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ON STOCHASTIC RECURSIVE
EQUATIONS OF SUM AND MAX TYPE

LUDGER RUSCHENDOREF,* Albert-Ludwigs-Universitdit Freiburg

Abstract

In this paper we consider stochastic recursive equations of sum type, X 2 > ikzl Ai Xi+D,
and of max type, X 2 max{A;X; + b;: 1 <i <k}, where A;, b;, and b are random,
(X;) are independent, identically distributed copies of X, and ‘2’ denotes equality in
distribution. Equations of these types typically characterize limits in the probabilistic
analysis of algorithms, in combinatorial optimization problems, and in many other
problems having a recursive structure. We develop some new contraction properties of
minimal L¢-metrics which allow us to establish general existence and uniqueness results
for solutions without imposing any moment conditions. As an application we obtain a
one-to-one relationship between the set of solutions to the homogeneous equation and
the set of solutions to the inhomogeneous equation, for sum- and max-type equations.
We also give a stochastic interpretation of a recent transfer principle of Rosler from
nonnegative solutions of sum type to those of max type, by means of random scaled
Weibull distributions.
Keywords: Additive recursive equation; recursive algorithm; contraction method
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1. Introduction

Stochastic recursive equations of sum and max type arise in a great variety of problems
with a recursive stochastic component, as in the probabilistic analysis of algorithms or in
combinatorial optimization problems. For a list of examples in these areas, see the recent
survey [1] on max-recursive equations, and see [19] for additive equations. In particular, the
limiting distribution of parameters of algorithms of divide-and-conquer type leads typically,
for additive parameters such as path length or insertion depth in random trees, to equations of
sum type, while parameters such as worst-case behaviour, height of random trees, and others
lead typically to equations of max type. The contraction method is an effective tool for proving
limit theorems and existence and uniqueness results for recursive algorithms and, in particular,
recursive equations. The method was introduced for the analysis of the Quicksort algorithm
in [25] and then independently developed further in [26] and [24] (which was submitted prior
to [26]). It was then used and extended to the analysis of a large variety of algorithms in a series
of papers; see, in particular, [19], [20], [21], and [27], which give general and easy-to-apply
conditions for convergence results. The contraction method has also been successfully applied
to some nonlinear stochastic equations, e.g. for the analysis of iterated function systems, random
fractal measures, and fractal stochastic processes (see [13], [14], [15], and [24]).

There is an extensive literature on the characterization and existence of solutions to additive
equations of sum type (as for branching type processes) and quite general existence results
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are known in the homogeneous nonnegative case (see [3], [4], [5], [8], [12], [17], and [18]).
Contraction arguments based on suitable probability metrics for this problem were given in [6],
[24], and [26].

In particular, the minimal Lg-metric £; and the Zolotarev metric ¢; have been applied to
stochastic equations. For sum recursions, the metrics £, and ¢ are particularly well suited. They
yield good contraction factors for the distributional operator T on the set, M, of distributions
with finite sth moments:

K
T: M, — M, TXEZAiX,-+b. (1.1)

i=1

Here (X;) are independent, identically distributed (i.i.d.) copies of X, (A;, b)1<;<k are inde-
pendent of (X;), and ‘2’ denotes equality in distribution. We assume throughout the paper
that K < oo, even though most of our discussion can be extended directly to the case where
K = oo or to the case where K is random. We obtain

K
G(TX,TY) < E(Z Al?)e%(x, Y),

i=1

ifEX=EY,and, forall s > 0,

K
G(TX, TY) <BY AP ¢ (X, Y); (1.2)
i=1

see [23], [24], and [26]. For 0 < s < 1, £ has the same good contraction factor, E Zlel |A; 5,
as the ¢;-metric, but for 1 < s < 2 we obtain only

K 1/s
6(TX, TY) < K, (EZ |A,-|S) Ly(X, Y), (1.3)
i=1

for any coupling (X, Y) with E(Y — X) = 0, where K; > 1 is a constant; see [23]. Inequal-
ity (1.3) is based on Woyczynski’s inequality. It is valid in general Banach spaces under
a type condition. For real random variables, the type is two and K, can be taken to be
K, = 18s3/2(s — 1)1/2 for | < s < 2. In fact, in the real case Vatutin and Topchii [30]
and Alsmeyer and Rosler [2] established this inequality for K = 2.

For max-type recursions it has been established in [21], [23], and [24] that the minimal
Lg-metric £ is well suited even though it is not an ideal metric in the sense of Zolotarev. For

the max operator, such that
K

TX = \/(AiXi + b)) (1.4)

i=1

where (X;) are again i.i.d. copies of X independent of (A;, b;)1<i<k, and ‘\/’ denotes the
maximum, for any s > 0 we obtain

K 1/sAl
L(TX, TY) < (EZ |Ai|5> (X, 7). (15)
i=1
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The contraction properties in (1.2)—(1.5) can be extended to random K or to K = oo as well as
to Banach spaces, but in this paper we restrict to the case of distributions and random variables
in R!. In the following, we will freely use random variables or their distributions as arguments
of the metrics.

For the application of contraction arguments to the problem of existence and characterization
of solutions in the sum case, it is important also to be able to apply the £;-metrics in the domain
1 < s < 2, since, compared with the Zolotarev metric ¢;, they allow us much more easily to
obtain upper estimates for the sum-recursive equation in (1.1). In Section 2 we prove that, in
spite of the poor contraction factor K in (1.3), we can obtain existence and uniqueness results for
sum recursions with respect to £; for any s, 1 < s < 2, under the natural contraction condition
ns =E Z,K: 1 1Ai° < 1. The proof of this result uses a coupling construction based on weighted
branching trees. We then extend the existence results without using any moment conditions on
the solutions. To do so we introduce a new variant of the minimal L -metric, denoted 68, which
allows us to apply contraction arguments without imposing moment conditions. This extension
of the applicability of £;-metrics to the analysis of sum equations is the main contribution of
this paper.

As a consequence of these developments we obtain an interesting equivalence theorem
which establishes a one-to-one relationship between the sets of all solutions to homogeneous
and, respectively, inhomogeneous additive recursive equations. For max-recursive sequences,
the minimal L-metrics £; have recently been shown, in [21], to be ideally suited to obtaining
existence and stability results. In Section 4 we establish the corresponding one-to-one relation-
ship between homogeneous and inhomogeneous equations for max-recursive sequences. The
basic structure of the arguments is the same as in the sum case. However, there are specific
differences. While the £;-metrics can be directly applied in the max case without any restriction,
for s > 0, they have to be considered in combination with weighted branching processes in
the range 1 < s < 2 in the sum case in M;. Furthermore, for the general existence result
in M = M'(R!, 81), the class of all probability distributions on (R!, B!), we finally need
to introduce the modified metrics Z? (see Theorem 2.3). These differences prevent us from
combining these results into a single master theorem.

We also give an analogue of Guivarc’h’s transformation method for sum recursions (see [11])
in the case of max-recursive equations. This principle allows us to transfer nonnegative solutions
to additive stochastic equations to max-recursive equations. A central role in this transformation
is played by the Weibull distribution, and the solution set constructed in this way can be seen
as a set of random scaled Weibull distributions. In operator language, this transfer was noted
recently in [28].

Limits of max-recursive sequences constitute a basic source of max-recursive equations. We
end the paper with an application of the recent limit theorem for max-recursive algorithms in
[21] to the limit for the worst case of FIND, which is characterized by a max-recursive stochastic
equation.

2. Additive recursive equations: analysis using {;-metrics

For probability measures u,v € M = MY(R!, 81, for s > 0 we denote by Zs(u, v) the
minimal Lg-metric

Co(u,v) =inf{(E|X = Y)Y X 2, Y 20}, 2.1

Also, we synonymously use the notation £4(X, Y) or £5(X, u) for the distance of the corre-
sponding distributions. While £;(u, v) in (2.1) is defined for all 4, v € M, it is not always
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finite. For © € M, we denote by M (1) the set of all v € M for which £ (u, v) is finite:
Mg (p) :=={v e M: £;(n,v) < oo}

For any u € M, the class of all probability measures with finite sth moments, we have
Mg () = M;. For s > 1, we will additionally have to consider subsets of M (1t) in which the
first moment is fixed to have the value c:

Mg(u, c) = {v € My: £y(,v) < 00, /xdv(x) = c}.

Let T denote the operator, on the set of probability measures corresponding to (1.1), such that
TX = Zlel A;X; + b. The £,-metrics have the following contraction properties with respect
to the operator 7.

Lemma 2.1. Let ug € M and ju, v € Mg(iug). Then,

(a) for any s > 0, with r := min(s, 1) we have

K
(T, Tv) < Y EBIAL 6 (1, v); 22)

i=1

(b) fors =2and u,v € Ma(uo, c), we have

K 1/2
6 (T, Tv) < <EZA?> G, v);
i=1

(©) for1 <s <2and n,v € Ms(uo, c), we have
K 1/s
(T, Tv) < K (EZ |Al~|S> €5 (1, v), 2.3)
i=1

where K1 =1 and Ky = 18s3/2(s — 1)1/2, 1l<s<2.

For the proof of Lemma 2.1, see [23], [24, Propositions 2 and 3], and, for s = 2, [26].
In these references the results were stated for the moment class My, but can be extended to
the generalized classes M, (o) and Ms (o, ¢) considered here. In the cases in which s = 2
and 0 < s < 1, we obtain existence and uniqueness results for additive recursive stochastic
equations of the type T X 2 X, under the natural contraction condition n; = E Z,K: LA < 1,
in Mg(ug) forO < s < 1 and in My (o, ¢) fors = 2.

Theorem 2.1. Assume that ns < 1 and consider the stochastic equation

K
X2 AiXi+b. (2.4)
i=1

@ If0 <s < 1and no € M satisfies £s(o, T o) < oo, then (2.4) has a unique solution in
M (o).
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®Ifs=2b¢e L', Lo (o, T o) < oo for some oy € M, and either

K
Eb=0 and EZAizl, (2.5)
i=1
or K
EY A #1, (2.6)
i=1

then either (2.4) has a unique solution in M (o, c) for any ¢ € R! (under (2.5)), or (2.4) has
a unique solution in My (o, c*) for c* :==Eb/(1 —E Zlel A;) (under (2.6)).

Proof. (a) We have to establish that 7 maps M;(up) to Mg(ip). Let w € Mg(ip). Then
there exist random variables X = Mo and Y = n with E|X — Y| < oo. Let (X;,Y;) be
i.1.d. random variables with (X;, Y;) = (X,Y). Then

K K
W:=) AYi+b=Tu and V:=)» AXi+b= T
i=1 i=1

are couplings of T and T g with

K
EIW -V < ZE|Ai|SE|X —Y

i=1

(cf. (2.2) for 0 < s < 1). By assumption, £;(ug, T o) < oo. Thus, there exist couplings U
and U of o and T o with E|U — U|* < oo. Without loss of generality, we may assume that
U = V as defined above (otherwise, we may use a suitable measure-preserving transformation).
Thus, (U, W) is a coupling of (g, Tu) withE|U — W|* <E|U — V|*+E|V — W|® < o0,
ie. Tu € Ms(ip). The completeness of (M (o), €5) is a consequence of the completeness of
LS. If (un) C M (o) is a Cauchy sequence in M (110) (and we denote by F,, the distribution
function of w,), then, by choosing optimal couplings X, = F,~ Ly, n >0, simultaneously
for all w,, we find that (X, — X0),>1 is a Cauchy sequence in L* and, thus, has alimit Z € L*.
This implies that £ (u,, ) — 0, where t Z Xo+ Z. An application of Banach’s fixed point
theorem using the contraction property in (2.2) now yields the existence and uniqueness of a
fixed point in M, (o).

(b) As in the proof of (a), we have to establish that T maps M3 (1o, ¢) to M2 (uo, c). This follows
similarly to (a), using conditions (2.5) and (2.6) (as appropriate) to establish that f xdux)=c
implies [ x dT ju(x) = c.

Remark 2.1. If uo € Myand b € L*, 1 <s < 2, then

M; (o, ©) = My (c) == {u € M;: /xdu(x) = C} C M;,

M, (o) = My, and the condition £4(ug, T o) < oo is satisfied due to the assumptions
on A; and b. The contraction and the existence and uniqueness results can respectively be
found in this case in [26], for s = 2, and [24]. The respective extensions to the classes
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M (o) and Mg (1o, ¢) C M allow us to consider more general stochastic equations, including,
e.g. characterizations of the Cauchy distribution by an equation of the form

A X1+ A Xo+b2 X, (2.7)

where b = A3C(0, 1) (C(0, 1) being a Cauchy-distributed random variable), 0 < A;, A1 +
Ay + A3 = 1,and E(A}] 4 A%) < 1 for some s < 1.

Theorem 2.1(a) then implies that the Cauchy distribution o = C(u, o) is the unique
solution to (2.7) in M (o).

For 1 < s < 2, only the contraction property in (2.3), which has an additional contraction
factor Ky > 1, is available. Our next aim is to establish an existence and uniqueness result
in M, for this case under the natural contraction condition n; < 1, which extends part (b) of
Theorem 2.1.

Theorem 2.2. (Existence and uniqueness in My.) Consider the stochastic equation

K
XZ> AiXi+b

i=1

(as in (2.4)) and let 1 < s < 2. Furthermore, let juo € My and b € L' and assume that
Ny = Elezl |A;|* < 1 and that either (2.5) or (2.6) holds.
If L5 (o, T o) < oo then the stochastic equation (2.4) has a unique solution in Mg (1o, ).

Proof. For the proof we establish, in the first step, that the mth iterate, 7™, of T is, for
all m > myg, a contraction on M (o, ¢), i.e. that £,(T"u, T™1) < Kksls(u, ) for some «;,
0<ky <1,and all 7, u € M (1o, c).

We consider the random weighted K -ary branching tree, T,X, of depth m, where each node
o = o1 - - - o (including the root, &) is supplied with independent copies, X, and b,, of the

random variables X = u and b, and the K edges, e, ..., ek, leading from o to the successor,
oo;, of o are supplied with independent copies, (A, ..., Aeg), of (A1, ..., Ak) such that
(Aeyy ..o Aegs bo) 2 (Aq, ..., Ak, b) (see, e.g. [29] for this construction). Furthermore, for
each node v = vy --- v, at level r, we define the multiplicative weights L(v) = A, ---A,,
along its path vy - - - v, in the tree, and we define the additively weighted size of the branching
tree by
m—1
Zm = Z L(0) Xy + Z Z L(v)b,, m € N. (2.8)
|o|=m i=1 |v|=i

Lett, u € Mg(uo, c), let X = wand Y Z rwithEX =EY andE |X —Y|® < o0, and let Tnf

be the induced random weighted branching tree with i.i.d. copies, Y, of Y at the nodes and

with the same random weights (A, by) on the edges as in the tree 7,X. The random variables
D

{(Xs, Y5)} are i.i.d. and such that (X4, Ys) = (X, Y). Denote the corresponding additively
weighted size by

m—1
Wy = Z L(o)Yy + Z Z L(v)b,, m e N. (2.9)

|o|=m i=1 |v|=i
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Then Z,, and W,, respectively display the recursive structures
ZnZ Y AZy)  +b, Wu 2 AW +b,
i=1 i=1

where (Zlgi)_ ) and (W,S)_I) are respectively i.i.d. copies of Z,,_; and W,,_;. This recursive
structure is obtained by splitting the tree at the root. The weighted sizes Z,,, and W,,, are versions
of the mth iterate of the distributional operator T':

Zm = T"X, W,, = T"Y. (2.10)

By the multiplicative structure presented, and using the independence assumptions, from
the Woyczynski inequality (see (2.3)) we obtain

s

L{(Zy, W) =E

> L) (Xe — Y)

|lo|=m
<KE ) IL@PEIX-Y]
|lo|=m
K m
=K, (EZ |A,-|‘Y> E|X-Y|
i=1
=Kn"E|X — Y. (2.11)

For this estimate, the equality of first moments is needed. Passing to the minimal L -metric 5,
we obtain
L(T"X, T"Y) < Ksng'€s(1a, 7). (2.12)

For m > mo, Ksnf' < K sne® =: Ky < 1, i.e. the iterated operator 7™ is a contraction with
respect to £5 on My (uo, c).

By assumption, £ (o, T it9) < 0o and, thus, as in the proof of part (b) of Theorem 2.1, for
s = 2 we find that 7 maps M, (o, ¢) to M (1o, c). By the triangle inequality, this implies that
Ly (o, T" o) < oo. Thus, wo, T™ o, T*" 1o, . .. is a Cauchy sequence in My (uo, ¢) and,
so, converges to some limit u* € M (o, ¢): £s(T*™ g, w*) — 0. Forany r, 1 <r < m, we
obtain

(T " o, T o) < ke (o, T" o) — 0;

thus, the triangle inequality implies that £,(u*, T"u*) =0, 1 <r < m, and T" uo converges
to u* and u* is a fixed point of T in M (ug, ¢).

Uniqueness of the fixed point follows from the estimate in (2.12) if applied to two solutions
X and Y of (2.4).

Remark 2.2. As for s = 2, the additional assumption that b € L°® implies the condition
€5 (o, To) < oo if o € M.

We can state a corresponding existence and uniqueness result with respect to the Zolotarev
metric ¢ for any s > 0. Here the proof is much simpler and does not require consideration of
the iterated operators or the weighted branching processes. The metric ¢ (i, v) is defined, for

D D
s=m+a, meNy,0<a<l,and X =pandY = v, by

gs(u,v) = sup{E(f(X) — f(Y)): [ € F},
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where
Fo =1{f € C"R,R): | f™(x) — f™ W) < |x — yI*}.

Finiteness of ¢, (u, v) implies equality of the first m difference moments: E(X"—Y") =0, 1 <
r <m.

Proposition 2.1. Let s > 0 and let po € M be a probability measure such that ny, =
E ZZK=1 |Ail* < 1 and &s(uo, Tig) < oo. Then the additive stochastic equation (2.4) has
a unique solution in Mf (mo) ={u e M: &(u, o) < oo}

Proof. For u,v € Mf (o), we have

K
& (T, Tv) < (ZElAi|s>;}(u, v) @.13)

i=1

(see, e.g. [24, Proposition 1]). The assumption (o, T o) < oo implies, by the triangle
inequality, that 7 maps M§ (o) to M§ (ro)- Thus, {T" o },en is a Cauchy sequence in Mf (n0),
which implies the existence of a fixed point by completeness of (M f (10), &s). The uniqueness
part is as in Theorem 2.2.

Remark 2.3. In general, the finiteness condition, (o, T o) < o0, of Proposition 2.1 for
the Zolotarev metric ¢, is not easy to check. For s € N there are upper bounds of ¢, in terms
of the difference pseudomoments

ks (X, Y) = S/ "M Fx (x) — Fy (x)] dx

(where Fx and Fy are the respective distribution functions of X and Y) if the first s — | moments
coincide, but for s ¢ N only estimates for the {;-metric including absolute pseudomoments
are available. There have been developed several alternative probability metrics, g, which
allow estimates as in (2.13) and simultaneously admit upper bounds in terms of difference
pseudomoments (see, e.g. [22]). However, in comparison, the estimate of £ (g, T (o) with
respect to the £ -metric is particularly simple and will be very useful in the following part of
the paper.

As a consequence of Proposition 2.1, we find that, given the contraction condition 1y < 1,
demonstrating the existence of a fixed point is equivalent to finding an element po € M such
that & (o, T o) < oo. With respect to the £;-metrics, for 0 < s < 1 the same is true in
M (o). For the interesting case, | < s < 2, we obtain a characterization of fixed points
in Mg(up, c) C Mp. In the next step we want to remove the first moment condition for the
£s-metrics. To that end we introduce, for any pog € M,

M?(uo) = {u € M : there exist random variables X = pnandY 2 "o
suchthat E(X —Y) =0and E|X — Y|® < o0}.

On MA? (o) we define the modified £;-metric
0 _ o ysyI/sal. D D _ _ vy
i (p,v) =mnf{(E|X - YI") X =u, Y=v,EX-Y)=0,E|X -Y] < oo}

Since M?(/L()) C Mg (o), weobtain £, (u, v) < E?(M, v) and 69 satisfies the triangle inequality.
Finiteness of E?(M, V) needs a more stringent coupling than does finiteness of £;(u, v). In the
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next theorem we will see that this finiteness is sufficient for a general existence result for
solutions to the stochastic recursive equation X = Zszl A; X; + b using £-type estimates.

Theorem 2.3. (Existence and uniqueness in M.) Let 1 < s < 2, let no € M satisfy
Z?(,u,o, T o) < oo, and assume that ng = EZZKZI |A;|° < 1. Then the stochastic equation
(2.4) has a unique solution in M?(,uo).

Proof. We first establish that 7 maps M? (no) to MA?(/,L()). Let u € MA? (0). For random
variables X and Y, by X &~ Y we indicate that E(X — Y) = Oand E|X — Y|* < oo. By
assumption, there exist random variables X 2 o and Y 2 T o such that X ~ Y. Let (X;, Y;)
be i.i.d. copies of (X, Y). Furthermore, define couplings of T and T o by

K K
Z::ZA,-Y,-—i—bgT,u, W:=ZAiXi+bgTuo.
i=1 i=1

Then K
E(Z - W) = ZEA,-E(Y —X)=0,

i=1
E|Z - W] <KSn,E|Y — X|* < o0,

ie. Z~ W. Since E(S)(,uo, T o) < oo, for E(S) we obtain
(o, Tw) < € (1o, Tro) + €)(To, Tw) <EIX =Y +E|Z — W|° < o0,

ie.Tp e M?(,uo), by the triangle inequality. Now we can follow the proof of Theorem 2.2
using the branching tree construction with Zy,, 2 hkm wo and Wy 4r = TE™+7 1o (cf. (2.8),
(2.9), and (2.10)) and with i.i.d. couplings, (Yy, X ), of (1o, T" o) such that Y, =~ X,. Then,
asin (2.11), for any r > 1 we find that

L2 (Zim, Wimar) < KE™MFEY — X|* - 0 ask — oo, (2.14)

where (X,7Y) = Xy, Yy) = (T" wo, (o). In particular, po, T™ uo, T2, ... is a Cauchy
sequence in MSO(,uo) with corresponding couplings Xo, X1 = Z,,, Xo = Zow, - - -

The related differences, Xy — X, are a Cauchy sequence in L¥(0) (i.e. they have mean 0)
and, thus, converge to some limit Z € L*(0) (we write this as Xy — Xo — s Z). This implies
that Xy — s Z + X¢. Thus, with p* Z Z + Xo, we obtain

€T o, 1) < E Xk — (Z + Xo)I” — 0.
This argument yields the completeness of (M SO (o), E(S)). From (2.14) we conclude that
QT =0, 1<r<m,

and, thus, u* is a fixed point of T in MSO(MO). Uniqueness follows from application of the
estimate (2.14) to two solutions, ¢ and v, to the stochastic equation, and use of the corresponding
weighted branching tree construction with sizes Z,, and W, and couplings X = wandY =y
such that X ~ Y.

As a consequence of Theorems 2.3 and 2.1, we obtain the following characterization of the
existence of solutions in the class, M, of all distributions. The necessity part of the following
characterization is obvious.
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Corollary 2.1. Let0 <s <2andns =E Zlel |A;|* < 1. Then the stochastic equation

K
X2 ZAiXi +b
i=1

has a solution in M if and only if there exists some |y € M such that

Ls(uo, Tro) <00 if0<s <1,

€0, Tio) <00 ifl <5 <2
Remark 2.4. In particular, the extended contraction results for the ¢;-metrics allow us to
characterize stable distributions as unique solutions to the associated stochastic equations
in M (o) or MO(,U,()) Let 0 < o < 2, let U be uniformly distributed on [0, 1], and let

X* = o = $(«) be a symmetric, stable distribution with index « and scale factor ¢, with
characteristic function

In g (1) = —clt|”.

Then X* is the unique solution to the stochastic recursion
X2UYX +1-U)"x,

in Mg(ug),if0 <a <s <1,orin Ms()(uo),ifl <a<s <2

3. Homogeneous and inhomogeneous additive recursive equations

In this section we obtain, as an application of the contraction results established in Section 2,
a one-to-one relationship between solutions to homogeneous and, respectively, inhomogeneous
linear stochastic equations. Consider the inhomogeneous equation

K
XQZAiXi+b, (3.1)
i=1

with induced operator 7 on M, and the corresponding homogeneous equation

K
X2 AiXi. (3.2)

i=1

with induced operator Ty. To establish a one-to-one relationship we assume that b € L® and
that the natural contraction condition, n; = E Z;K= 1 1Ail* < 1, holds. In Section 2 we obtained
various conditions on the existence and uniqueness of solutions to (3.1) and (3.2).

Theorem 3.1. (Homogeneous and inhomogeneous equations.) Let 0 < s <2 and A;j,b € L*
such that ny = E Z 114> <1and Eb =0 for 1 < s < 2. Then the following equivalence
holds.

(a) For any solution o to the homogeneous equation Ty = o, there exists exactly one
solution, u*, to the inhomogeneous equation T 2 W, such that

w _ JMs(ro) 0 <s <1,
MY (o) ifl<s <2
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(b) For any solution u* to the inhomogeneous equation T = W, there exists exactly one
solution, o, to the homogeneous equation Tou = W, such that

Mg(n*) if0<s <1,
MO(wo) ifl <s <2

Proof. (a) If g is a solution to the homogeneous equation Tpug 2 o, then we obtain a
coupling of o and T o from Yy := Zlel A;Y;, where (Y;) are i.i.d., Y; 2 o, and X* =
ZiK=l A;Y; +b =Yy + b. This implies that E | X* — Yy|* = E|b|* < oo and, thus, that
€5(po, To) < oo for0 < s < 1and €9(ug, To) < oo for 1 < s < 2, using the additional
assumption that E » = 0 in the latter case. From Theorem 2.1(a) we obtain a unique solution,
w* e Mg(up),to T = u for 0 < s <1, while Theorem 2.3 implies the existence of a unique
solution, u* € M?([Lo), toTu = nforl <s <2.

(b) The converse statement is proved similarly. If u* is a solution to the inhomogeneous equation
Tu = W, then let (X;) be i.i.d. random variables with X; = w*. Then X* := Zlkzl A X;+b
and Yy := Zlel A; X; define a coupling of p* and Tou* such that E |Yy — X*|* = E |b]® < o0,
Lo(u*, Tou™) < ocofor0 < s < 1, and Eg(u*, Ton*) <E|Yyg— X** <ooforl <s < 2.
Furthermore, Tou* € Mg(u*). Thus, again by Theorems 2.1(a) and 2.3, we obtain a unique
solution, 110, to the homogeneous equation Ty = p, with

po € My(n*) if0 <s <1,
po € MO(u*) ifl <s <2.

Remark 3.1. (a) Let «£o and £ respectively denote the solution sets of the homogeneous and
inhomogeneous equations (either in terms of distributions or in terms of random variables). If
Y e LoNLLEY =c,and 1 <s <2, then with 19 = ¥ we have M°(10) = M;(io, ). We
obtain, as a consequence of Theorems 2.3 and 3.1, the existence and uniqueness of solutions in
M (o, c), as in Theorem 2.2, where we had to specify the first moments of the solutions. The
remarkable feature of Theorem 3.1 is that it establishes a one-to-one relationship between £ and
L without any assumptions on the moments of the solutions, i and u*, in £ and, respectively,
L. The existence result based on the Zolotarev metric (Proposition 2.1) does not allow us to
draw the conclusion Theorem 3.1 does since the finiteness condition, (o, T (o) < oo, for
a fixed point g of the homogeneous equation in general needs further moment assumptions
on [o.

(b) Fill and Janson [9] characterized the set of all solutions to the Quicksort recursion
X2UX|+(1-U)X, +C(U),
with C(U) =2U logU +2(1 — U)log(1 —U) + 1, by
L=X"®C, (3.3

where X* is the unique solution to the inhomogeneous equation — the Quicksort distribution —
with finite 2nd moment; € = {C(u,0?): u € R, 0> > 0} is the set of Cauchy distributions
C(u, 02) with location parameter p and scale parameter o, such that C(u, 0) = g,; and ‘@’
denotes independent sums. Their method of proof, when applied to the homogeneous equation,
yields

Lo = C, (3.4
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i.e. Cis the set of all solutions to the homogeneous equation. In this case the relation between the
homogeneous solutions and the inhomogeneous solutions is explicit and simple. According to
the explicit relationship, knowledge of the solution set in the homogeneous case in (3.4) directly
yields, by the equivalence result of Theorem 3.1, the equality in (3.3) in the inhomogeneous
case.

Corollary 3.1. (Quicksort-type equation.) Let U be U[0, 1]-distributed and let b € L* under
condition (2.5) or condition (2.6) if 1 < s < 2. Then the Quicksort-type equation

XZ2UX +(1—-U)Xo+b

has a unique solution, X, in Mg(c) if (2.5) applies, or in Ms(c*) if (2.6) applies, and the set of
all solutions is given by L = X @ C.

Proof. Using (3.4), the proof follows from Theorems 2.1, 2.2, and 3.1.

4. Max-recursive sequences

In this section we consider max-recursive equations of the kind

K
X 2 \/(A X, +b), 4.1)

r=1

where (X;) are i.i.d. copies of X and A; and b; are random coefficients independent of (X,).
The right-hand side of (4.1) induces an operator T: M — M defined, for Q € M and X 2 0,
by

K
TQ=TX= °C<\/(ArXr —|—br)>.
r=1
If A, b, € L* and L(X) € M, then TX € M, and, thus, T can be considered as an operator
from M to M. The following existence and uniqueness result for max-recursive equations
was stated in [21], based on the contraction property in (1.5). Note that in the max case any
s > 0is allowed.

Theorem 4.1. (Existence and uniqueness for max-recursive equations [21].) For some s > 0,
let A;, b; € L® and let g € M be such that £5(uo, T o) < 00 and ng := EZle A ]S < 1.
Then the stochastic max-recursive equation X = \/f: 1(Ar X, + b)) has a unique solution in
M (10).

Similarly to the sum case, we obtain as a consequence a one-to-one relation between the set,
L, of solutions to the inhomogeneous equation

K
X2 \/(AX, +b) 4.2)

r=1

and the set, Lo, of solutions to the homogeneous equation

K
Yy = \/ A X, (4.3)
r=I1

We denote the corresponding distributional operators by T and 7.
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Theorem 4.2. (Equivalence theorem.) Let A,,b, € L* for some s > 0 and assume that
ns = E Zf: 1 1AFI* < 1. The following statements then hold.

(a) The inhomogeneous max-recursive equation (4.2) has a unique solution in Mj.

(b) For any solution Yoy € L to the homogeneous max-recursive equation (4.3), there exists
exactly one solution, X*, to the inhomogeneous max-recursive equation (4.2) such that
Ls(X*, Yo) < 00, Le. LIX*) € Mg(po) with o = L(Yp).

(¢) For any solution X* to the inhomogeneous equation (4.2), there exists exactly one
solution, Yy, to the homogeneous equation (4.3) with £;(X*, Yo) < oo.

Proof. (a) The proof follows from Theorem 4.1. Let no = 9. Then

K
Co(o, Tpao) < Emax b * < ) Elb[* < 0.
' r=1

Furthermore, M (o) = M and, thus, (a) follows from Theorem 4.1.

d) If Yo € Lo and o = L(Yp) then let (X;) be independent random variables with X; 2 o
and consider the coupling X := \/rK=1 A X, and W = \/le(ArXr + b,) of uo and T .
From Lemma 3.1 of [21], we then obtain

K 1/sAl
€5 (o, Tro) < (BIX — W) < <EZ |br|f) < o0.
r=1
Theorem 4.1 implies the existence and uniqueness of a solution, ©*, to the inhomogeneous
equation (4.2) in M (o).

(c) Conversely, let X* be a solution to (4.2) with X* = w*. Furthermore, let (X;) be i.i.d. with
X; 2 w* and consider the coupling X := \/f{:1 A X, and W = \/le(A,X, + b,) of Tou*
and u* (as W = u*). Then

K 1/sAl
Co(u*, Tou®) < (BIX = W)Y < (EZ W‘) <00
r=1

and Theorem 4.1 implies the result.

According to Theorem 4.2, there is a one-to-one relationship between the set, /£, of solutions
to the inhomogeneous max-recursive equation and the set, L, of solutions to the homogeneous
max-recursive equation. In the case of nonnegative coefficients A; > 0, the homogeneous max-
recursive equation

K
x2\/4;x; (4.4)
j=1
can be related to the homogeneous additive recursive equation
(@) D oy ()
W 2N " Avw, (4.5)
K

where o is chosen such that E} " A% = 1. This equation has been studied in detail in
the literature. Equation (4.5) has a solution if and only if E Zle A‘;‘ InA; <0 (see [3], [4],
and [17]). '
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Let
KF(t) = EH F(Ai)
i j

denote the operator on the distribution functions F corresponding to (4.4). Rosler [28] showed
that, for any nonnegative solution W@ to the additive equation (4.5),

Fo(t) :== Eexp(—W®~%) (4.6)

is a distribution function and K Fy = Fy, i.e. Fy is a solution to the max-recursive equation (4.5)
(see also [16]). We can interpret Rosler’s analytic construction stochastically as an analogue
of a transformation of Guivarc’h [11] given (in the latter paper) for the sum case.

Proposition 4.1. (Additive and max-recursive equations.) Let A; > 0, let E Z i—1 A =
and let W'® be a nonnegative solution to the additive stochastic equatton (4.5). Fi urthermore
let Z® be Weibull distributed with parameter o, i.e. F;w (x) = exp(—1/x%), x > 0. Then
the random scaled Weibull variable X = (W)Y z@ s q solution to the max-recursive
equation (4.4).

Proof. We verify that the distribution function of X is identical to Rosler’s [28] distribution
function Fy in (4.6):
Fx(1) =P(X =1)

=P(WHVz® <1

t
=E Fr@ (W)
= Eexp(—W® /%)

= Fy(1).

Alternatively, we may use the max-stability of the Weibull distribution. Let X ; = (W]@)l/ “zZ ;a)
be i.i.d. copies of X. Then

K K
\/ Aj — \/ (W(Ol))l/az(a)
j=1 =1

K
ZAO{ W(O‘)) Z(O{)

D (W(a))l/ﬂlz(a)
=X,

[|o
A

i.e. X is a solution to (4.4).

Example 4.1. (Worst case of FIND.) The limiting distribution of the worst case of the FIND
algorithm was characterized in [10] as the unique solution, Sy, in M3 to the fixed-point equation

SZUS;v(A—-U)S+1, 4.7

where U is uniform on [0, 1] and S and S are i.i.d. copies of S (see also [7]). Moreover,
So has finite moments of any order and an exponentially decreasing tail. In order to study the
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solution set, £, of (4.7), we first note that the class, W = {0, : A > 0}, of Weibull distributions
with parameter « = 1 and distribution functions F) (x) = e ¥ x > 0, with Qo = &p, are
solutions to the homogeneous equation S 2 USiv (1 —=U)S. LetX, = 0,. Then, for A > 0,
X, has no finite moments of any order greater than 1 and £,(X;, X;/) = oo for all A # A’ and
for s > 1. The existence theorem (Theorem 4.2) implies that, for all > > 0, there exists exactly
one solution, Sy, to the worst-case FIND equation (4.7) such that £;(X,;, S)) < oo, i.e.

L DSy : A >0}

Since there are no nonnegative solutions to the related homogeneous additive equation W 2
UW;p + (1 — U)W,, Proposition 4.1 does not add to the set of solutions in this case. It is an
open problem as to whether there are further solutions.

Max-recursive stochastic equations arise under quite general conditions as limits of max-
recursive algorithms, as was shown recently in [21]. We finish the paper by restating this limit
result as an interesting source of max-recursive equations. We then give an application of this
limit theorem to the worst-case behaviour of FIND, characterized by the limiting fixed-point
equation stated in (4.7) and discussed above.

Consider a max-recursive sequence (Y;), with

K
Ya 2 \/ (A Y ) +b: (). n=no, (48)

r=1

induced by an algorithm of divide-and-conquer type. Here Ir(") are subgroup sizes, b, (n) are
random toll terms, A, (n) are random weights, and (Y,,(’) ) are i.i.d. copies of (¥}), independent
also of (A, (n), b, (n), I™). Fora limiting result (after normalization), the following conditions
were given in [21]. Assume that the coefficients converge in L* as follows:

AW LAY DY by s (AL d, b DY), (4.9)

Then, as a formal limit of (4.8), we obtain

K
X = \/ (A X, + b)) (4.10)

r=I1

as limiting equation. We need the contraction condition for the limit equation, namely

K
E) |Afl* <1 forsomes >0, 4.11)

r=1

as well as a nondegeneracy condition: for any fixed Z,

E[1;m . [A™ 5] = 0. (4.12)

U=
Theorem 4.3. (Max-recursive limit theorem [21].) Let (Y,,) be a max-recursive sequence in-
duced by an algorithm of divide-and-conquer type as in (4.8), and assume that conditions (4.9),
(4.11), and (4.12) hold. Then £5(Y,, Y*) — 0, where Y* is the unique solution to the limit
equation (4.10) in M.
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As an application of Theorem 4.3, we next give a direct proof of the limiting worst-case
behaviour of FIND. For an alternative stochastic process approach, see [10].

Example 4.2. Let Y, ; denote the number of comparisons of the FIND algorithm required for
finding the fth order statistic. Then

Yn,ZRV Yy_10 n—=V Yovey n—1
n —1 -Vl n -’
where V is uniform on {1, ...,n}. With V = [U] (i.e. the smallest natural number greater

than U), U uniform on [0, 1], and the normalization X, ¢ := Y, ¢/n, we obtain

(U] —1
X = o Y /n>e/ny Xnui—1,¢

n— [nU] n—1
+ 1{(nU1/n<e/n n—[nU1,6—=nU] +

n

Defining the worst case by M,, := maxj<¢<, X,.¢, we obtain the recursive equation

n—1 mU71—1 n—[nU]—
M, = . + . M[nU]—lvTMn—(nm-

This leads to the limit equation
SZ1+USV1-U)S, (4.13)

the worst-case FIND equation. All conditions of Theorem 4.3 are satisfied, for any s > 1. For
any s > 1, we therefore obtain ¢, (Mn, S) — 0, where S is the unique solution to (4.13) in M.
Thus, uniqueness holds in

s>1
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