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INTRODUCTION

The ratios of spherical Bessel functions of complex argument are needed for
Mie calculations of scattering and absorption. Lentz has developed a new
continued fraction technique® for evaluating these ratios, with an improvement
to eliminate errors when certain terms approach or become zero. The authors
of a recent note,? however, had difficulty in applying the algorithm
improvement when either the numerator or denominator was exactly zero. This
case is special, and a simplification is possible. The purpose of this paper
is to present an algorithm for this special case, together with some
clarifying remarks concerning its development.

BACKGROUND

The Lentz algorithm is simply a way of calculating continued fractions; the
algorithm begins at the beginning of the continued fraction rather than at
some indeterminate final coefficient. An improvement formula ailows one to
bypass any step in which a given numerator or denominator might be zero (to
the accuracy of the computer). In addition, roundoff errors may be reduced by
using the algorithm improvement. When applied to the continued fraction
representation of ratios of Bessel functions, the method is easy to use and
free of most of the weaknesses of the other algorithms used to generate ratios
of Bessel functions.?

Let us review the method of computing a continued fraction by defining the
simple continued fraction. The simple continued fraction is defined for

arbit(ary a, not equal to zero as

_ 1.0
s T P
a; + 1.0 :
ay * ... (1)
which may be written as
1 1 1
F=a, +>—~, —  —

1 atag v+ ..., (2)

and the n'th partial convergent of the continued fracticn is

ILentz, W. J., "Generating Bessel Functions in Mie Scattering Calculations
Using Continued Fractions," Applied Optics, 15:668. 1976.

*Jaaskelainen, T., and J. Ruuskanen, “Note on Lentz's Algoritim,” Applied
Optics, 20:19, 1981.
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a, + 2, ... +a (3)

The Lentz algorithm is simply a way of computing the F, without star-tirg at
some jindeterminate last a,- A further simplification of notation is needed:

Fn = [al, az, .oey anj . (4)

Then the Lentz algorithm becomes

[a)) [ay, a)] [a3, a5, )] ... (3, ap 4, .oy 3]

Fo = 3,7 Ta;, 3,7 -.- (.3, —r 3,0 " (5)

Although the formula Tlooks complicated, the successive numerators and
denominators are generated by taking the reciprocal of the previous numerator
or denominator and adding it to the next a,. _

When a given numerator is equal to its corresponding denominator (to the

number of digits accuracy that is desired), the continued fraction is said¢ to
have converged.

Original Algorithm Improvement

The original algorithm paper included an improvement techrique to avoid
inaccuracy when any term in the numerator or denominator approached or became
zero. The problem step is bypassed without loss of accuracy even if the term
is exactly zero. Consider the following case in which 1/a is equal to but of
opposite sign to a,. When a, is added to 1/a, every digit that is the same in

the two terms will cancel and cause a loss of accuracy in the final number if
no steps are taken to bypass the problem. For example,

Let lagys cor 3yl = a
1f [am, vees a1] =8 =a + 1/a + 0
and [°m+1’ cens a1] =y ag,t 1/8 + =
so [‘mwz' cees all = 2= Ao * i/y
a g+
Then E=8y =8 '!?ls =an, 8+ 1 (6)

A




where £ is not necessarily 1.0.

The product of the two terms 8y = £ can be ccrrectly calculated by equation
(6). This avoids the problem of multiplying zero times infinity in equation

(5).

£ is the product of the next two terms. 2, the next numerator or denominator,
is then

Cdne Y +1 _ e (a8 +1)+8
Y Ay B¢ 1

(7)

g+ 8,
. am+2E dp * BT .

The algorithm improvement may be applied to the denominator by replacing a; by
a: 1in the above equations. The algorithm improvement may be applied
independently to either the numerator or denominator or to both.

Numerical Examples

Consider the following three cases, which illustrate the implementation of the
normal Lentz algorithm and the Lentz algorithm with improvement.

Case A* F . = /Y2 =1[1,2,2,2,2,...]

= 1% 3* 2.333*2.428571429* 2.411764706* 2.414634146

Case B: Fp,, = [1,1,-1,1,2] = 0.5

Case C: F f1,-1,1,-1,2] = 0.5

nc

In case B the denominator [-1,1] is exactly zero, regardless of the computer
word length. In case C both the numerator [-1,1] and the denominator [-1,1]
are zero, causing both the numerator product and the denominator product to be
zero. For case B one has:

F . = (1] 01,13 [-1,1,1] 01,-1,1,1] [2,1,-1,1,1]

n ’ =1, sdy =iy

Applying the algorithm improvement one has

¢ o= C1101,13 (-1,1,17 [1,-1,1,1] (2,1,-1,1,1]
nb T (TF0+17 (2W071Y




where (1*0+1) corresponds to equation (6) and {2+0/1} corresponds to equation
(7). The continued fraction is then calculated with ease:

1 * E 0.5*-1*1_45

_ *
Fab = T %7

nb

In 1ike manner, the improvement may be applied to more compli-ated cases, such
as case C, where corrections in both the numerator and denominator are
required:

F = [1] [’1,1] [1’-1’1] ["191!-1,1] [2"1'1:'1)1]
nc l."IJ U,"II L'X.I,'ITT?,-I,T,‘H ’

In this case we have

< 1 * (1*0+1) (-1+0/1) (2+41/-1) _ 0.5
® TV (=T%0+1) (2+0/T) )

Notice that the term g cannot be zero unless ap,3 = 0, which is not allowed by
definition. If any 3, were zero in the derivation of a representation of a

function, the fraction could easily be transformed to the form of equation (2)
by formula (5) of section 3.10.1 of Abramowitz.?®

Up to this point we have not considered the Bessel functions for which the
Lentz algorithm was derived. Like Florida orange juice for breakfast, the
algorithm is not just for Bessel functions anymore. Rather, it is a general
way of computing the continued fraction representation of any function. A
good source of continued fraction representations of functions is found in
Abramowitz together with the general properties of the functions.

DISCUSSION OF THE SIMPLIFICATION

Simplified Error Removal

In some cases it may not be desirable to include an error correction when 8
approaches zero but is not identically zero. When either the numerator or
denominator is zero to the accuracy of the computer, a significant
simplification in programming is possible. This simplification reduces the

Spbramowitz, M. and I. A. Stegun, ed., Handbook of Mathematical Functions, US
Department of Commerce, National Bureau of Standards, Washington, DC, 20402.
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complexity of the algorithm and will often speed up its execution with little
loss of accuracy.

Consider equations (6) and (7) when g is exactly zero:

[am,...,all =g=0

<
1]

[am+1,...,a1] =

[a

an + 1.0/8

Ao * B/g = a

" (8)

..,al] =2

m+2’’ m+2 °

And the product of the two terms gy is
Z =8y =ap 8 + 1=1.

To 1include the simplified algorithm improvement, simply do not take the
reciprocal of the previous numerator and denominator before adding the next
an+2+ The running product is multiplied by one, so that it does not change if

the error bypass is implemented. This simplification was first published in
the Hewlett Packard 67 User's Library under Spherical Bessel functions.* The
User's Library program is no longer available, but the algorithm in appendix A
details the methods used in that program.

SUMMARY

The original algorithm improvement in the computation of continued fractions
may be applied to both the numerator and denominator of equation (5). A
simplified version of the improvement may be implemented in the case of a
numerator or denominator being exactly zero. A FORTRAN IV program
implementing these ideas is listed for ease in use.

‘Lentz, W. J., Hewlett Packard 67/97 User's Library, No 00642.




APPENDIX A
FORTRAN IV PROGRAM SIMPLE.FR

Algorithm Example

The implementation of the simplified form of the algorithm improvement given
in equations (6) and (7) can be elusive. The best method to avoid pitfalls is
to check the algorithm against well-defined cases such as Case B and Case C.
The FORTRAN IV program Simple.FR, listed in appendix A, correctly calculates
cases A, B, and C. The program was implemented on a Data General Nova 3
minicomputer using FORTRAN V revision 6.11. The nonstandard accept and type
statements allow input and output in arbitrary format and may be replaced by
read and write statements in standard FORTRAN IV. The variables have the
following functions:

AN = the input terms of the continued fraction from equation (4)

NUM = the current partial numerator in equation (5)

"

DEN = the current partial denominator in equation (5)

PDT = the n'th convergent of the continued fraction formed ! the n
numerators and n-1 denominators in equation (5)

NFLAG = switch to avoid taking the reciprocal of zero in th. . rator

DFLAG = switch to avoid taking the reciprocal of zero in the denominator
ICOUNT = counter to keep track of the current AN
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3

349z
25:
36:
17
33:
393:
49

42:
43:

EN

1:
2:
3:
4:
R

13:

SIMPLC .FR

C FROGRAM SIFPLE 1S DEZIGNED TO HAVE SEPAPRTE LOQRPS ZNP NUM QND DEN

[ A SIMPLIFIED TEST !¢ a7 FOR SUMERATUR #1iD DEMOMINATOR EOUG_ ™0 ZEPQD
< PROGRAM PASSES THE TCLT OF ThE FouLoulG SEPIES

" C1.1,-1,1,20=0.9 AT ThE oN3T CONYERCENCE

L L1,-1.1,-1,23-0.5 AT THE LAST LOUNVIRGENCE

L THE *IRST TESTS THE DEHOMINARTOR EBEveaSs, AND THE CSECOND THE NUMEReTNC

e BYPRES,
HCHVONORNOKC A L A NN SO
REAL PDT,HUM,DEN, AN

[ ST A SR A NRPIR S RIS SRS R S £ 3 3 o83 SRt S h NS & S8 I UL IR N ¢

st ook b s tPROGIHT T STHR T shof s sidor b 3 5oR ok R R ROR AR AR RO AR AR M R b33 w57
1 THPE " TTLENT=0, HPUT e
ACCERT NNl
FLT=AN
NUti=1. 7faH
DEN=0.8
ICOUNT =
HFLAG=D
DFLAG =1}
Cototcknotert (11 LOOP POINT AFTER ITNITIAL [ZAT ION MR KHOKML KA KNKHORNOK KKK S A RN N
10 IFCHUMOEQ.DEN.AND.NFLRG.NE. 1 .AND.DFLAGS.ME. 1XTYPE "FRACTION HAS CONVERGED"

ICOUNT = ICOUNT 1
TYPE "PDTY,PDT. ICOUNT
TYFE " INPUT AN"
ACCEPT Al
IFwRNLED.B) GOTO 1
C STOP IF AN 15 ZERY WHICH 15 HOT ALLOWED IN THE ALGORITHM
Cootdokk TEST FOR PREVIOUS HUMERATOR 0OR DENOMINATOR ZERD. IF Q0 SKIP STEPksokorssink
[FUHFLAG.NE . 1) NUM=NUM+AN
[F(PFLAGC.HE. 1) DEN=DEN-rAN
NFLAG=MNFL.AG+1
DFLAG=DFLAC+]
Coryorsieiictetoyiak  OLLOWING TS HORMAL MUMERATOR LQAOP UNLESS ZE 2N 0kokokokkokokkok sk 4k ok
IFCHUM.ED,. D GOTO 11
PDT=FPDT::HUI
NUFM=1.8/RUt
NFLAG=B
CrsioioioekiekcoierielkEQLLOWING 1S DENOMINATOR L OQP iokskSORKKRARIKK MK KIKIKNHR K KN HHORHOKOK
i1 IF(DEN.EO.B) GOTO (0
PDT=PDT/DEH
DEM=1.8/DEN

DFLAG=0
=070 19
END

11




IDENTIF IER REFERENCES
AN 3 12 13 1a 24 25 28
DEN 9 1S 2 2% I 3% 49
DFLAG 18 29 z9 3 41
ICOLNT 16 2} 22

NFLAG v 28 28  3uv 36
NUM 9 14 20 28 I3 4 35
PRT 5 12 22 a9
1 11 25

iB 28 2L 42

{1 35 38

SIMPLE

iCOUNT=8, IHPUT AN

1.

PDT= 0.!lgnegne 1 1
INPUT AN

1.

PDT= f.20088LE 1 2
INPUT AN

~1.

PDT=  -B.190000E 1 3
INPUT AN

1.

PDT= 0.160860E | 4
INPUT AN

2.

PDT= 8.560000E 0 5
INPUT AN

(<

ICOUNT=6, INPUT AN

i.

PDT= 8.100808E 1 1
INPUT AN

-1.

PDT=  -D.100990E 1 2
INPUT AN

1.

PDT=  -Q.t@ee9et 1 3
INPUT AN

-1,

PDT= 8.109980E 1 4
INPUT AN

2.

PDT» 9.500009E © 5
INPUT AN

a

ICOUNT=8, INPUT AN

12
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