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Abstract. Motivated by time series analysis, we consider the problem of solving the recurrence
relation u, 11 = v,41 + un ® vy for n # 0 and uy, given the sequence vy,. A solution is given
as a Bell polynomial. When v;, can be written as a weighted sum of nth powers, then the solution

uy also takes this form.
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1 Introduction and summary

We define the convolution of sequences {a,, b, : n > m} as

n

ay X bn = Zajb,,_j
j=0

for n > 0. We consider the recurrence equation for u,,,
Uptr] = Uyt +u, v, (11)

for n > 0, where uy = vy, and v,, is a given sequence.
The need for solutions to (1.1) arises with respect to the distribution of the

maximum of first order autoregressive processes and more generally to that of

#CAM-249/10. Received: 21/VIII/10. Accepted: 02/V/11.
*Corresponding author.
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autoregressive processes of any order, see Withers and Nadarajah (2010). There
are many papers studying the distribution of the maximum of autoregressive pro-
cesses, see, for example, Chernick and Davis (1982), McCormick and Mathew
(1989), McCormick and Park (1992), Borkovec (2000), OI’shanskii (2004) and
Elek and Zempléni (2008). However, the results either give the limiting extreme
value distributions or assume that the errors come from a specific class (for ex-
ample, uniform distributed errors, negative binomial errors, A RC H(1) errors,
etc). We are aware of no work giving the exact distribution of the maximum of
autoregressive processes. As explained in Withers and Nadarajah (2010), solu-
tions to (1.1) will lead to the exact distribution of the maximum of autoregressive
processes of any order.

The aim of this note to provide solutions for (1.1) accessible for all scientists,
not just mathematicians. These solutions are given in terms of Bell polynomials.
In-built routines for Bell polynomials are available in most computer algebra
packages. For example, see BellB in Mathematica and IncompleteBellPoly in
Matlab. So, the solutions given will be accessible to most practitioners.

In Section 2, a solution for (1.1) is given as a Bell polynomial. In order
to investigate the behavior of u, for large n, an assumption needs to made on
the behavior of v, for large n. In Section 3, we show that when v, can be
written as a weighted sum of nth powers, then the solution u,, also has this form.
This assumption is extended in Section 4 to the case when the weights are not
constants, but polynomials in #. Some conclusions and future work are noted in
Section 5.

2 The solution as a Bell polynomial

Theorem 2.1 provides an explicit solution of the recurrence relation (1.1) in terms
of the complete ordinary Bell polynomial, E, (w), a function of (wy, ..., w,),
defined for any sequence w = (w1, wy, ...) by the formal generating function

(1=w@)™ =) B,w",
n=0

where

W) = i wy,t".
n=1
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The solution given by Theorem 2.1 can be computed by a single call to the in-
built routine, BellB, in Mathematica or some other equivalent computer package.
We believe that this is the most direct and the most efficient way to calculate a
solution for the recurrence relation (1.1). However, in the absence of computer
packages, the complete ordinary Bell polynomial can be calculated using the
recurrence relation derived by Theorem 2.2.

Theorem 2.1. The recurrence relation (1.1) has the solution:
Uy, = §n+l(w) (21)
forn > 0, where w, = v,_.
Proof. Multiply (1.1) by ¢* and sum from » = 0 to obtain
U@ -vw)/t=U®V@,
where o o
U@ =Y ust", Vt)y =) vt",
n=0 n=0
U@y =01—=w) 'V
since W(t) =tV (¢), and
l+tU =14+ =W ' we)y=0—-tV@e)™". (2.2)

Taking the coefficient of #” in the last line gives the explicit solution (2.1). [

Theorem 2.2. A recurrence relation for b, = En (w) is given by
b, =w,®b,
forn > 1, where wy = 0 and by = 1. For example,

by = woby + wiby = wy,
by = woby + wiby + waby = wiby + wy = wi + wa,
by = wobs + w1by + waby + w3by = wiby + wrby + w;
= w? + 2w w; + ws,
and so on.
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Proof. Follows by taking the coefficient of " in (1 —x)~' — 1 =x(1 —x)~},
where x = W (¢). ]

An alternative to the complete ordinary Bell polynomial is the partial ordinary
Bell polynomial, /B\,{ j(w), defined by

W(t) = By(w)"

n=j

for 0 < j < n. For example,
§n0(w) = 5"05 B\nl(w) = Wy, §nn(w) = wa,

where g0 = 1 and §,0 = 0 for n > 0. These polynomials are tabled on page
309 of Comtet (1974) for 1 < n < 10. Recurrence formulas for them are also
given by Comtet (1974). They can be computed by a single call to the in-built
routine, IncompleteBellPoly, in Matlab.

Theorem 2.3 states the relationship between the complete ordinary Bell poly-
nomial and the partial ordinary Bell polynomial. It also provides a recurrence
relation for the latter. Corollary 2.1 derives the relationship between u,, and v,,.

Corollary 2.2 derives the reciprocal relationship between v, and u,,.
Theorem 2.3. We have

By(w) =Y B,;(w). 23)
j=0

A recurrence relation for b,; = B,;(W) is

” Jiti = z bn”] nyj2 (24)
ny+ny=n
Jor ji, j» > 0. For example,
n—1
bujr1 = Z by, jwn, = E brjw,—
k=1

ni+ny=n

for j > 1.
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Proof. Take the coefficient of ¢ in the expansion for (1 — W (¢))~! to obtain
(2.3). The recurrence relation (2.4) follows by taking the coefficient of ¢” in
W (t)'72 = W (t))' W(t)’2. The proof is complete. O

Corollary 2.1. We have

up = Yo,
_ 2
ul - v]+U0,
3
uy = vy + 2vv; + vp,

Uz = vz + (2vovz + vf) + 3vgvr + vg,
us = v4+ Cvgvz + 2viv7) + (3v0v2 + 3vov; ) + 4v0v1 + vo,
us = vs5+ (2v0v4 + 2viv3 + vg) + (3v(2)v3 + 6vgvi vy + vf)
+ (4vgva + 6v37) + Svgvr + vy,
us = v+ (Quovs 4+ 2v1v4 4 2v203)
+ (3v(2)v4 + 6vov1 V3 + 3vov; + 3va2)
+ (4v(3)v3 + 12v3vivy + 4v0vf) + (5vgv2 + 10v8vf) + 6vu; + v{,
u; = v7+ (2v0v6 + 2vivs + 2vpv4 + vf)
+ (3v(2)v5 + 6vov V4 + 6V U3 + 3v12v3 + 3v1v§)
+ (4v(3)v4 + 1202003 + 6V3v3 + 1200070 + v‘f)
(5v0v3 + 2003 v v + 10v0v1)
+ (6vgva + 15v0v1) + Tvgvy + v,
ug = vg+ (2Quov7 + 2v1vs + 20205 + v304)
+ (3v§v6 ~+ 6vv1 Vs + 6V V4 + 3v0v§ + 3v12v4 + 6vivv3 + v%)
+ (4v3v5 + 12v§v1v4 + 12v§v2v3 + 12U0U12U3 + 12v0v1v§ + 4va2)
+ (5U3U4 + 20v8v1v3 + 10v8v§ + 30v§v12v2 + SUOUf)
+ (6vgvs + 30vgv1v2 + 20v3v7) + (Tvgvs + 21vgv7)
+ 8ugu1 + vg,
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U9 = v9 + (21)()1}8 + 2v1v7 + 2006 + 2V305 + vi)
+ (3v(2)v7 + 6V Vg + 6VVL V5 + 6VyU3 V4 + 3va5
+ 6vivv4 + 3vlv§ + 3v§v3) (4v8v6 + 12v§v1v5 + 12v(2)v2v4
+ 6022 + 120907 vy + 2409010203 + dvgv; + dviv; + 6v1v2)

(5v0v5 + 20031 v4 + 2003 V203 + 30vgviv;s + 30U3V1v)
+20v9v7 v + v7) + (6vyvs + 30vjviv3 + 15v5v;
+ 60v3v7 vy + 15v50]) + (Tvgus + 42v0v1v2 + 35v3v7)
+ (8vgva + 28v§vy) + Yvgur + vy (2.5)

Proof. Applying (2.3) to (2.1), and reading the partial polynomials from
Comtet’s table, we obtain the results. O

Corollary 2.2. We have v, = —§n+1(x)for n >0, wherex, = —u,_1.

Proof. This follows from W (¢) = 1 — (1 — X (¢))~!, where X (¢) = —tU(t) =
Y o2 xut". Alternatively, it follows by writing (1.1) as u/, =V tu, v,
n >0, uy = v, where u), = —v,, v, = —u, and applying (2.1). D

3 The weighted sum of powers solution

The solution (2.1) gives no indication of the behavior of u,, for large n. To obtain
this we need to make an assumption on the behavior of v, for large n. Then if
V' (t) is tractable, we can obtain u,_;, n > 1, as the coefficient of ¢" in (2.2).
Theorems 3.1 and 3.2 illustrate this by two methods.

Theorem 3.1. Suppose v, is a weighted sum of powers, at least for large enough

n, say
vy =Y bVl (3.1)
j=1
forn > ng, where 1 <r < 00, ng > 0. Suppose also {§,} are the roots of
Zbk‘)/’?”/ (8 — Vi) = Pny(8), (3.2)
k=1
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where p,41(8) = 8" — v, ® 8". Assume that {b;} are all non-zero and that
{v;} are all non-zero and distinct. Assume also that the r roots of (3.2) are all
distinct. Then u, has the form

J
un =y _ ;8" (3.3)
j=1

forn > mg, where J < I' =r 4+ ng, mo =2no — lifng > 1and my =0 if

I’lo=0.

Proof. Having found {4,}, {y;} are the roots of

-

Ajno (V)V] = {qny (U) (34)
j=1
forv=wvy,...,v;, where 4,,(v) = 5;?/(81- —v)and g1 (V) = V" +u, ® 6"
Note (3.4) can be written
Anoy = Qn()? (35)

where (Ay)g = Ajn(ve), Qu = (Onts ..., Onp)' and Que = gu(vg). So, if
J =r, asolution is
Yy =A,'Qu.

If » = oo, numerical solutions can be found by truncating the infinite matrix A,
and infinite vectors (Q,,, ) to N x N matrix and N-vectors, then increasing N un-
til the desired precision is reached. The proof, which is by substitution, assumes
that {6, v;} are all distinct. The proof relies on the fact that if Z,J-=1 ajr; =0
forl <n < Jandr,...,r; are distinct, then a; = --- = a; = 0, since
det(r;: 1§n,j§J> £ 0.

If J < r, a solution is given by dropping » — J rows of (3.5). If J > r, there
are not enough equations for a solution by this method. If ny > 2, the values of
u, forn < 2ny — 2 can be found from (1.1) or (2.1) or the extension of (2.5).

Now suppose that nyp > 1 and n = 2ny — 1. Then s, = 0 so that the result
remains true. g

Set f(§) equal to the left and right hand sides of (3.2). Then a sufficient
condition that its roots are distinct, is that /' (6) = 0 implies f 8) =0.
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The second and more general method is to compute u, from its generating
function via the generating function of v, and (2.2). The advantages of this
method are: (i) it always applies, provided that the generating functions exist
near ¢t = 0; (ii) we shall see that it becomes clear how to extend the method when
multiple roots exist.

Theorem 3.2. Suppose (3.1) holds. Then u, has the form

R
un_y =Y _ T/ p;(n) (3.6)

j=1

for some R, T; and p;(n), a polynomial of some degree n ;.

Proof. Again we begin with (3.1). The generating functionis V(¢) = Vo + V1,
where 7, = Zzoz_ol vt V) = Z;zl bjs;.'o/(l —s;),s; = v;t. Set D =
n;zl(l—sj), N = DV;. Then D(1—tV(t)) = L, where L = D(1—tVy)—tN
is a polynomial of degree J = r + ny > r, assuming that ny > 0. So, we can
write L = ]_[,f:1 (1 — tt;) say, and

1+tU@)=1—tV@) ' =D/L.

Suppose first that {#;} are distinct. Then by the usual partial fractions expansion,

J
D/L =" "qi(t) /(1 —tt),

k=1

where g, (¢) = D/Lyand Ly = L/(1 — tt;). So,

J
U=y qi (8 1]

k=1

forn > 1. Ifng = O then Vo = 0, U(t) = N/L = > ;_,mi(tx)/(1 — ttr),
where my(t) = M/L so that

\
=y mi () 1}

k=1

for n > 0. Now suppose first that {#;} are not distinct. Then we can write
L= ]_[f:1 (1—1tT;)", where ]_[f:l n; = J and {T;} are distinct. By the general
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partial fraction expansion, (compare Section 2.10 of Gradshteyn and Ryzhik
(2007)),

R nj
D/L=Y > cu/(1—1tT))"

j=1 k=1

where ¢, 41 = OF V(T /(k — Dland Q;(1) = (1 — tT;)"ID/L. So,

(3.6) holds, where
el k+n—1
p;j(n) = chk ( _1

forn > 1. So, p;(n) is a polynomial of degree n;. If ny = 0 just replace D/L
by N/L as for the case of distinct roots; then u, is equal to the right hand side
of (3.6) forn > 0. O

Corollaries 3.1 to 3.3 deduce the asymptotics of u, and v, as n — oo when
(3.1), (3.3) and (3.6) are satisfied. Further particular cases are considered by
Corollaries 3.4 to 3.7.

Corollary 3.1. If (3.1) holds then
v, X B,r{
as n — 0o, where

Z b exp 10n ’vj‘=r1}=0(1),
J

, Vi =71 eXp (lej) .

ry = max
J=1

Suppose in additionr =2 andny = 1. By (3.1), V(t) = 22 b;(1— v]t)_l =
N(t)/D when max _1lvjtl < 1, where N(t) = bi(1 — vyt) + by(1 — vi2),
D= Zi:Odi[ for do =1,d =—-vi—wandd, = viva. So, 1 —tV(t) =
M(t)/D, where M(t) = D — tN(t) = 1 — c; + cat%, ¢; = viva + by + by and

¢y = vivy + by + by
Corollary 3.2. If (3.3) holds then
u, ~ Cyry
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as n — 0o, where

Co= Y {byexp(iy;n) : [8;] = Ri} = O(D),

J

R, = m‘élf( |5] s (Sj = Rj eXp (ivfj) :
j=

Corollary 3.3. If (3.6) holds, set T; = rjexp(iy;), r = max)_,r; and

N =max{n; :r; =r}. Then

N -1
Up_1 ~ 1" Z exp(intﬁj)cjzv< ]-\if_il )

r‘/‘ =r,nj=n

~ r"'n"'D, /(N — 1)!

D, = Z exp (inyr;) c;y = O(D).

rj=r,n;=n

Corollary 3.4. If c; # 0 and M(t) has two distinct roots then the solution (3.3)
holds with J = 2.

Corollary 3.5. Suppose c; = 0 # c¢1. Then M(t) has one root and (3.3)
holds with J = 1. Alternatively, since the right hand side of (2.2) is equal to
D1 —cit)™" — 1, we obtain u,_, = c} Ziz:o dicl_iforn > 1.

Corollary 3.6. Suppose c; = c; = 0. Then M(¢t) = 1 and the right hand side
of (2.2) is equal to D, giving ug = dy, uy = dp and u, = 0 forn > 2.

Corollary 3.7. Suppose c; # 0 and M(t) has two equal roots, say t = t,. The
root satisfies M(t) = M) =0, giving t), = ¢1/(2¢y) =2/cy and 4cy = c%. So,
M(t) = (1 —t/t))?* and the right hand side of (2.2) is equal to

DY (4 De/n)y -1,
j=0

giving u,—1 = t{{n + 1+ ndty + (n — l)dztlz}forn > 1. So, in this case, the

solution is a weighted power with the weight linear in n.
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4 An extension to polynomial weights

The weighted sum of powers assumption for v, arose naturally in Withers and
Nadarajah (2010) assuming that a certain matrix had diagonal Jordan form, or
at least if the eigenvalues of the non-diagonal Jordan blocks are zero. When this
is not the case, we showed in Withers and Nadarajah (2010) that

r  min(n,m;)—1 n—1
w=2 2 |, Jewi™ (.1
i=1 k=0

for n > 1, so that v; = Z;:1 w;o. For this more general case, the method of
obtaining u, from v, via its generating function, (2.2), still holds, as shown by
Theorem 4.1.

Theorem 4.1. Suppose (4.1) holds. Then u, has the form

J

U1 = ) el] (42)

k=1

forn > 1 for some J, ¢, and t,. Note (4.2) is of the form (3.3) with ny = 1.

Proof. Settings = vt and D = d/ds,

o
Ztn (n ; 1) k=l = kel g

n=1

where

Ak _ Z (l’l ; 1) Sn—k—l — ZDksn—l/k! — Dk(l —S)_l/k! — (1 _S)—k—l

n=1 n=1

for |s| < 1. So, setting s; = v;¢ for max|_, |s;| < I, (4.1) gives the generating
function for {v,}
Vit)y=1+ Vo) + Vi (2),

where
m;—1 m;—1
Vo)=Y wul, i@y =) Y w1 — s
v;=0 k=0 v; #0 k=0
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Let{0;, j =1, ..., R} be the distinct non-zero values of {v;,i = 1,...,r}. Set

ng=max{m; : v; =0}, J =M+ 1+ ny, Mj=max{m,-: v,-=0j},
R
m_rnaxM _maxm,, M = ZM, c,k_Z{w,-k' vi=9_,~},
j=1
Mj—1

R
Ny =Y A (1—18)" " ey D) = ]_[ (1—16))

k=0

Then Vy(¢) is a polynomial of degree ng, N;(¢) is a polynomial of degree M
D(t) is a polynomial of degree M, and

R
N =Y N0/ (1-16,)"

j=1
where
R
D@)Vi(1) = ZNj(t)Qj(t) =N(@)
j=1
say, Q;(t) is a polynomial of degree M — M;, and N(t) is a polynomial of
degree M. So,

J

D(t) (1 =tV (1)) = D(t) (1 — vot — tVs(6)) — tN(t) = L(t) = [ [ (1 — t2)
k=1

say, is a polynomial of degree J, giving

J
L+tU@0 =1 =tV @)™ =D/ [0 -t

k=1
Expanding in partial fractions (see Section 2.10 of Gradshteyn and Ryzhik
(2007)) and taking the coefficient of ¢” gives u,_; as a weighted sum nth powers
of {#} with the weights polynomials in n. If {#;} are all distinct, then the partial
fraction expansion has the form

J
L+tU@ =0 =tV e)™ =Y a/ (1 —th)

so that (4.2) follows. If {#;} are not distinct, then proceed as for the case given
in Section 3. U
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Suppose that my = 2, vi # 0, (m;,v;) = (1,0) fori > 1. Then R = 1,
O=vi,M =M =m =2,J =4 My=my =1and v, = wyov! ' + (n —
Dw; v 2 for n > 2. So, setting s = vy and ¢g = Y, wjo,

Vo(t) = cot, Vi(t) = wiot(1 — )~  +wy (1 —5)72,
V(t) = vo + cot + Ni(@)(1 — )72,

N(t) = Ni(t) = wiot (1 — s) + w12, 01(t) = 1,

4
D)1 =tV (1) = (1 —s)? (1 — tvp — tzco) —INO =L@ =[] a0

i=1
So, if {#;} are distinct, then

4
L+1U0) =1 =tV@) ™ =1 =)*/L1) = ) e/ (1 = 11)
k=1
say, giving (4.2) with J = 4. For analytic expressions for the roots of a quartic,
see Section 3.8.3, page 17 of Abramowitz and Stegun (1964).

5 Conclusions

We have solved the recurrence relation u, 1 = v,41 + 4, ® v,, n # 0 for u,,
given the sequence v,. The solution for u, is in terms of Bell polynomials. This
form is convenient since in-built routines for computing Bell polynomials are
widely available. So, the solutions can be directly applied to derive the distribu-
tion of the maximum for autoregressive processes.

We have also established the behavior of u,, for large n by assuming some form
for the behavior of v, for large n. The assumed forms are (3.1), a weighted sum
of powers, and (4.1). As shown in Withers and Nadarajah (2010), one of these
assumptions always holds. So, the assumptions are not at all restrictive.

The work presented can be extended in several ways: 1) consider solving
Uptl = Uyl + Opt1 + Uy @ U, +u, @ wy, n # 0 for u,, given the sequences v,
and w,; 2) consider solving u, 11 = Vyy1 + Wpy1 + Mpg1 + Uy @V + U, @ 0, +
U, ® Wy, n # 0 for u,, given the sequences v,, w, and u,; and, 3) consider
solving multivariate forms of (1.1) taking the form

U1 = Vyp1 + U, @V,
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where the equality and the convolution operator are interpreted element wise.

We hope to address some of these problems in a future paper.
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