FAST DELTA COMPUTATIONS IN THE SWAP-RATE MARKET
MODEL

MARK JOSHI AND CHAO YANG

ABsTrRACT. We develop an efficient algorithm to implement the adjoint method
that computes sensitivities of an interest rate derivative (IRD) with respect to
different underlying rates in the co-terminal swap-rate market model. The order
of computation per step of the new method is shown to be proportional to the
number of rates times the number of factors, which is the same as the order in
the LIBOR market model.

1. INTRODUCTION

It has become more common in recent years for insurance companies to invest
their reserves in exotic structured products in order to obtain an increase in yield.
Such products typically consist of a note issued by a bank which pays a coupon
which is a path-dependent function of LIBOR or swap rates. This note is often
callable, that is the bank can repay the principal early and terminate the contract.

It is therefore important to be able to accurately assess the value of these prod-
ucts. Methodologies for pricing such interest-rate products have evolved over time.
This evolution both reflects the changing nature of the products being addressed
and technical advances: both mathematical and computational.

Market models introduced by Brace et al. (1997) and Jamshidian (1997) are
effective and popular choices of pricing and hedging exotic interest rate derivatives
(IRDs) in practice. The underlying variables are discretely compounded interest
rates that are assumed to follow log-normal processes. Therefore, calibration to
market prices of European IRDs is automatic.

Whilst the LIBOR market model is very popular, the swap-rate market model
has certain virtues: exact trivial calibration of co-terminal swaptions; existence
of closed-form formulas for European swaptions within the model; and natural
adaptness to pricing callable/cancellable products. One particular virtue of the
LMM is the existence of fast methodologies for computing Greeks and it is a
natural question as to whether such methods can be applied to the swap-rate
market model.

Computing sensitivities (also known as Delta and Vega) under market models
is of central importance in risk management as traders want to set up Delta-
neutral or Vega-neutral portfolios that will be immune to any small change of
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the underlying rates or volatility parameters. This paper introduces an efficient
algorithm to calculate Deltas under a co-terminal swap-rate market (co-terminal)
model which obtains equal efficiency in terms of computational order to the
LMM.

The simplest method to calculate the Deltas of an IRDs is the finite-difference
method: one simply bumps each rate one by one and reprices. Multiple Monte
Carlo simulations with different inputs are then required to estimate the sensitivi-
ties to different parameters. When the underlying number of rates n is large, this
method is very time-consuming since we need to run at least n + 1 simulations.

Various approaches have been adopted to accelerate Greek computations which
involve differentiating pay-offs and underlying densities. However, these are still
time consuming. A breakthrough was made in Giles and Glasserman (2006).
They introduced an adjoint method in the LIBOR market model which allowed
all Deltas to be obtained in one Monte Carlo simulation in efficient manner. In
particular, the computational complexity of their method was of order equal to
the number of rates times the number of factors per step.

Their method was motivated by the theory of algorithmic differentiation: the
computational complexity of the adjoint calculation is no more than four times
greater than the complexity of the original algorithm (see Griewank (2000)). Since
the computational complexity of one step in the LMM is O(nF), it was therefore
clear it could be done. Giles and Glasserman took the formulas for the drifts
and worked out the adjoint explicitly. This relied on the fact that fairly simple
functional formulas for drifts exist in the LIBOR market model.

An efficient drift computation for the co-terminal swap-rate market model is
also order O(nF') per step and so the entire step can be done in order nF time, see
Joshi and Liesch (2007). Their approach involved a complicated recursion, how-
ever; we review this recursion in Section 2. To develop the adjoint computation
it is therefore not as simple as rearranging a few formulas.

Nevertheless, it can be done and our purpose in this paper is to demonstrate
an implementable version of the algorithm that is comprehensible, and allows
the efficient computation of deltas. In particular, we show constructively that the
adjoint method in the co-terminal model can be done with a total order of O(nF")
per step. We follow the efficient implementation of the co-terminal model as in
Joshi and Liesch (2007) in terms of drifts and bond ratios computations. Similarly
to that paper, we do not try to find the closed-form solution for the derivatives
of discretized drifts, but rather look for an efficient algorithm to compute the
derivatives. The essential feature of our approach is that we decompose the one-
step computation into a number of simpler vector operations. Each of these can
be differentiated straightforwardly and then used for multiplication of the adjoint.

A secondary purpose of our paper is to introduce the adjoint technique to the
actuarial community. Any product that is priced via Monte Carlo simulation is
amenable to this approach: we can compute the sensitivities with respect to the
state variables in similar time to the price. There is therefore scope for application
to a wide range of cases.
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We briefly review the co-terminal swap-rate market model and its implemen-
tation in section 2. We then review the adjoint method in section 3. In section 4,
we first show how the computational order of the adjoint method can be reduced
to O(nF') per step in the co-terminal model, we then run some timing tests to
confirm that the order is O(nF'). We conclude in section 5.

2. THE CO-TERMINAL SWAP-RATE MARKET MODEL
2.1. Notations. The tenor structure is a finite set of dates
O<To<Ti < - <Th1<Ty,

where {T;}]", are equally spaced by a real number 7 = T;;; — T, for all i. We
let P; denote the price of the zero-coupon bond maturing at time 7;. We let SR;
denote the co-terminal swap-rates associated to times T;,...,7T,. We let A; be
the value of the annuity of SR;, then

P,-P,

where A; = Zj>i TPji1.

2.2. Model set-up. The n rates will be driven by F' Brownian motions and will
be evolved to each of the tenor dates step by step. We assume a piecewise constant
volatility structure and therefore assign a pseudo-square root, A = (a; ), of the
covariance matrix, C, for each step to determine the evolution. We can therefore
write across each step

F
dSR; = ™ dt + SR Y a;xdZ, 2.2)
k=1

where uz(m) is the drift of SR, under the measure associated with bond P,,, and

{Zy} is a sequence of independent Brownian motions. The drifts of the rates are
determined by no-arbitrage considerations to ensure that the ratio of every bond
price to the numeraire bond P,, is a martingale.

2.3. Pricing. A product will pay a stream of cash-flows until the product ter-
minates, cancels or is triggered. Each cash-flow may be a function of the entire
yield curve at the time it occurs and/or previous times. In practical terms, this
means that each cash-flow is a function of the swap-rates underlying the model
and this function may also incorporate information from previous times.

We shall concentrate on the case here where there is a single cash-flow which
is a function, f, of the prevailing rates at time 7,,. However, one should realise
that since pricing is linear that this is not a real restriction and that generally a
collection of cash-flows at different times would be aggregated along each path
of the simulation.

2.4. Drift computation.
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2.4.1. The cross variation derivative {,). The cross variation derivative for two
Itd processes

dX; = px (t)dt + ox (X, Vi, t)dW;,
dYy = py (t)dt + oy (X4, Vi, t)dW}
is defined to be the coefficient of dt in dX;dY;. If thX thY = pdt then
<Xt7YVt> = pUX(Xt,Yt,t)UY(Xt,}/t,t). (23)

In particular, the cross variation derivative satisfies the linearity property:
(X, 3 avi) =Y alx,7)
i i

where X and Y; are Itd processes and «o; € R. For detailed properties and
derivations, see Joshi and Liesch (2007).

2.4.2. Drift under the terminal bond measure. We want to find the drift of
SR; under the measure associated with P,. Since SR;A;, A; are tradables, then
SR;A;/ P, and A;/ P, are martingales under the terminal bond measure. It follows
that the following stochastic differential equation

d(SRiAi) Ai ISR, + SRid(ﬁ;) + <SRi, ﬁ>dt

B, /) P, B,
(A A
_ <m~ 5 <SRZ, Pn>>dt
A; a A;
+ 5 SR ; a; pdZ), + SRid(Pn). 2.4)
has no drift term, therefore for: =0,1, ..., n—2
) _ _Poyon A
Fi =g, <SR“ Pn>
F
P, A;
- —Aism;ai,k(a{, 5 @5)

where {Z;} is a sequence of independent Brownian motions. (2.5) is a general
formula for the drifts of swap-rates under a market model.

Joshi and Liesch (2007) derived the following recursive formula to compute
the cross variation derivatives

A, A, A
<Zk, ?Z> = TSRZ’—&-laiJrl,k%l +(1+ TSRi+1)<Zk7 ;37“> (2.6)
n n n

with <Zk, Ap—1/ Pn> = 0, for all k. Using (2.6), we can compute the drifts with
order O(nF') per step.
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2.5. Bond ratios. The state of the yield curve is expressible in terms of bond
prices. We therefore need a fast algorithm to deduce the ratios of bond prices to
numeraires from the co-terminal swap rates. We quickly review this from Joshi
and Liesch (2007). From (2.1), we have

~ P A

Pr=—=1 i 2.
D, + SR P 2.7

We define a sequence {a;}7") recursively by setting

{O‘"‘l - 2.8)

& = Qg1 + TP

Then it follows that

P=1+woSR;, i=0,1,...,n—1. 2.9
Under this algorithm, the computational order of deducing the bond ratios is
O(n).

The bond prices can be calculated from the bond ratios

P, P;
P, ==, szpogﬂ, i=1,2,...,n—1. (2.10)

Py 0

3. ADJOINT METHOD

3.1. Set-up. We introduce the adjoint method in a co-terminal model where
there are n rates SR; and P, is the numeraire bond. Each rate is driven by an
F-dimensional Brownian motion

F
. 1
SRy(T}) = SRi(Tj_1) exp (ug /(SR(Tj1) - 5Ca + Zaika), 3.1)
k=1

where the discretized drift

m B al A A;
H —_At;az,k<zkaf,n>

depends on all the alive rates at time 7;_1 under the terminal bond measure.
We denote the discounted pay-off of an IRD maturing at time 7;,,, m < n by

T
9(Tm) = Pn(0) f]: ((T )), (3.2)
where f is the pay-off function of the IRD at maturity. The Deltas are given by
-9 f(Tn)
5= Gt B PO 5,
_ 9P(0) s 0 s
= 38,0 B T)] + Pu(0) 5y BLA(Tm)], (3.3)
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where f(Ty) = f(Tn)/Pu(Ty). Let A be a 1 x n gradient vector with the ith
entry equal to A;, then

A= 28O grFer 4 P 0) ) E[F(T). (3.4

OSR(0) OSR(0)
The differentiation operator and the expectation operator in (3.4) can be inter-
changed so we have

(O Of(Tim)
A= aSR(O)E[f (Tm)] + P"(O)E[ﬁsR(O)]'

3.5)

One of the conditions for this interchange is that f has to be Lipschitz-continuous.
For detailed conditions, see Glasserman (2004). The first part in (3.5) can be easily
calculated, the second part is computed using the adjoint method in a Monte Carlo
simulation.

3.2. Standard pathwise method with O(n?) per step. We consider the follow-
ing mappings:

SR(0) % SR(1y) I - I SR(T) £ F(T). (3.6)
Then
f(Tr) = F o Fyy 0 Fpoy 0 -~ Fy(SR(0)). (3.7)

The gradient vector 0 f(7T,,)/0SR(0) is given by

df(Tin)
9SR(0)

where F” is a 1 x n vector and F}, = OSR(T},)/0SR(T}_1) is an n x n Jacobian
matrix. Therefore, if we carry out matrix multiplications from Fj to F}, in (3.8)
then the order of computation per step is O(n3). (Note that this assumes that we
are using the naive algorithm for multiplying matrices but “fast” methodologies
are not much better.)

= F'F\F, |- F) (3.8)

3.3. Standard adjoint method with O(n?) per step. We can reduce the order
of computation by a factor of n per step through the adjoint method. We define
an adjoint relation as follows:

V(Tm) = F/ and V(Tk_1> = V(Tk)F]g (39)
Then it follows from (3.9) that

5SR(0) ~ V(0). (3.10)

The computational order per step is O(n?) as we are multiplying a vector by a
Jacobian matrix.
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The elements of the V can be computed as follows

OSR T
V(T 1) ZV (Tk)

= 8SR (Tk—1)
(n)
- SRi(Tk Op;"” (SR(Tj-1))

(3.11)

To do better requires careful study of the structure of the partial derivatives
O jn) (SR(T%-1))/0SR;i(Tk—1). In the next section, we show that in fact order

O(nF') per step can be achieved. For F' small and n large, this will result in
substantial time savings.

4. EFFICIENT ADJOINT METHOD WITH O(nF') PER STEP

We divide the mapping F}, in (3.6) into four sub-mappings:

SR(T}—1)
M SR(T)-1) ﬂ
SR(T)_1) [ P(Ty_1) ] igﬁj;
Fio [SR(Th-1)] Frs
LLEN L(n)(Tk—l)} — SR(T}), “1)

where bold letters indicate that we are considering vectors. The sub-mappings
satisfy

Fk:Fk,OOFkJOFk’QOFk’g, kzO,l,...,m,
where each sub-mapping Fj;, © = 0,1,2,3, can be divided into further sub-
sub-mappings. Under this formulation, the Jacoblan matrices F; ,g become sparse
matrices that is most of their entries are zero. It is important to note that we will
not carry out matrix multiplication when computing

v = WF,Q,Z-; “4.2)

instead, we identify the non-zero elements of F} . and only multiply the corre-
sponding entries in w with these non-zero entries. The order of computation of
the operation in (4.2) will either be O(n) or O(nF’). Thus the computational
order of
v =WE gFj o Fy 1 Fl. o = W},

is O(nF"). Therefore, we can reduce the order of the adjoint method to O(nF")
per step in the co-terminal model.

For concreteness and readability, we will only show the computational order
of the operations

i.e. the adjoint operations for the first step. The adjoint operations when k& =
1,...,m, are essentially the same: the only real difference is that certain rates

will have fixed and therefore will have zero volatility during these steps.
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4.1. Computational order of WF(;’O. We divide the mapping

SRm)ﬂﬁéfR@q

P(0)

into the following sub-mappings

SR(0)
SR(0) 222, [SI‘(O)} Gou, %;:fg) Goa, %i:fg) Gos, j;””‘zg)
Qn—1 D D n—1
Pnfl(o) Pnfl(o) §n72(0)
[ SR(0) T [ SR(0) T
SR(0) _ Qo P,—1(0)
Go,a Qn—3 Go,2n—2 6”_1(0) Goan—1 PH—Q(O)
Zod, éwxm . B (0) ; E
Fn—2(0) : Pi(0)
. P | Py(0) |
o [SR(0)
Eﬁ{Pmd (4.4)

The even-numbered mappings G ; update o’s and the odd-numbered mappings
Go,j computes a new P term.

4.1.1. Jacobian matrices of G j where j is even. From (2.8), we can see that
«; only depends on ;1 and P;, then
5‘0@ —1 (90(1‘
Oa1 )

Then the Jacobian matrix Gf)’ ; has 1s on the diagonal, one entry equal to 7 on
the last column, and Os elsewhere. Therefore the operation v = wG, ; is trivial.
It has one computation for each even-numbered j.

4.1.2. Jacobian matrices of G ; where j is odd. From (2.9), we can see that ﬁi
only depends on «; and SR;, then
OP; dP;

80@ - SRZ" 8SRZ B

Then the Jacobian matrix G{]’ ; has 1s on the diagonal, two entries equal to SR;
and o; on the last row. Therefore the operation v = wGj, ; is trivial. It has two
computations for each odd-numbered j.
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4.1.3. Jacobian matrix of Gy. From (2.10), we can see that F,, depends on ﬁo,
and P; depend on Fy and P;, i =1,...,n — 1, then

OP; P,

= = — =, 221, ,n,
0Py Py

P, P,

afz—%, 1=1,...,n—1
0P, P

<
Slalalialie

where the blanks are Os, the n entries on the last column are equal to —P;/ ﬁo,

the rest n — 1 non-zero entries are equal to —F;/ P,;. Therefore the operation
v = wG{, has order O(n).

4.1.4. Total computational order of wFéjO. The number of the sub-sub-mappings
Go,; depends on n, then the computational order of the operation

_ / ! !
V= WGO,2n71G0,2n72 o

is clearly O(n) since each operation has a constant computational order. We
ignore the Jacobian matrix G, as a;,—1 is a constant so that Gy , is equivalent
to an identity matrix.

Hence the operation wG (G o, 1G9y -+ Go 1 = WE o has order O(n).

4.2. Computational order of w I ;. The mapping

SR(0)
SR(0) o
T o)
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has Jacobian matrix [ ; of the general form

B -
1
1
1
1 , 4.5)
1
T T T
T T
-
since
04
3Pj =7, J>1.

In particular, we have 2n 1s and n — j 7s in the (2n — j)th column.

Although the operation v = WF671 seems to have order O(n?), we can reduce
it to O(n) due to the special structure of F(’)’l. We define a sum variable, and
update it as follows:

e Set sum equal to 7wy, in loop O.

e Update sum to sum + Tway4; in loop j.
If we add the updated sum to v, ; in the jth loop, then we have executed the
operation v = WF671. Hence, the order of the operation is O(n).

4.3. Computational order of wFéz. We divide the mapping

SRO)| ., [SR(0)]
P0) | — (n)(o)
A(0) .
into the following sub-mappings
SR(0) SR(0)
P(0)
SR(0) Ho,o P(0) Ho,1 A(0)
POV == 1 A0) | = |/, A
A(O) <Z An—2> k> Pn
ks P Zk A]g_3
SR(0)
P(0)
A(0)
Ap—
Hono |6 B )| H, [SR(0)
Zka }—L); ®
(20 )
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4.3.1. Jacobian matrix of Hy,j. The dimension of Hj ; is (3n+ (j + 1)F) x
(3n + jF). According to (2.6), (Z, A;/P,) depend on SR;i1, Aji1, P, and
(Zk, Aj+1/Py), then

0 A, A;
(Z1, Aj/ Pn) = T<aj+1,kj+1 + <Zk, (s >>,

8SR]'+1 P, P,

9 <Z A~/P>—TSR- a; €

(9Aj+1 kyj/dn) = J+105+1k Pn’
0 Aiiq
——{Z;,A;/P,) = =TSR 11041 p 2t
8Pn< ks j/ TL> T j+1a]+l,k PE )

0
Zk,A'P =14+ 7SR, 1,
8<Zk,Aj+1/Pn>< ]/ n> J+
for k =1,..., F. Therefore H, ; has Is on the diagonals, and 4 entries equal to

the above partial derivatives on each of the last F' rows. Therefore each of the
operations

V:WH(/)’J-, 7=0,1,...,n—2

has 4F" computations.

4.3.2. Jacobian matrix of Hy. According to (2.5), each ,ug.n) depends on A4;, P,
and <Zk,Aj/Pn>, then

O () My
oA T Ay
0 () Wy
ap,’i T p)
9 ) _ P

0(Zr, Ay Pyt T A

forj=0,....n—2and k=1,...,F.

The Jacobian matrix H) has n—1 partial derivatives equal to 8,u§") JOP,,n—1
partial derivatives equal to Ju jn) /OA;j, and (n — 1)F partial derivatives equal to
8,uj")/6<Zk, A;/Py). Therefore the operation v = wH|, has order O(nF).

4.3.3. Total computational order of WF(/)’Q. The number of sub-sub-mappings
Hy ; depends on n, therefore the order of
v = WH(/),n—QH(/),n—I T H(/),IH(/),O

is O(nF) since each operation has a constant order. Hence, the order of the
operation v.=wHHy, o Hjo=wkFy,is O(nF).
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4.4. Computational order of w7 ;. The dimension of Fj 3 is n x 2n. From
3.1

OSR;(To) _ SR;(To)

— 1 =0,...,n—1
O5R,(0) ~ SRy0) IO
%WZSRj(TO), j=0,....,n—2.
O,

Then, F673 has the general form

sy SRy (7))

SRy—2(Tt

Sty S
SRn—1(To) 0
SRy,—1(0)

where the blanks are zero and the O indicates that the swap-rate SR,_; does
not have drift under the terminal measure. The Jacobian matrix F673 has 2n — 1
non-zero entries. Hence the operation v = WF(’L3 has 2n — 1 computations so
that its order is O(n).

4.5. Total computational order of wF]. We have shown that the computational
order of wF ; is either O(n) or O(nF"). Hence the total computational order of

_ / ! / /A /
v = WF0,3F0,2F0,1F0,0 =wky

is O(nF). Since the computational order of wF7j, ; is similar to that of wF7 ;, we
have shown that the operation

v =WF] 3l Fy 1 Fl o = W,
is O(nF).
4.6. Computational order of F’. We show that the gradient matrix F” can be

computed in order O(n). We divide the mapping F' in (3.6) into the following
sub-mappings:

SR(T},)
Iy SR(Tm) I I 7

We have shown in sections 4.1 and 4.2 that the operations v = w/ j’-, j=0,1,
have order O(n). The computation of the gradient vector I} is trivial. Hence, the
order of computing I5I11j = F' is O(n).
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2-factor/ 1-step case

0 5 10 15 20 25 30

n

[ + Adjoint_method — Linear (Adjoint_method) |

FiGure 1. Graphs of n against time of estimating Deltas of a T
European swaption with F' = 2.

3-factor/ 1-step case

0 5 10 15 20 25 30

n

‘ + Adjoint_time — Linear (Adjoint_time) |

FiGure 2. Graphs of n against time of estimating Deltas of a T
European swaption with F' = 3.

4.7. Timing tests. We have shown that the order of the adjoint method is O(nF)
per step. If we carry out the algorithm for 1 step, we should obtain timings that
are linear in n and F'. If we carry out the the algorithm for n steps, we should
obtain timings that are parabolic in n.
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25-rate/1-step case

Time5 r

(&)

8 10 12

FiGure 3. Graphs of F' against time of estimating Deltas of a T

European swaption with n = 25.

n  Time Linear Fit
2 0.391 0.351
3 0.547 0.520
5 0.828 0.860
10 1.735 1.709
15 2.453 2.557
20 3.359 3.406
25 4.344 4.255

TaBLE 4.1. Timings for estimating Deltas of a Ty European swap-

tion with F' = 2.

n  Time Linear Fit
3 0.531 0.518
5 0.906 0.874
10 1.750 1.763
15 2.594 2.653
20 3.516 3.542
25 4.484 4.431

TABLE 4.2. Timings for estimating Deltas of a Ty European swap-

tion with F' = 3.

In each of the following cases, we have n co-terminal swap-rates, each with

the reset date 7; = (j + 1)0.5, j = 0,1, ...

,n — 1, and driven by F' factors. We
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n-rate/n-step case

60
50
40
Time30

20

0 5 10 15 20 25 30

+ Adjoint_time —— Power (Adjoint_time)

Ficure 4. Graphs of n against time of estimating Deltas of a
T,,—1 European swaption with F' = 3.

n  Time Parabolic Fit

3 1015 1.105

5 2485 2.423

10 8.796 8.673

15 19.078 19.148

20 33.766 33.848

25 52.828 52.771
TaBLE 4.3. Timings for estimating Deltas of a 7,,_; European
swaption with F' = 3.

run 163,840 paths on a European swaption and estimate Deltas using the adjoint
method.
e We estimate Deltas of a European swaption with maturity 7y. We fix F'
and plot time against n. We show the graph in figures 1 and 2, and we
display the values of a fitted line through timings in tables 4.1 and 4.2.
e We estimate Deltas of a European swaption with maturity 7. We fix n
and plot time against /. We show the graph in figure 3.
o We estimate Deltas of a European swaption with maturity 7,,_1. We then
fix F' and plot time against n. We show the graph in figure 4, and we
display the values of a fitted parabola through timings in table 4.3.
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4.8. General numeraire. So far we have been working under the terminal bond
measure. However, it is not too difficult to work under any arbitrary bond measure.
First, (3.5) needs to be rewritten as

_ OPN(0) % Of(Tm)
A= 3SR B/ @] + P N(O)E[ﬁsR(O)]’

(4.8)

where f(T,,) = f(T)n)/Pn(T,,) with Py being the numeraire bond.
Next, we adopt the change of measure formula (3.11) in Joshi and Liesch
(2007):

wt = @l T];;jviaik <<Zk Agn‘1> - <Zk, ‘;1;:>>. (4.9)

SR(0)
P(0)
SR(0) AE40)
SR(O) H()7() P(O) HO,n—2 Zk’ ;’;2
P(0) | —> A(0) /g Ans
A(0) <Zk A],;_2> k> P,
()
SR(0)
P(0)
ZlmA]g;Z
A,
o |z, Aa=s )| 35‘)((08)] (4.10)
Zk?%:z
E(n)(())

From (4.9), the non-zero entries of the Jacobian matrix H| can be easily com-
puted. In particular, H{ has

e n — 1 partial derivatives equal to 8MEN) /OP,,
e n — 1 partial derivatives equal to GM,EN) /0Py,
e (n — 1)F partial derivatives equal to 8MSN)/8<Zk, Ag—n’l>,
e (n — 1)F partial derivatives equal to 8NEN)/8<Z;§, ‘%—g)
Thus, the order of the operation v = wH] is O(nF’). Therefore, working under

the general measure will not change the order of the adjoint method in the co-
terminal model.
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5. CONCLUSION

It is possible to compute the Deltas of a product in the swap-rate market model
by using the adjoint method and obtain a computational complexity of order nF’
per step. The key to our approach is that instead of attempting to develop and
differentiate formulas for drifts, we divide all the computations into a sequence of
vector operations each of which is easily differentiated and of low computational
order.
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