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Abstract 

S-P Chart Analysis is an effective method to diagnose the learning status of students 

and items quality. This method is very suitable for use in adaptive learning systems. 

However, it only handles dichotomous data without considering the test data of partial 

credit scoring. The main purpose of this study is to develop a tool for analyzing the test 

data of partial credit scoring according to S-P Chart Analysis method. First, the study 

proposed the Partial Credit S-P Chart Analysis. Then, the study developed the software to 

analyze partial credit data according to the method proposed. PCSP 1.0 software 

developed by this study can help the user to reduce the complex mathematical 

calculations and provide results accurately and quickly. The interaction between users 

and the software is very easy through a graphical user interface. PCSP 1.0 software 

handles not only dichotomous data but also partial credit data. This software is an 

actually useful tool for evaluating and diagnosing the achievement of students. 
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1. Introduction 

Student-Problem (S-P) Chart Analysis was invented in 1970 by Takahiro Sato. It 

is an effective method to diagnose the learning status of students and item quality. 

Its purpose is to help teachers diagnose the abnormal response of students as well as 

items [1, 2]. S-P Chart Analysis analyzes the student’s response patterns to items in 

a test. Based on a number of indexes including Disparity Coefficient, Homogeneity 

Coefficient, Caution Index for Student and Caution Index for Problem, S-P Chart 

Analysis evaluates whether a response pattern is abnormal [3]. As a method of non-

parametric statistics, S-P Chart Analysis doesn’t require any assumptions to the 

characteristics of population. This test data analysis method is very suitable for 

analyzing small classes, and is particularly useful in formative assessment [4]. It 

helps teachers analyze test items, diagnose the learning difficulties of students, 

identify the types of learning and understand the individual differences in students' 

learning. Thereby, teachers can have the appropriate choice of teaching content, 

teaching plan and teaching method in order to improve the academic achievement of 

students [5]. 

S-P Chart Analysis has been widely used in many educational researches [6-9]. 

At the same time, many educational researchers have combined S-P Chart Analysis 

method with different approaches to form new effective methods in educational 

measurement and evaluation [10-13]. However, S-P Chart Analysis has two 

shortcomings. The first one is that both the Caution Index for Student and the 

Caution Index for Problem are not normalized. Thus, the Caution Indexes of two 

different students are not comparable. Harnisch and Linn [14] developed the 

Modified Caution Index (MCI) which normalizes Sato’s Caution Index to solve the 

first problem. The second problem is this method only analyzes dichotomous data 
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without considering the test data of partial credit scoring. When test data is not 

dichotomous, before using Sato’s S-P Chart Analysis, this data must be converted to 

dichotomous data. The common conversion way uses a threshold value. If the score 

which a student achieves on an item is larger than the threshold, it is converted to 1. 

Conversely, the score is converted to 0. Two disadvantages of this way are: First, 

the diagnosis result depends on the selected threshold; Second, useful information in 

partial score is removed.  

This study proposed an extension of S-P Chart Analysis for analyzing the test 

data of partial credit scoring. This new proposal can simultaneously handle two 

shortcomings mentioned above. The study process includes two basic steps. In step 

1, this study proposed the Partial Credit S-P Chart Analysis based on the method of 

Harnisch and Linn [14]. The main points of new proposal are to extend the 

mathematical formulas of the Student’s Modified Caution Index and the Problem’s 

Modified Caution Index. Unlike Sato's S-P Chart Analysis, Partial Credit S-P Chart 

Analysis considers the test whose question is scored from 0 to 1. In step 2, the study 

developed PCSP 1.0 software to analyze partial credit data according to the method 

proposed. The software is developed by the MATLAB programming language that 

has powerful performance in numerical computation, symbolic operation and 

graphical representation [15-18]. PCSP 1.0 software handles not only dichotomous 

data but also partial credit data. It helps the user to reduce the complex 

mathematical calculations and provide results accurately and quickly. In addition, 

the interaction between users and the software is very easy through a graphical user 

interface. The software can completely integrate into adaptive learning systems to 

improve teaching effectiveness. 

 

2. S-P Chart Analysis 

The basic theory of S-P Chart Analysis is summarized in the following 

description [5, 14, 19-21]: 

2.1. Dichotomous Response Matrix of S-P Chart 

Definition 1: Dichotomous Response Matrix 

Suppose that m  students take a test of n  problems. Let Y  denote the 

dichotomous response matrix. 

nmijyY  ][                    (1) 

where, mi ,,2,1  ; nj ,,2,1  ;  

1ijy  if the 
th

i  student answers the th
j  problem correctly,  0ijy  if the 

th
i  

student answers the th
j  problem incorrectly. 

Definition 2: Dichotomous Response Matrix of S-P Chart 

The dichotomous response matrix nmijyY  ][  is called the dichotomous response 

matrix of S-P Chart when both of two following conditions are satisfied: 

+   myyy 21 , where, 
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2.2. Student Curve and Problem Curve 

After the dichotomous response matrix of S-P Chart is formed, the student curve 

and the problem curve are defined as follows: 

Based on the total score of each student, the number of problems corresponding 

to the total score is counted from left to right. Then, the dividing line is drawn on 

the right of these problems. Lastly, all the dividing lines are connected by line 

segments. The staircase curve which is formed according to the way above is called 

student curve (S-curve). 

Based on the number of correct answers of each problem, the number of students 

corresponding to the number of correct answers is counted from top to bottom. 

Then, the dividing line is drawn on the bottom of these students. Lastly, all the 

dividing lines are connected by line segments. The staircase curve which is formed 

according to the way above is called problem curve (P-curve).  

 
2.3. The Disparity Coefficient of S-P Chart 

Definition 3: Disparity Coefficient 

Suppose that nmijyY  ][  is the dichotomous response matrix of S-P Chart. Let 

*D  be the Disparity Coefficient. 

),,(

),,(
*

PnmS

PnmS
D

B

               (4) 

where, 
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y
mn
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),,( PnmS  is the area bounded by the S-curve and the P-curve in the real S-P 

chart. 

),,( PnmS B  is the area bounded by the S-curve and the P-curve if both of two 

curves are the cumulative distribution function curves of binomial distribution. 

In S-P Chart Analysis, the Disparity Coefficient is the index that indicates the 

non-homogeneity degree of the test data. The value of the Disparity Coefficient is 

between 0 and 1. In norm-referenced test, the standard value of *D  is 0.5. In 

criterion-referenced test, the standard value of *D  is 0.4. If 6.0* D  for norm-

referenced test or 5.0* D  for criterion-referenced test, then the test contains a lot 

of heterogeneous factors. 

 

2.4. Modified Caution Index of S-P Chart 

In S-P Chart Analysis method of Sato, Caution Index displays the abnormal level 

of the response pattern. There are two types of Caution Index. The first type is the 

Caution Index for Student and the second one is the Caution Index for Problem. The 

Sato’s Caution Index is not normalized. So, Harnisch and Linn [14] have normalized 

the Sato’s Caution Index and proposed the Modified Caution Index. The formulas of 

Modified Caution Indexes are as follows: 

+ The Modified Caution Index of the 
th

i  student: 
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+ The Modified Caution Index of the th
j  problem: 
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where, 




n
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iji yy
1

 and 




m

i

ijj yy
1

.  

If MCI is greater than 0.3, it suggests that there are some abnormalities in the 

response pattern. If MCI is greater than 0.5, the anomaly of the response pattern is 

serious. Table 1 describes S-P Chart with Modified Caution Index. 

 

Table 1. S-P Chart with Modified Caution Index 

 
Problem number 

jP , nj ,,2,1   
Total score Ratio MCI 

Student number 

iS , mi ,,2,1   
nmijyY  ][  

High 

  iSS  

Low 
n

SS i

 SiMCI  

Number of 

correct answer 

More          Less 

jPP  



n

j

j

m

i

i PPSS
11

   

Ratio 
m

PP j

 
   

MCI PjMCI     
 

Note. Adapted from “Analysis of item response patterns: Questionable test data and dissimilar 

curriculum practices” by D. L. Harnisch and R. L. Linn, Journal of Educational Measurement, vol. 

18, no 3, (1981), pp 133-146. 

 

3. The New Proposal for Partial Credit S-P Chart 

In Partial Credit S-P Chart, if a student completes the question, his score is 1. If 

the student only completes a part of the question, his score is corresponding to the 

completed part. This study redefined the MCI of  Harnisch and Linn [14]. Based on 

the definition, the study extends the formulas of the Student’s MCI and the 

Problem’s MCI for partial credit data. The definition of MCI and the formulas 

proposed by this paper are as follows: 

Definition 4: Modified Caution Index 

Let MCI  be the Modified Caution Index. MCI  is defined by the following 

formula: 

),'cov()*,cov(

),cov()*,cov(

pXpX

pXpX
MCI




            (7) 

where, p  is the vector of the correct response rates, X  is the vector of the real 

response pattern, *X  is the vector of the perfect response pattern, 'X  is the vector of 

the perfectly-inconsistent response pattern. 

 

Theorem 1: Student’s Modified Caution Index for Partial Credit S-P Chart 

Suppose the response matrix of Partial Credit S-P Chart is nmijyY  ][ . The 

student’s Modified Caution Index  
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where, 
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1

 and 




m

i

ijj yy
1

, ][  iyl  is the largest integer not greater than iy . 

Proof. 

Suppose that nmijyY  ][  is the response matrix of Partial Credit S-P Chart. Then 

the vector of the problems’ correct response rates is: 

),,,,,(
21 nj pppp ppppp  , where, 
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y
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 , 
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. 

Consider the th
i  student. Then, the vector of the real response pattern, the vector 

of the perfect response pattern and the vector of the perfectly-inconsistent response 

pattern are as follows: 

+ The vector of the real response pattern: 

),,,,,( 21 inijii yyyyX   

+ The vector of the perfect response pattern: 

),,,,,(* 21
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Substituting (I) and (II) into (9). The Modified Caution Index of the 
th

i  student is: 
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Theorem 2: Problem’s Modified Caution Index for Partial Credit S-P Chart 

Suppose that the response matrix of Partial Credit S-P Chart is nmijyY  ][ . The 

problem’s Modified Caution Index 
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where, 
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, ][' jyl   is the largest integer not greater than jy  . 

Proof. 

The proof of theorem 2 is similar to the one of theorem 1. Therefore, this paper 

does not present it. 

 

4. Software Development 
 
4.1. Process for Software Development 

The progress for PCSP 1.0 software development is the 6-step process described 

in Figure 1.  

 

4.2. The Algorithms of the Program 

The main algorithm of the program is described in Figure 2. The procedure for 

calculating MCI is the most important part of the program. Its algorithm and the 

algorithm for diagnosing student type are described in this section. 

4.2.1. Algorithm for Calculating Modified Caution Index 

procedure CALCULATE_MODIFIED_CAUTION_INDEX 

input nmijyY  ][ ; % Y  is the response matrix of Partial Credit S-P Chart.  

),,,,,( 21  miS yyyyy  ; % Sy  is the vector that shows the total score of each student.  

% 




n

j

iji yy
1

. 

),,,,,( 21 njP yyyyy   ; % Py  is the vector that shows the correct total for each item. 

% 




m

i

ijj yy
1

. 

for 1i  to m  do 

Calculating SiMCI  according to (8). 

end do 

for 1j  to n  do 

Calculating PjMCI  according to (9). 

end do 

output SMCI ; % SMCI  is the vector of the student’s MCI. 

% ),,,,,( 21 SmSiSSS MCIMCIMCIMCIMCI  . 

output PMCI ; % PMCI  is the vector of the problem’s MCI.  

% ),,,,,( 21 PnPjPPP MCIMCIMCIMCIMCI  . 

return 
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Figure 1. Development Process                Figure 2. Main algorithm 

4.2.2. Algorithm for Diagnosing Student Type 

 

procedure DIAGNOSE_STUDENT_TYPE 

input Sy ; % Sy  is the vector that shows the total score of each student.  

% ),,,,,( 21  miS yyyyy  .  

input SMCI ; % SMCI  is the vector of the student’s MCI. 

% ),,,,,( 21 SmSiSSS MCIMCIMCIMCIMCI  . 

for 1i  to m  do  

n

y
p

i
S i


 ; 

if 5.0
iSp  and 3.0

iSMCI  then 

The 
th

i  student belongs to A type. 

elseif 5.0
iSp  and 3.0

iSMCI  then 

The 
th

i  student belongs to B type. 

elseif 5.0
iSp  and 3.0

iSMCI  then 

The 
th

i  student belongs to C type. 

else 

The 
th

i  student belongs to D type. 

end if 

end do 

return 
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4.3. Working with PCSP 1.0 Software 

 

4.3.1. Software Requirements Specification 

1) Windows XP, Windows 7 or upgrade versions. 

2) Screen resolution 1024×768. 

3) MATLAB version 7.10 or upgrade versions. 

 

4.3.2. Graphical User Interface 

The user interacts with PCSP 1.0 software through the graphical user interface 

(GUI). The operations are easily performed by selecting the corresponding menu on 

the menu bar. The role of each menu is described in detail in Table 2. Data in a 

selected folder is imported through submenu “Input data” of FILE menu. Depending 

on the choice of the user on ANALYSIS menu, the software can provide them with 

results such as Cronbach's alpha, S-P chart, the S-P curve graph, the diagnosis graph 

for students, the diagnosis graph for problems, the distribution graph of total score 

and the distribution graph of problem difficulty. 

Table 2. The Function of the Menus 

Menu Menu item Function 

I. File 
1. Input data Input data. 

2. Quit Quit the software. 

II. Analysis 

1. S-P chart Calculate and output the results of S-P chart. 

2. S-P curve Draw the S-P curve graph.  

3. Diagnosis graph Present the diagnosis graph for students and the 

diagnosis graph for problems. 

4. Distribution Display the distribution graph of total score and the 

distribution graph of problem difficulty. 

 

5. Application Example 

This study uses the test data consisting of the response patterns of 27 secondary 

school students to illustrate the application of PCSP 1.0 software. These students 

participate in a partial credit test of 10 items. The test data are inputted into PCSP 

1.0 software. Figure 3 shows the S-P chart for the test data that are used in this 

study and Figure 4 describes the S-P curve graph. 

After analyzing data, PCSP 1.0 software displays the most important analysis 

results in S-P chart. S-P chart contains the information about total score of students, 

correct answer rate of students, the students’ Modified Caution Index, student types, 

correct answer total of problems, correct answer rate of problems, the problems’ 

Modified Caution Index and problem types. PCSP 1.0 software also provides the 

results of student diagnosis and problem diagnosis by diagnostic graphs as Figure 5 

and Figure 6. In the diagnostic graph, students are divided into four types A, B, C 

and D. The similar thing is also done for questions. The characteristics of each type 

are presented in Table 3. In addition, PCSP 1.0 software also displays the 

distribution graph of total score and the distribution graph of problem difficulty in 

two types of statistics graph: boxplot and histogram.  
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Figure 3. The result of Partial Credit S-P Chart 

 

Table 3. Student Types and Problem Types 

Type Student Problem 

A Good learning, high stability. Good problem, suitable for distinguishing 

between low achievers and the others. 

B Learning performance is high but 

stability is low; Carelessness. 

Problem has anomalous parts, need to be 

partially amended. 

C Lack of scholastic ability, 

insufficient learning, need to more 

effort. 

Difficult problem, suitable for distinguishing 

between high achievers and the others. 

D Weak learning, lack of 

preparation, low stability. 

Poor problem, the data are incorrect or the 

meaning is ambiguous, need to be repaired. 
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Figure 4. The Student Curve and the Problem Curve 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Problem Diagnostic Graph 

students 
Figure 5. Student Diagnostic Graph 

students 
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6. Conclusion 

S-P Chart Analysis is an effective method for diagnosing learning. However, it 

only handles dichotomous data. Therefore, it only evaluates the students who 

answer an item correctly without considering the students who only answer a part of 

the item correctly. This study proposed the Partial Credit S-P Chart Analysis for 

analyzing partial credit test. The proposed method has overcome the disadvantages 

of traditional S-P Chart Analysis. At the same time, the study has successfully 

developed a new learning diagnosis tool. The PCSP 1.0 software developed by this 

study analyzes partial credit test according to the Partial Credit S-P Chart Analysis. 

It has two main advantages. The first one is that it analyzes the test data with small 

sample. So this software is very suitable to use in analyzing the test results of 

students in small classes. The second one is that the test result is analyzed by the 

software according to the proposed method that considers the students who only 

answer a part of the item. Thus, this software can assist teachers in assessing 

students' partial understanding. In addition, PCSP 1.0 software is designed for ease 

of use and time-saving, but the output is accurate and clearly visual. Its functions 

are as follows: 

1) PCSP 1.0 software calculates and provides the result of analyzing S-P chart in 

the numeral form. The provided results include Cronbach's alpha, total score of 

student, correct answer rate of student, the student’s Modified Caution Index, 

student type, correct answer total of problem, correct answer rate of problem, the 

problem’s Modified Caution Index and problem type. 

2) PCSP 1.0 software presents the analysis result visually by tables and graphs. 

The presented results include S-P chart, the S-P curve graph, the diagnosis graph for 

students, the diagnosis graph for problems, the distribution graph of total score and 

the distribution graph of problem difficulty. 

3) PCSP 1.0 software also handles dichotomous data according to traditional S-P 

Chart Analysis.  

In short, PCSP 1.0 software is a useful tool for teachers in diagnosing the 

learning status of the student and assessing test item quality. 
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