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Abstract In this paper, we consider the Cox—Ingersoll-Ross (CIR) process in the regime
where the process does not hit zero. We construct additive and multiplicative discrete approx-
imation schemes for the price of asset that is modeled by the CIR process and geometric CIR
process. In order to construct these schemes, we take the Euler approximations of the CIR
process itself but replace the increments of the Wiener process with iid bounded vanishing
symmetric random variables. We introduce a “truncated” CIR process and apply it to prove the
weak convergence of asset prices. We establish the fact that this “truncated” process does not
hit zero under the same condition considered for the original nontruncated process.
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1 Introduction

The problem of convergence of discrete-time financial models to the models with
continuous time is well developed; see, e.g., [6, 7, 9, 11, 14, 17, 19]. The reason for
such an interest can be explained as follows: from the analytical point of view, it
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is much simpler to deal with continuous-time models although all real-world mod-
els operate in the discrete time. In what concerns the rate of convergence, there can
be different approaches to its estimation. Some of this approaches are established in
[6, 7, 23-27]. In this paper, we consider the Cox—Ingersoll-Ross process and its ap-
proximation on a finite time interval. The CIR process was originally proposed by
Cox, Ingersoll, and Ross [8] as a model for short-term interest rates. Nowadays, this
model is widely used in financial modeling, for example, as the volatility process in
the Heston model [16]. The strong global approximation of CIR process is studied
in several articles. Strong convergence (without a rate or with a logarithmic rate) of
several discretization schemes is shown by [1, 4, 12, 15, 18]. In [1], a general frame-
work for the analysis of strong approximation of the CIR process is presented along
with extensive simulation studies. Nonlogarithmic convergence rates are obtained in
[2]. In [10], the author extends the CIR model of the short interest rate by assum-
ing a stochastic reversion level, which better reflects the time dependence caused by
the cyclical nature of the economy or by expectations concerning the future impact
of monetary policies. In this framework, the convergence of the long-term return by
using the theory of generalized Bessel-square processes is studied. In [28], the au-
thors propose an empirical method that utilizes the conditional density of the state
variables to estimate and test a term structure model with known price formula using
data on both discount and coupon bonds. The method is applied to an extension of a
two-factor model due to Cox, Ingersoll, and Ross. Their results show that estimates
based solely on bills imply unreasonably large price errors for longer maturities. The
process is also discussed in [5].

In this article, we focus on the regime where the CIR process does not hit zero and
study weak approximation of this process. In the first case, the sequence of prelimit
markets is modeled as the sequence of the discrete-time additive stochastic processes,
whereas in the second case, the sequence of multiplicative stochastic processes is
modeled. The additive scheme is widely used, for example, in the papers [1, 4, 13].
The papers [10, 28] are recent examples of modeling a stochastic interest rate by the
multiplicative model of CIR process. In [10], the authors say that the model has the
“strong convergence property,” whereas they refer to models as having the “weak con-
vergence property” when the returns converge to a constant, which generally depends
upon the current economic environment and that may change in a stochastic fashion
over time. We construct a discrete approximation scheme for the price of asset that
is modeled by the Cox—Ingersoll-Ross process. In order to construct these additive
and multiplicative processes, we take the Euler approximations of the CIR process
itself but replace the increments of the Wiener process with iid bounded vanishing
symmetric random variables. We introduce a “truncated” CIR process and use it to
prove the weak convergence of asset prices.

The paper is organized as follows. In Section 2, we present a complete and “trun-
cated” CIR process and establish that the “truncated” CIR process can be described
as the unique strong solution to the corresponding stochastic differential equation.
We establish that this “truncated” process does not hit zero under the same condition
as for the original nontruncated process. In Section 3, we present discrete approxi-
mation schemes for both these processes and prove the weak convergence of asset
prices for the additive model. In the next section, we prove the weak convergence of
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asset prices for the multiplicative model. Appendix contains additional and technical
results.

2 Original and ““truncated” Cox—Ingersoll-Ross processes and some of their
properties

Let 27 = (2, F,(F;,t > 0),P) be a complete filtered probability space, and
W = {W;, F;,t > 0} be an adapted Wiener process. Consider a Cox—Ingersoll-
Ross process with constant parameters on this space. This process is described as the
unique strong solution of the following stochastic differential equation:

dX; = b —Xpdt +o/ X dW;, Xog=2x0>0, t>0, Q)

where b > 0, 0 > 0. The integral form of the process X has the following form:
t 1
X =x0+ /(b — X5)ds +o f vV XsdWys.
0 0

According to the paper [8], the condition o> < 2b is necessary and sufficient for the
process X to get positive values and not to hit zero. Further, we will assume that this
condition is satisfied.

For the proof of functional limit theorems, we will need a modification of the
Cox-Ingersoll-Ross process with bounded coefficients. This process is called a trun-
cated Cox—Ingerssol-Ross process. Let C > 0. Consider the following stochastic
differential equation with the same coefficients b and o as in (1):

dXE = (b—XE AC)dt + 0,/ (XEVO)ACAW,, Xo=x0>0,1>0. (2)

Lemma 2.1. For any C > 0, (2) has a unique strong solution.

Proof. Since the coefficients o (x) = o/(x V 0) A C and b(x) = b — (x AC) satisfy
the conditions of Theorem A.3 and also the growth condition (14), a global strong
solution X tC exists uniquely for every given initial value x. 4

Remark 2.1. Denote o_, = inf{z : XtC = —¢} with € > 0 such that —e + b > 0.
Suppose that P(oc_ < 00) > 0. Then for any r < o_, such that X,C < 0 for
t € (r,0_¢), we would have, with positive probability,

dX¢ = (b—XE AC)dt >0

on the interval (r, 0_¢), and hence t — X tC would increase in this interval. This is
obviously impossible. Therefore, X¢ is nonnegative and can be written as

dXE = (b— XS AC)dt + 0/ XE ACAW,, X5 =x0>0,1>0. (3)
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The integral form of the process X € is as follows:

1 1
bes =xo~|—/(b—XSC/\C)ds+o/,/XSC/\CdWs.
0 0

Lemma 2.2. Let 2b > 0% and C > b Vv 1. Then the trajectories of the process X°
are positive with probability 1.

Proof. In order to prove that the process X is positive, we will use the proof similar
to that given in [22, p. 308] for the complete Cox—Ingersoll-Ross process with cor-
responding modifications. Note that the coefficients g(x) := o+/x A C and f(x) :=
b — x A C of (3) are continuous and gz(x) > 0on x € (0, 00). Fix o and B such
that 0 < o < xp < B. Due to the nonsingularity of g on [«, 8], there exists a unique
solution F'(x) of the ordinary differential equation

FO)F (x) + %gz(x)F”(x) =—1, a<x<B§B,

with boundary conditions F(«) = F(B) = 0, and this solution is nonnegative, which
follows from its representation through a nonnegative Green function given in [21,
p. 343]. Define the stopping times

ra:inf{IEO:X,C 50{} and 1 :inf{tzO:X,C 2,3}.
By the Itd formula, for any ¢ > 0,
EF(XC(t Ata ATp)) = Fx0) — E(t ATy A Tp). )
This formula and nonnegativity of F imply that
E(t At ATg) < F(xp)

and, as t — 00,
E(zo A 18) < F(x0) < 00.

This means that X€ exits from every compact subinterval of [«, 8] C (0, 00) in finite
time. It follows from the boundary conditions and equality P(t, A T < 00) = 1 that
lim; . E F(Xc(t A Tq A 1)) = 0, and then from (4) we have

E(ty A 78) = F(x0).

Let us now define the function

X y
Vx) =/exp{—/ Zf(Z)dz}dy, x € (0, 00),
| /8 ()

which has a continuous strictly positive derivative V'(x), and the second derivative
V" (x) exists and satisfies V" (x) = — % V’(x). The 1t6 formula shows that, for any
t >0,
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INTgNTB

V(X ATa ATp)) = ViXo) + / V/(X$)g(XS)dW ()
0

and
EV(X(t Ata ATp)) = V(x0).

Taking the limit as t — oo, we get
V(x0) = EV(XS(ta A1) = V(@) P(ra < 78) + V(B) P15 < ),

and hence

V(B) — V(xo0) V(xo) = V()

Pty < 18) = V) Vi) and P(1g < 1) = V) V@)

&)

Consider the integral
r [ )
A
Vix) = | expi— | ————dzdy.
2 / p{ / o2(z A C) Z} Y
1 1
First, consider the case x < 1. Then

X y X

V(x)=fexp{—/2(l;;zz)dz}dy=/y_% exp{w}dy,

1 1 1

and if o2 < 2b, then
limV(x) = —o0.
x}0

_2
Now let x increase and tend to infinity. Denote Ci = | lc exp{@} y o2dy. Then,
forx > C,

y

C
V(x) :/exp{—/ z(iz_zz)dz}dy

1 1

C y

’ 2b - 2) 2(b - C)
+/exp{—/ " dz—/Wdz}dy
C 1 C

C
2(y -1 _2 _2b 2(C -1
:/exp{ (y2 )}y 2dy+C azexp{(iz)}
o

o

X

x /exp{—w(y—o}dy

o2C
C
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_2 o? 2(C—1)
—C C J2+1
e 2C—b) exp{ o }

(o] 1),

and thus limy 4o V (x) = c0. Define

79 =limt, and 75 = lim 74
al0 Broo

and put T = 19 A Teo. From (5) we get

1 —Vix0)/V(B)

P(yinf, Xf =) 2 Pl < 1) = 0

O<t<rt

and, as 8 1 oo we get that, forany o > 0, P(info<; <, ch < «) = 1, whence, finally,
P(info<;< X; = 0) = 1. Similarly, P(supy,_, X C = 00) = 1. Assume now that
P(t < o0) > O Then

P(tllm X exists and equals O or oo) > 0.
—>T

So the events {info<;<r X¢ = 0} and {supo</<¢ XE = oo} cannot both have proba-
bility 1. This contradiction shows that P(t < co) = 0, whence

P(t = o0) = (me O):P(sup Xf:oo):l

O=r<t 0<t<t

if 2b > o2, O
Now, let T > 0 be fixed.

Lemma 2.3.
P{3tel0.T]: X, # X} >0

as C — oo.

Proof. Obviously, it suffices to show that

P{ sup |X,|2C}—>O as C — o0.
1€[0,T]

It is well known (see, e.g., [29]) that 7X ¢ follows a noncentral x distribu-

tion with (in general) noninteger degree of freedom and noncentrality parameter

ﬁ ', The first and second moments for any t > 0 are given by
EX, =xpe™' +b(l —e7'),

2
E(X,)2 = xo(Zb + az)eft + (xé — x00% — 2x0b)€72t + (b% + b2>(1 — 671)2.
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Therefore, there exists a constant B > 0 such that E X ,2 < B, whence E X, < B1/2,
0<t<T.
Using the Doob inequality, we estimate

P{ sup |Xt|>C}<—E sup X2
1€[0,T] C?  ico.m
C*  ie0,m)

T t
3 2 2
—2{X§+TE</ |b—XS|ds) +02E sup (/\/Xdes> }
C 5 t€l0,T] 5

T T
3
E{X§+TE/(b—Xs)2d5+402E/Xsds}
0

t
1 2
:—2E sup {(Xo—}—/(b—Xs)ds—i—o/‘\/XdeS }
0 0

IA

IA
IA

B
C?
for some constant By > 0. The lemma is proved. O

3 Discrete approximation schemes for complete and “truncated”
Cox-Ingersoll-Ross processes

Consider the following discrete approximation scheme for the process X. Assume
that we have a sequence of the probability spaces (.Q("), F, p ), n > 1. Let
{q(") n > 1,0 < k < n} be the sequence of symmetric iid random variables defined

on the corresponding probability space and taking values i[ that is, P" (q(")

+./ ;) = % Let further n > T. We construct discrete approximation schemes for the

stochastic processes X and X as follows. Consider the following approximation for
the complete process:

b-X")T

X =x>0, X =x" +—F 1oq/x"
n
(n)
b - x")T
0" = X" =X, = —— = 1o\ /X", I<k=n  (©

and the corresponding approximations for X€ given by

=xg > 0,

(n, C)
b - X" Aot
X0 = xmO 4 +oq"Vx A,
n

(n,0) (n,C) (n.C)
Oy =X, =X

1.C)
b— X" AopT
- - +og"VXI P AC L <k=n. (D

(n,C)
X
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The following lemma confirms the correctness of the construction of these approxi-
mations.

Lemma 3.1. Let, n > 2T.
1) If2b > o2, then all values given by (6) and (7) are positive.

2) We have
P{ak,0 <k <n: XV #x"9) -0 ®)

as C — o0.

Proof. 1) We apply the method of mathematical induction. When k = 1,

b —xo)T
XE") =x0+ P + aql(")A/xo.
Let us show that » )T
— X
X0+ =+ 0q," /3 > 0. ©)

We denote « := ,/x¢ and reduce (9) to the quadratic inequality

2 T T bT
all——)xo,/—a+— >0,
n n n
which obviously holds because the discriminant D = "’zTT — 4”TT(I — %) < 0 when
62 <2bandn > 2T. So, Xg") > 0. Assume now that X,(:l) > 0. It can be shown
by applying the same transformation that when o2 < 2b and n > 2T, the values
x™ >0
k+1 :
It can be proved similarly that the values given by (7) are positive.

2) X ,E") can be represented as
k T k
(n) (n) (n) (n)
X" =xo+ ) (b= X))~ +0 Y q" X",
i=1 i=1

(n)
b—X")HT
+ —n" T togyx™,. (10)

— y®
- Xk—l
Compute

T T 2
x ™ b x® o

i—

T bT\> o2T
= E<Xl.(")1 (1 - ;> + —) + OT Ex™
b

n

T\? 2T 2bT T
= <—> + [G— + —(1 —~ —)} Ex"
n n n n

T\ ) \2
+ (1 - —) E(x;"))" (11

n
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Assume that E(Xj."))2 < B2 1< j<i—1,forsomep > 0. Then EX;") < B,
1 < j <i— 1. We get the quadratic inequality of the form

(=) e[ 0Dl () <7

or, equivalently,

T\? , [T 2T T bT\?
D) S [ TR 22 o DY s (PR <o
n n n n n
which obviously holds when f > ZHt2Hv/oitabo? 4802 g for a1 < i <
2
EXI.(") < 02+2b+«/rx:+4b02+8b2

2
Using the Burkholder inequality, we estimate

Vxg =:y.

2
0<E sup (X(”)) <2(xo+bT)* +20%E sup <qu(") Xf")l)

0<k<n 0<k<n i=1

2
< 2(xp + bT)? + 807 E(Zq(") x™ )
i=1

<2(xo 4 bT)* +8c%yT.

Therefore,

Pk 0<k<n: X" £ xO) =P sp x> ¢} <CE sup (x{")’

0<k=<n 0<k<n
<2C7%(xo+ bT)* 4+ 802C 2y T,
whence the proof follows. 4

Consider the sequences of step processes corresponding to these schemes:

kT kK+1)T
x™ = X,E") for — <t < e+ T
n n
and kT k+ DT
Xm0 = xmO g KL oy L KA DT
n

Thus, the trajectories of the processes X (”) and X" € have jumps at the points
kT/n ,k = 0,...,n, and are constant on the interior intervals. Consider the fil-
trations F;! = G(Xt("), t < kn—T). The processes X ™€) are adapted with respect to
them. Therefore, we can consider the same filtrations for all discrete approximation
schemes. So, we can identify /' with }",:’ for % <t< w

Remark 3.1. Now we can rewrite relation (8) as follows:
Plans 10,715 X % X00) 0

as C — oo.
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Denote by Q and Q", n > 1, the measures corresponding to the processes X and
X™ p>1, respectively, and by QC and Q”’C, n > 1, the measures corresponding

to the processes X and XC) n > 1, respectively. Denote by Y, the weak con-
vergence of measures corresponding to stochastic processes. We apply Theorem 3.2
from [23] to prove the weak convergence of measures Q™€ to the measure Q€. This
theorem can be formulated as follows.

Theorem 3.1. Assume that the following conditions are satisfied:

(1) Foranye > 0,
hm P( sup ]Q("’C)‘ > e) =0;

1<k<n

(i) Foranye > 0anda € (0, 1],

lim P" (sup

n teT

Z (Q(n 1 Q(”'C)|§a’]:;cl—l)

1<k<[%]
> 6) =0;
(iii) Foranye > 0anda € (0, 1],

limP”<Sup > <((Q(nC)) Q(”’C)|5a|]:’?*‘)

n
€T k<

t
- /(b — X" A C)ds
0

t

n, 2 n,
~ Q" L gpoy, [ F))) — 0 [ (X A C)as

0

26>=0;

Then Q€ Y, Q€.

Using Theorem 3.1, we prove the following result.
Theorem 3.2. Q"€ », QF.
Proof. According to Theorem 3.1, we need to check conditions (i)—(iii). Relation
(7) implies that supy; <, IQ(" C)I < btlﬂ +o Tn—C Hence, there exists a constant

C2 > 0 such that supy ¢ <, |Q(" C)| < % This means that condition (i) is satisfied.

Furthermore, in order to establish (ii), we consider any fixeda > O andn > 1
such that &2 < a, thatis, n > (%)2. For such n,

ﬁ =
E(QIEH'C)]IIQL”‘C)ISai]:l?—l) = E(0{" |7

(n,C)
b= X2 AnoONT ) .0
= - +oEq"\ X" AC

G X ACHT

n

12)
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For any € > 0, we have

hlgn =1 (sup Z (Q(n C Q(”’C)|Sa‘]:]:l_l) _/ (Xgn,C) A C))d > E)
rel I<k<[%#] 0
k-t Aot c T
= lim P" (sup . o= (XA C))—
R Py O=k=[]-1
o (x®.O) _FIT
(b~ (x5 A c))(: )| =
mr
= h}{nP <sup (b - (X(ff,c) A C))( i) > e) =0,
teT n

and hence condition (ii) is satisfied. Now let us check condition (iii). We have

E((Q4" )T oo 1 F1) = E((Q" ) 1)

b— X" AonT - X" Aot P e
=< - ) +2 - oEq”\ X AC

+02E(g")’ (x{" A C)
((b — X" AC)T\?

n

T

o= (X A C).
n

Therefore, for any € > 0,

lim P" (sup

n teT

( ((Q(n C)) ‘ng,c)|§a|‘7'—/€l,1)
1<k<[%]
t

~ (0" g JF))) — " [ (1O n chas = o)
0

b— (X" AC)HT\?
((( ( AC)) ) +02£(X;?21C)/\C)

n
> (o)

= lim P" (sup

n teT

I<k<[4]

((b (X(” O A C))T) )
0<k<[%]-1

nt
T n (n C) [ ]T _
=P (?2%’( ( )) )=

The theorem is proved. O

Theorem 3.3. Q" >, Q n— .
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Proof. According to Theorem A.1 and Theorem 3.2, it suffices to prove that

lim lim P sup |X(") X,(n’C)| ZG} =0.

C—oon—>o0 {0<I<T
Howeyver, due to Remark 3.1,

lim lim P{ sup ’X(") X,("’C)‘ 26}

C—o0n—>00 0<t<T
< lim Tim P{3r,1e[0,T]: X" # X"} =o0. O

C—oon—>o0

4 Multiplicative scheme for Cox-Ingersoll-Ross process

In this section, we construct a multiplicative discrete approximation scheme for the
process ¢X', t € [0, T], where X, is the CIR process given by (2). We construct the
following multiplicative process based on the discrete approximation scheme (6)—(7).
We introduce limit and prelimit processes as follows:
St"’c = exp{xo} H (1 + Q(" C)), teT,
I<k<[F]
o2
2

Sf:exp{xf— /XC/\Cdt} teT,
0

S = exp{xo} H (1 (n)), teT,

1§k§[1n

0,2
S[ :eXP{X[_T/Xtdt}, IET,
0

2
~ C o
" = explxo} ]_[m [(1 +o ))exp{EX,in)”, teT,

1<k<[4]
and

3} =exp{X;}, teT.

Denote by GC¢, G"C, G, G", @, and @”, n > 1, the measures corresponding to the
processes S,C s St" ’C, Si, SE §,, and Ef, n > 1, respectively.

We apply Theorem 3.3 from [23] to prove the weak convergence of measures.
This theorem can be formulated as follows.

Theorem 4.1. Let the following conditions hold:
P
(i) sup gy 1041 = 0, n — oo;

(i) Foranya € (0, 1],

lim Tim Pn( Z E((Ql(cn’C))z]IlQl(c’"C”Sa}]:/?—1) > D) = 07

D—oon—>o0
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(iii) Forany a € (0, 1],

hm HPI‘L< Z |E(Q]((nvc)]I|Q;(n,C)|Sa‘]:/?—l)| > D) = Os

D—oon—o0
1<k<n

@iv) Foranye > 0anda € (0, 1],

Z (Q(n “ \Ql(("'c)|§a|fl?—l)

I<k=<[%]
> 6) =0;

lim P" (sup

n teT

t

-~ /(b — X" A C)ds

(v) Foranye > Oanda € (0, 1],

lim P" (sup

n teT

((Q(n C)) |Q;:LC)|S‘1|]:]?_1)

26):0.

I<k=<[%]

t

—o? /(x‘gw A C)ds

Then
Gn,C l) GC.

We prove the following result using Theorem 4.1.
Theorem 4.2. G"C —% GC.

Proof. According to Theorem 4.1, we need to check conditions (i)—(v). It was es-
tablished in the proof of Theorem 3.2 that conditions (i) and (iv) are satisfied. Let us
show that condition (ii) holds. It was also established in the proof of Theorem 3.2

that SUPg<k<n |Q(" C)| < % So, for all a € (0, 1], starting from some number n, we
have

Z E Q(n C) |Q,(€"'C)|Sa|f1:l_l)

1<k<n

n, n C2
= Y B IR )= Y Dea

1<k<n 1<k=<n

whence condition (ii) holds. Now, (12) implies that, for all @ € (0, 1], starting from
some number n, we have

n, 7 n, n ¢
[E(Q" 1 guo [ Fi-)] = [E(Q" 7)) = =2,

whence condition (iii) holds.
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Let us check condition (v). For any € > 0 and a € .(0, 1], we have

t

lim P" (sup > E((Q,(("’C))zﬂlQ<n,c>|<a|]-',Z’_1) - 02/.(X§”'C) AC)ds| = e)
n teTl, nt ko=
<k<[%) 0
b=XT AN T e
= limP"(sup > << > +ol— (X" /\c)>
n teT ; n n
1<k=<[7]
T (71T
B 2T (@m0 20,0 L7
)3 (o E g Ac)) 72X /\C)(t . ) ze)
0<k=[71-1
bl + C)°Tt TIT
< limP" (sup(u +02(x%9 A C) (t — i)) > e) =0.
n reT n 7] n
The theorem is proved. O

Theorem 4.3. G" L G, n = oc.

Proof. The proof immediately follows from Theorem A.l, Theorem 4.2, and Re-
mark 3.1. Indeed,

lim Tim P{ sup |X;" — x| > 6}
C—oon—>00 oot
< lim Tim P{3r,r€[0,71: X" # X"} = 0. =

C—oon—>o0

Remark 4.1. The weak convergence

~

~ W
G'"— G, n— oo,

can be proved in a similar way.

A Additional results

‘We state here Theorem 4.2 from [3]:

Theorem A.l. Suppose that we have sets of processes (X" n > 1,C > 0},
{XC, C > 0}, {X("), n > 1} and a stochastic process X on the interval [0, T]. Let
Q"¢ QF, Q", and Q be their corresponding measures. Suppose that, for any C > 0,
Q¢ >, QF, n — oo, and that Q¢ , Q as C — oo. Suppose further that, for
any € > 0,

lim lim P{ sup |X,("’C) — X,(")| > e} =0.

C—oohn—>00 0<t<T

Then Q" >, Q,n— .
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Let b,0 : R — R be continuous functions. Consider the stochastic differential
equation
dX () =0 (X®)dW )+ b(X(1))dt, (13)
where W = (W (¢)) is a Wiener process.
Theorem A.2. [20, p. 177]. If o and b are continuous functions satisfying the con-
dition s 5
lo(0)]” + |b()]” < K (1 +1x[%) (14)
for some positive constant K, then for any solution of (13) such that E(]1X (0)|2) <
0o, we have E(|X (1)|?) < oo forall t > 0.

Theorem A.3. [20, p. 182]. Suppose that o and b are bounded functions. Assume
further that the following conditions are satisfied:

(1) there exists a strictly increasing function p(u) on [0, 00) such that

b0 =0 [owdu=c0. and |ot)=a0)] < p(x - )
0+

forallx,y e R.

(ii) there exists an increasing and concave function k(u) on [0, 0o0) such that

k(0) =0, /k_l(u)du =00, and |b(x)—b(y)| <k(lx—yl)
0+

forallx,y e R.

Then the pathwise uniqueness of solutions holds for (13), and hence it has a unique
strong solution.
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