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1. Introduction

Logic reasoning is a worthwhile task and has been applied into many applications such as medical diagnosis [1,2], group
decision making [3], feature selection [4-6], object recognition [7], Multi-Modal Classification [8] and others [9-12]. Some
studies mainly focus on designing reasoning patterns/rules for different situations such as rough reasoning [13-17], fuzzy
reasoning [18-20], evidential reasoning [21-23], probabilistic reasoning [24-26], quantitative reasoning [27] and bayesian
reasoning [28,29]. These reasoning patterns are generally defined by human in advance. In order to automatically mine
logic reasoning patterns without relying on experts, [30-32] propose logic learning that aims to directly learn logic pattern
from data. Fig. 1 illustrates the difference between human defining logic and logic learning. Logic learning is formalized as
follows:
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Fig. 1. The difference between human defining logic and logic learning. (1) A baby reasons the true answer 19 of an unseen arithmetic operation 7 + 12
using the addition logic that has been defined by experts. (2) A baby cannot reason the true answer of an unseen operation because the hidden logic has
not yet been defined by experts. In logic learning, the hidden logic is encoded in a LRM with a data-driven learning way.

Definition 1. (Logic learning): Given a hidden logic data set X’ = {x1,x2,---, Xy} that consists of |X| examples. The aim
of the logic learning is to learn a parameterized logic reasoning machine py(x) with parameter # by minimizing the gap
between pg(x) and the true data distribution p y (x). It can be formalized as the following optimization problem.

mind(px (%), ps (X)) (1)

where p x(x) is determined by the data set X. d(-) denotes a measure function of the differences between two probability
distributions.

Some tasks do benefit from the reasoning patterns/rules that are provided/defined by domain experts [33,34]. For exam-
ple, Ivan et al. [35] proposed logic tensor networks by combining neural networks with first-order fuzzy logic to improve
the performance of semantic image interpretation. Also, Tran et al. [36] proposed a deep logic network that integrates sym-
bolic representation and quantitative reasoning, demonstrating that the use of logical rules can be beneficial to network
performance.

But defining reasoning patterns is time-consuming and laborious. In addition, not all tasks can be predefined reasoning
rules, and in some complex systems such as some undeciphered Mayan system, we may not know any reasoning rules in
advance and can not define them.

To solve these problems, the data-driven logic learning is proposed to make the machine mine logic pattern automati-
cally. Following the traditional machine learning paradigm (the distribution of the training set is consistent with that of the
testing set), a few works have achieved good performance on logic reasoning task. Hoshen et al. [37] used the deep neural
network to solve the visual learning task of arithmetic operation in an end-to-end manner, instead of the manner that
processing separately perception and cognition subtasks. In order to tackle the difficult logic task, Guo et al. [31] proposed
a divide and conquer model, which decomposes the difficult logic task into k sub-tasks according to the principle that the
combination difficulty of subtasks is lower than that of original task. But, when this principle can not be met, they may
fail in mining logical patterns. Note that the symbols embed in data sets used in [31,37] may be simpler, Guo et al. [30]
replaced the number symbols with the symbols from Fashion-MNIST and proposed new benchmark logic data sets, namely
Fashion-Logic data set. Based on the proposed data set, they showed that the logic reasoning machines (LRMs) used in [31]
still work well on some logic systems that consist of complex symbols.

Despite their success, existing LRMs are trained based on the assumption that the distribution of training set and testing
set is consistent. In fact, the open-set tasks are more common for human. In order to further test the performance of the
LRMs, the simply open-set tasks where the digit length of the training set and testing set is from inconsistent distributions
are proposed. Unfortunately, the performance of the LRMs decreases sharply on the proposed tasks. However, for logic
reasoning task, it is more meaningful to improve reasoning ability on open-set task that is more conducive to test the
generalization performances and real reasoning abilities of these models. Human beings are very good at dealing with the
open-set tasks. Can machines take advantage of human problem-solving ideas to deal with the open-set tasks?

It is generally acknowledged that the ability of decomposing whole task into parts, and then combining the results of
parts to obtain whole result plays a fundamental role in the process of human reasoning [38-41]. In existing artificial in-
telligence technologies, granular computing introduced by Zadeh and Lin [41,42], is able to well simulate such ability of
human by three basic processes: information granulation involving decomposition of whole into parts, organization involv-
ing integration of parts into whole and causation involving association of causes with effects [41,43,44]. In 1998, Yager and
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Filev [45] pointed out that human uses information granularities that are obtained by parting whole to realize their obser-
vation, measurement, conceptualization and reasoning. To date, granular computing has achieved great success in artificial
intelligence, information processing, data mining and knowledge discovery [46-48]. For example, Zhang et al. investigated
multi-source data fusion using multi-granularity and achieved good performance [49,50]. These show that the strategy of
decomposing whole into parts does be effective to address complex tasks.

In this paper, a deeper study on logic learning - learning logic from inconsistent distribution data - will be done using
the decomposing strategy. Motivated by multigranulation work [48,51,52] in granular computing, a granulation logic rea-
soning machine, namely GLRM, is developed for mining the logic patterns. Specifically, we take the digit length and the
sequence length of the example of the training set as the minimum decomposition unit. According to the minimum decom-
position unit, we decompose the complex logical task (open-set task) into a series of sub-tasks. Then we solve each sub-task
separately, and finally organize the solutions of these sub-tasks into the final answer.

The main contributions of this paper are summarized as follows:

1. The granulation logic reasoning machine (GLRM) is proposed to address the open-set task. Specially, the open-set task
is granulated into a series of sub-tasks from both the digit length and the sequence length dimensions. Then the LRM
with good performance is used to solve these sub-tasks. The final result is achieved by organizing the results of these
sub-tasks. Extensive experiments demonstrate the superiority of GLRM in reasoning.

2. The open-set Fashion-Logic data set and open-set Fashion-Logic task are proposed for testing the effectiveness of GLRM.
Different from traditional machine learning paradigm, the digit length and the sequence length of training set are short,
but the digit length and the sequence length of testing set are very long. The open-set Fashion-Logic data set is a very
challenging open-set data set.

3. We deeply evaluate the reasoning abilities of the LRMs on the large-scale Fashion-Logic testing set and the simplified
version of open-set Fashion-Logic data set. The LRMs have good performances on the testing set that covers more ex-
amples in integer space. However, the performance of LRMs becomes worse on the simple open-set tasks. This indicates
that LRMs have certain reasoning ability but poor ability on open-set task.

The rest of this paper is organized as follows. In Section 2, the logic learning methods in the case of consistent and
inconsistent data distribution, the Fashion-Logic data set and Fashion-Logic task are reviewed. In Section 3, we deeply
assess the reasoning performances of the LRMs on the large-scale Fashion-Logic testing set and the simplified version of
open-set Fashion-Logic data set. In Section 4, we detail the open-set Fashion-Logic data set and the open-set Fashion-Logic
task and propose the GLRM to deal with this task. In Section 5, the detailed results of effectiveness studies and analyses of
GLRM are reported. Finally, we conclude and indicate several issues for future work.

2. Related work

In this section, we review the logic learning methods in the case of consistent and inconsistent data distribution, the
Fashion-Logic data set and the Fashion-Logic task.

2.1. Logic learning methods in the case of consistent data distribution

Visual learning of arithmetic operation: In the general case, visual learning of arithmetic operation task is divided into
two sub-tasks: perception and cognition, and then the two sub-tasks are learned separately. Unlike previous work, Hoshen
et al. [37] explored whether a machine can end-to-end learn arithmetic operations from images. Following the traditional
machine learning paradigm, they generated three kinds of arithmetic operation (addition, subtraction and multiplication)
data sets. That is to say, the distribution of training set of these data sets is consistent with that of the corresponding
testing set. For each example, there are two input images and one output image, each image is embedded with a 7-digit
number. Given the testing input images, the goal of [37] was to predict the output image of the decimal operation of the
input images. [37] used an end-to-end learning method to replace the learning method in which subtasks were processed
separately, achieving good results on the visual learning of arithmetic operation.

Mining logic patterns: In some complex systems such as undeciphered Mayan systems, human beings do not know any
reasoning rules in advance. Therefore, Guo et al. [30] proposed a learning-based method for directly mining logical patterns
from the visual data that consist of complex symbols. Following the traditional machine learning paradigm, they generated
the logic relation data set named Fashion-Logic (described in detail in Section 2.3). That is to say, the distribution of training
set is consistent with that of the corresponding testing set. Specifically, there are two kinds of logic relations hidden in the
Fashion-Logic data set: bitwise logic (Bitwise And and Bitwise Or) and arithmetic logic (Addition and Subtraction). For each
example, there are two input images and one output image, each image is embedded by a series of figure symbols from the
Fashion-MNIST data set [53]. In their experiments, the tested machine does not know the meanings of the figure symbols
embedded in the images and the logic relation between input and output images. Given the testing input images, the goal
of [30] was to predict the output image of the bitwise logic (or arithmetic logic) of input images. [30] conducted a deep
exploration and analysis, showing the feasibility of directly mining logical patterns from the visual data that consist of
complex symbols.
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Fig. 2. Some examples of Fashion-MNIST data set. (For interpretation of the colours in the figure(s), the reader is referred to the web version of this article.)

Under the premise that the distribution of the training set is consistent with that of the testing set, these methods have
explored and proved that logic patterns can be directly learned from the visual data.

2.2. Logic learning methods in the case of inconsistent data distribution

Abductive learning [54,55]: Unlike the human problem-solving process, in most current machine learning systems, per-
ception and reasoning modules can not be learned simultaneously. Noting this phenomenon, Zhou et al. proposed the
abductive learning that unifies the perception and reasoning into a learning framework. The Digital Binary Additive (DBA)
and the Random Binary Additive (RBA) were generated to verify the validity of the abductive learning framework. Each
example consists of an image that is embedded with an equation. The equations embedded in the training set are the short
binary addition logic, and the equations embedded in the testing set are the long binary addition logic. This means that the
distribution of training set is inconsistent with that of the corresponding testing set on DBA and RBA, which is different
from the traditional machine learning paradigm. The goal of the abductive learning framework was to judge whether the
equation embedded in the given image is true or not. It is worth noting that the abductive learning framework can predict
whether the long equations are correct after learning on the short equations.

Under the premise that the distribution of the training set is inconsistent with that of the testing set, Zhou et al. have
explored that the machine can directly judge whether the binary addition equations embedded in images are true or not.

In summary, Sections 2.1 and 2.2 have carried out some meaningful explorations and analyses for logic learning, espe-
cially in the case of consistent data distribution, but the study of inconsistent data distribution is relatively few and simple.
However, the phenomenon of inconsistent data distribution is widespread in the real world, and the logic learning in the
case of inconsistent data distribution is one of the most urgent problems in the field of artificial intelligence. Therefore, our
work makes a relatively deep study of logic learning in the case of inconsistent data distribution and provides an effective
solution.

2.3. Fashion-Logic data set and Fashion-Logic task

In [30], the Fashion-Logic data set is embedded by special symbols and contains some logic relations. Specifically, four
logic relations: Bitwise And, Bitwise Or, Addition and Subtraction are adopted and these logic relations are often used by
the related researches to logic such as [56] and [57]. The special symbols embedded in the Fashion-Logic data set are from
the examples of Fashion-MNIST data set [53]. Here we briefly review the construction process of the Fashion-Logic data
set. First, the logic operations were generated, and then were replaced with the corresponding figure symbols' that were
randomly selected from each class of Fashion-MNIST (it is noted that digits 0, 1, ... 9 only were replaced with the images
marked with red boxes in Fig. 2). Some examples of the Fashion-MNIST data set are illustrated in Fig. 3. For Bitwise And and
Bitwise Or logic relations, a maximum of 14 digits are embedded in an image. For Addition and Subtraction logic relations,
a maximum of 7 digits are embedded in an image. Each logic relation consists of 50,000 training examples, 5,000 validation
examples and 5,000 testing examples. This ensures that the proportion of numbers used for training is a very small fraction
of all possible combinations. The testing examples are not included in the training or validation examples.

Based to the Fashion-Logic data set, Guo et al. [30] proposed a visual logic reasoning task called the Fashion-Logic task
where a learning machine directly mines and reasons the relation between two input images and one output image. The

1 The term “figure symbol” for what is commonly referred to as “image” in “Fashion-image” from to differentiate from the term “image”.
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Fig. 3. The examples of the Fashion-Logic data set. The logic relation hidden in 3(a), 3(b), 3(c) and 3(d) are 10000000000101&00101000001101=
00000000000101, 11111110001010{11111101011010=11111111011010, 3607801+467410=4075211 and 3719023-1437638=2281385, respectively.
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Fig. 4. The general workflow of the Fashion-Logic task.

learning machine does not know the meanings of the figure symbols embedded in images and logic relation among images
in advance. This task is defined as follows.

Definition 2. (Fashion-Logic task): In the Fashion-Logic task, given a data set D = {(x;, yi)})_,, where ) and x@ in x;
are the input images and y; is the output image where each pixel values in each image are normalized into 0 ~ 1. This
task mines a mapping LRM from the input space I = {xi}f\’:1 to the output space O = {)’i},N:p i.e, LRM: I+~ O. When
two unseen input images x( and x® are given, LRM is able to output the logical pattern y between both of them, i.e.,

y =LRM (D, x@),

The general workflow of the Fashion-Logic task is shown in Fig. 4, where [ is the input, O is the ground-truth, O is
the logic relation results reasoned by f (LRMW(xl.l,xiZ)). LRM is a logic reasoning machine that can be implemented using
different learning models. Hence, the Fashion-Logic task can be used to test the logic reasoning ability of the different
learning models. In [30], the logic reasoning ability of some LRMs such as CNN-LSTM, MLP, CNN-MLP, Autoencoder and
ResNets, has been tested on this task when the distribution of the training set is consistent with that of the testing set.

More specifically, [30] transforms this task into a regression problem with the mean square error (MSE) loss function. It

can be written as the following optimization problem.
wW* = argmMi/nMSE(f(LRMW(I)), 0)

N

1

. 1 ,2)

=argmin — » MSE(f(LRMw (x;", %)), ¥i)

w N ; P (2)
N [k

o m @ .

=argmin Z] kE ] (f(LRMw (x; ", %7 Dk — Yik)?,
i= =

where the activation function f is a sigmoid function and LRM is a logic reasoning machine that is parameterized by
W. Eq. (2) is differentiable with respect to the parameter W, and can be efficiently solved by using the gradient descent
method.

3. Do the LRMs work in larger integer space and the open-set logic reasoning tasks?

In the existing works, the testing set often covers a few examples in integer space. Therefore, we further assess the
performance of the LRMs used in [30] on the large-scale Fashion-Logic testing set that covers more examples in integer
space. The difference between Fashion-Logic testing set and large-scale Fashion-Logic testing set is marked with red box in
Fig. 5.

On the other hand, the digit length and the sequence length of testing set are often consistent with those of training set
in the existing works. Therefore, we further assessed the performance of the LRMs on two simple open-set tasks where the
digit length of testing set is different from that of training set. Task 1: Training on the digit length of mainly 6 and 7 then
testing on the digit length of 1~5. Task 2: Training on the digit length of 1~5 then testing on the digit length of 6~10.
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Fig. 5. The difference between Fashion-Logic testing set and large-scale Fashion-Logic testing set.
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Fig. 6. The differences among the Fashion-Logic task, task 1 and task 2.
Table 1
The performance on the large-scale Fashion-Logic testing set.
LRM Logic relations
Bitwise And Bitwise Or Addition Subtraction
Random conjecture Zlﬁ 2% 1]7 #
CNN-LSTM 100% 100% 54.79% 52.23%
MLP 100% 100% 98.43% 98.35%
CNN-MLP 100% 100% 99.81% 99.73%
Autoencoder 100% 100% 97.46% 97.35%
ResNet18 100% 100% 99.98% 99.97%
ResNet50 100% 100% 99.98% 100%
ResNet152 100% 100% 100% 100%

Taking addition logic as an example, the differences among the Fashion-Logic task, task 1 and task 2 are marked with red
boxes in Fig. 6.
The experimental setups and the structures of the tested LRMs are given in the Appendix.

3.1. Performance analysis on the large-scale Fashion-Logic testing set

This subsection aims to analyze the performance of the LRMs described in the Appendix on the larger-scale Fashion-Logic
testing set. Specifically, following the same way as generating the Fashion-Logic data set, we generate one million testing
examples (large-scale Fashion-Logic testing set) without repetition whose scale is 20 times larger than that of the training
set (50,000) of the Fashion-Logic data set on each logic relation. For each predicted image, it is correct if and only if all the
embedded figure symbols are right. The experimental results are shown in Table 1.

From Table 1, one can get four observations.

(1) For all logic relations, the performances of all the LRMs are far better than the performances of random conjectures,
which shows that data-driven logic mining is feasible.

(2) The accuracies of all the LRMs except for CNN-LSTM are higher than 97.00%. This indicates that these LRMs trained
by very small training set (the training set only occupy a very small percentage in all possibility), can well mine logic
patterns from the unseen data.

(3) The performances of all the LRMs on the Bitwise And and Bitwise Or are better than those on the Addition and Sub-
traction. This is consistent with human perception: the bitwise logic is easier than the arithmetic logic.
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Table 2
The testing accuracies on task 1.
Logic relation m CNN-LSTM MLP CNN-MLP Autoencoder ResNet18 ResNet50 ResNet152
Addition 1 0% 0% 0% 100% 100% 100% 100%
2 6.86% 0% 0% 100% 100% 100% 100%
3 27.44% 0.11% 7.78% 99.89% 100% 100% 100%
4 52.96% 72.79% 83.67% 98.93% 100% 100% 100%
5 54.04% 95.46% 97.55% 98.64% 100% 100% 100%
Subtraction 1 60.00% 0% 100% 100% 100% 100% 100%
2 15.56% 2.22% 7111% 100% 100% 100% 100%
3 60.00% 58.44% 87.56% 99.56% 100% 100% 100%
4 59.60% 82.90% 96.00% 99.70% 100% 100% 100%
5 57.03% 97.14% 98.09% 98.83% 99.97% 100% 100%

(4) For the Addition and Subtraction logic relations, the performance of CNN-LSTM is lower than that of others. This is
due to the structure of the CNN-LSTM: the CNN-LSTM processes the input images sequentially. As a result, the global
structure information can not be considered in the learning reasoning process. However, the carry operation of addition
(the borrow operation of subtraction) requires interaction between the input images to get the correct result. Therefore,
other LRMs are more suitable for the Addition and Subtraction. The relative analysis and observation suggest that the
global structure information plays a significant role in the logic reasoning learning task.

The proportion of numbers used for training is a very small fraction of all possible combinations, which means that
the LRMs have seen very few examples. Based on the results in Table 1, the LRMs have obtained certain logic reasoning
abilities when they work according to the workflow of the traditional machine learning, i.e., a LRM is good at generalizing
the unseen large-scale Fashion-Logic testing set that has the consistent distribution with training set.

3.2. Performance analysis on two simple open-set tasks

The subsection aims to test the performance of the LRMs on Task 1 and Task 2. For our research purpose, two kinds of
the simplified version of open-set Fashion-Logic data set for task 1 and task 2 are generated, respectively. For convenience,
we use m to represent the digit length of each number embedded in each image. Next, tasks 1 and task 2 are described in
detail.

Task 1: For task 1, a simplified version of open-set Fashion-Logic data set is generated, which includes the training set
with the digit lengths mainly 6 and 7 and the testing set with the digit lengths of 1~5. In fact, the data distribution of
the training set of this simplified version of open-set Fashion-Logic and the Fashion-Logic is consistent. We directly take the
training set of the Fashion-Logic as the training set of this simplified version of open-set Fashion-Logic. The performances
are shown in Table 2 and Fig. 7.

Table 2 shows that Autoencoder and ResNets have very good performances. Moreover, the greater m is, the better the
performances of most LRMs are. For example, the accuracies of MLP and CNN-MLP are 0% when m = 1, 2, they achieve the
accuracies of 95.46% and 97.55% when m =5 on Addition. These results suggest that: (1) The performances of some LRMs
may be affected by the testing set whose distribution is considerably different from that of training set. (2) Some LRMs
indeed have a better generalization in this setting. Some visual effects are shown in Fig. 7.

The data distribution analysis is shown in Fig. 8. The first two rows in Fig. 8 show that the examples from the training
set and the testing set have the consistent data distribution in term of the digit length (mainly 6 and 7) because of adopting
the same sampling strategy. Under this data distribution, all LRMs get good performances (already analyzed in Subsection
3.1). Because we directly take the training set of the Fashion-Logic as the training set of this simplified version of open-set
Fashion-Logic, in task 1, the first row and third row in Fig. 8 show that the examples from this simplified version of open-set
Fashion-Logic training set and testing set. Obviously, in terms of digit length, the data distribution of this simplified version
of open-set Fashion-Logic data set is inconsistent. For each digit length, as shown in the last row in Fig. 8, the testing
examples used in this task have about the same occupancy ratios with logarithmic scale, i.e., llgg((ggfﬁ)) .

Task 2: For task 2, the LRMs are trained with the examples whose digit lengths are 1~5, while their performances are
evaluated with the examples whose digit lengths are 6~10. We generate another simplified version of open-set Fashion-
Logic data set, which includes the training set with the digit lengths of 1~5 and the testing set with the digit lengths of
6~10. Table 3 shows that all LRMs but Autoencoder fail in this case. This indicates that the performances of these LRMs
have a limitation in generalization task from short digit to long digit that human is very good at.

Based on the above analyses, it is concluded that on the one hand, these LRMs have very good performances when
the distribution of the training set is consistent with that of the testing set. The learning manner is consistent with the
machine learning paradigm. Whereas their reasoning abilities become worse even lose when the distribution of the training
set is inconsistent with that of the testing set. The learning manner of task 1 and task 2 is beyond the machine learning
paradigm. However, this ability is generally acknowledged to be an essential feature of human intelligence in reasoning. In
what follows, we will address this problem.
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Fig. 7. The visual effects on task 1. The blurry but right figure symbols predicted are marked with blue boxes, blurry and wrong those are marked with
green boxes, and wrong those are marked with red boxes.
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Fig. 8. The data distribution analysis on task 1.
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Table 3
The testing accuracies on task 2.
Logic relation m CNN-LSTM MLP CNN-MLP Autoencoder ResNet18 ResNet50 ResNet152
Addition 6 0% 0% 0% 98.3% 0% 0% 0%
7 0% 0% 0% 97.2% 0% 0% 0%
8 0% 0% 0% 96.8% 0% 0% 0%
9 0% 0% 0% 95.0% 0% 0% 0%
10 0% 0% 0% 94.5% 0% 0% 0%
Subtraction 6 0% 12.3% 11.8% 98.2% 22.9% 26.5% 26.2%
7 0% 1.7% 1.5% 97.2% 2.6% 3.0% 2.9%
8 0% 0% 0.1% 97.2% 0.2% 0.3% 0.3%
9 0% 0.1% 0.1% 96.5% 0.1% 0.1% 0.1%
10 0% 0% 0% 95.1% 0% 0% 0%
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Fig. 9. Overview of the proposed GLRM.

4. Granulation logic reasoning machine

The challenge of open-set logic reasoning task lies in a fact that digit length and sequence length of the testing examples
are often different from those of training examples. For example, after being taught that 1+ 1=2 and 2+ 5 =7, how do
humans calculate the result of the formula 1+ 1+ 5 =? First, humans would calculate 1+ 1 =2, and then 24+5=7. In
other words, humans usually decompose the open-set logic reasoning task into a few known sub-tasks, then obtain the final
result by solving them one by one with the learned logic rules.

To make machines solve open-set logic reasoning task like humans, we propose a granulation logic reasoning machine
(GLRM) that is inspired by granular computing that simulates the learning ability of humans [41,58-60]. GLRM is able to
mine the logic patterns of the open-set testing set without being further trained. The overview of the proposed GLRM is
illustrated in Fig. 9. Similar to granular computing, GLRM also includes three steps: granulation, causation and organization.
To conveniently describe below, we give some notations shown in Table 4.

Granulation step: Given an image sequence example x; = (xl(l),x}z), ...,xfn)), where n denotes the sequence length of

Xi, x?” denotes the j-th image in the sequence x; and its digit length is denoted as m, i.e., it contains m figure symbols.
Obviously, a LRM will fail when n or m of testing set is greater than that of training set. In order to address this issue,
motivated by multigranulation work [51,52,61-65] in granular computing, we granulate x; into easier subimages from two
dimensions: the sequence length and the digit length.

Specifically, x; is first granulated from the dimension of the sequence length by the following way:

1) 2 1) .3 -2
Gs(x) = {(x", x?), @V xP), L @My, (3)
6)
1
in x;. It can be further denoted as the logic relation between (j + 1)-th image x
obtain it using a well-trained LRM according to the following recursion way:

,.(1:j+1) that consists of the previous j+ 1 images
G+D
1

where z;”’ denotes the logic relation among all images in the subsequence x

and z?j b, Following this way, we can
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Table 4
Notations.
Symbol Explanation
Xi The i-th image sequence example in the open-set data set
n The sequence length, i.e., the number of the images that each sequence contains
m The digit length, i.e., the number of the figure symbols that each image contains
k The window size of function Win
s The stride of function Win
xf” The j-th image in the sequence x;
zlfj) The logic relation among images from x?” to xﬁj“)
x?j‘” A subsequence of x{ consisting of the figure symbols in xgj) whose indexes are from
(I—1s+1to(—1)s+k
zl{”) A subsequence of z{ consisting of the figure symbols in zlf” whose indexes are from
(I-Ds+1to(d—1)s+k
1 2 .
i [IRMED, ), ji=1,
zl = (4)

LRM(zV ™D, x0Ty 1< j<n—1,

where LRM is a logic reasoning machine which can be one of the well-trained typical deep neural networks such as CNN-

LSTM, MLP, CNN-MLP, Autoencoder and ResNets. At the granularity level that is generated from the sequence dimension, the
LRM with better reasoning performance can reason the logic relation between zfjil) and x?”l) when the digit length of
training examples is equal or greater than that of testing examples, i.e., M¢rqin > Meest. But, due to the complexity in the digit
dimension, a LRM, even with 100% accuracy, cannot reason the logic relation between z?j D and x?”” when Mqin < Meest.

Next, for any element (zi(j_l),xgﬂ'l)) € Gs(xi) (z?qzo) :x,m if j=1) in Gs(x;), denoted as clg), it is further granulated

from the dimension of the digit length via a window function as follows.
Ga(c{”) =Win(c"; k, s) = Win((z{' "V, 57" V): k. ), (5)

where the function Win(cl(j); k, s) means using a one-dimensional window with the windows size k and stride s to perform a
granulating operation over z?j e cgj) and x?j“) € cfj). The parameter s controls the amount of communication information
when two information granules are organized. The information between both of them can be communicated when 1 < s <k.
The information between them can not be communicated when s > k. With this granular function, ci(j) will be granulated
into fmT_k] + 1 parts. In this way, Gd(q@) is denoted as

(L) @0, [+ -
Gd((,‘(j)): (GG ) =1, ©)
! i—1.0) 1Dy TR+ .
(CA I A VL [ B B

(.

G=2D of (x;l’l) i

where z}jf]’l) denotes the logic relation between the output z;
and it can be reasoned via:

(2,h (j—1,D
XX )

and a new input image x
. . . m— k

R Y R S (7)

(—1.D (J+1.D

At the granularity level, the logic relation between z; and x; is able to be reasoned by the LRM.
After the above steps, we obtain the finer granularity results G 4(x;) of X; than Gs(x;) as follows:

Gs,d(xi) = Ga(Gs(x:))
= (Ga(cM); Ga(¢®); ...; Ga(cD))

1,1 2,1 1.1 3,1 -2,1 1

R I I e SR C At ®)
1,2 2,2 1,2 3,2 -2,2 2

e T € ) B A

(Xi(l,w)’ XIQ,W)) (Zi(l,w)’ XIQ,W)) . (Zl‘(n—Z,w)’ Xl(n,w))

where w = [mT_k1 + 1. G5 q(x;) is called a granular structure [18], and any element (-, -) in it (called a information granule)
is a pair of images each of which contains k figure symbols.

Causation step: The aim of this step is to reason the hidden logic between image pairs (-, -) in G 4(;). After granulation
step, the complex input x; has been decomposed into easier granulated subimages among which a LRM is able to reason
the logic relation as the experimental results shown in Section 3.1.
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Algorithm 1 Pseudo-code of GLRM.

Input:  (X¢rain, Y): open-set Fashion-Logic training set;
Xtest: open-set Fashion-Logic testing set;
£:aLRM;
k: the window size of the function Win;
s: the stride of the function Win;
t: the number of the figure symbols that the left segment will contain.
Output: Y*: Reasoned logic for Xest.
1: Induce a logic reasoning function LRM based on (X¢rqin, Y): LRM <= £(Xtrgin, Y);
2: Y* ¢,
3: for each x; € Xiesr dO

4: Compute Gs(x;) based on Eq. (3);

5:  for each ¢/ € Gs(x;) do

6: Compute Gd(clf”) with the trained LRM based on Eq. (5);
7:  end for i

8: Form G q(xi) based on Gd(c ) according to Eq. (8);

9: Compute y; g, (=25 1+1) based on Eq. (10);

m k

10: 9i =i = Prl)
11: Y* < Y*U (i}
12: end for

13: Return Y*.

Organization step: The aim of this step is to organize the granulated subimages {z(" Lh LRM(z(" -2 ’> (" ’))}l
form the final whole y that denotes the predicted logic relation among all images in the sequence x;. To this end we ﬁrst
need to introduce a fusion function for combining two granulated subimages based on a crossover operation variant in
evolutionary computation [66]. Specifically, given two granulated subimages denoted as a =agq1 ...aza; and b =bg ... bybq
where g1 and g2 are the number of figure symbols that they contain. First, we need to choose crossover points for a and
b which are determined by two parameters s and t. Based on the two parameters, their crossover points are g1 +s —t
and g2 —t + 1, respectively. With these two crossover points, the fusion of a and b is performed by combining the right
segment of a (denoted as ag14s—¢ ...aza1) and the left segment of b (denoted as bgabga—1 ... bg2—¢+1). Formally, the function
is defined as follows.

F(a,b;s,t) =bgpbg—1...bo—t+1ag1 45—t ... 0201, 9)

. ik, s). t is the number of the figure

where s is a constant that is set as the same value as the parameter stride s of Win(c;
symbols that the left segment of b will contain.
With Eq. (9), we can organize all granulated subimages in {z;

way.

(-1, 1)}1 one by one according to the following recursion

l (n 11) I =1
T ’ 10

= F(y” ”, (D50, 1<l<mky g, (10)
where 2" "0 = IRM(z" 2" ™).

With Eq. (10), when [ = (m k] + 1, we obtain the final organized element y;
5 (TE41)

(1) , which is regarded as the reasoned
logic (denoted by y;) among all images in the sequence x;, i.e., ¥; = Vi
The detail process of GLRM is shown in Algorithm 1.

5. Effectiveness studies and analyses of GLRM

In this section, the open-set Fashion-Logic data set and open-set Fashion-Logic task are proposed to validate the effec-
tiveness of GLRM. Specifically, compared with the Fashion-Logic testing set, the open-set Fashion-Logic testing set includes
three cases of inconsistent data distribution: long sequence (see Section 5.2 for details), long digit (see Section 5.3 for de-
tails), and both long sequence and long digit (see Section 5.4 for details). The differences between the Fashion-Logic testing
set, the open-set Fashion-Logic testing set with long sequence, the open-set Fashion-Logic testing set with long digit and
the open-set Fashion-Logic testing set with both long sequence and long digit are marked with red boxes and shown in
Fig. 10. For readability, we still use m and n to represent the digit length and sequence length of each number embedded
in each image.

The LRM used in the GLRM is a logic reasoning machine and can be any deep neural network. Because we directly take
the training set of the Fashion-Logic as the training set of the open-set Fashion-Logic (see Section 5.1 for details), we use
the trained LRMs from Section 3.1 as the LRMs of GLRMs without loss of generality. The trained LRMs have been trained on
the open-set Fashion-Logic training set, i.e., m = 14 for Bitwise And and Bitwise Or, m is mainly 6 and 7 for Addition and
Substraction, and n = 2 for all. In the Section 5.2-5.4, the GLRMs are directly tested without further being trained on the
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Fig. 10. The differences between the Fashion-Logic testing set, the open-set Fashion-Logic testing set with long sequence, the open-set Fashion-Logic testing
set with long digit and the open-set Fashion-Logic testing set with both long sequence and long digit.

open-set Fashion-Logic testing set whose sequence length of examples is greater than 2 or digit length of examples is longer
than 14 and 7 for bitwise logic and arithmetic logic, respectively, i.e., m > 14 for bitwise logic, and m > 7 for arithmetic
logic. The configurations of experiments in this section are the same as that in Appendix, which is not described here again.
Its effectiveness is validated with extensive experiments. The GLRM takes the open-set Fashion-Logic testing input set as
input, granulates input images into subimages, reasons the logic embedded in each subimage and organizes these logic
results. The experimental results are shown in Table 5, Tables 7-10.

5.1. Open-set Fashion-Logic data set and open-set Fashion-Logic task

Studies [54,55] have proposed the DBA and RBA data sets and made progress in the case of inconsistent data distribution,
but there is still a lot of work need to be done. The logic relation hidden in the DBA and RBA is simple binary logic, and
the task of [54,55] is to determine whether the equation embedded in the image is true or not. More complex decimal logic
should be considered, and the task of directly giving the logic result of the images should be proposed.

To further explore the logic learning in the case of inconsistent data distribution, more challenging open-set Fashion-Logic
data set is proposed. Specifically, for the digit length, the examples from the training set are generated by the distribution
of digit lengths of 14 (mainly 6 and 7) on Bitwise And and Bitwise Or (Addition and Substraction). For the sequence length,
the examples from the training set are generated by the distribution of sequence length of 2. In order to validate the
effectiveness of the GLRM on the sequence dimension, for the examples from the testing set, the digit length is 14 (mainly
6 and 7) on Bitwise And and Bitwise Or (Addition and Substraction), the sequence length is set as {3,4,5}). In order to
validate the effectiveness of the GLRM on the digit dimension, for the examples from the testing set, the sequence length is
fixed as 2, the digit length is set as {15, 16, 17, 20, 100}({8, 9, 10, 20, 100}) on Bitwise And and Bitwise Or (Addition and
Substraction). In order to validate the effectiveness of the GLRM on both digit and sequence dimensions, for the examples
from the testing set, the digit length is set as {15, 16, 17, 20, 100} ({8, 9, 10, 20, 100}) on Bitwise And and Bitwise Or
(Addition and Substraction), the sequence length is set as {3,4,5}. In fact, the data distribution of the training set of the
open-set Fashion-Logic and the Fashion-Logic is consistent. Therefore, we directly take the training set of the Fashion-Logic
as the training set of the open-set Fashion-Logic. Fig. 11 is two examples on the open-set Fashion-Logic data set. Fig. 11 gives
some examples on the open-set Fashion-Logic data set. The equations embedded in Fig. 11(a) mean “00011110000001 &
11110100110101 = 00010100000001” and “6123825 + 978196 = 7102021". Similarly, the equations embedded in Fig. 11(b)
are a “bitwise and” equation and a “addition” equation, and their results need to be predicted through a network. Since
only part of the examples is shown in Fig. 11(b), we will not discuss the specific values in the equations in Fig. 11(b). The
open-set Fashion-Logic data set is markedly different from the DBA and RBA data sets. Compared with the DBA and RBA
data sets, the open-set Fashion-Logic data set has the following challenges:
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Fig. 11. Two examples on the open-set Fashion-Logic data set. The first row for the Bitwise And; the second row for Addition.

(1) The DBA and RBA contain binary logic, whereas the open-set Fashion-Logic contains more complex decimal logic.

(2) The DBA and RBA only contain binary addition, whereas the open-set Fashion-Logic contains four logic relations (decimal
addition is one of them).

(3) The maximum digit length of the number (100) embedded in each example from the open-set Fashion-Logic is much
larger than that (26) embedded in each example from the DBA and RBA.

(4) The sequence length of each example from the DBA and RBA is 2, whereas the sequence length of each example from
the open-set Fashion-Logic is N (N>2).

(5) For DBA and RBA, it is necessary to judge whether the equation embedded in each example is right or not; however,
for the open-set Fashion-Logic, the logic result of the formula embedded in each image needs to be given.

Furthermore, we propose the open-set Fashion-Logic task, which is very different from the Fashion-Logic task. The open-
set Fashion-Logic task aims to mine the logic pattern hidden in the data set in the case of inconsistent data distribution.
It is worth noting that the machine does not know the meanings of the figure symbols embedded in images and logic
relations among images in advance. Specifically, a machine mines the logic pattern between the input and output images
of training set, and then uses the reasoning method and the obtained logic pattern to analyse the testing set with long
sequence and long digit. After the analysis, the machine predicts the logic results of the testing set, so as to solve the
open-set Fashion-Logic task. The open-set Fashion-Logic task is very challenging and important for logic learning.

5.2. Experimental effectiveness of GLRM on the open-set Fashion-Logic testing set with long sequence

In what follows, we explore the effectiveness of GLRM on the open-set Fashion-Logic testing set with long sequence, i.e.,
n > 2. In this experiment, the digit length m of testing set is the same as that of the training set, and the sequence length
n of testing set is set to be {3, 4, 5}.

The experimental results are shown in Fig. 12 and Table 5. Fig. 12 shows the visual effects with the GLRMs on the
open-set Fashion-Logic testing set with long sequence. From Table 5 and Fig. 12, one can get three observations.

(1) For bitwise logic, all GLRMs achieve the accuracies of 100%. For arithmetic logic, the GLRM with ResNets obtains very
high accuracy and is able to keep good performance as the sequence length n increases. This means that GLRMs have
good generalization on the testing set that are different from the training set.

(2) The accuracies of GLRMs with CNN-LSTM, MLP, CNN-MLP and Autoencoder drop as the sequence length n increases.
For example, the accuracy of GLRM with CNN-MLP drops by 97.90%-67.38%=30.52% when n changes from 3 to 5 on
Subtraction. The reason is that the middle input zf]) (shown in Fig. 12) has the small amount noisy (such as blur,

)

even wrong figure symbols). Specifically, z;

is the output of the current LRM, which is slightly different from the real
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Fig. 12. The visual effects of the GLRM on the open-set Fashion-Logic testing set with long sequence. The blurry but right figure symbols predicted are
marked with blue boxes, blurry and wrong those are marked with green boxes, and wrong those are marked with red boxes.

result. At the same time, zgj) serves as the input to the next LRM. Hence, such difference will accumulate continuously,
resulting in a large deviation in the final output. ‘
(3) Obviously, the LRM with the higher reasoning performance can more possibly reason true and clear z?’). This means

that a LRM plays an important role in GLRM.

Based on these observations, it is concluded that GLRM with high-performance LRM is able to reason the hidden logic
pattern from the long sequence visual data.

The distributions of the testing set are different from those of the training set when n is greater than 2, which is shown in
Table 6. For example, the row 1 on Addition [configuration: Train/n = 2] and row 2~5 on Addition [configuration: Test/n = 2,
Test/n = 3, Test/n = 4 and Test/n = 5] represent the data distribution of the training set and testing set, respectively. For x}l),
xi(z) and y; on Addition [configuration: Train/n = 2 and Test/n = 2], each data distribution looks like a right triangle. This
means the data distribution of training set and testing set is consistent when the sequence length n = 2. However, the
data distributions of (xlm + xi(z)) and y; on Addition [configuration: Test/n = 3] look just like a normal distribution and a
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Table 5
The testing accuracies on the open-set Fashion-Logic data set with long sequence (m = 14 for Bitwise And and Bitwise Or, m is mainly 6 and 7 for Addition
and Substraction).

Logic relation n CNN-LSTM MLP CNN-MLP Autoencoder ResNet18 ResNet50 ResNet152
Bitwise And 3 100% 100% 100% 100% 100% 100% 100%
4 100% 100% 100% 100% 100% 100% 100%
5 100% 100% 100% 100% 100% 100% 100%
Bitwise Or 3 100% 100% 100% 100% 100% 100% 100%
4 100% 100% 100% 100% 100% 100% 100%
5 100% 100% 100% 100% 100% 100% 100%
Addition 3 27.68% 94.92% 99.04% 92.09% 99.93% 99.96% 100%
4 14.31% 89.73% 93.23% 84.24% 99.94% 99.96% 100%
5 8.40% 84.89% 79.06% 74.09% 99.93% 99.96% 100%
Subtraction 3 27.24% 91.30% 97.90% 93.59% 99.91% 100% 100%
4 16.16% 82.65% 90.01% 88.71% 99.84% 99.99% 100%
5 10.12% 72.47% 67.38% 84.63% 99.78% 99.95% 99.98%

long-tailed distribution. This means the data distribution of training set and testing set is inconsistent when the sequence
length n = 3.

5.3. Experimental effectiveness of GLRM on the open-set Fashion-Logic testing set with long digit

In this subsection, we explore the effectiveness of GLRM on the open-set Fashion-Logic testing set with long digit, i.e.,
m > 7/14. In this experiment, the sequence length n of testing set is fixed as 2, and the digit length m of testing set is set
as {15, 16, 17, 20, 100}/{8, 9, 10, 20, 100}.

The experimental results are shown in Table 7. From Table 7, one can get three observations.

(1) For bitwise logic, all GLRMs achieve accuracies of 100%. For arithmetic logic, the GLRMs with ResNets obtain very
high accuracies. Also, they still can keep good performances as the digit length m increases. For example, GLRM with
ResNet152 achieve 100% and 99.50% accuracies when the digit length m increases to 100 which is longer 92 than digit
length of the training examples on Addition and Subtraction. This means that GLRMs have good generalizations on the
testing set whose digit length is longer than that of the training set.

(2) The accuracies of GLRMs with CNN-LSTM, MLP, CNN-MLP and Autoencoder faster decrease as the digit length m in-
creases. For example, the accuracy of GLRM with MLP drops by 98.00%-34.80%=63.20% when m changes from 8 to 100
on Subtraction, which shows that long digit indeed brings a very big challenge for logic learning task. The challenge
is that the hidden logic between x} and xiz reasoned by GLRM is right only if all logic patterns between (’”T"‘] +1

subimage pairs (x,.(”),xlfz’l)) are right.

(3) The GLRMs have consistent performances with LRMs by observing Tables 1 and 7, i.e., a GLRM involving the LRM with
the higher reasoning performance also can obtain better performance.

Based on these observations, it is further proved that GLRM with high-performance LRM is effective to reason the hidden
logic pattern from the longer digit visual data.

5.4. Experimental effectiveness of GLRM on the open-set Fashion-Logic testing set with both long sequence and long digit

In this subsection, we explore the effectiveness of GLRM on the open-set Fashion-Logic testing set with both long se-
quence and long digit, i.e., n > 2 and m > 7/14. In this experiment, when the value of one parameter varies, the value of the
other parameter is fixed. Here, the sequence length n of testing set is set as {3, 4, 5}, and the digit length m of testing set is
set as {15, 16,17, 20, 100}/{8, 9, 10, 20, 100}. Table 8 reports the detailed experimental results of each comparing approach
in terms of different parameter configurations.

Note that the all GLRMs achieve the accuracies of 100% on bitwise logic. Hence, we do not show these results in Table 8.
Based on the reported experimental results, for arithmetic logic, the following observations of the comparative studies can
be made:

(1) Compared to the results shown in Table 3 that even though n is set as 2 and m is set as 8, accuracies of all LRMs except
Autoencoder are almost 0, GLRMs obtain highly competitive generalization performances on the open-set Fashion-Logic
testing set. For example, all GLRMs except for GLRM with CNN-LSTM achieve impressive performance that is not lower
than 64% when n is set as 3 and m is set as 20. These results support our motivation that granular technique is helpful
for logic learning by parting the complex visual logic into easier parts.

(2) Moreover, the accuracies of most GLRMs drop considerably as m or n increases. This coincides with our intuition that the
reasoning difficulty indeed increases as the two parameters increase. Compared to Addition, accuracy for Substraction
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Table 6
The data distributions on the open-set Fashion-Logic data set (m = 14 for Bitwise And and Bitwise Or, m is mainly 6 and 7 for Addition and Substrac-
tion).
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drops more when n =5 and m = 100 (this condition is very challenging). For example, the accuracy of GLRM with
ResNet152 drops by 6.10% compared to that in the setting n =5 and m = 8. The phenomenon coincides with the visual
effect results shown in Fig. 12 that GLRMs reason more wrong figure symbols marked with red and green boxes when
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Table 7
The testing accuracies on the open-set Fashion-Logic data set with long digit (n = 2).
Logic relation m CNN-LSTM MLP CNN-MLP Autoencoder ResNet18 ResNet50 ResNet152
Bitwise And 15 100% 100% 100% 100% 100% 100% 100%
16 100% 100% 100% 100% 100% 100% 100%
17 100% 100% 100% 100% 100% 100% 100%
20 100% 100% 100% 100% 100% 100% 100%
100 100% 100% 100% 100% 100% 100% 100%
Bitwise Or 15 100% 100% 100% 100% 100% 100% 100%
16 100% 100% 100% 100% 100% 100% 100%
17 100% 100% 100% 100% 100% 100% 100%
20 100% 100% 100% 100% 100% 100% 100%
100 100% 100% 100% 100% 100% 100% 100%
Addition 8 50.00% 98.70% 99.80% 97.10% 99.90% 99.90% 100%
44.70% 97.70% 99.80% 95.60% 100% 100% 100%
10 36.50% 97.70% 99.90% 95.30% 100% 100% 100%
20 8.90% 96.40% 99.10% 86.80% 99.90% 100% 100%
100 0.00% 79.90% 91.50% 51.60% 99.00% 99.70% 100%
Subtraction 8 44.40% 98.00% 99.70% 96.80% 100% 100% 100%
9 41.90% 96.50% 99.20% 96.20% 99.90% 100% 100%
10 36.50% 97.20% 99.00% 96.20% 100% 100% 100%
20 10.80% 90.60% 97.20% 89.30% 99.90% 99.90% 99.90%
100 0.00% 34.80% 74.00% 43.60% 98.60% 97.70% 99.50%
Table 8
The testing accuracies on the open-set Fashion-Logic data set with both long sequence and long digit.
Logic relation n m CNN-LSTM MLP CNN-MLP Autoencoder ResNet18 ResNet50 ResNet152
Addition 3 8 21.30% 93.30% 98.30% 88.40% 99.90% 99.90% 100%
9 14.40% 93.60% 96.70% 87.30% 99.90% 100% 100%
10 12.00% 93.00% 96.70% 84.10% 99.90% 100% 100%
20 0.80% 89.20% 89.70% 69.60% 99.70% 99.80% 100%
100 0.00% 47.70% 40.00% 8.90% 97.40% 99.00% 99.90%
4 8 8.30% 89.00% 78.50% 80.00% 99.70% 99.80% 99.90%
9 6.30% 90.10% 71.40% 76.90% 99.80% 99.80% 100%
10 3.40% 87.10% 69.00% 73.70% 99.90% 100% 100%
20 0.10% 78.70% 34.40% 48.30% 99.50% 99.80% 100%
100 0.00% 25.20% 0.00% 1.00% 95.80% 98.00% 99.80%
5 8 4.00% 83.60% 45.30% 69.20% 99.80% 99.80% 100%
9 3.10% 81.40% 34.60% 63.70% 99.90% 99.90% 100%
10 0.80% 82.30% 27.40% 61.70% 99.90% 100% 100%
20 0.00% 68.80% 3.00% 29.10% 99.00% 99.80% 100%
100 0.00% 12.70% 0.00% 0.00% 93.10% 98.70% 99.90%
Subtraction 3 8 17.80% 88.30% 95.10% 91.30% 99.70% 100% 99.90%
9 16.50% 84.90% 95.00% 92.00% 100% 100% 100%
10 12.30% 84.60% 94.40% 88.10% 99.80% 99.90% 100%
20 0.80% 64.00% 85.00% 75.20% 99.10% 99.30% 99.80%
100 0.00% 0.20% 16.50% 11.90% 90.90% 91.70% 97.50%
4 8 11.10% 78.80% 71.50% 87.10% 99.90% 99.90% 100%
9 7.90% 71.50% 65.00% 83.30% 99.60% 99.70% 99.80%
10 5.50% 69.60% 57.70% 81.50% 99.40% 99.50% 99.70%
20 0.10% 38.90% 25.00% 59.20% 97.40% 98.00% 99.30%
100 0.00% 0.00% 0.00% 3.00% 84.20% 85.80% 95.60%
5 8 5.00% 68.30% 36.10% 77.10% 99.10% 99.50% 99.90%
9 2.20% 60.70% 22.90% 76.00% 99.20% 99.50% 99.90%
10 2.10% 53.90% 17.80% 71.00% 98.50% 98.70% 99.40%
20 0.00% 20.70% 1.20% 44.90% 96.20% 97.30% 98.70%
100 0.00% 0.00% 0.00% 0.40% 75.80% 81.10% 93.80%

n = 5. One reason is that the middle input zi]’l has the small amount noisy (such as blur) because itself is also the
output of the previous LRM. Hence, a more robust LRM for noisy needs to be further explored in the future by taking
into account data uncertainty in logic learning.

(3) Also, it is impressive that GLRM with ResNet152 achieves 99.90% accuracy on Addition even though n and m increase
to 5 and 100, respectively. However, the accuracies of GLRMs with CNN-LSTM, MLP, CNN-MLP and Autoencoder drop to
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Actual formula: 1

26777840483889591230 | 2
+59558643428104146870
—11665686525779374360
—41824415655888339980 | 4
+31384927503857285931

64231309234183309691 | 5

Ground Truth

CNN-LSTM
MLP
CNN-MLP
GLRM Autoencoder

ResNetl8

ResNet50

ResNetl152

Fig. 13. The visual effects on a mixture logic of addition and subtraction. The blurry but right figure symbols predicted are marked with blue box, blurry
and wrong those are marked with green box, and wrong those are marked with red box.

Fig. 14. The example of noisy data.

0.00%, 12.70%, 0.00% and 0.00% on Addition, respectively. This further indicates a base LRM with high performance plays
a very important role in GLRM.

Overall, all GLRMs benefit from granular technique. Furthermore, we extend the GLRMs on a mixture open-set Fashion-
Logic task with addition and subtraction. Fig. 13 gives an illustrative example to show the visual effects of GLRMs with
different LRMs on a mixed logic. The result shows that GLRMs with ResNets still reasons the right logic pattern that is
hidden in the visual data, and the reasoned figure symbols are very clear. We believe that this additional result shows the
generality and robustness of the GLRM.

5.5. Experimental effectiveness of GLRM on the noisy data

In this section, the effectiveness of GLRM is validated on noisy data. According to the above analyses, one knows that in
the open-set Fashion-Logic testing set, (1) the arithmetic logic is more difficult than the bitwise logic; (2) the arithmetic logic
with sequence length n =5 is more difficult than that with sequence length n = {2, 3, 4}. Therefore, taking the Addition and
Subtraction with sequence length n =5 as an example, the effectiveness research of GLRM is carried out by adding gaussian
noises with different degrees to data. Specifically, the gaussian noises (u=0, o={10, 20, 30}) are added to all input and
output images of Addition and Subtraction with sequence length n =5 and digit length m = {8, 9, 10, 20, 100}, which is
formalized as follows:

I, y)=1(x,y) + G(1,0), (11)

where [ denotes original image, I(x,y) € (0,255) denotes the value of each pixel of original image. G(u,0) denotes
gaussian noisy signal with mean value p and standard deviation o, in this paper, u = 0 o={10, 20, 30}, T denotes noisy
image, I(x, y) denotes the value of each pixel of noisy image. If I(x, y) <0, then I(x, y) =0; if I(x, y) > 255, then I(x, y) =
255. An example is shown in Fig. 14.
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Table 9
The testing accuracies of GLRMs on the noisy Addition and Subtraction (sequence length n =5).
Logic relation o m CNN-LSTM MLP CNN-MLP Autoencoder ResNet18 ResNet50 ResNet152
Addition 10 8 3.30% 83.20% 3.60% 65.80% 99.70% 99.80% 100%
9 1.90% 80.60% 1.50% 61.20% 99.80% 99.90% 100%
10 0.70% 82.60% 0.60% 60.10% 99.90% 100% 100%
20 0.00% 65.70% 0.00% 26.70% 99.10% 99.80% 100%
100 0.00% 9.50% 0.00% 0.00% 92.60% 98.30% 99.90%
20 8 0.90% 76.90% 0.00% 56.60% 99.70% 99.70% 100%
9 0.20% 73.50% 0.00% 49.30% 99.90% 99.80% 100%
10 0.10% 75.70% 0.00% 48.10% 99.90% 99.80% 100%
20 0.00% 56.10% 0.00% 17.40% 99.00% 99.30% 99.90%
100 0.00% 3.00% 0.00% 0.00% 91.40% 96.90% 99.90%
30 8 0.00% 62.50% 0.00% 41.50% 98.30% 97.50% 99.70%
9 0.00% 59.30% 0.00% 36.00% 98.50% 96.70% 99.30%
10 0.00% 61.40% 0.00% 30.50% 98.70% 95.10% 99.50%
20 0.00% 32.30% 0.00% 7.10% 95.50% 89.40% 99.10%
100 0.00% 0.40% 0.00% 0.00% 73.20% 62.50% 95.40%
Subtraction 10 8 4.10% 68.80% 0.30% 77.80% 99.00% 99.50% 99.90%
9 2.40% 62.50% 0.10% 75.80% 99.20% 99.50% 99.90%
10 1.10% 54.10% 0.10% 70.50% 98.30% 98.90% 99.40%
20 0.00% 20.70% 0.00% 42.90% 96.10% 97.40% 98.70%
100 0.00% 0.00% 0.00% 0.00% 75.70% 80.50% 93.20%
20 8 1.50% 60.40% 0.00% 74.40% 96.70% 99.20% 99.90%
9 0.30% 52.30% 0.00% 71.10% 96.80% 99.20% 99.90%
10 0.30% 47.00% 0.00% 63.70% 95.90% 98.30% 99.30%
20 0.00% 15.40% 0.00% 34.50% 92.00% 96.40% 98.70%
100 0.00% 0.00% 0.00% 0.10% 55.70% 75.30% 92.10%
30 8 0.00% 43.00% 0.00% 65.00% 79.40% 90.10% 99.10%
9 0.00% 38.00% 0.00% 63.50% 76.10% 88.90% 98.70%
10 0.00% 32.40% 0.00% 55.10% 74.30% 84.50% 97.80%
20 0.00% 6.60% 0.00% 22.50% 57.40% 71.60% 94.80%
100 0.00% 0.00% 0.00% 0.00% 3.40% 17.40% 76.00%

The GLRMs are used directly without being retrained, and the experimental results are shown in Table 9. From Table 9,
one can get three observations.

(1) After adding the slight noise G(0, 10), the performances of all GLRMs except for the GLRM with CNN-MLP are little or
no affected. When the noise increases to G(0, 20), for Addition, the performances of the GLRMs with ResNets are little
or no affected; for Subtraction, the performances of the GLRM with ResNet50 and the GLRM with ResNet152 are little
or no affected. This indicates that most GLRM has certain robustness and can tolerate noise to a certain extent.

(2) When the noise continues to increase to G(0, 30), for Addition, it is impressive that the GLRM with ResNet152 still
reaches 95.4% accuracy when digit length m = 100, and its performance is little affected. However, for Subtraction, the
performances of all GLRMs are reduced. This indicates that Subtraction is more difficult than Addition. According to
the change trend of performance with the noisy degree, when the noise reaches a high degree, the performances of all
GLRMs tend to decrease.

(3) From the perspective of GLRMs, the performance of GLRM with ResNet152 declines slowly with the increase of noise,
which indicates that GLRM with ResNet152 has the strongest robustness. The performances of GLRMs with other LRMs
decline rapidly, especially the GLRM with CNN-MLP, whose accuracies are all 0.00% when the noises are G(0, 20) and
G(0, 30). This further indicates a base LRM with high performance plays a very important role in GLRM.

On the one hand, the results on Table 9 show that most GLRMs are robust and can tolerate noise to a certain extent; on
the other hand, as the noise continues to increase, the performances of GLRMs are bound to decline. So we retrain GLRMs
using Subtraction with noise G(0,30) and observe whether the GLRMs can cope with noisy data. The experimental results
are shown in Table 10.

From Table 10, one can see that after GLRMs are retrained on noisy data, they perform as well as or even better than on
original data. For example, the accuracy of GLRM with CNN-MLP that is trained on the noisy data increases from 0.00% to
90.00% (m= 8) compared to that without being retrained. This indicates that the GLRM with CNN-MLP trained on the noisy
data is more robust and the noisy data can promote the effectiveness of GLRM to a certain extent.

Fig. 15 shows the visual effects of GLRMs on the original data and noisy data (o= 30), where Figs. 15(a) and 15(b) show
the visual effects of GLRMs on the Addition and the Subtraction, respectively. From Fig. 15, one can get three observa-
tions.
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Table 10
The testing accuracies of GLRMs after being retrained on the noisy Subtraction (sequence length n =5).
Logic relation o m CNN-LSTM MLP CNN-MLP Autoencoder ResNet18 ResNet50 ResNet152
Subtraction 30 8 11.90% 68.40% 90.00% 73.30% 99.60% 99.70% 100%
(after retraining) 9 6.10% 59.50% 87.40% 71.00% 99.60% 99.50% 99.80%
10 4.00% 56.10% 85.10% 65.30% 98.70% 98.70% 99.30%
20 0.00% 26.60% 68.20% 36.60% 96.80% 96.80% 98.70%
100 0.00% 0.00% 1.20% 0.10% 81.60% 80.70% 93.80%

(1) The ground truth images are noisy, while the predicted images obtained through GLRMs are clean, which indicates that
GLRM does learn the logic relation hidden in the image without learning noise. This validates that GLRM is indeed an
effective logic learning method.

(2) Fig. 15(a) is an example of 8-digit addition equation “5538780 + 8038946 + 4151711 + 20334198 + 57246437 =
95310072", the left and right are the visual effects of GLRMs on original data and noisy data, respectively. As can be
seen from the figure, the GLRM with MLP and the GLRMs with Resnets are robust to noisy data, and their visual effects
on noisy data are not different from those on original data. GLRM with Autoencoder is slightly affected by noisy data,
and its visual effect slightly decreases. The GLRM with CNN-LSTM and the GLRM with CNN-MLP are greatly affected by
noisy data, and their visual effects decrease obviously.

(3) Fig. 15(b) is an example of 8-digit subtraction equation “97808077 - 11645637 - 72655298 - 3499757 - 3483402 =
6523983”. The left and middle are the visual effects of GLRMs on original data and noisy data, respectively. As can be
seen from the figure, all GLRMs are affected by noisy data, with a certain degree of visual deterioration. After the GLRMs
are retrained using noisy data, their visual effects on noisy data (the right of Fig. 15(b)) are better than those on original
data. This further visually demonstrates that the GLRMs after being retrained can handle noisy data, and the noisy data
in turn enhance the robustness of GLRMs.

In summary, the GLRMs work well on the original data and slightly noisy data. After the GLRMs are retrained, they
still perform well on high-noise data, even better than on original data. These results clearly validate the effectiveness of
multigranulation strategy in mining hidden logic pattern from visual logic examples.

6. Conclusion

In this article, we focus on the problem of mining logic pattern directly from data in the case of inconsistent data distri-
bution. Under the traditional machine learning paradigm, the LRMs can perform logic pattern mining task well. To further
test the generalization performance of these methods, we generate the simple open-set Fashion-Logic data set with incon-
sistent data distribution. However, when the traditional machine learning paradigm is no longer satisfied, the performance
of these methods has a great decline or even failure. In order to address the open-set logic reasoning task, the GLRM has
been proposed with the inspiration of multigranulation studies. Its effectiveness has been demonstrated on the proposed
open-set Fashion-Logic data set.

In the future, there are many interesting topics in logic learning. For example, the same logic may be hidden in different
symbol systems, and hence it is desirable to develop a symbol-system-free logic reasoning machine. Moreover, a base LRM
plays an important role in GLRM, and hence it is desirable to develop a more robust LRM for noisy (such as blur) by
modeling data uncertainty in logic learning.
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Fig. 15. The visual effects of GLRMs on original data and noisy data (o = 30). The blurry but right figure symbols predicted are marked with blue box,
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98



Q. Guo, Y. Qian and X. Liang International Journal of Approximate Reasoning 143 (2022) 78-101

R

2
[T [T
* *

Output image

‘ Image x? )
Image x}

Comv2D(32, (5, 5) Input images
BatchNormalization()
MaxPooling2D((2, 2))

—

Output image

Conv2D(32, (5, 5))
BatchNormalization() B\
MaxPooling2D((2, 2

Input images

e _‘
Image x}

Conv2D(16, (5, 5)) T - /

Output image

— B

Convolutional neural network

BatchNormalization() Conv2D(32, (5, 5 Conv2D(64, (5, 5)
MaxPooling2D((2. 2)) B:;‘;,No(ma(ﬂza,)io“o BatchNormalization()
o MaxPooling2D((2, 2)) MaxPooling2D((2, 2))
Input images
(1) CNN-LSTM (3) CNN-MLP

Output image

-

Input images

Image x? - -
i /

Conv2D(32, (5, 5) Conv2D(64, (5, 5) Conv2D(128, (5, 5) Conv2D(128, (5, 5)
MaxPooling2D((2, 2)) MaxPooling2D((2, 2)) MaxPooling2D((2, 2)) t ing2D((, 2))

Autoencoder

Conv2D(64, (5, 5)
1 ing2D((2, 2))

Fig. A.1. The structures of the LRMs.

Appendix A
A.1. The experimental setups

The models are implemented using Keras API (version: 2.1.6). The operating environment is Ubuntu 16.04.4, 512 GB
DDR4 RDIMM, 2X 40-Core Intel(R) Xeon(R) CPU E5-2698 v4 @ 2.20GH and NVIDIA Tesla P100 with 16 GB GPU memory.
The models are trained by optimising a mean square error loss. In order to avoid overfitting, early-stopping is used to select
the hyper-parameters when the losses no longer decrease on the validation set. The batch size is set to be 32.

A.2. The structures of the LRMs

The LRM is a logic reasoning machine shown in Fig. 4. Specifically, it can be any deep neural network. Without loss of
generality, we randomly pick some typical deep neural networks like CNN-LSTM, MLP, CNN-MLP, Autoencoder and ResNets
as LRMs. All LRMs used in this paper take two images as input and one image as output, respectively. The structures of the
LRMs are shown in Fig. A.1 and they are described as follows.

CNN-LSTM: We design the CNN-LSTM based on LSTM [67]. We feed each image in sequence to a three-layer CNN, and
then pass the outputs to the LSTM. We use the ReLU activation function, batch normalization and maxpooling layer after
each convolution layer. The CNN-LSTM works best when the number of neurons of LSTM hidden layer is set to 1024 and
the dropout is applied to the LSTM hidden state. At last, we use a fully-connected layer with sigmoid activation function
after the output of the LSTM.

MLP: We use the MLP (multi-layer perceptron) as described in [37]. The MLP is made up of three fully-connected layers.
The number of neurons of each fully-connected layer is 256. We use the ReLU activation function and batch normalization
after each fully-connected layer. At last, we use another fully-connected layer with sigmoid activation function as the last
layer of the MLP.

CNN-MLP: The CNN-MLP consists of a two-layer CNN and two fully-connected layers sequentially. We use the ReLU acti-
vation function, batch normalization and maxpooling layer after each convolution layer. We use the ReLU activation function
and the sigmoid activation function after the first fully-connected layer and the last fully-connected layer, respectively.

Autoencoder: We implement a autoencoder using the idea of [68]. We use a three-layer CNN as the encoder and the
decoder, respectively. For the encoder, we use the ReLU activation function and maxpooling layer after each convolution
layer. For the decoder, we use the ReLU activation function and upsampling layer after each convolution layer. At last, we
use a convolutional layer with sigmoid activation function after the output of the decoder.

ResNet: In this paper, we use ResNet-18, ResNet-50 and ResNet-152 as described in [69]. In order to meet the require-
ments of our data set, we replace the softmax activation function on the last layer with the sigmoid activation function.
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