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Abstract

We investigate the term structure of forward and futures prices for
models where the price processes are allowed to be driven by a general
marked point process as well as by a multidimensional Wiener process.
Within an infinite dimensional HJM-type model for futures and forwards
we study the properties of futures and forward convenience yield rates.
For finite dimensional factor models, we develop a theory of affine term
structures, which is shown to include almost all previously known models.
We also derive two general pricing formulas for futures options. Finally we
present an easily applicable sufficient condition for the possibility of fitting
a finite dimensional futures price model to an arbitrary initial futures price
curve, by introducing a time dependent function in the drift term.
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1 Introduction

The object of this paper is to study the properties of forward and futures prices
(as well as their derivatives) within a reasonably general framework, and in par-
ticular we are interested in the case when the underlying asset is non-financial,
i.e. when we have a non zero convenience yield.

The literature on forward and futures contracts is a rich one. In [1], [5],
[10], [17], and [18] the models have purely Wiener driven price dynamics, while
[11] also allows for a point process. In this paper we are in particular inspired
by the exposition in [17].

The main contributions of the present paper are as follows.



e In Section 2 we present a general framework for the term structure dy-
namics of forward and futures prices, allowing for a general marked point
process as well as for a multidimensional Wiener process in the price dy-
namics. The approach is to model the entire term structure a la Heath-
Jarrow-Morton, and the main novelty is the introduction of the point
process.

e In Section 3 we study how it is possible to model the forward and futures
term structure by modeling the term structure of forward and futures
convenience yield rates. This approach has earlier been taken in [1] and
[17]. We extend the earlier results to the point process case, and we also
give new (even for the pure Wiener case) results about the forward conve-
nience yield rates drift condition. Furthermore we provide new results on
the relations between forward and futures convenience yield rates and the
conditional expectation of the future value of the spot convenience yield.

e In Section 4 we consider finite dimensional factor models and develop a
theory of affine term structures for forward and futures prices. This is done
very much as in the interest rate case (see [7]) and we show that almost
all previously known factor models for forwards and futures belong to the
affine class. In particular we show that the natural (from an affine point of
view) spot price models are the ones where the local rate of return and the
squared volatility are affine in the log of the spot price. We also provide
new affine factor models.

e Section 5 is devoted to the pricing of futures options within the general
framework of Section 2. Since the futures price process is not the spot
price process of a traded asset, the general Geman-El Karoui-Rochet op-
tion pricing formula (see [9]) is not applicable. Instead, by introducing
two hitherto new types of martingale measures, we mange to provide two
different general option pricing formulas and we also discuss the economic
interpretation of these formulas.

e Finally, in Section 6 we discuss the problem of fitting a given finite dimen-
sional factor model to a given initial futures term structure. We present
a reasonably large class of models for which the fitting can be done by
means of a deterministic perturbation of the drift term of the spot price,
and it is seen that most existing models in the literature belong to this
class.

2 Basics

We consider a financial market living on a stochastic basis (filtered probability
space) (€2, F,F,Q) where F = {F;},.,. The basis is assumed to carry a multi-
dimensional Wiener process W as well as a marked point process p(dt, dz) on
a measurable Lusin mark space (F, &) with predictable compensator v(dt, dx).
The predictable o-algebra is denoted by Q, and we make the definition QO =



Q®E. We assume that v([0,t] X E) < oo @Q-a.s. for all finite ¢, i.e. pis a
multivariate point process in the terminology of [13]. For simplicity we also
assume that p has an intensity A, i.e. the compensator has the form

v(dt,dy) = A\(t, dy)dt.

The compensated point process ji is defined by p(dt, dx) = u(dt, dy) — v(dt, dy).

The primitive assets to be considered on the market are forward and futures
contracts, written on a given underlying asset, with different delivery dates. We
denote the forward price at time ¢ of a forward contract with delivery date T by
G(t,T). The futures price at time ¢ with delivery date T is denoted by F(¢,T).
The induced spot price process S; is given by a standard arbitrage argument as

Sy = F(t,t) = G(t,t). (1)

We assume that there is an idealized market (liquid, frictionless, unlimited short
selling allowed etc.) for forward and futures contracts for every delivery date T'.
We do, however, not assume that the asset underlying the futures and forward
market is traded on an idealized market. The market for the underlying could for
example be very thin, there could be transactions costs, prohibitive storage costs
or shortselling constraints. Typical examples would be a commodity market or
a market for electric energy. We will also have to consider the bond market,
and we let p(¢,T) denote the price, at time ¢, of a zero coupon bond maturing
at T. The corresponding forward rates are denoted by f(¢,T'), where as usual

f@&,T)= —a%lnp(t,T). (2)

The short rate is denoted by r(t), and defined by r(¢t) = f(¢,¢). The money

account is defined as usual by B(t) = exp fo s)ds. We assume that the market
for bonds, futures and forwards is arbitrage free in the sense that the probability
measure () is a martingale measure (for the numeraire B) for the economy. For
the rest of the paper we will, either by implication or by assumption, consider
dynamics of the following type.

Forward price dynamics
dG(t,T) = G, T)ag(t,T)dt+ G(t,T)oq(t,T)dW;
+OGUT / St y, T a(dt, dy), 3)

Futures price dynamics
dF(t,T) = Ft,T)apt,T)dt+ F(t,T)op(t,T)dW;
+ F(t-,T / dr(t,y, T)p(dt, dy), (4)



Spot price dynamics
ds(t) = S(t)as(t)dt+ S(t)os(t)dW;
+ 80 [ astntat.ay), )

Short rate dynamics

dr(t) = o (H)dt + o, (£)dW; + /E b, (t, y)u(dt, dy), (6)

Bond price dynamics
dp(t,T) = p(t,T)oy(t,T)dt + p(t,T)op(t, T)dW;

+ p(t=,T) E5p(t,y,T)u(dt,dy), (7)

Forward rate dynamics
df(t,T) = ay(t,T)dt + o (t, T)dW; +/ O(t,y, T)u(dt, dy).  (8)
E

In the above formulas the coefficient processes are assumed to meet stan-
dard conditions required to guarantee that the various processes are well defined.
We recall the following basic results (see e.g. [2]).

Proposition 2.1 Let QT denote the T-forward martingale measure. Then the
following hold.

e For a fizred T, the futures price process F(t,T) is a Q-martingale, and in
particular we have
F(t,T) = E?[S(T)| F (9)

e The forward price process G(t,T) is a martingale under QT , and in par-
ticular we have .
G(t.T)=E? [S(T)| F]. (10)

For future use, we recall the following relation between the volatilities of
the forward rates and the bond prices.

Proposition 2.2 With notation as in (7)-(8) we have

T
o (t,T) = —/ o (t, s)ds, (11)
t
Spt,y,T) = e Prltws) _q (12)
where
T
DT = [ Sy(ts)is (13)
t



Proof. See [4]. I

Since the modeling above is done directly under a martingale measure,
there will be “drift conditions”, relating the drift terms to the volatilities of the
various processes above.

Proposition 2.3 Under the martingale measure Q, the following relations hold.

T
act,T) = ool T)/ ok (ts ds—/ S (b3, T)e=Pr o TIN( dy) (14)
apt,T) = /5F (£, TIA(E, dy), (15)
a = - e Dslty,T) _ , ,
o(t,T) X 1} At dy) (16)
ap(t,T) = Jf(t,T)/t a}(t,s)ds—/Eéf(t,y,T)e_Df(t’y’T)A(t,dy).(17)

Proof. For (16)-(17) we refer to [4]. In order to derive (15), we rewrite the
F-dynamics on semimartingale form by compensating the point process. We
thus obtain

dF(t,T) = F(t,T) {ap(t,T)+/ 5p(t,y,T))\(t,dy)}dt
F(t,T)op(t,T)dW;
F(t—,T / dr(t,y, T)i(dt, dy)

This formula gives the futures price process as a sum of a predictable finite
variation process and two martingales. Since the futures price process is a Q-
martingale, the dt-term must vanish, and we are finished.

To derive the drift condition for the forward price process, we now change
measure from @ to the T-forward measure Q7. From general theory (see [9])
we know that the likelihood process for this measure transformation is given by

LT _ p(t) T)
" B(t)p(0,T)’
where o7
d
LtT: —dQ , on Fy.

Using (12), (16) and the It6 formula, we have the LT-dynamics

dL} = L} o,(t, T)dW; + L /5 t,y, T)u(dt, dy).



From the Girsanov Theorem (see [13]) it now follows that we can write
AW, = o} (t,T)dt + dW}", (18)

where W7 is a QT-Wiener process. It also follows from the Girsanov Theorem
that, under Q7 the point process i has an intensity A7 given by

M (t, dy) = (0,(t,y, T) + 1) \(t, dy). (19)
We can thus write the Q7-semimartingale dynamics for G(¢,T) as
dG(t,T) = Gt.T){ac(t,T)+oc(t,T)o}t,T)
+ /E5g(f,, y, T) (0p(t,y, T)+ 1) A(¢, dy)} dt
G(t,T)og(t, T)dW}

Gt=.T) [ bt T) ta dy) = ATt )i}

+ o+

Since G(t,T) is a QT-martingale the di-term thus has to vanish and, using
Proposition 2.2, we obtain (14). 1

3 Modeling the forward and futures convenience
yield

In this section we will study how it is possible to model the term structure of
forwards and futures by modeling the spot price and the term structure of the
forward and futures convenience yields. This approach goes back to [1], [5] and
[17].

3.1 Basic definitions

Definition 3.1 With notations as above we define the following objects.

e The term structure of futures convenience yields p(t,T), for 0 <t < T, is
defined by the relation

T
F(t, T) = S(t)ej; [f(tyS)*go(t}s)]ds. (20)

e The term structure of forward convenience yields y(t,T), for 0 <t < T,
is defined by the relation

G(t,T) = S(t)ede V@t (Eo)ds (21)



e The spot convenience yield c(t) is defined by the relation
as(t) = r(t) — oft) — / Ss(t, )t dz) (22)
E

In order to connect with elementary theory we note that, for the case when S(t)
is the price of an underlying asset traded on an idealized market, we have the
relation

T
G(t,T)=St)pt,T)* =G(t,T)= S(t)eft F(t,s)ds
The forward convenience yields thus measures the deviation from this idealized

situation. We also note that, by the definition above, the spot price has the
QQ-dynamics

dS; = S(t)(ry — ¢p)dt + S(t)os(t)dW + / 0s(t, z, T)(dt, dx). (23)
E

Thus, as usual, under the martingale measure, the local mean rate of return of
the spot price equals the short rate minus the spot convenience yield.

We will start by investigating some elementary properties of the various
yields, and then we go on to discuss how to model the yield dynamics.

3.2 Elementary properties

It is easy to see that if the spot convenience yield ¢; is deterministic, then we
have, for all 0 <t < T,

cr = 7(t7 T)
In the general situation with stochastic ¢;, this result raises the question if,
~(t,T) and/or ¢(t,T) can be viewed as predictors (at time ¢) of the spot yield
at time T'. The following result provides an answer to this question. In order to
shorten notation, we use Coth to denote the ()-covariance, conditioned on F;.

Proposition 3.1

o The forward convenience yield satisfies

T
C’oth {e_ ft 7"(S)dSST, CT:|

Y(t,T) = E9 [er| F) + = (24)
o[ s 7]
e The futures convenience yield satisfies

Cov® [ST,er]

t,T) = E° o

90( ’ ) [CT|]:t]+ EQ[STN—_-t]

Cov? [S

£ FT) - B | F) - S PRI o)

EQ S| Fi



e In particular we have
Ct = Qﬁ(t, t) = V(ta t)' (26)

Proof. We start by noting that (26) follows immediately from (24) and (25).
From the definition of v we have

_8% InGt,T)=~(tT)— f(t,T). (27)

From general theory we also know that

Gt T) = p(;T)EQ [e LTr<s>dsS(T)‘ft]

= eft F(t:8)ds pQ [eft T(S)dSS(T)‘]:t}

Using subscript to denote partial derivatives, we obtain

Gr(t,T) = f(t, )G, T) — )i ¥ (t’s)ds%EQ [e J: “5)‘“5@)‘ ]-"t]

In order to compute the last term, let us (for a fixed t) define the process Zr by

T
Zr = e_ft 7"(S)dSS(T). An application of the Ité formula, together with (23),
gives us

T
A2y = —rpZpdD + e Je T8

T

—rpZpdT +e j:f T(S)dSST (’I“T — CT)dT +dM
T

= e )i Ty an,

where dM denotes a generic (Q-martingale increment. From this we obtain

%EQ e LT r(s)dsS(T) Ft:| _ %@)%EQ (Zrin — Zr| Fi
= —lim %EQ /T T g g ft]
— _pe [e [l ]-"t] .
We thus obtain
2 e = ST EQ {eﬁ (s, g ft]
oT ’ G(t,T) ’

EQ |:6ft T(S)dSST‘]:t]



Comparing this expression with (27) gives us

T
EQ |:eft r(s)dsCTST

g

v(tﬂ T) = T *
EQ |:€ft 7n(s)dSST‘ .7:,5:|

Using the formula F [XY] = FE [X]- E[Y]+ Cov(X,Y), this proves (24).

For the futures convenience yield we have, from (20),

_% W F(t,T) =t T)~ ft,T).

From general theory we also have
F(t,T) = E9[Sy| F].
From this we obtain (arguing as above)
Fr(t,T) = E?[Sr(cr —rr)| Fi].
Thus we have

E° [Sp(cr — rr)| Fi]
EQ[S7| Fi] ’

0

SO
EQ [Sr(er —rr)| Fi

EQ[Sp|F]

QO(t,T) - f(ta T) =
which proves (25). I
We also have some easy consequences from this result.

Corollary 3.1

e If the spot convenience yield ¢ is deterministic, then

y(t,T) =cp, YO<t<T. (28)

o [f the short rate r is deterministic, then

Coth [ST, cr)

o(t,T) = (. T) = B [er| Fi] + =5 Sol 7]

(29)

Proof. The relation (28) follows immediately from (24). The formula (29)
follows also from (28) together with the fact that ' = G (and thus ¢ = ) when
interest rates are deterministic. JJ

10



3.3 Drift conditions for the yields

By specifying the dynamics of the spot price and the futures (forward) conve-
nience yield, the dynamics of futures (forward) prices are completely specified.
Since we are modeling under a martingale measure we will have the drift condi-
tions for futures and forward price dynamics given by Proposition 2.3, and these
conditions will obviously imply drift conditions on the yield dynamics. Before
starting on this investigation we need a small technical lemma.

Lemma 3.1 Assume that, for each T the process X (t,T) has dynamics, for
t <T, given by

AX(t,T) = ax(t,T)dt +ox(t, T)dW,

[ oxtt Dot dy), (30)

E
where the coefficient processes are assumed to meet standard conditions required
to guarantee that the X process is well defined. Assume furthermore that the

coefficients are regular enough to allow for an application of the stochastic Fubini
Theorem. If, for every T, the process Z(t,T) is defined by

T
Z(t,T)= / X(t,s)ds,
t
then the stochastic differential of Z is given by
E

where

~

ax(t, s)ds, (31)

ox(t,s)ds, (32)

J
J

Ax(t,T) =
Sx(t,T) =
Dx(t,T) = / (e, 5)ds. (33)

Proof. Fubini.

We may now state and prove the martingale measure drift conditions for
the futures and forward convenience yield dynamics.

Proposition 3.2 Assume that the dynamics of the futures and forward conve-
nience yields, under the martingale measure Q, are given by

do(t,T) = au(t,T)dt+ o,(t, T)dWs

11



_|_

/ 6@(t7 ya T)M(dtv dy)v
E

dy(t,T) = o (t,T)dt+oy(t,T)dW,

+/5ty, w(dt, dy).

Then the futures and forward yield drift terms are given by

0T = os(tT) /t o3(t, 5)ds — [E 55(t, 2, T)ePrtm D\ (¢, da)
+ {af(t,T)—0¢(t,T)}{U§(t)+/t [05(t,T) — o5 (t,T)] ds } (34)
+ / {07 (1, T) = 6, (t,y, T)} { P 0D =PI (5 (1, ) 4 1) A(t, dy).
ay(tT) = av(t,T)/t 0% (t, 5)ds — 0 (t, T)o%(t)
= [ By TP Gs(ty) + 1) A ). (35)
E

Proof. We have by definition
F(t,T) = Spe?tD),

with Z defined as r
2(t,T) = / [F(t5) — lt, )] ds.

From Lemma 3.1, together with the facts that f(¢,t) = r and (¢, t) = ¢; we
obtain (suppressing (¢,7T))

dz = {Ct—Tt+Af—ALP}dt+{Sf—S@}th

" / (Dy — D) (t,y, T)pu(dt, dy).
E

Defining, for each T, the process X (t,T) by X(t,T) = 1) 1t6’s formula
now gives us (suppressing 7')

1
dX; = X {ct —ri+ A — Ay, + 5HSf - S¢||2}dt+Xt {Sy — S, }dW;

+ Xt_/ {eDf_D“’—l},u(dt,dy).
E

12



From this expression, the spot price dynamics (5) and the relation (22), an
application of the It6 formula to the expression F'(¢t,T) = S; X (t,T) gives us

1
ar; F {Ct—rt‘f'Af_A¢+§|Sf_5¢|2}dt

F {rt — ¢ —/Eés(t,y)A(t, dy)}dt

F, (S — S,) dW,
FtO'Sth
Fy (Sy — 8,) okt

/{eDf (14 dg) — 1} p(dt, dy).

+ o+ + + o+

Compensating the point process part and collecting terms give us the semi-
martingale dynamics

1
aFe = F{Ar— g+ 315 - 5,1+ (5, - 5,)0%

_|_

/ (ePr=Pe — 1) (14 65) At dy)} dt
E
Ft{Sf—S +0'S}th

Ft,/ {ePr=Pe (14 65) — 1} (dt, dy),

_|_

Since F(t,T) is a Q-martingale for each fixed T, the dt-term must vanish, so
the following identity must hold for all ¢t and T" with 0 <¢ < T.

0 = Af(LT) ~ AL T) + SISH(T) = Sp(t. D) + (Sy(1.T) — S,p(0. 7)) o5 (1)
- / (ePr o DI=Pe e T) 1) (14 65 (2, )) AL, dy).
E

Differentiating this identity w.r.t. T, using (17) and rearranging, we obtain the
drift condition for a,.

In order to derive the forward yield drift condition we obtain, in the same way
as for dF,

1
dG; = Gt{Af—A7+§|Sf—SW||2+(Sf—57)U§ —/55/\(t,dy)}dt
E
+ Gt{Sf—S —l—Us}th
+ Gt_/ {eDf " (1+6s) — 1} p(dt, dy),

Applying Proposition 2.3 to the G-dynamics thus derived and taking the T-
derivative, gives us the result for a.,. 1

13



4 Affine term structures for forwards and fu-
tures

Modeling the entire term structure of forward or futures prices results in an
infinite dimensional state variable. Therefore it is sometimes more convenient
to model a finite dimensional state process Z, and to assume that forward and
futures prices are given as functions of this state process. Just as in interest
rate theory (see [7], [8]), the term structures defined by functions which are
exponentially affine in the state variables are computationally very tractable,
and below we give necessary and sufficient conditions in terms of the dynamics
of the state process Z for the forward and futures term structures to be affine.

Assumption 4.1 The m-dimensional Markov process Z is assumed to have a
stochastic differential given by

dZt = Qz (t, Zt)dt + O'Z(t7 Zt)th + / 5Z(lf, Zt_, y)u(dt, dy)
E

under the martingale measure Q. Furthermore we assume that the compensator
v of u can be written as v(w;dt,dy) = \(t, Z;— (w), dy)dt.

4.1 Futures

Assumption 4.2 We assume that the futures prices can be written on the fol-
lowing form
F(ta T) = HF(ta Zy, T)v (36)

where Hp : R® — R is a smooth function. In particular we assume that the spot
price S is given by
S(t) = Hr(t, Zi,t) = h(t, Zy).

Lemma 4.1 If futures prices are given by (36), then Hp satisfies the following
partial differential equation

OHp
—_— T H T) =
L2 )+ AHE(L5T) = 0, )
Hp(T,z,T) = h(T,z2),
where A is given by
N OH 1 & 0*H
AH(t,2,T) = ;az(t,z)a—%+§i;10ij(t,z)m )

+ / H(t 2 + 8(t,2,9).T) — H(t, 2, TYA(t, 2 dy).
E

In the expression (38) the matriz C is defined by
C=o0z0y, (39)
where * denotes transpose and all the partial derivatives of H should be evaluated

at (t,2,T).

14



Proof. Dynkin’s formula on

Hp(t, 2, T) = EC[MT, Zr)|F).

Definition 4.1 The term structure of futures prices is said to be affine if the
function Hp from (386) is of the following form

InHp(t, 2z, T)=Apr(t,T)+ Bp(t,T)z, (40)
where Ap and Bp are deterministic functions.

Proposition 4.1 Suppose that Assumption 4.2 is in force and that the func-
tions az, 0z, 0z, A and h are of the following form

az(t,z) = ai(t)+az(t)z,
ozoy(t,z) = ko(t)-f—zki(t)ziv

I

(ta Y = ll(tv y) + l; (tv y)zv

)
dz(t,z,y) = dz(ty),
A )
Inh(t,z) = c(t)+d*(t)z.

Then the term structure of futures prices is affine, that is Hp from (36) can
be written on the form (40) where Ap and Bp solve the following system of
ordinary differential equations.

MFT(?T) +ai(t)Br(t,T) + %B;"(th)kO(t)BF(t, )
P (&T)oz(ty) _ B (42)
+[E(63 (6:T)52 (t,9) 1) L(t,dy) = 0
Ap(T,T) = (T),
and
%FT?T) +a3(t)Br(t,T) + %B}(t, T)K (t)Br(t,T)
F(tT)oz(ty) _ _ (43)
+/E (6B ( )6 ( ) 1) lQ(t,dy) _ 0
BF(Tv T) = d(T),
where "
ka(t)
K = - (44)
(1)



and Br(t,T) is the m? x m-matriz

Br(t,T) 0 ... 0
0 Bp(t,T)
ﬂF (ta T) = : .
0 Br(t,T)

Proof. This follows from the fact that exp{Ar(t,T) + Br(t,T)}, where Ap
and Bp solve (42) and (43), respectively, solves the PDE (37), which uniquely
characterizes the futures prices in this setting. i

Remark 4.1 As in [7] it can be shown that under non degeneracy conditions
and a possible reordering of indices a oz of the form in (41) can be written as

Ul(t, Zt) 0 NN 0
0 ’U,Q(t, Zt) . 0
o2(t 2:) = £(1) |

where the matriz X(t) depends only on t and
uilt, 2) = ko(t) + ) kj(t)z.
j=1

In most models which have appeared in the literature, the spot price is
one factor. Note that if we want an affine term structure we can not use the
spot price itself as a factor, but we must use the logarithm of the spot price.
Also note that if the logarithm of the spot price is a factor, then the boundary
conditions of Ap and Bp will be uniquely determined. We summarize these
observations in the following corollary of Proposition 4.1.

Corollary 4.1 Assume that Z°(t) = In S(t) and that az, oz0%, 67 and \ are
of the form stated in Proposition 4.1. Then

0

h(t,z) =€,

and the term structure of futures prices is affine. That is, Hp from (36) can
be written on the form (40) where Ap and Bp solve the system (42)-(43) of
ordinary differential equations with the boundary conditions replaced by

Ap (Tv T) =0,

and
BF (T, T) = €y,
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where eg = (1,0,...,0)*.
The stochastic differential of Z° has the required form if and only if the
stochastic differential of the spot price S can be written as

ds; = [Bl (t) + (o (t) InS; + Z ﬁé (f,)th Sydt
=1

+O'S(t, Zt)Stth

+S;- / ds(t,y)p(dt, dy),
E

where

O'S(t, Zt)O'g(t, Zt) = Fl(t) + Fg(t) In St + zm: F3(t)ZZ

i=1

4.2 Examples

A number of factor models have been proposed in the literature, and the cor-
responding futures prices have been computed on a case by case basis. We
now give a list of the most well known factor models and it follows immedi-
ately from Corollary 4.1 that all these models will give rise to an affine term
structure of futures prices, which thus easily can be computed. We also provide
some new examples of affine factor models. All the models are given directly
under an equivalent martingale measure (), and unless indicated otherwise, the
coefficients of the models are assumed to be constant.

4.2.1 The Schwartz spot price model.
The following spot price model was studied in [18].

dSt = H(Oés —In St)Stdt + O'SStth., (45)

Here W is a one-dimensional Wiener process. Since this model is a special case
of the model below we defer computing the futures prices for this model to the
next section.

4.2.2 The general affine Wiener driven spot price model.

Without loosing the affine term structure, we can extend the one-factor model
by Schwartz to include a volatility of Cox-Ingersoll-Ross type. The model then
looks as follows

dS; = [a1(t) + a(t) In S;]Sidt 4+ Si\/ko(t) + k1 (t) In S;dW;. (46)

The functions Ar and Bp for this model satisfy the following ordinary differ-
ential equations (Z; = InS; is used)

OAR(t,T)

i +<a1<t)—§ko<t>) Bp(t.T) + Tko(D)BE(LT) = O

Ap(T,T) = 0,
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and

OBr(t,T)

al +(a2<t>—§k1<t>> Bp(t.T) + Th(DBRLT) = 0

Bp(T,T) = 1.

The solutions are given by

and
Ar7) = [ ' (@060 = 350) Br(.T) + Sho0)B5 5.7)] .

As a special case, inserting

)

1(2)
(t)
ko(t) 2
kai(t)
we find the futures prices for the Schwartz one-factor model (see [18]).

4.2.3 The Gibson—Schwartz two-factor model.

The following two-factor model uses the spot price and the spot convenience

yield as factors. It is based on the model in [10] and appears in [18].
dS; = (r—c¢)Sidt + SiosdWy,
det = k(ae —c)dt + o.dWs.

Here W is a two-dimensional Wiener process and

050 = pllos]| - lloc]-

(47)

Again, this model is a special case of the next and therefore we defer computing

the futures prices for this model to the next paragraph.

Note that for the one and two-factor models presented so far, forward and

futures prices agree, since interest rates are assumed to be deterministic.
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4.2.4 The Schwartz three-factor model.

Including the short rate r as a third factor makes forward and futures prices
different. The following model can be found in [18].

dSt = (Tt — Ct)Stdt + StO'Sth,
de; = kelae — ¢p)dt + o dW, (48)
dri = ke(ap —r)dt + o, dWh,

where W is a three-dimensional Wiener process, and
osor = psellos| - loel,
0.0y = perllocl - [lor,
osor = psrllos|| - ||or],

Let Z; = [In St, ¢4, ¢]*. The functions Ar and Br = [Bg, B., B;]* for this model
satisfy the following ordinary differential equations

0Ap(t, T 1
# - §|\05||235(t, T) + ke Be(t,T) + kro. B (t, T)
1
+ §BF(taT)*kOBF(taT) = 0;
Ap(T,T) = 0,
where kg is the covariance matrix
los|l® pscllosll - lloel psrllosll - llor|
ko= 1 pscllosll -l lloe| per|loe]| '2||0r|\ ;
psrllosll-llovll  perlloell - llox ol
and OBp(1,T)
BAT) iy = o
Bp(T,T) = [1,0,0],
where the matrix as is given by
0 -1 1
as = | 0 —kK¢ 0
0 0 — Ky
The solutions are given by
BS(t,T) = ].7
1
B(t,T) = — (e7=0—1),
Re
B (LT) = — (1—e=T0),
Ky



and

Kette + psellos|| - lloc]|

Ar(T) = > (1= 0 — e (T~ 1)
C
_ RrQy + pS;!USH . HUTH (1 i e—nT(T—t) o HT(T _ t))
T

loe]? (T —t) _ 2w (T—
+ 4:@ (26e(T — t) — 3+ de~ eIt _ g=2re(T—1))
+ ”O—r”2 (2I€ (T N t) 3+ fe—tir(T—t) _ 67257'(T7t))

4r3 "

perlloc| ol 1 - e eIt — emrn(T0) 4 o= (retrn)(TH)

Ke + Ky Reky

1 1

+—(1- e M=t _ k(T —t)) + —(1- e (Tt _ o (T — t))} .

Remark 4.2 Using the explicit expression for bond prices for this model (see
[19]) we see that the futures prices can be written in the following manner

St g -
F(t,T) = —2t_eBeT)et fAWT)
(&.T) p(t,T)

where

(e

o —rn(T—t) _ =2k, (T—t)
pp: (26,(T —t) —3+4e™ " e =" )

A, T) = Ap(t,T) +

This result will hold even if o is allowed to be time-dependent.

4.2.5 The Hilliard—Reis three-factor model.

This model was suggested in [11], and coincides with the Schwartz three-factor
model except for the facts that the spot price process includes jumps and that
the drift of the short rate is time dependent. The function «,.(t) below is chosen
so that the initial bond prices produced by the model agree with the observed
bond prices. The model is defined by

dS; = (r¢ —cy)Sedt + SiosdWy + S [ yiu(dt, dy),
dey = Kelae — ¢)dt + o.dWy, (49)
dry = kel (t) —r)dt + o.dWy,

where W and og, 0. and o, are as in Section 4.2.4, and as before [ is given
by fi(dt, dy) = p(dt, dy) — v(dt,dy). Here the marked point process u has mark
space (R, B), where B is the Borel algebra, and the compensator v is given by

_ 1 1 (In(y +1) - ¢
v(dt,dy) = Adt oyl exp{ o7 dy,
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for —1 < y < oo. This means that the spot price process will jump according to
a Poisson process with intensity A and that if § denotes the relative jump size,
then 1+ § has a log-normal distribution: In(1 + &) ~ N (&, n?).

Since the spot price for this model equals the spot price for the Schwartz
three-factor model (with a time dependent «,., see Remark 4.2) plus a Q-
martingale, the futures prices will be the same for these models (as was pointed
out in [11]).

4.2.6 A three-factor model with positive short rate

If we want to be sure that the short rate is positive, we could replace the short
rate process assumed in the models above by a Cox-Ingersoll-Ross type process.
With a wise choice of the parameters k., o, and o, the following model will
have a positive short rate (see [6]). This model has (to our knowledge) not been
studied previously.

dSt = (Tt — Ct)Stdt + StO'Sth,
dey = Ke(ae — ¢p)dt + o.dWy, (50)
dri = Kp(a, —r)dt + /rio.dWs.

Again W is assumed to be a three-dimensional Wiener process, and

oso; = pscllos| - llocll,
ocor = 0,
osoyr = 0,

Let Z; = [In St, ¢, ¢]*. The functions Ar and Br = [Bg, B., B;]* for this model
satisfy the following ordinary differential equations

Ap(t,T) 1
aFT(t’) - §Has||2Bs(t, T) 4 kceBe(t, T) + krap By (t, T)
1
+ 5 Br(t.T) ko Br(t.T) = 0,
Ap(T,T) = 0,
where kg is the matrix
los]|? psellos| '2H0c|| 0
ko=| pscllos| - llocll lloell 01,
0 0 0
and
OBp(t, T 1
OBELT) | a3Be (1. T) + 3B Tk Be(LT) = 0
Bp(T,T) = [1,0,0]%,
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where the matrix as is given by

0 -1 1
as = 0 —FKe 0 ,
0 0 —k,r
and the matrix k, by
0 0 0
kr - 0 0 0
00 [on?
The solutions are given by
Bs(t,T) = 1,
1
B.(t,T) = — (e—m(Tft) _ 1) 7
Ke
B,(t,T) = 2 @ratllon)P)rie T — 201 + oy |*)rae” Y
N T e o P D e
where
N RN A
n o = 5 + 1 + 5
T2 = ﬁ — H_"Q" ||O-7’||2
2 4 2

Once Bp has been determined Ap can obtained via numerical integration.

4.3 Forwards

Assumption 4.3 We assume that the zero-coupon bond prices are of the form
p(taT) = HP(t;Zt7T)7 (51)

where Hp : R* — R is a smooth function. Furthermore, we assume that the
forward prices can be written on the following form

G(t,T)=Hg(t,Z,T), (52)

where Hg : R® — R is a smooth function. In particular we assume that the spot
price S is given by
S(t) = Ha(t, Zt,t) = h(t, Zy).

Lemma 4.2 If zero-coupon bond prices are given by (51) and forward prices
are given by (52), then Hg satisfies the following partial differential equation

{ %(t,z,T)—I-ATHG(t,Z,T) = 07

ot (53)
Ho(T,2,T) = h(T,z),
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where AT is given by

L , OH 1 <& 0’H
T _ Tyi - - . —
AYH(t, 2, T) = Z(az) (t,2) o7, + 5 Z C”(t’z)aziazj
i=1 ij=1 (54)
b [+ 0t 2,).7) — He 2 TINT (1 22d)
E
Here
al(t,z) = az(t,z)+oz(t,2)op(t,2,T),
V.Hp(t, z,T) (55)
op(t,z,T) ot 2.T) oz(t,z),
_ Hp(t,z2+0z(t,2,y),T) — Hp(t,2,T)
6P(tazava) - HP(t,Z,T) .

The matriz C was defined in (39). In the expression (54) all the partial deriv-
atives of H should be evaluated at (t,z,T).

Proof. 1t6’s formula applied to p(t,T) = Hp(t, Z¢, T) gives the expressions for
op and dp. The dynamics of Z under the T-forward measure Q7 can be found
using (18) and (19) and they are given by

dZ; = aL(t, Z,)dt + oz (t, Z;)dW, +/ Sz(t, Zi—, y)p(dt, dy)
E

where the intensity of u is AT(t, Z;_(w),dy). The result now follows from an
application of Dynkin’s formula to

He(t, Z:,T) = E"[h(T, Z1)|F).

Definition 4.2 The term structure of interest rates is said to be affine if the
function Hp from (51) is of the following form

InHp(t,z,T)=Ap(t,T)+ Bp(t,T)z, (56)

where Ap and Bp are deterministic functions. Analogously, the term structure
of forward prices is said to be affine if the function Hg from (52) is of the form

lan(t,Z,T) = Aq(t,T) +Bé(t,T>Z, (57)

where Ag and Bg are deterministic functions.
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Proposition 4.2 Suppose that Assumption 4.3 is in force. Furthermore, sup-
pose that the term structure of interest rates is affine, that is the function Hp
from (51) can be written on the form (56) and that the functions az, oz, 6z, A
and h are of the form given in (41). Then the term structure of forward prices
is affine, that is Hp from (52) can be written on the form (57) where Ag and
Bg solve the following system of ordinary differential equations.

MGT(?T) BE(t, T)[ay (t) + ko(t) Bp(t, T)]
+ %Bg(t,T)so(t)BG(ﬁa T) (58)
N /E (eBg(t,T)éz(t,y) _ 1) eBr&TOz(tY ] (¢ dy) = 0,
Ag(T,T) = ¢T),
and
wGT(?T) a3(t)Ba(t, T) + B (t, T)K (t) Bp(t,T)
+ %ﬂg(t,T)K(t)BG(ta T) (59)
N /E (eBg(t,T)éz(t,y) _ 1) eBr@TOztW 1, (4 dy) = 0
Be(T,T) = d(T),

where K is given by (44) and
Bg(t,T) 0 .. 0
BG(th)
Ba(t,T) =

0 Ba(t,T)
Proof. This follows from the fact that exp{Aqg(¢t,T) + Ba(t,T)}, where Ag

and B¢ solve (58) and (59), respectively, solves the PDE (53), which uniquely
characterizes the forward prices in this setting. I

5 Options on futures prices

5.1 General formula

In this section we will consider pricing options on futures. To obtain pricing
formulas we will use the change of numeraire technique developed in [9]. As
before we let ) denote the martingale measure. Apart from @ the measures
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QT.QFr, QF and QTF will appear. They are defined as follows, starting with
the measure Q¥

dQF = LFdQ, on F,

where
F(t,Ty)

F(0,Ty)’

Using Itd’s formula the dynamics of L are obtained as

Lf =

dLF = LE op(t,T)dW, + LF. / 5 (t,y, Ty)i(dt, dy). (60)
E

Now, the measure QTF is defined by
dQ™ = R™dQ", on Fr

where
exp {— fOT rsds}
EF [exp {— fOT rsdsH .

Here the super index F' indicates that the expectation should be taken under

Q.

R'r =

As we have seen before the T-forward measure Q7 is defined by
dQT = LTdQ, on F;,

where
T p(ta T)

" B(t)p(0,T)

Using Itd’s formula the dynamics of LT are obtained as
dLT = LTo,(t,T)aw, + LT / 5p(t,y, T)fi(dt, dy). (61)
E
Finally, the measure Q" is defined by

dQ™ = L{7dQ", on F,

where

L = eXp{—/Ot[ F(u,T1)o(u,T)
+ /E6F(u,y,T1)5p(u,y,T)A(u,dy)] du} 5(%?1))

The QT-dynamics of F(t,T1) can be found using the Girsanov Theorem. Itd’s
formula then gives us the dynamics of L7 under QT

ALET = L or AW, + 187 [ Sr(ty Toatdtdy). (62)
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The point process p has the intensity A7 under Q7 where A7 (¢, dy) is given by
AT (t, dy) = (14 0p(t,y, T))A(E, dy).
We may now state the main result of this section

Theorem 5.1 The price, at date zero, of a European call option with exercise
date T and exercise price K written on the futures price with delivery date Ty
can be computed from either one of the following two formulas

Cr = F(0,T))EF |:e_fo 7"<S)d3} Q™ (F(T,Ty) > K) (63)
- Kp(O,T)QT(F(T, Tl) > K)v
where the super index F' indicates that the expectation should be taken under
QF, or
T
Cr = p(O,T)F(O,Tl)EFT [eXp {/ /@Sds} H{F(T,Ty) > K}] (64)
0
- Kp(O,T)QT(F(T, Tl) > K)a

where the super index Frp indicates that the expectation should be taken under
QFr, and k is given by

k(t) = or(t,T1)o,(t,T) —|—/Eép(t,y,Tl)ép(t,y,T))\(t,dy). (65)

Proof. Write the option as
X = max{F(T,T}) - K,0} = [F(,T\) - K]- I{F(T,T\) > K},
where I is the indicator function, i.e.

1 if F(T,Ty) > K,

IH{F(T,T) > K} = { 0 if F(T,T1) < K.

We then have that the price of the option, at date zero, is given by

Cp = E°[B(T)'F(T,Th)— K]- I{F(T,T1) > K}]
T
= E9 exp{—/ rsds}F(T,Tl)J{F(T,Tl)>K}]
0
_KE®

eXp{—/O rsds} H{F(T,Th) > K}]

To prove the first formula we change to the measure Q¥ in first term to
obtain

E<

exp {— /T rsds} F(T,T) - I{F(T,T1) > K}]
0

exp{—/OTrsds} - I{F(T,T1) ZK}W ;
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and then we change to the measure Q7. Note that it is the T-forward measure
as seen from QF.
For the second term we use the T-forward measure directly.

To prove the second formula we use the T-forward measure Q7 in first term to
obtain

E®

T
exp {—/ rsds} F(T,T) I{F(T,1) > K}]
0

=p(0,T)E" [F(T,T1)I{F(T,Ty) > K}]

F(I,Ty)

:p(O,T)F(O,T1)ET [e_ fOT e F(0,TY)

s mASUR(T, Ty > K}}

and then we change to the measure QF7.
For the second term, again, we use the T-forward measure directly. i

We may now ask ourselves whether it is possible to interpret the above
measures as martingale measures for some numeraire asset. This question is
answered by the following lemma, the proof of which is easy and therefore
omitted.

Lemma 5.1
I: Under QF the process VE(t) defined by VI (t) = B(t)F(t,T1) acts as a nu-
meraire asset. Its Q-dynamics are given by

dvE@) = r@)VE@)dt + VE(t)or(t,T)dW (1)
+ VF(t_) / 6F(ta Y, Tl)ﬂ(dtv dy)
E
The process is the value process of a self-financing portfolio consisting of B(t)

T -futures options and F(t,T1) units of the money account (i.e. F(t,11)/B(t)
dollars invested in the money account).

t
II: Under QYT the process VIT(t) = e Jo desp(t,T)F(t,Tl) acts as a nu-
meraire asset. Here K is the process given by

k(t) = op(t,T1)o,(t,T) +/E(51:(75,y,Tl)(Sp(t,y,T)/\(t,dy).

The Q-dynamics of VT are given by

dVEr(t)

VFr(—) r(t)dt + [op(t, T) 4+ op(t,T1)] AW (t)

+ [E {50(t, 0. To) [L+ 6,(t, 9. )] + b,(t, 9, T)} idt, dy).
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The process VET is the value process of a self-financing portfolio consisting
of exp {— fot nsds} - F(t—,Ty) bonds with maturity T, exp{— fot ksdstp(t—,T)
units of Ty -futures options, and V (t—) units of an asset with price process I1(t) =
0 and cumulative dividend process D defined by

aD(t) = [E ,(t, 9, T)Sp (1, y, T)|[a(dt, dy) — A(t, dy)d].

5.2 Special cases
5.2.1 Deterministic volatilities

Consider the following model under the martingale measure Q.
df(t,T) = oyt T)dt +oy(t, T)dW; + / dy(t,y, T)p(dt, dy),
E
dF(t,T) = F@tT)apt,T)dt+ F(t,T)op(t,T)dW;

+ F(t_a T) fE 6F (ta Y, T)‘Lt(dt, dy)

Here o¢ and o are assumed to be deterministic functions of the time parame-
ters. Also §; and dF are assumed to be deterministic functions, now of the time
parameters and the mark space variable y. Finally, oy and ar are given by the
drift conditions (17) and (15), respectively.

Remark 5.1 Instead of modeling the futures prices directly we could model the
futures convenience yield and the spot price dynamics. Suppose we do this as

do(t.T) = op(t, T)dt + oy (t, T)dW: + / 5,0t y, T)u(dt, dy),
E

dS; = ag(t)Sidt+ S(t)os(t)dWs + St_/ ds(t,y)u(dt,dy),
E

where 0, and og are assumed to be deterministic functions of the time para-
meters, and 6, and ds are assumed to be deterministic functions of the time
parameters and the mark space variable y, and, finally, o, is given by the drift
condition (34), whereas ag is given by (22). Then it is easily seen from (20)
that the futures prices resulting from these specifications will have deterministic
volatilities, i.e. they will be of the form considered above.

Using the second pricing formula, (64), we see that the price, at date zero,
of a European call option with exercise date T and exercise price K written on
the futures price with delivery date T} is given by

Cr = p(0.T)FO.T)eh QP (F(T.Ty) > K) (66)

- Kp(O,T)QT(F(T, Tl) > K),
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since the process k defined in (65) is deterministic for this model (recall formula
(11)). The dynamics of F(t,T}) under QT and Q¥ are easily found using the
dynamics of LT and LT given in (61) and (62), respectively, together with the
Girsanov Theorem. Under Q7 they are given by

dF(t,Ty) = ap(t,Tl)oI*,(t,T)—/E(Sp(t,y,Tl))\(t,dy)] Pt Ty)dt

+F(t,T1)oF(t,T1)thT+F(t—,T1)/ S (b, y, Ty pu(dt, dy).
E

The point process i has intensity A7 under Q7', where
N (t,dy) = (1+8,(t,y, T))A(t, dy).
Under QT the dynamics of F(t,T}) are

dF(t,Ty)

—_— = Ty)o%(t, T Ty)ok(t,T) — T
F(t—,Tl) UF(ta 1)UF(ta 1)+UF(ta 1)Up(t7 ) /EéF(tay7 1))‘(tady) dt

+ ow(t, TY)AWET + / S (t,y, T)u(dt, dy)
E

Under QF" the point process u has intensity A7, where
NI (¢, dy) = (14 0p(t,y, T1) (1 + 6, (t,y, T)A(E, dy).-

5.2.2 The Hilliard—Reis three-factor model.

Consider again the Hilliard-Reis model defined in (49). The bond price volatil-
ities for this model are given by (see [12])

op(t,T) = 2L (e~ 1),

Ky

Using the explicit expression for the futures prices, the futures price dynamics
can be shown to be (see [11])

AF(t,T) = —F(t,T)oAdt + F(t, T)op(t, T)dW; + F(t—,T) / yu(dt, dy). (67)
R

Here, as before, the marked point process p has mark space (R, B), where B is
the Borel alebra, and a compensator

v(dt, dy) = Adt———

R e

for —1 < y < oo. Recall that this means that the spot price process will
jump according to a Poisson process with intensity A and that if § denotes the
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relative jump size, then 146 has a log-normal distribution: In(1+6) ~ N (¢, n?).
Furthermore, 6 = E?[§] in (67) denotes the expected relative jump size under
@, and we have that

op(t, T)op(t,T) = o§+0lB2(t,T)+ 0 B (t,T) +2]os| - loclpseBe(t, T)
+ 2llosll - lorllpsr Br(t,T) + 2|loc|| - [lov[lper Be(t, T) By (¢, T),
op(t, T)op(t,T) = —losl-llorlpseBr(t,T) = lloc| - llov||per Br (t, T) Be(t, T1)
= Nl Br(t, T) Be(t, T1)-
Specializing the formulas for the dynamics of F(t,T;) under QT and Q" to

this case, we see that conditional on that there has been n jumps F(T',T7) can
be written as

F(T,Ty) = FO,T) ][ +06r)
i=1
= 1
X exp{ (UF t Tl ) T)— oA — 50F(f,T1)U;(t,T1)) dt
T
+/ ap(t,Tl)thT} ,
0
where dr1,, i = 1,...,n are i.i.d. random variables and In(1 + d7,) € N (&, n?)

under Q7. The variables d7, are also independent of W7, Alternatively we can
write F(T,Ty) as

n
F(T,Ty) = FO,7) ][]0+ Ar)
=1
< 1
exp{ (UF (t,Th)o}(t, T) — X+ §0F(t, Ty)or(t, Tl)) dt

T
+ / OF (ta Tl)thFT} )
0

where Az, i =1,...,n are i.i.d. with In(1 + Az,) € N(¢ +7%,7%) under QF7.
The variables Az, are also independent of W17 . Given this we can express the
two probabilities in (66) as follows

QFT(F(T,Tl)ZK) — ilw N(dln)7

n!
n=0

QT(F(Tle) Z K) = i |: _/\T )\T) :| (dQn)a
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where

dy = (m (F(O,Tl)Y(o,T, )
VE +n? K
d2n = dl — \/m,

= 1
)—l—nf—é/\T—l— §C2+nn2),

YT, ) = e orGmo s
CQ = foTUF(thl)UF(taTl)*dt,
Noo= Aeftn?/2,

The price, at date zero, of a European call option with exercise date T and
exercise price K written on the futures price with delivery date T} is therefore
given by the following formula after some rewriting where we use the fact that
exp{¢+n?/2} =6 +1
e —A\T n
e AT
cr = pomy [0

} {F(O, )Y (0,T, Ty)e T+ 0+ N (g, ]
n=0

n!

~ KN [dgn]} .

Here N denotes the cumulative distribution function of a normally distributed
random variable with expectation zero and variance one, and dy,, d2, and
Y (¢, T,T1) have been defined above. This reproduces the results in [11].

5.2.3 The Gaussian case

Consider the following model, which is a special case of the model of the previous
section, under the martingale measure Q.

df(,T) = ap(t,T)dt+ oL, T)dW,,

dF(t,T) F(t,T)ap(t, T)dt + F(t, T)op(t, T)dW,.

Here oy and o are assumed to be deterministic functions of the time para-
meters, whereas ay and ap are given by the drift conditions (17) and (15),
respectively.

Specializing the formulas for the dynamics of F'(¢,T1) to this case, we see
that F(t,T}) follows a geometric Brownian motion both under Q7 and under
QFr. The probabilities can therefore be computed and we find that the price,
at date zero, of a European call option with exercise date T" and exercise price
K written on the futures price with delivery date T; is given by

Cr = p(0,T)F(0,T1)exp {/T /ﬁudu} N [d1]
0
- Kp(o, T)N [dQ] 5
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where N denotes the cumulative distribution function of a normally distributed
random variable with expectation zero and variance one. Furthermore, d; and
do are given by

- i () oo},

T
dy = d1—\// lor(u,T1)[*du.
0

The process k was defined in (65). This reproduces the result in [17] (in the
referenced work the futures convenience yield and the spot price dynamics are
modeled instead of the futures price dynamics, but as was pointed out in Remark
5.1, deterministic volatilities for the convenience yield and the spot price imply
deterministic futures price volatilities, and thus the above pricing formula is
applicable).

5.2.4 Quadratic interest rates

Consider a model specified by the following equations

dZi(t) = [oa — B1Z1(t)]|dt + pr1dWi(t),
dZy(t) = [ag — B2Zs(t)]|dt + padWa(t),
dF(t,T) = o1 F@,T)dWi(t) + oo F (¢, T)dWa(t),

and
(1) = 5(Z2(0) + Z3(1).

The specifications are all made under a martingale measure @, and W7 and Wa
are two independent standard Wiener processes. We assume that «;, 3;, p; and
oi, © = 1,2 are all constants.

For this model the T-maturity zero-coupon bond price can be shown to be
of the form

p(t, T) = exp {_ Z [%Bi(ta T)Zf(t) + bi(t7 T)Z'L(t):| - C(f,, T)} ’

where B;, b;, i = 1,2 and c solve the following ordinary differential equations

0B;
ot

=20;B; + piB} — 1, By(T,T) =0, (68)

b _

ot (ﬂ’b + p?Bl)bl + OéiBi = 07 bi(T7 T) = 07 (69)
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i
ot

i=1

(aibi + 1B~ bf]) —0, oT,T)=0. (70)

(see [14] for details).

We will now attempt to compute the price, at date zero, of a European call
option with exercise date T' and exercise price K written on the futures price
with delivery date T, using the first pricing formula (63). The dynamics of Z,
Zy and F(t,T1) under QF are easily found using the dynamics of L given in
(60) together with the Girsanov Theorem. They are

dZy(t) = a1+ proy — B Za(b)]dt + prdWT (t),
dZy(t) = a2 + p202 — BaZa(t)dt + p2dW5 (1),
dF(t, T) = (0?4 02)F(t,T1)dt + o1 F(t, T)dW{ (t) + oo F(t, T)dW (),

where Wi and W are two independent Q¥-Wiener processes. From this we see
that the state variables Z; and Zy are still Gaussian. Using Q¥ as a martingale
measure we can therefore compute bond prices in exactly the same way as before,
except for that «a; is replaced by &; = a; + 04p;, i = 1,2. These modified bond
prices, which we will denote by p(¢,T'), give us the first expectation in (63).
From the above dynamics we see that the futures price F(T,T}) is log-normally
distributed, and hence the second probability in (63) is given by

QT(F(T,T) > K) = N {W {m (%) + %||UF||2T” ,

where o = (01,02) and N denotes the cumulative distribution function of a
normally distributed random variable with mean zero and variance one.
The Radon-Nikodym derivative of Q7F with respect to Q¥ can now be

written as
exp {— fOT rsds}
R'r = _ :
p(0,7)
This means that the likelihood process is given by
LTF _ ﬁ(t, T)
+ p-
B(t)p(0,T)

(thus, Q' is the T-forward measure "as seen from QF”). Let Bi, by, i=1,2
and ¢ denote the functions you obtain solving the equations (68), (69) and (70),
respectively, with «; replaced by &; = a; + 0;p;, i = 1,2. Then we have that

2

B(t,T) = exp {— > [%Bi(t, T)ZE(t) + bi(t, T)Zi(t)] — &t T)} :

i=1

33



Using Ité’s formula we then see that the dynamics of L™F are
dLT = —LT(Bi(t,T)Zi(t) + bi(t,T))prdWH (¢)
— LI (Ba(t,T) Za(t) + ba(t, T)) pod W (¢).

The Girsanov Theorem then gives us the following dynamics under Q77 .

dZi(t) = [on+pror = piba(t,T) = (By + p}Ba(t, T)) Za(1)]dt
+prdWi" (t),
dZs(t) = a2+ p202 — p3ba(t, T) = (B2 + p3 Ba(t, T)) Zo(t))dt
+ p2dWy " (1),
dF(t,T) = [0} +03 — (Bi(t,T)Zi(t) + b1 (t,T))p1oy

— (Ba(t,T) Za(t) + ba(t, T)) p202 F(t, T)dt

+ o1 F(t, T)AW™ (t) + oo F(t, T)dW5 T (t),

where WlTF and WQTF are two independent QTF-Wiener processes. Now let
Y (t) = (Z1(t), Z2(t),In F(t,T1))*. If we apply Itd’s formula to the third com-
ponent of this process we see that the process satisfies the following stochastic
differential equation

dYy; = [ay (t) — By ()Yi]dt + oy (H)dW,

where -
ar +proy — pibi(t,T)
ay(t) = g + paog — ngz(t, T) ,
1 - .
5 lor||? = pro1bi(t, T) — paoaba(t, T)
81+ p3Bi(t,T) 0 0
By (1) = 0 B+ p3Bo(t, T) 0 |,
plalgl(t,T) pQO'QBQ(t, T) 0
and
p1 O
oy(t)=1 0 p2
oL 02

Suppose that Yy is deterministic. We then see that Y has a three dimensional
normal distribution, where the mean m(t) = ET*[Y;] and the covariance matrix
V = E[|(Y: — m(t))||?] are obtained as the solutions to the following linear
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equations (see for instance [15]).
m(t) = —By(t)m(t) + ay(t),
Vt) = —Br@V() = V(G () +ov (B (t).

The probability in the pricing formula (63) is therefore given by

QT (F(T,T\)>K)=N l 1/},13(T) {ln (F(OI’(TI)) + mg(T)]

6 Inverting the term structure

Consider a given finite dimensional factor model for the futures term structure,
say of the form

F(taT) = HF(tvzt;T)

A%, = az(t,Z)dt + ou(t, Z)AW; + / Slt, Zo ) pldt, dy),
E

under the martingale measure ). For a given initial value zy of Z; the model will
produce the theoretical initial term structure F'(0,7) = Hp(0, z9,T). Assuming
that we have a liquid futures market for all delivery dates, the market will
provide us with an observed initial futures term structure FT(0,7T), and we
would of course like our theoretical initial term structure to coincide with the
observed one. We would thus like to choose the parameters in the Z-dynamics
such that
F(0,T)= F'(0,T), YT >0,

and since this is an infinite dimensional system of equations, we will need an
infinite dimensional parameter vector. The entire project is thus completely
parallel to that of inverting the yield curve in interest rate theory.

6.1 Conditionally affine models

The general problem of when and how it is possible to fit an arbitrarily given
initial term structure, for a parameterized family of futures price models, is a
very hard one and there seems to be no strong general results (see however [16]).
Here we will instead present a nontrivial particular class of models for which
the initial term structure in fact can be inverted, and it turns out that most
existing factor models belong to this class. The class is characterized by the
facts that the spot price S is one of the factors, and we furthermore impose a
particular structure on the factor dynamics. See also [3], where basically the
same approach was applied to interest rate theory.

Definition 6.1 We say that a factor model for futures prices is a condition-
ally affine model if the following conditions hold.
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e The factor vector can be decomposed as (Si, Z;) where Z € R%.

e The factor dynamics are of the form

dSt = St {f(Zt) —kln St} dt + Stg(Zt)th
+ Stf / 5S(ta thv y)M(dtv dy)v (71)
E
2 = a(Zydt+WZIW+ [ 8t 2 yuldndy). (72
E

Here p is a point process, W is an m-dimensional Wiener process and
K is a (typically positive) real number. The functions a,b, f and g are
nonlinear functions of appropriate dimensions (Z is viewed as a column
vector process). The jump volatility functions 0s(t, z,y) and 0,(t, z,y) are
assumed to be deterministic functions of the wvariables t, z and y with
0g > —1.

Given a conditionally affine model (S, Z) as above, as well as a deterministic
R-valued function ¢(t), the corresponding perturbed model (S¥, 7) is defined
by the relations

dSY = Si{ot)+ f(Z)) — kIn S}y dt + Sig(Z:)dW;

+ St—/ 5S(t7Zt—ay)/J’(dtady))
E
A%, = a(Z)dt+b(Z)dW; + / 5ot Zo )l dy).
E

The perturbed model is assumed to have the same initial data as the original
model. The futures prices generated by the original model and the perturbed
model are denoted by F(t,T) and F¥?(t,T) respectively.

Note that the dynamics of the Z process does not involve S at all. The deeper
significance of the S-dynamics is that with this particular form, and for a given
Z-trajectory, we can write S; = e®* where ¢ satisfies a linear SDE. The above
dynamics are thus (conditional on the Z-trajectory) the natural extension of the
standard Black-Scholes stock price dynamics (including jumps). We also note
that Z is not affected by the choice of ¢ and that the original model corresponds
to ¢ =0.

Given an initial (observed) term structure, { F7(0,T); T > 0} the problem
is to see if it is possible to choose ¢ in such a way that F¥(0,7) = FT(0,T)
for all T > 0. The reader will note the similarity between this perturbation
approach and the way in which Hull-White extend the Vasicek short rate model
in order to invert the yield curve. We have the following strong result.
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Proposition 6.1 Let FT(0,T) be any smooth (i.e. C) initial term structure
such that F(0,0) = F°(0,0). Define the function H by

H(T)=In (%) (73)
Then the following hold:
o The perturbed model can be fitted to FT. In fact, by choosing ¢ as
o(t) = H'(t) + kH(t), (74)

we have
F#(0,T) = F'(0,T), YT > 0.

o With S§ =S¢ and with the above choice of ¢ we have, for all0 <t < T,

F1(0,T)

F¢(t,T) == m

FOt,T). (75)

o Assume that the short rate r is deterministic. For any contingent T -
claim of the form ®(St, Zr) we denote the corresponding arbitrage free
pricing functions by P°(t,s,z) and P?(t,s,z) for the original model and
the perturbed model respectively. Then the following relation hold.

T —k(T—u)
P?(t,s,z) = P° (t,seft e Mu)du,z) . (76)

o Assume in particular that that @ is chosen such that the initial term struc-
ture is completely fitted as above. Then we have

P¥(t,5,2) = P° (t, 5 {H(T) - e—~<T—t>H(t)} z) . (77)

Remark 6.1 The point of (76)-(77) is that if we have computed derivatives
pricing formulas in the original model, then these formulas can be used in the
perturbed model, by simply modifying the value of the observed spot price.
Proof. Defining £ by £ =1In S it is easy to see that
déf = {—r& + o(t) + fe(Zy)} dt + g(Z)dWy
+ /55(t,Zt7,y)u(dt,dy),
E

where

fe?) = S() - 50%02)

Se(t,z,y) = In{l+0s(t,2,9)}.
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Using the It6 formula one verifies readily that
T T
& = g [T e [T ()
T
+ / T g (7,)dW,
/ / e u)(sg u Zu ay) (duady)a

and, since £ = £) =1n Sy, we have

T
— ey / &0 () du,
0

and hence,
— k(T =)

T
5% =59 el e plu)du, (78)
From this we obtain, for all t and T with 0 <t < T

@ _ Qrg¥ e T pu)du ng T 0
Fe(t,T) = E¥[Sp|F]=elo E® [S7] 7]
T _,(T—u
= ey T emdupoy . (79)

Thus, in order to fit the given initial term structure F't we have to find ¢ such
that

T _w(T—u
F1(0,T) = eJo <7 ewanpo g 7). (80)

This equation can, with H defined as above, be written as

T
/ e™o(u)du = e*T H(T),
0

and, taking the T-derivative, we obtain (74). The relation (75) follows immedi-
ately from (79)-(80).

If ®(St, Zr) is a contingent T-claim, then the corresponding arbitrage free
price process II¥ (¢; ®) for the perturbed model is given by

% (t; @) = e S rudu o [®(ST, Z7)| Fi] .-
From the Markovian setup we have in fact
C®(ST, Zr)| Fi] = PY (.57, 24)
where the real valued function P{ : Ry x Ry x R? — R is defined by

PY(t,s,2) = E9[®(S%, Zr)| 87 = 5,2 = 2] .
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The pricing function P¥ is thus given by P¥?(t, s, z) = exp {ftT r(u)du} Py (t,s, 2).

Now, given that S = s, we obtain as above,

o fTea(T_u)@(u)du —K(T—t) T —r(T—u)
S7o= s-ele -exps e +/ e {p(u) + fe(Z,)} du

t
T
X exp {/ e_”(T_“)g(Zu)qu}
0
T
XeXp{/ / e T 6e (u, Zu—7y)u(du,dy)}
0 E

From direct inspection of this formula we see that the distribution of (S%, Zr)
given Sf = s and Z; = z is identical with the distribution of (S%, Zr) given

T —r(T—u)
Sf=s- oo T e g Z; = z. This proves (76)-(77). 1

6.2 An example

To exemplify the theory above we now give a brief sketch of how to fit the
Schwartz Three Factor Model in Section 4.2.4 to an initial future price curve
F1(0,T). The perturbed model is given by

dSt - (T't + SO(t) — Ct)Stdt + StO'Sth,
dey = Kelae — ¢p)dt + o.dWy,
dry = k(o —r)dt + 0. dW,

and ¢ is obtained from Proposition 6.1 as

9 A(0,1)

P(0) = 5 W F0,0) + 1(0.0) — 5.0 00— 5

ot
Here f(0,¢) denotes the forward rates in the Vasi¢ek short rate model, whereas
B, and A are given in Remark 4.2.

It is worth noticing that with this perturbation, the process ¢; no longer
has the interpretation of being the spot convenience yield. The spot convenience
yield ¢# in the perturbed model is instead given by ¢f = ¢; — p(t). Using S, ¢¥
and r as state variables we easily obtain the alternative dynamics

dSt = (’I"t — Cf)Stdt + StO'Sth,
def = Kelae—o(t) — kM (t) — ¢f] dt + ocdWy,
dry = kp(ap —ry)dt + 0. dW;.
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