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SAMPLE PATH DEVIATIONS OF THE WIENER AND
THE ORNSTEIN-UHLENBECK PROCESS FROM ITS BRIDGES

MATYAS BARCZY AND PETER KERN

ABSTRACT. We study sample path deviations of the Wiener process from three
different representations of its bridge: anticipative version, integral representation
and space-time transform. Although these representations of the Wiener bridge
are equal in law, their sample path behavior is quite different. Our results nicely
demonstrate this fact. We calculate and compare the expected absolute, quadratic
and conditional quadratic path deviations of the different representations of the
Wiener bridge from the original Wiener process. It is further shown that the pre-
sented qualitative behavior of sample path deviations is not restricted only to the
Wiener process and its bridges. Sample path deviations of the Ornstein-Uhlenbeck
process from its bridge versions are also considered and we give some quantitative
answers also in this case.

1. INTRODUCTION

Let (W;)i>0 be a standard one-dimensional Wiener process on a filtered probability
space (Q, F, (Ft)i>0, P), where the filtration (F;)¢> is the usual augmentation of the
natural filtration of the Wiener process W (see, e.g., Karatzas and Shreve [I8], Section
5.2.A]). We consider the following versions of the Wiener bridge from a to b over the
time-interval [0, 7], where a,b € R (see, e.g., Karatzas and Shreve [18, Section 5.6.B]):

1. Anticipative version

t
WtaV:a—l—(b—a)T%—(Wt——WT), 0<t<T.
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2. Integral representation

t b —t
b—a)= —d if 0<t<T
a+ ( a)T+/O T4 W, if 0<t<T,

b if t="1T.

ir
W =

3. Space-time transform

t T —t )
a+(b—a)f—l—TW% if 0<t<T,
b if t="T.

st __
Wy =

Here the attribute anticipative indicates that for the definition of W2 we use the
random variable Wy, where the time point 7T follows the time point ¢. In the
sequel we will use the notation (W}").epo.77 if the version of the bridge is not specified.
All the bridge versions above are Gauss processes with the same finite-dimensional
distributions. This can be easily calculated, since the versions all have mean function
EW) =a+(b—a)%, 0<t<Tandfor 0 <s <t <T we have the covariance

function

/
Cov(IW™, W) = Cov (WS R A —WT>

T T
B st st st T—t
StrTr T T o
— T — YT —t
Cov(W, W*) = Cov ( / > aw,, dWr)
0 -r 0 -r

and

Cov(W W) = Cov ( 7 W, —— W

(T—=s)(T—t) T T—t
- T T—s T
where we used that the function [0,7) > t — 7’3—2 is monotone increasing. Altogether,

for all 0 < s <t < T we have

(1.1) Cov(WP, WPr) = STT_ L

We note that the finite dimensional distributions of the above Wiener bridge ver-

sions coincide with the conditional finite dimensional distributions of the Wiener
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process (a + W;)scpo,r) starting in a and conditioned on {Wr = b}; see, e.g., Problem
5.6.13 in Karatzas and Shreve [18] or Chapter IV.4 in Borodin and Salminen [7].
Bridges of Gaussian processes have been generally defined by Gasbarra et al. [14],
while from the Markovian point of view the reader may consult Fitzsimmons et al.
[13], Barczy and Pap [4], Chaumont and Uribe Bravo [9], and the more recent Bryc
and Wesolowski [8] which deals with the inhomogeneous case.

Moreover, it follows from the definitions that all bridge versions have almost sure
continuous sample paths. The (left) continuity of the trajectories at ¢ = T' is not
obvious in case of the integral representation and space-time transform. Corollary
5.6.10 in Karatzas and Shreve [18] yields the desired continuity for the integral repre-
sentation, whereas the strong law of large numbers for a standard Wiener process (see,
e.g., Problem 2.9.3 in Karatzas and Shreve [18]) for the space-time transform. Hence
the anticipative version W#?, the integral representation W and the space-time
transform W™ induce the same probability measure on (C[0,T], B(C[0,T])), where
C10,T] 1is the space of continuous functions from [0,7] into R and B(C[0,T])
denotes the Borel o-algebra on C0,7]. This underlines and explains the definition
of a Wiener bridge from a to b over the time-interval [0,7] (see, e.g., Karatzas
and Shreve [I8, Definition 5.6.12]), namely, it is any almost surely continuous Gauss
process having mean function a+ (b—a)%, t € [0,7], and covariance function given
in (T1).

Furthermore, according to Section 5.6.B in Karatzas and Shreve [I§] or Example
8.5 in Chapter IV in Ikeda and Watanabe [16], the above versions of the Wiener

bridge are solutions to the linear stochastic differential equation (SDE)

(1.2) dwpr = bT——VVf“ dt +dW,, 0<t<T, with W =a.

By Theorem 5.2.1 in @Qksendal [19] or Theorem 2.32 in Chapter III in Jacod and
Shiryaev [22], strong uniqueness holds for the SDE (L.2), and (W) is the
unique strong solution of this SDE being adapted to the filtration (F;).cjo.ry. Whereas
(W )iep,ry is only a weak solution to the SDE ; it can not be a strong so-
lution, since the definition of the anticipative representation formally requires in-
formation about Wr, although W2 and Wy are independent for every t € [0,T]
(indeed, Cov(W2, Wr) = Cov(W;, Wr) — & Cov(Wp,Wr) = 0, t € [0,T]). The

space-time transform representation (W;*)icjo.r) is only a weak solution to the SDE
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, too, since it is adapted only to the filtration (.F%)te[gj) and .7:% 2 Fi,
t € (0,7). We also note that, even though the three bridge versions have the same
law on (C[0,T], B(C[0,T})), their joint laws together with the Wiener process through
which they are constructed, are different (see Propositions and 2.4). Our aim is
to elucidate their sample path deviations compared to the original Wiener process
(a + Wi)iep,m starting in a. A motivation for our study is given at the end of this
section.

According to simulation studies, for a typical sample path of the Wiener process the
deviations from its anticipative bridge version and its space-time transform are larger

than from its integral representation of the bridge; see Figure[I] Note that in general

FIGURE 1. Two typical sample paths of the Wiener process (rows, thick
lines) and its deviations from the anticipative version (left column), the in-
tegral representation (middle column), and the space-time transform (right
column) of the Wiener bridge from 0 to 0 over the time-interval [0, 1].

the deviation from the space-time transform bridge version is hard to compare with
the other deviations, since (W"),e(r/2,1) depends on the non-visible part (W) e oo
of the Wiener process. Our aim is to give quantitative answers to this qualitative

behavior observed from simulation studies and thus to study the path deviations on
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0,7):
av t t
a+ Wy —W; :(a_b>T+TWT’
o t bt—s
(1.3) a+ Wy —W, :(a—b)?—l— OT—deS’

t T—1t
G+Wt—WtSt:(&—b)?+(Wt—TW%Tt)

Note that the dependence of the path deviations in (1.3) upon the starting and
endpoint of the bridge (a and b) is only via their difference a — b. Hence without loss
of generality we can and will assume a = 0 in the sequel.

Simulation studies also show that the above typical behavior is reversed in case
the endpoint Wr of the Wiener sample path is close to the prescribed endpoint b of
its bridge, namely, for such a sample path of the Wiener process the deviation from
its anticipative bridge version is smaller than from its integral representation of the

bridge or from its space-time bridge version; see Figure[2l We aim to give quantitative

0,6 0.6

04 044

-02- -02

-04- 04 04

-0,6 0,6 -0,6

0,8 08 -0.8-

FIGURE 2. A sample path of the Wiener process with W ~ 0 (thick line)
and its deviations from the anticipative version (left), the integral represen-
tation (middle), and the space-time transform (right) of the Wiener bridge
from 0 to 0 over the time-interval [0, 1].

answers to this effect and thus in Section 2 we will particularly compare the so-called

expected p-th order sample path deviations

T T
E </ W, — Wtbr|pdt) :/ E(|W, — W' P) dt
0 0

for p =1,2 and in case of p =2 we will explicitly calculate the conditional analogue

E (/OT(Wt — WP de ‘ Wr = d) = /OTIE((Wt — W) | Wr =d) dt
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for prescribed endpoints Wy = d, d € R of the original Wiener process. In the
above formulas, integration over the time-interval [0, T] and taking expectations can
be interchanged. Indeed, since we have continuous sample paths, we can consider
monotone approximations of the integrals by Riemannian sums with nonnegative
summands and then apply the monotone convergence theorem for conditional expec-
tations. In what follows expected first and second order sample path deviations will
be called expected absolute and quadratic path deviations, respectively.

We will further show in Section 3 that the above mentioned qualitative behav-
ior of sample path deviations is not restricted only to the Wiener process and its
bridge versions: sample path deviations of the Ornstein-Uhlenbeck process from its
bridge versions are also considered. Here we give some quantitative answers, too, see
Theorem [3.7

In the Appendix we present an auxiliary result which is used for proving almost
sure continuity of the integral representation of the Ornstein-Uhlenbeck bridge at the
endpoint of the bridge.

Our results are to be seen as paradigmatic examples that give rise for future work
concerning more broad questions of how certain pathwise constructions of Gaussian
or Markovian bridges can differ, although they obey the same law. The reason for
concentrating on the Wiener and on the Ornstein-Uhlenbeck process here is the pos-
sibility of giving explicit expressions for some quantities (such as second moment) re-
lated to the path deviations of different bridge versions to the original process through
which they are constructed. In particular, the case of an Ornstein-Uhlenbeck process
shows that explicit expressions for path deviations can soon become unwieldily. As
a future task, one may also address the question of existence of a bridge version that
minimizes the distance to the unconditioned stochastic process in a certain sense.
Moreover, one may present other indicators for different sample path behavior of
the Wiener and Ornstein-Uhlenbeck bridge versions, such as Hellinger distance, and
address the question for more general process bridges.

To further motivate our study, we point out that similar problems were considered
by DasGupta [12], Bharath and Dey [2] and Balabdaoui and Pitman [I]. Namely,
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DasGupta [12], Theorem 1| gave an infinite series representation of the expectations

d
E(/ |Wtbr—ut—Wt]dt), §€(0,1], peR,
0

where (W4)ieo,1) and (W,);epp,1) denote respectively a standard Wiener process and
an independent Wiener bridge with a = b = 0 and 7' = 1. For some special values
of 6 and p the exact values were also calculated. The motivation of DasGupta for
calculating the expectations above is to understand whether distinguishing between a
Wiener bridge and an independent Wiener process with possible drift on the basis of
observations at discrete times is intrinsically difficult. It turned out that distinguish-
ing one from the other is not an easy task. DasGupta studied the likelihood ratio test
for testing the null-hypothesis Hy : X; = WP, t € [0,1], against the alternative hy-
pothesis Hy : Xy = Wy+ut, t € [0,1] for some p € R, based on discrete observations
from a process (Xy)icjo1]- Recently, the question of distinguishing a Wiener process
from a Wiener bridge was also considered by Bharath and Dey [2]. Note that in our
setup (W;)sepo,1) and (W, "),e(0,1 are not independent. Hence our results may be useful
to answer the question of distinction in case the Wiener bridge is constructed by the
help of the original Wiener process and not an independent copy. One can address
the same question for Ornstein-Uhlenbeck bridges or for more general process bridges.
Our calculations in the Ornstein-Uhlenbeck case can be considered as a first step to-
wards the corresponding calculations of Section 2 in DasGupta [12]. Balabdaoui and
Pitman [I] gave a representation of the maximal difference between a Wiener bridge
and its (least) concave majorant on the unit interval. As an application, expressions
for the distribution, density function and moments of this difference were derived.
The presented results might also be applied to the study of animal movements.
Horne et al. [I5] use a two-dimensional Wiener bridge to model the unknown
movement of an animal between two consecutively observed positions of the ani-
mal. The model is used to investigate questions on the mean occupation frequency
E(+ fOT 14(XP}, X%) dt) in a region A € B(R?), where (X7%})iepo,r) and (X3})ie(o,r] are
independent Wiener bridges such that (X774, X3() and (X7, X3%,) are the starting
and ending positions of the animal at time 0 and T, respectively. If the region A
depends on the original (independent) Wiener processes (X1+)icpo,r], (X24t)tcp,1], €-8-,

for questions concerning the closeness of the animal’s path to the path of a Wiener
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process, our results show that the expected occupation frequency heavily depends on

the chosen version of the bridge.

2. PATH DEVIATION OF THE WIENER PROCESS FROM ITS BRIDGES

2.1. An indicator for different sample path behavior of Wiener bridge ver-
sions. A first indicator for different sample path behavior of the bridge versions is
the correlation function o(W}, W;) of these bridge versions and the original Wiener
process. Note that (W}, W)iepr) is a two-dimensional Gauss process and the

correlation coefficient of the two coordinates is given in the next proposition.

Proposition 2.1. For allt € (0,T), we have

T—t ~ T —t T
oW W) = oWt Wy = \| Tt ana oqwr ) = VD

Proof. By (L.1)), we get for every 0 <t < T

T—t
Var(Wpr) = Cov(WPr, Wpr) = b
We easily calculate for every 0 <t < T
av 2 T—t
Cov(W W) = Cov(Wy, W) — = COV(WT, W) =t— 7= tT’
T—
Cov(W*, W;) = Cov / —_— dWS,/ 1dW; / ds = (T —1t)log
T— T—t
and
T—1 T—1t
Cov(W*, W;) = Cov (TW%Tt, Wt) = tT.
Thus we get for every 0 <t < T,
tI=t T—t
(2.1) oW, W) = —=—= =\ = = oW, W)
BT —t) -t
and
. (T —t)log 7 T(T —t T
(T —t)-t -

concluding the proof. O
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Remark 2.2. For all T € (0,00), the function (0,7) >t~ o(WP" W;) is strictly
decreasing. For the anticipative version and space-time transform, it is an immediate

consequence of (2.1)). For the integral representation, it is enough to check that
8( TT—t6), T )_—z%itlog(T%H%—VT@—WO%(%)

<0

= 1
ot t OgT—t 12

for all ¢ € (0,T), which is equivalent to show that
t T—t

Using that log(l —z) = —>"/2, % forall —1 <z <1, we get

0 oo
thrl

t 1/t\F < ¢k
h<t>:_(T_§>ZE(T) HZ =D e g

e thrl thrl e 1 1 thrl
k k k
p (k+ 1Tk 2T ~\k+1 2k) T

o0 k—1 thrl
S . e B o)
k ) )
2 k(1) T

Note also that o(WPT, W;) — 1 as t | 0, and o(WP, W;) — 0 as t + T. Hence Wpr

and W, t € (0,T), are positively correlated for all bridge versions. Moreover,

e, T [T

t T—t T’
Indeed, is equivalent to —£% > log (1 — £) for all t € (0,7, which follows by
log(l—2) < —x forall 0 <z <1.

Hence the integral representation is more positively correlated to the original process

(2.2) te(0,7).

than the anticipative version and the space-time transform. O

2.2. Gauss and conditional Gauss distribution of path deviations. First we
study the distribution of the path deviation W, — WP t € [0,T).

Proposition 2.3. Let (Wtbr)te[oj] be a Wiener bridge from 0 to b owver the time-
interval [0,T], where b€ R. Then for all t € [0,T), the path deviation W; — Wp*

is normally distributed with mean E(W, — WPr) = —b%  and with variance

t?
Var(IW, = W) = Var(W, = Wi') = .
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- T—1 T—t
Var(W, — W) =t (1 + T) +2(T —t)log 7 = o2 (t).

Proof. With a = 0, by (1.3)), for every 0 < ¢ < T the path deviation W; — W/ is

normally distributed with mean E(W;, — W) = —bk and with variance

t t?
Var(Wt — Wtav) = Var (?WT) = ?,

Var(W; — Wir) = Var /tt_sdw —/t L5 g
! e o T—s °)  Jo \TI'—s
t T—t\? t T—t (T—t\"
/0( T—s) s /0 T—3+(T—s> s

Cll VYT AN (ﬁ_%) =,

=t+2(T —t)log
and

T —t T—1t t
WMM—Wm:vMO%—jrwg)=VMC—?%W£—WQ+—M)

T
(T —t\*[ T A ()
S\ T T—t T2 T2 T

concluding the proof. O

By Proposition for every 0 < t < T, the variance of the path deviation of the
integral representation from the original Wiener process is smaller than those of the

anticipative version or the space-time transform, since we have o?(t) = 2t — % +2(T—

t)log(1 — %) and thus

(2.3) o (t) < te (0,7).

Tv
Indeed, (2.3) is equivalent to —% > log (1 — %) for all ¢ € (0,T), which holds, since
log(l—z) < —z foral 0<z<1.

Next we examine the conditional distribution of the path deviation W, — W}*

given the endpoint Wr.

Proposition 2.4. Let (W/™),ci0r) be a Wiener bridge from 0 to b over the time-
interval [0,T], where b€ R. Then for all t € [0,T) and d € R, the conditional

distribution of the path deviation Wy — WP given Wr =d is normal with mean

24) B(W, — W | Wi = d) = (d = D)
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. t T—t. T-—t
2. E(W, — W =d) = (d—b)= 1
(25) (Wy =W} | Wy = d) = (d = b) +d———log ——.
t d
(2.6) E(W, = Wi | Wr = d) = —bzs + (2t = T) - 1z 1y (8),
and with variance
(2.7) Var(W, — W2 | Wy = d) = 0,
. T—t T—t)? T-—t
(2.8) Var(W, — W | Wr =d) =2t T —|—2( T ) log T
(T —t)? T—t\>
— log ———
- 08— ;
. 2 (2t —T)?
(2.9) Var(We = Wit [ Wr = d) = 75 = =" Liz (1),

Proof. For all 0 <t < T, the joint distribution (W, — WP* Wr) of the path devia-
tion and the endpoint is a two-dimensional normal distribution and, by Theorem 2
and Problem 5 in Chapter II, §13 of Shiryaev [22], it is known that the conditional
distribution of W; — W} given Wy = d is normal with mean

d—E(Wy)

(2.10) B (W= W) + s

Cov (W, — W™, Wr)

and with variance
(Cov (W, — WP, Wr))®

(2.11) Var (W, — W) — Var (1)

Here we have

t
COV(Wt - VVtaV7 WT) = Cov (?WT, WT) = t, t e [O,T),

and thus (2.10]), (2.11)) and Proposition yield that

av N t d - t
E<Wt_Wt |WT_d)__bf+ft_(d_b)f’
2 12
Var(Wt—Wt ’WT:d):?—?:O

We note that the above formulae follow immediately, since in case of Wy = d, we
have Wy — W = (d — b)%. Further, we have

o b t—s r b t—s
Cov(Wy — W', Wr) = Cov dWs, 1dWs | = ds
o T 0 o T

— S — S

! T—t T—t
/0< T—s) ds=t+ (T —t)log T
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and thus (2.10)), (2.11)) and Proposition [2.3|yield that
- t d T—1
E(Wt—Wf|WT:d):—b—+—(t—i—(T—t)log )

T T T

| t+ (T —t)log T=t)”
Var(IWh — Wi | Wy = d) = 02(t) — L T)OgT)

t2 T—t
:2t—?+2(T—t)log

£ t. T—t (T—t)? T—t\’
—T—2(T—t)?log N log T :

This implies (2.5)) and (2.8]). Finally, we have
COV(Wt - WtSt, WT) = COV(Wt, WT) -

Tt ooy (W%,WT)

T
T—t tT
T—t 4T _ : T
=5 =0 if0<t<2,
t—=Tr=2t—-T L<t<T,
and thus (2.10)), (2.11)) and Proposition [2.3] yield (2.6) and (2.9). O

2.3. Comparison of tail functions. The tail of a normally distributed random

variable Y, ;> with mean p € R and with variance ¢ > 0 has the form

T,

L o2(7) = P{|V,o2| > 2} =1 = P{—2 <V, 2 < 1}

o Y, o — _ _
:1—1@{ vop Yuer g @ u}zl_@(aﬁ u>+@(_at+u)
g g g g g

:1-@(“+x>+q>(“_x>, ©>0,

o o

where ® denotes the standard normal distribution function. Since, by Proposition
E(W, — W) = —bk, t € [0,T), if we want to use the monotonicity in
to show different behavior of the tails of the deviations W, — W}*, then this tail

function should be an increasing function in o > 0 for every fixed x > 0 and fixed
= —bx € R. We have

0 Tt p o, (pt T—p. (=2
%Tmag(m)_ 5 d)( > + = ) >

o

T+ 1<x+,u)2 LI 1(:6—,u)2
= exp | —= exp | —=
o2\ 2 P\ 72 o o2\/2m P\ 72 o
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21 122+ pu?\ [z T uwo. T
=\/——exp|—= (— cosh <—> — —sinh (—)) .
To 2 o2 o o2 o o2

In case 0 < x < |u|, u # 0, we have
? cosh (%) — Finh (ﬁ) e exp <%> + T exp (—%> — —00,
o o? o o? 20 o? 20 o?
as 0 | 0. This shows that in general the tail function 7}, ,2(x) is not increasing in

o > 0 and thus is in general not helpful to analyze the different behavior of path
deviations.

In special situations such as b = 0 = p it is evident that (0,00) 3 0 — Tj () is
strictly increasing for every x > 0. In this special case it follows immediately from
the formula E(|Yy,2|P) = [° 2P Ty p2(x) dz, p > 1, and that for every p > 1
and 0 <t < T we have

E (|W, — W) <E(|W, — W2 [P) =E (|W, — W*|?).

As a further consequence we get for every p > 1

T T T
E(/ |Wt—ng|Pdt> <E</ |Wt—m’°‘v|pdt> :E</ |Wt—Wft|pdt>.
0 0 0

We will now show for p = 1 and p = 2 that these relations are also true in the general
case with b # 0, see Subsection 2.4l In addition, we will get explicit expressions for
the expected (conditional) path deviations in the case p = 2. The reason for not
considering a general p € N is that we just want to demonstrate the phenomenon
that the bridge versions have different sample path behavior. We also note that the

calculations for a general p € N would be more complicated.

2.4. Expected absolute, quadratic and conditional quadratic path devia-
tions. First we study the L'-norm E(|W; —WPT|) of the path deviations W, — W}/

Lemma 2.5. Let (W@br)te[oﬂ be a Wiener bridge from 0 to b over the time-interval
0,T], where b€ R. Then for all t € (0,T),

E (W, = W) = E (W, = W) > E (W, = W) .

Proof. For a normally distributed random variable Y), ,» with mean p and with vari-

ance g2 > (0 we have

> 1 1(z—p)?
BYal) = [ lel e (<35 ) o
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(=L ) mon (5355 o
U L) (52
(] ) e ()

By change of variables y = %(T) and z = =£, we get
B =20 [ ewtnaren( [ [7) Len(-12)a
»2|) =20 exp (— — exp | —=z z
b vy var R el [ = ) e

(212) =2 \/%exp (—2“722) +p(1-20 (—;))
(2 () )

Differentiation with respect to ¢ > 0, using ®”(z) = —z®’(x) yields

%E({YWD — 20 (g) - 25@” (g) . 2;@ <U> — 29 (g) > 0.

Hence E(]Y), 2|) is a strictly increasing function in ¢ > 0 from which, by Subsection
together with (2.3)), we get for all 0 <t < T,

E (W — Wi[) =E (W — W)
B ()5 (o (5))

> 20(t)<1>’( ) ( ) ) =E (W, — W)

concluding the proof. 0

Next we compare expected absolute path deviations E ( fOT W, — WPr| dt). Us-
ing that integration over the time-interval [0,7] and taking expectation can be

interchanged (as it is explained in the introduction), by Lemma , we also get

T T T
E(/ ]Wt—WfV\dt):E</ |Wt—Wft\dt)>E(/ \Wt—Wgr\dt).
0 0 0

Using (2.12)) and Proposition , it might also be possible to calculate and to
compare expected conditional absolute path deviations given W = d. This task is

more complicated, since now the mean is different for different versions of the bridge,
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see Proposition 2.4 Instead we will now consider expected (conditional) quadratic
path deviations which have much nicer forms.

Next we calculate the second moments E ((Wt — Wtbr)Q) of the path deviations
W, — WP and also expected quadratic path deviations E ( fOT(Wt — Wpr)? dt).

Theorem 2.6. Let (W) be a Wiener bridge from 0 to b over the time-
interval [0,T], where b€ R. Then for all t €[0,T),

(2.13) E (W, — W)?) =E (W, — W;*)?) = % + bz%
(2.14) E (W, — W/ )?) =a*(t) + 62;—2,

where o2(t) s defined in Proposition . Moreover, the expected quadratic path

deviations take the following forms:

E (/OT(Wt — )2 dt) =E (/OT(Wt — W2 dt) _ g(T L),

E (/OT(Wt — Wgrfdt) = g (g +b2) :

Proof. For a normally distributed random variable Y), ,» with mean p and with vari-

ance o2 > (0 we clearly have
(2.15) E(Y?,2) = Var(V, 2) + (E(Y,,2))* = 0® + 1i°.

Hence, by Proposition 2.3 we get (2.13) and (2.14). Then, we have

E (/OT(Wt — W2 dt) =E (/OT(Wt — W2 dt)

T 2 ) T )
= ~ (T +b)dt==—(T+0b

and, by a change of variables s = (7' — t)/T and partial integration, we get

E </0T(Wt — W;r)th) = /OT (02(75) + bzfp—Z) dt

T 2
t T—t t

= tl2—— 20T — 1)1 P—| dt
/[( T)” Jlog =7+

1 ! 1
=72 §T2+2T2/ slogsds+§b2T
0
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20 2 [ Lo
=-T1T"-T sds + -b°T
3 0 3
1 1 T (T
= _T*+0*T==(=+0°
6 3 3 <2 i )
concluding the proof. O

Note that, by Theorem and , for all ¢ € (0,7),
2
E (W, — W2)?) =E (W, — W;*)*) > o(t) + 62% =E (W, —W}")?) .
Further, in case b = 0 this shows that the expected quadratic path deviation of the
integral representation is half of those of the anticipative version and the space-time
transform of the bridge. This is in accordance with the typical observations from
simulation studies as in Figure [I]

Next we study expected conditional quadratic path deviations.

Theorem 2.7. Let (W )icpor) be a Wiener bridge from 0 to b over the time-
interval [0,T], where b€ R. Then for all t €[0,T) and d € R we have

av t2
o T—t _(T—t)? T-—t
(2.17) E (W, — W) | Wr=d) =2t T2l —

B (T;t)2 (log %)2

t T —t T—t\?
+<(d—b)T+d 7 log ) ,

T
. 2 (2t —T)?
(218)  E(W, - W) [Wr=d) = & — =—Liz (1)
t  (2t—T) ?

Moreover, the expected conditional quadratic path deviations take the following forms:

T
1
(2.19) E </ (W, — W) dt | Wy = d) = g(d — b)*T,
0
(2.20) E /T(W — WAt | Wy =d ) = 1(1) —d)*T + Wpop — T anr + Lo
' o N BV 54 54 27"

T 1 1 1 1
(2.21) E / (W, = W2 dt | Wr =d | = =(d — b)*T + ~b*T — —dbT + -T*.
0 6 6 12 6
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Proof. By (2.4), (2.7) and (2.15]), for 0 < ¢t < T we get (2.16]). Using that integration

over the time-interval [0,7] and taking conditional expectation can be interchanged

(as explained in the Introduc’mon) we get (2.16) yields (2.19). By (2.5), (2.8) and
(2.15)), we have , and hence, by a change of variables s = (T'—t)/T and partlal

integration, we get

T
E(/ (Wt—Wgr)th‘WTzd)
0

Tt t? tT— Tt
— ) e 42 Ly
/o t T + (d — b) 5+ 2d(d — b)T 7 log —
(T—t)2, T-t ., (T —t)? T—t\?
2T 1 T 1
+ T2 log— + (d ) T 0g —7 dt

1 1
= g(d —b)°T + / [2T2(1 —8)s+2d(d—b)T(1—s)slogs
0
+2T%s% log s + (d* — T)T's*(log 5)2] ds
1 2 2 20 ' 2 e
— S d =BT+ T~ T2 —dd— T | sds+ =dd—b)T | s*ds
3 3 ; 3 ;

2 ! 12
- —T2/ s*ds — (d* — T)T/ 352 log sds
0 0

3
1 1 1 2 2 2 !
=(d—0>T+ =T% - Zd(d— T + =d(d — b)T — =T? —d2—TT/ 24
30 =0T +3T* = 2d(d =0T + Gdld =O)T = §T* + 5(& =T)T | s*ds
1 1 5 2
= —(d—0b>2T+ =T?> — —d(d —bT d?> —T\T
3< ) +35 18( )+27< )
1 7 7
= _—T?+ —°T — —dbT b2T
27 54 18 +3

which yields (2.20). Finally, by (2.6)), (2.9) and (2.15), we have (2.18)), and hence, by

a change of variables s = 2t — T, we get

E (/OT(m — W2 dt = )

1 1 TVt —1) 2dbt(2t — T 2
3 3 T

— (2t = T)?
1 1 1 /7
= 77 —bQT——/
51 T3 2 Jo

dt

T 17 T2

2 db T)s d?
s ds+T)s &,

T T2 72 | 48
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1 1 1/1 1 1 1
= -T?+ VT — - | =T? + =dbT + =dbT — -d*T
3 +3 2<3 +3 +2 3
1 1 5 1
= _T? + VT — —dbT + =d*T
6 +3 12 +6 ’
which yields (2.21)). O

In what follows we give a complete comparison of the quantities (2.19)), (2.20]) and
(2.21). Let b=b/+/T and d = d/+/T. Using the notation

T
em::E</‘ﬂm—WWﬂ2&‘W}:d),
0

by Theorem [2.7], we have

1
3
S 11~ 7~ 1
p==0b-d?*+ =b — —bd+ — | T?
¢ (54< Vet +27) ’
= 1~ 1.+ 1
b—d)?+=b*— —bd+ = | T%
( ( ) +6 12 +6>
Hence we easily calculate

11~ ~~ 1
Cay > € = —(b—d)* > —b* — —bd+ —

54 54 54 27
e |d-Bp s |24 (2 2(5)2
22 11 22 ’
1~ ag 1ey 1:- 1
av ) _b_d2 —b2——bd —
Cay > €y > 6( ) > 5 B +6
~ 3= 9
_ = 14+ = (p)2
= ‘d 4b > +16()
and
1 ~ ~2 1~2 5 > T 7
eyt < €y < 27(b—d) < 27b — 108bd_54
~ 3~ 9 - 7 - 224
d—2b — ()2 -~ and (b)?> .
— ’ 3 < 64() 5 an (b)” > 5

The corresponding regions are graphically illustrated in Figure [3]
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FIGURE 3. Regions in the (l~), d)—plain for which A: e,y < ey < eg, B:
eir < eav < egt, C: ey < gt < €ay, and D: e,y < et < €.

Finally, we remark that Theorem [2.7] justifies our simulation results in the case of
the endpoint Wr of the Wiener sample path is close to the prescribed endpoint b
of its bridge. Indeed, in case of d =b, by Theorem [2.7, we get

T
E(/ (Wt—Wt‘W)th‘WT:d> =0,
0

T . 2 1
E — Win2dt =d| =—d*T + —T7
(/0 (W, — W) 'WT ) T, +27 ,
T st\2 1 2 1 2
E (W, — W2 dt | Wy =d ) = —d*T + =T7,
0 12 6

which shows that the expected conditional quadratic path deviation of the Wiener
process from the anticipative version of its bridge is 0 being smaller than from the

integral representation of the bridge or from the space-time bridge version.

3. PATH DEVIATION OF THE ORNSTEIN-UHLENBECK PROCESS FROM ITS BRIDGES

3.1. Ornstein-Uhlenbeck bridge versions. Let (Uf);>o be a one-dimensional

Ornstein-Uhlenbeck process starting in a € R, i.e., it is the unique strong solution of
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the SDE
dUf = qU{ dt + o dW;  with initial condition Uy = a

for some ¢ # 0 and o > 0, where (W;);>0 is a standard Wiener process. It is well-

known that the Ornstein-Uhlenbeck process has the integral representation
t
Ut‘z:eqt<a+a/ e_quWs>, t>0,
0

which is a Gauss process with mean function E(U) = ae? and covariance function
Cov(US, U = 0267? sinh(gs) for 0 < s < t. We also have Uf = ae?" + UP, t > 0,
where (UP)i>o is a one-dimensional Ornstein-Uhlenbeck process starting in 0.

We consider the following versions of the Ornstein-Uhlenbeck bridge from a to b
over the time-interval [0, 7], where a,b € R:

1. Anticipative version
sinh(q(7T" —t sinh(qt sinh(qt

siiquf(qT) Dty sinh((jT>) (Uto - ﬁ U%) OsisT

Up to our knowledge this anticipative version of the Ornstein-Uhlenbeck bridge first

U =a

appears on page 378 of Donati-Martin [11] for @ = b = 0 and in Lemma 1 of Papiez
and Sandison [20] for special values of ¢ and o. It is also an easy consequence of
Theorem 2 in Delyon and Hu [10] and of Proposition 4 in Gasbarra, Sottinen and
Valkeila [14].

2. Integral representation

sinh(q(T —t sinh(qt " sinh(q(T —t )
Ur = @ siilqlrf(qT) ) +o sinh((qu)) + 0/0 sinh((g((T — s)); dw, it 0<t<T,
b it t="1T.

This integral representation of the Ornstein-Uhlenbeck bridge is the unique strong
solution of the below given SDE ({3.2), see, e.g., Barczy and Kern [3, Remark 3.9|.
3. Space-time transform
sinh(q(T — t)) sinh(qt) gt K1) — K(t) .
———— W ss fo<t<T
Ut = “ sinh(qT") sinh(¢T) 7€ k(T) o M ’
b it t="1T,

with the strictly increasing time-change
e sinh(qt) 1—e?¢
q 2¢

Rot—k(t) =
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This space-time transform of the Ornstein-Uhlenbeck bridge goes back to the proof of
Lemma 1 in Papiez and Sandison [20] and is roughly speaking a time-transformation
by x and a rescaling with the coefficient e? of the space-time transform representation

(W) iep,m of the Wiener bridge from a to b over the time-interval [0, 7.

Remark 3.1. We note that the previous versions of an Ornstein-Uhlenbeck bridge
are in accordance with the corresponding versions of a usual standard Wiener bridge
introduced in the introduction. By this we mean that for all 7> 0, ¢ € [0,7] and
o=1, U converges to WP in L*Q, F,P) as ¢— 0. Indeed,

sinh(q(T —t)) (I' —t)cosh(q(T' —t)) T —t

¢—0  sinh(qT) 230 T cosh(qT) T’
sinh(qt) . tcosh(qt) t
_ = 1Im —------45&- = —
g—0 sinh(qT") a0 T cosh(qT) T’
T) — k(t —at  eat=21) —te~® — (t — 2T)e?t=2T) T —¢
i et M) = K)o e e —te — (t - 2T)e _ ,
q—0 k(T) =0 1 —e 2T q—0 2Te2T T

lim O (Fa(t) + Lﬁ) o dim )

-0 K(T) — k(t) ¢=0 k(T) — k(t) q—0 2q(e~2at — ¢=24T)
s > tr
- T—t T-—t
Further,
t 2 t
E(UO Wt) . ) (/ (eq(tfs) —1) dWs> = / (eq(tfs) _ 1)2 ds
0 0
at 1 2
= +=(1—e®)+t—=0 as ¢—0,
2q q
and

= L)
:/0 (SEEE g_s>>—§:i) ds >0 as q—0,

where the convergence follows by Lebesgue’s dominated convergence theorem. a

In all what follows we will use the notation (U")iejo.7) if the version of the bridge

is not specified.



22 MATYAS BARCZY AND PETER KERN

First we present a lemma about a time-transformation which will be useful for
calculating Var(Uf — Us*) and Cov(Ust,Us*), 0 < s,t < T.

Lemma 3.2. For the time-transformation rkh(t) := (( ;“(Zi) t €[0,7), with k(t) :=
l1—e™

(
2q ,teR, we get ki s strictly increasing and KH(t) >t for all t €[0,T).

Proof Since the function [0,T) > t — -

T—t
L ‘32 " is strictly increasing for every g # 0, we get that [0,7) 3 ¢ — 'z( ;”E{T&) =: k(1)

is strictly increasing and R 3 ¢ — k(t) =

is strictly increasing. Further, easy calculations show that
(1) k%(0) = 0 and limpy £7(t) = oo.
(2) k% is differentiable on [0,7"), namely
(k2 (t) = K (O)r(T)(k(T) — k(t)) + (t)(T)k'(t) _ K (t)*(T) |
(r(T) = K(1))? (r(T) = K(1))?
with #/(t) = e 24" and hence (r%)(0) = 1.

(3) For the second derivative we get

(k)" (1) = R ()R (T) (5(T) — k(1)) + 2 K(Ti — w(0) (52 ()R*(T)

Since £"(t)(k(T) — k(t)) + 2(K")2(t) = e 4 ¢=2(T+) > ( we have (k%) is
strictly increasing.
Altogether this shows that (k%)'(t) > (k%)'(0) = 1, t € [0,7") and hence x}.(t) > t for
all t € [0, 7). 0

Proposition 3.3. Let (U)o be an Ornstein-Uhlenbeck bridge from a to b
over the time-interval [0,T], where a,b € R. Then (U)o is a Gauss process

with mean function

sinh(q(T —t)) sinh(qt)

E(U}") = 0<t<T
() sinh(qT") sinh(¢T)’ ==t
and with covariance function
2 sinh inh(q(T — ¢
(3.1) Cov(Ur, pry = O Sublgs)sinh(a(T = 1) =

q sinh(qT)

Hence all the bridge versions above have the same finite-dimensional distributions.
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Proof. For 0 < s <t < T, we have the covariance function

inh(gs) sinh(qt)
C Uav Uav — C UO o SlIl— UO UO P\t UO
ov(U", Ui™) ov ( * sinh(qT) 7' sinh(qT) T

_ 0 770y _ sinh(gt) 0 770\ _ sinh(gs) 0 770
- COV<US ’ Ut ) Slnh(qT) COV(US ) UT) Slnh(qT) COV<Ut ’ UT)
smh?qs);mh(qt) Cov(U2, U0)
sinh®(¢T")

_ Qe_qt : _ sinh(q?) 2{ :

=0 . sinh(gs) Sinh(T) o sinh(gs)

B a_ sinh(gs) sinh(q(T —t))

g sinh(qT)

and
v opriry _ 2 sinh(q(T" — s)) /t sinh(g(T" — 1))
Cov(U;",U,") = o” Cov (/ sinb(q(T = 7)) dw,, | Smb(q(T — 7)) dw,

(4

202/8 sinh(q(T" — s)) sinh(q(T —t)) dr
0 sinhZ(q(T 7))

= %2 sinh(q(T — s)) sinh(q(T —t)) /qq 12 dv

o _ cosh(q(T —s))  cosh(qT)
= sinh(q(T — s)) sinh(q(T — t)) < J(T—s) sinh(qT))

(
— %2 sinh(g(T — s)) sinh(q(T — 1)) 5ol — 4T~ 5))

o2 sinh(gs) sinh(q(T — t))
q sinh(qT")
By Lemma (3.2 for 0 < s <t < T we get
K(T) — k(s) (T) — k(t)

Cov(Us', Up') = o?e?* ™

COV W Kk(s)R(T) W k() (T)
Kk(T)—r(s) k(T)—r(t)

~(T) ~(T)
aatorn K(T) — K(8) B(T) — 5(t) _n()x(D)
~(T) A1) K(T) = K(s)
o g sinh(gs) e —eT _ o? sinh(gs) sinh(q(T — 1))
e~ sinh(qT) 2q q sinh(q¢7")
concluding the proof. O

In what follows we study the continuity of the sample paths of the bridge versions.

It follows from the definitions that all bridge versions have almost sure continuous
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sample paths on [0,7'). The (left) continuity of the trajectories at ¢t =T 1is also
obvious in case of the anticipative version, but not in case of the integral representa-
tion and the space-time transform. The strong law of large numbers for a standard
Wiener process (see, e.g., Problem 2.9.3 in Karatzas and Shreve [18]) yields the de-
sired continuity for the space-time transform. The above mentioned continuity for
the integral representation follows from Lemma 4.5 in Barczy and Kern [3]. For the
sake of completeness and easier lucidity, in the Appendix we formulate and prove this
lemma in the present setting (without reference to the notations in Barczy and Kern
13).

Hence the anticipative version U?', the integral representation U™ and the space-
time transform U®* induce the same probability measure on (C|0,T7], B(C[0,T])).
This underlines and explains the definition of an Ornstein-Uhlenbeck bridge from a
to b over the time-interval [0,T], by which we mean any almost surely continuous
Gauss process having mean function and covariance function given in Proposition [3.3

We also note that the finite dimensional distributions of the Ornstein-Uhlenbeck
bridge versions coincide with the conditional finite dimensional distributions of the
Ornstein-Uhlenbeck process (Uf)cor] (starting in a) and conditioned on {Uf =
b}, see, e.g., Delyon and Hu [I0, Theorem 2|, Gasbarra, Sottinen and Valkeila [14]
Proposition 4| or Barczy and Kern [3, Proposition 3.5].

3.2. Different sample path behavior of Ornstein-Uhlenbeck bridge versions.
First we present an indicator for different sample path behavior of the Ornstein-

Uhlenbeck bridge versions. If we consider the linear SDE

(3.2) dU =g¢q <— coth(q(T —))U™ + dt+odW,, 0<t<T

b
sinh(q(7T — t)))
with initial condition UP™ = a, then the integral representation is the unique strong
solution of this SDE (see, e.g., Delyon and Hu [I0, Proposition 3| or Barczy and
Kern [3, Remark 3.10]) and the anticipative version and the space-time transform are
only weak solutions. Indeed, if the anticipative version and the space-time transform
were also strong solutions, then, by the definition of strong solution, we would get
PU» =Ur, Vtel0,T) =1 and P(U* = U, Vt € [0,T)) = 1, which are not
true. For example, it does not hold that Var(Up — Up) = Var(Up — U*) for all
t €10,7), and Var(Uf — Us*) = Var(U® — UFr) for all t € [0,T), by Propositions
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and [3.6 below. We present another indicator for different sample path behavior of
the Ornstein-Uhlenbeck bridge versions by calculating the covariances Cov(UP, U?)
of the coordinates of the two-dimensional Gauss process (U™, Uf)sejor). Note that

these formulas are hard to compare.

Proposition 3.4. For all 0 <t <T and a,b € R we have
o? sinh(q(T — t)) sinh(qt)
q sinh(qT") ’

Cov(UF, U%) = %2 o—a(T—t) sinh(q(T —t)) <qt + log < Sinsﬁ?qkz(jgj;)t)))) ;

Cov (U™, Uf) =

o? o 1ysinh(g(T —1))
?(e Y sinh(qT")

Proof. For the anticipative version we have

Cov(U,U?) = Cov (Ut0 - WU%, Uto)

Cov(Ur", Uf) =

qt inh(at qT
. sinh(qt) — Moje— sinh(qt)
q q

2 & h
7SI, (ot () — o sinh(gt))

a ¢ sinh(q7)
_ o sinh(q(T — t)) sinh(qt)
q sinh(qT)

Using Lemma [3.2] we get for the space-time transform

st rra k(T') — K(t
Cov(Us*, Uf) = Cov (Jeqt%Wﬁ;(t), Uf)

T) — k(t wp(t) t
= et 50 / aw,, / e 9 W,
K(T) 0 0

_ Uzezth /t 0= s
0

k(T)
= UZeZQtK(T) k()1 —e
k(T) q
_ 0_2 el Sinh(q(T _ t))
= ) Gn e

Finally, we get for the integral representation

: " sinh(q(T —t)) !
Cov(UF, U = Cov | o / : dw,, o / e?(t=>) dWs)
(G 09 ( o sinh(q(T" —s)) 0
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—qs

= g% sinh(q(T —t)) /0 sinh((j(T —9) ds

t
1
_ 9p2e-tT0) - —
20% sinh(q(T' — 1)) /0 = oz 48

e—2a(T—t)

1

—€ —a(T-1) Slnh( (T — t))/ ﬁ dr
e—2qT ril—r

o?
q
e o—2a(T—1) 1— e 2T
= . Z a1 sinh(q(T —t)) (10g (e‘T) log( 1 — e—24T ))
2 h T)

o 9 o—a(T-t) sinh(q(T — t)) (qt + log ( sin C] ))

q

sinh(q

concluding the proof. 0

Proposition|3.4|also shows that, even though the three bridge versions have the same
law on (C[0,T1,B(C|0,T7])), their joint laws together with the Ornstein-Uhlenbeck
process U® are different.

Our aim is to analyze the sample path deviations of the Ornstein-Uhlenbeck bridge
versions to the original Ornstein-Uhlenbeck process (Uf).co.r) (starting in a) by cal-
culating and comparing expected quadratic path deviations E ( fOT(Ut“ — UpPr)? dt) :

Simulation studies show the same qualitative behavior of typical sample path de-
viations of the anticipative version, the integral representation and the space-time
transform of the Ornstein-Uhlenbeck bridge as we have for the Wiener bridge, see
the upper row of Figure [df Note that in general the deviation from the space-
time transform bridge version is hard to compare with the other deviations, since
(Us*)ieper,ry depends on the non-visible part (U;)icir,o0) of the Ornstein-Uhlenbeck
process, where t* € (0,7) defined as follows. Due to the strict monotonicity of k%
and limyg k5.(t) = oo there is a unique t* € (0,7") such that sk (t*) = T, see the
analysis of the time-transform 7. in Lemma [3.2] From simulation studies we also get
the above typical behavior is again reversed in case the endpoint Uf of the Ornstein-
Uhlenbeck sample path is close to the prescribed endpoint b of its bridge, namely, for
such a sample path of the Ornstein-Uhlenbeck process the deviation from its antic-
ipative bridge version is smaller than from its integral representation of the bridge,

see the lower row of Figure [4]
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FIGURE 4. Two sample paths of the Ornstein-Uhlenbeck process with o = 1
and ¢ = —1 (upper row, thick line), respectively ¢ = 2 (lower row, thick line)
and their deviations from the anticipative version (left column), the integral
representation (middle column), and the space-time transform (right column)
of the Ornstein-Uhlenbeck bridge from 0 to 0 over the time-interval [0, 1].

Our aim is again to give quantitative answers to this qualitative behavior observed
from simulation studies by studying the path deviations on [0, 7):

sinh(gt)  sinh(qt)
sinh(¢T)  sinh(qT) 7

: inh(qt) ! _ sinh(
3.3) Ut _ Ul = (gedl _ py 2R / alt—s) _
(3.3) t t (ae ) Sinh(qT) +o ; e inh(

Ut —U» = (aef” —b)

sinh(qt) k(T) — k(t)
Ul — Ut = (e —b) —— + (U — e 2L 22 W e .
Fo U= et b e T\ e T W,
Note that all path deviations depend only on the transformed difference (a e’ —b) of
starting and endpoint of the bridge. Hence in the sequel without loss of generality we
can and will assume that a = 0. For simplicity we will concentrate on calculating the
Gauss distributions of path deviations and to compare the expected quadratic path

deviations only.
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3.3. Gauss distribution of path deviations and expected quadratic path

deviations. First we prove that path deviations have Gauss distribution.

Proposition 3.5. Let (Ut‘f’r)te[o,ﬂ be an Ornstein-Uhlenbeck bridge from 0 to b
over the time-interval [0,T], where b € R. Then for all t € [0,T), the path

deviation UP — UP" is normally distributed with mean

inh(qt)
E(U° — UM — _p sin
(U = U") sinh(¢T)’
and with variance
T sinh®(qt)
4 0 _ gravy _ 2€
(3 ) Var(Ut Ut) 9 p Sinh(qT)’
; ? inh(q(7T —t))
3.5) Var(U? - UF) = Z (‘sinh(qt) (o + 22
5) Var(@? - Uf) = ©- (siu(ar) (o + 0T

—2e~4T=0) ginh(q(T — t)) <qt +log siniizlq}z(jgji)t» )) ’

(3.6) Var(U? — USt) = %2 (sinh( " (eqt . sinh(g(T — t)))

sinh(qT)
inh(q(T" —1))
o(1 _ ooty S
+2(1 =) sinh(qT)
Proof. With a = 0, by (3.3)), for every 0 < t < T the path deviation U — UPT is
normally distributed with mean E(U? — UP*) = —b Ssiirrlf((;;)) and with variance
sinh?(qt) e?” sinh?(qt)
Var(UP — UY) = ——L Var(U) = 02— Z—~E.
ax(U &) sinh?(qT) ar(Ur) = o q sinh(qT)’
and
- ' inh(q(T — 1))\
V. UO — Uiy = 2 q(t—s) S d
e =00 = /(o) - SRT—) o
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1 2(1 — e 270y et
:02< (e2qt—1)—( ¢ )/ Y v

2_q q ar—t) V2 — 1

4 sinh2(q(T — 1)) 1 (cosh(q(T 1) cosh(qT)) )

g \sinh(q(T —t)) sinh(qT)
1 (1 o ef2q(T7t)) eZqT -1
) 2t
=0 (2_(] (e —1) — . log T —
: 1 sinh(qt)
hW(¢(T — 1)) -
+sinh”(q( ) q sinh(q(T — 1)) sinh(qT)) ’

which yields (3.5)). Using Lemma we get

Var(Up — Us*) = Var (Uto —oe? w(T) = K(1) W iy >

w(T) AT =R (D)
= Var(Uy) + o* *® (%) : Var (Wm)
— 20 % Cov (Uto, W:(g;ﬁ(:&))
“ T) — k(t
= 02% sinh(qt) + o2 e k(1) %
— 952 et M /min{m*T(t)} e(t=5) 44
K(T) 0
= az%ﬂ (sinh(qt) + e 1= Qe_th e_fqi;i;;ﬂ
2 e ),
which yields . 0]

Note that in the proof of Proposition [3.6/below we will give different representations
of the variances Var(UP — UP*) calculated in Proposition .

Next we compare the second moments E((U? — UPY)?) of the path deviations
U? — UPr. In view of we have to compare the variances of path deviations for
different versions of the Ornstein-Uhlenbeck bridge, since the mean function of path

deviation is the same for all versions.
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Proposition 3.6. Let (Utbr)te[o,T] be an Ornstein-Uhlenbeck bridge from 0 to b
over the time-interval [0,T], where b€ R. Then for all t € (0,T), we have
E(U - U')?) <E(U) - UM)?), if ¢>0,

37 E(U-U1)) < {E(wp —UP)?) <E(U - UM?),  if ¢<0.

Proof. We first give different representations of Var(U? — Uj*) and Var(U? — Us")
calculated in Proposition that are more suitable for comparison. By Proposition
we have

Var(U — U}")

= 7 [asinn(g(r - o)) (D). atr) (g5 4 10g - S200T)
| ( ( )

q sinh(qT) sinh(q(T —t))
. g sinh(g(T' —1))
(3.8) +sinh(qt) (e Sinh(qT) )}
0 B sinh(qt) malTt . sinh(qT)
25 sttt = ) (s = (s i) )
L O o? sinh?(qt)
q sinh(qT)’
and
0 sty o (. qt sinh(q(T" — 1))
Var(U; — U}*) = n (Smh(qt) <e sinh(qT) )
(3.9) Sm:iiq}f(T ‘)t)) (sinh(qt) + 1 — eqt))

a0 s1nh2(qt) o sinh(¢(T — ¢))(1 — cosh(qt))
q sinh(qT) sinh(qT) '

The advantage of this new representation is that now the variances include the term

qT o> o2 smh (qt)
q sinh(qT)

For the comparison E(U? — Us*)? with E(U? — U)? we consider the continuous
function h, on [0,7] defined by
o? sinh(q(T —t))(1 — cosh(qt))
q sinh(qT) ’
Clearly, hy(t) = 0 if and only if ¢ € {0,7} and further for all 0 < ¢ < T we have
he(t) < 0if ¢ > 0 and h,(t) > 0if ¢ < 0. In view of we get
<E((U - UM)?), ifqg>0,
>E((U - UM)?), ifqg<O.

for all versions of path deviations.

hy(t) :==2 € [0,7].

(3.10) E((U7 = U;")?) {
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For the other comparisons, we show that

. . 0 ifg<O
sinh(qt) —g(T—1) ( sinh(qT) ) ’
— —e qt + log — < ¢ 1 —cosh(qt )
sinh(qT) sinh(q(T —t)) Wﬂ%) if ¢ > 0.

Using that

sinh(q(T — t))
sinh(qT)
by log(1+ z) <z, |z| < 1, we have for all 0 < ¢t < T,

sinh(gt) o-a(T—1) (qt o sinh(¢T) )

-1 <1, t e (0,7),

sinh(¢7) & Sinh(g(T — 1))
_ sinh(q?) om0 (14 sinh(g(T —t)) .
sinh(¢T) sinh(qT)
< sinh(gt) 4 o—a(T-1) sinh(g(T — ) — (1 + qt) sinh(¢7T)
~ sinh(¢T) sinh(qT)
= m (eqt — e 41— e—2q(T—t) _ (1 + qt) (eqt . e—2qT+qt))
inh(q
1
= ————— Gq(t).
2sinh(qT") 94(t)

For ¢ < 0 it is enough to show that g,(t) > 0 for all 0 < ¢ <T. Now
gg(t) = (e7201Ha — e_zq(T_t)) + (1 —e) — qt(e¥ — e+
= ¢ 20(T—1) (e_qt — 1) + (1 — e_qt) —qt eqt(l — e_QQT)
= (6_2‘1(T_t) - 1) (e_qt — 1) +qte? (e_QqT — 1)
< (e’QqT — 1) (e’qt — 1) + qt e? (e’2qT — 1)
= (e_2qT — 1) (e_qt -1+ qt) + qt(eqt — 1) (e_2qT - 1),

which is obviously positive for ¢ < 0 and 0 <t < T. For ¢ > 0 we have to show that
gg(t) <2 —e? —e % forall 0 <t <T. Now

2—et —e " — g (t)=1—ct 42Tt _ o=2T4at |y et (1 —e ")
=: gq(t)
for which §,(0) = 0 holds and we have
Gt) = —ge™ + 2 e~2(T—1) _ ( o~2aT+at
+ qeqt(l — e_QQT) + q2t eqt(l — e_2qT)
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= 2q e 20T Tat (eqt — 1) + g%t eqt(l — e‘QqT) >0
for ¢ > 0 and 0 < t < T, which completes the proof. Hence, by ({2.15)), (3.4)), (3.8),
B9) and (B10), we get (7). 0
Moreover, by (3.7)), the expected quadratic path deviations satisfy the following
inequalities:

T T
/ E((U° - U3')?) dt < / E(U? — U?)dt if g >0,
0 0

T
| B vy < { ,
0 /0 E((U) - UX)?) dt < /0 E((U) - U*)?)dt  if ¢ <O0.

In the next theorem we get more explicit representations of the expected quadratic

path deviations.

Theorem 3.7. Let (U)iepr) be an Ornstein-Uhlenbeck bridge from 0 to b over
the time-interval [0,T], where b € R. Then we have

E ( / T(Uto — Uy dt> _r Sinh@l{) — 2T | o™ sinh(2T) — 2T
0 4q sinh®(qT) 4q? Sinh(qT)

o /T(Uto _Un2ar) = b_2 ‘ sinh(‘QqY;) —2qT n o2edl . sinh(?qT) —2qT 0_2
0 4q sinh*(qT") 4q? sinh(qT") q>
2 272 g2 2 2
T'o®cosh(¢T) o°T n T L0 L0 g
qsmh (qT) 2 2  4¢®  4q?
_ sinh(qT)
_ 1 - 222
/ e ) log ) sinh(x) dz,
E /T(UO _Us2dr) = O'ZeqT sinh(2¢7) — 2¢T N 20% cosh(qT) — 1
o ! 44> sinh(qT") q? sinh(qT")
o (sinh(2qT) o2 cosh(qT)
- | —+T ——— h(2¢T) —1).
q ( 2 ) * o sin(gr) M Y

Proof. For the anticipative version, by Proposition [3.5], we get

T T
E (/ (0 — Uf")2dt> _ / E(U° — U2 dt
0 0

T 2 .t 2 T . 2
:/ eqTU_smh (qt) dt+/ 2 sinh”(qt) 4
0 0

q sinh(qT) sinh?(qT)
eqTO.Z T ) b2 T )
= inh*(qt) dt + ———— inh“(qt) dt
g sinh(qT) /0 sinh™(g?) sinhQ(qT) /0 sinb”(qt)
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 efTo? sinh(2¢T) T b? sinh(2¢T) T
~ 2¢sinh(qT) 2q 2sinh?(¢T) 2q '

For the integral representation, by Proposition [3.5( and the previous calculations for

the anticipative version, we get

T T
E (/ (U — Ur)? dt) = / E(UY — U2 dt
0 0

v? sinh(2¢qT) — 2¢T  o%e" sinh(2¢T) — 2¢T

4q  sinh®*(qT) 4q? sinh(qT)
202 (T sinh(qT)
— = | sinh(¢(T —t))e 2T (qt + log — ) dt
¢ Jo =) sinh(q(T — 1))
20.2 T
_ inh(q(7" — t)) sinh(qt) dt.
# ot [ sinh(a(T — 1) sinh(ar)

Here

/ sinh(q(T — )) sinh(gt) df — / (sinh(g7) cosh(gt) — cosh(gT) sinh(gt) ) sinb(gt)

= sinh(q7) /Cosh(qt) sinh(qt) dt — cosh(qT") /sinh2(qt) dt

inh(qT h(qT inh(2
_ sin (q )/sinh(th) Qo8 (qT) <Sln (2qt) —t)
2 2 2
_ sinh(¢T) cosh(2qt)  cosh(gT) sinh(2qt) N t cosh(qT")
N 4q 4q 2
sinh(q(T — 2t)) = tcosh(qT)
- 4 :
4q 2
and hence
20.2 T
_— inh(q(7T —t)) sinh(qt) dt
oo [ sinh(a(T = ) sinb(at)

207 < sinh(qT) N T cosh(qT) sinh(qT))
qsinh(qT) 4q 2 4q
_0* To?cosh(qT)
T gsinn(ql)

We also have, by partial integration,

1— —2q(T—t) t2
/ sinh(q(T — t))e™ " gt dt = / e#qt dt = g (5 ~ / te24(T=1) dt)

B qt2 q te—?q(T—t) / e—2q(T—t) "
42 2q 2q
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B qt2 te—?q(T—t) e—2q(T—t)

4 4 + 8qg

and hence

202 [T 202 (qT? T 1 1
=7 inh(a(T — e M TVDgpdt = -2 [ _ = 4 = _ — 2T
q /0 sinh{g( ))e 1 q oAt 8¢ 8¢

Moreover, by the change of variables q(T" — t) = z, we get

202 (T sinh(qT)
e sinh(q(T — t))e 7= log — dt
0 Sb(y(T )

2 2 qT 1— —2z :
_ 2 e log 81T1h(qT) d,
qa Jo 2 sinh(x)

and then we get the formula for E ( fOT(Ut0 —Ujr)? dt). We note that we are unable

to solve the integral quT(l —e %) log S;?fég)) dz.

Finally, for the space-time transform, by Proposition [3.5] and the previous calcula-

tions for the anticipative version, we get

T T
E (/ (o — Uft)2dt> :/ E(U — U)2 dt
0 0

o2 sinh(2¢T) — 2qT 9252 T
- ' inh(q(T — ))(1 — cosh(qt)) di
4¢? snh(¢T) | gsnh(qT) /0 sinh(q(T — t))(1 — cosh(qt))

2072

1 r
~ gsinh(¢T) (_5(1 — cosh(¢T)) — /O sinh(¢(T — 1)) cosh(qt) dt)
o?edt sinh(2¢7) — 2¢T

4q? sinh(q¢7")
Here
T
/ sinh(q(T — 1)) cosh(gt) dt
0
T T
= sinh(qT)/ cosh?(qt) dt — cosh(qT)/ sinh(gt) cosh(qt) dt
0 0
_ sinh(¢T") (sinh(2¢T) L) cosh(qT) (cosh(2qT) — 1),
2 2% 4
and hence we get the formula for E ( fOT(UtO — Ust)? dt). O

We note that the formulas E < fOT(Ut0 — UPr)? dt) are even harder to compare

with each other than the variances in Proposition [3.5| with each other. It might also
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be possible to calculate the Gauss conditional distribution of path deviations given
U = d using Theorem 2 and Problem 5 in Chapter II, §13 of Shiryaev [22], and to
calculate corresponding formulas for conditional quadratic path deviations. But even
if these formulas are present, the conditional quadratic path deviations will be hard
to compare, since they will depend on the four parameters ¢, b, d,T" and possibly also

on 0. We renounce to give these explicit and likewise very long calculations.

4. APPENDIX

The following lemma yields almost sure (left) continuity at ¢ =T of the integral

representation of an Ornstein-Uhlenbeck bridge.

Lemma 4.1. Let T € (0,00) be fized and let (Bs)s>o be a one-dimensional standard
Wiener process on a filtered probability space (92, A, (A¢)i>0,P), where the filtration
(A)i>o is the usual augmentation of the natural filtration of the Wiener process B
(see, e.g., Karatzas and Shreve [18, Section 5.2.A|). The process (Yi)icpor) defined
by
Yt::{ ) el dB, if te0,T),
0 if t=T,

1s a centered Gauss process with almost sure continuous paths.

Proof. By Bauer [0l Lemma 48.2|, (Y;)icjor] is a centered Gauss process. To prove
almost sure continuity, we follow the method of the proof of Lemma 5.6.9 in Karatzas
and Shreve [I8]. For all ¢ € [0,T), let

t
1
M, = dB;.
' / sinh(g(T — s))

Then (Mi)icjory is a continuous, square-integrable martingale with respect to the

filtration (A¢)icp,ry and with quadratic variation

t 1 1
M), = ds = —(coth(q(T —t)) — coth(qT")), te0,7).
(Mo = [ iy s = L (cotb(a(T — 1) = coth(q) 0.7)
Then limyur (M), = oo. By a strong law of large numbers for continuous local

martingales, we get

M,
P (i =0 =1,
(#%1 (M), )
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see, e.g., Lépingle [17, Theoreme 1| or 3°) in Exercise 1.16 in Chapter V in Revuz
and Yor [2I]. (We note that the above mentioned citations are about continuous local
martingales with time-interval [0,00), but they are also valid for continuous local
martingales with time-interval [0,7"), T" € (0,00), with appropriate modifications in
their conditions, for such a formulation, see, e.g., Barczy and Pap [B, Theorem 3.2|.)

Then we have

Y; = sinh(q(T" — t)) M, = sinh(q(T —t)) (M),

(M)’

Here

N .1 , 1
ltlTr%l sinh(q(T —t))(M), = ltlTr%lg (cosh(q(T —t)) — sinh(q(T —t)) coth(qT)) = 7

Hence we conclude P(limurY; = 0) = 1. O
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