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Every Problem, Every Step, All In Focus:
Learning to Solve Vision-Language Problems with
Integrated Attention

Xianyu Chen, Jinhui Yang, Shi Chen, Louis Wang, Ming Jiang, and Qi Zhao

Abstract—Integrating information from vision and language
modalities has sparked interesting applications in the fields
of computer vision and natural language processing. Existing
methods, though promising in tasks like image captioning and
visual question answering, face challenges in understanding real-
life issues and offering step-by-step solutions. In particular, they
typically limit their scope to solutions with a sequential structure,
thus ignoring complex inter-step dependencies. To bridge this
gap, we propose a graph-based approach to vision-language prob-
lem solving. It leverages a novel integrated attention mechanism
that jointly considers the importance of features within each step
as well as across multiple steps. Together with a graph neural
network method, this attention mechanism can be progressively
learned to predict sequential and non-sequential solution graphs
depending on the characterization of the problem-solving process.
To tightly couple attention with the problem-solving procedure,
we further design new learning objectives with attention metrics
that quantify this integrated attention, which better aligns visual
and language information within steps, and more accurately
captures information flow between steps. Experimental results
on VisualHow, a comprehensive dataset of varying solution
structures, show significant improvements in predicting steps and
dependencies, demonstrating the effectiveness of our approach in
tackling various vision-language problems.

Index Terms—Vision-language problem solving, multimodal
attention, graph attention, integrated attention mechanism.

I. INTRODUCTION

ECENT years have witnessed impressive progress in

computer vision and natural language processing, en-
abling intelligent systems to perform a broad range of joint
vision-language tasks, such as image captioning [1]-[6], vi-
sual storytelling [7], [8], visual question answering [9]-[16],
visual dialog [17]-[19], and natural language generation [20]-
[22]. However, a major challenge still remains in develop-
ing artificial intelligence that can understand vision-language
problems and provide procedural solutions with step-by-step
instructions. Humans exhibit remarkable ability in visually
perceiving problems, comprehending goals, and mapping out
plans and procedures to solve them. Developing similar pro-
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2. Add more
flowers to the main
- table centerpiece.

1. Prepare vintage
centerpieces for tables.

3. Use vintage
throw pillows for
the dining chairs.

6. Decorate your
wedding tables with
all the vintage items.

4. Go to your liquor cabinet. 5. Look for vintage glasses.

Fig. 1. Problem-solving tasks such as “how to decorate the tables for
a vintage-themed wedding” often follow a non-sequential procedure. For
example, steps 1, 3, and 4 can be completed in no particular order, as long
as step 1 takes place before step 2, step 4 happens before step 5, and all of
them take place before step 6. Our method represents such problem-solving
procedures in a graph structure. Steps are represented as nodes, and dependent
steps are directly connected by edges indicating ordering constraints. In this
way, our approach can handle various types of step dependencies in free-
formed procedures. Attention is optimized end-to-end over the full graph-
based solution structure.

cedural reasoning capabilities in artificial intelligence remains
a significant challenge.

Solving vision-language problems requires recognizing im-
portant visual details, understanding the multimodal context,
and predicting cohesive solutions incorporating visual illus-
trations and natural language descriptions [23]. Understand-
ing and predicting such multimodal descriptions require an
intelligent system to decompose the solution into multiple
steps. For example, as shown in Fig. 1, visual illustrations
(e.g., flowers, pillows) or natural language descriptions (e.g.,
“Look for vintage glasses”) are used to describe specific
steps taken to decorate the tables for a vintage-themed wed-
ding. Existing methods [24]-[34] have approached problem-
solving with procedure planning, representing each solution
as a linear sequence of steps. Such sequential approaches,
while convenient, are unable to model complex dependencies
across multiple steps. Vision-language problems often involve
multiple dependencies between steps, which might not fit
neatly into a linear sequence: (1) a step may depend on
multiple steps. As shown in Fig. 1, step 6 must depend on
the completion of steps 2, 3, and 5, and (2) certain problem-
solving steps (e.g., paths 1-2, 3, 4-5 in Fig. 1) can occur
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simultaneously. A sequential model might oversimplify the
relationships and struggle to represent these cases effectively,
facing challenges in the following aspects: First, sequential
models inherently follow a linear structure, processing infor-
mation in a step-by-step fashion. This linear nature becomes a
constraint when dealing with multiple dependencies that don’t
conform to a straightforward sequence. Second, the efficiency
of sequential models is compromised when confronted with
interdependencies across multiple steps. Directly converting
parallel processes into a fixed-order sequence regardless of
variations can lead to suboptimal and inefficient solutions.
Third, sequential models often lack the interpretability re-
quired to understand complex dependencies between different
steps of the problem-solving process, diminishing the trust and
transparency essential for real-world applications. Therefore,
in light of these challenges, our work is motivated by the need
for a more flexible and structured approach to vision-language
problem-solving. Therefore, in light of these challenges, our
work is motivated by the need for a more flexible and nuanced
approach to vision-language problem-solving.

In this work, to enable more general and flexible problem
solving, we propose a graph neural network approach that
represents solutions as graphs. This structured representation
allows graph-based models to overcome the limitations of
sequential models, providing a more general and effective
approach to handling complex problem-solving scenarios.
Our method leverages an integrated attention mechanism that
jointly models intra-step attention and inter-step attention. This
provides a more holistic view compared to isolated step-based
attention. To jointly and progressively supervise the integrated
attention, we further introduce quantitative metrics that con-
sider attention propagation across the entire graph of solution
steps. This graph-based approach with the novel integrated
attention mechanism aims to provide an effective framework
for modeling complex dependencies across multiple steps and
solving real-world problems, such as those in autonomous
driving, medical diagnosis, and various other applications.

To summarize, the main contributions of this paper are as
follows:

1) We propose a graph neural network approach to represent
procedural solutions as graphs, capturing complex step
dependencies and enabling an integral understanding of
the entire problem-solving procedure.

2) We design an integrated attention mechanism that jointly
models the importance of multimodal features within
each step as well as across interdependent steps.

3) We introduce quantitative attention metrics to optimize
attention propagation across the full solution graph,
enabling supervised learning of attention for complex
vision-language problem solving.

The remainder of this paper is structured as follows. In
Section II, we provide a concise overview of related research
pertaining to vision-language problem solving and attention
mechanisms in vision-language tasks. Section III outlines
the problem statement, introducing the formulation of the
vision-language problem solving task that we aim to address.
The details of our proposed method, designed to tackle the

aforementioned task, are elaborated in Section IV. Extensive
experiments are presented in Section V, where we report
quantitative and qualitative results, along with comprehensive
analyses of our approach’s performance. We conclude this
paper and discuss its limitations in Section VI, while also
providing directions for future research and improvements.

II. RELATED WORKS

Our work is relevant to previous efforts on visual problem-
solving, attention mechanisms in vision-and-language tasks,
and supervision of attention.

A. Problem Solving Methods

Procedural problem solving with instructional solutions has
gained increasing research attention. Several studies [23]-[26],
[28]-[30], [34], [35] have curated datasets of images or videos
demonstrating procedures for daily tasks like cooking, mainte-
nance, sports, and healthcare. These efforts have enabled data-
driven approaches to generate solutions for diverse problems.
A series of previous methods focus on developing captioning
models to summarize instructional text describing procedures
[23], [24], [33]. Other works emphasize aligning textual and
visual modalities [23], [25], [26], [28], [36]. They retrieve
images given instruction text or localize described activities.
Alternative approaches factorize solutions into discrete steps
and predict structured representations [27], [31]-[33], [35],
[37]-[39]. However, these studies oversimplify real-world
solution procedures as sequential activities. Solutions often
have complex, free-formed structures with inter-dependencies
between steps. Thus, while demonstrating feasibility for varied
tasks, existing methods are limited in generalizing across
problems regardless of solution structure. They also do not
perform joint reasoning over steps and their relationships. Our
work addresses these gaps by representing solutions as graphs
to capture step dependencies and provide a comprehensive
framework for complex problem solving.

B. Attention in Vision-Language Tasks

Attention mechanisms have become critical components in
vision-language models to effectively couple modalities and
identify salient features for various tasks. Prior studies have
focused on designing attention for input feature prioritiza-
tion [1], [13], [40]-[42], cross-modal alignment [23], [43],
and concept-dependency modeling [44]-[46]. Early attention
approaches operated on grid-structured inputs like images or
text, using convolutional neural networks [47] or Transformers
[48], [49], while recent graph-based methods [44], [46] allow
modeling attention in structured inputs [S0]-[53]. However,
capturing the complex dependencies across steps in procedural
solutions requires structured representations that consider at-
tention shifts across multiple modalities and multiple steps. We
advance existing techniques with a novel integrated attention
mechanism that enables joint attention modeling for both
aspects and leverage this new attention mechanism to pro-
gressively construct structured solutions for various problems.
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C. Supervised Learning of Attention

Instead of implicitly learning the attention mechanism with
the end objectives of different tasks, prior works have ex-
plored explicitly supervising attention mechanisms to improve
alignment with regions of interest. Various approaches have
been proposed to construct the ground truth attention based
on task annotation [13], [42], human attention [4], [5], [41],
[54], or adversarial learning [55]. Some supervision methods
use single-step supervision based on human annotations of
salient image regions [41], [42], [54], while others account
for integrating attention across the visual reasoning procedure
[13]. However, focusing on local alignments limits modeling
relationships between steps in structured problem solving.
Without propagating attention, these methods fail to capture
complex interdependencies in multi-step procedures. Differ-
ently, in this work, we present a new metric that quantitatively
measures the contributions of attention for constructing the
task solution, and leverage it to progressively supervise both
the intra- and inter-step attention. It provides an integral
view of problem-solving procedures, resulting in enhanced
performance in formulating a structured representation of the
solutions.

III. PROBLEM STATEMENT

The vision-language problem solving task involves com-
prehending general vision-language problems and generating
structured instructions to address them, incorporating both
visual and textual information [23]. Previous research has
explored instructional images [24], [56] or videos [26], [28],
[29], [35], [57], but these were limited to predicting sequential
instructions for specific task categories. In contrast, our work
considers a wide range of problems and their corresponding
solution structures. The fundamental goals of our proposed
approach are twofold: (1) understanding the input problem
description and (2) constructing a solution graph consisting of
essential problem-solving steps, each associated with relevant
images and captions.

As shown in Fig. 1, the input of our proposed approach
consists of a problem description g, such as “how to decorate
the tables for a vintage-themed wedding,” and a pool of im-
ages Fly; Iy; ; Ing or captions TCy; Cy; ; CNng. These
images and captions serve as candidate steps or actions that
could be relevant or irrelevant to solving the given problem.
The main challenge in the vision-language problem solving
task is to identify the essential steps and their correct order to
construct a coherent and effective solution for the problem at
hand.

To tackle this challenge, our proposed approach involves
creating a solution graph G = fV;Eg that encapsulates the
problem-solving process. The graph nodes in V represent
essential steps, including the start node (node 0), the end node
(node N + 1), and the nodes corresponding to the candidate
steps (nodes 1;  ; N) with their associated image or caption
capturing the possible actions that can be taken to solve
the problem. The edges in E represent the dependencies or
chronological order between the steps. For instance, a directed
edge between the nodes corresponding to “prepare vintage

centerpieces for tables” and “add more flowers to the main
table centerpiece” indicates that the latter step should happen
after the former.

By constructing such a directed graph, our approach can
effectively model the logical flow of the problem-solving
procedure, enabling a structured and coherent representation of
the solution. The directed graph representation also allows for
the existence of multiple paths from the start node to the end
node, corresponding to different ways of solving the problem.
This flexibility in the graph structure is particularly beneficial
for handling vision-language problems with multiple viable
solutions or alternative sequences of steps.

IV. METHOD

Our proposed Solution Graph Attention Network (SGAN)
addresses the vision-language problem solving task by lever-
aging both intra-step and inter-step attention mechanisms to
iteratively refine the solution graph. The key technical com-
ponents of our method are (1) a novel graph neural network
approach that progressively predicts solutions with diverse
structures, (2) an integrated attention mechanism combining
intra-step attention and inter-step attention for a comprehen-
sive understanding of the problem-solving procedure, and
(3) new attention metrics and learning objectives to jointly
supervise the attention throughout the solution graph by lever-
aging information propagation. Together, these components
empower SGAN to effectively capture dependencies within
individual steps and the relationships between them, providing
a powerful ability to handle complex vision-language problems
and generate coherent solutions.

A. Solution Graph Attention Network

In problem-solving scenarios, dependencies between steps
can be complex and may not be readily apparent. To address
this challenge and predict the solution graph G, SGAN pro-
gressively learns integrated attention using a graph attention
network, enabling a better understanding of the problem-
solving procedure.

As depicted in Fig.2, the input features representing the
candidates, denoted as v = fvjji = 1, ;N g, are obtained
with a pre-trained image encoder (e.g., ResNeXT-101 [58],
ViT [59]) for image candidates or a language embedding
network (e.g., BERT [48]) for caption candidates. The lan-
guage embedding g represents the description of the input
problem [23], [48]. SGAN is designed with a stack of L graph
attention layers, allowing the step-by-step refinement of the
solution graph. Specifically, the network iteratively updates
the node representations h®) = fh§‘)ji = 0; ;N + 1g,
where ¢ = 1, ;L indicates the “-th layer. It consists of
the updated features of the graph nodes start (i = 0), end
(i = N + 1), and each candidate step (i = 1; iND.
The node representations of the previous layer h "D are
passed to the current layer as the input, while the first layer
input is initialized as h©® = fg;vi; iVNG W egg, where
Vi is the average of Vj.x across all k = 1; ; K image
patches or word tokens, and W represents the learnable
parameters to transform the language embedding g as the end
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Fig. 2. Overview of the proposed SGAN architecture. The input consists of node representations h© features for images/caption candidates v1; J UN -

The network leverages an integrated attention mechanism that progressively processes the input features and predicts the output intra-step attention a) for
capturing salient information from the input images or captions, the inter-step attention pL) characterizing the probabilities of dependencies across different

steps, and the final updated node representations h

node representation. Each layer also outputs the correspondmg
intra-step attention () and the inter-step attention P (see
Section IV-B for details).

To convert the final-layer output P® into the solution
graph G, we employ the following process. Initially, a heuristic
threshold is applied to the dependency matrix P CORT preserve
the most pertinent nodes (see Steps 1-3 in Algorithm 1).
Next, these selected nodes are iteratively added into the graph
(see Steps 4-5 in Algorithm 1), along with their associated
edges featuring the highest values in PM . This iterative
process ensures that the graph remains a directed acyclic graph
without loops or isolated nodes. Finally, attention weights

(L) assigned to each step’s images and captions offer insights
into what demands attention for effectively solving the given
problem.

The proposed network is powerful for learning the depen-
dencies between problem-solving steps. By using this iterative
approach, the network can generate free-formed solutions
with a better understanding of the problem-solving procedure.

our integrated attention mechanism to effectively capture the
important contents and dependencies across problem-solving
steps.

B. Integrated Attention Mechanism

Attention is a crucial component that drives advancements
in natural language processing and computer vision, which en-
ables models to selectively focus on the most relevant parts of
the input data when performing different tasks. In the context
of problem-solving, our integrated attention mechanism plays
a critical role in identifying the key features and dependencies
between the steps involved in a solution. It combines intra-step
and inter-step attention to enable the network to capture both
the fine-grained details of each step and the broader context
in which they exist.

1) Intra-Step Attention: The intra-step attention focuses
on capturing salient information from the input images or
captions for understanding and completing each individual
step. Specifically, in the *-th layer, for the i-th candldate

In the following, we will describe the specific design of step, we define the intra-step attention weights as i , which
Algorithm 1 Graph post-processing method to obtain the final solution graph
INPUT: Predicted dependency matrix P (L), retrieval threshold , and dependency threshold .
1: Filter candidate steps using , over P(()Ll)N to obtain the node set S, where PS‘I) r fori28S.
2: Remove cycles between nodes i and j in S by updating P ; ( J) = max(0; P (II) P (L))
3: Initialize solution graph G with nodes V = f0; N +1g, edges E = f(0; N +1)g, and candldate edges W = f(0; N +1)g

containing potential edges to add to the graph.
For uin S
4: Find the best node p with maximum

b= max max
Vv2S;v2V (vi;v2)2W
vz2Pa(vy)

PO L pL) LpWL

V3,V

pL

Vi,V V;Vo V;Vy ]

V42Ch(V2)

where P a(vi1) and Ch(vy) represent the parent set of node vy and child set of node v in the solution graph G, respectively.

5: If b > 4, Update the edge set E and node set V by adding node

graph remains a directed acyclic graph.
OUTPUT: The final solution graph G = fV;Eg

p and candidate edges in W to ensure the
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is computed based on the input problem description g, the

candidate features Vj, and the node features hi( .

aflz = w] tanh(W Vi + Wghg D4 Whhi(‘ Dy (1)

where Wa; W g; Wy; W, are learnable parameters, and k =
1 ; K indicates the k-th element of the input candidate
(i.e., image patch or word token).

The attention weights ai(‘) are normalized as i(‘) with a
masked softmax activation function
i(‘) = softmax(ai(‘); m;); )

where m; is a binary vector and Mmj indicates the K-th

element (i.e., image patch or word token) of the i-th candidate

features is padded or not due to the variable length of the

image or language inputs.

Finally, we apply the attention to the candidate features v
to initialize the node representations for the “-th layer:

. h( D

A= P .

K i

ifi=0orN+1
CD o )
i; :

2) Inter-Step Attention: The inter-step attention is respon-
sible for capturing the chronological order between different
problem-solving steps, providing a coherent and structured
representation of the solution. By integrating inter-step atten-
tion into our model, we aim to enable more effective joint
reasoning across multiple problem-solving steps. Specifically,
we compute graph attention weights [44], [46] to estimate the
existence of a dependency between each pair of steps based

on the initial node features ﬁi( ) computed in Equation (3):

PO= O LeakyReLUW RO +WOR?) 5 4
where (9, Wl(‘) and Wp are learnable parameters and ()
is the sigmoid function. This computation involves learning
parameters that weigh the significance of each step’s features
in establishing a dependency with another step. The resulting
weight matrix =3 explicitly represents the probabilities of
dependency between steps in order to construct the final
solution graph.

With these inter-step attention weights, we proceed to
update the features of each node i by combining information
from all graph nodes, which involves measuring how much
weight is given to the connection between nodes i and J at the
‘-th layer and then using these weights to update the features
of node i:

o :
hO=pu@ Bt I A, 5)

where ELU is the exponential linear unit function. This feature
update allows the model to adaptively refine the representation
of each node, incorporating insights from its connections in
the solution graph.

By integrating both intra-step attention and inter-step at-
tention mechanisms into SGAN'’s stack of attention layers,
the model achieves a comprehensive understanding of the
problem-solving procedure. The iterative refinement of the

solution graph across these layers enables SGAN to progres-
sively capture important features within individual steps and
the relationships between the steps. This integration introduces
a novel and powerful framework for SGAN to generate
structured and coherent solutions for a wide range of vision-
language problem solving tasks.

C. Learning Objectives

Our integrated attention mechanism progressively focuses
on salient information in visual and textual inputs, capturing
step dependencies for effective problem-solving. We propose
novel learning objectives, supervising attention to identify
important parts of the images and captions, and propagating
information across steps for high-quality solution graphs.

1) Learning Intra-Step Attention: We present the attention
learning loss to measure the prediction error of intra-step
attention, based on the ground-truth multimodal attention
annotations. These annotations are binary masks that indicate
important image regions or word tokens in the captions. To
measure the prediction error of the intra-step attention
the intra-step attention loss is defined as

LA ="l O Y ©6)
iI2GT

i >

where GT is the set of ground-truth steps and la is a
dissimilarity metric that measures the misalignment between

the predicted i(‘) and the softmax-normalized ground-truth

attention ? [23]. In our implementation, we define la¢¢ as a
cross-entropy loss:
Lawe( s D= Liclog( i) (7

k

Similarly, other attention evaluation metrics like SIM [60],
JSD [61], [62], and CC [60]) can also be used to measure the
intra-step attention alignment.

2) Learning Inter-Step Attention: To gain deeper insights
into the contributions of attention throughout the entire
problem-solving process, we adopt an integrated approach that
considers attention allocation across multiple problem-solving
steps. Inspired by information retrieval techniques [45], [63],
we introduce novel learning objectives that involve propa-
gating the intra-step attention measurements along the edges
of the predicted solution graph, quantifying the impact of
attention in achieving successful solution prediction.

Specifically, given the ground truth solution graph repre-
sented as an adjacency matrix G and the inter-step attention
P(‘)‘yredicted by the “-th layer, we compute Fout® and
F in that denote the probabilities of information propagation
along the ground-truth edges from step i, and those to step J,
from out-degree and in-degree perspectives, respectively:

P
Gi;P
F(I)’ljlt()_ K I,J(‘)Ik, j — 0' ,N +1 (8)
kPi;k
a G:jP
FinO= pTIk =g iN+1 O
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Based on these propagation probabilities, we define two
inter-step attention scores that quantify the information flow
from both in-degree and out-degree perspectives at the “-th
layer, respectively:

S(;)t = mean[(F out(") DMTsOy; (10)
) — ‘ in(*) ).
St = mean[(D?  F")TsO); (11)
where‘: represents the Hadamard product, s =
[1; Sg ); ;SN); 0]" denotes an intra-step attention similarity

measure, and D) is a distribution matrix measuring the
probability distribution of attention weights from step i to step

g “) GJP()
— ) ).
D = pY4 i

: 12)
K Gi;k (
Specifically, the similarity Si(‘) is defined as
™.
®) — ISD( 75 9.
=1 ———= 1
Si In2 ' (13)

where JSD is the Jensen—Shannon divergefnce [61],‘ [62].

The above inter-step attention scores Sg ;¢ and S;;, compre-
hensively quantify the performance of inter-step attention pre-
diction from the out-degree and in-degree perspectives, where
higher scores indicate that attention can be more effectively
allocated over the important steps and dependencies to build
the solution graph, and the maximum score of 1 indicates the
perfect alignment with the ground-truth solution graph.

3) Overall Objectives: Our final objective function is de-
fined as a combination of the binary cross entropy loss Lgcg
that evaluates the solution graph, the intra-step attention loss
Lare<”, and the inter-step attention scores Sc(,;)t and Si(r‘,) across
all graph attention layers:

L;t)t (Séu)t + Si(n));
=y o

L =Lgcg+ (14)

where

KX . .
Lick = GijlogP{) + (1 Gijlog PO
‘=1 ijj
15)
is the binary cross-entropy loss.

With this objective function, our method jointly and progres-
sively supervises both intra-step attention and inter-step atten-
tion. It enables an integrated optimization of the solution with
respect to multimodal attention alignment within individual
problem-solving steps, information propagation for between-
step connections, and the final solution graph. With the ability
to traverse the graph and selectively aggregate information,
our method achieves significant improvement in formulating
solutions to various problems.

V. EXPERIMENTS

In this section, we present comprehensive experiments to
demonstrate the advantages of our proposed method and assess
the contributions of its major components. The experimental
results underscore the significance of progressive attention

learning and the effectiveness of the proposed objectives,
shedding light on the intricacies of complex problem-solving
processes. These findings hold promise in substantially ad-
vancing the domain of vision-language problem solving and
paving the way for more sophisticated intelligent systems.

A. Experimental Setup

In this subsection, we provide a thorough description of
our experiments and implementation details. We introduce the
dataset used for our multimodal problem-solving task, the
compared state-of-the-art models and baselines, the evaluation
methods, and the implementation details of our proposed
SGAN method.

1) Dataset: Our experimental evaluation is conducted on
the VisualHow dataset [23], which comprises 20,028 real-life
problems categorized hierarchically into 18 main categories
and 317 subcategories. The number of problems in each
category ranges from 405 to 2,952, providing a diverse set of
problem-solving scenarios. Unlike previous datasets [24]-[26],
[28], [29], [35] that focus solely on sequential procedures, the
VisualHow dataset includes a solution graph for each problem,
representing the structured dependencies between individual
steps. Importantly, a substantial portion of the graphs exhibit
non-sequential characteristics, featuring more complex inter-
step dependencies. Each solution graph consists of 3 to 10
steps, each described with images and captions. The images
encompass a variety of formats, including realistic photos,
cartoons, drawings, handwriting, charts, among others. The
captions have a vocabulary of 30,000 tokens, ensuring rich
and informative descriptions. To facilitate attention learning
and evaluation, fine-grained attention annotations are provided
for both images and captions.

2) Models: To evaluate the effectiveness of our method
in handling vision-language problem-solving tasks, we com-
pare it with state-of-the-art approaches on the VisualHow
dataset [23]. We treat these methods as multi-task models,
addressing both the retrieval of the multimodal instructions and
the prediction of step dependencies. The compared methods,
including SEQ GPO [64], SEQ GAP [23], and SEQ ATT [23],
aim to predict individual problem-solving steps and their
dependencies using various sequential processes. Specifically,
SEQ GPO employs a generalized pooling operator to align
visual and language features and jointly aggregates them dur-
ing feature aggregation. Similarly, SEQ GAP adopts a global
average pooling method to process features from different
image regions and word tokens independently, without consid-
ering their importance. Finally, SEQ ATT utilizes an attention
mechanism to highlight important semantics in each modality
and then aggregates them based on learned weights, supervised
with ground-truth attention annotations from VisualHow [23].

To further investigate the role and significance of the
integrated attention mechanism, we conduct a comprehensive
ablation study using three variants of our proposed model:
SGAN-Base, SGAN-Intra, and SGAN-Inter. SGAN-Base is
a basic model that uses the same architecture as SGAN but
doesn’t rely on any extra attention supervision from outside
sources. This helps us understand how well the model per-
forms when it learns attention on its own from the solution
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graph. For SGAN-Intra and SGAN-Inter, we supervise the
model with the intra-step attention loss and inter-step attention
loss terms, respectively. By comparing the performance of
these three variants with our full SGAN model, which incor-
porates intra-step and inter-step attention supervision, we can
analyze the specific contributions of each attention component.

3) Evaluation: To ensure a fair comparison with other
methods, we adhere to the official training and validation
splits provided by the dataset. We construct candidate pools
by sampling images and captions from the corresponding
subsets. These candidate pools include positive samples cor-
responding to the given problem and negative samples from
other problems randomly sampled from the dataset. Note that
the candidate pools contain only training data during the
training phase, and only validation data during the validation
phase. Different from the previous study [23] that samples
unrelated steps from different problems, in this paper, to obtain
negative step dependencies, we sample negative problems first,
and include all steps and their dependencies in the negative
problems. This approach serves as a suitable test bed for
robustly evaluating and justifying the model’s performance.
Following the VisualHow [23] study and our proposed atten-
tion evaluation methods, we evaluate model performances with
four categories of metrics:

Retrieval of Steps. To evaluate the performance models in
retrieving the correct ground-truth steps, we rank the candidate
steps based on their predicted relevance to the input problem
(ie., P (()I;‘i); i=1;2; ; N). We employ the mean reciprocal
rank (MRR) [17], [18], [23], Recall@K [17], [18], [23], [64]-
[66], and recall sum (RSUM) [23], [64]-[66] metrics. The
MRR computes the reciprocal rank of a correct step, which
is defined as 1 divided by its position in the ranked list.
Recall@K measures the presence of the correct step in the
top-K ranked steps. The RSUM is defined as the sum of
recall metrics at different values of K (e.g., K = f1;5; 10g).
The combination of these metrics provides a comprehensive
summary of the model’s overall performance in image and
caption retrieval.

Step Dependency Prediction. The prediction of dependen-
cies between steps is evaluated using the area under the ROC
curve (AUC) [23], [67], the area under the precision-recall
curve (AUPR) [67], and the intersection over union (IoU) [23],
[27], [68]. The AUC represents the overall performance of the
model in distinguishing positive (correctly predicted edges)
from negative (incorrectly predicted edges) dependencies be-
tween steps. The AUPR is a useful performance metric for
imbalanced data in a setting with a bigger focus on positive
examples, which is the case for our experiments. To measure
IoU, we apply a threshold (e.g., 0.25, 0.5, 0.75) [23] to
the model output P® (o determine the graph edges and
count the edges for the intersection and union between the
predicted graph and the ground truth. These metrics enable
a comprehensive evaluation of the model’s performance in
predicting the structure of solutions.

Intra-Step Attention. To evaluate the intra-step attention,
the output (1) is first normalized and converted into an atten-
tion map, where each value indicates the attention probability
of an image patch or word token. The ground-truth attention

maps are computed similarly as the annotations. Three atten-
tion metrics are used to compute the attention maps: the linear
Correlation Coefficient (CC) [60], [69] scores are computed
as Pearson’s linear correlation between the attention maps;
the similarity of histogram intersection (SIM) [60] computes
the sum of the minimum values at every location; Kullback-
Leibler divergence (KL) [60] measures the difference between
two distributions based on information theory.

Inter-Step Attention. The inter-step attention is evaluated
based on the final-layer outputs (%) and P L simultaneously
by three metrics that measure out-degree Sgtz (see Equa-
tion (10)), in-degree Sl(k ) (see Equation (11)) attention scores,

and an overall attention score Sgﬁ) computed as

S(L):mean[(Fout(L) DL Fin(L))TS(L)]:

all

(16)

4) Implementation Details: To extract discriminative
visual-linguistic features, we adopt state-of-the-art pre-trained
models. For the visual features, we use ResNeXT-101 [58]
(32 8d) trained on Instagram images (WSL) [70], with image
size 256  256. Regarding the language features, we use a
pre-trained BERT model [48] optimized on a massive corpus
of text. We use these models to extract features from the
candidate image and caption pools, which are then used as
inputs to our SGAN model. We train our model using the
Adam [71] optimizer with learning rate 2 10 4 weight
decay 10 4 and batch size 16. A cosine annealing scheduler
schedules the learning rate. We set L = 3 as the total number
of network layers. To address the imbalance between the
positive and negative samples from the solution graph, we
train the model with the loss related to the retrieval task for
5 epochs and then train the model with the loss related to
the whole solution graph for the remaining 20 epochs. A
hard negative mining strategy [72], [73] is also used. The
post-processing method to obtain the final solution graph is
implemented following Algorithm 1, where we set dependency
threshold ¢ = 0:8 and retrieval threshold , = 0:45.

B. Quantitative Results

1) Comparison with the State-of-the-Art: Our approach
demonstrates superior performance across all metrics for gen-
eralizing solutions to vision-language problems, as shown in
Table 1. Overall, it outperforms the state-of-the-art SEQ GPO,
SEQ GAP, and SEQ ATT methods [23] across all evaluation
metrics. In terms of retrieving multimodal instructions for
individual problem-solving steps, it achieves an impressive
improvement of 11:1% and 12:5% in MRR scores for im-
ages and captions, respectively, as well as an improvement
of 10:9% in RSUM scores which aggregate the Recall@K
scores over both modalities. Further, in terms of predicting
the step dependencies, our method exhibits strong capability
in capturing the diverse structures of solutions, which has been
a challenge for existing methods. It shows 81:0% and 45:3%
improvements in the average IoU scores (i.e., 0.25, 0.5, and
0.75) for images and captions, respectively. These observations
not only demonstrate the advantages of our approach in
solving complex vision-language problems but also highlight
the significance of progressively constructing task solutions.



JOURNAL OF KX CLASS FILES, VOL. 14, NO. 8, AUGUST 2021

TABLE I
SOLUTION GRAPH PREDICTION RESULTS FROM RETRIEVAL AND DEPENDENCY ASPECTS. IN EACH PANEL, THE FIRST ROW (I) INDICATES THE IMAGE
MODALITY AND THE SECOND ROW (C) INDICATES THE CAPTION MODALITY. THE BEST RESULTS ARE HIGHLIGHTED IN BOLD.

Retrieval " Dependency "
Method Mode
MRR R@I R@5 R@I0 RSUM AUC AUPR I[oU@025 IoU@0.5 IoU@0.75
I 04529 3103 6189 79.99 0713 0768 0455 0.262 0.102
SEQGPOI64] (066 4725 7727 8885 0028 0816 0847  0.544 0.443 0.269
I 05311 3928 6955 8530 0.685 0752 0444 0.250 0.080
SEQGAP 23]« (5035 4555 7675 8829 0472 0317 0850 0557 0.430 0258
I 05069 37.10 6648 8282 0698 0760 0422 0.274 0.106
SEQATT 231 ¢ 04509 5194 8202 9141 41077 o515 0849 0520 0.432 0.263
T 05524 4199 7142 8695 0721 0777 0487 0307 0.152
SGAN-Base C 06820 5666 8310 9343 33 0799 0834 0553 0.481 0321
I 05833 4503 7489 88.93 0700 0765  0.488 0316 0.189
SGAN-Intra C 07247 6161 8652 9484 P82 0780 g5 0578 0.428 0324
I 05703 4372 7345 8826 0.801 0816 0577 0.504 0.385
SGAN-Inter C 06954 5798 8476 9409 220 0861 0863 0.653 0.616 0.538
SGAN I 05898 4597 7561 8889 ... 0800 0817 0580 0.508 0.394
C 07324 6277 8695 9537 56 0862 0864  0.659 0.620 0.547

2) Comparison with Baseline Models: Table I also com-
pares our proposed SGAN model with different baselines,
including the SGAN-Base model that is learned without su-
pervision from attention annotations, the SGAN-Intra model
supervised with the intra-step attention loss, and the SGAN-
Inter model supervised with the inter-step attention loss. The
comparison shows that even without any external supervi-
sion, the SGAN-Base can still effectively learn the integrated
attention from the ground-truth solution graph, and achieve
promising results. Its MRR, RSUM, and IoU scores are all
significantly better than those of the SEQ ATT method (e.g.,
RSUM is improved from 410:77 to 433:55), demonstrating
the effectiveness of the proposed network design. Notably,
the introduction of either intra-step or inter-step attention
supervision leads to substantial improvements. In particular,
compared with SGAN-Base, SGAN-Intra achieves an im-
provement of 5:6% and 6:3% in MRR scores for images
and captions, respectively. Its RSUM score is improved from
433:55 to 451:82, outperforming the SGAN-Base by 4:2%.
These improvements suggest that the supervision of intra-step
attention can benefit the localization of important information
in both modalities. Furthermore, SGAN-Inter’s performance
highlights its practical significance in predicting step de-
pendencies. With inter-step attention supervision, it achieves
an impressive average improvement of 37:7% across AUC,
AUPR, and IoU scores. This suggests the models’ applicability
in real-world scenarios where detailed annotations may be lim-
ited. Overall, incorporating both types of attention supervision
achieves the best results, demonstrating the effectiveness of
the integral design of our method in modeling attention for
vision-language problem solving.

C. Qualitative Results

To further understand the proposed integrated attention
mechanism and how it contributes to the prediction of
problem-solving procedures, we conduct a qualitative com-

parison of the predicted solution graph and their intra-step
attention maps. The qualitative examples are shown in Fig. 3,
where the proposed SGAN method is compared with the state-
of-the-art SEQ ATT [23] method and the ground truth. For a
clearer illustration, we present the optimal predicted solution
graph obtained from the image or caption candidate pool. The
results consist of (1) the final solution graph obtained with
Algorithm 1 showing the procedure flows across all steps, and
(2) the intra-step attention maps for each problem-solving step
overlaid on the images (i.e., hot areas) and the captions (i.e.,
bold text).

Despite leveraging explicit intra-step attention supervision
based on fine-grained annotations, SEQ ATT sometimes fails
to adequately attend to crucial objects relevant to problem-
solving. As shown in Fig. 3, SEQ ATT allocates insufficient
attention on the conditioner (see Fig. 3A, step 1), the sugar
and cocoa powder (see Fig. 3B, step 1), the structured
meal plan (see Fig. 3C, step 1), and the rinse action (see
Fig. 3D, step 3). On the contrary, our proposed SGAN exhibits
promising performance by attending to essential information
within various steps. The comparison of intra-step attention
between SEQ ATT and SGAN shows that progressively refin-
ing attention is effective in terms of learning accurate attention
distribution in images and captions.

Furthermore, the inter-step attention mechanism is also
shown to be effective in predicting the solution graph correctly.
Because SEQ ATT sequentially predicts the dependencies one
step at a time, it results in suboptimal solutions (see Fig. 3A-
D). Differently, the integration of intra-step attention and inter-
step attention in SGAN allows it to better understand the
importance of key objects (e.g., conditioner, sugar, cocoa pow-
der, structured meal plan, rinse, etc.) across multiple steps. In
addition, the progressive learning of the integrated attention
mechanism allows SGAN to improve the solution graph by
interactively refining it. Therefore, with a holistic view of the
problem-solving procedure and interactive refinement, SGAN
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Fig. 3. Qualitative comparison of the predicted solution graphs and intra-step attention maps. The green edges in the graphs indicate correct predictions,
while the red ones indicate wrong predictions.



