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Abstract. The identification of a library code able to solve numerically parametric integrals
critically depends on the correctness of the diagnostic concerning the integrand behaviour at the
integration domain boundaries. A second degree polynomial least squares fit of data over a minimal
integrand sampling inside a mesoscopic boundary layer yields the necessary diagnostics provided
solutions to the difficulties following from the lack of hardware and/or software conformity to the
IEEE 754 standard. Relevant numerical examples let us infer that the developed code is robust,
reliable, efficient, and provides precise outputs.
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1. INTRODUCTION

A large number of physical models currently under study are characterized by
two features: first, the observables are found as integrals which cannot be solved
analytically, and, second, the properties of the models depend on one or more
specific parameters the variation of which result in critical modification of their
behaviour [1-5]. As a consequence, deep understanding of the models needs
extensive numerical exploration of the dependence of the observables on the
variable parameters.

The numerical solution of the parametric integrals makes use of existing
library programs [6, 7, 8]. These programs have been tailored such as to solve
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effectively specific classes of integrands, leaving to the user the task of choosing
the suitable library code. For the above mentioned models, however, in the
presence of a phase transition (occurring at still to be determined values of the
variable parameters) it is impossible to predict in advance which will be the right
code. Since the trial and error approach has been found to result in a high rate of
spurious outputs carrying the diagnostic of being correct, a study aimed at
identifying the origins of the numerical codes failure is highly desirable.

It is worthwhile to get an approach to the solution which either results in the
inference that a reliable output is to be expected, or finds at an early stage that the
assumed quadrature algorithm will be useless. There is a hierarchy of the various
sources of failure. We have found that the first point to be correctly solved is the
diagnostic of integrand behaviour at the boundaries of the integration domain.

In the present paper we describe a method of analysis based on the use of a
suitable integrand sampling inside a mesoscopic neighbourhood of the boundary.
The principle of the method is described in Section 2. The discussion of the
hardware and software influence on the reliability of the solution is done in
Section 3. A few relevant examples are considered in Section 4. The paper ends
with conclusions in Section 5.

2. MESOSCOPIC ANALYSIS OF BOUNDARY LAYER

Assume that f:D—>R, f=f(x), D=[a,b]c R, is a continuous twice
differentiable function and let x, € D denote a reference argument value. Then
there exists a nonvanishing neighbourhood V(x,) < D of x, inside which a linear
Taylor series expansion holds true within a predefined threshold 0 <&« 1.

If x, =a or x, =b, then V(x,) <|a, b] is a lateral neighbourhood of x,.

Numerical check of the continuity of f(x) is done from a sampling of its
computed values, {f; =flI(f(x;))|i=0,1,...,m}, over a set of machine number
arguments S, (x.)={x; eV(x,)|i=0,1,...,m}, m=3, chosen such that
fl(x,)eS,,(x,), where fI({) denotes the floating point representation of € e R.
Let {f(x;))|i=0,1,...,m} denote the set of actual values of f(x;) over S,,(x,).
In general, due to the round-off, f(x;)— fI(f(x;))# 0, hence the best information
on the smoothness properties of f(x) at x, following from the set {x;, f;} is

obtained from the scrutiny of the properties of a second degree polynomial least
squares fit to the floating point data.
It is convenient to perform the scale transformation

xi=x0+<:i/’lr, i=0,1,...,m, éiEZ’ (1)
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where x, €S,,(x,) may or may not coincide with the reference abscissa x,, while
h, is the distance from x, to its nearest machine number inside [a, b]. We are then
left with the least squares fit problem to the data set {¢;, f;}, &; €Z.

The solution involves as standard steps the definition of the set of orthogonal
polynomials {p,(&;)|k=0,1,2} over the sampling S,,(x,) and the evaluation of
the coefficients of the second degree fitting polynomial

V(&) =ag +ap () +aypy(&)). 2)
The basis polynomials spanning (2) obey the orthogonality relation
m m
> e EIPE) =8, PRE)=NSy, kleN. 3)
i=0 i=0

The standard Gram-Schmidt orthogonalization procedure yields

PoGED =1 p(E) =8, py(§) =828 -82) -8, )
where
e _E Eo_ L N Fo_l N

8 =8-8 & mﬂgap 5 mﬂgs,, keN. (5)

For the norms N, we get
Ny=m+1 (6)
N1=N082 (7)

N IS282 (321 =21 N 2 _[2\2

N, =N,[3252 - (8°)*], © mH;(SI 82)2. (8)

This results in the fitting coefficients

m
a, =N;' Y pEDf k=0,1,2. )
i=0
Under negligible second degree coefficient a,, the first order derivative of
f(x) atx,is given by

f'(x) = y5(&,) = oy/hy. (10)

The smallest sampling S,,(x,) suitable for a least squares analysis providing
insight on the smoothness properties of f(x) at x. =a and x, =b respectively

consists of four distinct abscissas (i.e., m =3). We chose them such that the set
{xg, X1, x,} defines a uniform mesoscopic mesh
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<t'.*0:07 &1:p9 <t:2:2p= &3261’ qi{oapazp} (11)

Here, p>1, pey <1, where g, is the largest relative spacing between

adjacent machine numbers.
Then all the quantities entering the equations (4)—(10) can be calculated
explicitly to yield

Ny =5 [(p = @)(dos + dy3 + da3) + 4 pay ], (12)

2 d d
ooy =T a7 - 6pa 300 0 2 )

(13)
+QP =2pg+ PN fo =26+ 1) |,
where
dij:f;'_‘fja i,j6{0,1,2,3}, li.]’ (14)
and
Ny =5 (11p? —6pq-+34?), (15)
N1P2 4 3 2 2 3 4
Ny =—5—4p* =8p°q+15p~q° —12pq’ +3q"). (16)

32

Equation (13) shows that the validity of a linear Taylor expansion around the
reference abscissa x, holds true within a prescribed accuracy € provided the
minimal sampling (11) simultaneously fulfills two conditions:

(i)  The scale invariance of the first order derivative f'(x) approximation at the

g-length scale (d3,/q) and the 2p-length scale (d,,/2p) respectively.

(i1) Negligible curvature (fy—2f; + f>) of f(x) over the uniform p-length scale
mesh {xg, x;, x,}. [As fo —=2f, + f, =2pldyy/(2p)—d,o/p}, this is equivalent
to the requirement of scale invariance of the first order derivative f'(x) as
approximated over the p-length scale (d;¢/p) and 2p-length scale (d,,/2p)
respectively.]

3. IMPLEMENTATION OF THE ANALYSIS CRITERIA

The data {&;, f;|i=0,1,2,3} are generated over the mesoscopic distribution
S5(x,) the extension of which has remained until now undefined. In what follows,
we assume that the width of [a, b] is sufficiently large to accommodate any
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mesoscopic p- and g-scale lengths. Then the partitions S;(a) and S;(b) are distinct
of each other and the analysis follows separately over each of them.

THE IEEE 754 STANDARD

The possibility of doing a reliable and portable analysis follows from the
conformity of both the hardware (RAM, cache, processor) and the software
(operating system and compiler) with the IEEE 754 standard [9, 10] which governs
binary floating point arithmetic (number formats, basic operations, conversions,
and exceptional conditions).

Assuming that the specifications of this standard are fulfilled by the available
computing systems (PCs with Intel 4, AMD 32, or AMD 64 processors, Linux 2.4
or 2.6 operating systems, GNU gcc compiler incorporating Fortran 77), we have
developed an analysis procedure of the boundary layer along the lines described in
the previous section.

INPUT: THE h, STEP

In the previous section, the step £, has been equated to the distance from x, to
the nearest machine number inside [a, b]. In floating point this assumes two
distinct measures in terms of whether the quantity | x, |g, stays above or below the
underflow threshold u. We define therefore the threshold

T, =ulgg, u=2"1%3 gy =273, (17)
by means of which we get the unique definition

| B, |= max{| x, |, T, } &. (18)

INPUT: THE p PARAMETER VALUE

For the practical implementation, we assume that the analysis is done in
double precision (i.e., the significand length is 52 + 1 bits according to the IEEE
754 standard). A convenient starting value of the p parameter is

p=2", (19)

which secures, in principle, five significant figures at least for the first order
derivative estimate, Eq. (10), of a smooth function. In fact, the choice of the p
value is subject to two contradictory requirements:
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(i) If f(x) is a smooth function, then it is desirable to have at our disposal a
larger extension of the mesoscopic sampling than that following from

Eq. (19).

(i) If f(x) shows irregular behaviour over S;(x,), then it is desirable to keep

the starting value from Eq. (19) for p.

The need to adapt the analysis step to the integrand behaviour is dictated by
the circumstance that, if the analysis neighbourhood is too narrow, then it is
possible to get a smooth function diagnostic which, even if correct in itself, it can
result in an inefficient code.

The only information we have at our disposal is that coming from the {&;, f;}
discretization. However, computing all the quantities asked by this discretization is
useless if it proves necessary to increase the value of p. It is possible to minimize
the number of integrand evaluations provided we start the analysis with two
integrand values: at the reference point x, ( f.) and at the middle point x, (f5),

respectively. If the difference | f, — f, | stays under some threshold, then we decide

to increase the analysis step (via that of the p value) such as to get the largest
mesoscopic partition able to result in a correct decision of smooth function. The
confirmation of the smooth function assumption provided by the scale invariance
test of the divided differences computed at the two different values of the p
parameter results in a sufficiently precise value of the first order derivative
Eq. (10). The disproof of the smooth function assumption results in the correct
diagnostic of irregular behaviour.

CHECKING SOFTWARE CONFORMITY
WITH THE IEEE 754 STANDARD

The critical points which can falsify the result of the analysis are:
(i)  deviation of the length of the significand from the standard;

(1) floating point comparison operation deviations from the standard;
(iii)) unpredictable effects following from compiler code optimization.

The scrutiny of each of these points evidenced features contradicting the
IEEE 754 standard and resulting in spurious diagnostics.

The assumption that the arithmetic operations are done using the hidden bit
was invalidated by two observations. First, although the &; values are machine
numbers (hence unaffected by rounding errors), sometimes a one bit loss was
detected at the end abscissa of the partition S;(x, ). Second, in the neighbourhood

of a singular point x, # 0, the computed values of f(x) were found to be identical
at assumably distinct machine numbers.
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The absolute exponent value entering the expression of g, in Eq. (17) defines
the effective significand length used for the double precision RAM storage. On a
superscalar computer using Intel or AMD processors (having floating point
registers which work in extended double precision), the attempt to define the
characteristic value m of this exponent from the condition that fI(1.+2.7"1)=1.
does not work directly due to the code optimization which does not return every
computed value to the RAM but rather keeps it within a floating point register for
reuse.

By writing down a code which forces the comparison of RAM/cache stored
variables, it was possible to get the actual value of m, which is different from the
IEEE 754 standard value quoted in Eq. (17). We have found that the actual value to
be used on our systems is

gy =27 (20)

The comparison of floating point variables as done by the codes generated by
the available compilers was found to infringe the IEEE 754 standard when a same
numerical value is, on one side, transferred between different procedures (hence
RAM stored) and, on the other side, is locally computed and kept into a floating
point register. This showed that floating point data comparison is done in extended
double precision. The harmful consequence of this comparison implementation was
that singular integrand behaviour at abscissas which are different from the set of
the machine numbers could not be resolved correctly. Right solutions have been
implemented by forcing the floating point register fillings with RAM stored
quantities at both sides of the comparison operand.

In fact, the wrong comparison terms come from inappropriate code
optimization by the compiler. Our observation is not singular [11].

To get a solution insensitive to spurious compiler generated decisions, we
have identified the sensitive places in the analysis code and we have replaced the
straightforward decisions by suitable alternatives.

EXPECTED RESULTS

The analysis of the boundary layer yields, at each domain integration end, the
following results:
(1) The diagnostic concerning the behaviour of the analyzed function, returned
as an integer value having the following meanings:
—1 — irregular behaviour inside the analysis neighbourhood;
0 — smooth function;
1 — inward monotonically decreasing function, pointing to the probable
occurrence of a singularity in f(x) or f'(x), either at the analyzed

domain end or at a nearby outer point, resulting in slow convergence;
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2 — inward monotonically increasing function, pointing to the probable
occurrence of an inner singularity in f(x) or f'(x), resulting in slow

convergence.
(2) Under a smooth function diagnostic, the analysis also returns an estimate

of the first order derivative f'(x,), computed from the least squares

formula (10).

(3) The number of function evaluations needed to infer the diagnostic associated
to a boundary layer (that is, at both ends a and b of the analyzed interval)
provides a measure to the efficiency of the proposed procedure.

ERROR ESTIMATE USING THE UNIFIED AFFINE MEASURE [12]

The modulus of the absolute error associated to the approximation of the first
order derivative f'(x,) by means of Eq. (10) is given by

€y :|f'(xr)_yé(ar)|- (21)

This yields a good measure of the error estimate provided | fl(x, )| <1. If, however,
| f '(x,)| >1, then a better measure to the approximation error is given by the
modulus of the relative error,

eq =|Lf'(x,) =2 IV f'(x,). (22)

At an arbitrary reference value f'(x,), the conventional characterization of the
precision associated to the approximation y5(&,) is given by

Sd :min{ed,gd}. (23)

A recent error analysis in an affine space [12] showed that the distance

\/1+w2+wJ
dy(v,w)=In| ———1. (24)
ViR n[\/1+v2+v

from the ‘exact’ value v to the ‘approximate’ value w provides a unified measure of
the error which tends towards the absolute error (21) at |v| <1 and towards the

relative error (22) at |v|> 1.

Under |[v—w|< 1, Eq. (24) reduces to the simpler formula

[P
V1+v?

which intuitively illustrates the mentioned correspondences.

dy(v,w)= (25)
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4. NUMERICAL RESULTS

GENERAL CHARACTERIZATION OF THE CASE STUDY OUTPUTS

The above analysis has been tested on several classes of parametric functions
simulating various possible behaviours inside the boundary layer: continuous
function, boundary singularity, outer singularity, inner singularity, finite jump,
oscillatory function. The range of the parameters was varied over the whole
machine range with respect to the function values such as to get a measure of the
code robustness. The main conclusions of the analysis can be summarized as
follows:

(i)  Robustness of the procedure: Correct outputs have been obtained for function
ranges going from the underflow threshold to the overflow threshold.

(i)  Reliability of the procedure: For all the investigated families of functions and
all the considered sets of the parameters, the procedure resulted in truthful
inferences.

(i) Output precision of first order derivative estimates: For all the families of
smooth functions, Eq. (10) yielded at least five significant decimal figures in
the sense of the affine error (24).

(iv) Efficiency of the procedure: The number of function evaluations needed for
diagnostic inference varied from the minimal value of four (under irregular
behaviour, manifest endpoint or outer singularity, or smooth function at large
arguments) to five (under smooth function analysis at argument magnitudes
smaller than unity, inner singularities located near the discretization abscissa
x3, as well as outer singularities undetectable over the standard input
partition).

The details which deserve separated discussion concern the efficiency of
derivative approximation by Eq.(10) in the case of continuous functions.
Figs. 1 to 8 summarize the most interesting results.

In the case of polynomial functions, f(x)=x"+c, ce{0,1}, the effect of

the occurrence of a nonvanishing constant term was found to change significantly
the round off error pattern at range end values which are not themselves machine
numbers (Fig. 3 vs. Fig. 2 provide a striking illustration of this observation).

Figs. 2 and 3 illustrate the difference between the affine and conventional
measures of the error associated to (10). The observed cusps come from the
conventional measure cusp.

When the error measure mainly rests on the absolute error (Figs. 4 and 8), the
relative error essentially remains constant, showing that the number of
nonvanishing figures yielded by (10) mainly resides on the nature of the function
under study.

Interesting periodicities related to powers of two are revealed by the log-log
scale Figs. 6 and 7.
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Fig. 5 illustrates a case where all the functions belonging to the considered
family get the same value f(0)=1, while the derivative is f'(0)= p. Then it is

mainly the relative error which controls the output precision, while the magnitude
of the absolute error stays well below unity.

5. CONCLUSIONS

The search for effective implementation of numerical quadrature codes has
lead to the identification of the boundary layer as a key problem the solution of
which secures precision control of the numerical output.

The solution of this problem needed the development of the new concept of
mesoscopic analysis, the straightforward implementation of which requires
hardware/software conformity to the IEEE 754 standard.

The occurrence of significant deviations of the available software (GNU gcc
compiler running under Linux OS) from this standard needed substantial
reformulation of the algorithm such as to make its decisions insensitive to these
deviations.

Numerical tests on relevant families of integrand functions result in the
conclusion that the developed procedure is robust, reliable, precise, and efficient.

The figures were created using GNUPLOT Version 4.0.
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