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Abstract. We are developing the training system for numerical calculation aim-
ing at improving calculation ability. There are two main purposes of realizing 
this system. One is to increase students’ motivation to study mathematics by  
using the questions in SPI2 adopted by many companies as employment exami-
nations. The other is to support a student’s learning efficiently by giving the 
questions according to the student's ability. In order to give an adaptive ques-
tion, our system has functions to estimate each student's ability and item diffi-
culty in the test item database. This paper reports the basic concept, the features 
and the experiment conducted to verify the usefulness of the system and its  
result. 
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1 Introduction 

In recent years, in many universities or colleges, the students who lack calculation 
ability are increasing in number, and it interferes with some lectures premised on 
calculation ability. In addition, since many companies give calculation tests as a part 
of their employment examinations nowadays, it is difficult for students with low abili-
ties to pass them. For these reasons, many universities/colleges give remedial mathe-
matics course to the freshmen students. However, since the difference of the calcula-
tion ability between students is large, it is difficult to raise learning effectiveness with 
the same curriculum. In such a case, the individualized learning which has been 
adapted for each student's understanding is more effective than group lessons.  
However, since most of arts students do not like to study mathematics generally, it is 
difficult for them to maintain the motivation to study using the existing mathematics 
materials. Instead, their motivation to study for an employment examination is com-
paratively high. Therefore, it is expected that the teaching materials made for  
employment examinations will raise their motivation for learning. 

We aim to realize the web-based training system for numerical calculation using 
the questions of SPI2 (Synthetic Personality Inventory 2) which is widely adopted as 
an employment examination in Japan. This system is supposed to be used especially 
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in the entrance into universities/colleges or the period when a student takes an  
employment examination in order to acquire calculation ability. Repeated calculating 
is the most important until a question comes to be solved in order to gain ability. 
However, since there are around twenty study units in SPI2, in order to raise a learn-
ing effect in a limited time, it is important to extract the study units adequately which 
the student should study because she/he does not understand it well.  

The system characterized by giving the questions according to the student's ability 
has been considered for many years. Papers [1] and [2] are featured by choosing the 
question which is adapted for the student's ability from the question database. They 
are effective methods when the test item difficulties are set to all questions before-
hand, but the problem is that a load is required of a teacher. Papers [3] to [7] show the 
methods of generating questions automatically. Although the advantage is that they 
can give many questions to the students, the problem is how the validity of the diffi-
culty of the test item in question is guaranteed. 

We are developing the training system for numerical calculation equipped with two 
functions, ability analysis and a calculation training[8]. One of the features of the 
system is to avoid generating questions that will be too easy/difficult, and showing the 
question according to academic ability by using Item Response Theory (IRT). How-
ever, since the questions in SPI2 are added and updated frequently, there is a problem 
regarding how the difficulty of the test item stored in the question database is main-
tained. We are examining how to estimate the test item difficulty using the number of 
the formulas contained in the process of a numerical calculation. By using this me-
thod together with the PROX method, we think that a system which can respond to 
the frequent change of the contents of the question database can be realized. 

This paper reports the basic concept, the features and the experiment to verify the 
usefulness of the system and its result. 

2 System Overview 

2.1 What Is SPI2? 

Before we start explanation of the system developed now, SPI2 is explained briefly. 
SPI is one of the aptitude tests broadly used as the employment examination of the 

company. It has been developed by present Recruit Management Solutions Co.,Ltd. 
and adopted 9,050 companies in the 2011 fiscal year. In addition, "2" of "SPI2" ex-
presses the version number1. SPI2 consists of an ability test and a personality test, and 
the numerical calculation explained in this paper is a part of ability test. Although the 
range of questions of SPI2 is not exhibited, it includes around 20 study units such as 
probability calculation, speed calculation, and concentration calculation. SPI2 test 
requires the calculation ability from an elementary school to a high school. It also 
requires a student to answer the 30 calculation questions within 40 minutes.  

In addition, although an actual ability test in SPI2 consists of multiple-choice ques-
tions, the training system which we are developing is a system which a numerical 
value is inputted as an answer. 
                                                           
1 The version number of SPI as of February, 2013 is "3". 
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2.2 System Configuration and Operation 

The system configuration is shown in Fig. 1. This system is a web-based training 
system and has two functions, ability analysis and calculation training. The student 
chooses one of the functions to use after login. The outline of two functions is ex-
plained below. 

 

Fig. 1. Configuration of Training System for Numerical Calculation 

1. Ability analysis 
Ability analysis is the function to take the analysis test which consists of test items 
stored in the test item database. Since each of the abilities needs to become clear in 
advance in order to perform an adaptive training, all the students who want to use the 
function of calculation training must take this test. In addition, before performing 
ability analysis, all item difficulties in the test item database must be known. Chapter 
3 explains the setting method of item difficulty. 

The module for question generation gains some test items from the database, creates 
an ability analysis test, and gives a student the question. After a student's answer, the 
module for answer judgment transmits right-or-wrong information to the module for 
ability analysis, and the module for ability analysis estimates the student's ability θ. 

We use Maximum Likelihood Estimation as the method to estimate the ability θ. It 
is the method of estimating θ from a viewpoint of the probability of a series of results 
in a test. By using the item difficulty bj and the ability θ, the probability Pj (θ) for 
correct answer and the probability for incorrect answer can be calculated. Then, the 
probabilities that a series of student answers will take place are calculated, changing 
theta to various values. The largest value among the calculated values is an estimate 
of θ, and it is registered into the student database. 

 

2. Calculation training 
The calculation training is a function which extracts the test item suitable for the stu-
dent's ability from the test item database and shows a student it. The test item has 
attributes and values as shown in Table.1. The contents of each attribute of a test item 
are as follows. 
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Table 1. Sample of Attributes and Values of Test Item 

attribute value 
Item ID 7 
Unit ID 6 
Question 
Sentence 

What percentage of salt water solution will be made 
if (  p

1
  )g of water is added to (  p

2
  )g of (  p

3
  )% 

salt water solution? 
Parameter set (50, 100, 3, 2), (60, 100, 4, 2.5), (50, 200, 5, 4), … 
Parent ID 11 
Child ID 3, 4, 6 
Item Difficulty 0.1 

• Item ID 
ID of a test item 

• Unit ID 
ID of a study unit 

• Question sentence 
Question sentence given to a student. Px (x=1,2,3,…) is a parameter which deter-
mines a value at the time of generating question. 

• Parameter set 
Set of the numerical value given to a question sentence and the numerical value of 
a correct answer. There are some parameter sets in a test item, and one set is cho-
sen at the time of generating the question. For example, when (50, 100, 3, 2) are 
chosen, p

1
=50,  p

2
=100, and  p

3
=3 are set to a question sentence. The correct an-

swer is 2. 
• Parent ID 

IDs of test items containing the calculation process of this item 
• Child ID 

IDs of test items used as the partial calculation process of this question 
• Item Difficulty 

Value of test item difficulty 

The module for question generation selects a test item and generates a question based 
on the teaching strategy. This paper does not discuss the details of a teaching strategy, 
but the following examples are shown as a teaching strategy. 

• When a student answered a question correctly, the system gives a more difficult 
question using Parent ID. 

• When a student answered a question incorrectly, the system gives an easier ques-
tion one using Child ID. 
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3 Estimation of Item Difficulty 

In this paper, we try to propose the method of giving a suitable question based on a 
student's probability of the questions stored in the test item database. We adopt the 
Rasch model (One-parameter logistic model) widely known for the field of IRT as a 
method of estimating the probability. According to Rasch model, when the item diffi-
culty bj and the student's ability θ is known, the probability Pj (θ) is calculated using 
following formula. 11  

Since Pj(θ) is a value for probability, following two points are guessed from a view-
point of the difficulty of question. 

• When Pj(θ) is close to 0, the problem is too difficult for a student. 
• When Pj(θ) is close to 1, the problem is too easy for a student. 

That is, the more the value of Pj(θ) approaches 0.5, the more the question will be suit-
able for a student. By using this view, an adaptive training system will be realized. 

In order to perform ability analysis mentioned in 2.2, all item difficulties in the test 
item database must become clear in advance. We propose to use two methods togeth-
er, the PROX method and the method of using the number of formulas contained in 
the calculation process in order to estimate the item difficulty bj. These two methods 
are explained below. 

3.1 Estimation Using PROX Method 

The PROX method is one of the methods used in order to estimate student's ability θ 
and the item difficulty bj required to apply Rasch model. Its feature is that the compu-
tational procedure for estimation is easier than other methods. 

The example of a right-or-wrong situation where seven students answer the test, 
which consists of the six items, is shown in Table 2. 

Table 2. Parameter estimation using the PROX method 

Student 
ID 

Question ID 
θ 

1 2 3 4 5 6 

1 1 0 0 0 1 0 -0.940 

2 1 1 1 0 1 0 0.940 

3 0 0 1 0 0 0 -2.174 

4 1 0 0 0 1 0 -0.940 

5 1 0 0 0 0 1 -0.940 

6 1 1 1 0 0 1 0.940 

7 1 1 1 1 0 1 2.174 

bj -2.525 0.256 -0.51 2.271 0.256 0.256  
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Since a right-or-wrong situation is expressed with two values of 1 and 0, Table 2 
means that the student 1 answered the question 1 and the question 5 correctly, and 
gave the wrong answer to other questions. The PROX method estimates θ and bj using 
the logit scores calculated from Table 2 (as shown in shading). Explanation of the 
calculation process of the PROX method is omitted in this paper. 

When θ and bj are calculated like Table 2, the probability Pj(θ) that the student of θ= 
0.5 answers the question 2 (bj =0.256) correctly is calculated as follows. 11 . . 0.56 

If the difficulties of all the SPI2 items stored in the test item database are calculated in 
advance, when a student's ability θ becomes clear, the probability for all items will be 
calculated. Therefore, the system can extract the test item which is neither too easy 
nor too difficult for the student. 

However, it is very difficult to actually set up all the item difficulties in the test item 
database in advance for the following two reasons.  

 

(1) For the high updating frequency of test items in the database 
The range of questions of the numerical calculation of SPI2 is wide, and also it is 

expanded every year. Moreover, since it is possible that various questions whose dif-
ficulties are low to high can be created, the frequency of the addition and update of 
the test item database becomes high. At actual schools, it is difficult to carry out fre-
quent test for items whose difficulties are unknown. 

(2) For a restriction of "assumption of local independence" 
In order to apply IRT, assumption of local independence must be satisfied regarding 

each item of a test. Assumption of local independence means that the probability that 
an answer of certain item is correct does not affect the probability that answers of 
other items are correct. Fig. 2 shows the example of three items in the "concentration 
calculation" study unit. In this example, since the calculation process of item A con-
tains the calculation process of item B, the student who cannot answer item B correct-
ly cannot answer item A correctly. Therefore, item A and item B cannot be used for 
the test for ability analysis simultaneously because item A and item B are not in the 
relation of local independence (the relationship between item B and item C is the 
same). However, since it is necessary to create broadly from an easy question to a 
difficult one in order to give the problem according to student's ability, it is rather 
ordinary that items shown in Fig. 2 are simultaneously stored in the test item data-
base. In this case, it is necessary to carry out two or more tests in order to set up the 
item difficulties because of assumption of local independence 

3.2 Estimation Using the Number of Formulas in the Calculation Process 

This section discusses how to estimate the item difficulty using the number of the 
formulas contained in the process of a numerical calculation. 

Fig.2 shows the example of three items belonging to the "concentration calcula-
tion" and their calculation processes. In addition, all the formulas in this paper are 
expressed as dyadic operation. 
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Fig. 2. Example of relationship between 3 items 

As for the item C in Fig.2, the correct answer is calculated in the following 
process. 

1. The percentage expression (concentration) is changed into the decimal expression. 
2. The weight of salt is calculated by multiplying the weight and the concentration of 

the salt water. 
 

As for the item B, its calculation process include one of the item C. Furthermore, 
some formulas are added to the item B. The calculation process of the item A include 
one of the item B as well. That is, the comparison of these three items guesses that the 
item difficulty becomes large at the order of item A, item B, and item C. For example, 
if the item difficulty of item B is known, the item difficulty of item A (or item C) will 
be estimated by getting the difference between the item difficulty of item A and item 
B (or item B and item C).  

The number of formulas contained in the calculation process of each item of Fig. 2 
are as follows. 

 
item A: 8,  item B: 5,  item C: 2 
 
Therefore, the difference between the number of formulas of item A and item B is 

3. Then, we tried to make the relationship between the differences of the number of 
formulas and item difficulty experimentally clear. That is, we estimated the change of 
item difficulty corresponding to one formula in the calculation process by dividing the 
difference between the item difficulty of item A and item B by the difference of the 
numbers of their formulas of calculation processes. 

The following chapter explains the experiment to perform the above-mentioned 
contents. 
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4 Evaluation of the Estimation Method for the Item Difficulty 

4.1 Outline of the Experiment for Evaluation 

In this chapter, we examine the relationship between the number of the formulas in 
the calculation process and the item difficulty. Estimation of item difficulty is per-
formed by analyzing the answers of the test submitted by the college students using 
the PROX method. Under the present circumstances, the contents of the item which 
constitutes a test are important. For example, item A, item B and item C in Fig.2 can-
not be used in the same test simultaneously because of assumption of local indepen-
dence. Then, it is assumed that the difference of the item difficulty depends on only 
the difference of the number of formulas in the calculation process regardless of the 
study unit or the contents of the question.  

In this paper, the relationship between the number of the formulas in the calculation 
process and the item difficulty is estimated in the following procedures. 

 

1. Constitute a test using several questions from which the number of formulas in 
the calculation differs. Select the all questions so that the assumption of local in-
dependence may be satisfied. 

2. Estimate the all item difficulties bj of all the items in the test using the right-or-
wrong situation of a student's answer. 

3. Get the expression of relation between the number of formulas in the calculation 
process and bj. 

4.2 Method of Experiment 

The experiment was conducted on the following conditions. 

• Contents of the test 
─ 15 questions from 4 study units ("price computation", "dealing profit and loss", 

"speed calculation", and "concentration calculation") are used. 
─ All the questions are the numerical calculations whose correct answers are nu-

merical values. 
• Subject 

80 first graders of Kyushu Junior College of Kinki University 
• Answer method 

The student accessed the Web server which stored the test using the personal com-
puters in the classroom and answered simultaneously. 

• Answer time 
Although not specified in particular, all the students finished answering the ques-
tions in about 30 minutes. 

4.3 Result and Consideration 

The graph which plotted the number of formulas in the calculation process of an item 
and the item difficulty is shown in Fig. 3. In addition, for the questions which were 
solved by same number of formulas, the average value of those item difficulties are 
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the representative value. The result is that there is a strong correlation between the 
number of formulas in the calculation process and the item difficulty because the 
Pearson product-moment correlation coefficient is 0.78. The regression coefficient 
was 0.47, and it means that one of the formulas corresponded with 0.47 of item diffi-
culty. Therefore, if the item difficulty of item B will be estimated at 1.00 (for exam-
ple) by the PROX method, item A and item C may be estimated as follows. 

• Item difficulty of item A 
Since item A has 3 more formulas in its calculation process more than item B, 1.00 0.47 3 2.41 

• Item difficulty of item C 
Since item A has 3 fewer formulas in its calculation process more than item B, 1.00 0.47 3 0.41 

 

Fig. 3. Relationship between number of the formulas and item difficulty 

As explained so far, it is possible that all the item difficulties can be estimated by two 
methods, PROX method and the method using the number of formulas contained in 
the calculation process. Therefore, the student's probability of each test item can be 
estimated with applying IRT. 

5 Conclusion 

We are now developing a system with the feature described so far. Moreover, we 
proposed the method of estimating the item difficulty using the number of formulas in 
the calculation process. The result of the experiment suggested the probability that the 
number of formulas in the calculation process may be used for estimating the item 
difficulty.  
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However, since the number of subject and the number of questions on the experi-
ment test was not enough, we could not estimate parameters with precision. Moreo-
ver, another problem to be solved is that the rate of correct answers in an experiment 
test was quite lower than anticipated. Many more tests by many more students must 
be carried out in order to estimate item difficulty with more precision.  
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