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Abstract. Image Captioning is a task to generate descriptions for given
images. Most encoder-decoder methods suffer from lacking the ability
to correct the mistakes in predicted word. Though current deliberation
motivated models can refine the generated text, they use single level
image features throughout two stages. Due to the insufficient image in-
formation provided for the second-pass, deliberation action is ineffective
in some cases. In this paper, we propose Incremental Context Guided
Deliberation Transformer, namely ICDT, which consists of three mod-
ules, including: 1) Incremental Context Encoder, 2) Raw Caption De-
coder and 3) Deliberation Decoder. Motivated by human writing habits
in daily life, we treat the process of generating a caption as a delibera-
tion procedure. The Raw Caption Decoder in first-pass constructs a draft
sentence and then the Deliberation Decoder in second-pass polishes it to
a better high-quality caption. In particular, for image encoding process,
we design an Incremental Context Encoder that can provide cumulative
encoded context based on different levels of image features for the delib-
eration procedure. Our encoder makes image features at different levels
play specific roles in each decoding pass, instead of being simply fused
and fed into the model for training. To validate the performance of the
ICDT model, we evaluate it on the MSCOCO dataset. Compared with
both Transformer-based models and deliberation-motivated models, our
ICDT improves the state-of-the-art results and reaches 81.7% BLEU-1,
40.6% BLEU-4, 29.6% METEOR, 59.7% ROUGE and 134.6% CIDEr.

Keywords: Image Captioning - Deliberation Networks - Transformer.

1 Introduction

Image captioning task aims to generate a descriptive sentence for a given image,
and its challenges lie not only in comprehensive image understanding but also in
generating a sentence that matches the visual semantics of the image. The ma-
jority of proposed image captioning models following the encoder-decoder frame-
work([25, 4, 13,2, 32,31, 10] has achieved promising progress on public datasets.
Despite the great success, such single-pass decoding process suffer from lack-
ing the ability to correct the mistakes in predicted words. To overcome this lim-
itation, deliberation motivated models are introduced to image captioning[30,
28,7,6,8,14] for better decoding. Motivated by human writing behaviours, de-
liberation models should firstly generate a rough caption of the image from a
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Raw Caption:
“A person riding a bike with
two horses behind him.”

Final Caption:
“A woman riding a bike with
two horses behind her on a
sidewalk.”

Fig. 1. An illustration of incremental context guided deliberation process. The left
part shows how attention works to obtain incremental representation, and the right
part summarizes the deliberation results. The blue arrow indicates attention operation
and the blue mask denotes the attended area in original image.

global perspective, and then use the details to modify the rough caption. How-
ever, most of deliberated-based models are especially focus on text refinement,
but use single level image features throughout two stages. These methods suffer
from a drawback: the visual features from the first stage is insufficient for fixing
the wrong words in the deliberation process. To utilize more diverse image fea-
tures, Some works are proposed to fusion or interact of grid and region features
to complement each other’s advantages by using attention modules [10, 5,27, 19,
18]. However, the direct use of two sources of features is prone to produce se-
mantic noise. e.g. A grid containing a horse’s leg may interact with the incorrect
region containing a branch just because they have similar appearances. There-
fore, merits of the two features should be leveraged separately with different
functions instead of being used equally, and that can be well applied through
two processes of deliberation.

To tackle the above problems and effectively combine two different stages, we
try to design a method to utilize grid and region features in an incremental way
to guide the deliberation procedure. As shown in Fig. 1, the grid level features
attend to semantically related regions to get the incremental image representa-
tion. With the condition of grid attentive regions, the missing details of objects
in the image can be captured, which guides the deliberation decoder to modify
the word person to the correct detailed word women. Besides, unpredicted words
in the raw caption like sidewalk can also be decoded by the incremental con-
text. To this end, the introduction of the deliberation decoder and the rational
use of the two features are organically combined, which inspires us to design a
comprehensive end-to-end model.

In this paper, we propose Incremental Context Guided Deliberation Trans-
former, namely ICDT. As shown in Fig 2, ICDT is a two-pass decoding model,
consisting of three modules:1) Incremental Context Encoder: encode grid level
features as global first-pass context while adding local region level features to it as
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Fig. 2. Overview of our Incremental Context Guide Deliberation Transformer model.

incremental second-pass context, 2) Raw Caption Decoder: a non-autoregressive
Transformer decoder use the global information provided by first-pass context
to generate a raw caption, 3) Deliberation Decoder: polish the raw caption to a
fine caption under the guidance of incremental second-pass context.

The major contributions of our paper can be summarized as follows:

— We propose a novel two-pass decoding model ICDT to achieve polishing gen-
erated sentence guided by two different level image features in an incremental
way.

— We design an Incremental Context Encoder to obtain both global image
features and incremental image features. With the Incremental Context En-
coder, the second decoder of ICDT can be guided correctly to modify and
detail the raw caption in the deliberation procedure.

— Experiments on MS-COCO dataset demonstrate that our model achieve new
state-of-art performance for image captioning, i.e., 134.6% CIDEr scores on
Karpathy|12] test set.

2 Related Work

2.1 Image Encoding over Different Features

With the advantage of covering the information of the entire image without over-
compressing the information, grid features were used in many image captioning
models [21,17,29]. Compared with grid features, region features can provide
object-level information of the image. By introduing region features|2,9, 10, 5],
the quantitative performance of image captioning was significantly improved.
Nevertheless, the above works predicted sentences by using only one kind of
features and lack full utilization of image information.

In order to integrate the advantages of both grid and region features, Wang
et al.[26] proposed a hierarchical attention network to combine text, grid, and
region features and explore the intrinsic relationship between different features.
Luo et al.[18] proposed a cross-attention module with a graph to exploit com-
plementary advantages of region and grid features.
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2.2 Deliberation-motivated Methods

Motivated by human behaviour in the process of describing an image, delibera-
tion aims to polish the existing caption results for further improvement. Wang
et al. [30] proposed Review Net as a rudiment of the deliberation network for
image captioning, which outputs a thought vector after each review step to
capture the global properties in a compact vector representation. Sammani et
al. [22] introduced a Modification Network to modify existing captions from a
given framework by modeling the residual information. Latterly, [23] proposed
a caption-editing model to perform iterative adaptive refinement of an existing
caption. Related to ruminant decoder [8], [14] introduced a two-pass decoding
framework, where a Cross Modification Attention is used to enhance the seman-
tic expression of the image features and filter out error information from the
draft caption to get better image captions. Although the above methods involve
the deliberation process, they still focus only on the relationship between orig-
inal image features and the draft caption, ignoring the effect of using different
granularity image features throughout the process of generation.

3 Methodology

3.1 Problem Statement

In order to obtain a precise caption, we define the image captioning task as
generating a refined sentence based on a raw caption. Formally, give an image
I, we first need to generate a sequence Y* = {y{l,y;‘/, ...,y;,}, where y}/ eD
is the predicted word in the raw caption, D is the dictionary, and T denotes
the sequence length. In the deliberation procedure, we polish the raw caption
guided by the extra image information, and finally get a fine caption Y* =

{vi v, urtur €D.

3.2 Incremental Context Encoder

Efficient encoding of visual features of images is a prerequisite for generating
high-quality captions. The deliberation-motivated methods usually encode single
features like grids or regions, and then use the same encoded context when
generating raw captions and final captions. This makes the deliberation process
can not acquire additional information to modify the generated text and only
focus on optimizing the language model. In this paper, we try to design an
Incremental Context Encoder (ICE) that can provide incremental context for
the two-pass decoder, so that it can provide extra information to guide the
generation of final captions when deliberating raw captions. As shown in Fig. 3a,
the grid features are encoded as first-pass context while integrating the region
features through incremental attention as the second-pass context.
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Fig. 3. The architecture of Encoder and Decoder modules.

Basic Encoding The ICE employs a vanilla Transformer encoder module for
basic encoding. Since Grid features can cover the full content of a given image
to describe the global scenes, we utilize it as input for basic encoding to obtain
a first-pass context for generating a raw caption. The input grid features are
directly extracted from the RCNN model. Considering the positional information
of grids, we introduce a learnable embedding layer and combine them:

Vo = Eg + Epos (1)

where E,, indicates the positional embedding and F, stands for the extracted
encoding grid features.

After that, we feed the combined feature V, to the Transformer encoder
module. Each encoder layer contains two sub-layers, including a multi-head self-
attention (MHA) layer and a feed-forward network (FFN) layer:

HY = MHAHD, HD, HY) (2)

H*Y = FEN(H,D) (3)

where H éo) =V, and [ is the number of encoder layer. The hidden states of grids

H 5(71) are fed into the (I4+1)-th MHA layer. Specifically, the F'F'N is a position-wise
fully connected layer consisting two linear projections with a ReLU activation
in between:

FFN(z) = max(0,xWq + b1)Wa + by (4)

Through the Transformer encoder, we get the encoded hidden state from
N-th layer H év as the first-pass context Cf.



6 No Author Given

Incremental Attention Encoding Once the first-pass context was obtained
through basic encoding, we need to add extra information to it to guide the
deliberation pass. Although grids can provide information covering the entire
image, it still lacks attention to the salient objects. So we take region features as
object-level information to improve the capability of understanding the objects.
In order to achieve the purpose of integrating region features on the basis of the
grid, we design an Incremental Attention Encoding mechanism.

Same as basic encoding, we first feed the extracted region features to the

MHA and FFN component to get the middle encoded context Cﬁl):

HO = MHAHD, HY, HY) (5)

o = FEN(H,") (6)

where Hﬁo) = V,, which denotes region feature vector extracted from object
detection model.

Then we use the encoded first-pass context C7 as the query matrix and Cﬁl)
as the key and value matrix. The scale-dot product between grids and regions
stands for attentive relationships, which can be leveraged as a weight matrix
applying to region features. For each grid, the weighted context contains region
information at the corresponding location. The incremental attention can be
stated recursively as follows:

T
: () (¢
H“(Q = softmax <7> o (7)
\ /dogz)

After incremental attention, an FFN layer is also applied to Hj,,:

7Y = prNH,Y) (8)

wmc wmc

Notice that the incremental attention encoding and basic encoding are com-
puted in the same layer. Finally, we directly add N-th incremental encoded
context HY . to C; and get the second-pass context Cy:

Cy=Cr+ Hyy, (9)

With the first-pass context C7, the Raw Caption Decoder (RCD) generates
a sequence of raw caption Y = {yi‘/, y§/7 e y}l}, where T is the length of the
raw caption. Different from other deliberation-motivated models, we use a non-
autoregressive decoder as RCD. The non-autoregressive decoder enables parallel
prediction during inference decoding. As shown in Fig 3b, the RCD removes the
softmax layer during prediction, and directly use the vector output by the linear
layer as the raw caption embedding feeding to the deliberation decoder.

Therefore, we remove the Masked Multi-head Self-attention layer of the
vanilla Transformer decoder, and use the first-pass context from ICE directly
to the MHA layer:
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H,\), = MHA(H," 1, H") (10)

raw

where H 1(0) = (1. After that, A Feed-forward layer also is introduced:

H{}, = FFN(H,(),) (11)
And then we add a projection linear layer and a softmax layer for the training
stage.

Y = softmax(proj(H™X ,)) (12)

Due to the non-autoregressive design, the RCD executes in parallel for both
training and inference stages. However, this makes RCD unable to directly gen-
erate coherent sentences.

3.3 Deliberation Decoder

The deliberation decoder (DD) aims to polish the preliminary caption guided
by the second-pass context. To achieve the deliberation procedure, we design a
Transformer-like autoregressive decoder. Fig 3b illustrates the detailed structure
of DD. As the same as vanilla Transformer, the output embedding of target
sentence F is fed into a Masked Multi-head self-attention (MMHA) layer during
the training state:

HO = MMHAH®D, HO, HO) (13)

where H 50) = F,. After that, DD incorporates the second-pass context which
contains the attentive region features by grids. Since the ICE can leverage the
extra region features to enhance the detailed information of objects, we use
the Multi-head attention layer to stress the relationship between caption and
attentive regions:

(H;(l)) (C2)T
N

Then we add an additional multi-head attention layer and take the embed-
ding of the raw caption as input:

H L;(ell)i = softmax (14)

()
H,, = softmax 7 Hi o (15)
H

raw

where H éle)li and H,., are treated as query and key matrix respectively, which
contributes to learning a weight for refining the raw caption. Notice that the
projection layer of RCD and output embedding layer of DD shares the same
parameter weights which are used to embed the vocabulary of the caption. And
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H,.q. is extracted from the projection layer of RCD to avoid the extra embedding
layer breaking the end-to-end structure of ICDT.
Finally, the DD also uses a FNN layer before the projection linear layer:

Y™ = softmax (FFN(H(%”)) (16)

3.4 Training details

Following standard practice of image captioning, we first calculate the cross-
entropy loss for each decoder:

L%E (0)=— z_: log (pe (Yt* | Yoi—1, I)) (17)
t=0

where Y;* is the ground-truth word, and 6 is the parameter of i-th decoder.
We obtain the overall learning objective by adding the losses of Raw Caption
Decoder and Deliberation Decoder:

Lxp = L + L&G" (18)

Following Cornia et al.[5], we also introduce reinforcement learning for further
finetune to make up the difference between cross-entropy loss and evaluation
metrics between cross-entropy loss and evaluation metrics. When training with
reinforcement learning, we use the CIDEr-D score as a reward through Self-
Critical Sequence Training (SCST)[21]. At prediction time, we simplify the Raw
Caption Decoder as an inner decoder layer instead of generating sentences. After
that, the Deliberation Decoder can generate the final caption directly through
beam search, and the highest scored sequence has been kept as the best caption.

4 Experiments

4.1 Experimental Settings

Dataset and Evaluation Metrics. Microsoft COCO 2014 dataset|[16] is the
widely used benchmark for image captioning. Each image is annotated with 5
caption sentences. We follow the setting of Karpathy and Fei-Fei[12] for the of-
fline evaluation, where 113,287 images are used for training, 5,000 images for
validation and 5,000 images for testing. To evaluate the quality of generated
captions, we use COCO caption evaluation tool! to calculate the standard eval-
uation metrics, including BLEU-1/4[20], METEOR|3|, ROUGE[15], CIDEr|[24]
and SPICE[1]. All metrics can reflect the quality of the generated caption text
from different aspects.

! https://github.com /tylin/coco-caption
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Table 1. Comparison results on Transformer-based models. For fair comparison, all
’Grid Only’ models takes the result based on features extracted from ResNext-101
backbone, and all 'Region Only’ models use ResNet-101 backbone.

Feature ‘Model ‘BLEU-l BLEU-4 METOR ROUGE CIDEr SPICE
AoA 80.7 39.0 28.9 58.7  129.5 22.6
Grid Only M? 80.8 389 29.1 58.5  131.7 22.6
X-Transformer 81.0 39.7 29.4 58.9 132.5 23.1
RSTNet 81.1 39.3 29.4 58.8 133.3 23.0
ETA 81.5 39.9 28.9 59.0 127.6 22.6
ORT 80.5 38.6 28.7 58.4  128.3 22.6
CPTR 81.7 40.0 29.1 59.4 1294 -
Region only AoA 80.2 38.9 29.2 58.8 129.8 224
M? Transformer 80.8 39.1 29.2 58.6 131.2 22.6
X-Transformer 80.9 39.7 29.5 59.1 132.8 23.4
DRT 81.7 40.4 29.5 59.3 133.2 233
I°RT 80.9 39.2 29.3 58.9 130.9 22.9
Grid and Region|DLCT 81.4 39.8 29.5 59.1 133.8 23.0
ICDT(Our model)| 81.7 40.6 29.6 59.7 134.6 23.2

Implementation Details. Since our ICDT model needs to use both grid and
region features, we adopt the same data preprocessing method as Luo et al.[1§].
The pre-trained Faster R-CNN provided by Jiang et al[11] was used to extract
features from both levels simultaneously. For extracting features, it removes the
delation and uses a normal C5 layer to extract grid features. For grid features,
an additional average-pool was applied to get 7x7 grid size vectors. Meanwhile,
the 2048-d output vector from the first FC-layer of the detection head was used
as region features.

In our implementation, we set the dimension of each layer in encoder and
decoders to 512, the number of heads to 8. The number of layers for both encoder
and decoder is set to 4. We set the dimension df of FFN to 2048. We employ
dropout with keep probability 0.9 after each attention and feed-forward layer. In
the XE pre-training stage, we warm up our model for 4 epochs with the learning
rate linearly increased to 1e~#, and then decays by rate 0.8 every 3 epochs. When
training with SCST, the learning rate starts from 5~ and decays by rate 0.1
every 50 epochs. We train all models using the Adam optimizer with momentum
of 0.9 and 0.999, a batch size of 128. We use beam search with a beam size of 5
to generate captions when validating and testing.

4.2 Quantitative Analysis

Compared with Transformer-based Methods As shown in Table 1, we
compare ICDT with other Transformer-based model for image captioning. Since
ICDT considers both image grid and region granularity features, the models
selected for comparison are divided into three groups, including:
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Table 2. Comparison results on Deliberation-motivated models

Model ‘BLEU—l BLEU-4 METOR ROUGE CIDEr SPICE
Review Net - 29.0 23.7 - 88.6 -
Skeleton Key 74.2 33.6 26.8 55.2 1073 19.6
Stack-Captioning 78.6 36.1 274 56.9 1204 20.9

Deliberate Attention| 79.9 37.5 28.5 58.2 125.6 22.3
Ruminant Decoding | 80.5 38.6 28.7 58.7 1283 22.3
ETN 80.6 39.2 - 58.9 128.9 22.6
CMA-DM 80.6 39.2 29.0 58.9  129.0 22.6

ICDT(Our model) | 81.7 40.6 29.6  59.7 134.6 23.2

— Grid Only: The model only takes the grid features to generate the image
caption, where RSTNet[33] is the original model, and AoA, M? and X-
Transformer are the experimental models used to compare with region fea-
tures in the original paper.

— Region Only: Models that only use region features, Because R-CNN model
is the mainstream way of the region feature extraction in image captioning,
all the baselines in this group take the official results of the original model.

— Grid and Region: Models that utilize both grid and region features at the
same time,

From the results of the model on different evaluation metrics, our method
fully surpasses the previous Transformer-based methods in terms of BLEU-1,
BLEU-4, METOR, ROUGE and CIDEr. The CIDEr score of our DLCT reaches
134.6%, wich advances DLCT 0.8%. The boost of performance demonstrate the
advantages of our ICDT which use incremental context encoder instead of cross
fusion of region and grid features. In addition, according to the evaluation re-
sults, the model using two features achieves higher scores on CIDEr and SPICE
metrics than the model using only single feature. In particular, compared with
the Transformer-based SOTA model DLCT, our method achieves better perfor-
mance in all indicators, reflecting the advantages of introducing a deliberation
decoder. Next we will compare ICDT with all deliberation-motivated models.

Compared with Deliberation-motivated Methods. Table 2 summaries
all models designed with deliberation actions. As shown in Table 2, our ICDT
model consistently exhibits better performance than the others. Since all of the
deliberation-motivated models use LSTM instead of Transformer, their feature
encoding and sequence generation capabilities are not as good as our proposed
Transformer-based Model. However, the deliberation idea still shows its capabil-
ity on image captioning task and deserves to be generalized more widely.

4.3 Ablation Study

In order to verify the effectiveness of each module in ICDT, we design ablation
experiments based on the vanilla Transformer. As shown in Table 3, we sepa-
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Table 3. Performance comparison of Incremental Context Encoder (ICE) and Raw
Caption Decoder & Deliberation Decoder (R&D) for grids (G) and regions (R). E4+D
denotes traditional encoder-decoder framework which is based on vanilla Transformer.

Feature | BLEU-1 BLEU-4 METOR ROUGE CIDEr SPICE
E+D(G) 81.2 39.0 29.0 586 1312 224
E+D(R) 80.1 39.0 28.9 586  130.1 224
E+D(G + R) 80.9 38.9 29.2 58.6 1316 227
ICE+D(G + R) 81.1 39.3 29.5 589 1328 229
E+R&D(G) 81.2 39.2 29.0 59.0 1315 224
E+R&D(R) 80.8 39.1 29.1 589 1301 223
E+R&D(G + R) 81.3 39.4 29.8 589 1324 228
ICE+R&D(G + R) | 81.7  40.6 29.6 59.7 134.6 23.2

rately use different visual features to validate the impact of Incremental Context
Encoder. Further, all models are extended to two-pass decoders that we can
evaluate the influence of Deliberation Decoder.

Impact of Incremental Context Encoder. To better understand the effect
of our Incremental Context Encoder, we conduct four experiments on different
features. The ICE4+D model surpasses both single feature and fusion feature
encoded models, which illustrates the effectiveness of Incremental Context En-
coder. By integrating the attentive region feature and adding it to grid feature,
the captioning model can better understand the corresponding region informa-
tion and enrich the final encoded context. In sum, ICE+D outperforms E+D in
most of the metrics and performs slightly worse in BLUE-1. We believe this is
due to the fact that the Grid feature tends to highlight individual words rather
than object entities in the raw image after self-attention.

Impact of Deliberation Decoder As shown in the lower part of Table 3, we
also conduct several experiments to demonstrate the effectiveness of our Deliber-
ation Decoder. After adding the deliberation decoder, the performance of experi-
mental models can be further improved whether using the ordinary Transformer
encoder or our proposed ICE. Specifically, the BLEU-4, ROUGE and CIDEr
scores have the most significant improvements. The results also show that after
the introduction of Deliberation Decoder, the fluency and correctness of the final
generated caption can be significantly improved through the polishing.

In addition, we analyzed the experimental results of E4+R&D(G+R) and
ICE+R&D(G+R). ICE+R&D surpassed E4+R&D by nearly 2% on the CIDEr
metric. Owing to the ICE we designed can guide two decoding passes, although
ordinary E4+R&D can perform second-pass polishing, same encoded context from
single encoder leads the difficulty to perform effective refinement on the raw
caption generated in the first-pass. However, ICE+R&D adds incremental im-
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GT:Two people flya kitewhile
they stand neara body of water.
Transformer: Two people fly a
red kite near water.

ICDT:Two peopleplaying with a
red kite near water.

GT:Thereisa dog that s sticking
its head out the window.
Transformer.There isa dog
sticking its head out the window.
ICDT: There isa dog stickingits
head out ofa car window.

GT:A doubledeckerbusison a
street outside a building.
Transformer:A double-decker

@ | drivingpasseda building.
8 | 1CDT: A red double-decker driving

passing by a building with many
windows.

GT:Acat curled up on a folded towel
on abed.

Transformer:A cat laying ona
folded blanket on a bed.

ICDT: A cat curl up ona folded
blanket on a bed.

s GT:The conference room is full of
& people working on theirlaptop
W computers.

Transformer:A large group of people
are working on laptop computers.
ICDT: Many people areworkingon
their laptops together.

4 GT: They are braveforriding inthe
= jungle onthose elephants.

: Transformer:Thereare peopleriding
% clephantsin a forest

ICDT: Two elephants carrying people
on the backsin the forest .

Fig. 4. Examples of image captioning results by vanilla Transformer and our ICDT
with ground truth sentences.

age representations to deliberation decoder, which allows to obtain additional
information to correct and polish the raw caption.

4.4 Qualitative Analysis

We show several example image captions generated by vanilla Transformer and
ICDT in Fig. 4. In genegral, our ICDT can generate more detailed and correct
captions. For two examples in the first column, both Transformer and ICDT
can provide accurate descriptions. For examples in the middle column, we can
see that our ICDT is able to capture more contextual information from the
image to generate richer and more correct descriptions in some cases. The third
column shows that both Transformer and ICDT fail to provide a high-quality
caption which contains some specific information in the ground truth sentences.
One possible reason is that human can get the information such as "conference
room" and "brave" based on their background knowledge or associations about
this scene, while Transformer and ICDT do not currently have such capabilities.
This can propose a valuable direction for future research in image captioning.

5 Conclusion

In this paper, we propose a novel comprehensive two-pass decoding based model,
Incremental Context Guided Deliberation Transformer (ICDT) for image cap-
tioning. In the first-pass a Raw Caption Decoder uses grid features alone to
obtain a raw description for the image, and in the second-pass a Deliberation
Decoder guided by rich image feature representations to polish the raw descrip-
tion to a high-quality caption . In order to cooperate with deliberation decoding
procedure, we propose an Incremental Context Encoder to encode more accurate
and detailed image information incrementally. As far as we know, ICDT is the
only model that comprehensively considers different level features to guide the
deliberation process. Results show that our approach outperforms the state-of-
the-art methods.
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