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Abstract

This thesis addresses the pricing challenge of variance swap through the application
of signature methods, a novel addition to quantitative finance area in recent years.
Under certain assumptions, we build a signature model on volatility and we conduct
a special case of the general underlying process, where the model is driven by a one-
dimensional underlying Brownian motion. To compute the expected signatures, we
refer to a matrix-form operator which extracts signature values at the initial level. By
modelling volatility, we construct variance swap strike price as a function of signature
values. Finally we derive a parameter-dense model for the final calibration, a task
characterized as a high-dimensional regression. We discuss the calibration results on
two cases. In the context of the ‘static’ case, our approach yields precise calibration
results. However, in the ‘sampled’ case, our calibration accuracy is not as high. This
discrepancy can be attributed to the current limitations of our method, which include
a lack of incorporation of additional parameters and the absence of more complex

processes.
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1 Introduction

1.1 Background Information For Variance Swap

A variance swap is a type of financial derivative enabling investors to trade or hedge against
the volatility of an underlying asset. It is a contract where two parties agree to exchange the
realized variance of the underlying asset for a predetermined fixed payment. Typically, the
underlying asset of a variance swap is an equity index, such as the S&P 500, or a specific
stock. Variance swaps provide a unique benefit: they offer direct exposure to an asset’s
volatility, in contrast to call and put options, which may involve directional risk. The gains
and losses associated with a variance swap are determined by the difference between the
realized and implied volatility, as illustrated in Figure 1.
Buyer pays

variance swap
strike

variance variance
swap swap
Seller pays
realised variance
at expiry

Buyer of E—— N R
4—

Figure 1: Variance Swap Cash Flows [Allen et al., 2006[3]|

Variance swaps are commonly used by investors and traders to hedge against, or speculate
on, changes in volatility. By entering into a variance swap, market participants can effectively
isolate and trade the volatility component of an asset’s price movement, independently of
the asset’s direction. This enables investors to manage their exposure to market volatility
separately from their exposure to the asset’s returns. Variance swaps offer a flexible and
efficient means to gain exposure to volatility and are often utilized by institutional investors,
hedge funds, and other sophisticated market participants. Such exposure to volatility can be
particularly advantageous for investors during periods of significant stock market turbulence,
as seen during the 2008 financial crisis and the COVID-19 pandemic.

1.2 Literature Review

Recent developments in machine learning and big-data analysis for finance applications have
given rise to novel machine learning based approaches to solve challenging asset pricing prob-
lems. For example, neural networks were used by Ferguson & Green (2019)[6] to approximate
pricing functions of derivatives. Similarly, Buehler et al. (2019) focuses on optimal hedging
also with neural networks. Although the learning methods have strong ability to adapt to

complex patterns in data, model interpretability can be an issue. In contrast, model-based



methods can capture volatility dynamics by using mathematical models such as the Heston,
Ornstein-Uhlenbeck process, etc., which could take more detailed features of rough paths
into consideration.

Cuchiero et al. (2022)[1] attempt to use mathematical objects, signatures, to assist the
incorporation of stochastic process in pricing problems. They formulate the time extended
signature as the linear regression basis of continuous path functionals, aiming at applying
data-driven, parameter-dense and tractable signature-based model in achieving outstanding
calibration results in their pricing challenge. This modeling approach is supported by previ-
ous theory on rough paths like Lyons (1998)[9]. We refer to asset price modeling process as
a signature method or a signature-based model.

Furthermore, in their most recent work, Cuchiero et al. (2023)[2] achieves highly ac-
curate results in joint calibration to S&P500(SPX) and Volatility Index(VIX) options with
signature-based model. The section 4 " Ezpected signature of polynomial diffusion processes"
in Cuchiero et al. (2023)[2] also provides a direct inspiration of how signature method could
be incorporated into describing polynomial processes and deriving close forms of expectation
terms. Our work of taking signature model into computation starts from the pricing formula
of variance swap and a small portion of our formula have a similar form with VIX index
presented as Theorem 5.1 in Cuchiero et al. (2023)[2]. Nevertheless, our model for Vari-
ance Swap would be much more complex than their model for VIX index and could involve

calibration work on higher-order term.

1.3 Model Choice

Signature-based models can be used to encode path information of underlying processes
under various modeling structures. For example, a signature-based model can incorporate
different mathematical processes such as Brownian Motion (in our project) or the Ornstein-
Uhlenbeck process (in Cuchiero et al. (2023)[2]’s case) to approximate the volatility process.

Furthermore, an additional advantage of signature-based models is that they can be im-
plemented using both discrete and continuous time models for the underlying processes.
Variance swap pricing are usually based on discrete monitoring (i.e., a discrete time signal
process), while traditional pricing methods tend to have assumptions on continuous monitor-
ing (such as the Heston model). The signature method could be incorporated with discrete
price points, potentially reducing the gap between the theoretical model and the real-world
contract term.

In this project, we use signature model in modeling stochastic volatility. This is compared

to traditional models for Volatility (e.g. Heston Model). The signature model is based on



the theory of rough paths and focuses on the path properties of stochastic processes, thus
we expect to have a better calibration results by capturing more path details. Inspired by
Cuchiero et al. (2023)|2], we build a model for the volatility process o, from the price process
S = (St)t>0 with dynamics given by

dSt = TStdt -+ Uf(@)stdBt, SO < R+.

Here, r is the risk-free interest rate, and B; is a one dimensional Brownian motion process.

The process B is correlated with o with correlated coefficient p. Then we model o7 as,

o () =ty + Y lrler, Zy),
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where Z; is the signature of process Z\t = (t, Wy, By). Here, W, is the underlying Brownian
motion that drives the volatility, and is referred to the primary process. In this model, Zt
serves as a linear regression basis for the volatility process, £ = ({y,¢;) are the parameters
learned from the observed price data. Our goal is to calibrate on these parameters ¢ to derive
accurate calibration results.

In comparing our study with the work of Cuchiero et al. (2023)2], here are two key
differences. First, Cuchiero et al. (2023) [2] use a complex multidimensional process X
(see Deﬁnitio7 while our study focuses on a simpler case using a one-dimensional Brow-
nian motion (W;) as the primary process. This approach simplifies our methodology to
concentrate on specific aspects of the model.

Second, the methods we use for pricing VIX options and futures are more complex than
those of Cuchiero et al. (2023)[2] While their pricing formula partly matches the vari-
ance swap pricing model, we need more complex components for variance swap. It requires
higher-level computational methods. This highlights a significant contrast: Cuchiero et al.
(2023)|2]’s work features a simpler pricing approach within a broader model, whereas our

study involves more complex calculations within a more streamlined model of volatility.

2 Signature Model

The concepts and notions of signature and its application in rough path theory originally
goes back to Chen (1957)[8] and Lyons (1998)[9]. We consider the time extended signature of
an R path to serve as the linear regression basis for continuous path functionals. Cuchiero
et al. (2022)[1] introduce the Universal Approximation Theorem, which describes the fact

that the continuous path functionals on compact sets can be uniformly approximated by



a linear function of the time extended signature. Specifically, the signature is an object
associated with a path which captures many of the path’s important analytic and geometric
properties. The detailed theoretical properties and some numerical applications are discussed
in Chevyrev & Kormilitzin (2016)[7].

2.1 Mathematical Foundations

In this section we present the necessary mathematical foundations that we use in constructing
our model.
For n,d € N, the n-fold tensor product of R? is given by
(RY)®" = R)SR)®... ® (RY),

(. /
-~

n

where we construct an nd-dimensional space out of n vectors from d-dimensional space.

For d € N, the extended tensor algebra on R? is given by
T(RY) = {a = (ag,a1,...,a,) : a; € (RN i=0,1,2,...,n}.
Suppose a = (4;)22,, b = (b;)%2, € T((RY)), define the sum + and product ® by
a + b = (a;+b)Z,

a®b =0 a@bi),
k=0

Suppose a multi-index I := (iy,1s,...,4,), then we set |I| := n. Remark that we also set
I':= (i1, ...,in—1) and 1" := (iq, ..., 1,_2) whenever needed.
We also have the notation {I : [I| =n} = {1,2,....d}".

Now we combine the multi-index with the tensor basis:
e = €,®e€,Q ...¢€,,

where €;,, €;,, ..., ¢;, denotes the canonical basis vectors of R?. Denoting that ey is the basis
element corresponding to (R4)®°.
Suppose we have e; : |[I| = N to be an orthonormal basis of (R9)®N. Then for any

a € T((R%)), it can be written as
a = Z arer,

|[T|>=0



where a; € R is a coefficient for a vector basis on multi-index I. Equivalently,
a; = (e, a).

2.2 Definitions And Theorems

In probability theory, a semimartingale could be understood as a model of a fair game where
knowledge of past events never helps to predict future winnings. In financial mathematics
context, the semimartingales are widely used to model asset prices since the financial instru-
ments not only describe trends and patterns of the market, but also have a certain level of
unpredictability.

We consider a filtered probability space (2, F, (F;)i>0, Q), where (F;)i>o is a filtration
representing all available information and Q is a risk-neutral probability measure. Here we

present the definition of the signature of a continuous semimartingale.

Definition 2.1 (Definition 2.1 in Cuchiero et al. (2022)[1]). Let (Y3)icpm be a continuous
Re-valued semimartingale. The signature of X is the T((RY))-valued process (s,t) — Y,

whose components are recursively defined as

<6@, Ys,t> = 17

t
(e1,Y.r) = / (err, Yor) 0 dXin,

for each I = (iy,i9,....,3,), I' = (i1,42, ..., [n_1) and 0 < s < t < T, where o denotes the
Stratonovich integral. Its projection YN on TW) (RY) is given by

and is called signature of Y truncated at level N.

The equivalent notation:

t t t t t t
Y, = (1, / lodY]}, .., / lodY?, /(/ lodYodY}, .., /(/ lodY®odY?® ..).
0 0 0 0 0 0

Signature is a collection of iterated integrals of the given multidimensional path. The
integrals are listed in the collection in a strict order. Similar to 1.2.1 presented in Chevyrev

¢ Kormilitzin (2016)[7], here is an example for a single signature term.



Example.

t
<€17Ys,t> = / 1o dYsl — Y;l o }/sl’
0

Note that <61 ® e2, Y1) # (€2 ®e1,Ysy) as (61 ® ea, Y fo f 1odY]}!)odY? while
<€2 X 61, fO fO lo dYQ) @) le

Definition 2.2 and Proposition 2.1 together articulate a conclusion that is of significant
importance in the computation of expected values of signatures, particularly when the terms
are subjected to multiplication. To be more specific, every polynomial on the signature may

be realized as a linear function via shuffle product.

Definition 2.2 (Definition 2.2 in Cuchiero et al. (2022) [1]). (Shuffle Product) Given two
multi-indices I = (1,12, ..., 1,) and J = (j1, j2, .-, jm), the shuffle product is defined recur-
siwely as

erWey=(epWey)®e;, + (erWey) ey,
where ey Lley = epllle; = ej.

Proposition 2.1. (Shuffle Property)[Proposition 2.3 in Cuchiero et al. (2022)[1)]] Let ((Xy))t €

be a continuous R¥-valued semimartingale and I, J be two multi-indices. Then

—

<617Ys,t><eJ7Y5,t> = (er W €J,Ys,t>,

Proof.

We prove this proposition by induction with Stratonovich integrals. See appendiz A.

With the motivation from Cuchiero et al. (2023)]2] and Cuchiero et al. (2022)[1], we
model the volatility process o; in our pricing formula for variance swap. The main idea of
this modelling choice is to track the volatility process with the linear combinations of the

signature of the underlying process.

Definition 2.3. Our goal is to parameterize the wvolatility process o; as a signature model

(Sig-SDE), which is, applying signature model to describe the dynamics of Sy as

o(0) =ty + Y Urler, Zy),

[|<n

where Zt 1s the signature of Z = (t,Wy, By) with the primary process Wy and Brownian
motion By from pricing form. Furthermore, by Proposition[2.]]

(o) =ty + Y Lilsler ey, Zy).

]| J[<n

8



3 Expected Signature

In order to incorporate concept of signature into the pricing formula, it is essential to compute
the expected values for signature terms. We use a very important definition in Cuchiero et
al. (2023)|2] that introduces a matrix operator G that helps us to approximate expected
signature values. As mentioned in Definition [2.1] to derive signature values, we need to have
a underlying process who satisfies certain properties (namely a semimartingale). First we
introduce a general form of the primary process X. Cuchiero et al. (2023)[2] incorporated
multidimensional Ornstein—Uhlenbeck processes (OU processes) as their primary process. In
our case, we adjust the process so that the primary process is Brownian motion. Also notice

that the general primary process X; is partly driven by the underlying Brownian motion W;.

Definition 3.1. A d-dimensional real-valued process Y is called a d-dimensional polynomial

diffusion process if it is a weak solution of

dY; = b(Y;)dt + v/ a(Y;)dWs, Yo = yo,

where maps a : R — Si and b : R — R? such that each a;j is a polynomial of degree at

most 2 and b; is a polynomial of degree at most 1 for each i, j=1,...,d+ 1.

Let Y, denote the signature of Y;. Lemma 4.1 in Cuchiero et al. (2023)]2] shows specific
details in drift coefficient a and diffusion coefficient b. Specifically, the signature terms are

mapped to these coefficients by certain multi-indices b; and a;;, where ¢, j € {1, ..., d},

b;j(Y:) = (b;,Y}),
a;; (V) = (ay, Y7).

Lemma 4.2 in Cuchiero et al. (2023)2] indicates as the truncated signature (Y});>¢ also
admits a polynomial representation similar to form given in Definition then for each

|I| < n, we have

t t
e ¥ = [Ger s + [ en W2, (0.
where the operator L : T(R?) — T(R?) satisfies L(T™(R?)) C T (R?) and is given by
1
Lel = ey L1 bilfl + 56[1/ L1 aim_lz‘”l,

where b; , and a;,_,;, are the multi-indices used in drift and diffusion coefficients’ mappings.

11|

9



Notice that the L-operator maps from T'(R?) to T(R?), then it is reasonable to write a

matrix representation on it.

Definition 3.2. [Definition 4.3 in Cuchiero et al. (2023)[2].] For each |I| < n set, then
N1y € R such that

Her = Z nijeJ.

|J]<n
Then we fix a labelling injective function H :{I : |I| < n} — {1,2,...,d,}. We then call the
matriz G € R&* where

Grrynen = M,

the d,, dimensional matriz representative of H.

Now we have everything to construct a conclusion that we could use to compute the
expected signature. Given the information up to time 7', Fr, we would like to calculate the

expected value for (e;, Yri4).

Definition 3.3 (Theorem 4.4 in Cuchiero et al.(2023)[2]). Let (Y:)i>0 be the polynomial process
giwen by Theorem [3.1l Let G be the d,,-dimensional matriz representative of the L-operator

corresponding to Y. Then for each T,t > 0,|I| < n we introduce a lifting operator P which
is defined as:

PI(Vr) = E|(er, Yra

7 T} = Z (€ e (es, Yr).

|J|<n

By conditioning on Fr, we’re taking the conditional expectation as a function of the signature
terms of the underlying process at time T'. Fr, the filtration up to time T, is the acquisition
of all relevant information up to time T. Indeed, the signature values of the underlying

process at time T is the information we have at time T

In their work Cuchiero et al. (2023)[2], to incorporate signature-based model in explicit
VIX pricing expression, operator P is enough for computation. In our case, the variance
swap pricing form, it involves higher order terms that could not be elegantly presented by

P. Therefore, we define more complex operator for our variance swap pricing formula.

Lemma 3.1. In variance swap pricing form, it involves terms in the form of

]E <ela Yt2><€H, Yt1>

-l

10



thus we wntroduce operator ®, which could be seen as a function of operator P. Specifically,

when 0 < tg <ty < tg, by Tower’s property,
¢(I’t2)7(H7tl)(Yto) =E |: <617 Yt2> <eH7 Y1‘/1> ‘Eo]

- E {E[(e;,Ywatl] (e, Yy,) ‘ fto]

Z (2=t0GT) e (e, Yo, ) err, Yo, ) ’EO}

(27 Ly les Wen, Y, ) ‘ EO}

tQ t1) GT

) e PLYE (Ye,).

Z (f2—01)G I)l:(J)E[ (egWem, Yy,) ‘ ]:to]
J|<n
J|<n

11



4 Calibration Of Variance Swap Price With Signature Model

In section 3, the G matrix operator and the lifting operator P and ® are defined on general
primary process X;, whose dynamics were given in Definition [3.I] However, we need to
revisit the fact in our project that our primary process is one-dimensional Brownian motion
W;. To be more specific, given the problem setup in Cuchiero et al. (2023)[2], we could
choose the parameters in H-operator to formulate X; as W;.

Given Lemma 4.1. in Cuchiero et al. (2023)[2], if we let 05,05, af;, al = 0 and af; = 1,
then we have dX; = dW;. Now we’ve formulated the general polynomial diffusion process
X; as the Brownian motion W;.

Therefore here we use the calibration on the most W,. Wt = (t, W) is the time-extended
process where Wt being its signature. Notice that for the last term in the formula, namely
the K3 in Theorem 4.1}, involves the brownian motion B from the pricing formula. So for Kj
computation, we use Z = (t,W,;, By) as the underlying process we're calibrating on. Z is
the signature of Z. Given a filtered probability space (€2, F, F;, Q) on which we define the
stochastic process

dSt = TStdt + O'tStdBt, S() € R+,

where S; is the pricing process, o; is the volatility process represented by signature model.
B, here is a Brownian motion which is correlated with o;.

The variance swap contract is structured to ensure that losses are minimized when market
volatility exceeds the agreed strike price. Thus in the following theorem, we formulate the
closed form for our objective strike price K. To make the market free of arbitrage, the fair

strike price K under risk-free measure Q is given by

Then from SDE formulated earlier, we get

thy1 o2 tk41
o r(thr1—tr)— 3 Sds+ [, 0sdBs
Sty = Sy.€ k k .

12



Then K is given by (see proof in appendix)

. N , , tht1 ) 1 tr41 ) )
K= ]E|iz ( r (tk+1 — tk) + (1 — T(tk+1 — tk)) / O'SCZS + Z_l(/ Ust)
ti

k=0 tr

tet1 tet1
— / U?ds/ O'Sst) ‘fo}.
tr tr

Theorem 4.1. | Assume Definition [2.3, Definition[3.3, Definition and the linear signa-

ture presentation for dynamic process, the risk-neutral strike K for variance swap is given

by
N
= Z(TQ(tk+1—tk)2 + (1 = vt = t))Kiy,,, + lCtk,tkH - ’C?k,tkH),
k=0

where

(1) K}

teotk+1

= E{ L o2ds

-7:} - Z|I|,\J\§n€f€] (Ptlkuﬂm(wo) - P{:JMO(WO));

(2) ’Ctk thin = E |:(ftk+1 §d8)2

ILJR0)w(MWN®O)
0:| = ZI|,|J|,M|,N|SR£I£J€M€N(ngfl® JW(MWN® (W())

+ P(ILUJ@O) (MLUN®0)(WO) _ 2(I)(ILUJ®O,tk+1),(MLuN@O,tk)(WO))

(3) tk7tk+1 = E|:ftk+l st tk+1 0.dB,

t

rd+1 -~
-7:0} Zm |J],|M|<n £I€J€M< t£f1J®0)LUM (Z0>

+ P(ILuJ®0)UJMd+1<ZO)_ (I)(Iu_lJ®0,tk+1),(Md+1,tk)(ZO) _ q)(MCHI,thrl),(ILuJ@O,tk)(Z(ﬂ)'

Proof. See appendix A.

Notice that the K; is similar to the computation of the VIX squared introduced in
Theorem 5.1 from Cuchiero et al. (2023)[2]. However when incorporated the signature
models, we use different notations specified in Definition [3.3] When constructing £y, Ky and
K3, we organized the expectation terms with similar structures and summarized them into
Definition and Definition [3.1] which makes our complete formula more orderly and easier

to interpret.

3Theorem 4.1.* is a joint effort with my collaborators, Prof. Qi Feng, Prof. Bingyan Han and Haisu Ding
in Han et al. (2023)[10].
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5 Data Analysis

5.1 Data Description

We utilize a dataset comprising annualized variance swap prices on the S&P 500 Index (SPX),
sourced from the Bloomberg Terminal at Ross School of Business, University of Michigan.
The dataset spans from 2008 to 2023, and we are particularly interested in modeling periods
during abnormal price behavior, such as the 2008 financial crisis and the economic impacts

of the COVID-19 pandemic during 2019-2020.

8OSPX Variance Swap Rates Over 2008-11-04 - 2010-01-05

| —— 1m
! 2m
—— 3m
—— 6m

12m

SPX Variance Swap Rates Over the Past 15 Years

80

24m

2010 2012 2014 2016 2018 2020 2022 2024 2008-11  2009-01  2009-03  2009-05 2009-07 2009-09 2009-11 2010-01

Date Date
Figure 2: SPX Variance Swap Annualised Figure 3: SPX Variance Swap Annualised
Prices 2008 - 2023 Prices during the 2008 Financial Crisis

In convention, the volatility is calculated using daily returns, where the annualised volatil-

ity is presented as,
T

252 CANE
Ur2ealized = T Z |:10g(5’i—1 ):| ) (1)

=1

where S; is the underlying price on day ¢, and T is the maturities in number of days. In daily
setup, the calculation is conducted for each trading day. To reduce computational intensity
in this project, we switch to modeling monthly returns. Therefore we conduct calculation

once for each month. Then in our case, we have

M 2
12 S, 12
Ul?ealized - M § |:10g(8 1):| ~ MK7 (2)
i=1 =

where 5; is the underlying price on month ¢, M is the maturities in number of months and
K = E[Zij\iﬂlOg(SS_jl)]Q] is the risk-neutral strike price.

14



5.2 Method Specification

Observe Definition Definition and the proof for Theorem [£.1] for efficiency pur-
pose, the e!“" matrices should be stored and loaded when needed as the matrix exponential
computation in such case is time consuming and hard to approximate.

Notice that G matrix is determined by the primary process of different choices. In their
work in Cuchiero et al. (2023)[2], they choose multidimensional OU-processes X which
differs from our case, one-dimensional Brownian motion W, then the G matrices are not
align with each other in our cases consequently. We're not using consistent G matrices in
this project either. For computation of C; and Ky, G matrices are generated on W= (t, ).
For I3, which involves the pricing form Brownian motion B, G matrices are generated on
7 = (t,W, B). The size of G matrices also differ for different index lengths. (In Definition ,
|I| determines different size of G matrices.) In K3 case, W and B represents two correlated
Brownian motions that form a 2-dimensional diffusion process given in Definition [3.1} In
this case, the diffusion coefficients a;; are actually the correlation coefficients p;; of different
processes. Namely in our current computation, we assume the correlation coefficient between

W and B to be -0.2. Specifically, our input p-matrix into G's’ computation for K3 is given

by
B 1 —02
P~ o2 1 |

Also, we assume interest rate r to be 0.05.

15



5.3 Model Validation Test

We conduct a validation test on our existing model by manually defining the parameters and
generating artificial prices using these parameters. The plot below presents the fact that
our model is able to recover the parameters we previously set, as all newly calibrated prices

recover the artificial prices.

Testing Model on Recovering Artificial Parameters

® Artificial Prices
2000 + Recovered Prices

fun
v
o
o

1000

Artificial Price

vl
o
o

*

Im 2m 3m 6m 12m 24m
Maturities

5.4 Static Case

On each trading day, we could observe the variance swap price on 1 month, 2 months, 3
months, 6 months, 12 months, 24 months maturities. We pick a single trading day and
calibrate the 6 pricing points together. In this case we choose the truncation level to be 1
and the number of parameters is 4. On trading day 7, the calibration on variance swap
prices on different maturities M = {1m, 2m, 3m, 6m, 12m, 24m} consists in minimizing the

functional

L) = > (K] —KT),
meM

where L denotes the real value loss function. K 7T and K7 are the calibrated and observed

strike prices respectively.
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Comparison of Real Prices and Calibrated Prices on 2008-11-09
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Comparison of Real Prices and Calibrated Prices on 2020-03-18

65 Real Prices
Calibrated Prices
o 60
=
=
o
- 55
o}
2
© 50
=}
c
c
< 45
40
im 2m 3m 6m 12m 24m
Maturities

Comparison of Real Prices and Calibrated Prices on 2008-11-09 (adjusted)
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Figure 4: Variance Swap prices calibration (Static Case)

The left column in Figure 4 represents the original calibration results. The three date we

picked: 2008-11-09 has a high variance swap price level during the 2008 financial crisis era,

2009-10-29 is an ‘ordinary’ day where the price level are comparatively low, 2020-03-18 has

a high price level during COVID-19 pandemic period.

Our model shows good calibration results on most price points, except for the first three

maturities, the results are slightly off. We manually add penalties to the first three maturities

in the cost function. Then we derived the ‘adjusted’ calibration on the right. We observe

much better calibrated prices on 2-months and 3-months maturities while failed to improve

on l-month maturity.
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5.5 Use Static Setup To Test Model’s Consistency Within A Short Period

Within a short period of time (a series of sequential trading days), the calibrated parameters
should be considered as the estimates £* = ({5, (5, (7, (3) of the consistent ‘real’ parameters
0= (Ly, Ly, l1,05). As the model is tracking the volatility within the short period, the model
results should be consistent during the period. From Table 1, we could observe that the
calibrated parameters have lower variance than the calibrated parameters in Table 2 where
we chose distant trading days. Parameters ¢ should not be stationary in a long term as the

market evolves, so it should only be consistent within a specified time window.

Dates \Parameters | (} 0 0 I

2008-11-10 1.63652 | -0.07049 | 0.30366 | -0.07712
2008-11-11 1.64862 | -0.07365 | 0.3089 | -0.08266
2008-11-12 1.68402 | -0.07924 | 0.31386 | -0.10649
2008-11-13 1.63192 | -0.0651 | 0.29517 | -0.07174
2008-11-14 1.67081 | -0.0718 | 0.30424 | -0.09012

Table 1: Calibrated parameters

from 2008.11.10 to 2008.11.14

Dates \Parameters | £; 05 % T
2008-11-10 1.63652 | -0.07049 | 0.30366 | -0.07712
2009-04-06 1.52544 | -0.0379 | 0.23967 | -0.00226
2009-08-27 1.38714 | -0.02374 | 0.20564 | 0.09479
2010-01-21 1.3193 | -0.02288 | 0.19698 | 0.13739
2008-06-21 1.37418 | -0.0233 | 0.20951 | 0.10141

Table 2: Calibrated parameters from 2008.11.10 with 100 trading days’ gaps

The purpose of calibration is to adjust the parameters of a model so that its output aligns
with real-world prices. Apart from providing some evidence on the model’s accuracy, we can
offer reference opinions for customized orders using an approach similar to interpolation.
Notice that now we're calibrating on 6 standard maturities variance swap. What if there
are some taylor-made contracts that have non-standard maturities like 17 days? What we
could do is once we acquire the 6 standard maturities variance swap prices, we conduct
calibration on these 6 pricing points. Once we derived the calibrated parameters, with
these parameters and the customized maturity, we could offer a variance swap price to this

taylor-made contract.
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5.6 Sampled Case

Now we pick one maturity, sample a path with different number of days to derive signature
values. Then we calibrate these number of days together. This sampled case could be a good
model performance test on series of prices. We pick maturity M, the calibration for each

day in 7 consists in minimizing the functional

L(0) = > (K — K3,
teT

where L denotes the real value loss function. K7 and K*7 are the calibrated and observed

strike prices respectively.
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Figure 5: Variance Swap prices calibration (Sampled Case)

In this case we still choose the truncation level to be 1 and the number of parameters is
4. The four calibration presented above are all on 1-month maturity variance swap price.
As we're using annualized prices, and with observations from Figure 2 and 3, on different
maturities, the model’s performance should be similar (see Figure 6). Calibration results
are mostly good for 4 parameters versus 5 data points (two plots on the first row), while
the calibration is poor when our model’s 4 parameters are trained on 10 price points (two
plots on the second row). Other than the number of parameters, another factor that could

influence our model performance is the primary process we chose. We incorporated correlated
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Brownian motions as our primary process. However, correlated Brownian motions may not
provide advanced physical features which could potentially improve fitting. For example,
the next stage of this project could be incorporating mean-reverting process like OU-process
instead of correlated Brownian motions. Moreover, in this case, we choose d = 1, which
means our underlying Brownian Motion is one-dimensional. One-dimensional Brownian
motion may not be sufficient to capture all the dynamics of the pricing process; exploring

higher-dimensional models could yield more accurate and comprehensive results.
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Figure 6: 12 Month Maturity Variance Swap prices calibration (Sampled Case). We observe
a similar result with 1 Month Maturity case in Figure 5.

6 Conclusion

In this thesis, we explored a new approach for pricing variance swaps using signature meth-
ods, a recent development in quantitative finance. Our focus was to build a model that
accurately captures the behavior of volatility in financial markets. This approach is based
on the concept of rough path theory, which provides a detailed understanding of stochastic
processes. Our signature model, designed to represent volatility, has shown its effectiveness
in handling complex financial instruments. The model’s performance was tested against

real market data, particularly during periods of significant market fluctuations like the 2008
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financial crisis and the COVID-19 pandemic. The results were encouraging, demonstrating
the model’s potential in capturing market dynamics.

We applied our model in two scenarios: static and sampled cases. The static case showed
the model’s accuracy in predicting prices for standard variance swaps. The sampled case, al-
though more challenging, pointed out areas for further improvement. This includes exploring
more complex mathematical processes or considering models with more parameters.

In summary, the findings from this study are valuable for professionals in finance, offering
a new tool for the understanding and managing volatility. The signature model’s ability to
summarize key information from price movements can lead to better risk management and
strategic decisions in financial markets. Our signature-based model is a significant addition
to financial modeling techniques. It stands out in its ability to handle complex market
conditions and provides detailed insights into volatility. Future research could enhance this
model further, applying it to other financial instruments and improving its predictive power.
This thesis lays a foundation for future advancements in financial modeling, promising to be

of great benefit both in theory and practice.
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A Appendix: Proof for Propostion 2.1

We prove this proposition by induction with Stratonovich integrals.

Induction Basis. (ep,Xs1)(es, Xsi) = 1 (es,X) = (eg W ey,Xs,) , which agrees with the
proposition.

Induction Steps. Assumed that for arbitrary subsets S; and S of multi indices I and J, we

have

<€S1 ) Xs,t> <6S2 ) Xs,t> = <€S1 Ll egs,, Xs,t>

After that,

t t
(o1, Xy M es, Xo) = / (e, K)o dler, Xou) + / (o1, Xy ) 0 dles, Xon)
t t
= / <61’7 Xs,r><eJ7 Xs,r> o dXin + / <€Ia Xs,r><€J’a Xs,r) o dxim

t t
e / <6[/ L GJ,X&T) o dX;" —|—/ <6[ L GJ/,XS’T> o dX{J"

=(epWey®e;,Xe) +(efWey e, Xgy)
= <6[/ Wey®e;, +erlley ® ejm;Xs,t>

- <€I L €J,X57t>

B Appendix: Proof for Theorem

Given

and

t 2 t
S o S T‘(tk+17tk)f‘[;:+1 %d8+ftkk+l osdBs
tpa1 t,€ ’
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we derive

R N tet1 o2 tet1 2
K = E|:Z <T’(tk+1 — tk) — / gsds —f-/ 0'5st>
tg

ty
tht1 ) tr4+1
Tz(tk_,_l — tk)2 — T(tk_H — tk)/ 0‘st + 2T(tk+1 — tk)/ USst
tx ty

.

1 tkt1 tkt1 tet+1 tet+1
+ —(/ o2ds)® — / afds/ osdBs + (/ asst)Q)‘}"o]
4 tr tg 123 23

= 2 2 et 2
= E[Z <7” (tk—I—l — tk) — T(tk-i-l — tk)/ O'SdS

lk

1 tkt1 tkt1 tet1 tet1
_(/ olds)? — / agds/ osdBs + / Ugds)
4 tr tr tr tg

N tk+1 1 tk+1
= E|:Z < T’2(tk+1 - tk)2 + (1 — T(tk+1 - tk))/ O'?dS + Z(/ 03d8)2

tr tr
tet1 ) tht1
— oZds osdBs || Fo
S
th th

Then with Definition [3.3| and Lemma [3.1] we express the formula for K in signature terms.

A

step 1. We take K} = E[ bt agds\]-"o] With Remark ?? where we apply

te k41 ty
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signature formula in term o and Theorem

1 R
Kitoon = E /t oids
k

A

[ fte+1 -
=E / Z €]€J<6[|—|_|6J,W8>d$ Fo:|
R NFED
[ rte+1 - t
=K / Z €]£J<€]LU€J,WS>dS f0:| — E[/ Z €[€J<€[L[_|€J,
LSO g l<n O j111a1<n

=E Z £[£J<e[|—|—|ej®607wtk+l>

- LI |<n 1,17 |<n
= Z g[ﬁ]E{(@[M@J@@O,Wtk_H) .Fo:| - Z €[€JE|:<€[LI_|€]®€0,Wtk>
], J1<n H],[J|<n
= Y GUPIMIEOW,) — 3T 4P (W)
H1],lJ|<n 1,1J|<n
= 3 1ty (PIIEOW,) — PIIO(W))
1],17|<n

w

I
3

b

A
\

2 = B[(J 02ds)?\ ] With Theorem 3.3 and Remark

A

tet1 23
= ]E[(/ olds — / o2ds)?
0 0
trt1 2 tht1 12
]E[(/ olds)? + (/ olds)? — 2(/ szs/ aids)’fo]
0 0 0 0

= Z 0000 lN (PgiiJlJ@O)LU(MLuN@)O)(WO) + P§£MJ®O)M(MMN®O)
1, J],IM],|N|<n

- 2@(ILUJ®O,tk+1),(Mu_IN®O,tk) (WO)>

-FO} — ]E|: Z €1€J<€1|—U€J®€Oawtk>

step 3. Before we dive into the actual computation of the cross term, we introduce the

special case when we take the extra correlated Brownian process B into the picture.

If we take W as our multidimensional brownian process and the underlying primary

—

process under the signature model of o = 7, ., £i{e;, W), here we need to define

~

the process Z = (W, B) and the time-extended version Z = (t, W, B) as well as its

signature Z.
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Assumption B.1. Cuchiero et al. (2022) [1] For alli € 1,2, ...,d, we have

AW, 2% = > @l (es. Zodt

|J]<m
for some m € N and a € R where Z = (t, W, B).

Now we compute the special case correlated with B.

T T 1
/ o, dZT = / o, 0dZ — 5[0, 7y
0 0

T
:/ Z E](@],Z > Zd+1 Z f[ 6], Zd+1]
0

[I1<n \I|<n
= Z i el®ed+17ZT - _/ Z Crler, Z Z yd[Zhn, 2
[I|<n 0 11<n
~ 1 (7T ~ .
= Z 51( <€I ® €d+17ZT> - 5/ <61’aZs>d[Zlm=Zd+1]s > (3)
I|<n 0
_ 1 .
=> El( (1 ® g1, Zr) — 5 > aj, @) (er Wey ® eo, Zr) ) (4)
[I]<n [J]<m
1 .
= Z f[( (e1 ® eqy1 — 3 Z a,{”dﬂ e ey ® ey, Zy) )
[I|<n [J]<m
="ty (& Zy)
\T[<n

~d+1 1 J
=e;®eqr1 — §Z|J|§m aiderl er ey eg.

(Note that the highest order of &% is n + m)

From to with assumption :

where €7

T
/ <€[/7ZS>d[Z’LH‘7Zd+1]S — / 61/ Z G/Z\I|d+1 Z >d
0 |J|<m
_ / S™ af, aler Zes, Z,)ds
0

|J|<m

= Z aill‘dﬂ(ep |_|_’€J®€07ZT>

[J|<m
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Remark. When we are not incorporate any process form (like OU, Heston) into our
model and we are calibrating directly on the underlying Brownian motions, the term

could be written as

1 .
~d+1 __ 7
e =er®eqp1 — 5 " pipd+1 er @ €g

Now we compute the explicit formula of the cross term.

3 R e d+1
_ +
Kiteon = E / asds/ osdZ¢
t ¢

k k

[ fle+1 tet+1
~ K / olds / o, dZ! ]-"01
tr tr

r tpa1 T tpaa ty
=E (/ o2ds —/ des)(/ o,dZ s —/ 0,dZs)
0 0 0 0

.

.

tea1 tpi1 tr tg
=E / agds/ astd+1s+/ agds/ 0, dZ" s
0 0 0 0
tea1

;k-',-l ty, 23
—/ agds/ astd+1s—/ O’SdZd+1$/ Ogds .7:0]
0 0 0 0

— Z EIEJKM <P(ILUJ®O)U_|Md+1 (zo) _|_ P(IUJJ@O)LUMd+1 (ZO)

tet1 tg
[I],|T],|M|<n

_ @(ILUJ®07tk+1)v(Md+17tk)(ZO) N (P(Md+1’tk+1),(ILIJJ®O,tk)<z0)>
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