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EVALUATING SCALE FUNCTIONS OF
SPECTRALLY NEGATIVE LEVY PROCESSES

B. A. SURYA,* Bank of America

Abstract

In this paper we present a robust numerical method to compute the scale function W@ (x)
of a general spectrally negative Lévy process (X, P). The method is based on the Esscher
transform of measure P¥ under which X is taken and the scale function is determined.
This change of measure makes it possible for the scale function to be bounded and, hence,
makes numerical computation easy, fast, and stable. Working under the new measure P”
and using the method of Abate and Whitt (1992) and Choudhury, Lucantoni, and Whitt
(1994), we give a fast stable numerical algorithm for the computation of W@ (x).
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1. Introduction

In the literature we have seen that many fluctuation identities associated with the problem
of first exit from the positive half-line or finite interval of a (reflected) spectrally negative Lévy
process (X, P) (a Lévy process with no positive jumps) can be written in terms of the so-called
g-scale function {W@ (x): ¢ > 0, x € R}. For a literature review, we refer the reader to [2],
[5], [6], [18], [22], and the literature therein. In connection with the pricing of American put
and Russian options driven by spectrally negative Lévy processes, the rational price of these
options appears to be some functional of this function; see, for instance, [2]. In mathematical
insurance this function appears in the problem of finding the optimal dividend payments; see,
for instance, [3]. In credit risk theory the scale function plays an important role in determining
the optimal endogenous default level as well as in assessing the optimality of the default level;
see, for instance, [17]. Working under a completely general spectrally negative Lévy process, it
was shown in [17] that not only is the analytical treatment of the optimal default level possible,
but that the smooth-pasting condition used in [14] and [19] as the optimality criterion for
choosing the optimal default level can be verified both analytically and numerically. It is also
worth noting that the scale function appears to be an important factor in queueing theory (see,
for instance, [10]) and the theory of continuous-state branching processes (we refer the reader
to [15, Chapter 10] for more details).

For some spectrally negative Lévy processes, the scale function is available in explicit form.
Typical examples are standard Brownian motions, «-stable processes with a € (0, 2), jump
diffusion processes with exponential negative jumps, compound Poisson processes, and so on.
See, for instance, [5], [6], and [15] for further details. Owing to the complexity of the Laplace
exponent of the Lévy process, the scale function is not available in explicit form in general.
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An example of this is a spectrally negative tempered stable process with index less than 2.
Thus, numerical inversion of the Laplace transform can be used to compute the scale function
numerically. However, as shall be shown, it turns out that, for each ¢ > 0, the g-scale function
W@ (x) is exponentially unbounded under the measure P and, hence, numerical inversions for
producing the ¢-scale function W@ (x) could be unstable. This problem can be overcome by
an appropriate choice of exponential change of measure P¥ under which the scale function can
be bounded. Working under the new measure P¥ and using the method of [1] and [8], we give
a fast stable numerical algorithm for the computation of the g-scale function W@ (x) for all
g > 0 of a general spectrally negative Lévy process.

The organization of this paper is as follows. In Section 2 we briefly discuss a spectrally
negative Lévy process and its exponential change of measure P¥. In Section 3 we define the
g-scale function of a general spectrally negative Lévy process. Numerical inversion of the scale
function is discussed in Section 4. Numerical examples of the computation of the scale function
are given in Section 5. Finally, we provide the MATLAB® program code for the computation
in Section 6.

2. Spectrally negative Lévy processes

In this paper we consider a Lévy process X having the canonical decomposition
X, =ut+0B +J7,

where B = {B;,t > 0} is a standard Brownian motion and JO) = {Jt(f),t > 0} is a non-
Gaussian Lévy process with no positive jumps and independent from B. This class of process
is of great interest from the theoretical point of view because it classifies processes for which
fluctuation theory takes the nicest form and can be developed explicitly to its full extent. The
degenerate case when X is either the negative of a subordinator or a deterministic drift is of no
interest and will not be discussed in this paper. What we shall say here is based for the most
part on Chapter VII of [4].

The law of the Lévy process started at 0 will be denoted by P (with the associated expectation
operator E). Since X has no positive jumps, the moment generating function E(exp(6 X)) exists
for all & > 0 and is given by

E(exp(6X,)) = e ®@,

where the function« : [0, 0c0) — (—00, 00), also called the Laplace exponent of X, is defined by

1 '
©(0) = pb + ~0’6% + / @ =1 =0y 1. 1My, ey
2 (~00.0)

where 4 € R, 0 > 0, and IT is a measure concentrated on (—o0, 0) satisfying f(_oo O)(l A
yHI(dy) < oo. It is easily seen that «x is O at the origin and is strictly convex with
limg4oo k£ (8) = 00. Next we denote by @ () the largest solution of the equation

k(p) =a foragiven o > 0.

Note that, owing to the convexity of «, there exists at most two roots for a given « and precisely
one root when o > 0. The asymptotic behavior of X can be determined from the sign of
k’(0+), the right-derivative of « at 0. The Lévy process X drifts to —oo, oscillates or drifts to
+00 according to whether «'(0+) is negative, 0, or positive. We refer the reader to [16] for
further discussions.
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It is worth mentioning that, under the measure P¥ defined by

dP
dP |5

=exp(vX; —k(v)t) forallv >0, 2)

the Lévy process (X, PV) is still a spectrally negative Lévy process. The Laplace exponent of
X under the measure P” has changed to

1
kv(0) =~ log E" (exp(6.X,))

%1og E(exp((6 + 1) X, — k(1))
=k(@ +v)—«k).

To each v > 0, we will denote by P}, the translation of P under which Xy = x.

3. Scale functions

In this section we discuss the so-called scale functions. (See [4, Chapter VII], [5], and [6] for
the origin of this function.) This function features invariably in all known identities for Laplace
transforms of first-exit times and overshoots of (reflected) spectrally negative Lévy processes.
See the aforementioned literature for details.

Definition 1. Let ¢ > 0, and define &, (¢) as the largest root of the equation «,, (6) = gq.

Definition 2. (g-scale function.) For a given spectrally negative Lévy process X with Laplace
exponent « (1), there exists, for every ¢ > 0, a right-continuous function W@ o, 00) —
[0, 00), called the g-scale function, with Laplace transform given by

/ e MW@ (x)dx = b for A > ®(q), G)
0 k() —q

where ®(g) is as defined in Section 2. We shall write for short W(® = W. Furthermore, we
refer to W,fq) (x), the scale function under the measure P".

It turns out that the smoothness properties of the g-scale functions W@ (x) are very closely
related to the roughness of the paths of the associated Lévy process. If X has a path of
unbounded variation or bounded variation and the Lévy measure IT has no atoms, it is known
that the g-scale function WD (x) is continuously differentiable; see, for instance, [7], [18], and
the literature therein for details.

Following (3), we see that if the g-scale function W9 (x) of the Lévy process (X, P) is
computed by numerically inverting the right-hand side of (3) directly, it may cause instability
in the computation, unless ¢ = 0 and the Laplace exponent « satisfies the condition «'(0+) > 0.
In order to avoid the problem of instability in the computation for the general case (g > 0),
we use the exponential change of measure P®@ in (2) to first numerically compute the scale
function We (4)(x), which plays the role of WO (x) when X is taken under the measure P®@).
Using this result, we are able to produce the g-scale function W@ (x) for g > 0. Proposition 1,
below, explains this further.
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Proposition 1. (Asymptotic behavior.) Suppose that either g > 0 or ¢ = 0 and k' (0+) > 0.
Then the scale function {We)(x): g > 0, x € R} of X taken under the measure PP@ s
increasing and bounded by 1/k'(®(q)), i.e.

1

A1 e = ey

However, when X is taken under the measure P, the q-scale function W'? (x) is given by
W(q)(x) — @@ W(D(q)(-x)v

and, hence, has the asymptotic

e®@)x

k'(®(q))

By adapting arguments from the proof of Lemma 4(i) of [21], the statement of Proposition 1
can be justified.

WD (x) ~ as x — o0o.

Remark 1. In the case in which ¢ = 0 and «’(0+) = 0 (hence, ®(g) = 0) the scale function
Wo(g)(x) is no different from the g-scale function W@ (x) and is unbounded at oo, i.e.

xli)n;o Wo(g)(x) = o0.

(For a numerical illustration of this case, see, for instance, Figures 7 and 8 in Section 5.)

Remark 2. Following (3), it is straightforward to check that
WD (x) =e WD (x) forallv>0andgq > —«(v). 4)
To verify relation (4), apply a Laplace transform to both sides.

4. Numerical inversions of the scale function

In this section we discuss the numerical inversion of the Laplace transform

o0
1
—Ax
e M We(x)dt = ————— fori>0andg >0, 5)
/0 *@ k(A + ®(q) — g

for the computation of the scale function We 4 (x) of the Lévy process (X, P®@). The result
is used to compute the g-scale function

(WD) v=>0,g>—-kW), x € Ry}

of the Lévy process (X, P"). To deal with a general class of spectrally negative Lévy processes,
we present an algorithm based on the method of [1] and [8] here.

To start with, let f be a real-valued function defined on the positive real-line (not necessarily
a probability density). For such a function f, it is often convenient to work with the Laplace
transform

fo) = / we**"f(x)dx,
0
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where A is a complex variable for which the integral exists. The standard inversion integral for
the Laplace transform f is the Bromwich contour integral, which can also be expressed as the
integral of a real-valued function of a real variable by choosing a specific contour to be any
vertical line A = a; such that f (A) has no singularities on or to the right of the vertical line.
By applying this integral we obtain

aj+ioco

fx) = i M f()da = w /OO e f(ay +ir) di. (©6)

2mi ay;—ioco

For some Laplace transforms f , analytic expressions for f are available explicitly; see, for
instance, [20]. When the transform cannot be inverted analytically, the function f can be
approximated by means of a numerical approximation.

Several numerical inversion algorithms have been proposed by several authors. The fast and
stable one is given in [1] and [8]. Following [1], we use the trapezoidal rule to approximate the
integral in (6) and analyze the corresponding discretization error using the Poisson summation
formula. The trapezoidal rule approximates the integral of a function g over the bounded
interval [c, d] by the integral of the piecewise linear function obtained by connecting the n + 1
evenly spaced points g(c + kh), 0 < k < n, where h = (d — c¢)/n. Using the trapezoidal rule,

we have |
d n—
c)+gld

/ g(x) dx %h(Lg() +Zg(c+kh)>; %)

¢ 2 k=1
see [9, p. 51]. The trapezoidal rule (7) also applies for the case in which ¢ = —ooc and d = oo

with the following modification
00 o
f gydx ~ by Y g(jh), ®)
—00

j=—00

where /1 is a small positive constant. Applying (8) to (6) with a step size h; = 7/x, x > 0,
and letting a; = A1 /x at the same time, we obtain

_exp(AD) — o ALtijm
Foo~ = .Z (—1>ff<T>. ©)

j=—00

The advantage of using the simple numerical procedure of the trapezoidal rule is that it tends
to work well for periodic and oscillating integrands since the errors tend to cancel out and
the realized errors can be substantially less than from other alternative numerical procedures
such as Simpson’s rule. Moreover, the Poisson summation formula can be applied to obtain a
convenient representation of the discretization error associated with the trapezoidal rule. Using
the Poisson summation formula, approximation (9) can be obtained for an integrable function

g by

o]

i\ hy
3 g<x 4 %) =32 Y ewp(=ijhne(ih), (10)
2 T

Jj=—00 j=—00

where /1, is some positive constant and

() = / e g (x) dx,

—00
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the Fourier transform of g. In order to control the aliasing error (aliasing means that the
new function is constructed by adding a translated version of the original function), we use
exponential damping; that is, if f is our original function of interest then we replace g(x) by
the function f(x) exp(—aix) 1j0,00)(x). Then

A

¢ = flar —idr),

and the right-hand side of (10) can be expressed in terms of Laplace transform values:
o . . o
2r 21 h .. 2 .
Y exp(—ar(x+ ZL) ) f(x+ L) = 22 3 exp(—ijhax) flar —ijha).  (11)
, hy hy 2r
j=0 J==00
In addition, if we let hp = m/xl; withl; > 1 and a; = A1/2x[; in (11), we obtain
_exp(A1/2l) G\ o Ar o ijm\ _
fo === 2 e~ )M S ) T
j=—o00
where the error e is given by
o0
oo = Y exp(=2jA1) (2] + 1)x).

j=1

Comparing (11) with (9), we conclude that e is an explicit expression for the discretization
error associated with the trapezoidal rule approximation. This discretization error can be
bounded easily whenever f is bounded. For example, if |f(x)| < C for some positive
constant C and all x > 0 then we have

Bl < Cexp(—241)
oo

—_— 12
— (I —exp(=2A1)) (12

(If f(x) is the scale function We(g)(x) then C = 1/k'(®(g)). If f(x) is the probability
distribution then C = 1.) Therefore, an approximation of the function f in (6) is given by

N . .
exp(A1/2ly) ijm\ A A ijm
SN(X)szx—lll 2. exp(‘T o =7 )
j=—N

The raw value of Sy may not be a very good approximation, but, by using Euler’s summation
to smooth the values of the (nearly) alternating sums we were able to obtain good accuracy.
The approximation to f(x) is finally given by

ad M
fx) = Zz—M<n >SN+n(x).

n=0

This is the formula that we are going to use in this paper to compute the scale function
Wo (g)(x) by numerically inverting its Laplace transform given by (5).
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5. Numerical examples

For our numerical examples, we consider four different Lévy processes. Firstly, we assume
that X is generated by «-stable processes with Laplace exponent

k(M) = KA —2% forae(0,1) and k() = Kr* fora e[l,?2], (13)

for some constants K. Secondly, we consider jump diffusion processes where the jump
component of X is generated by a compound Poisson process having independent downward
jumps with exponential e” distribution occurring at the times of a Poisson process with rate a;
that is to say that X has Laplace exponent

2
A
k) =dn+ 222

. 14
2 b+ A (14)

Thirdly, we consider X to be a one-sided tempered stable process. In the general case (i.e. o # 1
and o # 0) the Laplace exponent of X is given by

o A\ Ao
k() =dr+T(—a)p*Cl1+—=) —1——). (15)
p B
Finally, we consider the case where X is a gamma process perturbed by a diffusion process.
The Laplace exponent of X is described by

02 2
k() = dh+ =07 =Y (), (16)

where 1/ (A) is the Laplace exponent of a gamma process S given by

)L o0
v(A) = alog(l + Z) = / (1 —eax"le ™™ dx fora,b>0.
0

Note that the perturbed gamma process (16) is a slight generalization of the model studied
in [11] and has been used in risk theory quite extensively. For related references, see, for
instance, [11]-[13], [23], and the literature therein for details.

For all computations, we fix N = 11, M =9, A; = 14.0, and /1 = 1; for the jump diffusion
and gamma processes, we set 0 = 0.2, d = 0.055, a = 0.5, and b = 9; for the «-stable
process, we set K = 0.5 for ¢ = 2 (a standard Brownian motion) and K = 1 fora = 1.75. In
the case where X is a tempered stable process with & = 0.5 or « = 1.5 we choose the relative
frequency of downward jumps C to be 0.075 or 0.05, respectively, and the jump rate 8 to be
2.5. The numerical results of the scale function Wg4)(x) in (5) for ¢ = 0.1 are presented in
Figures 1-6. We observe from these plots that all of the curves are increasing and bounded from
above by 1/«’(®(q)). These numerical outcomes support the previous theoretical results stated
in Proposition 1. In particular, for the case where X has a path of bounded and unbounded
variation we respectively see that

Wo)(0) >0 and We(g)(0) =0;

see [17, Section 4] for further properties of the scale function at 0.
Using the explicit form of the scale function We ) (x) of a-stable (13) and jump diffusion
(14) processes, given in the appendix of [17], we present in Figures 2 and 4 plots of the

https://doi.org/10.1239/jap/1208358957 Published online by Cambridge University Press


https://doi.org/10.1239/jap/1208358957

142 B. A. SURYA

absolute error between the theoretical curve We(,)(x) and the numerical curve W@(q)(x)
produced by the proposed numerical method. Following (12), we observe that the absolute
error |We(g)(x) — Wo(g) (x)| is bounded from above by a constant

1 exp(—A1)
K/ (@(q)) (1 —exp(=Ap)’

i.e.

. 1 exp(—Ap)
[Wo ) (x) — W) ()] < k' (®(q)) (1 —exp(—Ay)) an

Since the (tuning) parameter A; was chosen to be relatively big (with A = 14), we see that
the absolute error is relatively small and, hence, our numerical method performs well in the
computation of the scale function Wg (4 (x).

Figures 5 and 6 show the shape of the scale function W (4 (x) for tempered stable processes
(15) with indices @ = 0.5 and o = 1.5, and for a perturbed gamma process (16), respectively.
For these stochastic processes, we note that an explicit expression for the scale function
Wo(g)(x) is not available. But, nonetheless, it exhibits the important properties of the scale
function, as specified in Proposition 1 and those found in, among others, [7], [15], [17], and [21].

Figures 7 and 8 respectively display the shape of the scale function We(4)(x) and the
estimation error for an «-stable process (13) for ¢ = 0 and index o = 1.5. From Figure 7 we
see that the scale function is not bounded at large values of x. This observation is due to the
fact that, for this process, we have x’(0+) = 0 (the process oscillates). The estimation error as
seen in Figure 8§ is relatively small, however, it is not bounded at large values of x.

2.5

2.0 1

Wo(g)(x)
n

-
o

0.5 1

0.0

FIGURE 1: The shape of Wg (4) (x) for a-stable Lévy processes with index o = 2 (solid line) and ¢ = 1.75
(dash—dot line). For a = 2 and o = 1.75, the curve is increasing and bounded by 1/«'(®(g)) = 2.2361
and 1.5530, respectively.

https://doi.org/10.1239/jap/1208358957 Published online by Cambridge University Press


https://doi.org/10.1239/jap/1208358957

Evaluating scale functions of spectrally negative Lévy processes

Absolute error x 1070

2.0

1.8 1
1.6 -
1.4 A
1.2 1
1.0 +
0.8 ~
0.6 -
0.4 1
0.2 1

0.0
0

10 20 30 40 50 60
X

143

FIGURE 2: The absolute error |W¢ (¢) () — Wo () (x)| for a-stable Lévy processes with index o = 2 (solid
line) and o = 1.75 (dash—dot line). For o = 2 and o = 1.75, the error is bounded by 1.8594 x 1070 and
1.2747 x 1079, respectively. See (17) for the error estimate.

Wao(g)(x)

FIGURE 3: The shape of W) (x) for a compound Poisson process (solid line) and a jump diffusion
process (dash—dot line). For the compound Poisson process and the jump diffusion process, the curve is

increasing and bounded by 1/x’(®(g)) = 30.8640 and 10.1787, respectively.
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FIGURE 4: The absolute error |W¢(q)(x) — Wo(g) (x)| for a compound Poisson process (solid line) and
a jump diffusion process (dash—dot line). For the compound Poisson process and the jump diffusion
process, the error is bounded by 2.5664 x 107> and 8.4639 x 10~°, respectively. See (17) for the error

estimate.

FIGURE 5: The shape of W) (x) for tempered stable Lévy processes with index a = 0.5 (solid line)
and o = 1.5 (dash—dot line). For o« = 0.5 and ¢ = 1.5, the curve is increasing and bounded by

1/’ (®(q)) = 13.7137 and 8.7532, respectively.
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FIGURE 6: The shape of Wg(4)(x) for gamma processes perturbed by a diffusion process with o > 0
(dash—dot line) and o = 0 (solid line). For o > 0 and o = 0, the curve is increasing and bounded by
1/’ (®(q)) = 10.5823 and 41.7222, respectively.

0 20 40 60 80 100
X

FIGURE 7: The shape of Wg(4)(x) for an a-stable Lévy process for ¢ = 0 and index « = 1.75. In this
case k' (0+) = 0. From the plot we note that the curve is increasing and not bounded.
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Absolute error x 107>
(98]

0 T T . .
0 20 40 60 80 100

FIGURE 8: The absolute error |Wq>(q>(x) — Wa(g) (x)| for an a-stable Lévy process for g = 0 and index
o = 1.75. From the plot we note that the absolute error is not bounded.

6. MATLAB program code

In this section we present MATLAB codes used to compute We (g (x) by numerically
inverting the Laplace transform (5). The algorithm is based on the framework described in
Section 4. To handle matrix multiplication, we use the approach of [22].

function G=ILT(F,X,P)

o

This program computes the scale function by numerically
inverting the univariate Laplace transform. Here, F is the
Laplace transform function and P denotes the parameters
sitting in F. Setting the parameter values 11, N, M, and Al:

o0 o

oe

N=11; M=9; Al=14.0; 11=1;

% Creating the weights to be used in the Euler summation
% of the partial sums:

mx=pascal (M+1); my=fliplr (mx); bn=diag(my)*2" (-M) ;
weight=ones ([2*N+1 1]1); head=cumsum(bn); tail=1l-cumsum(bn) ;
tail(M+1,:)=[1; head(M+1,:)=[]; weight=[head;weight;taill;

oe

Setting the values of the arguments at which the transform
% series is to be evaluated:

vall=- (N+M) : (N+M); vall=(i*pi*vall+Al/2)/11; X_inv=1./X;
X_args=kron (X_inv,vall);
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% Evaluating the integrand at all the points:

integrand=feval (F,X_args,P) ...
.*exp (X_args*diag (kron(X,ones (1, 1+2*N+2*M)))) ;

% Preparing the matrix which will post multiply the integrand:

right=kron (diag (X_inv) ,weight)/(2*11);

(o}

% Finally, the answer is given by

G=real (integrand*right) ;

The following MATLAB m-files are needed to compute, using (5), the scale function
Wo(q)(x) of a-stable, jump diffusion, tempered stable, and gamma processes whose Laplace
exponents are given in (13)—(16), respectively.

function g=LEXP(z,A)

o

The nonzero value of parameter A is needed to compute the
largest root of the Laplace exponent. For spectrally
negative (SN) alpha-stable processes with alpha<l,

oe

oe

alpha=0.5; K=1; f=K.*z-z." (alpha); g=f-A;

% For SN alpha-stable processes with alpha>=1,
alpha=1.75; K=1; f=K.*z.” (alpha); g=f-A;

% For SN alpha-stable Levy processes with alpha=2,
f=z."72/2; g=£f-Aa;

% For SN jump diffusion processes,

o

sigma=0.2; a=0.5; c¢=9; d=0.055;
f=d.*z+0.5.* (sigma.”2) .*(z."2)-a.*z./ (c+z); g=£f-A;

% For SN bounded variation tempered stable processes,
alpha=0.5; beta=2.5; b=0.075; d=0.0550;
% For SN unbounded variation tempered stable processes,

alpha=1.5; beta=2.5; C=0.05; d=0.0550;

f=d.*z+gamma (-alpha) . * (beta) .” (alpha) .*(C) ...
.*((1+z./ (beta)).” (alpha)-1-(alpha).*z./beta); g=f-3a;
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% For gamma processes perturbed by a diffusion process,

sigma=0.2; d=0.0550; a=0.5; b=9;
f=d.*z+0.5.* (sigma."2) .*(z."2)-a.*log(1l+z./b); g=f-Aa;

function f=Phir (q)

% Computing the largest root of the Laplace exponent:

x0=1; f=fsolve('LEXP’,x0,optimset (’'MaxFunEvals’,100),q);
function f=funcscale(lambda, q)
% The right-hand side of (5):

A=0; g=(LEXP(lambda+Phir(qg),A)-q); f=1./9g;
The scale function Wg () (x) is given by the following algorithm.

function W=Scale(x,q)
% Producing the scale function:

W=ILT (' funcscale’,x,q);

Having computed the function We () (x), the g-scale function W@ (x) is finally given by
the following algorithm.

function W=gScale(x,q)
% Producing the g-scale function:

W=exp (Phir (qg) *x) . *Scale(x,qd) ;
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