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Summary

This paper shows how recursive integration methodologies can be used
to evaluate high dimensional integral expressions. This has applications to
many areas of statistical inference where probability calculations and critical
point evaluations often require such high dimensional integral evaluations.
Recursive integration can allow an integral expression of a given dimension
to be evaluated by a series of calculations of a smaller dimension. This
significantly reduces the computation time. The application of the recursive
integration methodology is illustrated with several examples.
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1 Introduction
Let = (x1,...,2,) € R" and consider the integral

A= f(x) dx
zes

where for some d with 1 < d < n — 1, the function f(x) can be expressed as

n—d+1
f(.’l?) = H fi(xi7"'7'rd+’ifl) (1)
i=1
and the set S C R™ can be expressed as
n—d
S = ﬂ S;
i=1
where the set S; places restrictions only on (x;,...,241;). The n-dimensional integral

A is thus defined in terms of variables x; with an inherent order, where the integrand



f(x) factors into terms consisting of at most d adjacent x;, and where the integration
is over a set S which consists of restrictions involving at most d + 1 adjacent x;.

The purpose of this paper is to demonstrate that while the evaluation of A ostensibly
requires an n-dimensional numerical integration, it can in fact be evaluated by n —
d + 1 calculations which each have at most d-dimensional computational intensity. In
other words, using this approach the computational intensity of evaluating A is at most
equivalent to evaluating n — d + 1 integrals each having dimension d. Consequently, the
approximation of the integral expression using a numerical integration method with a
grid of N points in each dimension for a bounded set S results in O(N?) mathematical
operations when the recursive integration method is applied versus O(N™) operations
when the numerical integration method is directly applied.

If the random variables X = (Xi,...,X,) have a probability density function f(x)
then A = P(X € 5), and so this problem has many important applications to statistical
inference procedures. For example, probability calculations and critical point calcula-
tions for multiple comparisons and sequential procedures require the evaluation of high
dimensional integral expressions of the form A. More generally, many important prob-
abilities such as orthant probabilities for some multivariate normal distributions can be
evaluated using the recursive integration methodology.

Section 2 contains some illustrations of the statistical applications of the method-
ology, and the recursive integration methodology itself is explained in section 3. The
recursive integration methodology can also be applied to variables arranged in a tree
structure, and this is discussed in section 4.

2 Statistical applications of recursive integration

There are several important probability expressions that can be evaluated using the
recursive integration methodology with d = 1 and d = 2. Notice that if the random
variables X = (X1,...,X,,) are independent then their probability density function has
the form (1) with d = 1. In addition, if the X; have a first order Markov property then
their probability density function has the form (1) with d = 2 since

n—1 n—1
f(@) = fi(wy, @) [] flipalar, .. @) = fi(z,22) [] f(@ielas) (2)
bl =2

where fi(z1,22) is the marginal probability density function of (X3, X3). This first
order Markov property arises in sequential analysis where X; = Y7 + ... 4+ Y; for some
independent random variables Y;.

The recursive integration methodology can be applied, for example, to evaluate the
probability

P(X; <Xy <...<X,). (3)

In isotonic regression this probability is needed to find level probabilities (see Robert-
son et al. (1988) pages 74-77) and in ranking and selection procedures this probability
represents the probability of a correct ranking (see Bechhofer (1954)). This probability
is a special case of the more general expression

P(X1 S S(),XQ S Sl(Xl), - ,Xn S Sn—l(Xn—l)) (4)



where the set S; places restrictions on the random variables X; and X;y;. If the X;
are independent then the probability (4) can be evaluated by the recursive integration
methodology with d = 1 (this was first shown for (3) in Hayter & Liu (1996)).

Another application concerns the evaluation of the cumulative distribution function
of the sum of independent random variables

P(Yi+...+Y, <c). (5)

This is useful when the distributions of the Y; are known but the distribution of their
sum is not easily obtained. If X; = Y1 +...4Y;, 1 <i < n, then the X; have a first order
Markov property. Moreover, the terms f;(z;,zi+1) = f(zi+1|x;) in the factorization of
f(x) given in (2) can be obtained from the distributions of the Y;. The probability (5)
is P(X,, < c¢) which is a special case of the more general probability

P((X1,X2,X3) € 51, (X2, X3,X4) € So,...,(Xpn—2,Xn-1,Xn) € Spn—2) (6)

which can be evaluated by the recursive integration methodology with d = 2. In se-
quential analysis X; may be the test statistic after ¢ stages, and the properties of the
sequential procedure may be obtained from expression (6) with the set S; only placing
restrictions on X;. The implementation of recursive methods to sequential analysis has
been shown in Armitage et al. (1969) and Jennison & Turnbull (1991).

An additional application is given in Miwa et al. (2003) where the problem of evalu-
ating general non-centered orthant probabilites for a multivariate normal distribution is
discussed. This fundamental problem has many statistical applications, and it is shown
how any orthant probability can be expressed in terms of orthant probabilities for a
multivariate normal distribution with a tri-diagonal covariance matrix, which can each
be evaluated by the recursive integration methodology with d = 1.

Liu et al. (2000) provide an application to the multiple comparison procedure con-
cerning successive comparisons of treatment effects in a one way layout. One-sided and
two-sided sets of simultaneous confidence intervals are constructed for the differences
Wit1 — fi, 2 < i < k, which can be useful when the treatment effects u; have a known
intrinsic ordering such as for a sequence of increasing dose levels of a drug. In this
case the recursive integration methodology is employed with d = 1 together with an
additional integration over the conditioned value of the variance estimate s? in order to
find the necessary critical points.

Finally, Kuriki et al. (2002) contains an implementation of the recursive integration
methodology with d = 2 applied to critical point calculations for the isotonic range
statistic in order restricted inference. For testing the null hypothesis Hy : 1 = ... = ug
against Hy @ pp < ... < g with at least one strict inequality in a one way layout,
the isotonic range statistic is the range i — fi1 of the isotonic estimates of the treat-
ment effects. The critical points of this test procedure also allow the construction of
simultaneous confidence intervals for all monotone contrasts of the treatment effects.



3 The general recursive integration methodology

3.1 General methodology

For 1 <4 <n —d define

hi(Tix1, ...\ Tasq) :/ / Hfj(xj,...,xd_,_j_l) dxy...dx; (7)
j=1

Bi(%it1, - Tdti)
where
Bi(a:Hl, Ce. 7xd+i) = {(131, R ,a;i) : (1:1, R ,xd+1) S Sl, ey (wi, R 7xd+i) S Sz} - §RZ
Also, define
Y1
gl(yl,:z:g,...,:pd):/ fl({L‘l,...,ZL'd) dl’l (8)
r1=—00
and
Yi
9i(Yi, Tiv1, -, Tayi1) =/ fi(xiy .oy xagio1) hici(xi, .o 2aqi—1) da; (9)
€r;=—00
for2<i<n-—d.
The set S; places restrictions on the values of (x;,...,x41;), and so for given values
of (zit1,...,24+:) the set S; restricts x; to lie in a series of disjoint intervals (l;;, u;;),
1 < j < my, say. The lower endpoints [;; and the upper endpoints u;; of these intervals
may depend on (Zjt1,...,2Z4+;). Therefore, if
S;(ii_,_h ce 737d+i) = {:U, : (xi, Ce ,xd+z~) S Si}
m;
= U (lij (1‘1'_;,_1, . ,deri), uij (xi_H, e 7$d+i)) (10)
j=1

for 1 < i < n — d where the union is of disjoint intervals, it follows from the definition
of h; in (7) that (taking hy = 1)

hi(xi_,_l, Ce ,:Cd_H') = / s fz(xz, . 7xd+i—1) hi_l(xi, Ce 7$d+i—1) d.%’i
x; € ,j
m;
= Z [9i (Wi (Tig1s - s Tagi)s Tigts - - Tagio1) — Gillij (i1, -, Tayi), Tig1, - - -5 Tagi—1)] (11)
=1

forl1 <i<n-—d.

The functions g;, 1 < i < n —d, can be calculated recursively. First, g; is calculated
from (8). Next g2 can be calculated from (9) with ¢ = 2 where the values of h; can be
obtained from g; using expression (11). The subsequent g; are similarly calculated from
(9) with the values of h;—; being obtained from g;_; using expression (11). Once the
function g,_4 has been calculated, the required probability can be calculated as

o0 (o]
A= .. / Fr—dt1(@n—ds1s- s Tn) Pn—d(Tn—ds1s- s Tn) dTp_giq ... dzy (12)
Tp—d+1=—00 Tp=—00

where the values of h,,_4 are obtained from g¢,,_4 using expression (11).



3.2 Computational intensity

The functions ¢;, 1 < i < n — d, are each functions of d variables, and they can be
evaluated and stored over a grid of points in d dimensions. If the grid values of y; are
yij, 1 < j < N, then

Gi(Yi j+1 Tit1s - s Tdrio1) = Gi(Yij Tit1s -+ Tdyi1)
Yi,j+1
+ fi(ws, o wqpim1) hici(@g, ..., 2agim1) dag

so that the values of g; can be obtained for the d-dimensional grid points once the
quantities g;(y11, Ti+1, - -, Tari—1) and

Yi,j+1 .
/ filwiy s @ayio1) hia (i, ..o Tayio) dai, 1<j <N -1, (13)
Ti=Yij
have been calculated for each of the (d — 1)-dimensional grid points (211, .., T4+i—1)-

The adjacent grid points y;; and y; ;11 can be chosen to be close together, and so the
integrals in (13) can be approximated by standard Newton-Cotes methods. The values
of hij_1 required in the evaluation of the integrals in (13) can be obtained from (11)
using interpolation between the stored values of g;_ if necessary.

The evaluation of all of the integrals in (13) has a computational intensity propor-
tional to N¢ if each of the variables of g; is calculated over a grid with N points. This
process must be repeated for each ¢g;, 1 < i < n — d. In addition, the final calculation
of A from g,_4 using (12) requires an additional d-dimensional numerical integration.
Therefore, the computational intensity of evaluating A using this method is equivalent
to n — d + 1 calculations which each have at most computational intensity proportional
to N This is preferable to evaluating A directly as an n-dimensional numerical in-
tegration because the direct computation has computational intensity proportional to
N™.

3.3 Illustrations of the methodology

The recursive integration methodology is illustrated for some simple cases.

An integral withn=2and d=1
If n=2and d =1 then

A:/S1 /fl(xl)fg(xg) dridzs

where S; C R? is any set. The first step in the evaluation of A is to calculate and store
the function

a(y1) = /Iy1 fi(x1) dxy

1=—00
over a grid of y; values. Then A can be evaluated as

o0

A = fg(xg)hl (.TQ) dxz

To=—00



where
mi

hi(z2) = [g1(ugj(z2)) — g1(l1;(22))]
j=1
for -
Si(x2) = {1 : (21, 22) € Si} = [ (h(w2), wrj(w2))
j=1

where the union is of disjoint intervals. The evaluation requires two calculations which
each have one-dimensional computational intensity.

An integral withn=3 and d=1
If n=3and d =1 then

A:/___ /f1(»’61)f2($2)f3(963) dzydzodrs
S

where
S = {(z1,72,73) : (x1,72) € S1, (T2, 73) € Sa}.

Again, the first step in the evaluation of A is to calculate and store the function

Y1
91(y1) :/ fi(z1) day
xr1=—00
over a grid of y; values. Next, the function
Y2
92(y2) =/ fo(@2)hi(x2) dao
€T

2=—00

is calculated and stored over a grid of yo values where

ha(e) = 3 [gn (1 22)) — 101 (22))]
j=1
for -
St(we) = {z1 : (z1,22) € S1} = | (lhj(22), u1j(22))
j=1

where the union is of disjoint intervals. Finally, A can be evaluated as

o0

A= o fa(x3)ho(x3) dxs
where e
ha(xs) =Y [g2(ugj(x3)) — ga(lzj(x3))]
j=1
for s
S5 (x3) = {m : (w2, 23) € So} = | (laj(w3), ugj(23))
j=1



where the union is of disjoint intervals. The evaluation requires three calculations which
each have one-dimensional computational intensity.

An integral with n =3 and d =2
If n =3 and d = 2 then

A= / /f1(3317$2)f2(332,$3) drydxadrs
S1

where S; C R3 is any set. The first step in the evaluation of A is to calculate and store

the function
Y1

91(y1, x2) :/ fi(z1,z2) day

r1=-—00

over a two-dimensional grid of y; and xo values. Then A can be evaluated as

A = / / f2($2,$3)h1($2,a}3) dxgd.’L'g,
To=—00 J Xx3=—00

where s
hi(xza,x3) =Y [g1(urj (w2, x3), 2) — g1 (I (w2, x3), 22)]
=
for -
St(wg,w3) = {x1 1 (w1, 20, 23) € S1} = | (lj(w2, 23), u1j (w2, 23))
j=1

where the union is of disjoint intervals. The evaluation requires two calculations which
each have two-dimensional computational intensity.

3.4 Practical aspects

The shape of the set S has implications to the practical implementation of the recursive
integration methodology. First of all, if S is infinite it should be replaced by a bounded
set so that the grids over which the functions are stored are finite. It can be assumed
that the required answer A is finite so that it can be closely approximated by replacing
S by a suitable bounded set. This is equivalent to defining the functions f; to be zero
outside of bounded sets.

In addition, as usual for numerical integration methods it is necessary to have the
set S piecewise smooth so that the required functions can be well represented by storing
them at close grid points. Furthermore, if the calculation of l;; and w;; in (10) is
not trivial, such as in situations where the solution of non-linear equations is required,
then this will slow down the implementation of the procedure. However, the statistical
examples discussed in section 2 all have closed form expressions for /;; and u;; (with the
m,; generally being equal to one).

Another important aspect of the implementation of the methodology is the choice
of the grid size for storing the functions. Three sources of error can be identified in
the evaluation of the terms in equation (13): (I) the error in the function h;_; at the
grid points due to errors in the function g;—1, (II) the errors in interpolating the z;



variable in the function g;—; in order to obtain the function h;_1, and (III) the error in
the approximation of the integral in equation (13).

If the distance between grid points is h, then the implementation of the two-point
Newton-Cotes method for the evaluation of the integrals results in errors of magnitude
O(h?) for source (III), while these errors are O(h?) if the three-point Newton-Cotes
method is used (see Thisted (1988)). Also, if an 7" degree polynomial is used for the
interpolation then the error for source (IT) is O(h"*1) (see Shampine et al. (1997)). It is
sensible to have the three errors of similar magnitudes. For example, if the trapezoidal
rule is used for the integrations and linear interpolation is used, then the overall error
will be O(h?). If Simpson’s rule is used for the integrations then cubic polynomial
interpolation affords an overall error of O(h?).

In principal, any method can be used to evaluate the final answer from the d dimen-
sional integral in equation (12). For example, a Newton-Cotes method may be used, or
simulation and Monte-Carlo techniques may be employed.

While the advantage of the dimensional reduction from n to d is generally obvious,
the actual advantage of the recursive integration methodology relative to other method-
ologies will depend upon the actual problem under consideration. Similarly, the best
choice of grid points will depend upon the forms of the functions f; and the sets S;. For
example, in Miwa et al. (2000) the functions f; are normal probability density functions
and the use of grid intervals with lengths inversely proportional to the 1/4 power of the
density function are considered, and some indications of the accuracy of the procedure
are provided.

4 Recursive integration methodologies for tree structures

In section 3 the recursive integration methodology was described for a set of ordered
random variables. In this section extensions of the methodology to random variables
arranged in a tree structure are discussed.

Consider a set of random variables arranged in a tree structure as follows. Let X
be the root, with branches Xi1,..., X1s,, and in general let the random variable X;, ;.
have branches X;, ., 1 < j < b;;.4,.. Suppose that the probability density function
f(x) of all the random variables can be factored as

flx) = H firir (xil...ir,d+17ﬂfil...ir,dﬁ, e Ty y)

so that each term in the factorization depends upon at most d random variables which
are connected in a line from a point in the tree heading back towards the root. Also,
suppose that the set S can be expressed as

S =1{)Si..

where the set .S;, ;. places restrictions only on (ﬂfil...ir,d,xil...ir,dﬂ, .e s Tiy. 4. ), which
are the values of at most d + 1 random variables connected in a line from a point in the
tree heading back towards the root.

A recursive integration approach can be employed to evaluate the probability

A:/m.é.s/f(m) dx



as a series of d-dimensional calculations. The recursion begins at the periphery of the
tree and works back towards the root random variable. The special case discussed in
section 3 corresponds to a tree with a root X} connected to one branch Xj_;, which
itself has one branch X o, and so one towards the single periphery random variable
X1. The general methodology for a tree structure uses equations similar to those given
in section 3, but with each of the branches at each stage being taken into consideration.
The methodology is demonstrated in the following examples for general trees with d = 1
and for a tree with three levels with d = 2.

A tree with d =1
When d = 1 the random variables are all independent and S is defined by

Xie CR
and
Xiyir € Liy i (Xiy i) (14)

for all of the other random variables. In other words, the set S can be specified by a
region for the root random variable X7, together with a region for every other random
variable which respectively depends only on the value of the random variable from which
it is branched.

The evaluation of A can be performed as a series of one-dimensional integral cal-
culations. In order to show how this can be accomplished, it is helpful to define the
function Gy, ;. (x) to be the probability that the random variable X;, ;. lies in the
interval (—oo,x), and that all of the random variables X;, ; . which are derived from
Xi, .4, through one or more branches (these are all of the random variables in the sub-
tree which has X;, ;. as its root) satisfy the restrictions placed upon them by the set
S.

Suppose that a random variable which has no subsequent branches is described as
a terminating random variable. Consider then a random variable Xj;, ;. which is not
a terminating random variable, and which has branches Xj, ., j € T3, ., which
are terminating branches, and branches X;, ; j, 7 € T which are not terminating

T1.lp?
branches. Here T; uTH = {1,...,biy.4.}, with b;, ; > 1, and either the set
T;

1.0 7,1.‘.7:7«

or the set T . may be empty.

1.l 1.2

If the set Tz*lw is empty, then the random variable X;, ;. has branches X;, ; j,
1 <j <V, i, none of which have any subsequent branches. In this case the first step
is to calculate and store the cumulative distribution functions F;, ; ., 1 < j < b;, 4.,

of each of these terminating random variables. Next, the function

b

- i

Giy.iy (@) = / Fiooie®) | TI PXivoins € L) | dy (15)

=—00 j=1

can be calculated and stored, where f;, ;. (x) is the probability density function of the
random variable X;, ;.. In the evaluation of this function G;, ;. (x), the cumulative
distribution functions Fj, ; ;, 1 < j < b;,. 4., can be referred to for the calculations of
P(Xi, .45 € Liy..i,5(y)), 1 < 5 < byy..i,. Notice that, as required, the function Gj, . ;, (x)
represents the probability that the random variable X;, ;. lies in the interval (—oo, ),



and that all of the random variables X;, ;.;, 1 < j < b;,..,, satisfy the restrictions
placed upon them by the set S.

Now more generally, consider a random variable X;, ;. for which the set T , is
not empty, and for which the functions Gy, (), j € T ; , have been calculated
and stored. In this case the first step is again to calculate and store the cumulative
distribution functions F;, ;. j, j € Tj,. 4., of the terminating random variables. Next,

the function

Giy..i () :/: fz'l...z‘r(y)< I PXi i Efil...z‘rj(y)))

T JET:y iy

[ Hosw)|dy — (16)
GET*

il

can be calculated and stored.

In the calculation of expression (16) the cumulative distribution functions Fj, _;, i J €
Ti,..i,, can be referred to in order to calculate the probabilities P(Xj, i.; € Liy..i,5(y)),
J € Tj, . 4,.. In addition, the function Hj, ; j(y) is defined to be the probability that
the random variable X, ; ; lies in the interval I;, ; ;j(y) and that all of the random
variables X, ; ;.. which are derived from Xj, ; ; through one or more branches satisfy
the restrictions placed on them by the set S. However, H;, ;. j(y) can be found from
the interval I, ; ;(y) in conjunction with reference to the function Gj,  ;,;j(x), since if

m(y)

Liy i (y) = | (Li(y), wily))

i=1
say, where the intervals (;(y), u;(y)) are disjoint, then

m(y)
Hiy i) = Y [Giyinj(wi(y)) = Giy i ()] -

i=1

Again it can be seen that the function Gy, ;. (x) calculated from expression (16) meets its
required definition, which is that it represents the probability that the random variable
X, .4, lies in the interval (—oo, x), and that all of the random variables Xj;, ;... which
are derived from X; ;. through one or more branches satisfy the restrictions placed
upon them by the set S.

In this manner the functions G;, ;. (x) can be calculated recursively for each of
the non-terminating random variables, moving backwards from the periphery of the
tree towards the root. Thus, if the tree is considered to grow away from the root, the
recursion is applied in an opposite direction to the growth. Eventually, it will be possible
to calculate and store all of the functions G1;(z), j € T7. If the cumulative distribution
functions F;(x) of each of the terminating random variables Xy;, j € 711, are then
calculated and stored, the required probability can be calculated as

A= /yel fi(y) (H P(Xy; € Ilj(y))) (H Hlj(y)) dy (17)

JET JETY

10



where the cumulative distribution functions Fy;(x) are referred to for the evaluation of
P(Xi1; € Iij(y)), j € Th, and the functions G1;(x) and regions I1;(y) are referred to for
the evaluation of Hy;(y), j € T7}.

Each step in this calculation has the computational intensity of a one-dimensional
integral evaluation. The last step using expression (17) is clearly a one-dimensional
integral computation, and every other step can be considered to be the calculation and
storage of a function F'(x) from a known function f(x) with

xX
F(r) = / f(y)dy.

Yy=—00
For terminating random variables this is the calculation of the random variable’s cumu-
lative distribution function from its probability density function, which may be unnec-
essary if the cumulative distribution function is already stored or is otherwise available.
For non-terminating random variables F'(x) is the function G(z) where the function f(y)
is the integrand of expression (15) or (16) which can be obtained from the probability
density function of the random variable and the previously stored functions.

A well known example (see Tong (1990), page 192, for example) of a tree structure

with two levels and with d = 1 concerns the evaluation of

P(leZlﬁu“lSZSk) (18)

for some (possibly infinite) lower and upper bounds /; and u;, where the random variables
Z; have a k-dimensional multivariate normal distribution with means u;, variances 02-2
and covariances o;; = A;Aj, for some A\; € R. Let X; be a standard normal random
variable, and let X1; ~ N (ui,Tiz), 1 < i < k, be independent normal random variables
which are also independent of X, with 72 = 02 — A\2. This forms a tree of independent
random variables consisting of the root Xy with branches X1;, 1 < i < k. Moreover, the

random variables Z; can be expressed as Z; = \; X7 + X1, 1 <1 <k, so that
Sti={(x1,z1) i < Nxy + 2 <wf, 1<i<E.

The probability (18) can be evaluated as

[ ot (15[1 oMt (M)D dzy.

The cumulative distribution functions of the branch variables z1; can each be expressed
in terms of the standard normal cumulative distribution function ®(z), and these are
incorporated into the single one-dimensional integration which is performed for the root
variable x; with the standard normal probability density function ¢(xq).

A tree with d = 2 and three levels

Suppose that a root random variable X; has branches Xi1,...,X1,, and that the
random variables Xi; have subsequent branches X7;;, 1 < j < by;, although some of the
b1; may be zero. Also, suppose that the probability density function of these random
variables can be expressed as

b1 bli

f@) =] | frilzr,21) [T fro (i, 2145)
j=1

=1

11



and that S is the intersection of sets Sy;5, 1 <@ < by, 1 < j < by, where the set Sy;;
places restrictions only on (X1, X1;, X15), so that d = 2.
For 1 <i<by, 1 <j<by;, define
Y1ij
9155 (T14, Y1i5) :/ J1ij (w14, T145) dw1g;

Z145=—00

and then for 1 < ¢ < m;y define

0o b1y [Maiij
91z‘($1) :/ fu(fﬂl,ffu) H lz (glij(xliaulijk(ffl,xli)) - glij(fb‘1z‘,llijk($1,$1z))) dxy;
TLe=—00 j=1 Lk=1

where for given values of 1 and x;
migj

{215 : (21,215, 7155) € S1i5} = | (g (@1, w10), waijn (21, 214))
k=1

where the union is of disjoint intervals. The required probability can be calculated as

by

A = / Hgli(ml) dIL‘l.
T1=—00;

=1

The recursive integration methodology is implemented by first storing each func-
tion gy;; for a two-dimensional grid of values. Each of these functions requires a two-
dimensional calculation. Using these stored values, the functions gi; can then be calcu-
lated and stored for a one-dimensional grid of values, and each of these functions requires
an additional two-dimensional calculation. The final calculation of A from the stored
values of the gi; only requires a one-dimensional calculation. The evaluation there-
fore requires by + Z;’;l b1; calculations which each have two-dimensional computational
intensity.
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