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Abstract

Financial institutions and insurance companies that analyse the evolution and sources
of profits and losses often look at risk factors only at discrete reporting dates, ignor-
ing the detailed paths. Continuous-time decompositions avoid this weakness and also
make decompositions consistent across different reporting grids. We construct a large
class of continuous-time decompositions from a rearranged version of Itd’s formula,
and uniquely identify a preferred decomposition from the axioms of exactness, sym-
metry and normalisation. This unique decomposition turns out to be a stochastic limit
of recursive Shapley values, but it suffers from a curse of dimensionality as the num-
ber of risk factors increases. We develop an approximation that breaks this curse when
the risk factors almost surely have no simultaneous jumps.
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1 Introduction

Profit and loss (P&L) attribution, also known as change analysis, has a long history
in risk management. P&L attribution is the process of analysing the change between
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two valuation dates and explaining the evolution of the P&L by the movement of
the sources (risk factors) between the two dates; see Candland and Lotz [4]. In other
words, the change in the P&L over time is decomposed in terms of the different risk
factors to explain how each factor contributes to the P&L. In the literature, there
are many ways to obtain a P&L attribution. For example, consider a portfolio in EUR
consisting of a long position in the S&P 500, Y for short. The P&L of such a portfolio
is driven by two risk factors, namely ¥ and the USD/EUR exchange rate, X for short.
To decompose the P&L over one year, we look for two random variables DX and DY
such that

X1Y; — XoYo = DX + DY

The numbers DX and DY are interpreted as the contributions of X and Y to the P&L.
In the literature, we can find many desirable properties that a decomposition should
possess; see Shubik [28], Friedman and Moulin [12] and Shorrocks [26] among many
others. The authors argue that a decomposition should be symmetric, i.e., the contri-
butions of the risk factors should be independent of the way in which the risk factors
are labelled or ordered. These authors also require that the sum of all contributions
equals the P&L; such decompositions are called exact. Further, Christiansen [6] ar-
gues that a decomposition should be normalised, i.e., if a risk factor remains constant,
its contribution to the P&L should be zero. It is also desirable for a decomposition
to consider the full path of each risk factor, i.e., to use all available information; see
Mai [18] and Flaig and Junike [9].

A common method for creating decompositions is to sequentially update the risk
factors one by one while “freezing” all other risk factors. This idea dates back at
least to Oaxaca [20] and Blinder [3], who developed a sequential updating (SU)
decomposition technique in a one-period setting. The SU decomposition is given by

DX = XYy — XoYo, DY = XY, — XY,
when we update the risk factor X first. Alternatively, one may update Y first to obtain
DX = XY, — XoY1, DY = XoY1 — XoYo.

Each SU decomposition is exact, but if there are d risk factors, there are d! different
updating orders and therefore d! different SU decompositions. Candland and Lotz [4]
call the one-period SU decomposition waterfall and apply it to P&L attribution. See
Fortin et al. [10] for an overview on how the SU decomposition is used in various
fields of economics.

The SU decomposition can also be defined in a multi-period setting by dividing
the time horizon into subintervals and applying the SU decomposition recursively
on each subinterval. Jetses and Christiansen [16] and Christiansen [6] analysed the
limit of the SU decomposition when the mesh size of the time grid converges to zero.
In the limit, the decomposition takes the whole path into account, and the limiting
SU decomposition is called the infinitesimal sequential updating (ISU) decomposi-
tion. The ISU decomposition is independent of any time grid, which is helpful “to
prevent inconsistencies when using conflicting subintervals for different purposes”;
see Flaig and Junike [9, Sect. 1].
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The averaged sequential updating (ASU) decomposition, also known as the Shap-
ley value, is simply the arithmetic average of the d! possible SU decompositions. It
has many desirable properties; in particular, it is exact and symmetric. Shapley [27]
introduces the ASU decomposition for cooperative games. Shubik [28] defines the
ASU decomposition for cost functions. Sprumont [29] and Friedman and Moulin [12]
provide an axiomatisation of the ASU decomposition for cost functions. Jetses
and Christiansen [16] define the infinitesimal averaged sequential updating (IASU)
decomposition as the average of the d! possible ISU decompositions.

We now summarise our main contributions. In this paper, we start directly in a
time-continuous setting. If the portfolio is a C>-function of the risk factors and the
latter have continuous paths, Itd’s formula provides a natural additive decomposition
of the portfolio. Our main contributions are as follows. In order to treat risk factors
with jumps, we provide a rearranged version of Itd’s formula and use it to define
a large class of reasonable decompositions, which we call It6 decompositions and
which include all d! ISU and the IASU decompositions as special cases. We prove
that there is a unique Itd decomposition (up to indistinguishability) that satisfies the
three axioms of exactness, symmetry and normalisation. We show that it is indistin-
guishable from the IASU decomposition. We further show that the IASU decompo-
sition can be interpreted as the limiting case of the ASU decomposition. Compared
to Jetses and Christiansen [16], who assume that the covariations between the risk
factors are zero, we use much weaker assumptions to prove the convergence of the
SU/ASU decompositions to the ISU/IASU decompositions.

In summary, we propose to use the IASU decomposition to obtain a P&L attribu-
tion because it considers the whole paths of the risk factors and satisfies the axioms
of exactness, symmetry and normalisation. However, in practical applications, the
IASU decomposition has two drawbacks: a) similarly to the ASU decomposition, it
suffers from the curse of dimensionality; b) the IASU decomposition is defined by
stochastic integrals, which somehow must be approximated in practice. Naively ap-
proximating these integrals can lead to decompositions that are no longer exact. As
another important contribution of this paper, we show that the IASU decomposition
does not suffer from the curse of dimensionality if the risk factors do not have simul-
taneous jumps. In this case, the IASU decomposition is indistinguishable from the
average of two (suitably selected) ISU decompositions. To avoid point b), we suggest
approximating ISU/IASU by SU/ASU.

Up to now, most practitioners have applied an arbitrary SU decomposition in a
one-period setting to obtain an annual P&L attribution; see Candland and Lotz [4].
Working with real market data, Flaig and Junike [9] empirically show that the SU de-
composition depends significantly on the order or labelling of the risk factors, and that
some SU decompositions may even ignore relevant risk factors, which may “lead to
wrong trading and hedging decisions”; see Flaig and Junike [9, Sect. 1].

Our theoretical analysis suggests using the average of only two SU decompositions
with a sufficiently fine time grid to obtain a P&L attribution, since such a decomposi-
tion is arbitrarily close to the IASU decomposition when the risk factors do not have
simultaneous jumps. To obtain these two SU decompositions, define one SU decom-
position in any order, e.g. alphabetically ascending, and another SU decomposition
by the reverse order, e.g. alphabetically descending; see Theorem 3.10 for details.
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Thus our analysis is highly relevant for practitioners: we recommend computing two
SU decompositions instead of one and using a finer grid than just annual data to
obtain a decomposition that is much closer to the IASU decomposition than a single
SU decomposition. While the choice of the decomposition (the average of two SU de-
compositions) is theoretically justified, we have only numerical experiments available
to estimate the time grid, and we recommend using monthly or weekly data.

Is there any other way to break the curse of dimensionality? Christiansen [6]
proves that the ISU decomposition is symmetric if it is stable with respect to small
perturbations in the empirical observation of the risk factors. In Appendix A.3, we
show that the ISU decomposition of a simple product of two correlated Brownian
motions is not stable. This shows that stability is a rather strong assumption.

There are other decomposition principles as well. There is the so-called one-at-
a-time (OAT) decomposition, which is also known as bump and reset; see Cand-
land and Lotz [4]. The OAT decomposition is closely related to the SU decompo-
sition. It is symmetric, but in general not exact. Frei [11] analyses the limit of the
OAT decomposition when the mesh size of the time grid converges to zero.

There are also completely different approaches. Fischer [8] uses a conditional ex-
pectations approach. Rosen and Saunders [24] use the Hoeffding method for a de-
composition of credit risk portfolios. Frei [11] and Bielecki et al. [1] use the Euler
principle for risk attribution. Ramlau-Hansen [23] and Norberg [19] decompose sur-
plus in life insurance by heuristic integral representations, where the integrators are
interpreted as the driving forces of change and determine the attribution. A similar
idea is used in Schilling et al. [25] based on the martingale representation theorem.

This article is structured as follows. In Sect. 2, we establish some notation. In
Sect. 3, we develop a rearranged version of Itd’s formula and introduce the fam-
ily of It6 decompositions. We show that the IASU decomposition is the only exact
and symmetric Itd decomposition, and we break the curse of dimensionality of the
IASU decomposition in Theorem 3.10. In Sect. 4, we prove that the IASU decompo-
sition can be approximated by the ASU decomposition. In Sect. 5, we provide some
numerical applications. Section 6 concludes.

2 Notation

Let (2, F,F = (F1):>0, P) be a filtered probability space satisfying the usual con-
ditions, i.e., Fo contains all nullsets and [ is right-continuous. Let X" be the set of
all real-valued [F-semimartingales. A so-called risk basis or information basis is a
d-dimensional semimartingale X € X%, and its d components are called risk factors
or sources of risk. We denote the stopped semimartingale by X = (X7, ..., X47)
for a stopping time o. Equality of random variables is understood in the almost sure
sense, and equality of stochastic processes is understood up to indistinguishability.
Let C? be the set of twice continuously differentiable functions from R? to R. For
fecC?andi,j=1,...,d, we write f; and f; ; for the partial derivatives 9; f and
0;0j f. By x Ay, we denote the minimum of two real numbers x and y. We call a
map F : X? — X non-anticipative if for any stopping time o, it holds that for all
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X € Xd,
Fi(X?) = Fino (X), t>0. 2.1

Such a non-anticipative mapping depends only on the information up to time
t, i.e.,, on X'. By M, we denote some subspace of all non-anticipative map-
pings. By M(C?), we denote the space of functionals F : X¢ — X such that
F(X) = (f(X{)>0 for X € X% and some f € C?, which are clearly non-
anticipative. By o, we denote the set of all d! permutations of {1, ..., d}. Letid € oy
be the identity. In a slight abuse of notation, we define for = € oy,

x(x) = ("D, @y, x e R4,
n(X)= X", XDy, xexd

For two one-dimensional semimartingales Z and Y and a caglad process H, we denote
by fot HdZ = f(o ;1 Hsd Z, the stochastic integral. In particular, foo HidZ; =0
by convention. We further set Zo_ = 0,

Zi— =1limZ,_,, t >0,
e\0
AZ, =27, —Z;—, t>0,

[Z,Y] :ZY—Z()Y()—/ Zu_dYu—/ Y,-dZ,,
0 0

(Z,Y]°=[Z,Y]— Z AZ Y.

O<s<-

We write - for the convergence in probability of a sequence of random variables.
For A C {1, ..., d}, we define the projection

pa RIS R xs (xM1aD), .. 2 1a@)),

where the function 14 (%) is 1 if 47 € A and O otherwise.

3 Family of It6 decompositions
Similarly to Shorrocks [26], Christiansen [6], we define a decomposition as follows.

Definition 3.1 A map
§: M x x? - x4, (F,X)— (8"(F, X),...,8%(F, X))

is called a decomposition.
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We interpret 8! (F, X) as the contribution of X' to the profitand loss F;(X)— Fy(X)
in [0, 7]. We recall the following three axioms from the literature:
i) A decomposition is called exact if forall F € M and X € & 4 it holds that

F(X) — Fo(X) =8"(F, X) +--- + 8%(F, X).

ii) A decomposition is called symmetric if for all 7 € o4, F € M and X € X, it
holds that

FX)=F(n(X)) =  §8(F x)=6 O(Fx(X).

iii) A decomposition is called normalised if forall0 <r <s <o0,i =1,...,d,
F € Mand X € X7, it holds that

X' is indistinguishable from a constant process on (7, 5]

— Si(F , X) is indistinguishable from a constant process on (r, s].

Axiom i) ensures that a decomposition is able to fully explain the P&L; see
Shorrocks [26] and Christiansen [6]. Axiom ii) considers symmetric maps F and
states that if F' does not depend on the order or labelling of the risk factors, then
neither does the decomposition. The symmetry axiom is motivated by the fact that
8'(F, X) represents the contribution of X’ and that the term 7 - O(F, (X)) also
describes the contribution of

(o) D = (xr M xr@yT O i

The symmetry axiom has already been mentioned in similar form in Friedman and
Moulin [12] and Shorrocks [26]. Finally, for axiom iii), if the risk factor X ! remains
constant during (7, s], it does not contribute to F(X)— F(X), and so the contribution
of X' in (r, s] should also be zero. This is exactly reflected by the normalisation
axiom, taken from Christiansen [6].

Next, we indicate how Itd’s formula helps to define decomposition principles. Let
f:RY > RbeinC?. Fori,j=1,...,d,let

I' = /.ﬁ(XS_)dXé, 1V = /'f,-j(xs_)d[xi,xf]g, 3.1
0 0

d
s:= Y (f(Xs) — f(Xyo) — Zﬁ(xx_mxgl). (3.2)

O<s<- i=1
Itd’s formula states that for # > 0, we have for any semimartingale X € X’ 4 that

d d d
| | ij
F(X) — f(Xo) = ZI; +5 ZI,” +3 Z 17+, (3.3)
i=1 i=1 i,j=1
i#i
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If we assume that X has continuous paths without interaction effects, i.e., IV = 0,
i # j,and S = 0, then (3.3) provides a natural way to additively decompose the P&L
f(X;) — f(Xo). Indeed, by the normalisation axiom, I’ and I'’ should be assigned
to &', which is interpreted as the contribution of X’. To see this, assume that some &/
depends on I or I'/ fori # j. Assume that X/ is constant everywhere. According to
the normalisation axiom, we should then have 8/ = 0. So 8/ must not depend on I’
oron [,

However, how to handle the interaction effects I/, i # j, and the jump part S
is not so obvious. Therefore, we provide in Proposition 3.3 a rearranged version of
It6’s formula. Based on that result, we define the large family of 116 decompositions
in Definition 3.4 and show in Sect. 3 that this family contains many well-known
decomposition principles as special cases. Within the family of 1t6 decompositions,
we identify a single decomposition that satisfies the axioms of exactness, symmetry
and normalisation. For A C {1,...,d},i € {1,...,d} and s > 0, define

YA = f(Xo— + pa(AXy) = f(Xs— + pavi)(AXy)) — fi(X,o)AX]

and

i,A . i
SPAX) = Y v

O<s<-

For m € o4, define
Si,f[(x) = Slv{]ﬂ(])fﬂ(l)}(x) (34)

To obtain ST (X), all time points s where X’ jumps are considered. All risk factors
except X' are fixed at s or s—, depending on the choice of 7, and only X' varies
between s— and s.

Lemma3.2 Fixi € {1,...,d}, X e XYand A C {1,...,d}. Ifi € A, then S*4(X)
is a semimartingale with a.s. paths of finite variation on compacts.

Proof Fix X € X“. Let N be a nullset such that u > |X;(a))|, i=1,...,d,1s
cadlag forw € Q\ N and

d
> ) IAX! (@) AX] ()] < o, weQ\N,t>0. (3.5)
h,j=10<s<t

Such an N exists as X is a semimartingale. Let w € Q \ N and ¢ > 0. Let M,, C R4
be the closure of the set {X, (w) : u € [0, £]}, which is compact. The function f and
its derivatives are continuous and reach a maximum and minimum on the convex hull
of M,,, which is compact by Carathéodory’s theorem; see Griinbaum [14, Sect. 2.3].
Hence f and its derivatives are bounded on the convex hull of M,,. For s € (0, t], we
develop f around X;_ (w) using a Taylor expansion. We have that

F(X5- @) + pa(AX, @) = F(Xe- @) + 3 fu(Xs- @) AXE @) + R(@),

heA

@ Springer
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where R(w) is the remainder term of the Taylor expansion, i.e., for some
0 (w) € [0, 1], it holds that

1 .
R@) =3 Y fis(Xe- @) +0(@)pa(AX,@) ) AX! @) AX] (@),
h,jeA

The term f(X;_(w)+ pa\(i) (AXs(w))) can be treated similarly. Since i € A, it holds
for some C(w) > 0, which does not depend on s or 6 (w), that

YA < Cl) Y 1AXH@)AX] ().
h,jeA

It follows by (3.5) that

Z [YiA ()] < oo, weQ\N. (3.6)

O<s<t

Since ¢ was arbitrary, (3.6) implies that u — §;*(X)(w), @ € €\ N, is cadlag and
of finite variation on compacts. Therefore S4(X) is a semimartingale. ]

Proposition 3.3 Let w € o4, f € C*and X € X¢. Forallt > 0, it holds that

d d
, 1 .. 1 .. ,
F(X0) = f(Xo) = ; (1; +5 0+ JZ; I+ Sf’”>,
J#i
where I' and IV are defined in (3.1) and SET s defined in (3.4).

Proof Since the series telescopes, we have that

f(Xs) — f(Xs)
d

= Z f(Xs— + p{j;n(j)gn(i)}(AXs)) - f(Xs— + p{j:n(j)<ﬂ(i)}(AXs))~
i=1

By (3.6), it holds for any # > O that

d d
DoST0 = 30 T <, 3.7
i=1

O<s<ti=l1

where S is defined in (3.2). The claim then follows by It&’s formula. U

Definition 3.4 Let A;; € [0, 1]fori, j =1,...,d. Let uy € [0, 1] for m € oy4. The
decomposition

SO MCECH x X xd (F, X)) e (8"NF X)L 80 F, X)),
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P&L decomposition in continuous time and approximations 1083

where
1 d
sWOi(p xy = + S —i—ZAUI” + ) ST, =1,
]:] TETy
J#i

is called It6 decomposition with parameters (A;}); j=1,...d and (x)xeoy-

The definition of the It6 decomposition is motivated by Proposition 3.3 and the
normalisation axiom. Below (3.3), we already argued that /? and I*/ should be at-
tributed to X’ in order to satisfy the normalisation axiom. If parts of the interaction
effect I/ were assigned to the contribution of X h for h ¢ {i, j}, the decomposi-
tion would no longer be normalised. Therefore only the risk factors X’ and X/ are
assigned shares A;; and A j; of the interaction effect / i,

Note that S*7(X) contains only jumps in the ith component. If S*7(X) were
assigned to the contribution of some X I, j # i, the normalisation axiom would be
violated if X/ is constant. Therefore S* should be assigned to the contribution of X*.
Since there are d! different ways to decompose the jumps and violate neither the
normalisation axiom nor the exactness axiom, we propose to assign to X’ a weighted
average of all S°7 (X), € oy.

Remark 3.5 Since each 1t6 decomposition is linear in the first argument F', a portfolio
can be decomposed by decomposing each individual instrument.

We recall some special members of the family of It6 decompositions, namely
the IASU and the d! different ISU decompositions, which were introduced in Jet-
ses and Christiansen [16]. All It6 decompositions are normalised. We shall prove that
the IASU decomposition is the only Itd decomposition that is exact and symmetric.
We also see that the ISU decomposition is closely related to the IASU decomposition
and that the IASU decomposition is the limiting case of the well-known ASU decom-
position (also known as Shapley value), which is defined over a discrete time grid in
Sect. 4.

Definition 3.6 The IASU (infinitesimal averaged sequential updating) decomposition
S1ASU - M(C?) x X1 — X4 is defined by

d
. R :
aIASU”(F,X)=1'+5§ I’/+525””(X), i=1,....d.

j=1 " meoy

Remark 3.7 The Itd decompositions are overparametrised: in view of (A.3) below
in Lemma A.2, we can represent the [ASU decomposition as

d
4 ;1 ij j
SASUL(p ¥y = [ 4 5 Zlu + 2 SHA(X)E 4,
j=1 AC(l,....d}
i€A
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1084 G. Junike et al.

where

1 Al — Dl — |A])!
fam Y EZ(H >d<! jAD! a8)

TEeoy
{jim(N=m()}=A

So the computational effort to obtain SIASU.T can be reduced from O(d!) to O(2471)
for d — oo.

Definition 3.8 Let 7 € o4. The ISU (infinitesimal sequential updating) decomposi-
tion 88U . M(C?) x X4 — X9 with updating order 7 is defined by

d
8ISU*””(F,X)=11+§I”+ > 14 s(x), i=1,....d.
Jj=1
w(j)<m(i)

Theorem 3.9 Every Ité decomposition that is symmetric and exact is indistinguish-
able from the IASU decomposition. The IASU decomposition is related to the ISU de-
composition by

. 1 .
SIASUL(p Xy = i Z sSULT (F X)), i=1,....d, X e X%, Fe M(C?.
: TTEOY

3.9)

Proof First, we show that the IASU decomposition is exact and symmetric and sat-
isfies (3.9). By Proposition 3.3, it follows that 85U is an exact It6 decomposition.
Use (A.4) to see that the IASU decomposition is symmetric. If d = 1, (3.9) is trivially

true. Assume d > 2. Fixi € {1, ..., d}. Note that
d! .
7 .] ;é la
Y lth<rin = {02 T
TEoy ? J =1
It follows that
1 - 40
DI IR ST DRI
‘meoy  j=1 j=1 ‘mweoy
7(j)<m (i)

1 . 1 .. 1 .. 1.
= o iDL piGD oy id
SIS +3 +et s

1 ii
- _ J
=3 oI (3.10)
J#
Equation (3.10) implies (3.9).
Now we show that all exact and symmetric Itd decompositions are indistinguish-
able from the IASU decomposition. Let § be a symmetric and exact Itd6 decomposition
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with parameters (A;;);, j=1,...a and (ix)reo,. Since the Itd6 decomposition is over-
parametrised, we use the alternative parametrisation according to (A.3). To prove
that § is indistinguishable from the IASU decomposition, we show that A;; and &; 4 iq
are equal to the coefficients % and &; 4 defined in (3.8).

Suppose that Apr # % Let X € X have continuous paths with X! = 1,i ¢ {h, k},
and [X", X¥] # 0. Let F(X) = []%_, X'. Then F(X) = F(x(X)) for = € o4. Note
that I¥" = "% As § is exact, we have

d
D SF X) = 1"+ IF g "™ 4 I = F(X) — Fo(X) = 1" + 1* + 1™,
i=1

hence A, = 1 — Apx # Ank. Let m € o4 be such that rr_l(h) = k. Then we get
3”“<h>(F, (X)) = 8(F, n(X)) = I" + I # 1" + a1 = 8" (F, X).

This means that § is not symmetric, which is a contradiction to our assumption. So

we necessarily have A;; = %, i,j=1,...,d.
Now let a € {l,...,d}. Let A,B C {l,...,d} with |[A] = |B| = a and
i € A, j € Bfori,j € {l,...,d}. Then there is a permutation n € o4 such

that = '(A) = B and j = n~1(i). By (A.6), it follows that

&i.Aid =&} B.id- (3.11)

Let Ay, ..., A €{1,...,d}withje Ajand |Aj| =a,j=1,...,d. Since

|{Ag{l,...,d}:jeA,|A|:a}|:<j:1), (3.12)

we obtain by (A.7), (3.11) and (3.12) that

d

d—1 d—1
1= Z Z §j,aid = Z <a _ I)SJ.A_,-,id = d<a B 1)&,A,id
j=1 AC{l,....d} j=1
|[Al=a,jeA

for A C{1,...,d}withi € A and |A| = a. Therefore we can conclude that

6, oL _UAl=D@—jap!

LA = Ty T :

d(|A|71) al O

The next result shows that the curse of dimensionality of the IASU decomposition
can be broken if there are no simultaneous jumps.

Theorem 3.10 Ler X € X9 and F € M(C?. If AX"AX] = 0 for all
h,je{l,...,d}withh # j,thenforanym € ogjandn’ =d +1—m,

. 1 . Py
«SIASU"(F,X)zE((SISU”’”(F,X)—}—SISU’“” (F, X)), i=1,...,d. (3.13)
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1086 G. Junike et al.

Proof Fix0 < s < 0o. If AX! = 0, we have

F(Xs— 4 Pljm(p=nin(AX5) = f(Xs— + Pjn(iy<ni) (AXs))

= f(Xs— + p{j:ﬂ(j)<ﬂ(i)}(AXS)) - f(Xs— + p{j:n(j)<71(i)}(AXs))
=0.

If AXé # 0, we have X! = X!_ for all j # i and hence

F(Xs— + Plim(p=nn(AX5) = f(Xs— + pjm(jy<nn(AX5))
= f(Xy) — f(Xs-).

Hence form € oy andi =1, ..., d, it holds that

d
§1SU.im =I"~|—%I“~|— Z 7ii
j=1
7 (j)<m (i)

+ Y (f(X9) = f(Xeo) — fiXe)AXE). (3.14)
AXE30
Due to (3.9) and (3.10), we have that

d
A 1 .
TIASU,i gl _ L
8 (F,X)=1 +2§.11
]:

+ > (f(X9) = f(Xeo) — fi(X)AXD). (3.15)
A0

For 7 € oy, let 8"SU-"7 be the ISU decomposition with updating order 7 and define
') =d+1—-mn@),i=1,...,d. Note that

d d d d d
IR DI DR D D O
j=1 j=1 j=1 =1

a(P<n@) a'(H<a'G) w(Hh<w@) 7()>m)

Equations (3.14)—(3.16) imply (3.13). O

Remark 3.11 Theorem 3.10 can be generalised to the case where some, but not
all, risk factors have simultaneous jumps. For example, suppose d = 3 and
AX'AXJ/ =0, j e {2,3}, but possibly AX?AX? £ 0. It is then easy to see that
(3.13) still holds. Or, if d = 4 and AXIAXT = 0, j € {2, 3, 4}, the IASU decomposi-
tion can be written as a weighted average of four ISU decompositions instead of eight
ISU decompositions, which would be necessary if all risk factors had simultaneous
jumps.
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Corollary 3.12 Ler X € X and F € M(C?. If [X",X/] = 0 for all
h,jell,...,dywithh # j, then

SIASUL(F x) = sV (F X)), i=1,...,d,

where w € oy is arbitrary.

Proof The assumption [X’, X/] =0 fori # j implies AX'AX/ = A[X!, X/]1=0.
Therefore S™™ = Si™2 ;. 75 € oy4; see the proof of Theorem 3.10. The assertion
follows directly from Definitions 3.6 and 3.8. ]

Example 3.13 How does the IASU decomposition deal with simultaneous jumps?
Let d = 2 and assume that X = (X!, X?) is a pure-jump semimartingale of finite
variation. Then the IASU decomposition is given by

1
SASULF ) = 5 3 ((FO0L X0 = FOG0) + (F(X0) = £ XD) ).

O<s<-

1
SASUAF ) = 5 3 ((£00) = FOULX20) + (F0_ XD = £(X,0)) ).

O<s<-

The latter formulas are averages of sequential updates from time s— to time s.

Example 3.14 We decompose the P&L of the portfolio P = X! X? of a foreign stock,
where X! is the foreign exchange rate and X the stock price in the foreign currency.
The instantaneous P&L of the foreign stock in domestic currency is given by

dP, = X} _dX? + X? dX} +d[x", X?,,
i.e., it can be decomposed into the variation of the exchange rate, the variation of the
stock price and interaction effects; compare with Mai [18]. The IASU decomposition

equally distributes the interaction effect between §'ASU-1 and §'ASU:2_ To see this,
observe that

: 1
SIASUL (R x) = /O X2 ax!+ 5[x‘, X%
1
+5 2 (OGX2 = X0 X2) + (X[XT = X[ XD)
O<s<-
2 1 1
—2X; (X; — X;))
: 1
= / X2 dx! + E[Xl, X2,
0
where F(X) = X' X2. For §"ASU-2 the reasoning is similar.
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4 SU and ASU decompositions and their limits

The time-dynamic SU and ASU decompositions are defined on discrete time grids;
see Jetses and Christiansen [16] and Christiansen [6]. A light introduction to the
SU decomposition can be found in Candland and Lotz [4]. In this section, we recall
the definitions of these decompositions and provide sufficient conditions such that
the SU and the ASU decompositions converge to the ISU and IASU decompositions,
respectively, as the mesh size of the discrete time grid converges to zero. We recall
the following definition from Protter [21, Sect. I1.5].

Definition 4.1 An infinite sequence of finite stopping times 0 = o9 < o1 < --- such
that sup; ox = oo a.s. is called an unbounded random partition. A sequence (Yn)neN
of unbounded random partitions y, = {0 = o < o' < ---} is said to tend to the
identity if supy |oy', | — 0’| = O as. forn — oo.

Definition4.2 Lety = {0 = 0p < 01 < - - -} be an unbounded random partition. The
SU (sequential updating) decomposition 85977 : M x X4 — X% with updating
order m € oy is defined by

o0

ST (F, X) = (F(X"‘ + plim (=) (X7 = X))
=0

= F(X7 4 pljn(iy<min (X7 = XUZ)))- “@.1)

In words, divide the time horizon [0, ¢] into finitely many subintervals, and to
obtain the contribution of X’, fix all risk factors at the beginning o, or the end oy |
of each subinterval (depending on the updating order ) and allow only X' to vary
between oy and oy 1.

Proposition 4.3 The decomposition $3U™Y : M x X4 — X4 is well defined by (4.1)
and exact. The sum in (4.1) evaluated at t € [0, 00) is a.s. finite.

Proof Let X e X4, Fe M, 7 € o4,n € Nand ¢ > 0. Using (2.1) twice, we get

Sy (P X) =

WK

(Ft (XU(A(T" + p{j:ﬂ(j)fn(i)}(XU(Jrle’” _ XG(/\O',I))

~
Il
(=)

— Fr (X 4 ()< (i) (X TR — X"“""))> (4.2)

|
—_

n

- (F’Mn (X + pjm(p=rn (X7 = X))

~
Il
[}

= Finey (X7 + pljin(penin (X751 = X70)) - (43)

since all summands with £ > n on the right hand-side of (4.2) are equal to zero.
By (4.3), for each n, the process 85U"4™ Y (F, X) stopped at o, is a finite sum of
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semimartingales and hence a semimartingale. By Protter [21, Sect. II.2] and since

o, — o0 as. for n — o0, the process 8SU’i’”*V(F, X) is a semimartingale and the

decomposition §3U"7 is therefore well defined. The fact that o, — oo a.s. implies

that the sum in (4.1) evaluated at ¢ is a.s. finite.
We show exactness. Let x € R¥. Since

Plpm(yzn-t@)y®) =x and  pligyca@-ray ) =0,
we have for any ¢ € [0, co) and n € N by (4.3) that

d
SU,i,m,
> Sine, " (F.X)

d n—1 n—1
= Z Fino, (X7 + pjm(h<a @) (X7 — X)) + Z Fine, (X°1)
i=1 =0 =0
i#r 1 (d)
d n—1 n—1
— Z Fipno, (X + pljm(y<n(iy (X7 — X)) — Z Fipo, (X7).
i=1 =0 =0
i#r (1)

Foreachi € {1,...,d}\ {m~1(d)}, there is exactly one k € {1,...,d}\ {#~'(1)}
such that

Plim(H=x)(X) = Pim(j)<a ) (X),

since 7w (k) = w (i) + 1 if and only if k = 7~ (7 (i) + 1). Thus we get

d n—1 n—1
SU,i,x,
S ST (F.X) =Y Fing, (X7 = 3 Fipg, (X7)
i=1 =0 £=0

= Fino, (X7") — Fipo, (X)
= Ft/\a,, (X) - FO(X)

Since ¢ and n were arbitrary and 0, — 00 a.s., the decomposition 85977 is exact.

To see the last point, note that two processes with cadlag paths are indistinguishable

if they are modifications.

Example 4.4 Assume d = 2. The SU decomposition with respect to y defines

d! = 2 decompositions, namely §SUidy (F. X) and 85Y-¢Y (F, X) with o(1) = 2
and o(2) = 1, by

o0

5SU’1’id’y(F, X) = Z (F(Xl,(713+1’ X2‘(7(,) _ F(X]’Ue, XZ,GZ)),
£=0
(0.¢]

SSU’Z’id’y(F, X) — Z (F(Xl’o-prl, X2,O'£+1) - F(Xl,ag+1’ XZ,(T[))
£=0
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and

o0
3SU,1’Q-,)’(F, X) = Z (F(XlsUEJrl’ X2,0z+1) — F(xhee, XZ’O“I)),
=0

(F(Xl,trg’ XZ,(T(_H) _ F(Xl,cg’ X2,Gz)).

WK

SSU,Z,Q,)/ (F, X) —
14

Il
=}

Definition 4.5 Let y = {0 = 09 < o1 < ---} be an unbounded random partition.
The ASU (averaged sequential updating) decomposition 88597 : M x x4 — x4 is
defined by

, 1 .
ASU,i,y _ SU,i,m,y P
1) (F,X)—d' E 1) (F, X), i=1,...,d.

. TEoy

Remark 4.6 As in Shorrocks [26], we observe that

) 1 . ‘
ASU,i, _ SU,i,7,y _ SUi, A,y .
sMULY(F X)) = T § VY (F X)) = § 85V (F, X)&i A

" meoy AC{l,...,d}

for &; 4 defined in (3.8) and

(SSU,I',A,}/(F’ X)

o0
= 20 (FX + paX 7! = X70) = F(X™ 4 paap (X7 = X)),
=0

Thereby, the computational cost to obtain §ASULY can be reduced from O(d!)
to O24~1).

Theorem 4.7 Fix n € o4 and let (yy)neN be a sequence of unbounded random par-
titions tending to the identity. Let F € M(Cz), XeX?t>0andi € {1,...,d}.
Then it holds for n — oo that

5 TTINE, X) o 88U T(F, X),

sASUin (g xy L, gIASUTL(F x),
Proof See Appendix A.2. O

The next example shows that the assumption F € M(C 2y in Theorem 4.7 is
important to ensure convergence.

Example 4.8 Let Z be a stochastic process with independent increments and Zg = 0.
Suppose the jumps of Z only occur at fixed times J = {2 — £~! : ¢ € N}, and for
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each ¢ € N, the process jumps by £~ with equal probability. The process Z stays
constant between jumps. Then Z is a semimartingale; see Cerny and Ruf [5]. Let

12 12
fh x) =|x —x7

so that f ¢ CZ. Let (y, = {0 = oy < 01 < ---}neN be a deterministic se-
quence of unbounded partitions tending to the identity such that y;, contains the
first n smallest elements of J, but the intersection with (2 — n-L, 2] is empty. Assume
that X = (Z, Z). Then for ¢t > 2, it follows that

oo n
1,0} 2,0 1,0} 2,0 _
(f(Xt Z+17Xt Z)_f(Xt Z’Xt Z))ZZE 1,
£=0 =1

which is divergent for n — o0; so the SU decomposition does not converge for the
map F;(X) := f(X;),t > 0.

How can the TASU decomposition be computed efficiently in practice? If we
naively approximate the integrals in Definition 3.6 numerically, we may lose exact-
ness of the decomposition, which is undesirable in many applications. Theorem 4.7
suggests using the ASU decomposition as an approximation of the IASU decom-
position. However, this becomes computationally infeasible for moderately large d
since the computational cost to obtain §45U-47 scales like O(2¢~1). The next result
provides an elegant solution when there are no simultaneous jumps.

Definition4.9 Lety = {0 = 0g < 0] < -- -} be an unbounded random partition. The
25U (average of two sequential updating) decomposition $>SU77 : M x X4 — x4
with updating order m € oy is defined by

§B8ULmy (F Xy = (85U (F, X) + 85UV (F, X)), i=1,....d,

N =

wheren’ =d +1—m.
Corollary 4.10 Fix 7 € o4 and let (Yn)neN be a sequence of unbounded random
partitions tending to the identity. Let F € M(C?), X € X4,i € {1,...,d} and
>
t _i)O}JfohAxf —Oforallh, jef{l,...,dy withh # j, then
55U (p, x) L5 sSUIE X)), n— .
i) IF[X", X1 =0 forallh, j €{l,...,d} withh # j, then
sV p x) L5 sMSUIE X)), n— oo

Proof If AX"AX7 =0, h # j, Theorem 3.10 implies that

. 1 . . /
SIASU’Z(F, X) — 5(5ISUJ,H(F’ X) + (SISU,I,T[ (F, X))’
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sASU.i.y
1r
28U, p su,i | _* SU.i,n
§ SLIT,Y 5 K} s ¢ sV sV

ifAXPAXT =0,h # j if (X", XT1=0,h #j

Fig.1 Overview of discrete approximations of the IASU decomposition

which is the limit of §2SU-4™¥(F, X) by Theorem 4.7. If [X" X/ = 0, h # j,
apply Corollary 3.12 and Theorem 4.7. (|

In particular, the 2SU decomposition with arbitrary updating order = is exact and
approximates the IASU decomposition when the risk factors do not have simulta-
neous jumps. In this case, the computationally expensive averaging to obtain the
ASU decomposition can be omitted and the computational complexity to approxi-
mate §"8U-7 decreases from @ (247 1) to O(1). Theorem 4.7 and Corollary 4.10 are
also illustrated in Fig. 1.

Finally, we define the OAT decomposition. To obtain the contribution of X', all
risk factors are fixed at the origin and only X' is allowed to change from the beginning
of a subinterval to the end of that subinterval.

Definition 4.11 Let y = {0 = 0¢p < 01 < ---} be an unbounded random partition.
The OAT (one-at-a-time) decomposition 89577 : M x X4 — X4 is defined by

SOATJ’)/(F, X)
o0

=Y (Fxber, . ximher xhown xithor o xdory — p(x)).
=0

Remark 4.12 The OAT decomposition is symmetric, but in general not exact. Let
(¥n)neN be a sequence of unbounded random partitions tending to the identity. For
each i € {1,...,d}, choose a permutation w; € oy such that 7;(i) = 1. Then
§OATLvn is indistinguishable from §3U-57i-v» If F e M(C?), Theorem 4.7 gives
for r > 0 that

s (R x) L 5PUPT(E X)), i=1,....d,
for n — oo. Thus by Corollary 3.12, the three decompositions principles OAT, SU
(with arbitrary order 7 € o4) and ASU are asymptotically indistinguishable if there
are no interaction effects.

5 Applications

Investment portfolios of financial institutions or insurance companies may include in-
struments such as stocks, plain vanilla or callable bonds, convertible bonds, inflation-
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linked bonds, contingent convertible bonds (CoCos), basket options, foreign ex-
change options and structured products. These instruments often depend on multi-
ple risk factors such as different foreign exchange rates, interest rates for different
maturities, credit spreads, inflation rate, some trigger activations for CoCos, multiple
equities and time decay. Candland and Lotz [4] also considered defaults and rating
changes as risk factors.

In order to obtain a P&L attribution of such instruments, we propose the IASU de-
composition because it is exact, symmetric and normalised, and it takes into account
the whole paths of the risk factors, i.e., uses all available information. The last point
also avoids inconsistencies when reporting a P&L attribution for different time grids,
e.g. on an annual, quarterly, monthly and weekly basis. The IASU decomposition
involves a stochastic integral. To approximate the IASU decomposition, we propose
the ASU or 2SU decomposition with a sufficiently fine time grid, as such an ap-
proximation is always an exact decomposition. The use of the 2SU decomposition is
theoretically justified when the risk factors do not have simultaneous jumps.

In Sect. 5.1, we provide an exemplary decomposition of a plain vanilla call option
with stochastic interest rates on a foreign stock. A change in the P&L of this option
can be explained by movements in the stock, the yield curve, the foreign exchange
rate and time decay. Thus there are d = 4 risk factors. We analyse the unexplained
P&L of the OAT decomposition, the range of the SU and 2SU decompositions over
all possible updating orders = € oy for different time grids, and the convergence of
the ASU decomposition to the IASU decomposition.

Computing the ASU decomposition to approximate the [ASU decomposition be-
comes infeasible when the number of risk factors d is moderately large; for example,
a plain vanilla bond paying coupons may depend on d yield curves. A basket option
may depend on d stocks. In practice, d = 30 is a common case for basket options;
see Grzelak et al. [15]. In Sect. 5.2, we decompose a digital cash-or-nothing basket
put option. We illustrate that it is impossible to obtain the ASU decomposition in
reasonable time when d = 30, and we show how the 2SU decomposition is able to
break the curse of dimensionality.

5.1 Decomposing a call option with stochastic interest rates

In this section, we allocate the P&L of the price of a plain vanilla European call op-
tion with strike K and maturity 7 = 10 with stochastic interest rates and foreign
exchange exposure. The stock price S is given by a Black—Scholes model with con-
stant volatility o > 0 and with stochastic interest rates r. The dynamics under the
risk-neutral measure are given by

dS, =rS,dt + osS,dBS,
dry =k —r)dt + o,.dB]

with constant volatility o, > 0, long-term mean n € R and speed ¥ > 0 of mean-
reversion. Under the physical measure, the stock has drift s € R, and the foreign
exchange rate Y is assumed to follow a geometric Brownian motion with drift uy € R
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and volatility oy > 0 driven by the Brownian motion BY . The Brownian motions are
assumed to have correlations

d(B%, B"); = ps,dt, d(B%, BY); = psydt, d(BY, B"); = py,dr.
The time to maturity is denoted by t(t) = T — t. The price pcan(¢) at time ¢ of the
plain vanilla call option is given by a C2-function f : R — R, see Rabinovitch [22],
i.e.,

Peanl(t) = f(St, re, Y, T(f)) =: F (S, Y, 1), t >0,
with
f(@s,r,y, 1) = ys(D(d+(s, r, r)) — yKP(r, t)dD(d_(s, r, t)),

where @ denotes the distribution function of a standard normal distribution and

di(s,r,7) =

1 K 1
m(k’g KPG o) 5“”)’

T —28c(7) + g2 (1)
2

T — 8 (7)

v(t) = 03‘5 + crrz 205,050

K
1 — e ¥T

e
8 (1) =
The bond price P (r, T) is given by
P(r, 1) = A(r)e 8",

where

2 2

A() = exp ((n + 78I ) (gele) 1) %(“’gg(’))z)

and A denotes the market price of risk. For simplicity, we set the market price of
risk to zero and hence assume that the dynamics of r under the physical and the
risk-neutral measure are identical. Bjork [2, Sect. 24.2] describes how to estimate the
parameters for r from market data. We simulate 1000 paths of the stock, interest rate
and foreign exchange rate under the physical measure over one year. For each path,
we decompose the price of the call option at time ¢ = 1 with respect to the d = 4
risk factors X := (S,r, Y, 7). We use the following parameters: K = Sy = 100,
ns =0.05,05 =04,Yy =1.1, uy =0, 0y = 0.05, rp = 0.08, « = 0.1, n = 0.05,
o, = 0.01 and ps, = —0.7, psy = —0.4, py, = 0.7.
Figure 2 shows the relative unexplained P&L of the OAT decomposition, i.e.,

((F1(X) — Fo(X)) — X0, 8047 (F, X))
[F1(X) — Fo(X)] '
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Fig.2 Relative unexplained B s
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We use as time grids y annual, quarterly, monthly, weekly and daily time steps.
As observed in Flaig and Junike [9], we also see that the unexplained P&L of the
OAT decomposition is significant for all time grids.

Figure 3 shows the relative range of the d! SU decompositions for the risk factor S,
ie.,

SR X)) SV (F X)

axX ——qeTT——— —
P 8¥ASU,1(F’ X) 7o 8¥ASU,1(F’ X)

and the relative range of the % 28U decompositions for the risk factor S. The limiting
TIASU decomposition is approximated by an ASU decomposition with 10’000 time
steps per year. We observe that the range is significant for the SU decompositions and
insignificant for the 2SU decompositions.

The speed of convergence of the ASU to the IASU decomposition is illustrated
in Fig. 4 for the risk factor S, i.e., we show the convergence

sV (R, x)

—— —> 1 as y tends to the identity.
S{ASU,I(F’ X)

Figures 3 and 4 look similar for other risk factors.
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Fig.4 Convergence of the ASU
decomposition to the IASU
decomposition for the risk factor
S
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In further numerical experiments, we calculate the relative difference between the
ASU decomposition and the 2SU decompositions,

(SfSU,i,n,y(F, X) _ S?SU’i’y(F, X)
IASU,i,
8NV (F, X)

over all risk factors i € {1,...,d}, time grids y and updating orders 7 € o4, and
observe values of less than 0.6% in 95% of the simulations. In conclusion, we find
that the ASU decomposition and the 2SU decompositions are strongly dependent
on the time grid, but using monthly or weekly instead of annual time steps signif-
icantly reduces the deviation of the ASU and 2SU decompositions from the IASU
decomposition.

5.2 Decomposing a basket option

In this section, we compare the computational cost of obtaining a one-year P&L at-
tribution of a basket option using a naive SU decomposition with annual time grid
to the computational cost of obtaining an ASU and a 2SU decomposition based on a
monthly time grid, respectively. We consider d risk factors, namely time decay and
d — 1 different stocks. A digital cash-or-nothing basket put option pays $1 at matu-
rity T if S} <K,..., S”Tl_l < K and zero otherwise. The stock prices are given by
a Black—Scholes model. We set the interest rate r to zero. We set Sé = K = 100,
i=1,...,d —1land T = 2. The price of the option at time ¢ € [0, T') is equal to
d(ogK,...,log K), where & is the distribution function of a (d — 1)-dimensional
normal distribution with location

1 1
<1og s! - <r - 5az)(T —1),... log S — (r - Eaz)(T - t)) e RI-!

and covariance matrix (7 — t), where we set 0 = 0.2, p = 0.5 and
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Table 1 CPU time to compute the d contributions of the SU, ASU and 2SU decompositions of a basket
option over one year using different time grids. The CPU time of & is obtained from a Monte Carlo
simulation. The CPU times in brackets are estimated using the CPU time of & and the known complexities
of the three decompositions

Number of d=4 d=15 d =30
evaluations of ®

Evaluation of ® 1 0.018 s 0.15s 0.54s
SU with annual grid d+1 0.09 s 24s 16.7 s
2SU with monthly grid (12d + 1)2 1.76 s 54.3s 390 s
ASU with monthly grid (12d + 1)2@-D 7.06 s 123.6 hr 3318.7 yrs

Basket options are often priced by using Monte Carlo techniques; see Glasser-
man [13, Sect. 3.2.3]. For moderate dimensions, many basket options can also be
priced by using faster Fourier techniques; see Eberlein et al. [7] and Junike and
Stier [17]. We compute ® by using a simple Monte Carlo simulation implemented in
C++ with 100’000 simulations. The experiments are performed on a laptop with Intel
17-11850H processor and 32 GB RAM.

Table 1 shows the CPU time needed to obtain @ for d € {4, 15, 30}. We mea-
sure CPU times by averaging over 100 runs. Since in some cases, the arguments of
@ to obtain an SU decomposition with a certain update order w are the same for
different contributions, we need to evaluate ® only dL + 1 times, where L is the
number of subintervals of [0, T'], to obtain the d individual contributions. For exam-
ple, (12d + 1)2 and (12d + 1)2¢~! evaluations of ® are required for the 2SU and
ASU decompositions with a monthly time grid.

Table 1 also shows the CPU time to compute the SU, ASU and 2SU decomposi-
tions. A naive SU decomposition based on an annual time grid is at most 24 times
faster than a 2SU decomposition with a monthly time grid. The computational cost
of the 2SU decomposition for each contribution is dimension-independent, except
for the longer time required to evaluate ®. Compared to the ASU decomposition,
the 2SU decomposition is 2972 times faster. The ASU decomposition cannot be
computed in reasonable time for d > 30.

Remark 5.1 To reduce the computational time, it is possible to compute the d contri-
butions for the SU, 2SU and ASU decompositions in parallel, which would reduce
the numerical effort by a factor of d. Furthermore, the sums for the SU, 2SU and
ASU decompositions can also be parallelised. For example, for the 2SU decomposi-
tion, we need to perform 2(d L + 1) function evaluations to obtain all d contributions.
If a function evaluation takes 0.54 s in d = 30 dimensions as in Table 1, the com-
putation time for the 2SU decomposition with monthly time grid could be reduced
from 390 s to about 0.54 s using 722 cores for parallelisation.

6 Conclusions

We showed that the IASU decomposition is the only (up to indistinguishability) exact
and symmetric decomposition in the family of It6 decompositions, which is a large

@ Springer



1098 G. Junike et al.

class of normalised decompositions based on a rearranged version of 1t6’s formula.
This axiomatic result, together with the fact that the IASU decomposition is grid-
independent and considers the full paths of the risk basis, makes it a decomposition
of choice from a theoretical perspective. In practice, the calculation of the IASU de-
composition comes with two challenges: it involves stochastic integrals that must be
approximated, and the computational effort explodes as the number of risk factors
increases.

We have shown that the IASU decomposition can be approximated by the ASU de-
composition (which is always exact and symmetric) if we use a sufficiently fine time
grid, but the ASU decomposition also suffers from the curse of dimensionality as
the number of risk factors increases. For applications where different risk factors
may have interactions, but almost surely do not have simultaneous jumps, we have
shown that the IASU decomposition is indistinguishable from the average of two ISU
decompositions, thus breaking the curse of dimensionality. Therefore, from a theo-
retical point of view, the 2SU decomposition with a sufficiently fine time grid is an
appropriate approximation of the IASU decomposition.

Based on our own numerical experiments and the empirical analysis of Flaig and
Junike [9], we recommend using monthly or even weekly instead of annual time
steps.

The additional computational cost of our two recommendations is moderate, but
the theoretical properties of the decomposition are dramatically improved.

Appendix
A.1 Auxiliary results
LemmaA.1 Leti,j e{l,...,d}. Letm,n € og and x € R?. Then it holds that
77_1(P{j:nmgn(n*](i))}(’?(x))> = Pl (= @) (X)- (A1)
Proof Letk € {j : m(j) < m(n~'(i))}, which is equivalent to
n) elja(n™ () <7~ @)}
Since (n’1 (X))nk) = xx and (n(x))x = Xp(k), we obtain that
(’7_1(P{j:nmsn(n-](i))}(”(x))))n(k) = (p{jm,-)gn(n—l@)}(n(x)))k

= (P Gn=e i @) )y

which leads to (A.1). |
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lemma A2 Let n € o4, i € {1,....d}, X € X% F € M(C? and
(Ux)reoy; €10, 1. If F(n(X)) = F(X), then it holds that

Zﬂnsn*(i),n(n(x)): > SMAXE A

Teoy AC(L,...,d}

with

EiAg = Z . (A.2)

TE€oy
(™ () =r (L i)))=A

In particular, for an It6 decomposition § with parameters (Aij)i, j=1

(Ux)rweoay» we have

.....

d
SF.X) =1+ 14y oylT+ 3 SN (A3
j=1 AC(L,....d)
i icA

Proof Letn € o4 and F;(X) = f(X,),t > 0, with F(n(X)) = F(X) for X € x4,
Leti € {1,...,d}. By (A.]l), it holds for s > O that

f(”(Xs—) + p{j;n(j)gm—l(i))}(n(AXx)))
= f("(xs + '7_1<P{./:n(j)sn<n1(:‘))}(’7(AXS))>>>

- f("(XS_ + p{jiﬂ(n”(j))Sn(nfl(i))}(AXs)))
= f(Xx— + p{j377(77_](j))§71(77_](i))}(AXS))'

The last equality follows from the symmetry of f. Similarly, if we replace “<”
in (A.2) with “<”, we get that

f(’?(Xs—) + p{j:n(j)<n(77—1(i))}(n(AXs)))
= f(Xs= + Pljnr1 G <n 1 i) (A X))

Letn € ogand f € C? If f(x) = f(nx)),x € R, it is straightforward to see
that for x € R?, it holds that

fi@) = fre (@), fii ) = frria 1y (@), (01(0)), 1) = xi- (Ad)
Therefore it follows that

SO (X)) = ST (X0, (A5)

@ Springer



1100 G. Junike et al.

Thus similarly to Shorrocks [26], for any re-ordering n(X) of the risk basis X, we
can conclude from (A.5) that

D xS 0T (X)) = Y ua ST (X)

TETy TEaq
- ¥ S s
AC{l,....d} TEq

icA  {jmT N 6))=A

= > s > i

AC(l,....d) meoy
i€A L™ Gn<r ™ (@))=A
= Y SMXEa
AC{l,...,d}
icA
Equation (A.3) follows directly for n = id. g
Lemma A3 Let § be an It6 decomposition with parameters (Ajj); j=1,...da and
(Ur)reoy- Leti € {1, ..., d}. If § is symmetric and exact, it follows that
&i,A,id = €110~ 1(A).id (A.6)
for any n € oq4, where & aiq is defined in (A.2) and n(A) = {n(j) : j € A}
Furthermore, for any a € {1, ..., d}, it holds that
d
YooY &=L (A7)
j=1 AC{l,....d)
|Al=a,jeA
Proof First, we show (A.6). Let A C {1, ...,d} withi € A. Let 7, n € 04. Because

in™' M) <2 @) =4 = {j:7()<a('@®)}=n"A),

it holds that

Si,A,n = Z 1954

JTEO’d
(™ GN<r(~()))=A

= Z M = Ep=13),5-1(A),id- (A.8)
TTEOy

(ji ()=~ @N}=n~"1(A)

Now let f(x) = ]_[‘;zlsz. and F;(X) = f(X;),t > 0,so that F(X) = F(r(X)),
w e€aoy.ForB C{l,...,d} withi € Bandt > 0, let

xi — 111,00) (®), J € B,
t — .
Lio,1y (1), Jj¢B.
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Then it follows that

1 A=B
Xi-+ AX = ’ ’
f(X1— + pa(AX))) !O, A+B.
and therefore
: 1 A=B
sihx) =1" ’
0, A # B,

for A C{l,...,d} withi € A. For n € oy, it follows by Lemma A.2 that

—1y: .
st V(Fnx0) = > SPAX0E A = &b
AC{l,....d}
i€eA

Since § is symmetric, we have by (A.8) that

—t g =8" O(F (X)) =8 (F.X) =& g,
&1y (B).id = §i.B.ayp = 8 (F.n(X)) = 8{(F. X) =& p,id.

Since B was arbitrary, we have shown (A.}6).
Now we iteratively show (A.7). Let X,’ = I[1,00(t),t >0, j=1,...,d, and let
f% e C?besuch that fora € {1, ..., d},

d
1, 2j—1%j =a,

0. Y9 jxje(—00,a—11U[a+1,00),

fix) = {

and f(X) = 0if Z?:l xi <a-1,i=1,...,d Let F/(X) = f%Xy),t = 0.
If a = d, then

1, |Al = a,

0, otherwise,

sPAx) = {

forj=1,...,dand A C {1,...,d} with j € A. By exactness and Lemma A.2, it
follows that
1 = F{'(X) — F§ (X)

d

=Y 5/ (F". X)

~
I
_

= Y S0 A

d
=Y > Eai (A.9)
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Now leta = d — 1; then

L, |Al = a,
st =1-1.  |Al=a+1,
0, otherwise,
for A C {1,...,d} with j € A. Again by exactness, we have that

0= F{(X) — F§(X)
d

= 3’ (F%, X)
1

j=1 AC(L.....d}
JeEA
d
=Z E/Ald—z Z &j Aid-
j=1 AC(l,..d) j=1 AC(L....d}
|A|:d—l,jeA |Al=d, jeA

Using (A.9), we obtain that

d
Z &jaid=1.

j=1 Ac{l,...d)

[Al=d—1,jeA

Iteratively for any a € {1, ..., d}, it follows that

d

Z ) Eau=t
= 1 AC{1
|A] {a JeA O

A.2 Proof of Theorem 4.7
Lettr > 0. Fixi € {1,...,d} and some permutation . Since F € M(C?), there

is by definition an f € C? with F,(X) = f(Xy), t = 0. We first show that
VT (E, x) B §SUT(F X) for n — oo, Let y = {0 =0l <ol <---},
n € N, be a sequence of unbounded random partitions tending to the identity. Let
o > 0 and define

,,,,,

the set of all time points in [0, t] where at least one component of a path u — X,
has a jump greater than «. The SU decomposition §5U-/:7 7 with respect to y,, can be
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written as

SULi, 7. ol ol ol
8 TTE X)) =) (f(X/ + Pl (H=riy X = X))
Leh,

O.n U.n o.)l
— f(X:" + prjm(hnin X, = X, )))

o} o) ol
+ (f(X/ + P (y=n ) (X = X))
LeAg,

— ST+ Pl i = X[)), (A10)

where Ay = {£ € Ny : Ay N (0}, aéﬂrl] # ¥} and AS, = No \ A,. The first sum on

the right-hand side of (A.10) converges a.s. for n — oo to

Z (f(Xs— + pim(y=nin(AXs)) — f(Xe— + P{j:n(j)<n(i)}(AXs))>- (A.11)
s€Aqy

Using a Taylor expansion and the same arguments as in the proof of 1t6’s formula,
one can show that the second sum on the right-hand side of (A.10) converges in
probability for n — oo to

, 1 .. . , 1 ,
I+sH Y H =) (ﬁ(XX)AXH 5 i (Xe ) (AX)?
7 (j)<m(i) s€Ay

d
+ ﬁj(xs>AX§AX§), (A.12)
j=1
7 (j)<m@)

where H' = [i fij(X;-)d[X', X/];. The sum of (A.11) and (A.12) is

A .
I+ sH Y HY (A.13)
7 (j)<m (i)
+ Z (f(Xs— + Pjm(H=x @) (A X))
se€Aq
— F(Xom + Pliin(ann(AXD) = fiX,DAXE) (A4
1 .
= 2 S hiX)(AaX)? (A.15)
s€Aqy
d ' )
-3 Y AiXoAaxiax]. (A.16)
sedy  j=1
w(j)<m(@)
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Since X is a semimartingale and because of Lemma 3.2, we can see that the sums
(A.14)—(A.16) are absolutely convergent for « — 0 so that (A.13)—(A.16) converge
fora — 0to 5}SU’”(F, X), using that

1" =H7 - 3" fii(X,o)AXIAX].

0<s<-.
By Theorem 3.9, we get 5>V (F, X) % 6"V (F X) forn — oo.
A3 Stability

In this section, we use the notation of Christiansen [6]. Let 7; : [0, c0) — [0, 00)
satisfy 7;(#) <t forallt > 0 fori = 1, 2. The function 7 (¢) = (71(¢), 12(¢)) is called
a delay. A delay is phased if there is an unbounded partition (s¢)¢en of [0, 00) with
{0 = 50 < s1 < ---} such that on each interval (s¢, s¢+1], at most one component
of 7 is nonconstant. Let ("), be a refining sequence of delays that increase to the
identity (rsdii), i.e.,

(0.) S (0. 4]), neN, and | J(0.)=00.1], i=1.2

neN

Let 7 be a set containing at least one phased rsdii. Let X = (X', X?) be a
semimartingale and define

Xot:=X'ot,X*0m), teT.
Let
X={Xot:7eT}IU{X}
Let Dy be the set of cadlag processes starting in zero and let o : X — Dy. A mapping
6: X —> ]D% is called a decomposition scheme of o if o = 8' + 8%. The mapping &

assigns to each Y € X a decomposition of ¢(Y). The ISU decomposition scheme is
abbreviated 'Y, A decomposition scheme is called stable at X if

S—(Xot) L 8_(X), n— oo,
ateach ¢ > 0 for all rsdii (t"),eny € 7.

Proposition A.4 Assume that X = (X', X?) with X! = X? = B for a Brownian
motion B. Let o(Y) = Y'Y? be a simple product. Then there is a set T of continuous
phased rsdii such that the ISU decomposition 8'Y of o is not stable at X.

Proof Suppose that 7 contains a continuous phased rsdii (") = (7', 73), n € N,
with 7' < 73/, n € N. For a partition (aZi, bZ,i]’ £ € Np,i =1,2 of [0, 00) such that

(t}?)#i is constant on (aZl., b;”i], let T}’ (ag"z) =1 (aZQ), n € N, £ € Ny. In addition,
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let 7 also contain (7"),en = ((73, T{'))neN. Since 73 (ag’l) =1 ) =1 (b;?,l)
and by the multidimensional Taylor theorem, '

U X oty =Y (g((x o TN —o((X o z”)“?yl”))
14

— ;Ql((x o ‘L'n)azl,'/\l)(X%f'(bZlAl) — X%Irz(a?,lAt)).

By the definitions of X', X? and p,

1SU, 1
500 (X ot =) By an Beray ,an — Briar an)
4
= Z Brl"(bz’_l/\t)(Btf(bZl/\l) - Bfln(“?,lm))
4
= Z Bt@ (BtgAt - Btg,mt)
£

(By, + By, )
= 22 %(BZ[/\I - Bl‘gflAt) - Z BI[7] (Btg/\t - Btgfl/\t)
14 14

t
for ¢ := rf(b’(}’]) = rl"(a?“’]) = T;(bzfl,z) = rf(az’)z). Let fo B o dB; denote

the Stratonovich integral and fol By d B the It6 integral. It holds that

t t 1 1
S;SU,I(XOTn) N 2/ B; o dB; _/ BydB; = EBtz—l— Et
0 0

for n — oo. By the same arguments,
5}5U,1(X o7y = Z (g((X o fn)bj}vz/\t) —o((Xo fn)azlvz/\t))
¢
1 ~n\ay LAt 2 2
= ZQ (X ozm2 )(ng(b';vzm) — X, nn)
¢
= Z Btf(azz/\t)(Brzy’(bZzAt) - Br;(azz/\t))
¢

= Z Brél(azz/\t)(Brzn(bzzAt) - Brﬁ‘(azzm))
14

=" By, (By,int — Bynt)

L
» t
— B,d B,
0
1 1
_lp
2 2
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1106 G. Junike et al.

for n — oo. Therefore,
p-lim, 8BV (X o 1) # plim, S8V (X 0T, i=1,2,
for r > 0, and hence the ISU decomposition of o(X) cannot be stable at X. O
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