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Abstract. Investing involves allocating money with the expectation of future
benefits. One common form of investment is bonds, which are financial
instruments issued to raise capital from investors, offering regular interest
payments. In Indonesia, ORI (Indonesian Retail Bonds) is a type of bond that
can be traded on the secondary market. As such, determining the price of ORI is
crucial for planning purchase and trade transactions. Interest rates are a key
factor affecting investments. The fluctuation of interest rates can be modeled as
a stochastic process, which can be observed through various stochastic models.
The purpose of this study is to use stochastic models such as Vasicek, CIR, and
Dothan to forecast Indonesia's reference interest rate and apply these
predictions to ORI pricing. First, the parameters are estimated using ordinary
least squares on historical interest rate data. Then, interest rates are calculated
using a Monte Carlo simulation to obtain the average rate. Afterward, the
Kolmogorov-Smirnov test is used to determine the best-fitting model. Finally,
the estimated interest rates are applied to calculate the price of ORI.

Keywords: ORI, Vasicek, CIR, Dothan.

1. Introduction

1.1  Background

Indonesian Retail Bonds (ORI) are a type of bond that can be traded on the secondary
market, such as the Indonesia Stock Exchange (IDX). Therefore, determining the
bond price is crucial for both purchase and trade transactions. The price needs to be
reasonable for both sides, ensuring it is neither excessively high nor too low. If the
price is too high, buyers may be reluctant to purchase, while if it is too low, no one
would be willing to issue and trade the bond. Therefore, a pricing model is required to
assess the fair value of the bond.

The primary challenge in pricing bonds lies in the uncertainty of future interest
rate fluctuations. These fluctuations, which are unpredictable, form a stochastic
process that requires the use of stochastic interest rate models for observation. Some
models that can be used to approximate stochastic interest rates include the Vasicek
model [16], the Cox-Ingersoll-Ross (CIR) model [5], and the Dothan model [6].

The Vasicek model does not limit the interest rate requirement, so it is possible to
obtain negative interest rate results [3]. Unlike the Vasicek model, the Cox-Ingersoll-

© The Author(s) 2025

M. Nohong et al. (eds.), Proceedings of the 9th International Conterence on Accounting, Management, and
Economics 2024 (ICAME 2024), Advances in Economics, Business and Management Research 331,
https://doi.org/10.2991/978-94-6463-758-8_186


https://orcid.org/0009-0002-5319-1229
https://orcid.org/0000-0003-1210-3739
https://orcid.org/0009-0008-2590-8425
https://orcid.org/0000-0002-1392-3889
http://crossmark.crossref.org/dialog/?doi=10.2991/978-94-6463-758-8_186&domain=pdf
https://doi.org/10.2991/978-94-6463-758-8_186
mailto:ikaradriani@ith.ac.id

2332 I.R. Adriani et al.

Ross (CIR) interest rate has reversion properties or a tendency to return to the average
and is positive [14]. Research on stochastic interest rate models has been extensively
conducted, including studies using Vasicek [11], [12] dan Cox-Ingersoll-Ross (CIR)
[17, [8] interest rates are increasingly being studied because the interest rate follows a
stochastic process. The study highlighted the strengths and weaknesses of these
models in capturing interest rate behavior. Additionally, calibrated the parameters of
the Vasicek model using the ordinary least squares (OLS) method [17]. Furthermore,
comparison between Vasicek dan Cox-Ingersoll-Ross (CIR) with financial issues has
been studied [9], [15].

Although stochastic models such as Vasicek, Cox-Ingersoll-Ross (CIR), and
Dothan have been widely used in financial research, their application for forecasting
interest rates specific to Indonesian Retail Bonds (ORI) remains underexplored. A
significant portion of the current literature emphasizes developed markets and various
other financial instruments, leaving a lack of insight into how these models function
within emerging markets like Indonesia. Additionally, there has been minimal
comparison of these stochastic models for predicting interest rates related to ORI
pricing, which is crucial for both investors and regulators in Indonesia.

This study addresses this challenge by applying and comparing the Vasicek, CIR,
and Dothan models to forecast Indonesian interest rates and assess their influence on
ORI pricing. By calibrating these models using historical BI Rate data and evaluating
their performance through the Kolmogorov-Smirnov goodness-of-fit test, the research
identifies the most effective model for predicting Indonesian interest rates. The
novelty of this work lies not only in the application of these models to ORI pricing
but also in the comparative analysis, offering a new understanding of the most
suitable model for the Indonesian market. Based on these conditions, this research
aims to approximate Indonesia’s reference interest rate using the Vasicek, CIR, and
Dothan models by calibrating their respective parameters. These models will then be
applied to determine the pricing of Indonesian Retail Bonds (ORI).

1.2 Novelty of Research

The application of stochastic interest rate models to Indonesian Retail Bonds (ORI) is
a new approach that the author proposes in this study. Additionally, the research will
seek to identify the best-fitting stochastic model that aligns with the trends of
Indonesia's reference interest rate. This combination of interest rate approximation
and its application to ORI pricing represents a novel contribution to the field.

2. Literature Review

2.1 Efficient Market Hypothesis (EMH)

The Efficient Market Hypothesis (EMH) provides a theoretical foundation for
understanding how markets incorporate information into asset prices [7]. According to
EMH, in an efficient market, asset prices fully reflect all available information,
meaning that it is difficult to consistently outperform the market through price
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prediction using historical data alone. This theory underpins the importance of using
stochastic models, like Vasicek, CIR, and Dothan, which attempt to model random
fluctuations in interest rates, a critical factor influencing bond prices such as ORI
(Indonesian Retail Bonds).

In the context of this research, EMH strengthens the argument that predicting ORI
prices requires robust models that account for the stochastic nature of interest rates.
Since ORI is trading in the secondary market, its price dynamics are influenced by
market participants' expectations of future interest rates, which are, in turn, shaped by
available information. By employing stochastic models that simulate interest rate
movements, this study aligns with EMH in recognizing that forecasting future bond
prices requires sophisticated tools to handle the inherent uncertainty in financial
markets.

In this study, the Vasicek, CIR, and Dothan models serve as methods to
approximate the stochastic processes underlying interest rate movements. By
comparing these models, this research contributes to identifying which approach most
accurately reflects Indonesia’s interest rate trends, adding value in the context of an
emerging market where information flow may differ from that in developed markets.

2.2  Short Term Stochastic Interest Rate Models

Short-term interest rates refer to the rates applicable over a specific time interval.
Several stochastic interest rate models are utilized in this research, which include the
following:

Vasicek Model. The Vasicek model is the first model to adopt the mean-reversion
theory. This theory suggests that interest rates tend to revert to a long-term average
over time. The stochastic differential equation (SDE) for the Vasicek model is as
follows:

dr,=alb—r |dt+od W, (1)
where W, represents a Wiener process, b indicates the mean-reversion level of I',, a

represents the reversion rate, and 0 denotes the volatility of short-term interest rate
movements [16].

The Cox-Ingersoll-Ross (CIR) Model. The CIR model is an extension of the
Vasicek model. The stochastic differential equation of this model is as follows:

dr,=alb—r |dt+o+r dW, @)

the standard deviation factor of this model is 0 \/ I, ensuring that interest rates will
not take on negative values [5].

The Dothan Model. The Dothan has interest rates that are log-normally distributed,
ensuring that interest rates will always be positive with the following equation:
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dr,=ar dt+or,dw, 3)

where volatility >0,a € R is a constant parameter, and W/, is standard Brownian
motion [6].

2.3  Euler-Maruyama Method

The Euler-Maruyama method is used to approximate numerical solutions to stochastic
differential equations (SDEs). Let the SDE be:

dX,=a( X |dt+b[X |dW

t

with initial value X ,= X, where W, is a Winner process. If the SDE solution exist in

time interval [0,T] with a  discretized time ( T ) s  Where

T
0=1,<71,<...<7,<...<Ty=T and have the same distance SZW’ the Euler-

Maruyama approximation SDE is
Y, =Y, +alY,|A +b[Y AW, )

for n=0,1,...,N—1, with initial value Y =X, A,=T,,,—T7,=6, and
AW =W, —W.,  The random variable AW, N(0,A,) is a mutually

independent random variable that has a normal distribution with the expected value is
0 and the variance is A, [10].

2.4  Ordinary Least Square

Ordinary least square is a technique used to estimate the unknown parameters in a
linear regression model. The principle used is to minimize the sum of the squares of
the differences between the observed variables and the predicted variables as follows

[4]:
y;=a+bx+e;;i=12,...,n
gi:yi_(a+bxi)

n

5= e2=Y (yiiin|a+bxf i )
i=1

i=1
2.5 Monte Carlo Simulation
Monte Carlo simulation is a type of probabilistic simulation to find solutions to
problems by sampling from random processes. Approximating interest rates using

Monte Carlo simulation in this research is by taking the average of m samples which
are done using the following formula [4]:
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2.6 The Goodness of Fit Test

The Goodness of Fit Test is used to test whether the reference interest rate in
Indonesia follows one of the models used in this research. The test used to measure
the suitability of the model in this research is the Kolmogorov-Smirnov test which is
formulated as follows [13]:

Dcalzmaximum|F0(X]—F (X)| (7

r

with F r(X | is cumulative frequency of theoretical data and F O(X ) is cumulative
frequency of observed data. The value of D, is obtained from the Kolmogorov-

Smirnov table. The criterion used is to accept H, if the value of D, <D,,,. The
formulation of the hypothesis used in this research is as follows:

H, : The data is sufficient to illustrate that the interest rate using the stochastic model
is in accordance with the BI Rate interest rate.

H | :The data is not sufficient to illustrate that the interest rate using the stochastic
model is in accordance with the BI Rate interest rate.

3.  Methodology

3.1 Data Collection

This study uses historical data from the BI Rate published by Bank Indonesia over the
past 12 years to determine the approximation of interest rates and the price of ORI
bonds. The data is sourced from publicly available resources, such as the official
Bank Indonesia website. The data period covers both normal market conditions and
periods of volatility. To ensure the reliability of the analysis, the data encompasses
various economic conditions, with interpolation techniques applied to handle missing
data points.

3.2 Step and Algorithm

The steps taken and the algorithm used in determining the approximate interest rate

and bond prices on ORI are by using the Euler-Maruyama numerical method and

Monte Carlo simulation to approximate the reference interest rate in Indonesia. The

steps taken in this research are:

1. Estimate the parameters used in stochastics models using ordinary least squares.
The parameters in Vassicek dan CIR models estimated by a, b and 0. Meanwhile,
the parameters in Dothan model, only a and o.

2. The parameters estimation results are used to determine the interest rate at a
certain time interval using the Euler-Maruyama numerical solution and Monte
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4.

4.1

Carlo simulation.

The interest rate obtained is used to determine the price of bonds in a particular
ORI series.

Test the goodness fit of the models used with the Kolmogorov-Smirnov test.
Compare and analyze the results of approximation of interest rates and bond prices
in the models used.

Results and Discussion

Algorithm for Approximating Interest Rates

The algorithm to calculate the interest rate approximation from stochastic models
using the Euler-Maruyama and Monte Carlo methods in Scilab is as follows:

1.

Input the initial interest rate (ro), time interval (At ), maturity time (T), and the
number of simulations (m )
Calculate the number of interest rate values to be obtained using the formula
T
N=—.
At
Input the (N), BI Rate interest values into the vector 1 =(r1 s osens ,I‘N),
Determine the parameter values for the stochastic models using the following
equations:
a. Vasicek
According to (1) with interval (4). It follows from (5) that:
N-1
~_1—q p A 1
a= b =—F— AO=¢f|—— +qr.
A t _ q N _ 2 ; i+At (p q J)
with p= I8
P= N1
N-1
N-1 N- 1 Z 1+A[
. i=1 ..
- 1) Z ( 1+AI : (" 66
= = N 1 z bbd

b. CIR

According to (2) with interval (4). It follows from (5) that:

_ 2
~_1=q 3+_ p ~ 1 5 risa p . 4ri
a=—->=*,b=—"—,dand = ===

At 1-q N—2; Vro WV
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N-1
Z( i;At)_[N_l]q
with p=— i
p Nz_l l
i=1 \ T
N-1 N-1 N-1
Tivae 1
N-1 - —
( )1:1( ri ) P r1+At ~ (rl)
cq= NI
(N-1P-3 ]S (—)
i=1 i=1 \T;
c. Dothan

According to (2) with interval (4). It follows from (5) that:

N-1
N — ~ r
a:u 1dal’lG: 1 Z t+At
At N-2=1\ r,
& [ Tieac
i=t\ T
N-1
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Let RNXmZ(r,-j) for i=1,2,...,N and j=1,2,...,m be a matrix of size
N x'm where each column element is a vector of interest rates in the j—{th
simulation with j=1,2,...m. For each j —{th simulation, the following things

are done:

a. Generate a random variable € N (0,1) which is used to calculate the

interest rate '\, 5, ;. The random variable ¢ N ( 0,1) is a random variable

with a standard normal distribution with mean O and variance 1.

b. Let I' ), be the interest rate at the time t+At. For each time step

t—0,1,2,...,[T— 1). Calculate I' ., | ; using the following equation:

1. Vasicek
rir+At}j:rt+a(b_rt)At+G\/F€[
2. CIR
rmm]j:rﬁa(b—r[)At+a\/r7t\/th
3. Dothan

Faagj=Terar At+or JAte,

Let F=r,,T,,...,T'y is a vector of average results from m simulated interest

rates calculted using (6)
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Zrij

1
r=—

7. Letf Zf”l ,f”z yeensT n 1s a vector that states the monthly interest rate of ' to be

applied to the ORI price each month, then f‘i is calculated using the formula
1
Foo(147,) 2 =1

4.2 Algorithm for Calculating ORI Prices

The algorithm for calculating ORI price approximations using the Scilab application

is as follows:

1. Input the average approximation interest rate (f”), coupon interest (C ), time
interval (At ), maturity time (T), and nominal value (M )

2. Calculate the number of bond prices you want to obtain using the formula
N=-L

At

3. Let ZZ(Zl, ZyyeuisZ N) be the vector that represents the present value of the
zero-coupon bont at the time of the i —{th month with i=1,2,..., N. Calculate
the price of a zero-coupon bond with the formula

z,= fori=1,2,...,N.

N
H ( 1+r1 j)
j=i
4. Letc= (C 15C25...,C N) be the vector that states the amount of interest coupons

paid per month. Calculate the amount of interest coupons using the formula

N
C M
C == -~ -
1235 )
H ( 1+r j)
j=i

5. Let b=(b;,b,,...,by) be the vector that represents the ORI price. Calculate

the ORI price using the formula
b=z+c.
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Algorithm for Testing Model Suitability

The algorithm for calculating ORI price approximations using the Scilab application
is as follows:
The algorithm for testing model suitability using the Kolmogorov-Smirnov test is as

follows:

1. Categorize the interest rate in the stochastic model and the BI Rate interest rate
into several classes (k 6o i) b

2. Calculate the number of frequencies of each class in the interest rate of the
stochastic model and the level of the BI Rate.

3. Calculate the cumulative frequency distribution of each class in the interest rate
of the stochastic model and the BI Rate interest rate using the formula F',= -

n

4. In each class, calculate the absolute value of the cumulative distribution of the
stochastic model with the cumulative distribution of the BI Rate interest rate
using the formula 6 F(—F V(.

5. Determine the value of D, with (7)

D_,=maximumi
6. For data that has a frequency of more than 30 with a confidence level of 95 %,

. . 1.36
the value of D, ,,, is calculated using the formula \/— .
n
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7. Compare the value of D, with D, with the following conditions:
If D ;<D - then accept H .
If D_,2D,,. then reject H .

4.4 Application of Stochastic Models to Approximate Interest Rates

The historical interest rate data used to determine the parameter values of the
stochastic interest rate model is the BI Rate interest rate data starting from September
2012 to August 2024 [2]. The following Table 1 gives an interest rate used to predict
the reference interest rate is for 3 years or 36 months starting from June 2019 to May
2022.

Table 1. BI Rate (2024) interest rate.

Month Month Month
n to-n ( %) n to-n ( %) n to-n ( %)
1 6 13 425 25 35
2 5.75 14 4 26 3.5
3 5.5 15 4 27 3.5
4 5.25 16 4 28 3.5
5 5 17 4 29 35
6 5 18  3.75 30 35
7 5 19 3.75 31 35
8 5 20 375 32 35
9 4.75 21 35 33 35
10 45 22 35 34 35
11 4.5 23 35 35 35
12 45 24 35 36 3.5
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Source: https://www.bi.go.id/id/statistik/indikator/bi-rate.aspx
The following Table 2 gives parameters obtained using the Scilab application.

Table 2. Parameters results of stochastic models

Parameter  Vasicek CIR Dothan

a 0.1002434 0.0889808 -0.0142124
b 0.0727077  0.0721458 -

0 0.0024694 0.0080234  0.0275792

These parameter values are used to calculate the interest rate using the Euler-
Maruyama numerical method and Monte Carlo simulation. In this research, the time
interval (At) used is 1 month and the initial interest rate (ro) is 6.25%. The interest
rate used to predict the reference interest rate is for 3 years or 36 months. The
simulation used is 10.000 times to get the average simulation results of the interest
rate. These Fig.1 represent the average Monte Carlo simulation results on interest
rates approximated using the Vasicek, CIR, and Dothan interest rates compared with
the BI Rate interest rate obtained using the Scilab application.
6.25
6
5.75
5.5
5.25
5
4.75
4.5
4.25
4
3.75
3.5
3.25
3
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Fig. 1. Comparative figure of the BI Rate interest rate with the stochastic model interest rate
(Source: Author’s Image)

Fig. 1 shows that the interest rate estimated using the Vasicek and CIR stochastic
models is quite good for approximating the BI Rate interest rate when compared with
the Dothan model.
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The absolute error between the interest rates from the stochastic models and the BI
Rate is provided in Table 3 below:

Table 3. The results of the absolute error from the stochastic model

n Vasicek CIR Dothan
Average 0.005315 0.005137  0.010393

Based on Table 3, it can be observed that the average absolute error of the CIR
interest rate model is smaller compared to the other models.

4.5 Comparative of the ORI026T3 BI Rate Interest Rate with the Stochastic
Model Interest Rate

Presented below are the graphs illustrating the bond prices for the ORI026T3 series,
with a nominal value of Rp1,000,000.00 and a coupon rate of 6.30%, maturing in 3
years. These Fig.2 represent the relationship between bond prices and time to maturity
as derived from various stochastic models.

1007450
1007200
1006950
1006700
1006450
1006200
1005950
1005700
1005450
1005200
1004950
1004700
1004450
1004200
1003950
1003700
1003450
1003200

WA 0 0 S I G S S A A A A

¥ fz>°’b"b*°e,Q O’va, ’b’b*q/O Q,Q O’L'b &
SR R O @ O @@ Y g

Vasicek
——CIR
Dothan

Fig. 2. Comparative figure of the price for ORI026T3 with the stochastic model interest rate
(Source: Author’s Image)
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Fig. 2 illustrates that bond prices tend to decrease as the maturity date approaches.
Among the three graphs, the interest rates obtained using the Vasicek and CIR models
appear more stable. In the first month after purchasing the ORI026T3 bond, the bond
price is approximately IDR 5,200.00. On the other hand, for bond prices calculated
using the Dothan model, the price in the first month is lower, around IDR 4,500.00.
The figure clearly shows that as the bond nears its maturity date, its price decreases.
This bond price information allows individuals to compare it with prices in the
secondary market and decide whether to hold the bond or trade it.

4.6 Goodness of Fit Test for Stochastic Interest Rate Models

The results of the Kolmogorov-Smirnov test are as follows:

Table 4. Kolmogorov-Smirnov test results

Vasicek CIR Dothan
Dcal 0.141112 0.111111 0.194444
D bie 0.247787

Table 4 shows that the value of D_,, for all three models is smaller than D, thus

accepting H ;, meaning that the data used is sufficient to indicate that the interest rate
modeled using stochastic models is consistent with the BI Rate. Based on Table 3, it
is also found that the value of D, for the CIR model is smaller than that of the other

models, indicating that in this study, the CIR model is the best model compared to the
Vasicek and Dothan models in approximating the BI Rate.

5. Conclusion

This study successfully applied and compared the Vasicek, CIR, and Dothan models
to forecast interest rates and approximate the pricing of Indonesian Retail Bonds
(ORI). The results show that the CIR model performs better in capturing Indonesia’s
reference interest rate behavior, making it more suitable for ORI pricing.
Furthermore, the Monte Carlo simulation provided accurate approximations of
interest rates over time, and the goodness-of-fit test confirmed the consistency of the
models with the BI Rate.

The implementation of the Euler-Maruyama numerical method and Monte Carlo
simulations to approximate the BI Rate using stochastic models yielded satisfactory
results, as evidenced by the small errors obtained. The respective errors for the
Vasicek, CIR, and Dothan models were 0.005315, 0.005737, and 0.010393.

Based on the goodness-of-fit testing using the Kolmogorov-Smirnov test, the
results indicated that D, <D, for all three models, suggesting that the data used
is adequate to represent the BI Rate. Furthermore, this study identified the CIR model
as the best model, as it exhibited a smaller D, value compared to the other models.
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The application of stochastic interest rate models to the pricing of ORI026T3
bonds demonstrated that bond prices tend to decrease as they approach their maturity
date. The approximate bond prices provide valuable information for investors
engaging in ORI transactions.

However, several limitations must be acknowledged. First, the reliance on
historical BI Rate data limits the models' predictive ability in capturing abrupt
macroeconomic changes. Second, the static calibration of parameters might not fully
account for dynamic market shifts over time.

To improve future research, we recommend incorporating additional
macroeconomic variables such as inflation and exchange rates to enhance the models'
accuracy in forecasting interest rates. Future studies should also explore alternative
stochastic models and consider dynamic calibration of model parameters to capture
market regime shifts more effectively. Finally, expanding this research to other
financial instruments and testing these models in real-time market scenarios would
provide further validation and practical insights.

By addressing these limitations, future research can build upon this study to offer
more comprehensive tools for interest rate forecasting and financial decision-making
in emerging markets like Indonesia.
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