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1. Introduction

It is well known that the main issue of the Black-Scholes model lies in its assump-
tions about volatility of the modelled asset. Opposed to the model assumptions,
the realized volatility time series tend to cluster, depend on the spot asset level and
certainly they do not take a constant value within a reasonable time-frame (see e.g.
Cont (2001)).

To deal with the aforementioned inconsistencies, stochastic volatility (SV) mod-
els have been proposed originally by Hull & White (1987) and later e.g. by Heston
(1993). These models do not only assume that the asset price follows a specific
stochastic process, but also that the instantaneous volatility of asset returns is of
random nature as well. Especially, the latter approach by Heston became popular
in the eyes of both practitioners and academics. Several modifications of this model
have been proposed over the last 20 years: models with jump-diffusion dynam-
ics Bates (1996), Duffie, Pan & Singleton (2000), with time-dependent parameters
Mikhailov & No6gel (2003), Elices (2008), Benhamou, Gobet & Miri (2010), with
fractionally scaled volatility Comte & Renault (1998), Alos, Leon & Vives (2007),
El Euch & Rosenbaum (2019), and models with several aspects combined as Pospisil
& Sobotka (2016) or Baustian, Mrazek, Pospisil & Sobotka (2017).

The original pricing approach of Heston (1993) was several times revisited, e.g
by Lewis (2000), Attari (2004) and Albrecher, Mayer, Schoutens & Tistaert (2007)
with focus on semi-closed form Fourier transform solutions, by Kahl & Jickel (2006)
and Alfonsi (2010) with respect to Monte-Carlo simulation techniques and last but
not least by Alos (2012) who introduced an analytical approach to option pricing
approximation. This approach improves on the techniques introduced by Hull &
White (1987) and shows how an adaptive projection of future volatility can be used
to price European options under Heston (1993) model. Many other papers gener-
alized this idea, see e.g. Alds, de Santiago & Vives (2015), Merino & Vives (2015),
or recently, Merino, Pospisil, Sobotka & Vives (2018). In this article, we revisit the
latter approach and we come up with the approximation technique for SV mod-
els with volatility process driven by the fractional Brownian motion. This includes
exponential rough fractional volatility models introduced by Gatheral, Jaisson &
Rosenbaum (2014, 2018).

Although many SV models have been proposed since the original Hull & White
(1987) model, it seems that none of them can be considered as the universal best
market practice approach. Several models might perform well for calibration to
complex volatility surfaces, but can suffer from over-fitting or they might not be
robust in the sense described by Pospisil, Sobotka & Ziegler (2019). Also a model
with a good fit to implied volatility surface might not be in-line with the observed
time-series properties.

Pioneers of the fractional SV models — Comte & Renault (1998), see also Comte,



August 23, 2022 11:46 WSPC/INSTRUCTION FILE paper_onefile

Coutin & Renault (2012) — assumed the so-called Hurst parameter * ranged within
H € (1/2,1) which implies that the spot variance evolution is represented by a
persistent process, i.e. it would have a long-memory property. In Alds, Ledn &
Vives (2007), a mean reverting fractional stochastic volatility model with H € (0,1)
was presented. Gatheral, Jaisson & Rosenbaum (2018) and Bayer, Friz & Gatheral
(2016) came up with a more detailed analysis of rough fractional volatility mod-
els which should be consistent with market option prices Bayer, Friz & Gatheral
(2016), with realized volatility time series and also they could provide superior
volatility prediction results to several other models Bennedsen, Lunde & Pakkanen
(2017). An approach considering a two factor fractional volatility model, combining
a rough term (H < %) and a persistent one (H > 1), was presented in Funahashi
& Kijima (2017). Recently, also an approximation for target-volatility options un-
der log-normal fractional SABR model was studied by Alos, Chatterjee, Tudor &
Wang (2019) who use the Malliavin calculus techniques to derive the decomposition
formula. In parallel, short-term at-the-money asymptotics for a class of stochastic
volatility models were studied by El Euch, Fukasawa, Gatheral & Rosenbaum (2019)
who use the Edgeworth expansion of the density of an asset price.

A typical problem of rough fractional models lies in their tractability — only
computational demanding simulation techniques seem to be available for vanilla
European options at the time of writing this article. This serves as a motivation to
develop a pricing approximation based on the works of Alos (2012), whose approach
was further generalised by Merino & Vives (2015) and Merino, Pospisil, Sobotka &
Vives (2018). Without using the Malliavin calculus we derive a decomposition and
approximation formula for European option prices under general Volterra volatility
models and in particular under a class of models with rough fractional volatility.
Obtained results hence give a better understanding of the whole surface of prices
than results focusing only on at-the-money volatility skew.

The structure of the paper is the following. Section 2 is devoted to preliminaries.
In Section 3 we present a generic decomposition formula of the vanilla European
option fair value. In Setion 4 we present Volterra volatility models. In particular
in Section 4.1 we prove the prediction law for general Gaussian Volterra processes,
in Section 4.2 we obtain the decomposition formula for the exponential Volterra
volatility model including the error bound for the approximation formula and in
Section 4.3 we provide particular results for exponential fracional volatility models
(including the standard Brownian motion case). In Section 5, we provide a numerical
comparison of approximated prices against Monte Carlo simulations. All obtained
results are concluded in Section 6.

#Named after the hydrologist and Nile River expert Harold Edwin Hurst. For more information
on fractional Brownian motion, see Section 4.3 and Mandelbrot & Van Ness (1968).
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2. Preliminaries and notation

Let S = (S;,t € [0,T]) be a strictly positive asset price process under a market
chosen risk neutral probability measure P that follows the model

dS; = 1S, dt + 045, (det F /1= p2 th) : (2.1)

where Sy is the current price, » > 0 is the interest rate, W; and W; are independent
standard Wiener processes defined on a probability space (22, F,P) and p € (—1,1).
In the following, we will denote by FV and FW the filtrations generated by W and
W respectively. Moreover, we define F := FW v FW_ The volatility process oy is a
square-integrable process assumed to be adapted to the filtration generated by W
and its trajectories are assumed to be a.s. cadlag and stricly positive a.e.. Note that
p is the correlation between the price and the volatility processes.

Without any loss of generality, it will be convenient in the following sections to
make the change of variable X; = log S;,t € [0,T], and write

1 ~
X, — ( _ 203) dt + o, (pdW, + /T 2 a1V, (2.2)

Recall that Z := pW + /1 — p2W is a standard Wiener process.
For any t € [0,T], « > 0 and y > 0 we denote by BS(¢,x,y) the so-called
Black-Scholes function given by

BS (t,z,y) = e"®(dy) — Ke " ®(d_), (2.3)

where ®(-) denotes the cumulative distribution function of the standard normal law,
r > 01is a constant, 7 =T — ¢ and

de(y) = x — anyJ\r/g" + %)7’ (2.4)

Recall that the price of an European plain vanilla call option under the classical
Black-Scholes model with constant volatility o, current log stock price Xy, time to
maturity 7 = T — t, strike price K and interest rate r is given by BS(t, X;,0).

In our setting, the call option price is given by

Vi = e "R [(eXT — K)T] (2.5)

where E; is the conditional expectation respect to the c—algebra F;.
Recall that from the Feynman-Kac formula for the model (2.2), the operator

1 1
Ly, =0+ §y28§ + (r - 2y2> Oy — 71 (2.6)

satisfies £,BS(t,z,y) =0,t € [0,T], x> 0 and y > 0.
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We define the operators A := 8,, A" := 97, ' := (82— 9,) andT? =T oT. In
particular, for the Black-Scholes formula, using straightforward calculations, we get

T 2
I'BS(t,x,y) = y 627” exp <_d+2(y)) , (2.7)
_ e & (y) di(y)

ATBS(t,z,y) = Wor= exp (— +2 ) 1- y+ﬁ ) , (2.8)

e 43 (y)\ di(y) —ydi(y)v/T -1
I?BS(t,x,y) = o= exp <— +2 ) + i . (2.9)

We define
Ri = é]Et UT (M, M>u] (2.10)
and

U, = gEt /tT oud(M, W>u1 , (2.11)

where (-, -) denotes the quadratic covariation process and M is the F—martingale
defined by

T
M, ::/0 E; [07] ds. (2.12)

3. A generic decomposition formula

In this section, we provide an insight on a generic decomposition formula based on
the work of Alos (2012), Merino & Vives (2015) and Merino, Pospisil, Sobotka &
Vives (2018). In particular, we recover the results for a generic stochastic volatility
model presented in Merino, Pospisil, Sobotka & Vives (2018).

It is well known that if the stochastic volatility process is independent of the
price process, the pricing formula of a vanilla European call option is given by

Vi = Eo[BS(t, Xy,04)] (3.1)

where &7 is the so called average future variance that is defined by
1 T
_2 2
Of =y t oy du. (3.2)

Naturally, o, is called the average future volatility.
We consider the adapted projection of the future variance

T
a? ::/f E[o2] du (3.3)
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and the average future variance as
2 _2 af
v; =K (5;) = T3 (3.4)
to obtain a decomposition of V; in terms of v;. This idea switches an anticipative
problem related to the anticipative process &; into a non-anticipative one related to
the adapted process v;.

Taking into account M defined in (2.12), we can write

1

In this paper, we will utilize the following lemma which is a direct application of
(Alos 2012, Lemma 2.1).

Lemma 3.1. Let 0 < u < T. Then for every n > 0, there exists C = C(n) such
that

[A"TBS (u, Xy, v,)| < C(a2) 200D, (3.6)
where a2 is defined by (3.3).

Remark 3.1. It is easy to see that the previous lemma holds for put options and
for several other non-path dependent options as well (e.g. gap options).

For general stochastic volatility jump diffusion models the following theorem
giving us generic decomposition formula was proved by Merino, Pospisil, Sobotka
& Vives (2018).

Theorem 3.1 (Generic decomposition formula).

Let B; be a continuous semimartingale with respect to the filtration FW, let
A(t,z,y) be a C122([0,T] x [0,00) x [0,00)) function and let v} and M, be defined
as above. Then we are able to formulate the expectation of e="1 A(T, Xr,v2)Br in
the following way:

E, [e_’"(T_t)A(T, Xr, v%)BT] — A(t, X,,v2)B,

+ E;

T
1
~r, Alu, Xy, vp) By 2—o02)d
/t € Y (U, 71}u) T_u(vu Ju) U

T
+ E, / e "D A(u, Xy, v2) dB,
¢

T
n %Et l / e "D (92 - 0,) A(u, Xy, v2) By (07 — ) du]

t

1 T 1
) ) (=192 A(y, X, v2) B, ————— d(M., M.
+ 2 t [/t (& 8y (U, us Uu) u (T o 'LL)2 d< ’ >u‘|

+ pE;

T
—r(u— Oy
/e (002 , A(u, X 03) Bu ud<W.,M.>u]
t
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T
+ pE, / e "9, A(u, X, v2)o, A(W., B.),
t

+ E; . (3.7

T
1
(=9 A(u, X,,v2) ——— d(M., B.
/t € 9y A(u, uavu)T_u (M., >u

Proof. See the proof of Theorem 3.1 in Merino, Pospisil, Sobotka & Vives (2018).
O

Using the previous decomposition formula, we find that

Corollary 3.1 (decomposition formula for SV processes without jumps).
Under assumptions of the Theorem 3.1, we can obtain a decomposition of European
option price V; as:

Vi = BS(t, X, vt)

+pEtl

T
: / e—r(u—t)AFBS(u’ Xu7vu)0ud<W7M->u]

t

1
-E
+8t

/ ’ e "2 BS (u, Xy, vy) d(M., M.)u]
= BS(t, X¢,v) + (I) + (I1) (3.8)

Proof. Using Theorem 3.1 with A(t, X;,v?) = BS(t, X;,v;) and B = 1 we obtain

E, [e‘T(T‘t)BS(T, XT,’UT)} = BS(t, X, v,)

1

T
/ e*T(“*t)GZﬂBS(u,Xu,vu)i (v2 —02) du]
¢

+E T—u

T
+ %Et [ / e "D (92 = 0,) BS(u, Xy, v) (07 — v2) du]
t

1 T
¥ SE. l / e " N9% BS(u, Xy, va) d(M., M.)u]
t

1
(T' = u)?

T
+ oK, / e—r(u—t)aizﬁBS(U7 X, Uu)TL
t

d(W.,M.>u] . (3.9)
Using that
0,2BS(t,z,y) = % (92 — 9,) BS(t,2,v) (3.10)

the second and the third term disappear and the corollary follows straightforward.
O
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For many SV models, the terms (I) and (II) are not easy to evaluate. Therefore,
it becomes important to find simpler approximations to (I) and (II) and estimate
the error terms. In order to find these approximations, we are going to apply The-
orem 3.1 to find a decomposition formula for the terms (I) and (/7). Using

A(t, Xy, v2) = ATBS(t, X, v4) (3.11)
and
P T
t

a decomposition of the term (I) can be found, and using
A(t, Xy, v2) = T2BS(t, X, v4) (3.13)

and
1 T
t

a decomposition of the term (1) is obtained.
After that process, we can approximate the price of a call option by

% == BS(t7 Xt, Ut)
+ AFBS(t, Xt, ’Ut)Ut
+T2BS(t, X, v) Ry
+ €. (3.15)
where ¢; denotes error terms. Terms of €; under a general setting for o, are provided

in Appendix A. We note that the error term will depend on the assumed volatility
dynamics.

4. Volterra volatility models
4.1. General Volterra volatility model

In this section, we apply the generic decomposition formula to model (2.2) with
general Volterra volatility process defined as

Ot = g(tvyvt)a > Oa (41)

where ¢ : [0,4+00) x R +— [0,400) is a deterministic function such that o; belongs
to L1(2 x [0,+00)) and Y = (Y;,¢ > 0) is the Gaussian Volterra process

Y, = /0 K(t,s) dW,, (4.2)
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9
where K (t,s) is a kernel such that for all 0 < s <t < T
T t
/KQ(t,s)dt<oo, /KQ(t,S)dS<OO, (A1)
s 0
and
F=F". (A2)
Let
r(t,s) = E[Y;Ys], t,s>0, (4.3)
denote the autocovariance function of process Y; and
r(t) :=r(t,t) = E[Y?], t>0, (4.4)

be the variance function (i.e. the second moment).
Extending the Theorem 3.1 in Sottinen & Viitasaari (2017) enables us to
rephrase the adapted projection of the future squared volatility.

Theorem 4.1 (Prediction law for Gaussian Volterra processes). Let (Y;,t >
0) be the Gaussian Volterra process (4.2) satisfying assumptions (Al) and (A2).
Then, the conditional process (Yy|F:,0 < t < u) is Gaussian with F,-measurable
mean function

me(u) = E[Yy] = | K(u,s) dWs, (4.5)
and deterministic covariance function
Flug, uglt) == By [(Yu, — mu(u1)) (Y, — 1he(u2))]
= r(u1,u2) — /Ot K(uy,v)K (ug,v) dv (4.6)
for uy,ug > t.

Proof. Let 0 < ¢ < u. Then

g (u) = By[Y] = E Vou K(u, s) AW,

]:tW] - / Kl AW, @)
0

and

P(ur,ualt) = B{(Yay — e (u1)) (Yay — 1 (u2))| 7]

uy t
(/ K(ul,vl)del —/ K(U,l,’Ul) dWU1>
0 0

u2 t
. (/ K(UQ,UQ)dWUz —/ K(’U,g,vg) de2>
0 0

=E

FV ]
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10

EV K(ul,vl)del/ K (ug,v9) dW,, | FV
t t

—_

w1 A\u2
= / K(up,v)K(ug,v) dv

= r(u,us) _/0 K(u1,v)K (ug,v) dv. (4.8)

In the upcoming sections, we will denote 7(ult) := 7(u, u|t).
Under the general volatility process (4.1), we have
1 T

T—t),

2 _
vy =

B, [¢2(u. Y,)] du (4.9)
and the martingale
T
Mt:/ E; [¢%(u,Y,)] du. (4.10)
0

In the upcoming lemma, we express the conditional expectation of the future
squared volatility in terms of the mean function . (u).
Let us denote:

F(t,m(u)) :=E; [gz(u, Yu)] , (4.11)

Lemma 4.1 (Auxiliary terms in the decomposition formula for the general
volatility model). Let 0 <t < u and F(t,7:(u)) = E; [gg(u, Yu)] , then

dF(t,me(u)) = (61F(t,mt(u)) + %aQQF(t,mt(U)> K2(u,t)) dt
+ 02 F(t, me(w)) ding(u), (4.12)
T
AW, = / Da P (t, 1ing () K (u, 1) dudt, (4.13)
0
T T
d<M,M>t = / / 82F(t7fnt(u1))82F(t, mt(u2))
o Jo
. K(Ul, t)K(UQ, t) du1 d’LLQ dt. (414)
Proof. Follows directly from the definition. O

4.2. Exponential Volterra volatility model

Assume now that X; is the log-price process (2.2) with o being the exponential
Volterra volatility process

o= g(t.) = avesp {€¥i — Jagh} . 120, (4.15)
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11

where (Y;,t > 0) is the Gaussian Volterra process (4.2) satisfying assumptions (A1)
and (A2), r(t) is its autocovariance function (4.4), and oo > 0, £ > 0 and « € [0, 1]
are model parameters.

Lemma 4.2 (Auxiliary terms in the decomposition formula for the ex-
ponential Volterra volatility model). Let o; be as in (4.15) and 0 < t < w.

Then
F(t, 1 (u)) = 0§ exp {28 (u) + 2627 (ult) — a&r(u)}, (4.16)
Qo F (L, iy (u)) = 26F (¢, e (u)), (4.17)
T
d(M.,W.), = 2035/0 exp { 2&n (u) + 2637 (ult) — a&?r(u)} -
- K(u,t)du dt, (4.18)
T T
d(M.,M.), = 40352/0 /O exp {2 (1 (uy) + g (u2))} -
- exp {252 (F(up|t) + f(u2|t))} .
~exp { —ag® (r(ur) +r(u2))} -
. K(Ul, t)K(’L@, t) d’LL1 dUQ dt. (419)
Proof. Follows from Lemma 4.1. O

Remark 4.1. Using that F(t,m,(u)) = E; [02], it is straightforward to see that

u

T
dM, = 2¢ ( / E: [02] K(u,t) du> dw, (4.20)
d(M.,W.), = 2¢ /T E; [02] K (u,t)dudt, (4.21)
0

T T
d(M.,M.), = 4¢* /0 /O B, [02, ] Bi [o0,] K (u1, 1)K (uz, t) duy dus dt. (4.22)

Lemma 4.3. Let o, be as in (4.15) and 0 < t < wu. Then, we can re-write
F(t,mi(u)) as

+ 2 t (K (u,2) — K(t,2)) dW, + 2§2f(u|t)}. (4.23)
0

Moreover, we also have the following equalities
E, {ag exp {2§/ (K(s,2) — K(u,z))szH
0

_ o exp{_ga52 (r(u) — () + g/o (2K (s, 2) + K (u, 2) — 3K (£, 2)) V.
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12

2
+ & / (2K (s, 2) + K(u,2))" dz (4.24)
t
and
E, {03 exp {25/ (K(s,2) + K(v,2) — 2K (u, 2)) szH
0
t
=o} CXp{Q{ (K(s,2) + K(v,2) — 2K(t, z)) dW,
0
—2a€? (r(u) —r(t)) +2¢2 / (s,2) + K(v,2))* dz}. (4.25)
Proof. The calculations to obtain these statements are straightforward. O

Proposition 4.1 (Terms in the approximation formula for the exponential
Volterra volatility model). Let o; be as in (4.15) and 0 <t < wu. Then

U= peot [ [ exp{=5o () = () ~ a8 (r(5) = r(w)
+2e%(slu) + € /0 (2K (5, 2) + K(u, 2) — 3K (t, 2)) dW.

+ 522/; (2K (s, 2) + K (u, 2))? dz}K(s,u) dsdu (4.26)

~sedt [ ' / ' / "exp{—a () + r(0) — 20(0)

262 (7 (slu) + #(v[u) +25/ K(s,2) + K(v,2))? dz

and

+2g/ sz+sz)72K(tz))dW}
,u)K (v, u)dsdvdu (4.27)

In particular,

Uy = péap /OT/OTeXp{f/OU[QK(S,,Z)—FK(u,z)]?dZ

280 (slu) — 5ar(u) — a€%r(s)} - K (s, ) ds du (4.28)

_ 10352 /T /T/Texp{2§2 /OU[K(S,ZHK(U,Z)MZ

+ 262 (7(slu) + 7 (v|u) — ag® (?"(8)4-7’(11))}'
- K(s,u)K(v,u)dsdv du. (4.29)

and
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Proof. We have that

/tTa A(M., W) ]
[l
e [ [( E,

Utgt

= pEEt

— pt / / E, [0} exp{~ag? (r(s) - r(u))

paper_onefile

— ot /T /OTIEt {02 exp{Qg u(K(s,z) — K(u,2)) sz}]

0

exp{—ag? (r(s) -

r(u)) + 2627 (s IU)}K(s,u) ds du

—péat/ / exp —faf r(t) —

ag? (r(s) -

Jr{/o (2K (s,z) + K(u,z) —3K(t,z)) dW,

e

+ —/ (2K (s,2) + K (u, 2))? dz}K(s,u) dsdu

2 Ji

Similarly, we have that

R - éEt UT d(M.,M.)u]

2

_ %52 E, [/tT (/OT E, [02] K(s,u) ds> du]

= %g /tTIEt _(/OTEu (0] K(s,u)ds>2
e = | )=

1 T [ T T
= _¢2 / E, / / oK (s,u)K (v, u)
27 Ji [Jo Jo

- exp{ —ag¥(r(s) + (v) -

+2g/

(s,2) + K(v,z) —

— 2K (u, z)) dW,

du

u [02] K(5,u)K (v, u) dsdv)] du

2r(u)) + 267 (7(slu) + 7 (v]u))

} ds dv] du

13

r(u)) + 26°7(s|u)

(4.30)
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14

5 / / / Et[ exp{%/ K(s,2) + K(v, 2) — 2K (u, z))szH

~exp {—a&?(r(s) + r(v) — 2r(u)) + 26% (7(slu) + 7 (v|u)) }
- K(s,u)K(v,u)dsdvdu

= 2 &% / / / exp{ —ag? (r(s) + r(v) — 2r(1))

+ 262 (7(s|u) + #(v|u)) +2§/ (s,2) + K(v,2) —2K(t, z)) dW,

+2£2/t (K(s,z) + K(v,2))° dz}K(s,u)K(v,u)dsdvdu. (4.31)
O

For the exponential Volterra volatility model we can determine an upper error
bound for the price approximation in the following way.

Proposition 4.2 (Upper error bound for the exponential Volterra volatil-
ity model). Let X; be the log-price process (2.2) with oy being the exponential
Volterra wvolatility process (4.15). Let the processes Ry and U, be as in Proposi-
tion 4.1. Then we can express the call option fair value V; by

= BS(t, X, ve)
+ ATBS(t, X, 0)U,
+TI2BS(t, X¢,v) Ry
+ €, (4.32)
where €, are error terms of order O (p (€2 + &3+ p (£ 4+ &%) + & + &%),

Proof. Note that using (4.20) we have that

T 2
d(M, M), = 4¢&* < / E: [07] K(u,t)du) dt, (4.33)

T
d(M, W), =2¢ ( / E, [02] K(u,t) du) dt. (4.34)
t
Applying the Jensen’s inequality to (4.23), we can see that

T
o > (T = hexp{ [ [~a€r(w) = (1) + 26 () =1 (1)

+ 262 (ult)] du}. (4.35)
Then, it is easy to find that
T - 1 I
7 < o] ~20m) +0€r(t) ~ 7 [ [agr) —rir)
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+ 26 (g (u) — 1y () + 2627 (ult)] du} (4.36)
where the exponent
T
= 26m(t) + ag?r() ~ 7 [ [ag(ru) = r(t)
+ 2€ (g (u) — 1y (t)) + 2637 (ult)] du. (4.37)

is a Gaussian process. Therefore a% has finite moments of all orders.
t
Using the error terms specified in the Appendix A and Lemma, 3.1, we find the
following decompositions for each term

T
E, V e "TIT2BS (u, Xy, vy) d (M, M)ul —I2BS(t, Xy, v;) Ry
t

C
< —E
S g

u

T
/ efr(U*t) (1 + 3 —+ ail;l) RuUu d <M/? M>u]
¢ u

6
Qy,

T
1 3 3 1
—r(u—t)
I (Wwagw)&d“w’imul

Cp
—E
+ 9 t

C T 1 2 1 ]

ey ) —rlu=t (o 2y M . 4.

+3 t[/t e < +a4+a3>d< R), (438)
and

T
gEt / e "IN BS (u, Xy, va)ow d (W, M), | — ATBS(t, X;, 0,)U,
t

T
1 2 1
—r(u—t
/te ( )(ag+ai+ai)UHd<M,M)u]
T —r(u—t) 1 1
; € %—F% UuO'ud<VV,M>u

r 1
/ e_r("_t)—?)au d(w,u),
¢ a

u

’ —r(u—t) 1 1
; (& g + E d <J\47 U>u

Since we have a Gaussian driving process and the kernel is square-integrable by
assumption (A1), the integrals are well-defined and the conditional expectations are
finite. Substituting U;, Ry, d (M, M), and d (M, W), from (4.26), (4.27), (4.33) and

< ~E,

Cp
—E
+ 9 t

+ CpEt

+ %Et . (4.39)
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(4.34) respectively, into (4.38) and (4.39), a gross estimate of the error is obtained
as O (p (P +E+p(E+&))++¢4). =

Remark 4.2. If Y; is a semimartingale, terms dU; and dR; and consequently
covariations (U, M), (U, W), (R, M); and (R, W); can be further specified, see
Appendix B, and the error estimation can be improved to O ((52 + pg)Q).

4.3. Exponential fractional volatility model

Let us now focus on a very important example of Gaussian Volterra processes,
the fractional Brownian motion (fBm), which is a process with a Hurst parameter
H € (0,1), with covariance function

1
r(t,s) .= E[BEBH] = 5 (7 + 2 — |t — "), t,s>0, (4.40)

and, in particular, with variance
r(t) ==r(t,t) =t t>0. (4.41)

One of the first applications of fractional Brownian motion is credited to Hurst
(1951) who modelled the long term storage capacity of reservoirs along the Nile river.
However, the idea of this concept goes back to Kolmogorov (1940), who studied
Wiener spirals and some other curves in Hilbert spaces. Later, Lévy (1953) used
the Riemann-Liouville fractional integral to define the process as

t

/ (t— $)H-1/2qw,, (4.42)
0

- 1
B .= ——
t ['(H+1/2)

where H may be any positive number. This type of integral turned out to be ill-
suited to applications of fractional Brownian motion because of its over-emphasis on
the origin for many applications. In their highly cited work, Mandelbrot & Van Ness
(1968) introduced the Weyl’s representation of the fractional Brownian motion:

t
1
Bl = — — |z — )12 4.4

! T |2t e (1.3

0
where
0
7y = / [(tfs)Hfl/t(fs)H*I/?] aw, (4.44)

and W; is the standard Wiener process. Nowadays, the most widely used represen-
tation of fBm is the one by Molchan & Golosov (1969)

t
Bl .= / Ky (t,s)dWy, (4.45)
0
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where for H > %
1 t 1 3
Ky(t,s):=Cqy sffH/ w2 (u— )72 du (4.46)
and for H <
T2 .
KH(t, S) =Cpy <> (t — S)H7§
s
1 H-1 ¢ H-3 H-1
- H—§ s [ 27T (z—s)" T2 d2 (4.47)
with

B 2HT (3 — H)
Cn = \/F (H + %)QF(z —2H)’ (4.48)

To understand the connection between Molchan-Golosov and Mandelbrot-Van Ness
representations of fBm we refer readers to the paper by Jost (2008).

Despite of the above mentioned arguments, Alos, Mazet & Nualart (2000) pro-
posed to consider a process B; = fot(t — 5)H=1/2qW, instead of Bf in fractional
stochastic calculus, since Z; has absolutely continuous trajectories. Since Bf is not
a semimartingale, the process B, = [(H+1/2)BH —Z, is also not a semimartingale.
Later on, Thao (2006) introduced the so called approximate fractional Brownian
motion process as

t
R 1
Bf:/(t—s+a)H—1/2dWS, He(o,l),H¢§,g>o, (4.49)
0

and showed that for every € > 0 the process Bf is a semimartingale and it converges
to B, in L?(Q2) when ¢ tends to zero. This convergence is uniform with respect to
t € [0, 7] (Thao 2006, Theorem 2.1).

Let us now consider the exponential fractional volatility process

0¢ = 00 exp {gB{f - ;aEQT(t)} , t>0, (4.50)

where (Bff,t > 0) is one of the above mentioned representations of fBm. We are
especially interested in the "rough" models, i.e. when H < 1/2. In this case, we call
the model (2.1) with volatility process (4.50) the rough fractional stochastic volatility
model (¢RFSV). Note that if « = 1, we get the rBergomi model, see Bayer, Friz &
Gatheral (2016) and Gatheral, Jaisson & Rosenbaum (2018), if o = 0, we get the
original exponential fractional volatility model. Values of a between 0 and 1 give us
a new degree of freedom that can be viewed as a weight between these two models.
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Example 4.1 (Volatility driven by the approximate fractional Brownian
motion). Let us consider model (2.2) with volatility process

0y = 0gexp {{Bt — ;ozgzr(t)} , (4.51)
where
~ t ~
By = / K(t,s)dW; (4.52)
0
and
K(t,s) =V2H(t —s+e)171V2  s<t,e>0, He(0,1). (4.53)
Then
tAs B N
r(t,s) = / K(t,v)K(s,v)dv, (4.54)

/K2m dv—QH/ —v+e)?T dy = (t+¢)*H —2H. (4.55)

Note that if ¢ = 0, we get exactly the variance r(t) = t?/ | that it is the variance

of the standard fractional Brownian motion. Further we have
F(tlu) = r(t / K2%(t,v)
= r(t) —2H/ (t—v+e)1dv=(t —u+e)? - (4.56)
0
and thus
T T
Uy = pag’§\/2H/ / exp{2§2[(s —u )M — 2H)
o Jo
+ §2H/ [(u—v4e) 24 2(s —v 4 ) 1/22dv
0

1
- faﬁz[(u +)2H 4 2(s+¢)*H — 352H]}~
—u+e)I72dsdu (4.57)

_U°€2H/ / / exp{2€2[(tr — u+ &) 4 (tz — u + £) — 2%
+4£2H/ [(tl71}+€)H71/2+(t2*’U+€)H71/2]2d1}
0

—ag?(ts + &)™ + (12 + ) — 262)}.
Sty —u+ )TV (ty —u ) HY2 Aty dty du. (4.58)

Example 4.2 (Volatility driven by the standard Wiener process). If in
the previous Example 4.1 we take H = 1/2 and ¢ = 0, we get model (2.2) with
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exponential Wiener volatility process
~ 1
0¢ = 09 exp {th - 2a§2r(t)} , (4.59)
where
t
W, = / R(t, 5)dwW, (4.60)
0
is the standard Wiener process, i.e. where K(t, 5) = 1{s<¢- In this case, we have
that
v? oi lexp{(2 — ) &3(T — )} — 1] (4.61)
= X — -t} —1f, .
f 2T 1)
r(t,s) / K(t,v)K(s,v)dv =1t As, (4.62)
/ K%(t,v) (4.63)
Define
T
o(t,T,a) ::/ exp{ —a)&%(s — 1) } ds. (4.64)
t

It is easy to see that

dM; = 2¢0? AW, p(t, T, o), (4.65)

fpaof/ / exp 52/ [1{U<u}+2 1{U<5}] dv
0

+2¢3%(s —u) — foz§2u —af s}l{ugs} dsdu

and thus

—Paof/ / eXp f u—i-;f [(4—2a)s— (44 «) ]}1{u§5}dsdu

2p(70
T32-a)(3- )3

-383—a) exp{f (2 - a)T} +5— a} (4.66)

1 4o T T T ) u )
50t¢ exp{2§ Mucryy + Lociny]? dv
0 0 0 0

+28%[ty +ta — 2u] — o[t + 752}}1{1L§t1}1{ugt2} dt; dto du

2(2 exp 52(3 - a)T}

and

B
I

SO’ /O ' /0 ' /0 exp{8€u+ 2800 + 12— 2] — o€l + 0]}

Lpu< 1 {u<e,y Aty dta du
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4
9

T 82— a)2(4— a)(6 — )& [(2 o) eXp{2(4 - a)ng}
—@—axa—awm{mz_am%}

+8(4—a) exp{(2 - a)§2T} —2(6 - a)} . (4.67)
For a model without exponential drift (w = 0) these formulas simplify to
3
_ P9 92 2
Uo = {53 [4exp{2f T} 9exp{2§ T} n 5} : (4.68)
4 3
_ 99 2| 2
Ro = Tgpe3 [exp{2§ T} 1} [exp{2§ T} +3} (4.69)
and for the classical Bergomi model (o« = 1) we get
3
_ P% 2 2
Uo = g3 [exp{?)f T} 3exp{§ T} + 2} : (4.70)

Ro = 120(?64 [exp{(ag?T} —15 exp{2§2T} n 24eXp{§2T} _ 10} L)

For matter of convenience, we define the functions

T
P(t, T, a) :/t exp{(8 =2a)&*(s — 1)} [exp {(2— a)*(T — 5)} — 1}2 ds (4.72)

and
T 1
Ct,T,a)= / exp {2(9 —3a)&%(s — t)} [exp{(2 — )&*(T - s)} — 1] ds.
t
(4.73)
We can re-write U; and R; as
__po}
Ut - (2 _ Oé)fC(t7 Ta Oé) (474)
and
R, = U? t. T 4.75
t—mw(, Q). (4.75)
It is easy to find the dU; and dRy,
_ pdo} poi
du, = mg(tm a) + = ;)gc (t,T,a)dt
p (3603 AW, + 3 (18 — 3a)&203 dt)
poy
+ - a){c (t,T,a)dt (4.76)
and
d 4
dR, = ﬁw T,a)+ ﬁzp (t,T, ) dt
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Ao} AW, +2(8 — a)o} dt
= S e T
o :
+ mw (t7 T, Oé) dt. (477)

Remark 4.3. We can do a Taylor expansion of Uy and Ry to understand better
their dependencies. Doing that we obtain

11 1
Up ~ p€T?03 (2 + E(13 —5a)&%T + %(a(ma — 100) 4 133)¢*72
~ 550 (5a — 13) (a(13a — 70) 4 97) £5T° + O (T4)> (4.78)

and

Ry ~ &2T3q7} (—é (@ —2)+ i(a —2)(5a — 14)€°T

~ 135 (@—2) (170® — 96a + 140) £*T% + O (T3)> : (4.79)

Proposition 4.3 (Decomposition formula for exponential Wiener volatil-
ity model). Let X; be the log-price process (2.2) with o, being the exponential
Wiener volatility process defined in (4.59). Assuming without any loss of generality
that the options starts at time 0, then we can express the call option fair value Vj
using the processes Uy, Ry from (4.66) and (4.67) respectively. In particular,

Vo = BS(0, X, v0)
+ AT BS(0, X, v0)Uo
+T2BS(0, Xo,v0)Ro
+e. (4.80)

where € denotes error terms and for o > 0, |e| is at most of the order C&(v/T +
pET31(, T, €, p). The exact bound is given in Appendiz C.

Proof. The detailed proof is given in Appendix C, where we also examine the order
of magnitude by the first Taylor term of the integrals. a

Remark 4.4. It is worth to mention that the order of the error bound from Propo-
sition 4.3 is better than the general estimate from Proposition 4.2, where the time
dependency is not considered. To get finer estimates also for the exponential frac-
tional model (case H # 1/2), a proof similar to the one in Appendix C would have
to be performed with more complicated but still tractable calculations.

Example 4.3 (Volatility driven by the standard fractional Brownian mo-
tion). Let us consider a model with volatility process

0y = 0p €xp {{Bf[ - ;afgr(t)} , (4.81)
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where B[ is the standard fractional Brownian motion as defined in (4.45), i.e. with
the Molchan-Golosov kernel (4.46) or (4.47). Then, the formulas for Uy and Ry
are given in Proposition 4.1 with particular kernel (4.46) or (4.47), autocovariance
function (4.41) and #(¢, s|u) as in Theorem 4.1. In this case, we do not give the
formulas for Uy and Ry after substituting the Molchan-Golosov kernel, since these
formulas are too long. However, the formulas are explicit and numerical evaluation
requires only the computation of some multiple Gaussian integrals.

Remark 4.5. The Molchan-Golosov kernel can be for all H € (0, 1) expressed as
(Decreusefond & Ustiinel 1999)

1 1 1 t
Ku(t,s) = Cy(t—s)T"3,F (2 —H.H—-g H+5,1- ) (4.82)
S

where o F (a, b, ¢, z) is the Gauss hypergeometric function and Cp is given by (4.48).
Then, it is easy to see that

Kp(t,s)<Clt—s|7 2 (4.83)

and K (t,s) is a square-integrable function, see also Jost (2006), Sec. 3.1.

5. Numerical comparison of approximation formula

In this section, we focus on numerical aspects of the introduced approximation for-
mula. We detail on its numerical implementation and a comparison with the Monte
Carlo (MC) simulation framework introduced by Bennedsen, Lunde & Pakkanen
(2017) will be provided.

In the second part of this section, we also introduce two interesting outcome
analysis for rBergomi model. In particular, we show how the model can be effi-
ciently calibrated using the approximation formula to short maturity smiles. We
remark that classical SV models (e.g. Heston model) might fail to fit the short term
smiles, unless they exploit high volatility of volatility levels for which they would
be typically inconsistent with the long term skew of the volatility surface.

In what follows, we will inspect the approximation quality for rBergomi model
and time to maturity / volatility of volatility £ scenarios. Based on the nature of
error terms (see Appendix A) those two factors should play prominent role when it
comes to approximation quality.

5.1. On implementation of the approximation formula

We note that for the models studied in this paper, we have obtained either a semi-
closed form or analytical formula for standard Wiener case (H=0.5). Moreover, for
the class of exponential fractional models — represented by the aRFSV model — we
only need to numerically evaluate multiple integrals in Ry and Uj.
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In our case, this was done using a trapezoid quadrature routine — not necessarily
the most efficient approach, but easy to implement. We used a discretisation® of
integrands such that the numerical error doesn’t affect the results in a significant
way. Le. to be lower than standard MC errors when comparing to simulated prices
or lower than the expected approximation error.

For benchmarking we use a first-order hybrid MC scheme introduced by Benned-
sen, Lunde & Pakkanen (2017) alongside 50000 MC sample paths. Similarly to the
implementation of the approximation formula, we remark that this scheme could
be also improved as described in McCrickerd & Pakkanen (2018).

5.2. Sensitivity analysis for rBergomi (o« = 1) approxzimation
w.r.t. increasing £ and time to maturity T

In this section, we illustrate the approximation quality for European call options
under various model regimes / data set properties as described in Table 1. We use
option expiries up to 1Y — we are expecting a loss of approximation quality, based
on the nature of the approximation formula. Since we utilized a first order approxi-
mation arguments with respect to volatility of volatility, we are also expecting more
pronounced differences between MC simulations and the formula for large values of

I3

Table 1: Model / data settings for sensitivity analyses.

Model params Values
¢ {10%, 20%, 30%, 40%, 50%, 100%}
g0 8%
p -20%
H 0.1
Data set specifics Values
Moneyness S/K 70% — 130% with 5% step
Time to maturity 7 {1M, 3M, 6M, 1Y}
Underlying spot price Sy 100

In Figure 1, we illustrate the approximation quality of the rBergomi approxi-
mation for low £ values. We can observe an expected behaviour: a very good match
upto 3M expiry and almost linear deterioration of the quality with increasing 7.
Also the approximation formula provides a similar scale of errors across the tested
moneyness.

bTypically we used from 1000 up to 27000 points for 3D integrals.
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Fig. 1: Comparison of call option fair values calculated by MC simulations and by
the approximation formula for the rBergomi model. (Example 4.1 with « = 1 and
¢ = 0. Data and parameter values are: vo = 8%, £ = 10%, p = —20%, H = 0.1)

For different moneyness regimes and 1M time to maturity, we obtained the
following discrepancies between the MC trials and the introduced formula, measured
in the relative option fair value (FV)©:

Table 2: Differences in terms of relative FV

Spot moneyness | £ =10% ¢ =50% &= 100%

80% 4.5e-04  -8.1e-05  -0.29928
90% 3.9e-04 2.6e-05  -0.02797
100% 2.3e-04 7.2e-04 0.95436
110% -1.5e-05  -7.7e-05 0.09690
120% -1.2e-05  -2.7e-04  -0.46417

In Table 2, we can see reasonable approximation error measures which fell below
standard 1 MC error for £ = 10% and & = 50% regimes. Due to the theoretical
properties of the approximation formula, we observe significant deterioration for
high volatility of volatility regimes. This also depends on the time to maturity of
the approximated option — the shorter maturity we have, the higher £ we can allow
to obtain reasonable approximation errors (i.e. of the order 1e-04 and lower in terms
of FV).

°Relative FV is the absolute option fair value divided by the initial spot price.
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In order to have a more detailed comparison between the proposed approxi-
mation and MC simulations, we have also evaluated pricing differences in terms of
implied volatilities within a range from 10% to 50 % for parameter £. The differences
are provided in Table 3.

Table 3: Differences in terms of implied volatility

Spot moneyness ‘ E=10% £€=20% £=30% &=40% &=50%

80% 0.0381 0.0143 0.0289 0.0210 0.0062
90% 0.0037 0.0026 0.0043 0.0038 0.0019
100% 0.0008 4e-05 0.0005 0.0014 0.0057
110% -0.0003  -0.0001  -0.0014  -0.0020  -0.0027
120% -0.0005  -0.0008  -0.0019  -0.0060  -0.0187

We note that for in the money options (80% and 90% spot moneyness), the
results were significantly affected by Monte Carlo errors even at 150k simulations.
However, for other options we have measured a reasonably good match and only a
slight deterioration in approximation quality for increasing &.

Although the introduced approximation is typically not suitable for calibrations
to the whole volatility surface — due to the deterioration of approximation quality
when increasing time to maturity — we will illustrate how it can significantly speed-
up MC calibration to the provided forward at-the-money (ATMF) backbone.

5.3. Short-tenor calibration and a hybrid calibration to ATMF
backbone

Unlike previous analyses, which were based on artificial data / model parameter
values, we inspect an application fo the formula on the calibration to real option
market data. In particular, we utilize four data sets of AAPL options which were
analysed in detail by Pospisil, Sobotka & Ziegler (2019). Descriptive statistics of
the data sets are provided in Table 4. The following calibration test trials will be
considered.

1. Calibration to short maturity smiles:
This should illustrate how well the model can fit short maturity smiles using
the introduced approximation formula without exploiting too high volatility of
volatility values (£). For each data set we selected the shortest maturity slice
with more than one traded option. The values were not interpolated by any
model, i.e. we calibrated to discrete close mid-prices of traded options. We also
confirm, that both MC simulation and the formula reprice the smile with the
final calibrated parameters without significant differences.

2. Hybrid calibration to the ATMF backbone:
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In the second trial, we calibrate to the ATMF backbone for each data set. We
note that because we have only a discrete set of traded options we might not
have for each maturity an option with strike equal to the corresponding forward.
Hence, we take an option with the closest strike to the forward value for each
expiry. We use the proposed approximation formula only for 7 < 0.2, for longer
time to maturities we price by MC simulations.

In both cases, the calibration routine was formulated as a standard least-square
optimization problem. I.e. to obtain calibrated parameters, we numerically evalu-
ated

N
6 = argmin f(0) = arg minz [Mid; — rBergomi,; (©)]?, (5.1)
i=1
where N is the total number of contracts for the calibration, Mid; is the mid price of
the i*" option and rBergomi,(©) represents the corresponding model price based on
parameter set ©. The model price is either obtained by the approximation formula
or by means of MC simulations otherwise. The optimization is performed using
Matlab’s local search trust region optimizer which also needs an initial guess to

start with.
Data # 1 Data # 2 Data # 3 Data # 4
Date (all EOD) 1-Apr-2015 15-Apr-2015 1-May-2015 15-May-2015
Moneyness range 34%-157%  45%-154% 31%-151% 33%-151%
Time to maturity [Yrs] 0.12-1.81 0.08-1.77 0.04-1.73 0.02-1.69
Total nb. of contracts 113 158 201 194

Table 4: Data on AAPL options used in calibration trials

All following results will be quoted in relative FV: e.g. rBergomi;(®)/Sy and
also differences between market and the calibrated model will be denoted using this
measure. For the calibration to the whole surface of European options, errors in FV
below 0.5% are typically considered to be acceptable, whereas anything exceeding
1% difference is considered as a significant model inconsistency.

Firstly, we display the results for the short-maturity calibration. In Figure 2, we
illustrate that even with a not well suited initial guess for Data # 4, we can obtain
satisfactory results (i.e. errors significantly below 0.5% mark). In fact, for all tested
data sets, obtained values of the calibrated parameters were not very sensitive to
the initial guess (only a number of iterations differed). This is a desired feature
which typically is not present under classical SV models, see e.g. Mrazek, Pospisil
& Sobotka (2016). For two other sets we have obtained qualitatively similar fitting
errors, however for the data set # 3 we have retrieved 4 errors (out of 22) with
absolute FV difference greater than 0.5% and two even greater than 1%, see Figure
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3. We conclude that this was partly caused due to high £ values compared to other
three calibration trials and also slightly longer maturity — the data set #3 includes
only one option at the shortest maturity, hence the second shortest was used. Still
we can conclude that the obtained errors (also verified by using MC simulations)
are overall acceptable, although might not be optimal.
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° T ° .
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20%| -0 rBergomi 0.05% | %
> o °
\ = o o
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(a) Comparison of calibrated rBergomi and market data (Data # 4)
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(b) Errors with respect to the initial guess

Fig. 2: Calibration results for rBergomi - short maturity smiles (Data # 4)

We have observed that at least short maturity smiles (< 1M) can be efficiently
calibrated using the proposed approximation formula, while for expiries greater than
1M, one would need to stay within a low volatility of volatility regime, otherwise
the discrepancies would lead to a non-optimal solution when recomputed using a
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more precise (but much more costly) MC simulations. To illustrate efficiency of the
approximation will show how the approximation can speed-up ATMF-backbone

calibration.
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(a) Comparison of calibrated rBergomi and market data (Data # 3)

Initial guess

25% -
X )
%, + Bid
20% L i -o rBergomi
o B
15% - %
> \Q Calibrated params:
10%] e,
X, gpg = 457%
% £ =81.36%
5% ¥
*x** o p = —98.99%
o To, o H = 0.3936
100 110 120 130 140 150 MSE = 13.9538

Strike

(b) Errors with respect to the initial guess

Fig. 3: Calibration results for rBergomi - short maturity smiles (Data # 3)

We will now inspect the hybrid calibration where we switch between the approx-
imation and a MC pricer based on properties of options being priced. In particular,
we focus on data set from 15" May (Data # 4) and for 7 < 0.2 we will use the ap-
proximation formula and MC simulations otherwise. For the calibrated parameters,
we will also measure the time spent computing FVs by each pricer. For complete-
ness, we remark that MC simulations under the rBergomi model can be perfomed in
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a more efficient way using a scheme introduced by McCrickerd & Pakkanen (2018)
and similarly numerical integrations within the approximation could be performed
by an adaptive quadrature and could be vectorized to improve the computation
efficiency.

In Figure 4, we illustrate calibration fit to the ATMF backbone of the option
price surface. We conclude that we have retrieved similar errors for both the prices
computed using the proposed approximation and the longer maturity option prices
quantified by MC simulations. The final fit of the calibrated model (recomputed
by MC simulations) is very good, especially considering that the studied model has
only 4 parameters. Moreover, only a fraction of the time spent by MC pricer was
needed to computed all FV using the approximation formula. In particular, 98.43%
of the pricing time? we were computing MC simulation estimates of FVs. We also
note that 7/9 of total evaluations were computed by the approximation formula.

Calibration fit - FV Calibration fit - absolute differences
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Fig. 4: ATMF calibration results when combining approximation formula (7 < 0.2)
and MC simulations (Data # 4)

dExcluding any data loading / manipulation routines.
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6. Conclusion

In previous sections we studied an approximation approach for the pricing of Eu-
ropean options under rough stochastic volatility dynamics. Our approach is based
on the option price decomposition results obtained by Alos (2012) for the standard
Heston SV model and on its recent generalisation to other SV models by Merino,
Pospisil, Sobotka & Vives (2018). The main contribution of our research is to derive
pricing formulas suitable for various practical applications by applying the general
decomposition on a class of Volterra volatility models. Our main focus is laid on
the rough volatility models introduced by Gatheral, Jaisson & Rosenbaum (2018)
and Bayer, Friz & Gatheral (2016).

In particular, a prediction law for Gaussian Volterra processes was proved and
an adapted projection of future volatility was obtained in Section 4 for the class of
exponential Volterra volatility models, where the volatility process can be expressed
as a positive L' function of the time and the Volterra process Y;, i.e. oy = g(t,Y}).
We focused on one particular example of Gaussian Volterra processes, namely on
a (rough) fractional Brownian motion B}. "Roughness" of sample paths is deter-
mined by the Hurst parameter, H € (0,1/2], where for H = 0.5 we would recover a
standard Wiener process.

The pricing formula for European options, which is numerically tractable, is
then derived under a newly introduced aRFSV model, i.e. for

Ot = 00 exp {thH - ;afzr(t)} , (6.1)

where o € [0,1] and () is the corresponding auto-covariance function defined in
Section 4. This newly introduced model seems to have interesting special cases: for
«a = 0 it reverts to a simple exponential RFSV model whereas for a = 1 it reverts
to rBergomi model.

Both special cases of the aRFSV model are studied and praised for their sur-
prising consistency with various financial markets in Bayer, Friz & Gatheral (2016)
who use the the Bergomi—Guyon expansion to study the ATM skew approximation
of the implied volatilities. However, the authors admit that “the Bergomi—Guyon
expansion does not converge with values of 1 consistent with the SPX wvolatility sur-
face, so the Bergomi—Guyon expansion is not useful in practice for calibration of
the rBergomi model.” This motivated us to derive an approximation formula that
will be useful in practice for calibration of the studied models to real market data.

In Section 5, the newly obtained approximation formula was compared to the
MC pricing approach introduced by Bennedsen, Lunde & Pakkanen (2017) and
McCrickerd & Pakkanen (2018). This enabled us to numerically verify the obtained
solution, to quantify its approximation errors under various settings and, last but
not least, to comment on suitability of the rBergomi model for calibration tasks to
real market data based on AAPL stock options®. The following conclusions were

¢These data sets were analysed and described in Pospisil, Sobotka & Ziegler (2019)
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drawn:

1. The approximation error is well behaved for short maturities (typically for less
than 1M) and the error increases with time to maturity and £ parameter.

2. For medium-term expiries we are able to obtain well approximated prices only
under low £ regimes.

3. Although, the approximation under a rough Volterra process involves several
numerical integration procedures, it is much faster than MC simulation approach
implemented in the same environment®. For the standard Wiener case (and in
particular for the original Bergomi model), we can have an analytical pricing
formula, but also more efficient and well developed MC simulation schemes.

4. Considering that the modelling approach studied has only few parameters, we
were able to fit the sample market data surprisingly well. For calibration to short
maturity smiles, we can use just the approximation formula — this was verified
by recomputing calibration errors using MC simulations. For calibration to the
whole surface, one can utilize a newly introduced hybrid scheme which consist
of a combination of approximation and simulation techniques. The idea is quite
simple — to use approximation formula for low maturities or for low £ values and
MC simulations for the remaining computations. Suitability of this scheme was
judged by a simple calibration to an ATMF-like backbone. We retrieved a well
calibrated model, while saving a significant computational time compared to the
calibration based on MC simulations only.

However, we remark that implementation of the approximation could be further
improved — for simplicity we used a simple trapezoidal quadrature to numerically
evaluate integrals appearing in U; and R; expressions.

Another possible improvement could focus on postulating variance dynamics in
terms of a forward variance curve — to ensure consistency with variance swaps. This
is out-of-scope for the current submission and left for further research. However,
some of the main ingredients for forward variance curves under the aRFSV model
are already introduced in this manuscript.

Also to fit some of the pronounced forward variance curves, one might need a
more complex term structure — a simple exponential drift term under the rBergomi
model might not be sufficiently flexible. In this case, one can utilize our approach
to obtain the approximation formula for a new rough volatility model. In fact, once
the new volatility function ¢ is postulated it should be only a matter of algebraic
operations to obtain the corresponding approximation formula.

fThe numerical trials were implemented in MATLAB environment, see https://www.mathworks.
com.


https://www.mathworks.com
https://www.mathworks.com
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A. Decomposition formulas in the general model

In this appendix, we give the error terms for a decomposition of the general model.
The term (I) can be decomposed as

[ T
PR / e "TOATBS (u, Xy, v) oy A(W, M), | — ATBS(t, X¢,v:)Us
t

T
=ZE / e"'(“_t)AF3BS(u,Xu,vu)Uud<M7M>u]
t

T
+2E / e TN BS (1, Xy, v0) Vo (W, M>u1
t

T
+ pE / e "IN BS (u, Xy, vy) 0y (W, U),,
t

T
[ A S 0 X a1,

+iE . (A1)
2 t

The term (IT) can be decomposed as

[ T
éE / e”(“t)FQBS(u,Xu,vu)d<M,M)u]FQBS(t,Xt,vt)Rt
t

1 T
= ZE / e’”(“t)I‘4BS(u,Xu,vu)Rud(M,M>u]
t

T
+ glE / e DA BS(u, Xy, vu) Rucru A(W, M)u]
t

T
/ e " DAT2 BS(u, Xy, vo)ow (W, R),,

t

+ pE
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T
+%IE / e "3 BS (u, Xy, v,) d(M, R),, | - (A.2)
t

B. Upper-bound estimate for semimartingale

In this appendix we show how to estimate the upper-bound for the error term in
the approximation formula for the exponential Volterra volatility process when Y;
is a semimartingale.

At first we express differentials with respect to the n**-power.

Lemma B.1. Let oy be as in (4.15) and Y; be a semimartingale. Let n > 1, we
have that

do? = oK (t,1) [nf aw, + 2521(@, £) (n—a) dt] . (B.1)
Proof. The formula is an immediate consequence of the It6 formula. O

Lemma B.2. Let o, be as in (4.15) and Yy be a semimartingale. Define
oltss,2.7) = exp{ = Sag (1) ~ ) + 5 [ (@K (s.2) + K, 2)) 05
oy /Ou (2K (s, 2) + K (x,2) — 3K (u, 2)) AW
— ag? (r(s) — r(x)) + 2% (sla) | (B.2)
U(t,5,0,2,T) = exp{ —a€? (r(s) + 1(v) = 20 (2)) + 267 (i (sla) + 7(v]))

+2§/ (s,2) + K(v,2) —2K(t, z)) dW,
¥ 252/t (K(s,2) + K(v,2))° dz}. (B.3)
Then

dU; = p€ol K (t,t) [35 dW; + %£2K(t,t) (3—a) dt] .

T T
/ / o(t,s,x, T)K(s,z)dsdx
¢ Jo

T
— péo? / o(t, s, t, T)K(s,z)dsdt

+p§0t// (t.s.2.7){ 0‘52(”()
+ (2K (s, t) + K(z, t)—SK(t t)) dW;

+ 552 (2K (s,t) + K (z,t) — 3K(t,t))* dt
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- g (2K (s,t) + K (z,t))° dt}K(s,x) dsdz. (B.4)

and

= 15204K(t t) [4€ AW, + 22K (t,t) (4 — o) dt]

t
///dﬂf,s,v,xT K(s,2)K(v,r)dsdvdx

—55203/ / Y(t,s,v,t, TVK (s,t) K (v,t) ds dv dt
0 0

T ,pT T
e3¢t [ [0 vts e DG oK @)

{2a52 dr(t) + 26 (K (s,1) + K (v, 1) — 2K (t, 1)) dW,
+ 262 (K(s,t) + K (v, t) — 2K(t, 1)) dt
— 262 (K(s,1) + K (v, 1)) dt} ds dv dz. (B.5)

dR

Proof.

Now, we can re-write U; as

T T
Uy = péos / / o(t,s,z, T)K(s,z)dsdx (B.6)
t Jo
and R; as
= 752 4 / / / U(t,s,v,2,T) - K(s,2)K(v,z)dsdvdz. (B.7)

We have that

T T
dUt:p§daf/ / o(t,s,z, T)K(s,z)dsdx
t Jo
T
fpfaf/ o(t, s, t, T)K(s,x)dsdt
0

T T 3 )
+ ptod /f /0 olt, 5,0, T){ S0 r(t) + € (2K (s,1) + K (1) — 3K (t,1)) AW,
+ 2 (2K (s,t) + K (z,t) — 3K (t,1))* dt
. g (2K (s,t) + K (2,1))° dt}K(s,x) ds dz. (B.8)

Using Lemma B.1, we obtain

dU; = p€oi K (t,1) [35 dW, + g§2K(t, t)(3—a)dt

T T
/ / o(t,s,z, T)K(s,z)dsdx
t Jo
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— o} [ pltos YK (s,0) dsdi

0
T T
3
wptot [ ot 1) {Gag arty
V(2K (s, 8) + K (,) — 3K (t,)) AW,
+ %62 (2K (s,t) + K (z,t) — 3K (t,t))* dt
€ (2K (s,t) + K (x,1))? dt}K(s7x) dsda.

2
We have that

1 T T T
th:§£2d0‘?/ / / U(t,s,v,2,T) - K(s,2)K(v,z)dsdvdz
t Jo Jo
1 T T
—552021/ / P(t,s,0,t, T)K(s,t)K(v,t)dsdvdt
o Jo

+ 352021 /tT /OT /OT Y(t,s,v, 2, T)K(s,z)K (v, x)-
: {2a52 dr(t) + 26 (K (s,t) + K (v,t) — 2K (t, 1)) dW,
+ 262 (K (s, t) + K(v,t) — 2K (t, 1)) dt
— 262 (K (s,t) + K (v, 1))? dt} ds do dz.
Using Lemma B.1, we obtain

dR, — %g%ﬁf((t, ) [46 AW, + 262K (8,) (4 — o) df]
T T T

/ / / Yty s,v,2,T) K(s,2)K(v,z)dsdvdx
t Jo Jo
1, , [T /T

- 5{ Ut/o /0 U(t,s,v,t, T)K(s,t)K(v,t)dsdvdt

1 5 4 T T T
+ §£ oy /t /o /0 Yty s,v,2, T)K (s,2)K (v, x)-
: {2a§2 dr(t) + 26 (K (s, ) + K (v,t) — 2K (t, 1)) dW;
+ 262 (K (s,t) + K (v,t) — 2K (t, 1)) dt
— 282 (K(s,t) + K(v,1))? dt} dsdvdz.

We define the following auxiliary function

T
C(t,T) ;:/t E; [02] K(2,t) d=.

35

(B.10)

(B.11)

(B.12)
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Then, it is easier to see that the covariations are the following

T T
(U, W), = 3p§20t3K(t,t)/t /0 o(t,s,z, T)K(s,z)dsdx dt

T T
4 P / / o(t,s,2,T)-
t 0

(2K (s,t) + K(z,t) — 3K (t,t)) K(s,z)dsdz dt, (B.13)

d(U, M), = 6pg3a§K(t,t)g(t,T)/ / o(t,s,z,T)K (s,x)dsdx dt

+ 20830 §tT// (t,s,x,T)-

(2K (s,t) + K(x,t) — 3K (t,t)) K(s,z)dsdx dt, (B.14)

<RW>_2§3afKtt///msvxT)

- K(s,2)K(v,z)dsdvdx dt

+ ol //wtsvxT) (s,2)K (v, x)-
(K (s,u) +K (v,u) — 2K (u,u)) dsdvdz dt (B.15)

and

T T T
ar ), = agtotkeoce ) [ [ [ vt
- K(s,2)K(v,z)dsdvdx dt

+2¢%0 CtT///i/ztsv:cT) (s,2)K (v, z)-
0
(K (s,t)+ K(v,t) — 2K (t,t)) dsdvdz di. (B.16)
C. Upper-bound estimate for the exponential Wiener volatility
model
In this appendix we obtain the upper-bound for the decomposition formula for the

exponential Wiener volatility model from Example 4.2.

C.1. Upper-bound for term (I)

For matter of convenience, we define the function

T
x1(t,T,a) = /f exp {;(9 —3a)&%(s — t)} [exp{(2 — )&*(T - s)} — 1] ds.
(C.1)

We can rewrite U; as

poy x1(t, T, ). (C.2)

Ve
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It is easy to find that
__pdd} po}
dUt - (2 — a)§X1(ta Ta a) + (2 — a)gXl(t7T7O‘) dt
p (3603 AW, + L(18 — 3a)€%03 dt
3
POy /
+ 7(2 — a)§X1(t’ T,a)dt. (C.3)

If & > 0, we can find an upper-bound for x;(¢,7', ) which is

/tTexp {262(8 - t)} [exp {262(T — 5)} — 1] ds

IN

Xl(t7 T7 Oé)

45252 (—9exp{252(T—t)} +4exp{2§2(T—t)} +5>, (C.4)

We can re-write the decomposition formula as

T
gEt / e " DAL BS (u, Xy, va)ow d (W, M>u1 — ATBS(t, Xy, v)Us
t

T
— éIEt / e~ (95 — 202 + 92) T BS(u, Xoy, vu) Uy d (M, M}u]
t

[T
+ gEt / e "D (92 — 93) TBS (u, Xy, vu) Uyoy d (W, M)u]

t

T
+ pE, / e "2 BS (u, Xy, vy )0, d (W, U,

t

1 T
+ 5B / e "7 (92 — 92) TBS(u, Xy, va) d (M, U),,
t

: (C.5)

Applying Lemma 3.1 and using the definition of a,,, we obtain

T
PE, / e AT BS (u, Xy, va)ow d (W, M), | — ATBS(t, X3, v0,)Us
t

2
c [/ o nf1 2 1
C,D r —r(u—t 1 1
+ 5 E /t e Tt (T;’;J“% Uyo, d (W, M),
T 1
+ CpE; / efr(uft)a—i,)audG/V, U),
t u
C T a1 1
+oE, /t e )(a;ﬁc@) (U, | . (C.6)
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Noting that a, = 0,¢"/?(u, T, @), where ¢ was defined in (4.64),

— AFBS(t7 Xt, Ut)Ut

T
PR, l/ e " DAL BS (u, Xy, v) o d (W, M),
t

2
< 2(20p£a)Et [/tT o—T(u—t) (qﬁ(uj‘%, ) + ¢1/2(217,3T, 5 + Ui) x1(u, T, ) du]
+ &Et /tT o T(u—t) <¢3/2(Z1,LT,04) + ¢(U70§a a)) x1(u, T, @) du
* _/tT 0 (St ) e T du] - @)

Being o, the only stochastic component, we can get the expectation inside. Each
power of o, has a different forward value, in this case, we can bound all terms by
exp {2¢%*(u —t)}. We have that

p
—E
ot

T
/ e "D AT BS (u, Xy, v) o d (W, M>u] — AT'BS(t, X, v:)U;

t

Cpg T —r(u—t) 9 2
< 72(2—a)/t et eXp{2£ (u—t)}~

Ot 207 3 T ovd
ot o) T o) Tl Do) du

cp* [T 9
+ @ —pa)/t er(“t)exp{2§2(ut)}'

ot of T,q)d
'(¢3/2<u,T,a> +¢<u,T,a>>X1(“’ o) du

cp*3 [T 9
+ @ f ) /t e " exp {252(u - t)} .

___9

3C T 9
+ @ 7p2) /t e "t exp {252(u - t)} .

gt 0152
. (¢(u, T, ) + $1/2(u, T,a)) x1(w, T, o) du. (C.8)

X1 (ua Ta Oé) du

Substituting ¢(u, T, «) and using the upper-bound for x;(u,T,«) when a > 0, we
have

T
gEt l/ e_r(”_t)AFBS(u,Xu,vu)aud<VV, M)u] — AT'BS(t, Xt,v)Uy
t
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Cpé T e 9
45(2—[)a)£2/t e t)eXp{fQ(“_t)}

o 2¢? 2 V2¢ o3
( "exp {262(T — u)} — 1] 2 "lexp {(2 — @)&(T — u)} — 1] i t>

(—9eXp {26*(T —u)} + dexp {ZgQ(T - u)} + 5) du

20 p? T 9
45(2 —pa)§2 /t e exp {252(“ - t)}

2%5‘3 +02 252 )
lexp{(2— )E(T —w)} —1)7 " lexp{(2 = )T —u)} — 1]

(9exp {26*(T —u)} + dexp {3§2(T - u)} + 5> du

6Cp? r 9
e ), < e pe -]

2353 _9ex 27 _ ox 92 —u u
P {2 — (T —w}— 1] (oo {2 -} 4w {3ET -0} 45) o

6Cp¢ T 9
wo e ] e {00}

o 2¢* g V2¢
Hexp {2 = )T —u)} 1] " [exp {(2 — @)€(T — w)} — 1]?
(—9 exp {26*(T —u)} + 4exp {ZgQ(T - u)} + 5) du. (C.9)

N

gt

o

The above upper-bound error is difficult to interpret. In order to do this, we derive
a Taylor expansion for one of the terms. Then, the following error behaviour is
retrieved:

C.2.

Oféﬁ(lat_T;)/j ( _3(20:?2 = +21\/T> . (C.10)

Upper-bound for term (II)

For matter of convenience, we define the function

o(t, T, o) ::/t exp {(8 —20)&*(s —t)} [exp {(2 — a)&*(T' — 5)} — 1]2 ds

(C.11)

We can re-write R; as

(t, T, ). (C.12)
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It is easy to find that
do} o}
Ut o (t.T Tt
2(2 — Oé)2£2 XQ( ) ,Ot) + 2(2 _ a)2£2
Ao} AW, +2(8 — a)of dt

T z-ape
o}

202 — a)2¢2

dR: = Xa(t, T, ) dt

x2(t, T, )

+ X5, T, ) dt. (C.13)

If « > 0, we can find an upper-bound for x5 (¢, T, «) which is
T
x2(t, T, ) < / exp {8{2(3 - t)} [exp {2§Q(T - s)} - 1]2 ds
t
= Ilgz (exp {263(T — 1)} — 1)* (exp {263(T — 1)} +3). (C.14)

We can re-write the decomposition formula as

T
éEt / e "WTIT2BS (u, Xy, v,) d (M, M),
t

—T2BS(t, Xy, v) Ry

T
- %Et / e (98 — 302 + 392 — 02) TBS(u, Xy, vu) Ry d (M, M)u]
t

T
+ g]Et / e~ (95 — 202 + 92) T BS(u, Xy, v4) Ryoy d (W, M)u]
t

T
+ pE, / e "= (93 — 92) T BS(u, Xy, vu)ou d (W, R),

t

T
+ %Et / e (94 203 1+ 92) TBS(u, Xoov) d(MLR),| . (C.15)
t

Applying Lemma 3.1 and using the definition of a,, we obtain

T
/ efr(“ft)FzBS(u, Xu, Uu) d <M, M>u] - FQBS(tV Xt’ vt)Rt
t

T
13 3 1
—r(u—t
/te ( )(++ag+a4>Rud<M,M>u]

u

T —r(u—t) 1 2 1
t u u

(C.16)
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Noting that a, = o,¢"/?(u, T, ), we have

1 T
SEr / e "I BS (1, Xy, vy)d (M, M>u] —TI2BS(t, X;,v,)Ry

t

C T o 302 303
<Y & —r(ut) u u " ny
AR R /t ‘ P T.a)  ouwT.a)  GPwTa)

“x2(u, T, ) du]
T 2 3
+ -9 g, / Ll (. S S—— —
2(2 - 04)25 t ¢2(U7T7 O[) ¢3/2(U7T7 O[) ¢(U,T, Oé)
“x2(u, T, o) du]
2Cp T o o2
E r(u—t) u u .
Tk V ‘ <<z>2<u7T, o) " PP, a>)
“x2(u, T, a) du]
2C T —r(u—t) o 202 ol
+ 7]Et (& + + .
(2-a)? ¢ 3% (u,T,a)  ¢(u,T,a)  ¢Y/%(u, T, )
~xz2(u, T, a) du} . (C.17)

Being o, the only stochastic component, we can get the expectation inside. Each
power of o, has a different forward value, in this case, we can bound all terms by
exp {8¢%(u —t)}. We have that

-E
gt

T
/ e "TIT2BS (u, Xy, vy) d (M, M>u] —T2BS(t, X;,v,)Ry
t

< ¢ /T e (=0 exp {8%(u—1t)}
A2
o 302 30}
(¢3/2(u, T, ) + o(u, T, ) + &V2(u, T, o
Cp

T

] + Ui) x2(u, T, ) du

I n 2O't2 n crf
o*(u,T,a)  ¢3%(u,T,a)  ¢(u, T, )

2C T
T aPe /t e " oxp {86%(u — )}

) xa(u, T, ) du

+
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2

(¢%£Ea>+¢waﬁzuw>X“%ﬂ“““

2C r
2—aye /f e exp {867 (u — 1)}

3

o 202 o
(wﬂwﬁwo+¢mfaf+wﬂdTnJX““ﬂa““ (C-18)

_|_

Substituting ¢(u, T, «) and using the upper-bound for x2(u, T, «) when a > 0, we
have

~E,

T
2 /e-r<u—t>r2BS(u,Xu,vu)d<M7M>u]—F2BS(t,Xt,vt)Rt
t

T
< 96(2_00[)254[ e_r("_t)exp{SEQ(u—t)}
(@ (2-a)i¢ a2 (2-a)&?
exp{(2— (T —w)} — 17  [exp{(2—a)(T —u)} 1]
? (2_(1)%5 i +Uﬁ)
[exp {(2 — )6*(T —u)} — 1]?
(exp {262(T — u)} — 1)° (exp {263(T — w)} + 3) du

C T ) ,
m/t o r(u— )exp{Sf (U—t)}-
.(m 2- et

lexp {(2 — a)&(T — u)} — 1°

+30

vl

2 (2_00%53
*””(kmw@—ax%T—u»—u>

3 (2— a)fz )
+%hm%@—aK%T—w}—H>

.<exp {28%(T — )} — 1) (exp {28(T —w)} + 3> du

O T
+ 12(2_7/;)255[ e (Y exp {8 (u—1t)} -

,(@( (2 - a)2¢t )
[exp {(2 — @)€2(T — u)} — 12

+0'1:2 < (2—04)553 3))
[exp {(2 — )*(T — )} — 1]*
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(exp {282(T —w)} — 1) (exp{QfQ(T —u)} + 3) du

,(U ( (2—a)ie? )
\lexp {2 — a)e2(T —w)} — 1]
+20t2 (2 - 04)52

[exp {(2 — )&*(T —u)} — 1]

+U§< (2— o3¢ 1)) .
lexp{(2 — a)€*(T —u)} — 1]*

3
~<eXp {28(T —u)} — 1) <exp {28(T —w)} + 3> du.

The above upper-bound error is difficult to interpret. In order to this, we do a
Taylor analysis of one term. Then, the following error behavior is retrieved

cwfgfm (5 (200 + v2) + 32V2VT (0 — 2)€2). (C.19)
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