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Background - The story of VIX

e Volatility Index (VIX) in CBOE

“The CBOE Volatility Index (VIX) is a key measure of market expec-
tations of near-term volatility conveyed by S& P500 stock index option

prices.”
— Website of CBOE
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Background - The story of VIX
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@ VIX rises when investors are anxious or uncertain about the market and
falls during times of confidence.
—
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Background - The story of VIX

1993 The VIX Index was introduced by Professor Robert E. Whaley.
2003 The VIX methodology was revised.

@ 2004 On March 26, 2004, the VIX Index began trading on the CBOE.
@ 2006 VIX options were launched in February 2006.

2008 Binary options on VIX began trading.
2009 Mini-VIX futures were launched.
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@ The open interests of VIX futures in CBOE

Monthly Gpen Interest of VIX Futures
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@ The trading volume of VIX futures in CBOE
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Background - Literature Review

The financial models

e Heston (1993):
Stochastic volatility without jumps (SV model).

University of Wollongong



Background - Literature Review

The financial models

e Heston (1993):
Stochastic volatility without jumps (SV model).
e Duffie et al. (2000), Eraker (2004):

Stochastic volatility with jumps in asset return and variance process
(SVJJ model).

Received considerable attention, e.g., SVJJ explains the volatility smile
for short maturity (Pan 2002).
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Background - Literature Review

The research interest in pricing VIX futures

e Carr and Wu (2006):
A lower bound and an upper bound
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Background - Literature Review

The research interest in pricing VIX futures

e Carr and Wu (2006):
A lower bound and an upper bound
e Zhang and Zhu (2006):

Exact pricing formula under the Heston (1993) SV model.
Without paying attention to the jumps.
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Background - Literature Review

The research interest in pricing VIX futures

e Carr and Wu (2006):
A lower bound and an upper bound
e Zhang and Zhu (2006):
Exact pricing formula under the Heston (1993) SV model.
Without paying attention to the jumps.
e Lin (2007):
An approximation under the SVJJ model.
Performs poorly.
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Background - Outcomes

The outcomes of this research

@ Exact pricing formula to price VIX futures in the general SVJJ model.
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Background - Outcomes

The outcomes of this research

@ Exact pricing formula to price VIX futures in the general SVJJ model.

Models

Research in literature

Results

SV

Zhang and Zhu (2006)

Exact formula

SV

Brenner et al. (2007)

Approximation (third order)

SvJJ

Lin (2007)

Approximation (second order)

SvJJ

Found by our research

Exact formula
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Background - Outcomes

The outcomes of this research

@ Exact pricing formula to price VIX futures in the general SVJJ model.

Models Research in literature Results

SV Zhang and Zhu (2006) Exact formula

SV Brenner et al. (2007)  Approximation (third order)
SVJJ  Lin (2007) Approximation (second order)
SVJJ Found by our research  Exact formula

@ Analyzing the accuracy of the approximations (Lin 2007, Brenner et al.
2007).
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o Background

o Analytically pricing VIX futures
Definitions of VIX and VIX futures
The Heston stochastic volatility and random jumps model

Pricing VIX futures and discussions
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Analytically Pricing VIX Futures

@ Volatility Index
@ Modelling the S&P500 and VIX

@ Pricing formula and discussions
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Analytically Pricing VIX Futures - Volatility Index

VIX, which is the underlying of VIX futures and options, is defined by
means of VIX?,

VIXE = (i > AR Qi) - L - 1]2) x 1002

— K? 7 Ko
(2
=_ 30
@ T = 365"
@ K is the strike price of the i-th out-of-the-money option written on

the S&P500 in the calculation,
Fis the time-t forward S&P500 index level,

Q(K;) denotes the time-t midquote price of the out-of-the-money op-
tion at strike K;, Ky is the first strike below the forward index level,

r denotes the time-t risk-free rate with maturity 7.
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Analytically Pricing VIX Futures - Volatility Index

This expression of the VIX squared can be presented in terms of the
risk-neutral expectation of the log contract,

2

VIX? = —ZEVIn (%);Ft] x 1002 (1)
T

@ Q is the risk-neutral probability measure,

@ ' = S, denotes the 30-day forward price of the underlying S&P500
with a risk-free interest rate 7 under the risk-neutral probability,

@ F} is the filtration up to time t.
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Analytically Pricing VIX Futures - Volatility Index

An even more intuitive explanation.

@ The VIX squared is the conditional risk-neutral expectation of the annu-
alized realized variance of the S&P500 return over the next 30 calendar
days

VIXZ2 = g

N—oo T

lim —Zlog (Stl 1)] x 1002 (2)
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Analytically Pricing VIX Futures - The Model

Under the risk-neutral probability measure @, the dynamics processes of
the S&P500 index and its variance

N(Q)
dS; = Sredt + S/ VedW P (Q) +d( Y 8-, [¢Z1(@ — 1)) — S;u@adt
n=1

N(Q)
dV; = k0% - Vi)dt + oy /VidWY (Q) +d( > 2 (Q))
n=1

@ The two standard Brownian motions are correlated with E[dW;*, dW}}'] =
pdt;

@ k, 0 and oy are respectively the mean-reverting speed parameter, long-
term mean, and variance coefficient of the diffusion V;;
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Analytically Pricing VIX Futures - The Model

Under the risk-neutral probability measure QQ, the dynamics processes of
the S&P500 index and its variance

N (Q)
dS; = Syredt + Sy /VedWE (Q) +d( D S, [e77(@ —1]) — SAdt

n=1

N(Q)
dV, = k(0% — V)dt + ov\/VidW) (@) +d( S 2Y(Q))
n=1

@ N, is the independent Poisson process with intensity A, i.e., Pr{ Ny qs—
Nt = ]_} - /\dt, PT’{Nt+dt - Nt == 0} =1— A\dt.
o Zy ~exp(uv), and ZJ|Z, ~ N(us + psZy, .03);

@ 74 is the constant spot interest rate;

University of Wollongong  [iF




Analytically Pricing VIX Futures - The VIX

VIX squared is the conditional risk-neutral expectation of the log con-
tract of the S&P500 over the next 30 calendar days.

VIX? = —%EQ[I (St+T)|Ft] x 1002 (3)
T
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Analytically Pricing VIX Futures - The VIX

VIX squared is the conditional risk-neutral expectation of the log con-
tract of the S&P500 over the next 30 calendar days.

VIX? = —%E@[I (St+T)|Ft] x 1002 (3)
T

@ Under the general specification Eq. (3), this expectation can be carried
out explicitly in the form of,

VIX2 = (aV; + b) x 1002 (4)
1— e r7
a= o= and 7 = 30/365
" Dy
b= (09 + 51 - A
(0% +—g )1 —a)+Ac

¢ =2[a% — (u3 + ppv)]
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Analytically Pricing VIX Futures - Formula

The value of the VIX futures at time ¢ with settlement at time T', F'(¢,T),
is calculated by

F(t,T) = E9VIX7|F] = E9[\/aVr + b|F}] x 100 (5)
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Analytically Pricing VIX Futures - Formula

e The moment generating function, f(¢;t,,V}), of the stochastic vari-
able Vp, conditional on the filtration F}, with time to expiration 7 =
T—t.

f(oit, 7. Vi) = B9e”'T| ] (7)

@ The characteristic function is just f(¢i;t, 7, V).

e Feynman-Kac theorem implies that f(¢,7) must satisfy the following
backward partial integro-differential equation (PIDE)

{ e+ R6% V) + 30V v+ ABL[F(V 4 2Y) — (V)] = 0
f(@it+7,0,V) = e
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Analytically Pricing VIX Futures - Formula

The above PIDE (7) can be analytically solved and hence we obtain
the moment generation function in the form of

g5t Vi) = CODDGTNit ) o)
where
2y A P(o% —2uyk?) e
A — A n |
0= gt 0 G0
_ —2k0 oo, .o

C(Gbﬁ)—?'n(lﬂLm(@ -1))

D(¢.7) = 2

02,¢+(2x%—02, ¢)e“QT
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Analytically Pricing VIX Futures - Formula

The Fourier inversion of the characteristic function f(¢i;t, 7, V;)
provides the required conditional density function p@(Vz|V;)

pQ(VT!V%) = 71T/OOO Re[ew'¢VTf(i¢; t, 7, V;)|do (8)

The price of a VIX future contract at time ¢ is thus expressed in the form
of

F(t,T) = EYVIXy|F] = / P2 (V| Vi)V aVr + bdVy x 100 (9)
0
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Analytically Pricing VIX Futures - Formula

This pricing formula can be further simplified by utilizing the
expression
Ele™*]
E 7d 10
Wil = 5= [ s (10)

Invoking this identity, Formula (9) can be 5|mpI|f|ed as

1 © 1 —e 0 f(—sa;t,T,V};)
F(t7T)—M/ 3
0 S2

where f(¢;t,T,V;) is the moment generating function shown in Eq. (7).

ds (11)
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Analytically Pricing VIX Futures - Formula

The closed-form pricing formula for VIX futures

o) —sb .
F(t,T) = %/0 1= e osait,m V) g (12)

S2

where f(¢;t,7,V;) is the moment generating function shown in Eq. (7).
@ A closed-form solution;
o Efficient and exact;

@ Useful in empirical study: model calibration;
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Analytically Pricing VIX Futures - Discussions

Numerical Results:

@ the implementation our VIX futures pricing formula, Eq. (12).

el
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Analytically Pricing VIX Futures - Discussions

Numerical Results:
@ the implementation our VIX futures pricing formula, Eq. (12).

@ the Monte Carlo simulations to verify the correctness of our newly-
found formula.
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Analytically Pricing VIX Futures - Discussions

Numerical Results:
@ the implementation our VIX futures pricing formula, Eq. (12).

@ the Monte Carlo simulations to verify the correctness of our newly-
found formula.

@ the results obtained from the convexity correction approximations (e.g.,
Lin (2007) and Brenner et al. (2007)), to show the improvement in
accuracy of our exact solution.
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Analytically Pricing VIX Futures - Discussions

For simplicity, we have employed the simple Euler-Maruyama
discretization for the variance dynamics:

N¢
v =vp-1 + 6200 — v 1) At + oo A VAW, + Y ZY (13)

n=1

@ W; is a standard normal random variables

o ZV ~ exp(uy),
@ N is the independent Poisson process with intensity AAt.
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Analytically Pricing VIX Futures - Discussions

By using the convexity correction approximation proposed by
Brockhaus and Long (2000), Lin (2007) was able to present the VIX
futures approximation formula in the form of

F(t,T) = EQVIXp|Fy] ~ \/ EZ(VIX3)

vaTQ(VIX%]) (14)

- g[EQ(VIXE)]

° varQ(VIX%)/{S[EQ(VIXZT)]%} is the convexity adjustment relevant to
the VIX futures.
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Analytically Pricing VIX Futures - Discussions

By using the convexity correction approximation proposed by
Brockhaus and Long (2000), Lin (2007) was able to present the VIX
futures approximation formula in the form of

F(t,T) = EQVIXp|Fy] ~ \/ ER(VIX3) —

vaTQ(VIX%]) (14)

8[EQ(VIXZ)]2

° varQ(VIX%)/{S[EQ(VIXZT)]%} is the convexity adjustment relevant to
the VIX futures.

@ This formula is indeed very easy to be implemented.

@ But what about the accuracy?
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Analytically Pricing VIX Futures - Discussions

@ Numerical Comparison of VIX futures prices

14
Results obtained from our exact solution Eq. (18)
— — — Results obtained from approxiamtion in Lin (2007)|
135 *  Results obtained from Monte Carlo simulation i

Prices of VIX futures
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Analytically Pricing VIX Futures - Discussions

@ Numerical Comparison of VIX futures prices

14
Results obtained from our exact solution Eq. (18)
— - — - Results obtained from approxiamtion in Lin (2007)
135 *  Results obtained from Monte Carlo simulation i

Prices of VIX futures
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volatility of volatility o,
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Analytically Pricing VIX Futures - Discussions

@ Lin (2007)'s convexity correction approximation is essentially a Taylor-
series expansion of the square root function to the second order.
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Analytically Pricing VIX Futures - Discussions

@ Lin (2007)'s convexity correction approximation is essentially a Taylor-
series expansion of the square root function to the second order.

@ Brenner et al. (2007) explored a third order Taylor expansion of the
square root function and obtained an approximation formula for VIX
futures, based on the Heston SV model.
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Analytically Pricing VIX Futures - Discussions

@ Lin (2007)'s convexity correction approximation is essentially a Taylor-
series expansion of the square root function to the second order.

@ Brenner et al. (2007) explored a third order Taylor expansion of the
square root function and obtained an approximation formula for VIX
futures, based on the Heston SV model.

@ It is thereby quite interesting to examine whether their third-order ap-
proximation formula has improved the accuracy.

University of Wollongong




Analytically Pricing VIX Futures - Discussions

@ Numerical Comparison of VIX futures prices

Prices of VIX futures
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Analytically Pricing VIX Futures - Discussions

@ Numerical Comparison of VIX futures prices

185 T T T T T
Results obtained from our exact solution Eq. (18)
Resullts obtained from the exact solution in Zhang & Zhu (2006)|
— — — Results obtained from approxiamtion in Lin (2007)
18| - — —  Results obtained from approxiamtion in Brenner et al. (2007) |-

Prices of VIX futures
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Concluding Remarks

@ A closed-form exact solution is presented for the pricing of VIX futures,
based on the SVJJ model. It has filled up a gap that there is no closed-
form exact solution available in the SVJJ model.
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Concluding Remarks

@ A closed-form exact solution is presented for the pricing of VIX futures,
based on the SVJJ model. It has filled up a gap that there is no closed-
form exact solution available in the SVJJ model.

@ We found out that the approximation formulae in the literature perform
poorly.
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