9] (2017) 49.8 67.5 - 36.0 55.6 - 208.9 55.8 75.2 0.0 39.7 63.3 0.0 234.0 233 50.5 65.0 18.0 43.6 57.6 258.0
VSE++ [10] (2018) 529 79.1 872 39.6 69.6 79.5 407.9 64.6 89.1 95.7 52.0 83.1 92.0 476.5 41.3 69.2 81.2 303 59.1 724 353.5
GXN [39] (2018) 56.8 - 89.6 41.5 - 80.1 - 68.5 - 97.9 56.6 - 94.5 - 42.0 - 84.7 31.7 - 74.6 -
VSRN (23] (2019) 70.4 89.2 93.7 53.0 71.9 85.7 469.9 74.0 94.3 97.8 60.8 88.4 94.1 509.4 503 79.6 879 379 68.5 79.4 403.6
CAMERA (301 (2020) 76.5 95.1 97.2 589 84.7 90.2 502.6 759 95.5 98.6 62.3 90.9 958 519.0 53.1 81.3 89.8 39.0 70.5 81.5 415.2
Interactive-embedding Models
SCAN_ensemble [21] (2018) 67.4 90.3 95.8 48.6 71.7 852 465.0 7 94.8 98.4 588 88.4 94.8 507.9 50.4 822 90.0 38.6 69.3 80.4 410.9
CAMP_ensemble [43] (2019) 68.1 89.7 952 515 77.1 85.3 466.9 723 94.8 98.3 585 879 95.0 506.8 50.1 82.1 89.7 39.0 68.9 80.2 410.0
CAAN_ensemble [49] (2020) 70.1 91.6 97.2 52.8 79.0 87.9 478.6 75.5 95.4 98.5 61.3 89.7 95.2 515.6 52.5 83.3 90.9 412 70.3 82.9 421.1
SGM_ensemble [40] (2020) 71.8 91.7 95.5 535 79.6 86.5 478.6 734 93.8 97.8 575 87.3 943 504.1 50.0 793 879 353 64.9 76.5 393.9
PFAN_ensemble [42] (2019) 70.0 91.8 95.0 50.4 78.7 86.1 472.1 76.5 96.3 99.0 61.6 89.6 95.2 518.2 - - = = = = ©
IMRAM_ensemble [5] (2020) 74.1 93.0 96.6 539 79.4 87.2 484.2 76.7 95.6 98.5 61.7 89.1 95.0 516.6 53.7 83.2 91.0 39.6 69.1 79.8 416.4
ADAPT _ensemble [44] (2020) 76.6 95.4 97.6 60.7 86.6 92.0 508.9 76.5 95.6 98.9 622 90.5 96.0 519.7 - - - - - - -
DIME_ensemble [31] (2021) 810 | 959 | 984 | 636 | 881 | 930 | 5200 | 788 | 963 | 987 | 648 | 915 | 965 | 5266 | 593 | 854 | 919 | 431 | 730 | 831 | 4358
Ours
VSRN* 69.8 88.8 93.6 522 78.3 86.1 468.8 738 94.1 979 60.1 88.1 94.0 508.0 49.7 785 87.6 372 68.3 79.0 400.3
VSRN*+SelfAlign 70.4 91.7 95.9 54.6 81.5 88.4 482.6 74.7 95.1 98.0 62.4 89.4 95.1 514.7 52.4 81.3 89.3 39.6 70.0 80.7 413.3
VSRN Improvement +0.6 +2.9 +2.3 +2.4 +3.2 +2.3 +13.8 +0.9 +1.0 +0.1 +2.3 +1.3 +1.1 +6.7 +2.7 +2.8 +1.7 +2.4 +1.7 +1.7 +13.0
VSRN*_ensemble 71.0 90.6 94.3 539 80.3 87.0 477.1 74.8 95.1 98.3 62.7 89.8 95.0 515.7 51.7 80.8 88.8 39.9 70.4 81.1 412.7
(VSRN*+SelfAlign)_ensemble 72.2 92.8 96.6 55.8 82.7 89.0 489.1 75.8 95.5 98.6 64.1 90.5 95.8 520.3 543 824 90.2 41.3 71.7 82.2 4221
VSRN*_ensemble Improvement +1.2 +2.2 +2.3 +1.9 +2.4 +2.0 +12.0 +1.0 +0.4 +0.3 +1.4 +0.7 +0.8 +4.6 +2.6 +1.6 +1.4 +1.4 +1.3 +1.1 +9.4
CAMERA* 76.5 93.6 973 579 84.6 90.5 500.4 749 95.4 98.5 62.0 89.9 95.2 5159 524 81.7 89.9 388 70.1 81.4 414.3
CAMERA*+SelfAlign 79.6 95.1 974 59.7 86.2 91.5 509.5 76.8 954 98.5 63.1 90.5 95.8 520.1 54.2 82.8 90.6 404 71.2 81.7 420.9
CAMERA* Improvement +3.1 +1.5 +0.1 +1.8 +1.6 +1.0 +9.1 +1.9 +0.0 +0.0 +1.1 +0.6 +0.6 +4.2 +1.8 +1.1 +0.7 +1.6 +1.1 +0.3 +6.6
CAMERA¥*_ensemble 78.3 94.4 97.4 60.5 86.1 91.8 508.4 77.0 96.3 98.6 63.6 90.8 95.8 522.1 55.2 83.1 90.9 40.4 71.4 82.2 423.2
(CAMERA*+SelfAlign)_ensemble 814 95.6 97.3 61.5 87.1 92.7 515.6 717 96.3 98.7 64.3 91.3 96.2 5245 56.1 83.6 91.0 422 72.5 82.9 4283
CAMERA*_ensemble Improvement +3.1 +1.2 -0.1 +1.0 +1.0 +0.9 +7.2 +0.7 +0.0 +0.1 +0.7 +0.5 +0.4 +2.4 +0.9 +0.5 +0.1 +1.8 +1.1 +0.7 +5.1
TABLE II during encoding stage, like IMRAM and DIME, need to

GPU TIME IN EARLY FEATURE ENCODING STAGE PER QUERY ON
FLICKR30K TEST SET.

encode each text-image pair, resulting in the encoding latency
is linearly related to the number of candidates.

Model Param ) | IOK*(’ ]‘;f)““‘"d;g;‘]:m) 00K Scoring Latency Comparison. Table [[TI] shows the scoring
ms, S S . . .
PFAN [22) 128 23 25 25 25 latency of per query on 100K candidates. The scoring time
e AR s igj o igj i 185 i 182 is linear with the number of interactions between image
. 3.0 x 10 3.0 x 3.0 x 3.0 x . .
VSRN [23 377 73 73 73 73 embeddings and text embeddings. The results show that Self-
VSRN+SelfAlign (ours) 173.6 87 87 87 87 Align increases about 0.3ms latency to baseline models while
CAMERA [30. 156.2 25.7 257 25.7 25.7 . . . . .
CAMERA+SelfAlign (ours) 183.5 282 282 282 282 both baseline models with SelfAlign are still 1000 times
faster than the model PFAN and IMRAM, which have cross-
modal token-wise interactions during the scoring stage. This
TABLE III

TIME IN SCORING PER QUERY ON 100K CANDIDATES. INTER. DENOTES
THE NUMBER OF THE INTERACTIONS BETWEEN WORDS AND REGIONS.
FLOPS DENOTES THE NUMBER OF FLOATING-POINT OPERATIONS. DIM.
DENOTES THE DIMENSION OF THE SIMILARITY CALCULATION VECTOR.

is because SelfAlign still keeps the baseline model to perform
the computation of similarity scores by using simple similarity
calculation operations like dot product.

Model Inter. FLOPs | Dim. | GPU TIME(ms)

1 3 . . .
PFAN [ 32x36 | x1152 | 1024 3.3 x 10 C. Accuracy and Efficiency Joint Comparison
IMRAM [5 32 x 36x3 | x3456 | 1024 9.9 x 103
DIME [3]] 1x1 x1 256 10 To prove the good balance between accuracy and effi-
VSRN [23] Ix1 x1 | 2048 2.0 . . . .
VSRNSelfAlign (ours) L1 <1 | 6144 53 ciency for image-text r.etrleva}l .of our moc.lule, we visualize
CAMERA [30] 1x1 x1 2048 2.0 the accuracy and efficiency jointly on Flickr30K and MS-
CAMERA+SelfAlign (ours) 1x1 x1 | 6144 23 COCO 5K in Figure Specifically, the trade-off models

with SelfAlign models still keeps invariant to the number of
candidates, which is much lower than the accuracy comparable
interactive-embedding models. This is because SelfAlign pre-
serves the independent feature encoding architecture and does
not add any cross-modal interactions in the encoding stage.
Therefore, the query embedding can be encoded independently
without the interactions with the queried candidates, and the
embeddings of the queried candidates can be pre-computed
offline without the comsuming of online encoding latency.
In contrast, those models performing cross-modal interactions

include VisualSparta [28]], ISERI_inflate [26], ISERI_fast [26],
LightDOT [34]. VisualSparta [28], ISERI_inflate [26] are late-
interaction trade-off models, where there are no cross-modal
token-wise interactions in the feature encoding stage but in the
scoring stage. LightDOT [34] is a pre-trained re-ranking based
method, which utilizes a pre-trained independent-embedding
model to coarsely rank in the first stage and then utilizes
another pre-trained interactive-embedding model UNITER [7]]
to finely rank in the second stage. ISERI_fast [26] is also an
independent-embedding model but is obtained by performing
knowledge distillation twice under the extra model supervision
of ISERI_inflate [26]. This enables ISERI_fast to obtain more
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© ISERI_fast (S) 44
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55 & VSRN+SelfAlign (ours) 4  CAMERA+SelfAlign (ours)
# VSRN+SelfAlign (ours)
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Retrieval Complexity Retrieval Complexity

Fig. 3. Image retrieval results of Recall@1 of (a) Flickr30K and (b) MS-
COCO 5K. The retrieval complexity refers to the number of cross-modal
interactions included in the early feature encoding stage and late scoring stage.
The superscript ‘+” denotes pre-trained models on huge-scale datasets. ‘S’ and
‘T’ represent the student model and the teacher model respectively.

TABLE IV
ABLATION STUDY OF CAMERA WITH SELFALGIN ON FLICK30K.
Param. | GPU TIME Text Retrieval Image Retrieval

Model ™) (ms) R@l Re@5s R@I0 | R@l R@5 ReI0 | Koo
#0 Full Model 183.5 2.3 79.6 95.1 97.4 59.7 86.2 91.5 509.5
Ablation of Sub-Module
#1 w/o LCA 183.5 23 76.9 94.5 97.5 59.6 84.8 90.9 504.2
#2 w/o CRA 156.2 2.0 77.0 95.1 97.2 58.7 84.6 90.6 503.2
Ablation of LCA
#3 w/ Concept O2W 183.5 23 717 94.3 97.4 60.5 85.3 91.5 506.8
#4 w/ Concept Dual 183.5 23 78.1 94.6 97.3 60.4 854 91.3 507.1
#5 w/ noun+adj+verb 183.5 23 77.2 94.2 97.2 59.2 85.5 91.2 504.5
#6 w/ noun 183.5 2.3 76.4 94.8 97.0 59.2 84.9 91.0 503.4
Ablation of CRA
#1 w/o Les 156.2 22 76.1 94.0 97.9 59.4 85.3 90.9 503.7
#3 w/o Lea 183.5 23 76.1 94.6 97.3 58.5 84.1 89.8 500.5
#9 wlo Lig Atd Align 169.9 22 774 95.1 97.4 59.4 84.7 90.8 504.8
#10  wlo Lyg Atd Align 169.9 2.2 78.2 94.6 97.4 59.3 84.8 90.8 505.1
#11  CAMERA* 156.2 2.0 77.1 93.5 96.3 58.6 84.4 90.6 500.5

accurate fine-grained information under the supervision of the
teacher model ISERI_inflate compared with our models.

In Figure [3] the x-axis represents the retrieval complexity
referring to the average number of cross-modal interactions
per candidate when given a query to retrieve the ground-truth
from 1000 candidates. The number of cross-modal interactions
is the sum of the number of interactions in both of the feature
encoding stage and the scoring stage. The y-axis denotes the
results of R@1 in the image retrieval task. The red dots
represent our models. As shown in Figure[3] SelfAlign enables
both baseline models improving the accuracy without increas-
ing retrieval complexity while other trade-off models sacrifice
retrieval efficiency for cross-modal token-wise interactions.
SelfAlign explores the cross-modal semantic correspondences
and improves the retrieval efficiency by achieving fine-grained
alignment matching fine-grained correspondences in the early
feature encoding stage.

D. Ablation Study

We conduct ablation study to evaluate the effectiveness of
essential components in SelfAlign. The results on Flickr30k
are shown in Table We use CAMERA+SelfAlign as the
full model for all the following variants:

e w/o LCA (model ‘#1°): this model removes the Local

Concept Alignment sub-module in SelfAlign.

o w/o0 CRA (model ‘#2’): this model removes the Contex-

tual Relation Alignment sub-module in SelfAlign.

e w/ Concept O2W (model ‘#3’): this model changes

the direction of concept alignment learning in LCA sub-

module from word-object to object-word. Specifically, we
choose the most similar word as the correspondence for
each object and perform clustering on word embeddings
for fine-grained alignment learning.

o w/ Concept Dual (model ‘#4°): this model preserves
these two directions of concept alignment learning.

o w/ noun+adj+verb (model ‘#5%): this model performs
concept alignment learning only with nouns, verbs and
adjectives instead of all the words.

e w/ noun (model ‘#6’): this model performs concept
alignment learning only with nouns.

e w/o L.; (model ‘#7’): this model removes the global-to-
local contrastive loss L., in Equationfor shared context
enhancement in CRA sub-module.

e Wo L., (model ‘#8’): this model removes that the
contextual alignment loss L., in Equation [T] for shared
context alignment learning in CRA sub-module.

o W/o L, Atd Align (model ‘#9’): this model removes T-
global/V-local contrastive learning attended context align-
ment. There is no projection for ¢{ in Equation [5| £, in
Equation [ text fusion in Equation [0] and the similarity
computation in the first term of Equation [T0]

e w/o L,, Atd Align (model ‘#10’): this model removes V-
global/T-local contrastive learning attended context align-
ment, which is symmetrical with model ‘#9’.

Models in the first block are designed to evaluate the
contribution of each sub-module in SelfAlign. We observe
that the R@sum value of models “#1-#2° all significantly
decrease by 5.3% and 6.3%, but they still outperform the
baseline model ‘#11°. It shows that both alignment sub-
modules are effective for baseline to extract different levels of
fine-grained correspondences and the combination of them can
further improve retrieval accuracy. It proves the effectiveness
and complementarity of concept level and contextual level
alignment information learned in LCA and CRA sub-module.

Models in the second block evaluate the influence of the
single direction and the effectiveness of utilizing all words to
perform word-object alignment learning in LCA. The perfor-
mance of either model ‘#3’ or model ‘#4’ decreases slightly
by 2.7% and 2.4% respectively, which demonstrates word-to-
object alignment captures more accurate concept alignment
information. Besides, The performance of either model ‘#5’ or
model ‘#6° decreases by 5.0% and 6.1%, which demonstrates
the effectiveness of making the most use of text information
via utilizing all words to align regions in LCA sub-module.

Models in the third block evaluates the influence of the
key components in the CRA sub-module. The performance of
model ‘#7° and model ‘#8° decreases remarkably compared
with the full model. The results show that both shared con-
text enhancement by the global-to-local contrastive loss and
shared context alignment learning are essential for contextual
alignment. The performance of model ‘#8’ is decreased to
the results as the baseline model ‘#11° in terms of R@sum,
which indicates that CRA sub-module only with global-to-
local constrastive learning objective L. is not only ineffective
in context-level alignment but also damaging to the concept-
level alignment in the LCA sub-module. The reason is that
only with L., in the model ‘#8 takes the local contextual
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Fig. 4. Visualization of similarity in LCA and CRA alignment module. (a) (b) (c) (d) visualize the most matched word-to-region pair results in LCA, where
each text concept is used as a query to find the most similar image region and the region outlined in the same color. (e) visualizes the global to local relevance
of CRA at the training stage, where the region brightness represents the similarity strength.

embeddings from unmatched image-text pairs as the negative
samples according to Equation L. to learn the shared context
information in the image-text pair, which ignores that these
local contextual embeddings could mainly include the correct
concept information in the concept alignment of the LCA sub-
module. This conflict makes both the LCA and CRA sub-
module ineffective. Compared to model ‘#2’°, the performance
of model ‘#9’ and model ‘#10° improves slightly even when
the models only preserve half part of CRA sub-module. These
results verify the effectiveness of preserving the joint learning
mode of global-to-local contrastive loss. Moreover, compared
to the full model, model ‘#9’ and model ‘#10° lead to the
performance degradation, which demonstrates that these two
context-level alignment are effective and capture complemen-
tary contextual information from vision global supervision and
text global supervision.

Moreover, we observe that the LCA sub-module does not
take extra parameters for the baseline model as it only involves
in L;ca defined in Equation E] for local concept alignment
learning. The CRA sub-module causes the increments of
parameters and retrieval latency for baseline model CAMERA
by 27.3M and 0.3ms, respectively, which is due to the feature
linear projections defined in Equation [5] and feature fusion
based on the gate mechanism defined in Equation [9]

E. Alignment Quality Analysis

Alignment visualization of the concept representation.
We utilize t-SNE [36] to visualize region and word em-
beddings of some frequent concepts for intuitively analyz-
ing the concept-level alignment, as shown in Figure [5] The
embeddings are obtained by CAMERA model and CAM-
ERA+SelfAlign model. We conclude that SelfAlign pulls the
distance of same semantic concepts of different modalities.
For example, in Figure El (b), the concept ‘water’, ‘dirt’, and
‘shorts’ are densely clustered by CAMERA+SelfAlign while
CAMERA can not.

Alignment visualization in LCA and CRA sub-module.
The detailed alignment process is interpretable by visualizing

head head
I dirt Fi I dirt

tree g tree
trees trees
water water
helmet helmet
shorts shorts
car car

s,
-
; hat hat
hair
sky

hair
sky

(a) CAMERA (b) CAMERA+SelfAlign

Fig. 5. T-SNE visualization of concept representations. ‘Cross’ means textual
concept, and ‘circle’ means visual concept.

the conceptual and contextual similarity scores at LCA sub-
module and CRA sub-module. The results are shown in Figure
[l Specifically, given an image-text pair in the inference
phase, the most similar region for each word is identified
in LCA sub-module. The global to local similarity map is
computed in CRA sub-module, which supports the explicit
visualization and reveals the alignment process. From the first
four columns, we observe that the words align to the proper
regions with the highest similarity. For example, in the first
example, our model finds appropriately matched regions on
nouns like ‘toddler’, ‘food’, ‘bowel’, as well as the action
word like ‘mixed’. In the CRA sub-module, we observe that
semantically matched image regions align well to the text
global context embedding, while irrevevant image regions
are suppressed. These examples prove that SelfAlign learns
the concept-level word-object correspondences in LCA sub-
module and composites the essential regions to understand the
global context information in CRA.

Qualitative retrieval results analysis. The qualitative re-
sults from text-to-image retrieval and the image-to-text re-
trieval on Flickr30K are illustrated in Figure [6] and Figure [7}
respectively. From both retrieved results, it’s clear that CAM-
ERA+SelfAlign retrieves the correct candidates to a more
forward position. Moreover, for those candidates with similar
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CAMERA+SelfAlign

Ql:

A Indian lady sitting
making a clothing piece
with a young child and
older lady looking upon
her, young child in the
background playing .

Q2:
A man wearing bathing
trunks is parasailing in
the water.

Fig. 6. Qualitative comparison of text-to-image retrieval between the baseline
model CAMERA and CAMERA+SelfAlign on Flickr30K. We show the top-3
retrieved images for each text query. The truly matched results are marked in
green boxes and the falsely matched results are in red boxes.

Ql: CAMERA + SelfAlign:
1. A motorcycle sits parked across from a herd of livestock v
2. A multicolored motorcycle rests outside of a sheep farm . \/

3. A motorbike , people and sheep in the background. \/

CAMERA:

1. A motorcycle sits parked across from a herd of livestock . \/
2. A motorcycle in the foreground parked in a dirt parking lot.\/
3. Several dirt bikes are standing in a row . X

CAMERA + SelfAlign:

0:Two older men are having a discussion outdoors in an area
with stone walls and floor . \/

1:Two men sit talking near a_stone building \/

2:Two elderly men converse in an run-down building . X
CAMERA:

0:A man walks into a maroon building as a dog looks on .
1.A man walking into a building while a dog looks at him . ¢
2:A man in a red shirt and blue pants is going into a building
while a dog watches him .

Fig. 7. Qualitative comparison of image-to-text retrieval between the baseline
model CAMERA and CAMERA+SelfAlign on Flickr30K. We show the top-3
ranked texts for each image query. The truly matched sentences are marked
with checks and the falsely matched results are with cross. The concepts in
the retrieved text of CAMERA+SelfAlign that differ from the baseline model
are marked with underline.

scenes, SelfAlign enables the baseline model to distinguish the
fine-grained discrimination among the candidates well, which
verifies that SelfAlign is effective in fine-grained cross-modal
information retrieval.

V. CONCLUSION

In this paper, we propose a fine-grained image-text align-
ment module SelfAlign for fast and accurate image-text re-
trieval. We design two collaborative sub-modules to learn
complementary alignment information from both conceptual
and contextual level in a self-supervised manner, which im-
proves the retrieval accuracy while keeps the retrieval effi-
ciency. SelfAlign is model-agnostic and generic to incorporate

with various independent-embedding retrieval approaches. Our
module consistently boosts the accuracy of the strongest non-
pre-training independent-embedding model. How to extend
SelfAlign on other cross-modal retrieval tasks such as video-
text retrieval will be our future work.
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