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1.

ASSTRACl'

Present techniques in the fabrication of artificial limbs

require the extensive use of ]rand craftsmanship for accurate limb-

shape reproductiot-t. This study proposes a nrethod by which a nrmerical

control machine tool can rapidly manufacture a dimensionally accurate

prosthesis. Spline fünctions were rxed to produce spatial coordinates

wirich guide the cutting tool along the work piece.

A major constraint on the total design was one of keeping

the systein size to a minimurn. rris would enable a small shop or

research centre to purchase such a system. To this end, a tecllrique

was devised whicir nLinimized the m-mber of raw data points necessary

for accurate linb sirape definition (clustering). In adclition,

direct ntrnerical control was implemented to bypass the requirenent of

a large machine tool la:rguage co:rpiler. The machine tool control and

mathemati,cal shape definition was inqrlemented on a Hewlett-packard

2IL6C mini coniputer.

Tirc rcsults show tiraL ¿rn entire limb sliape catl be duplicated

using the method of clustering with the spline fi-urctions. The technique

gives excellent results even ivhen only a relatively srna11 nunber of

data points fron the sanpled li-nrb are utilized.
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1 ]NTRODUC|ION

1.1 pRESlNf pRopucTioN TECIr\TQUES

Production tecllriques in the manufacture of artificial
linbs have until recently been rather lìrnited, in scope. The limbs

are presently hand made ( O ), lvhicit has associated with it a m¡nber

of problems, since the dimensional accuracy is only as good as the

judgenent of the peïson rnaking the limb. It rvould be most d.esirable

to have the size and shape of the replacement linb an image of the

existing linù. Observations have shown trrat patients have a

greater degree of confidence and lvell-being rvhen beginning to walk

with an artificial leg which looks natural (z). It has also been

fou¡rd that the faster the patient receives his new limb, the fewer

will be the psychological orientation problems ( g ). rt ivould thus

be desirable to improve the dimensional accuracy of the fabricated

appendage, and al1ow measurements to be taken prior to the arrival
of the patient at tire hospital. fte overall process rvoulcl result
in early treatment for the patient, thus facilitating an early

return to rvork. This means decreased costs to both the patient

and tire hospital.

I.2 DATA PROCESSING SYSTH\4

It is possible to elj¡rinate or at least recluce the

negative aspects of the above-mentioned problems by enploying the

following systern. A relatively portable, lighûvei-ght device which



is capable of measuring the djmensions of a patient's ljmb (5) is

taken to the patient (a rnore detailed account of this is given in

Appendix I). Voltage or frequency signals, indicative of limb

dimensions, are sent through an acor-stic coupler over the telephone

lines. These signals are then processed througir a digital voltmeter

and entered into conputer memory. The computer then processes

this information and produces a tape to either directly enable a

nunerically controlled nachine to produce tjte artificial ljmb, or to

enable a compiler such as APT (Automatì-cally Progranrned Tools),

to produce a tape which would alloiv a machine to mai<e the artificial
Iirnb. A system must be clesigned to not only overcome tire difficulties
as stated ilr 1.1, it must also possess the potential advantage of

being able to store a large m¡nber of these linib shapes in digitized

form. Fron these shapes, it will be possible to generate statistically
sta¡rdard shapes. Using these standard shapes, only snall adjustrnents

need be made for particular requirements.

The main body of this thesis deals with the processing

of the digitized limb data, md the production of a tape to allow

the fabrication of an artificial ljrnb of acceptable dimensional

accuracy. A numerically controlled machine tool could then be used

to produce a nodel of the 1inù.

1.3 NÍOLILD PRODUCTION BY NI.IIvIERICAL CONTROL

The model from rvhich the mould is

produced by a nunerically controlled nachine

fabricated will be

too1. This tool
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receives infornation allowing it to carye the shape frorn the

processed input data. The initiar data alone only approximates the

lirnb dimensions, but in its raw form is far too sparse for the

machine to interpolate atd then cut snooth contours on tjre moclel.

The raiv data yields s¡rooth paths for the machine tool

to follow only after spline functions have been usecl to generate

a large mmber of intermediate points. These "interstitial points"

(betiveen the data points) are such that lvhen the nncirine tool cuts

along their 1ocus, the nrould lvhich is produced lvil1 be alnost

identical to the sampled linb.

once the model has been th's carved out, it is ready to

be used to nake the polyurethene cosmesis. The core of the cosmesis

can be designed to accormnodate the supportirrg structure of the

1imb. Tre support structure includes the attachnent to the

artificial foot, below lcree socket, oï loee j oint, depending on

1eve1 of anputation.

I.4 SOCIGT PRODUCTION

rn addition to manufacturing for purposes of cosmetic

restoration by nunierical control, it is also possible to use the

above-mentioned tecllrique to produce sockets. The socket is the

receptor for the patientrs str.-unp, Ðd for reasons of lveight-bearing,

ambulation, and comfort, must be properly designed.

It is possible to place the measuring device at the

strffrp area and obtain sturip formation data. Again using splines,
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the contours fourd at the strmrp site could be nodi-fiecl to an accepted

socket sirape, ensuring a snug fit. The core of the cosmesis lvould

be designed to acconmodate the socket.

Due to sturp dimensions continually changing, especially

after recent amputation, new sockets must be fabricatecl. The

nethod described j-n the thesis would result in a saving of fabrication

time, and consequently in-irospital care. rn addition, a continuing

recorcl of atrophy of tire strmp would be maintained.

1.5 IMAGE SENSING

Throughout this production process, the ljmb which is

created is dinensionally accurate everywhere to one-sixteenth of an

inch of the limb which is sensed. rt must be remenrbered that

points sensed on the actual limb are rnirror-imaged to produce the

cosmesis of the artificial ljnb. rris assumes linrb synmretry for
the patient sanpled.

The logical extension of this proposed systen would be

a generalized method of reproducing the variety of shapes required

for custom cosmetic restoration. This system also provides a

simple means of image sensing and also shape storage by using

splines to generate virtually an infinite mrnùer of points.

1.6 ORIECTIVES

To srnrnarize the objectives of this study, the prì:nary

goals of tire equipment package design are the following:
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i) to increase the confidence and rvillingness of the

patient to use hi-s prosthesis, by ensuring that the prosthesis

quite closely resembles his own limb, and by allolving the patient

to use the limb almost inunediately (due to the rapid socket and

linrb production teclr:rique) .

ii) to reduce the time spent by the patient in the

hospital. This realizes savings for both patient and hospital.

iii) to keep the capital cost of the equipment to a

mininrum so that it is within the budget capabilities of a private

venture or a hospital centre.
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2 THËORY

2.I INTRODUCTION

The problem is to define a three-djmensional shape within
certain dimensional requirements, by using a mininu-m nunber of
points. Having established a criteria for obtaining the mini¡run

ni¡nber of points, the next stage involves i:nplementing a procedure

which reproduces shapes economically. The tlvo aspects of the

problem are considered in this section.

2.2 SI_IAPE DEF]NITION

2.2.I Splines

Many ciraftsmen, iirstead of using French curves to fill in
smooth lines between data poi¡ts, have been using long narrow strips
of relatively flexible naterial (for exanple plastic) _to do tire

job. The pieces of nateriar are called splines. rre procedure is
to attach lveights on the spline at certain locations in orcler that
a snooth line may be drawn through the specified. data points. By

changing the position of the spline, and changing the nmber and.

position of the weights, almost arìy curve of "ïeasonable" curvature

and yariability may be fitted.

rre nathenntical spline essentially procluces the sarne

result as the physical spli:re. The elasticity of the spline strip
is replaced by fitting a cubic fi¡rction between the data points.



This cubic is a piecelise continuous fi.urction only in the particular

interyal betrveen any tr,vo adj acent data points. fn general, a

different furction is created in each interval. At any given data

point where one cuiric furction ends and another begins, there are

certain discontinuiti-es permitted. IJoweyer, in its simplest form,

the mathematical spline is continuoi-rs with continuous first ancl

second derivatives. Thus only derivative values at the first and

last point have to be specified. Placing the mathenntical weights

at tire given points results in a system of linear eqi.rations which

has a unique solution amenable to efficient computation.

. Consider attempting to fit the shape in Figure 1 with

an airalytic furction. The fr.nction to be fitted is not g1oba1ly

analytic (g1oba1 in the sense that one function will not adequately

describe or fit the entire curve). However, the global nature of

arìy generated flu-rction rvould be deternrined from its behavior in

some loca1 neighborhood. The extrapolation from local to g1oba1

would undoubtedly not work, since the curve t-hat is to be fitted
is not g1obal1y analytic. rt is clesirable to fit certain regions

with analytic ftuictions and have defined requirements at the end

points of the regions. Spline furctions are only piecervise analytic

(analytic between any two consecutive data points). This propeïty

gives spli¡e fi¡nctions a great advantage over analytic fi.urctions

in general.

The two types of spline futctions (periodic - end points

equivalent non-periodic - end poì_nts not equivalent) to be used



Figure t Hypothetical Limb Cross-Section
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will be given, lvith a short theoretical introduction. A mathematical

derivation of the defining equations is given in Appendb( rr
(see also Reference 1).

2.2.2 Periodic Spliires

Consider a closed interval [a,b] which is partitioned

into subinteryals by sone partition À: u = *0 . *1
Snppose that the ordinates yg, y1 y' are also given. The

problern is to pass a smooth curve through tire pointt (x0, rg),
(xt, lt) (xrr, Irr). The mathematical spline, SA(x), is

represented in each interval xr_l .: x _< x. as a cubic fifrction of

x. Each cubic fr.urction in the interval is pieced together so that

the entire curve obtained is a continuous fwrction of x with

continuous first and second derivatives.

Suppose a set of points in tlvo-djmensional space is given,

i.e. the pointt (xt, yl), (*2, yz) (x,r, Irr). Let the spacing

between any two consecutive points, Sây between (*j, ,j) ancl

(*j*r-, Y¡*1) be given by hj, where h. =

The equation which defines y as a furction of x is:

y = so (x) = *j _1(x, -x)'(x-xj _l /n? -m, (x-x- _1)'(x, -") /h:

*y j-t(*j -*).' (2 (x-x, 
- 1) 

+h. ) /nl*v i(*-*j _l' lz(*j -*) +hj )/tj . . (1)

(Appendix II for derivation)
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tvhere for the periodic case (whicìr means that yO = Ir,, *0 = *.,
as in Figure 1), the quantities m satisfy the relatì-onship

2 ,t 0 ..... 0 0 0 ml cl

\zzvzooomzcz
0 ÀS 2 ..... 0 0 0 n3 cs

0 0 0 ..... 2 u,r_Z 0 mn_Z cn_Z

0 0 0 ..... Àn_l 2 u,r_l rnn_l cn_l

un000Àr_,2n%

rvlrere À- = h. *1/ Qrr+lìj+l) Àr, = hrl (hn+hl)

u. = 1-À.'J l

and the quantity c. represents

u = 1-À'n n

t^j (rj -y¡ -r) /hj su, (r¡ *[y j) /hi*t

The eqr-ration whidr defines x as a fi¡rction of y is:

* = sA(y) = *j _r[r, -Ð" (v-vr_) /h?-n. (v-v1_l' úr-Ð /h?

.i 
- r (v ;Ð 

2 (2 (v -v j- 1) 
*hj ) /h;** j U -v 

¡ - l' (z (v 
3-Ð+tr, ) 

/trj . . (3)
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where for the periodic case (yO = Xn, x0 = *rr), the quantities m

satisfy:

2 ,t o ..... o o o nl c1

XZzv.000mZcz
0 À¡ 2 ..... 0 0 0 rn3 c3

o o o ..... 2 vr-r-z o m¡r-2 cn-z

0 0 0 ..... Àn_1 2 þn_t nh_f cn_1

un000À.r2nh..,

and where À. = h. ./lh.+h. ,lJ J+T''J J+I' Àr, = hr/ (hn+hl)

u =1-À'n n
uj = 1-À.

and the quantity c. represents:

3À, (x, -*¡ -r) /nj 3u¡ (xr+1-x¡ )/h-

Note flrat equations (1) and (3) are valid for the

periodic case (yO = yn, x0 = *rr) as the first point in the data

set is also the last poi:rt. This is valid, for the curves des-

cribing a cross-section of a hr¡nan limb having starting and end
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points identical.

Flowever, for lirnb cross-sections, it is not possible

to state the y coordinate is a function of x or the x coordinate is

a function of y. A more useful concept is to interpolate between

prescribed (x, y) values separately. This is achieved by r_rsing

a parameter whidr is a fr¡rction of both x and y values. The para-

meter is then used to generate x values between the prescribed

x data points. fte same parameter generates y values betrveen the

prescribed y data points. The only link between the x and y splilre

points so generated is the parameter.

The parameter used in this a:ralysis is tire cr¡'mrlative

chorclal clistance, ,j, where h. = and s.

is til-rs given by sj = h, + h, + ..... * hj. s is any value of

chordal distarice lying betrveen any tilo consecutive chordal distances

s: and s- 1. By this method, the following equations are generated:J t- r

* = sA (s) = rj _r (rj -s) 2 (s-s, _l /nz

-n, (s-s . -1)'(s, -s) /h?+x--1(rj -s) (2 (s-s¡ -r)+¡, )/tri

+x, (s-s, -l'(z (rj -r) +hj )/hj3 (s)

where for the periodic case (yO = In, x0 = *,r), the quantities

n satisfy:
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2 pt 0 ..... 0 0 0 ml .1

\Z 2 yZ 0 0 0 nZ cz

0 ÀS 2 ..... 0 0 0 m3 ca

o o o ..... 2 u,r-2 o nn-Z cn-Z

o o o ""' Àr,-1 2 un-l nn-1 cn-l

un000À.r2^n.r,

where 
^j 

= hj*1/(ir.*hj*r-) lr, = hrl (hn+hl)

u =1-À'lt n
u. = 1-À-'J 

J

and the quantity c. represents:

3À, (x, -xj_1)/hj + 3uj (*j*r-*j )/h¡*t

For obtaining y as a fi:nction of the parameter s:

y = sA(s) = rj_r(rj-s)2(s-sn_r)/nj

-m, (s-s . _1)'(s, -t) /h;

*Y j -t(rj -t)' (z (t-s¡ _r) +tr, ) /nj
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where for the periodic case, the quantities rn satisfy:

2Vt0
),tu2 - '2

o^sz

C

C

0

0

0

0

0

*1

^z
m-

J

000
000
000

t1

,2

c-
J

(B)

0

0

0

?U
n-¿

).t
lì- I
gÀ

n

0

u
n-1

2

mn-¿

mn-1

mn

n-2

n-1

cnn

where '\-
)

n j*r/ (h¡ *h¡ *1) Àr, = hrl (hn+hl)

u = 1-À'n nu. = 1-À.,) 
J

and the quantity c.
J

Tepresents:

3r, (r¡ -y1_l/hi +

Equations (5) a:rd

between two adjacent points

and (7) are only tseful for

3u, (r¡*r-Yj)/h¡+r

(7) give as ma:ry interpolating points

as rnay be required. Note that (5)

fitting curves that are periodic
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(*0 = xn, I0 = yr-,) . Appendix III contains a computer progran lvhich

generates spli-ne points by the parametric rnethod just dcscribed..

Graphical and nunerical results of this program aïe containecl in
the Appendix.

2.2.3 Non-periodic Splines

This method successfully produces a properly fittiag leg

cross-section. The points generated can be used to clictate the

movements of a ntmrerically controlled machine tool which carves

out the shape (the linrb cross-section).

spline furctio. theory is again applied to fit the li¡rb
i¡ the longitudinal direction. The nnj_n ciifference in this
technique fron that previously described. is that the curve is not

periodic. i.e. the end poilt is not iclentical to the starting
point of the data set (*o 7 xn, r0 I v). This alters the matrix

equations (2, 4, 6 a:rd B) . rn addition, another coord.inate enteïs
j-nto consideration, labelled as the z coorclinate (Figure 2).

The points i;sed to determi¡e tire spline furctions in
the longitudinal sense will be obtained frorn the circrmferentially
generated spline points. The procedure usecl in this total point

production is the following: At each cross-sectioir, a circrmiferential

spline fit is obtained and asst¡ne fifty spline points between two

consecutive basal (data) poìnts are produced and savecl. By using

the first spline point of each cross-section, a longitudinal spline

fit is obtained. Longitudinal spline points are then produced.
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The 'z' Coordinote
the Long itudi no I

Consecutive Limb Profiles in
Direction.

Figure 2
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along the entire liinb length from all the first circtunferential

spline points. l,trl:ren the entire fifty circrmferential spline

points are used longitudì-nally, the next adjacent data point is
taken which generates additional circumferential spline points.

The process is repeated r¡ritil the entire limb is reproduced, as

shown in Figure 3.

The parametric equations (lvith parameter s, the cunulative

drordal distance) rvhich generate tire longitudinal splines, are

the following:

For x as a fi¡-rction of s

*1orrg (=x in the longitudinal direction)

*1o,,g = so (s) = tj -1(s, -s¡'(s-sj -) /t''?

-m, (s-s, -1)'(t, -tl/tt:'.*T-1(tj -s)'(2(t-tj -r)+tr, )/trj

+x;(s-sj -r)'{z(rj-t)+hj)/h; (e)

(*t= tire x's generated from the circr¡nferential spline) where

for the nonperiodic case, the quanti-ties m satisfy the relation-

ship:

2 v0 0 ..... 0 0 0 m0 c0

ÀtZpI000mtc1
0 \Z 2 ..... 0 0 0 rn, .z

0002u^0m^c 'n-l n-¿ n-¿
0 0 0 À .2 u - m - cn-1 'n-l n-I n-I
000OxZmc nnn
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tr
a

known points
ci rcu mferentiol ly generoted
spline points
longitudi nol ly generoted
spline points

Figure 3 Totol Curve Generotion Procedure



where chordal

àìd

distance

hj*t/ (h¡ *h¡ *1) ,

u, = 1-Àr 
'

tire quantities represent:

c .,,-xr_l / tt¡

-19

+z; (s-s: ,,)'(z(s,
) J-L J

nonperiodic case, the

000
000
000

Àr, = hrl (hrr+hr)

u = 1-À'n n

+ 3uj ({.r-*flzr.,

h-=
J

J

c.
J

3À. lx9J'l

For z as a fi"nction of s

'1orrg (=z tn the longitudinal direction)

Z-'1ong = s(s) = rj_1(sr-s;,(s-sj -l/nZ

-n, (s-s- _1)'(s, -s) /h?+2. _1(rj -ù2 e(s-sj _r)*h, )/trj

where for the

2roo
Àtzvr
0xz2

-s) *hj ) /hj'

quairtities

(11)

rn satisfy:

to
t1

tZ

to
t1

^z

00
00
00

0

0

0

2u ^ 0'r'- ¿
1?/t-Lttn-I ' tì- I
0À2.n

mn-¿
m

n--L
mn

Cn̂-¿
cn- I

cn
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where the h.. À.*'- "j' "j'

but the qriantities

Un are the same

QZ) represent:

as for equation (10)uj'

c.
J

I,.n,

in

000
000
000

-zi+l/h, + 3uj þj*r-zr)/h,

For y as a finction of s:

ylo,.,g (=y in the longitudinal direction)

yto.rg = S (s) = ,! -1(s, -s¡'(r-rj -ì /h?

-m, (s- s . _ 1)' (s, - s) /h? +y?_ 
1 
(rj - s)' (z(s-s j _1) +h. ) /nl.vj¡s- t¡ _ 1)'

(2(sj-s)+hj)ilìj (13)

where for the nonperiodic case, the quantities m satisfy:

9,. (2.
J'l

2h0
Àtz vI

0xz2

*o

tl

^z

to

t1

tz

(14)

000
000
000

2v n-¿
'la
/\-L
n- l-

0l n

0

un- 
1

2

mn-¿

mn-1

mn

cn-2

C-n-1

cn



-2r-

where chorclal clistance h. =

and

^j 
= nr*r/ (h¡ *h¡ *1) , Àr, = hrl (\r+Ìrr)

u, = 1-l| u = 1-À'n n

The limb carL thus be duplicated by a nunerically con-

trolled machine receiving linrited input data. Appendix rvcontains

a conputer program rvith graphical output written for this thesis

based on equations (9) through (14). The program essentiarly

operates as a data nulti-plier by creating points between the

input data providing sufficient shape definition requi-red for
machining.

2.2.4 Clustering

The procedure developed in a previous section reproduces

curvatures and contours with a rninjmum of actual data points. With

reference to Appendix III, note that no attempt has been nade to

reduce the number of data points required to adequately fit the ljmb

profile. For efficient use of conlputer core area, it is advantageous

to ninimize the nurber of points stored in order to reproduce a

shape. Consequently, a method of clustering was devised.

Consider Figure 4, lvhich contains a large nmber of

points, typically obtained frorn a field sanrple. Assrme that a

tolerance linit of r/L6" for reproduction has been established.



'tc

-22-

t5

t4O
o

o
7

Figure 4. Field Doto Set

t"o
c'

Os

o2

ro o3

roO O+

eo
oI o

6



23

Assuning that point 1in the Fi-gure was elirn-ilatec1, the d.istance

from point 1 to the spline curve generated from the renraining

point set is less than IfI6", then point l may be dropped, and

the specifiecl tolerance is maintained. I-lowever, if the distance

l¡etween the spline curve and the point is greater than r/16,,, then

the point may not be onitted from the data set.

This descri-bes the concept of clustering. The effect of
removing individual points from the data set is a fi.urction of the

tolerances required for shape dr:plication accuïacy. If the tolerance

is made npre critical (say r/32"), the total nrmiber of required

points lvill increase. conversely, relaxing tl-re tolerance (say

to 1/8") will ciecrease the ntmber of points.

In addition this method examines the effect of curvature

on neighbourì-ng a:rd non-neighbouring points. rf point 1 rvas

dropped (Figure 5), and the splìne cuïve generated fe1l withj-n

tolera:rces, the point would be discarded. If another splì_ne curve

was generated which omitted both points 1 and Z, and the tolerances

are not met at either of the points, then point 2 must be included

in the data set. In this way, the effect of curvature at neighbouring

points is exa¡úned.

Continuing to si-rppose that point t has been clropped,

point 2 exanrined and kept, one nor{ examj-nes point 3. This time,

not only is 3 checked for tolera:rce, but also point 1 (the

discarded point). Again, if the tolerance at either point 1 or S
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is not met, then 3 rnust be retained in tire set. consequently the

effect of cur-vature at non-neighbouring points is cl-recl<ed.

As described it is possible to reduce a data set frorn

a "1arge" nm]:er of points to a "sma1l" set, depending on the

toleralces. TLe conqtuter program developed for purposes of

clustering and the algoritlm outlined above are presented in

Appendix V.

Clustering is highly critical in the data sampling and

storage process, as it dictates the rninjmt¡n m¡nber of data points

to be stored. A type of dichotomy is nol evident in the sampring

procedure; i.e., depending on end usage, a large nunber of points

inay be initially sanrpled and stored (to be later conpared), or only

the nininun crucial point locations may be sanpled a-nd stored (the

crucial locations being foirnd by experience with many linrb shapes)

For the present, a large m¡nber of image points must be sampled and

then processed to determine the minimi¡n set.

Wi-th reference to Figure 6 a nriniru¡n set (x, y) is d.eterrnined

for every slice along the linb (z direction). However, for each

slice every (x, y) point may not have a corresponding rnember above

or belol (in the z direction). In order to generate longitudinal

spline frurctions, it is necessary to have this "slice-to-slj_ce"

correspondence. By neans of a circurferential þeriodic) spline

fulction, the "missing" point(s) on any parti_cular z slice is
defined. By generating longitudinal splìnes using these newly

defined points the entire lfunb shape may be reproduced (Figure 7).
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An alternative method is to maintain corresponding (x, y)

sets on each of the z slices. Holvever different curvatures along the

limb will lead to different clustering configurations. The various

clusterfurgs, wìren taken in an all-inclusive fashion, will generate

a large nuùer of required data points. This is not conducive to

rninimal data point storage and hence clustering.

The preceeding describes the adopted clustering procedure

ivhich results in tire storage of the smallest possible data set

required to correctly describe the desired shape.

2. 3 COT,IPUTER CAPACITY

The preceeding method al1ows the use of a sma11, less

expensive computer facility to generate required spline routi-nes.

In particular, the entire system is designed for use rvith a llewlett-

Pacl<ard Model 2716 C Computer, a sma1l, general purpose digital

rnachine, capable of performing a wide variety of conputational

assignments. Additional uses are in process control, media con-

version and data reduction. lhe overall system proposal makes use

of all tire above capabilities.

TLe present computer system includes the follorving options

and peripherals:

i) a fast paper tape reader (500 characters per second

with associated interface card)

ii) a time base generator card
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iii) a teletlpe telex (a:rd associated interface card)

iv) a teletlpe telex unit rvith graphical display capability

(with associated interface card)

v) a data source interface card

vi) an analogue to digital converter card

All cards refer to circuit boards rvhich condition the signal from

devices so as to be valid for use by the computer.

This particular system has 8196 words of core storage in

the mainframe (e>çandable to 32K). Irnportant standard features on

a77 21],6 c conputers include a 16 bit worcl size, a 1.ó microsecond

menìory cycle time, a set of 70 instructions with which to operate

the conqruter, and trvo addressable accunulators. rn addition, there

are npdular input-output (r/o) drivers, Ðd a priori-ty interrupt system

for independent device servicìlg and progranmring.

Li-initations on the core size of the machine restricts

prograrn conplexity and data storage. By using spline fr.urctions and

the data reduction procedure, it is possible to reproduce the limb

shapes within the BK system constraint.

The described method of data reductj-on allows the production

of spline points using the conventional conversational BASIC

language. Virtually an infinite nulber of spline points can be

produced, depending on requirements of tolera:rces. The putpose is

to dernonstrate a rather elegairt method of reproducing a curve shape,

even wlr.en the conipiler is rather large. Appendix VI outlines a
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BASIC prcgrarn which produces spline points plotted in Figure g.

Tïris demonstrates the simplicity of the shape-definition method,

inasntuch as the progran can be fit and executecl on an BK machine,

of which 5% K is devoted to the compiler for the program language.

It is possible to create an entire limb shape by using the

IIASIC prograln and stacking the generated limb profiles one on top

of the other. Flowever, the method as described in Section 2.2.I

rvas chosen for use, as it rvas deemed to be least redundant in the

calling of spline routines.

I{aving dealt with tìre problem of curve fitting, and related

computer capacity, tire process by wirich the generated nr¡nbers are

transformed into tool head novements is described in the following

section.

2.4 MANUFACTi-IRING SYSTEM REQUIREMENTS - NTJMERICAI CONTROL

The broadest definition of nr¡nerical control is "a process

acconplisl-red. by syrnbolic programning and synrbolic control" (4 ) .

Having reduced the conputer requirements for mathenatical shape

definition, the nurerical control process detennines the overall

expense of prosthesis production.

A block di-agrarn approach to the N/C (nunerical control)

process is given ín Figure 9. The Machine Control Unit (JI4CU)

sends signals to the X4achine in order that the tool will perform

certaj-n defined (progranmed) tasks. The lvlachine i:r turn sends

signals to the MCU j-ndicating the tasks being performed.
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A l4achj:re control unit may be defj.ned as "the conbination

of circuitry and drive motors that guide a machine table or spindle

along a progrannned path" (4). within this li¡rit is íncluded the

interpolation necessary to guide the Machine from point to point

along the path defined by the splines. This prograrnned path defines

the lvorþiece cuts.

For a:ry part to be produced, various instructions are

introduced into the MCU. These instructions to the MCU must completely

define the corponent to be manufactured. This is accornplished by using

one of many nutnerical control progranmring languages. The most ad-

vanced program lariguage ís APT (Autornatically Programred. Tools) (3).

Using APT, the programrner enters a program into a computer having

an APT conrpiler. TLe compiler then operates on the submitted APT

program producing a code which is then read into the Machine Control

tlnit. The lvCU controls the machine tool and the required component

is produced.

There are various types of nr¡nerical control machines

available which are not necessarily controlled by identical codes.

In addition to the large nunber of machines, there are varior.is N/C

conpilers. Conpatibility must be naintained by the various cornpilers

and rnachines.

Compatíbility is achieved lvith tire irnplementation of a

postprocessor. The postprocessor provides the interface between

the particular nunerical control progranming language employed a:rd

the particular machine on which the part is to be rnanufactured. The
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postilrocessof is a computer program which modifies the code from the

machine tool conrpiler language into a form that will fit the particular

machine tool. Figure 10 illustrates tire N/c process using a post-

pïocessor.

The nt¡nerical control process as outlired in Figure 10

requires a minimr.rn of 52K conputer storage to accommodate the ApT

compiler. This would render the process uneconomical for the average

workshop.

consequently, it is desirable to elininate any potentially

unnecessary interfaces between di¡iensional infonnation a:rd finished

product. Nunerical control operations which e{ploy a postprocessor

to furnish interpolated control points are in essence trvo steps out

of sequence from the computer which originally provided the input

information. Allolving the computer to directly control the nachine

tool movements eliminates all sr¡perfluous interfaces. This tlpe of

process is caI1ed direct nrmerical control.

The following section describes the implementation of

direct nunerical control using the I-lewlett-Packard 2Lr6 c conputer.

2.5 USE OF THEORY - SYSTET,Í SYNT}ESIZED

The final equipment configuration settled on is a conputerized

direct ntunerical control system which makes use of a 2116 C Helvlett-

Packard conputer. Refer to Figure 11 for tlte follorving discr¡ssion.

The sensing cylinder is placed arourd the patientts ljmb

and activated (5). The li¡rb is the:r removed and each probe is sampled
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ín the following fashi-on: An arbitrarily indicated probe is taken

as a reference position. An acoustic coupler is used to generate

a particular frequency which corresponds to the displacement of

the probe. A tape recording is made of this specific frequency for

five seconds and then both tape recorcling and frequency production

are halted. The next probe is then sanrpled and a suitable frequency

generated and recorded for an additional five seconds. This

procedure continues t¡rti1 all probe positions on the ìrighest "slice"

are recorded. Fourteen probes are measured in this fashion. This

is the minj-ntun nu¡ber in order to obtain djmensional accuracy without

implementing clustering techniques .

1'he acoustic signals so produced represent the limb shape.

The method tire computer uses to digitize the signals to dimensional

values is as follows: fhe computer starts the analogue-to-digital

converter (ADC) lLr seconds after the tape recorder begi-ns to play

back the frequencies. This ensures that the AnC lvi1l be sampling

in the mi-ddle of each probe record. The ADC determines how many

cycles per second were produced by each probe, md by use of a

conversion factor, the proper dimensional values of radial dista:rces

are stored. The angular probe positiors have been pre-stored. Pro-

gram I in Appendix VII performs the frequency conversioirs. W means

of the computer program described in Appendix IV, the computer

produces spline points ivhich describe the entire 1i¡rb sirape in

longitudinal segments. Two time base generators are required, the

first to initiate an analogue to di-gita1 reading every five seconds,



-38

the second to measure the frequency corïesponding to the specific

probe displacement. Fina11y, a digital to analogue converteï outputs

voltage signals (proportional to the spline points) to three power

sources, which in turn control machine tool movement. program Ir
of þpendix VII perfonrc the signal output fünction.

This cornpletes the descri-ption of the overall system.
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3 J]ISCUSSION O}- RESULTS

One of the prime aims of this thesis rvas to develop a

teclrnique whidr would accurately reproduce a limb cross-section fron

a given data set. To accomplish this, a ntrnber of curve fitting
techniques \^/ere attempted. These techniques with their associated

li¡ritations are now described.

Sine Fr¡rctions

Visual inspection of a cross section through the thigh

area (Figure 12) suggests that if each half of the cross-section of

the thigh rvas considered separately, sinusoidal furctions could be

applied. To assure a smooth fit, the end points of each half could

be natched using a sinple iterative teclurique. The preceeding

assr.unption provecl valid for all shapes which were naturally sinusoidal.

However, smal1 deviations from sinr.rsoidal form lvere impossible to

replace regardless of how the coeffi-cients of the oscillating fiurction

were altered. Typical reproductiotrs of the various lìmb cross-

sections using the sine furction technique are illustrated in Figure 13.

As shown, this method rvas tnsuitable for curve fitting within the

specified limit of I/16" deviation, for any non-sinusoidal shape

encor¡rtered along the limb cross-sections.

Circular and Elliptic Fr¡tctions

Although circular and elliptic functions were not limited
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Figure 12. Thigh Cross - Sect ion
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to a sirecific shape as were tire sinusoidal furctions, only cross -

sections of the ljmb having near constant curvature could be

replicated. usì-ng these fi.n'rctions, cross -sections of the thigh

area could readily be reproduced witirin the specifiecl tolerance

(Figure 14a). Flowever, the fi¡nctions proved r-rnsuitable for cïoss-

sections in areas such as the lclee region, where rapid changes of

curvature occur (Figure 14b).

Pol;'nornial Fu-rctions

As in the previor-.is two methods, this fitting technique was

applicable for cross-sections having near constant curvatures. Given

the general nature of polynomial furctions (i.e. constantly increasing

value), it was apparent tlut the entire cross-sectioir could not be

described by one fi¡rction. By dividíng the cross-section into four

segments and establishing continuity at the ends of each segment

througlt a¡r iteration procedure, it rvas for¡rd that all cross-sections

of relatively constant curvature could be reproduced rvithin the

specified tolera:rces (Figure lSal. Again, the cross-sections in

the knee area where gross curvature variations occurred, could not

be descirbed by this tech¡rique (Figure 15b). Recognizing that small

segments were required in areas of severe curvature dranges lead

directly into the use of splines.

Spliles

With refeïence to the hunan 1jmb, these fi¡'rctions were
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fourd to give tire best fit to the various cross-section curvatures

encourtered. Figure 16 indicates the tlpe of reproduction that is
possible to obtain using this tech¡rique. In this illustrated cross-

section, the data points are obscured by the spline points. The

splile function fits well within the tolerance over the original
curye. As shown in Figure 17, the spline function accurately fits
shapes of rapidly cirangíng curvature. The spline function is virtually
sr4rerinposecl over the original shape.

Tire distinct adva¡rtage of splile furctions over the pre-

viously mentioned curve fitting techniques is tirat cnly a relativeiy
snaI1 nurrber of data points are required to define the function,

such tirat the fi.u-rction will accurately fit a cross-section. Due

to their specific characteristics, the previously described methocls

require a large nunber of points to properly fit a cross-section.

rn addition, the previous methods operatecl over large segments,

whereas spline furctions operated over sma11 segrnents, and hence

did not require iterations at segment boundaries.

Another primary objective of this thesis was to keep the

system size to a mininun. This was accomplished by saving only the

data points that ireïe essentj-a1 to accurately replj_cate the shape.

rris resulted i¡ concentrations of data points at locations of

rapidly changing culature, md a sparse collection in areas of

relatively constant curvature. TLe clustering teclnique described.

in section 2.2.4 rvas made possible through the exch-rsive use of

spline fi¡rctions. since the previous methods requì.red a large
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nunber of data points for reasonable shape replication, the onrission

of any of these data points rvas impossible. Thus crustering was

feasible only wíth the implementation of spline fr¡rctions (Figure IB).

with reference to the accuracy of the 1funb cross-section

by the spline technique, it must be concludecl tl'lat the limb cross-

section configuration is a spline function. Splines are by their

nature minimum energy furctions (7), leading to the conclusion that

the linb cross-section is one of a minimr¡n energy configuration.

The hr.unan body ( 8 ) observes minimrnn eneïgy principles in its
mechanisln of movement. Results obtained here confirm this observation

in terms of limb configuration.
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4 CONCLUSIONS

This investigation has shown that two main contributions can

be made to the field of shape reproduction. The first contribution

is the rapid, accurate reproduction of a limb shape done strictly
by computer and machine, requiring virtually no hman jntervention

in the actual machining process. secondly, what would originally

have been a sophisticated nunerical control complex is replacecl

by a single dedicâted conputer.

In adclition, a method of data point reduction has l¡een

developed that a11ows only a small nunber of critical points to be

stored in order to duplicate complicated surface shapes and features.

This would be an ideal method of storing arld perfornting statistical
analysis on anthropometric data for any future artificial 1fuib

studies. standard limb forms could possible be obtained such that

with a few individual changes rnade to the standard, the production

of individual limbs would be even further speeded up, and the cost

further reduced.

Fina11y, the system cost has been reduced to a mj¡lim¡n.

cost reduction was made possible tlrrough the exclusive use of

spline fi¡rctions and the clustering technique devj-secl for this problem.

By irplementing these procedures on a smal1 computer, this kj¡d

of system now fal1s within the price range of the sna11 shop or

research group.
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APPENDIX I

The most important area of this proposed new system is

the generation of smooth curves representative of limb cross-sections.

These generated curves nmst give suitable accuïacy when interpolating

between the given points in two orthogonal directions. A more

detailed er,planation of the origi-n of these data points is now

presented.

Assune that the shape-sensing package is at the location

and is ready to probe the object (5). The linrb (object) is placed

in the device (Figure A1-1) and the device is then activated. The

limb is then removed arid the reading of eacìr probe in the device

is tal<en j¡r tum. This is done for each section around (and down)

tlre instrunent (Figure Ar-2). The readings given from each probe

tvil1 only be in terms of a voltage signal difference from tire

urdisturbed probe position. Th.e r.rndisturbed position is such that

the tip of the probe is at the geometric centre of the device

(Figure Ä1-3). I(nowing the probe angle (fron some predetermined

zero angre position), i-t is easy to calculate the relative position

of the object with respect to the ring geometric centre using the

relations:

x=rcos(O) y=r sin(g)

(for purposes of analysis (see Appendix rrr), it is easier to deal

with cartesian coordinates as opposed to cylindrical polar

coordilates).
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Figure Al-3 Top View of Sensing Device
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suppose that a reg cross-section has the form as shov¡n

in Figure A1-4. rf the measuring device sanples the 1eg as in

Figure A1-5, it is noted that the device is obviorxly 1ìmited to

sanpling a finite nunber of points from the curve. From the sampled

points, after perfornúng the above-mentionecl conversions into x-y

coordinates, the shape as indicated in Figure A1-6 is obtained.

In order that a nunerical control devi_ce be able to

operate a¡rd carve out this li-keness, it is necessary that the tool

rnovement be completely defjrred for motion between the data points.

should the novement between data points follow a straight line, the

curve as shown in Figure A1-7 would result. But Figure A1-7 by no

means resernbles Figure A1-4. Thus a linear iaterpolation between

the data points does not produce a good result. It has been for:nd

that spline fturctions give the best reconstruction to the sanpled

shape, the results of which are contained in Appendìx III.
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Figure Al-4. Cross-Section Limb Representotion
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APPENDIX II

This appendìx contains what js hoped to be a clear,
simple deri vati on of spl ì ne f unct'i ons as they apply to two

dimens'i onal coordinate spaces.

In the mathemati cal spl'i ne, an i nterval aÉxÉb .i 
s

first considered. This interval is subdiv'i ded by a mesh

of po'i nts which corresponds to the locatjon of the we.i ghts

of the draftsman's spline.

^: u=*0.*1.'"'..Xn=b
There are n+1 poì nts, and n sub'i nterval s. The subi nterval s

between the po'i nts need not be the same I ength. An

associated set of ordinates js prescribed.

Y: Yg,Y I,! 2, " " ' yn

A functìon So(x) ìs sought which must:

a) oe a continuous function and have continuous

first and second derjvat'i ves on the closed'i nterval La,b]

(includes endpo'i nts)

b) coi nc'i de w'i th a cub'i c i n each subi nterval
*j_i.*=*j (j=I,2, n), that'is, the funct'i on will be

of degree three i n x on any sub j nterva'l

c) satisfy the conditjon S¡(xr)=Vj (j=0,1, .....n)

That is, at each po'i n, *j (whìch is a mesh point), the

value of y- at the poìnt will be the y that was previously
J

described.

The functjon so(x) whìch fulfjls the three cond.i tìons
menti oned i s cal led a spf ine on a (or a spl'i ne wi th

respect to the mesh a ) , whi ch i nterpol ates to the val ues
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y* at the mesh I ocatì ons . '+¡

J

It is usual to call tj the ,'momeflt',, which .is the

second deri vat'i ve of the s pì i ne f uncti on at the mesh

point, j.e. tj=tjl(x) j=0,1, n. However th.i s is not

the true moment of the draf tsman 's s pl i ne i n the genera'l

context of the meanìng.

The spì i ne functi on so(x) can be found by deri vì ng a

rel ati onshi p for sä(*) between any two adjacent mesh

locat'i ons, then 'i ntegrating sjl,(x) twice and match boundary

condi t'i ons . However, bef ore determi ni ng the rel ati onshi p

for S^(x), consider Fìgure AZ-1.

From the f ormul a f or a stra'i ght i s obta.i ned

V-Vt=m(x-xt)

y=m(x-xr)+V,

v= ( ( t z-t 7) / (xz-xr) ) ( x-x, )+v1

expand'ì ng thi s

y (xz-*1 ) = (v r-vi ) ( x-x, )+v, ( xr-x, )

y (xz-x, ) =y zx-y1x-y zxI+y1x1+y Ix z-! Ix I
!=! z( x-x t ) / (xz-xr) +yt ( *z-*) / (xz-*t)

Thus on the closed interval [xr._1,*jl, and consìdering

the linearìty of the second derivative (tne second derjvative
i s l'i near s'i nce the s pl i ne functi on i s of order th ree i n

al I sub j nterval s ), the fol I owì ng analys.i s hol ds (see al so

Fi gure A2 -2):

sll(x ) -sä( 
^j _, ) =m( x_x¡ _ i )

si (x )-sl (*j - r )= ( (sil(*¡ )-s[(xj -r) /(, j -*j - 1)) (x-x¡ 
_ 1)

Now since si(*j_t)=tj_r, and So(xj)=Mj, by substitutìng and
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( xr,y2)

(x,y)

Figure A2-l
Lineor Anolysis

(x,,y¡ )
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y-coord.

M, or So" (xr)

s"(x)
y-coord.

Figure A2-2
Second Derivotive Anolysis

XJ

Mr-, or S" (xr_, )
y-coord.
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ng

_ 1 ) 
( s il ( x ) - M j _ i ) = ( M, - M j _ 1 ) 

( x - x 
¡ _ r )

plvj

JJ

cross mul ti
(x

expandi ng

Let h.=x
J

Int

of integ

Boundary

Puttì ng

Subtract

or

Puttì ng

M.
J-1

Mr(x-x¡_r)

+N, (*-*j _r)/ (*j-*¡_r)

-xj_r)tnj .....(i)
nd evaluate the constants

*-*j -ì2/zhr+cr..(a)
*j-r )3 /anj*Cix+c2 . . (b)

I are:

nto (b) gives

*j-r)3/ot j*cr ^j*cz .. (c)

(*j-r-xj-1)3/or' .

(*j -t¡ _ r )s^(x ) -*jMj_ t*xj _ i
=^Mi -*Mi - i-*j - tMj*^j - t'j - t
(*j-*¡_i )s" (x)=Mj_1 (x,-x)+

Sl (x )=M j _,. (* j - x) / (* j -* j _ 1)

J J-I.
.'. SI(* )=Mj_1 (xj -x) /hr+M, (x

egrate equat'i on (1) twice a

ratì on.

so(x ) =-Mj - i ( xj -x)z / zh j*rj (

so(x ) =M, - 1 
( *j -x ) 

3 
/ 6h j+N, (x-

condi ti ons f or the 'i nterva

s^(xr)=v¡, X*j_t)=v¡_t
these boundary condjtions i

Yj=Mj-1 (*j-*j )' / 6h +N, (xr-

Yi - r=Mi -,. (* j -* j - t )t / anj*14 j
+Ci*¡_t*Cz (d)

))n!t6=c1

(* j ¡ - r )

¡_r)/(xj-*j_r
jl6
on (a) g'i ves

*-*j -r)2 / zh .

(Mj-r4j _r)h j/6

j-th!tu*c,
,)-((M,-M-r J .

(Mj-Mj_1)h

nto equati

)z / znj *Mj (

-Yi-1)/rrr-

/ 6 -l'1

. -x .JJ
/h,-

J

ck i

X.-X
J

*(uj

(d) from (c)

Yj-Yj-t=t¡n¡'
(vr-vj_r)/(x
cr=(v¡-.y¡_1)

this value ba

so(x)=-M¡_1(

(2)
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From equatjon (c)

cz=!j -Mj nzrt ø-x, ( (yj -yj _ì /n¡ - (

Puttìng thjs value into equatjon (b) gj

So(x)=M¡ - r 
(" j -* )3 /anj*Mj (x-x¡ 

- 1

+( (vj -vj _t) /n¡ - (rj-rj_r)h
-*j ( (v¡ -v¡ _r )/hj - (Mj -

Expanding terms and then collect'i ng yìe

so(x )=M j -, (* j - ^)3 /6h j+M- (x-x¡ 
- 1

* (tj 
- r-Mj -rn3/ 6) (xj -x ) /h,

* (r j -t j n lt al (*-* j _, )/rr-
From equati on (2) , the fol 1 owi ng

one-sided limits of the derivative are

so ( x ) = -Mj _ 1 
( *j -x )'/ rnj*Mj ( x-x

*(rj-vj-1)/hj-(Mj

In the fjrst interval, from j-1 to j,
obta'i ned

rj-rj_r)h j/6)
VCS

)3/6h j

,/6)x+v, -nrn!ta
Mj_r)hj/6)

I ds

)3/6h j

expressjons

obtai ned (

¡-r)2/2hi
-Mj_1)hj/6

the followi

(3)

fo r the

Fi gure Æ -3)

ng 1s

s" (xJ ) =-Mj - r ( *j -*j )z / znj*Mj (*j -* j_r)z / zh j
*(nj -yj - 1 )/ir, - ( M¡ -tj _, )h jl 6

=Mj h j/ 2* (v¡ -v, _t) / nj -rj h j/ 6**j _ f jl 6

=lul- h, /3+N- _ rhj / A+ luj -uj _, ) /tr .

'i nterval , f rom j to j+1, the f ol l owi ng j sIn the second

obtai ned

So(x jr )z / zh ¡+t
=-Mj -,. ( *j+1-x j)' / rn j*1*Mj*, ( x, -x-
*(rj+r-yj )/h¡+r- (Mj+r-N, ) h j*t/ 6

=-Mjnj*t /2+(Yj*i -l t) / nj*t-tj*rhj*
=-Mjn j*,./3-Mj*rh j *t/6*(rj+1-v¡ )U tr

t / 6+N, h j*t/ 6

j+i
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xJ ------- . xj

Figure A2-3 One Side Limits



(4)
So(xJ)=t¡-rhj/6+N-hj/3*(uj-yj_1)/rr- 

ì_ ....
s ;,t*i)=-Mjhj*r/3-Nj*rh j*tlu+(vj+r-yj )/h¡+r_l''''
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So

Due to the fact that the nature of the cubic funct.i on

in the closed interval is such that the second derivative
'i s made so as to be pi ecew'i se analyt'i c and contj nuous i n

this interval, the first derivative equation, i.e. (4), is
"forced" to be cont'i nuous. This 'i s the continu.i ty
requ'i rement. I n ì'i ght of equatÍ ons (1) and (3 ) , the

functions S^(x) and So(x) are cont'i nuous on [a,b]. By

equati ng both parts of (4) , the fol ì owi ng i s obtai ned

*j _ rh j/ 6+Mrh ¡/ 3+(v¡ -v¡ _ i ) /rr-

=-Yih i*tl 3-tj+rhj +1/6+ (v¡+r-vj )/hj
or

tj - rh j/ 6*tj ( nj*nj+r ) / 3+tqjhj*r/o

= (Y j+r -Y j ) /h 3+1- 
(v j -v j - 1)/r'- (5 )

By definìtion, a spline js said to be periodic of
peri od (b-a) if rhe condir'i on s(P)(u*¡=5(P)(o-), (p=O,r,z)
'i s sati sfi'ed.

For the perìodìc sp'l ìne, equation (5) for j=1,2,...n-I
g'ives n-1 simultaneous equat'ions in the quantitiet Ml,Mz,

.....M^. it'i s required that equation (5) be val.i d alson

for j=n, which is how the sjmultaneous equations .i 
n

M1,M2,.....Mn are obtained, and not M1,M2,.....Mn_1. Here

Vn=yg, Mn=M0, and the fol ì owì ng rel ati ons are prescri bed

Yn+1=J1, Mn+1=M1, hn+1=h1. From Fìgure AZ-qa and Figure

A3-4b, i t turns out that for the peri odì c case ( Fì gure AZ-4a)
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3

(o ) Period ic

Figure A2- 4

Period ond Non-periodic

3

(b ) Non-periodic

Cond itions
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mesh poì nt 6 corresponds wi th mesh poì nt 0.

Consider the periodìc case. Equation (5) yields,
usjng Figure A2-4(a+b) as an example,

n'on 

I 

/ 6+vtr, n r-l 2) / t+t"tzh z./6= 
(v 

z- t t.) / n r-(v, -vo ) /n,

Msho / 6+M a( ho*h 7) / 3+M7h 
7 
/ 6= (! 7-v u) / h t- (v 

ø_ ! 5) / n 
u

or, wrìtìng only M's,

O Mt MZ = (i)
Mr Mz M3 = (ii)
Mz t4¡ Mq = (iii)
M¡ M+ Ms = (iv)
M+ Ms Mo = (v)

Ms Mo Mz = (vi)
w'i th Mr=M' M6=M0 due to periodìcìty, then have

MO Mi Mz = (i)
Mt Mz Ms = (ij)
MZ Mg M+ = (iij)
M¡ M+ MS = (iv)
M+ Ms Mo = (v)

Ms M0 Ml = (vi)
There are now sjx s'imultaneous equat'i ons'i n sjx unknowns,

which can be solved.

For the case of the nonperiodic spline, jt ìs

necessary to specìfy the "end condjtioflS", which results
'i n two addi t'i onal condi tì ons , and so permi ts the sol uti on
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of the n+1 quanti t'i er M0,M1,. .. . . .Mn. Many ki nds of end

conditìons can be specifìed. 0ne method of specification
would be to state the slope of the splìne at the end

poi.nts, that is, at a and b. For Sl(u)=rö and Så(b)=y,l ,

the f ol l owì ng i s obta'i ned f rom equat'i on (4)

s: ( *l ) =-Mj nj*,./3-u .* 
rh j *t/ 6* (nj +i -y, ) /h¡+r

at a, j=0, so

Si ( u ) =-M0h rl 3-Mrh 7/ 6+(vr-v s) /n 1=yó
rea rra n ge

(v, -vo ) /tr r-v[=h, ( Mo / 3+Nt rl 6)

2 M 
o 

+ M i = ( ( v , - v o ) / n , - v [ ) 6 / h t

or

(e)

also

s^ ( *J ) =Mj _ rh j/ 6+M . h j/ 3* (v, -v¡ _ r0lhj
at b, j=n, so

så(b)=Mn_ thn/ 6+Mnhn/3+ (vn-v n_t)/ hn=yÅ

rearrange

(Mn_ 
t 

*2M 
n)h n/ 6=y; - (vn -vn_ t ) /hn

so

Mn_ 
1+2Mn= 

( (vn- (vn -v n_t)/hn )6/hn (f )

Equat'i ons (e) and (f) specìfy one poss'i ble set of end

cond'i t'i ons.

Another k'i nd of end condi t'ion can be obtai ned f rom

the equatjon

MO-lMt=0 1>l>0

This js the same as placing a sìmp1e (imagìnary) support

at a point
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*.i rug . = ( *o-Àx1 ) / ( 1- À)

and then requ'i ri ng that the curvature of the resul tì ng

equation be the arc of a cubic 'i n the region *.irug.=*=*1
( 

^ 
is often taken to be =I/2).

This ki'nd of boundary condition is employed when the

val ue of Mo i s unknown. The method essenti aì ly resul ts

in a "reasonable" guess at MO using Mt.

The generaì equati on f or end cond'i t j ons, of wh.i ch

the two prevìousìy discussed cases were s'imple degenerac.i es,

i s wri tten i n the form

2M0+À0M1=d O , AnMn_1+2Mn=dn

The foììowing notation is used

Àj=hj*t/(hj*l''j*t),Ãj=1-Àj (j=1,2, n-i)
The continuity requirement is equation (S),*hjch is

t j - t h j/ 6 +Mj (hj+h j+r)/s+rurr* th ¡+7/6
= (y¡+i-yj ) /,, j*, (v¡-v¡_ 

1)Zn,
s'i nce,qj=1-Àj and Àr=h¡a1/ (h¡+h¡a1 )

then lrr= 1-h¡+ r/ ( h¡+h¡+ i ) = ( rrr+trr* l-h j+, ) / ( h¡+h¡+ 
r )

'a/'r=h ¡/ 
(lrr+h¡* 

i )

hj=tj (hj+hj+1)

Àr=lr¡+i/ (h j+hj+1)

hj*1=Àj (hj+hj+i)

So in equation (5) have

4,a ¡ _1rr, ( h 
r+ 

rr -+, ) / 0+N, ( h 
r+rr ¡+ 1 

) / 3+r4j+ rì, ( n, +n - * 7) / a

(6)

= (Y¡+r-Yj )/n j*t- (vr-v¡_, )zrr,
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il jM j-i+2Mj+l' Mj* 
1=6 

( (v¡+ r-vj ) /h¡+ 1- 
(v¡ -v, - 1 

) /|.r- ) / ( h¡lh¡+ 
1 

)

(7)

(6) and (7)For the nonperi odi c spl i ne, the defi ni ng equatj ons

are now wri tten as

2Ào

Ht2
',0

M.I

M.
¿

do

dt

dz0 u22

00
00
00

U

0

U

0

0

À

00
00
00

o ..... zln_z

o ...../,h-tZÀn-t

0 ..... o lln2

o ..... o o lti t

whe re

wi th

-^r
il22
0 ,u"

J

::

00
00
Àno

of (7).

are

M

M

n-2

n-1

M
n

dn-z

dn-l
d

n

d.
J

,n-1) represents the right hand member

For the case of the periodì c spì'ine, the equati ons

^z 
ooo

2 ..... 0 0 0

11t

Mz

M.
J

:

-d1-

dz

d^

:

d
n̂-¿

d
n-1

d
n

0.
0 .....
0 .....

+ht)

:::

2À ^0'n-¿

iln-t2àn-t

, ilrZ

M^n-¿

Mn- 
1

M
n

M'=Mn , Àn

l'4 n

=hrl(hn

=1-à
n
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In

than the

subinterv

The fi rs t

To obta'in

then

and

many sjtuatjons it is eas'i.er to use the s'lopes mr=Si(x¡)

moments Nr=Si( x, ) . 0n the cl osed i nterval ( real ly a

al ) *j_1,*j , the following equatjon holds

sJ*)=rj- 
1( 

(xr-x )z (*-*j_ r) ) /h3 -mj( (x-xj_ r)2{*r- Ð) n!
*yj 

- r 
( *j - * )'(z ( *-xj - 1 

) +h - ) U rrrl +y, ( x- x . 
- r)z {21 *, - * I *r.r, i Zr.' j

derivative of equatìon (10) is

so( x)=rj- 
1 
(xj- ) (z*j- 

1+xj- sx) /n2,

-m, ( x- *j - r ) ( 2xr+x, 
- r- 3x ) / n2, +(vr-v¡ -, ) o ( x, -x ) ( x- xj- 

1 
) /h j

the second derjvative of (10), fjrst expand (11)

so(x)=rj- 1(Zxj- i*¡**jz-3xxr-2xxr- 1-xxj- t^z) nl
-m, (zxxr+*rj- i 3x2-zxr"j_ 

1-"3_ r+3xx¡_ t )

+ (vr-vr- 
, )o (xx, - x¡ x, - 1- 

*2***r- 
1 

)/rr j

(10)

(tt¡

S^( x ) =tj - 1 
( - 3xr-2xr- r- x, -6x ) -*j ( 2xr+x, - r- 6x+3x .- 

r) n?.

+ (v, -v, 
- 1)6 

(xr-2x+xr- 
1 )Zrr j

s^( x)=-2rj-,(2xr+xr_r-3x) /nj -zm 
r(zx j_l*rj- sÐ /n!

+o (yj-y j_ 1) 
(xr+xr_ r-z*)/r,3 :1z)

The ljmiting values from the two sjdes of xj are (as before)

s^( xj )=-2rj- r(zxr+xr- i-3*j ) /n2, -zn 
r(2xj_ 1**j- lx 

r) /n!
+o (y j -y j _ i ) 

( xr+xr_ ,- zx, )/rr j
=-2m. -, (rj- t-*j ) /n'j -2m, (-2x, -2* j-r) nl

' *o(vj-yj_1)(xr_r--rlzr,j

=2tj-rln, ++m, /h, -a(v¡-v¡- 7)n2.

sl ( *j ) =-2rj ( 2x¡+ r+x, - sx 
r) / 

nj -rrj*, ( 2x¡+x¡+ r- 3*j

+o (yj+r-yj ) ( xr+r+xr- zx 
r) /nl

=-2n 
12( 

x¡+1-x, ) /nz¡+t -zm¡+r ( *j*r-*j ) /nl*t
+o(vj+r-yj) (*¡*r-*, )Zr,r j

thl*t
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=-4mr/h¡+1 -zmj+ t/h j*t *6(yj* 
,-v r)n!

s"(*j) = 2rj-rlh, +4m, /hj -6(vr-vr_,)tn? 
"l (13)

s" (rj) = -4mr/hj*r -2rj*r/h j*r *6(yj* y-v ,)n! [
Imposing the contìnuity conditjon on s"(x) at x, (i=1,2,...n-1)

(i. e. equating the right hand sides of equatìon (13) ) results in

2nr-1/h . +4mjlhj -o (vj-yj- 
r) nj

= -4mrlhr*1 -2mj*i/hj*t +6(Y¡+t -v r)n!
The cont1nuj ty requi rement for sìopes m, is thus

tj- t/h j +2(r/h j+1/n j*t)tj *tj* 
t/t, j*t

= 3(vj-Yj -r)n!+s(yj+r-vj) nln (14)

Equati on (14) can be wri tten i n a more conven.ient form as

-to-

t1

m^
¿

:

mn-¿

mn-1

m
n

c
Û

t1

,2

cn-2

c.
n- 1

c
n

where the generaì end condjtjons Zm'+ll'mr=c' , lnffn_r+2mn=cn are

Àjtj-1 *2tj *ilj*j*r = 3Àj(vr-vr-,)Ztr, +4(v¡+r-rj)/nj*,. (rs¡

where àj = hj*l/(hj+hj+l) kj=r-Àj
The equation system for the nonperìodic spììne usìng sropes

i s therefo re

2 n 0 .....0 0 0
U

.2 0 0 0t1
0 ^2 .....0 0 0

¿

:::::

0 0 0 2 ^0n-¿

000 2
n- I n- I

j00 0n2

empìoyed. As before, àj=h3¡7/(h¡+h¡.,.1) , Aj=1-Àj (for j=1,2, n-1)



and c.
J

(i=r,2 ,

For the
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n-1) represents the rìgh

periodì c case, the equatìons

2 uro 000
àzz az..q.. o o o

0 À¡2 .....0 o 0

:::::

0 0 0 ..... 2u ^ 0'n- ¿

o o o .....Àn_fLh-t

iln0 0 ..... g Àn 2

member of ( tS).t hand

are

mn-¿

t1

*Z

m.
J

-2

-1

n 
--l

t1

,2

c.
J

mn-1

m
n

c
n

c
n

c

rej terate, the equati on

poì n ts (from equation (10) )

To

is

that defi nes and produces the splìne

so(x) = rj-1(xr.-x)2(*-*j_ r)tn? -mr(x-rj_r)2(*j- Ðnl
*yj- r(*j-* )z (z(*-*j-1)*hj)/r,j *y- (x-*j -r)2 (e (xj x)+rr, )/rrj

Appendix III contajns a computer program which uses thìs equatjon to

generate a two-space spìine which approximates a 1eg cross-sectjon.



-79-

APPH$DIX III

The theory of splines present in Appendix II is now

applied to the following problen. sr4pose that an arbitrary leg

cross-section, wl'rich has the profile as shown ì-n Figure A3-1 is being

dimensionally sanpled. This profile cross-section comes from the

region indicated in Figure A3-2. Asstrne that the shape-sensing

equipnent took san4rles at the positions arould the cïoss-section as

indicated i¡r Figure A3-2. Superirnposing a fine mesh on tjris

arbitrarily drawn 1eg profile, the set of x-y coordinates as enterecl

in Table I are obtained. This set of coordinates becomes the data

set which is used to generate spline ft¡rctions. These functions

produce x and y values ivhich lie on a smooth curve between the

data points. These x and y interpolated values are given by the

following for¡n-rlae (as e:plained in Appendix II) :

(rj-r)2(r-rj -ln?
-m, (s-s.-1)2[=, -Ð/h! * *j-r(rr-r12(2(s-s¡-1) * rrr)/t¡3

* *j (r-rj-r)z çzçsr-s) . hj)/hÍ

y(intcrpolarecl) = *j _1(, j -r) 
2 (r-rj _) /n2.

-m, (s-s¡-r)'(rj-r) /n?, . x¡-r(s¡ -Ð2e¡s-s¡-1) . hj)/hf

+ y, (s-s. _r)2 {z(rj -r) . hì /h:



BO
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TABLE I

From the indicated positions (corresponding to probe locations),

the following data points were obtained:

0.0
7.s

1s. 0
22.5
30. 0
37 .5
45. 0
52.5
60. 0

67.s
75. 0
82.s
9C. 0

97 .5
10s.0
7I2.5
I20.0
727 .5
135. 0
742.5
1s0.0
157. s
16s. 0
772.5
180. 0

7.20
7 .20
7 .25
7 .4s
7.70
8. 05
8. 45
B. 8s
B. 95
8. 9s
8. 95
9. 00
9.10
9.30
9. 45
9.40
9.10
B. 70
8.20
7.75
7 .40
7.15
6.95
6. 85
6. 80

187.5
195. 0
202 .5
2r0.0
2I7 .5
225.0
232.5
240.0
247.s
2s5.0
262.5
27 0.0
277.5
285.0
292 .5
300. 0
307 .5
31s. 0
322.5
330. 0
3s7 .5
345.0
352.5
360.0

ó.90
7 .r0
7. 50
7 .80
B.2s
8. 75
9.20
9. 40
9. 45
9.40
9.40
9.40
9. 50
9. 55
9. 55
9. 50
9.40
B. 90
B. 35
7qn
7 .60
7 .35
7 .20
7.20
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where all terns (for this, the periodic case) have been explainecl

previor-s1y.

A computer program which produces these x and y values,

and then plots the results (Figure As-3) follorvs. Also included

is a listing of the interpolated values which the plotter usecl to

create Figure A3-3.
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¡i i;Xilr rli', I

Figure A3-3. Cross-Seclion Reproduction
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APPENDIX TV

This appendix contains the progran listing and graphi_cal

output which produces a three dimensional lorver lirnb shape. The

data used to produce the image is given in Table 2. This data is

"imagilary" in the sense that it lvas not obtained from any huran

subj ect.

The method of generating the shape is as follows:

a) twenty "sIices" along the limb are measured

(fron top to bottom) by obtaining thirteen (including end points -

periodic spline) data points at each "slice" fFigure A4-1).

b) at each "s1ice", a spline fi¡rction is generated

between trvo points. These points are consecutive in the z direction.

c) the first spline point generated between the two

consecutive points (say points 11 and I2), on all slices in the

circunferential direction, is used to construct a spline fi¡-rction

j¡ the z (longitudinal) direction (Figure 
^4-2).

d) tiris procedure of producing spline points

circtmferentially betlveen consecutive slice data points and then

generating longitudinal splines continues around the entire data

set which describes the 1imb. when the entire data set has been

processed, a lìmb shape results.

T'iris conpletes the procedure of duplicating tl're entire

limb image. Computer listings and graphical outputs from this

procedure follow (Figure A4-3).
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Slice

S lice 2

Slice 3
Slices toto I

Figure A4- I Limb "Slices" ¡n the'z'(Longitudinol) Direction
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o
o,btc

doto points on slices

spline points generoted in
circumferentiol direction
spline points generoted in
longitud inol direction

Generoting Splines in the Longitudinol ond
Circumferent io I Direction

Figure A4-z
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TABI.E 2

The following values, when
spline fi-rrctions produced
plotted ìn Figure A4 - 3.

curve-fitted using
the entire 1i:nb shape

T

0

0 30 60 90 I20 150 180 210 240 270 300 330 360 Slice
6.7

6.7

6.7

6.6

6.4

6.1

5.7

5.2

4.6

4.5

4.5

4.5

4.5

4.6

4.6

4.6

4.5

4.5

4.4

4.4)

7.3

7.3

7.3

7.r
6. B

6.3

5.6

4.9

4.2

4.1

4.1

4.7

4.r
4.2
¿.?

4.L
l

4. 01

3.el
3.Bl

I

3.sl

8.6

8.6

8.6

8.4

8.1

7.7

7.r
6.4

5.4

5.3

5.2

5.2

5.1
¿a
4.8

4.6

4.4

4.2

4,I
4.0

8.8

8. B

8.8

8.7

8.4

8.0

7.4

6.8

s.7

5.6

5.5

5.4

5.3

5.2

5.0

4.8

4.6

4.4

4.r
3.9

8.9

8.9

8.9

8. B

ó./
8.3

7.7

7.0

6.0

5.9

5.8

5.7

s.6

5.5

5.0

4.7

4.3
3.9

3.8

3.7

7.4

7.4

7.4
7)

6.9

6.5

6.0

5.5

4.7

4.6

4.5

4.5

4.4

4.3

4.r
3.8

3.6

3.4

3.3

3.2

6.7

6.7

6.7

6.6

6.2

5.7

5.3

4.9

4.4

4.3

4.2

4.2

4.2

4.3
¿.?

4.7
?o

3.7

3.4

3.3

7.4

7.4

7.4

7.3

7.0

6.6

6.1

s.ó

5.1

5.0

4.9

4.9

5.0

5.1

5.2

4.8

4.5

4.2

4.0

3.9

9.0

9.0

9.0

8.8

8.4
7A

7.3

6.7

6.2

6.1

6.0

6.1

6.3

6.7

7.r
7.r
ó.9

6. s

6.2

6.1

8.9

8.9
'8.9

8.8

8.3

7.8

7.r
6.6

ó.0

5.9

5.9

6.0

6:3

ó.8

7.4

8.0

8.1
7A

7.8

7.7

9.0

9.0

9.0

8.8

8.4

7.9

7.4

6. B

6.4

6.3

6.2

6.3

6.6

7.r
7.7

8.6

9.0

8.9

8.8

ö. /

7.4

7.4

7.4

t.5

7.0

6.7

6.2

5.7

5.2

5.1

5.0

5.1

5.4

5.9

6.5

o./
6.5

6.4

6.3

6.3

6.7

6.7

6.7

6.6

6.4

6.1

5.7

5.2

4.6

4.5

4.5

4.5

4.5

4.6

4.6

4.6

4. s

4.5
4.4

4.4

I
2

3

4

5

6

7

o(J

I
10

11

I2

13

T4

15

16

77

18

19

20
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stjprìl-JtTIi.'' :)f. I vl. ( Krf\ vr\ rBrX I
l''f ¡L t-'(-),() 1 

'ì') )rE (:ì0), X{30r:O }

x(k,I)=rjilI/A("1 ,1.1
Dî ;:r) T=lrfrltl
Kt. t l'T=l-1
X ( k I I ) =tl ( I \ / tt I 7, ¡ ¡

rì{- iu .l='l:K:tj\T
--:.0 X(l<I T )=7|(i'., J l-(¡( IrJ) r-X (Kr J\I/¡i( Iri)
25 C,lt\l' j \tjt'

tìí.:Tltf?.1
E N -
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l' -r )

I rf.T=í)
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Dr, l. I=fl ,l-f-)
LCNIf--Lr^,,1T+1
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Êi i: Tt,l/^¡
[,.['J I



-106-

APPENDIX V

This appendix contains the computer program, with

nulerical and graphical results, lvhidr reduces a "large" data set

to a "small" data set. rre "large" data set is the sane set of

points as for.n-rd in Appendix III.
The reduction procedure is as follows:

a) assuning that the data set is 1abe1led as shown

in Figure A5-1, point 1 is dropped, and a spline furctj_on is

generated.

b) tlie spline ft¡rction is closely checked to see

whether or not it passes within rfr6" of point 1 (the excluded

point - Figure A5-2).

c) j-f the distance l¡etween the spline fi.u'rction and the

excluded poìat 1 is greater than r/16", the point is retained as a

member of the presently rnder creation "small" data set. Then

poiat 2 is excluded and an entire spline furction is generated, with

the same checkì-ng at point 2 beìng carried out between points 1

ard 3 (Figure A5-3).

cl) if the distance between the spline fr-n'rction and the

excluded point 1 is less tha¡r or equal to IfI6,,, the point is
excluded fron the new "small" data set. point 2 is then excluded,

and a spline fi.rnction is generated. checking is now clone at points

1 and 2 between points 11 and S (Figlrïe A5- 4) .
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e) if either D, or D, is greater than 1/16", then point

2 is incluclecl in the "snall" data set. otherwise, both poìrrts are

dropped, and the effect of excluding examined in the mamer just

outlined in the preceeding steps.

f) tìris procedure i-s carried out for every point in the

data set. once this has been done, a new "smal1" data set remaj¡s.

This data set can produce (within r/16" limits) the same shape

that the "large" data set can produce.

This corrpletes the reduction procedure. A computer pro-

gram listing of this reduction algorithm, with graphical and

numerical output follows (Figure AS-S).
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Figure A5-5 Doto Reduction Results



iAN lV b LLVI:1. tiL

C

c
c.

"c
c

c
c
c

r,1 A I t',J DAfE = 7323f L7/ \

THiS PRtIGRAi'1 TÀK":S A Dtl.lSã S'::T 0F l),\TA POINTTS
t)BT/rItJt:D FR0M ÊXPtP. I'"1ËNlT.dL LIMB CROSS-SECTIONS, At{D

-,C,*.---., -..-.,**-.Pi:DIJCËS THL-. NUMBLP. .OF. DATA POI\TS R.ËQUTRqD TO
cPRoDUc']Ar.l^.ccUR^T,,:ca.nSS-SECTI.l|'lALRFP.Icl...".*rrlf
C TlLIfì¡l1,,1CI tJN INTEq,Pt]LATED pOIi.tÏS IS L/tSn.
I

CARD I

CARI] III

R[jAL XI.'ll (6OrÉ¡0) rYNl (60,60 ) rR¡lDItJS (60 ), \\tGLF ( 60ì
Rf:AL A ( 60 r60 )rr'l(ó0) 'l'¡ 

(60 ) ' 
X( 60) 'Y(60 ) ,ßl ( 60)ptdL xx ( 60 ), yy(60 1,,.Þ2 {6.0-¡,_-H-(Ég} r S (60 ),t40,No

I NI'EGIR ÜL I I'1, SAV[

C

c
C DATA II.IPIJ'TS A\ID TR,AI,J5FORi,4ATIÛ'{S
C

Rn,AD ( 5,2000 ) Nrt ;

,o:'[li;iI:'t\?i'i*^DIUS(Ï)'I=1l|lN)
R::/1,D(5,20i11) {AI,IGLE ( I ), i=lrNN)

. D0 3?-? ï -1 , !"Jt.J

ANGLT ( I ) =^tlGLl ( i )*3. 14lI80.

FIJ\ICTIt]¡J:

-PRtlBü P_OSITIIIî'I(DfiGRi::S) t3Eó!t :

C\LL THT q.i]I'TIIJE WHICH TRAi\IStrIqÀ1S TH: DATÀ FROI'1
R-A CIORDINATTS TI] X.Y COIRDI¡JATI--S

c
CAL L CHÂNGI ( RAD ItJS, ANGL 5, tr!lrl, X, Y )



,"lrt lV Lr Lr:VI-1, af 'l'\l{l
TT2 -

IF(fJrl"¡..:(J.4) Gt TrJ 2_59
IF(\t¡J,t.GT.Nt)/4) co Trì 259
frlD I itl= ( ll"l-2\ /l:\l,t+2
I \Dl-'.X= ( f.lil-2 ) /¡ìf\tU+ 1.. ..
G,l T,l 1+I7

4L6 ¡ll I ll=r,lÅl
IIll)i-X=iJ\l-1

4I7 NlSr'Jß=r\l¡lÀl-I
NM=l'lDI N-1

^¡42=i'JDI 
l.l:2 _.._,"..._. ..

S(1)=0.0

l{ïí: = 73213 L7/\!

C WiTIIIhI L/L6't OF TH:: ,IDISCAq.D:D' PCIiNT ***"*']]
c

D0 lll I=2'lllDl-iX
. XX( i )=X(l"li,l¡lt:I-¡lSl.JB)

YY( I ) =Y(l.,!NNt,I-NSUB)
. "..-J.1.1.. c l\lT I r-tu:

YX ( ¡lnI I'J ) =X (N¡,|)
YY ( l"lDlt I'l ) =Y ( Ni.l )

XX ( I ) =X ( I )'YY(I)--Y(r)
c

I
c
I
c

DO 950 ï=l,ltlDIi,¡
I¡lr:=J+l
IF( Il'lÌ:. L:..\ll-rIi\ll G0 T0 950
IN::=I-\lDIll+2

çt50 H( I )=SrìR.T{ (XX(INi)-XX.( i ) l.,t_'f 2
l+(YY( Ittí: )-YY( I ) )+*21

Dll c51 I=1ri.ll",l
KK=I+l

-c."
C

C.
c

nl 250 I=1r[Jl'l
HP=ll ( I )

HPl=l-1(i+1)
A( ï rI)=( l.lHP + L./Hpl)*2.
lrrl)=[+l
IF(It\.lD.L[.i\tDIlJ) GO TC 15
IND=J..jDIl,l-I+I

15 Rl ( I )=3. / ( llpt<+2i.HPl*.*2) *(iJr-)Ì(-*Z'ryy( I¡¡D)
I-YY ( I + I ) r', ( HP)k*2-Hpl *r2 ) -Hpl+*2.ryy ( I ) )

250 R2 ( I l=3. / (HP'j(*2{,HPIa'k1l +(t.tP'**2{.XX( IltD}
- . 1- XX ( I +l ¡ rt ( IJP** z-HP I {.d(2 ) -Hpf :f rrl*XX ( i ) )

[)r-t 25L J=lrlif,lZ
A(J+lrJ)=L./H(J+1)

f-{i¡f *:lii¡f.f;1,....T}".t}j::_t"I_T.11Ë,T.* t:-t.f.f ** *.*r¡* *++* *rÁ*r *,ft #\r****+*****)F** * *+.*

C,,\LCLILAT*: TI-If: CHQRDAL ÀI\ID cUNIIJLATIVE cHcRDAL DISTANcFS

c
)t(***'kJ¡**-F.{<ìk.f:ì*)e*.*¡¡+).y:F:È*****!t**.***:*rr:t¡\ri(f +*r¡*ù*+**+*****.*****j¡*

Cf]TPI.ITF THI MATRIX, THfr X AND Y ViCTNRS
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25I A ( J r.J+l )=L./tt (.J+l )

A(I'¡Jl1l=L./H(l)
A ( \l!1 I 1) = l. /H ( ND I l.l)

c...... .

c
c
c
c

D:r 100 I-1'l.li',2
K=ltlM-i
KP1=ç*1

ãî?li:â I i lilå lílÁ iii;l:+ì
BZ (K ) =82 ( K )-C2 ( KPI ),¡FACTI
UO I0l ..¡=1.rKp.l

FÀCT2=¡r ( 1 I KPI ) / 
^,(KPlr 

KÞI )

ßl( l)=BI( t)-Bl (re1¡.3FACTZ
B2 ( I )=B2 ( r ) _ß 2lKP 1) *F ACT2

ii,t;,-- t i ).:,i) tl¡ 7

. ..-. tìl')L02 ¡¡=1.'KPI
IOZ l'( l rJ'[)=,4(I '.JT)-A { KPt,JT) *F/,CTT

nn 104 J=Irf\t,l ,. -

I F ( ¡\lls{ A ( K r J ) ) . Ltr.. rJO0001] A, ( K, J l=C.0
10/+ Cfli,lT I r.ltJL

I OO C ONT I NIJî:

CAL L SIL V: ( /i r 3l r Nl*4¡ I't )

CALt- SOLVT (4, 82rl{lúrl\.1)
I I=1

)N)l*:i(t<rk)k**-':<)i(**** *J,*i.***Ì<+*)k*r¡**i<*:¡k.Èrf*:i<**+***:***+*+*******+*+*I
c
c
î
c
_c-

C.HT'CK Tll Scii IF Tl1!: INl'F:RP0LATí:D SDLINE FALLS WITtJiN
Tlli: SPi:CItrIl,D TOLfRAhIC; li,¡LY,AT fHii "DISCAi{DËD"
T)ATA II! I IIT

Drì 301 .l=1ri.,l¡,1
TrJX=J-1
I F ( iirlX.i0.0 ) It'lX=ND I¡.¡-J
MIJLT=20t¿r'Jl:Àl
n,l 30? K=l.r[.llll,J

SP-S ( J ) ) **2* ( S (.J+l )-SP) /H (.J)4.r2

S' P = l_Ët-{
XSP=i'l (

I -Àl ( J ) 't

YSP=|\,1(I¡JX)*(S
l-\l(J).i(SP-S(.J
1+YY{J):4r(S(.,+I

Jl/(zC+r't¡tNt+S(J)
:.lX )'¡ ( S (..t +l ) -SP ) **Z*( Sp-S (.' ) ) /t1l J ) **2

sP-s ( J) )+H (Jl | / H(.J I **3
S ( J+l )-SÞ )+r{(.J ) )/H( .t)++3

J+1 ) -SP )*:.t2,r.( Sp-S ( J ) ) /|( J ) **2
)**2+ ( S (.J+I ) -SPl /H(.J ) *,F2
-sp )*:,ß2*( 2* (sÞ-s( J ) ) rHlJt ) /il( J )*f3

D2X=(X(ïI+K)-XSp)f+2
02.Y.,= ( Y( I I +K )-YSP..)I1ÏZ



A¡ï lV L) Li:.Vl-L ¿L .,t ¡r I 
"l-7I4-

l-ì I S T= SC;ìT( i)2X+D2Y )

ST. L;.D I S tl. I D i STI =Di ST
¡[J i
sI1.Gr..o525) G'.l rrl vo4

)Ali'= t.)Z)V Lll':'

3ot ¿;^l?
Itr(D
ïF((r.jr\ìN-t).rQ.K) ct Tn ?99

3O2 Cnt.¡1[ l¡t1:-
?_gq I I=I I+frlilrJ

IF( ( iI+i!r''lN t.G[.¡tr\l) Gn To 303
3OO CONT T NIJ:
3.Q3,--., N ¡lN 

=N 
l',1 Nl+ i

IF(LLL.i:Q.2) GD ÏII 259
G1 'r0 7-57

304 \l it.ll'rt -\J t.lrrJ- l

LLL=?
G'_l Tn )_57

25a C:ll,tT I l"ltJ:;
t,'¡RITr ( 5,30) NNN

30 FCRrtt,.¡¡r ,I1I1)
bl N![r = fil l"¡ ¡r¡ - ¡.

ItD I l.l= (rrll'l-2 ) /|til,IN+2
K=2

: X\ll ( I r J ) =XX ( I )

14 YNt(l'J)=YY(I)
ËLIM=2
ICilljllT=0

.. -'-- S.^.V[=C
GN Tî\ 4

I2 LLIt't=iLIf'1+l
13 K=K+l

J=J+L
I F ( K .-1. t+51 Cll TO 2O

*.-.--"+.,-..".- . D:l l..I =1 r l'lDI ri
IF(1.í;!-:.Í:LIt'l) Gn Tn 2

Xtll { I r K ) =XN1 ( T r J.)....
Yf'¡l ( I rK) =Yl',11 ( I r J )

---: Ïllir;ir=llnriï::i I

IF(I.ï(J.(¡,lDIu-1 )) GO TO 6
1 CO\ïIt.trJ1.
ó NlrjW=t.JrlI I.t_I

' NELIt4=f[-lra
c
c
î.
c
I
C

:i<4:t r:;t:t:\ l:(" Èlr ** It*.***)':üì+*+*'{rt * t tf * {'+ s*Ét+** *****4:.**+s*\k*****¡?<y¡

C.¡,LL TIJ: Rl'lLlTIr!t ¡JllICll CHICKS TOLiiìANCt:S AT OTHEp,..-.ÍDFlPÞilD'r DATA PfIINJTS

CALL SPLSV ( X\Il I YNI I XI Y, ICII.JI'JT
*---1.r EL I 14' l",lE L IMr SAVE rNt'i¡l'l\l!i^l r K r.D iS l 1 J

K=K+l
_-*_,---..J=.J+I

Itr(DlSIl.CT..06?5) G¡3 T.l 5
llDIli=ilil-lIl'l-l
ï C ltJrrlT=:t CIUNT +1
SAVi=SAV!+I
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DC I0 J=1rÀlDlf\l
XNll ( I r ( ) =X1'JI ( L., )

1O Y¡J I I'K)=YNJI(I'J)
Cr-} TN I3

5 fl'J 7 ï=l'¡lL)Ii.l
X\ll ( I r K ) =X¡'lI ( I r.l-l )

7 YNI(I,Kl=YAll ( I,J-l)

c
C

I

S ÏI.] P
i'Nr n

¡.i\ll = liJj3

c^LL Trrri RilLrTIt'lI t.JllIcH pLoTS T11! f li¡AL REDUCFD DATA SET

caLL c{.JRG¿t{ ( X¡J1, YNl,hJDI¡,tr LXp,AS )



c
C

C

c,

C

SUBR,OI.J-Í- I ¡li: S PLS V ( Xrt ? Y\t, X r y r I C IIJNT, EL I 14Gtr

I r f\.HL I1"1, S AVi: r I'lll\,¡jt-l.t, Kl rt) ISTI. )
F.i:lL X\l(¿iJr60) ' Yt\( 50róC ) rA(60,50),X(/J0 )
t)r:A!- Y( 50) 'i.l( 50) ,¡l( 60 ) r Bt (50 ) rR?-(60)
p,;,AL XSp ( 300 ) rysp ( 30o),H(60) r s( ó0)
INJïtcl-q S lVl, r-:L I M riìL I MGF

f L i t"1=E L I t,GF+ I C i.lUN.I-^ _n0 555 T = ]; t,l['d

.,555i-':¡ii-i.å'N:W
l,l;"12=Àlil"J-2
S(1)=0.0'1,

c
I

,c
C

n0 ?50 .I=l,N[!.l ,..
iN[=Ì+1
IF(ï\lS:.Lli.NIil,l) Gíl TO 950
Ii,tË=i*1.1i!^¡+2

950 rl(I )=SQIìT( (X¡t(It\ií:rK I)-XN( I,Kl ))*,*/
I + ( yi'.t ( I Nil,(1 )-y¡,t ( LKI ) )**2 l
nt.] 9l:l I=IrlìiY,.
KK=I+1

951 S(KK)=S( I )+H( I )

C

C

c
a

).:)'¡¡i ¡i(*¡! kJ:*f:*:¿<:l**+*:i<¡k**¡t)F***:i<:*)t*;ir*X<.*****ìk*:fti<*rr*y¡**************

C0r'!PUTi: ïHi:.. f4,{.r"ßI-X, ..T_HE. X .Ai.lp Y V:CT0RS

Dtl 2\O ï=1rl'JY
t-tP=ll ( I )

HP I = ii ( I + 1 )

ß ll ¡I )=( I. /l1P tL.lHDl )*2.
IND=i +2
IF(I¡lD.Li:.1'llli.lJ G0 TO 75
il!D=\li:W-i+l

15 B I ( I )=7. / ( flp:**Z:ì:HpId,+2 ) * { Ftp+*Z*y¡.l ( I ND, Kl )

250 B2 ( I ) =3. / ( ltpii*2*tJp L k"k?_ ) "( ( ilp**lrt¡,.¡( INit, (I )

.1-XN ( I +I r Kl ) r( t.{p-l*z:t.llì l/¡*2 )_:H.p t-i+Zf XN ( i I K I ì }ñn 25I ¡=lrtJl,l2
A(J+l,rJ)=!./H(J+1¡

251 A (J r J+I ) =L./ '1(.J+1)
- .:. A(IrÀIil'l)=1./H(1)

A ( Nl'l, I ) = 1. /rl ( f.lf l{)

THïS StJßRr.ltJTiNi: lli:Tl:Rl,1INi:S WHr:TlJ;:R DtìOppIf.lG A DATA
POI¡lT i,lILL Al)VlìR..Si-:LY AFFI:CT TrJ: TOLFp.ANCI VALUE ATA pR¡VIOtJSLY ËLI¡4INATÍD pilIi.tT

>lJ,: lt !,:l<!,<.!,: *r: ** ** >i:lr it * ** f: *:t * A * ,,i{< :{:.* ;* * * * * * *,f )k* ' * + ** T.ï<* **,È* f * ttI Ìt,*,ì.

cÂLctJLATI THL. c.ïQRDAL At'¡Q cu,'ilJLATIV- il-{f]RD¿\L DI srANtcES '.



\J.\rr I V t¡ l. ti V !l l. ,/ L

C

c
(.

c
,

)

I
,

no IL\0 I=1rN112
K = l,l{- I
KP[=¡111
FACTl=\ ( K 

' 
KP I ) / l'(KP 1, KPI )

Rl { K) =81 ( K)-B I( KPI ) *FACTI

)I'L)V ¡\li, - 1-1 ¿J1

irl ,irÄ*$Jk tr:É+: l*'l* 
TT7ü_f 

***(**/Áx(*+;F,tt14*+xÉi(****,+t:*4(**:********:tr+**r,

Ttì I Al{GIJL/rlì I ZF THt MATa I X fHi:\l ¡,tnn I try THS VÊCTORS

l .-.-_. ß2 ( K ) 
=ß2 

( K ) -82 tKP] )-tFACIl
nil I0I J=1'KFl

101 A ( K'.J )=Á (K'.J )-,1(KPl '.1){:ct16ttFACT2=A ( 1'l(P l. t / 
^(KP 

lr KPI )

P,i ( 1) =tll ( I )-ß 1( KP 1l r(F,1CT2
ß2 ( 1 ) =82 ( I ) -ß?-(KPl ) *F,lCT2
Dil 102 JT= l r KP l

L02 A ( .r.JT )=A( I ' JT) -A (KPl , JT ) *FACT2
nl I04 ¡=lrl.rM
f F (,ABS(ir(KrJ) ) .L[..000001 ) ¿\(K, J)=0.0

104 C,CNTI \U:

c
c
c.

.c _

cAL L SOLVi: ( /ì, B2,lJr'1, Il)
*."--*.-*.-*,-.:...CALL SLJLV: (A 

' Bl rN14r )l-J

^4 
t.,lt_ T =(Q r< NtJ¡l+ S A, V fi

L ilrlP 1=fi L f r1;!<f.tf,lfrl-2* ( !-.JNN-l +sAVE )

I 'li:lP? --|.L I14r. llil'l
l\!x=l.lf:LI1.1-?
itr( INJX. lt0.0) INX=l'lE!^l-l

c
c
C

c
c

'* j{Jr *)F:l{t'(Í{* +tl t¡tÉ ** **>F*;rrS *:i(* * *i(:F:k.* i< *:trrf \tt**+**ìI* * {:* ******** *,X** i

Gi,:i'Jf RATE SPL It\tI VAL(JÐS

nO 30Z K=l-OilP I ' Ln0P 2
DISTl=100
r.rn 301 L=lrl,1ULT
sp=L.¡lì( ¡lÍ:L Itl_ll / (40,kN'.ltl+sAr/J )+s
xsÞ( L )=N ( TI'tX)'k( S( NELit.l) -Sp )'t *2*

t,l'ilIl-1-l)
sp-s(ltîLiM-t))

1 /H { Î.,ti. t- I i.t- I ) **z-t't ( rrti L I t,r- 1 ¡ & ( s p-s { N:L I ^4- I ) r"r2*(s(NFLIM) - "

^4 
)- SP ) *:Fz1 -SD ) /t1 ( ¡l:-t- if'1- I ) r;t/+xr\l ( t.ti:L I r¡- 1 I K I ) * f c ( N(:L

-..--:-.- 1 /H( NiLÏ ¡4-l )t'{'3
D2X=( X( K)-XSP( I ) )f(i\2

I î I; :låi ì;ll il b¿.)i.'
i F ( D i S T . L i: . n I S T I ) . .D,I S f l 

= 
D I S T

*ìr::'*ì.¡.*11 l*.t:V**-*rlr::<.rkfr{:f;f¡k*,***.+rF*å}r.**tr*ìf:+*:*ì:*f.tt**,F**.9*+*}++**+*+*rÈr

CALL ïFlF R0UTINi: TO S0LVE 1'Hi:,lQU/.TICi\lS
':



301 CC¡IJT
Itr(II

70? c f:t\tT
3Or* C i'lr¡T J

RI ÏU FÌ

iND

\l[Jr

J i.-.)Y
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STl.cl:..O625) Gî T0 1O/+
¡il ll]

Ntr.J I
l'J

,i'\¡..' l¡:J.1 j.i;



r. Lr" v t, L a. l

79q trlRMAT( | I I, rTH:: _çFL
1I FËTI.J::NI THI: F,^lLLi]I^I

llir PÐIl'n-s A,Ri: GËrrl.iRAT[:Dr I
NG CnrJRni^tAf i-$ 3 I )

8.00 FlR|lAT.t,//r' F!r(l.r\1 .X=._tttr5.2tt ¡Y= ttF5,?¡
Ir T'l X- r¡F5.2rr l= t¡F5.21

B0l Fí:lRt"l,AT(/ / //T22¡tX SpLlt\l: y SpLli,¡i, )

802 FTJRMAT( ' r rTl7 r2F12.4)

C ÂSSIGI', VîCTOf}. VALUi:S Ai\D ÎNITIALIT.I PLOT RlIJTINÌ:S
I

cALL Pt-íll's( IBTJF, 1000)
Dll 2 T=l,lll.l
XDL(I)=X(I'LXP¡,S)

2-.. " .YPL ( I ) =Y( I' LXPAS )

côLL PLOT(0.0r l.5r-_l)

C

c
c
C

C,

C

C

c
c

i ,ì .i: ,¡

'-119-
' I ! - t .)L-.))

*:'*;/:;i.Jj*::{{;l<f-:'rl'.t<v¡*¡l¡!:f 4<*tÈ:FÈ +titl'.* gr{<*$r**>lù****t;k,k**f lktË**T+t*f*-l-*¡k+

StJRPi)JTit,lt: C(li?.cfN :

THIS P,:trTifli C:\liaåïFS 10C SPLItt: plI¡trS B:Tt.tEiN
1lJ1:: FÌr'DUCID DATA Si:I DOI^lTS. TH:: SpLINE DnI\TS S0
PRTIDUCtD AD.i: THEN PLCTTËD dNtD PRI¡JTED

SUBa.OIJT i t'l: Cl_lRGfN ( X r Y rI'Jttlr LXP.AS )

Rî¡.L X(60'(r0) rY(ö0ró0) rA(60,60) rBI (óO) r82(6C)
F f:AL U(ô0 ) r S (6C ), ¡4(l¡0 ),l! ( 60) r XPL (50 ) rypL ( 60)
DIi¿l:¡lsIrÌil Iß'JF ( I0C0 ) ¡ XSP( L20 ), YSP{ t ZO )

C

',.'' '" -. , '' c
* * *)kl< t< )k *>ir ** * iÉ * '* l¡ * >l<¡\-)i<\k * * # * * ik ** *)t + * ìk fr * * * * * ** * * ** + *** >t ** ** * * * * *

XPL
xl)t_
YPL
YPL

¡.lhJ+ I ) =-3 .0\lhlf2 ) =I.0
til',I+l ) =-/¡.0
f.l\+2)=1.0

r-ALL /rXI S( 0.0rù...0r 1líiX AXI S( TN. ) r-l l ri6.0r0.c¡ xpL ( l¡N+l ) rxpL (¡.t\t+z I )

cÀt_L,lXI S(0.0r0.0r1IrJy AXIS( I¡t. ),11,
I 8.0, 90.0 r ypL ( N¡J+I ), ypL (NtN+2) )

D{ì 1 I=IriJl'.I
._._._.-_.--'_--.-* . nO I .l=Lr.ll''J

I ^(I'.1)=0.0
Nj M = l.l I,l_ I
NVZ =ÀJl"l-2
S( I )=0.0

. nl ?F0 I=lrt,Jl\\l
JNI i:=l+l
IF(tÀJ':.Ll .Nr'l). GO-,T| -950ïi'lI=l-l'lN+2

_ "9.50. tJ ( i ) =SQiìT( ( X ( I\lFr LXP\S )-X( I , LXPAS) ) *.*2
1+{Y( i \l:' LXPAS ) -Y( I, LXpAS ) ) **2J
Ucl 951 I=Irf.lM
KK=I+1

*{t.,¡*r::i:)!1:*)l.t:t_}¡***)i(:i<>l****{<*<>F**,¡**t(¡k*t<:tr****¡t***f(******:******+È
1

cALcULATï: T11¡ cHIRDAL AND c!.Jr\'luLi\TIV; cHTRDAL DISTANciis

g_5r....,,s { K.K ) =s ( I )+H ( I )



r-r./ \' -'¡
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*$:i::i'** rì * k!<91k,¡1 +*i ***{:{:.9:k)+.***È41*'<,tr,i<**¡F*t:***;*t*rr:*r¡*:È*****+*df*

c
c
c
C

c

75

250

l;3¡4PUTl:: THrl ¡1'1¡-pIXr ThE X At,JD y VÈCTngS

D'l 250 I=lrli¡4
l{P=fl ( I )

l-lPl=¡1(t+I)
A ( I' I ) = ( t . /HP +L. /Hpl)ttl.

."_. IND=I+2
IF(I¡tt).Lt:.ilN) Gn T0 -t5

Il.l|=i'l¡,| -I+1
B1(I )=7. / ( l'lP'kx<2ìkt'l Þ1*:!2 )i<(Np:kr¡li'Y(T\l Dr LXDAS)

i -Y( I +1, LXPAS ),k( tJp"4*Z-Hpl*.*Z ) -t-{p}rk;ir2*y ( I, LXpÂS ) )
ß2 ( I ) = t. / ( t.tPlt.+,2t,Hpl +*2 ) +( r1p*4(2+X( I\tDr LXp,\S )

I - X ( I + I r L X PA S )'k ( H P-.*-t.2 :H p.l *::-+iZ ) : HÞ I *.+Z *X( I r L X ?Â-S ) )
DC Z5L J=Irl.:1,42
A.(J+IrJ)=t./H (.J+l )

A(JIJ+1)=1./H(.,+l)
A(lrNi'1)=1./H(1)
A ( i'.11"1 r I ) = l. /H { ¡l¡l )

ïRiÂl'IGUL¡'lìIZr rHE vATR,IX THf:\t rtDIFy rHE v::croRS

Dî 1OO I=Irt'i\,12
K =ltll.1- I
KPI=l(+1
Fô,CJ'1=t ( K,KPI )/¡ ( KÞlrKpl ) _

Bl (K)=Bl (K)-ßl (Kpl )fFACTI
p,Z( K ) =82 ( K ) _ ù?.(Kpl ) rlFACTf
D,l III J=l¡KpI

I01.^.. A ( Kr J) =A ( 1.1, J ) -/. ( KPl, J )'l.FACfl
F ACï2=A ( I r K.P I ) / A(Kp I, KpI )
Rl ( 1)=31 ( I )-ßI(KDI)*FACT2 

_

B2 ( 1) =82 ( i )-82 ( KPI ) +FACT2
nrl I02 JT=lrKPI

102 É ( I rJT) =å( I ' JI)-A (KPl,JT) *F^CTz
DÎì lOt+ J=IrNltl
I F ( A q S ( ,{ ( K I J ) t . L [ . . 0 0 o o 0 I ) A ( K , J ) = 0 . Ol0¿ cl\TI^tu!ì

100 cüNiT I i{Ufa

rlJrJ:{-:!d-:l:;.t '¡*."k)***t;.**¡k**:*+Àr;l(*'t*+:È,#**t'rr¡g44¡k*t*ryt*,i<***>F*******+*

c
c
t.

C

c

t***:it¿:x-trr¡:L>F¡ì<t*t'rt)ll:**{:f<*l.r!:{r 'fx&rr¡lJ<:*J,{,.')<*.*'l*****;lt{r*****;+*****,È¡k

CALL TH¿.J ROUTI\E J',I S1LV.ÎJ THË I.SUAITO¡IS

CôLL SILVi (A'32'l'lMrNl)
C,,1 LL SilLVi { ¡1, Bl r Nf4 r r',1 )

nn 300 ¡=]rl:T
if.l X=J-l
I F ( iùlX. ¡Q. 0) l[lX=i:lt,l-J

c
C

c
c



I

I

lì'J 301 K=1r100 - I}L -
L =K
SP=LtH(J)/100.+S(J)
XSD ( K l=it ( I t.tx ) *( S ( J+ I ) -Sp ) **2* ( Sp-S ( J) I / H ( J ) **2

J )* ( SP-S ( .J ) )'k'k2 j.( S (J +l )-Sp ) /H ( J )**z
J,l_XP,\S)'r,( S (J+ I I -Sp )+,k2* ( 2* ( Sp-s {.J ) )+lj ( J) ) /H(.' )*r3
J+1r LXp¡\S ),ð,( Sp-S (.J ) ) r,k21k( 2.¡( s ( ,J+ I )_Sp ) +t1( J ) ) /H ( J ) *,t 3

I -Nr
l+x
1+x

301 CùNT I I'ttJr_:

XSp ( K+l ) =XDL ( f\t¡l+t )

XSP ( K+ 2) =XPL ( N.t+Z )

YSP ( K+l ) =YPL (1.1Àl+l I

Y-qD ( K+2 ¡ =ypL ( \t\l+2 )

q57 t/FTTiil6tBQzt XSP( I),YSP(I)
300 r-TJNTITJU-

cALL PLOT( 15.0r0.0r999)
FTIJF.¡\¡

[: r,l r)

1 + Y ( .J , L X P A. s ) 
.* ( s ( .J + I ) - s p ) ,k * z* I ?* ( s ç, - s ( ,J ) ) + H ( .J , ) / H ( J ) 1* 3. 

.I+Y ( J+1 r LXPAS ) * ( SP-S (.J ) )'È:{<2+(?-# { S ( J+1 l-Sp ) +H ( J ) ) /H( J ) +*3

cALL LINi (XSP,YSP rKrl r-t ¡2)
PPI¡JT7E9

'¡JRITF(6'800) X(J'LXPAS ) rY(JTLXPAS ),
1X(,J+I I LXPAS),Y( J+1 r LXPÁS)

PA I NÏ30 I
fì1 5î1 I=1r100



1/ìl\ lV (¡ Ll:V;:L .{l

StJCP.OUTI ili: CHAtlGt, {p. ADItJS, Al'lGLFrNtt,X r y )

*"..,.-,_- F.!:AL..RADIUS(60) r.AllGL[ (ó0) r x(6c),f (60 )n0 I I=l,NfJ
ïF(AllGL:( I).GT.3.1_4/?.1 Grl Tn 3
X( i ) =tì.qD i!.JS ( I ),kCOS ( A^lGLi: ( I ) )

Y ( I ) =i;\ilIUS ( I )*SI f.t( A\cLi ( I ) )
G'J ÏN I

3"_. .. IF(,Ar,iGLi' ( I).GT .3.L4) Gl-,TO .4
¡NGLÍ:r ( I ) =3. I/+-Âltlcli ( i )

X ( i ) =-RADIIJS ( I )*CCS (¡,r,:cLrì { I ) )

Y( I )=RADIUS( i )*SI\( ANGLT'( I ) )

GlTNI
4 lF(AÍIGL:(l).GT.3.'F3.I¿:/2.) c0 TO 5

c
C

c
I
C

C
I

c

r''t I I i',1 DAil- = 11213 L7t

- 722
'Fi **"F:k.>k*-*+¡!r'*,t È**f:****t¡*,1 :¡+*:F****tt,:F****d{+)k.***J**rk/¡**+****t***

SUßP.f IJT I iJI CHAi.IG:

TIIìS F.I'IIJTIIJI- CHA'IC:S THIJ q-â I\PIJT COOP-DIÀIATI
VALIJLS T:l X-Y Crl,JaDI I'tAT: VALUiÌS

)

)

I

!

I

)

X ( I )=-R,\DIUS ( I )'kC0S ( ANGI_[" ( I ) )

Y( I )=-RADIUS ( I l*SIN ( Ar'lGLtl I I ) )

GOTOl
ã .TF(ANGl.-i.:(I).GT.2.*.3.11) G0 TO I

^NCLi 
( I I =2-*i.14-,AhlcLtr( I )

X{ I )=p.ADilJS( I ){.CC.-c(ANGL=( I ) ) -
Y( I )=-a.nllTIJS ( I I *S it'J ( Al'tGLt: ( I ) )

I C iìr'lT I tltj I
P,|:TURi\l
: ¡JD



\ r-.,!vr t a- r\

c
c
C

t'
c
c
C

c

.r ,\ l.i'l

-I23-
:¡tt'¡tr'.f:{(f ***f ,ì!rr*t{r!{>f.l<g.{r.t..ûc*)F*#:k*.**)l(rk>l**.*#rt****:t**********r,(t(*.

S'JfìR IUT I i'lË SnLVç

IJSI'D T ] Sí.ILVi THI SYSTFT f]F L I\E,\R. :I)UAT IO,,IS|/'JIJICH Dl:Ti:P,i.,llllE TH: K\tf,TS CF THi SpLINË FU)tCTION

LIi ]

SUBIìOrJT I1.lí-: SO LV[ ( A, B, N¡/, X¡
F,,E,1L A( 50,60 ) rB( 6-0), X(óO)
X { 1 ) =B ( I )/¡ ( l.,I )

!)n 25
K OrJl'lr=

= 2 r i'lf4

-1
X(I)=3(I)/A(LI)
Lìn 30 J = l, K0r-.¡¡T

.. 3C -.. X( i )=X(I )-{4( i,J).1¡( Jt I /A{.I, I )

25 CONT I \IIJT
PFTUPNI
trND



8?46 0.0
7534 3.05C6
0029 3.5e,27
9L-53 3.5e3I
2837 2. ?.BIe
700 1 -o.1231
852I -3.?_040
003 0 -3 . 70r) 8
87 1B -3.23 Ft
4186.......-.-?.47 61
1952 -O .7 ¿186

8346 -C.0000

-r24-



rl-, Ll t\¡¡

lM f,=

I iilù, ll¡ A'-i; I-'!llf !(Al:-'lli'

2.g3 rY= O.O Tn f,=

I l^/i. \ lt

-I25-
L.7/r Y-

Flr[_l_i.¡¡ ¡

3.05

X SPLIIJ!:
2.Ê3:.1
?.8353

Y SPL INIIì
0.0337
0.06óó

-. c.l00l. 
.

0.1337
o. L67 5

0.2013
0.2353
0.?69¿r
0,303 5

c.3378
o.31?-L
0 .40ó 5
O.t+4IO
C.¿¡755
c.51.02
O . 51+¿¡ I
,1.5795
0.óI/+3
0. 649 1

0.6819

2.q3t7
?.R351
2.P747
2 . B14L
? o2ìl

2. q327
2.83I I
2 . 8?.9::)
?.P287
2 .826f.-,
2. 321 7
2.. 82.2 5
?_.820 V

?.B17t
2.815I
2.8L72
2.8Oct1

?.co?tt
2.79 ft1
2.7,43
2.7?07
2.-t 7t,1
2.-l8LB
2 .17 71
2.772L'
2.1670
2.7 5t(:
? .15îO
?.75L.ll
? .14t,I
2.7378
?.1313
7 .1245
2.7 L17
?..7I03
? .102?
?- . 69 5?_

2.6t,7V
2. ()7 97_
7- . 57 2:)
2.662L
? .6537
2.64¿;L
? .6 3/+1
2.62')I
? .5t\?
2. ö05 I
? .59 1;1

2.581¡L
?.513?
? .5620
?.È5('^

) "7 536
0.7{ls5
D.323/+
0.8583
c.3e32
0.928L
o .9 67-c)
0.9q78
L.O326
!. t)61r^
1. l02l
1 .13ó¡ì
1.1?1Â
I.2060
I . ?_1..0 6
1.2750
I.7l9t+
!.3/-¡37
t.)77a
l./+I2O
I./+460
1.11800
I .51 3rl
L.t 41 5
1.5810
r " 6145
L.6478
i.5810
1.714.0
L.7469
1.7795
I.gl21
!.8/+45
I.e761
l.o0pq



?.527\)
? .5L43
?- .50? 3

2- . /,89 
':)

2 .47 6r¡
2.4632
/ .4t¡l (,

2 . 1+),,5r\

2.42t5
?.4012
2.7925
2.7776

I.9721
2. OO37
2.O3: O

2.06 êo - 126
2. C96 c!

I 11aF¿. L¿ I )

2.t-578
2.i880
2.?17?
2.2+7 6
?.?17 0
2. r.06I. 

.

2.VVt.O
?_.3 53 6
2.39?O
2.¿ 20L
?- . !r¿+7 B

2. trl 57
2 .50?5
? .529 /+

?.5560
2.5823
2.608?
2. t¡?38
2.ó501
2. 584 |
2 .7 087
2.1 329
? .1568
2.7 803
2.3035
2.8263
2. B/'87
1 Q1^-t

2.p,924

?.?523
2.346?
2.3709
?.?It:3
? .7_,f lt+

.. ?.Z',¿L7
?.?6^7
2. .2/+7 4
?.2?18
2.7_I10
?.Ie37
?.L751
2.1551
2. !3-7 ?.

2.rL78
2.0990
2.0790

.. 2.057 6
2.036e
2.015q

.9 91+6

.9730

.95t0

I.90f"1.
1.8831
1.85??
1.8353
l.fl123
1.7830 .

I .7 634

2 .93 /+ t+

2.954e
/_ . c)1 t¡3
?.9 9 4.4.

3.0135
3.O323
3 .0506
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APPENDIX VI

This appendix contains a listing of a program written in
BASrc which produces a limb cross-section using spline techniques.

Also included are some of the points generated by this method..
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l7t DIM XCI2J¡Ytl2l¡A[12.'12]rMtl2t,LtlAl
ú DIM FCl2IrCtl2lcHEl2lrStl2l
g4 I NPI-'T \¡
g?. FOR K'ot TO \t
33 I¡IPUT XTK]rYTK]
34 t\tEXT K
I FOR lt¡l TO \l
g FOR J=l TO N
et LET AtlrJJoØ
7ø N¡EXT J
æ) \TEXT I
q, LET rül 

'¡rr|- IlØø LET \l2srl-2
Itø LET SIl ]=Ø
l2ot FOR I =l TO \¡
13Ø LET I2sI +l
lôøt I F 12 <= r\t THEN I ffi
t5Ø LET I2!I-lV+2
lerD LET Tl =(XtI2l-XtI I) t2
lTqt LET T2Ë(YII2]-YtI l) t2
18ø LET Ht I l=SQR(Tl +T2)
tgøt \tExT I
ãð(/t FOB I =l TO Nl
2lØ LET K"I +t
n2t LET StKl'¡StIl+HtIl
230' \'EXT I
z4qt FOR I =l TO Nl
25ø LET Hl =H[ I ]
2.61t LET H2=H[I+13
nat LET AII¡l ]Ir(l /Hl+t /H2r*2
æqi LET I3=I +2
æAt IF 13 <E N THEN 3lø
gØ LET ISal'I-I +l
3tA, LET R I sHl iZ *HZrz
32Ø LET R2-Hl r2*T C I3l
A3ø LET R3=Yt I +l l*(Hl 12 -H212,
UtØ LET R4gHA ?2*Y t I l
35ø LET Ftl l=3/(Rl )*(R2-R3-R4)
3e$ LET R5¡:Hlt2*XCI3l
37Ø LET R 6=XI I +l ]*(Hl ?2 -HZt2)
gqt LET R7=H2t2*XtIl
39at LET CtI le3l(Bt )*(R5-R6-R?)
$ø NEXT I
Alø FOR J=l TO \¡â
æ(r, LET A[.J+l rJ]=1 /HtJ+l l
43ft t-ET AIJ¡J+l ]=l /HtJ+l I
MO' \¡EXT J
qSø LET Atl ¡ñrll l=l z-H[l ]
4(ø LET AIlVl ¡l l¡¡l zHt¡Û]
47Ø FOR I =l TO \t2
ßØ LET K2=1tl -I
49ø LET Kl =K2+l
g-Dø LET Fl .A CK2 tKl ) /^t Kl ¡ Kl l
5lø LET FtK2l'.BtK2l-BtKl l*Fl
æ(õ LET CtK21=CCK21-CtK2l*Fl
Sìø FOR .l=l TO Kl
1ttøJ LET AtK2rJl=AIK2rJ]-AIKl'J]{'Ft
55'Ø \IEXT J
5(ú LET F2=At I rKl I /AtKl rKl l
57ø LET Bt I l=Bt t l-BtKl l*F2

¡1.

' :-

:

t
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gat LET CIl ]=Ct I l-CtKt l*F2
9q FOR Jt'¡l TO Kl
gat LET AtIrJl l¡AII¡Jl ]-ACKlrJl l*F2
6¡at \'EXT .rl
æ.ft FOR J=l TO Nl
(3Ø I F ABS(A[K2¡J]) <= l.øaJøØøE-(t6 THE]¡ 65Ø
(AAJ GOTO 66A)
(ßØ LET A lK2 t J7=8)
6Tø NÞ(T J
6tøt \¡ExT I
ßA, LET Ltl l=CCtJ/A[l,l ]
69qt FOR I=2 TO \¡t
mø LET K3=I -l
7lø LET LtIl=CtIl/A[I'I]
7¿ø FOR J=t T0 K3
T3Ø LET LCI l=LII ]=(AIIrJ1*LtJJ, /A[I'I ]
74ø \IEXT J
75ø \'EXT I
?@ LET M[l ]=Btt l/AIl'l ]
nø FOR l'"2 TO Nl
78ø LRT K3=I-t
19ø LET MCI l=F[I]/AtI'Il
8ØØ FOB .J=l T0 K3
Blø LFT MCI l=M[I1-(AILJ]*MtJl) /ACLI l
82Ø !\IEXT J
83ø rtExT I
UØ FOR J=l TO \¡l
85Ø LET I3=J-l
8g7t IF 13=Ø THE\¡ 88ø
87Ø GoTO 89ø
ffiø LET I3=rt-J
89ø FOR K=l TO latØ
9lø LET L=K
915 I F L=99 THE\ lØ5rð
9¿Ø LET Sl =Lr.HCJl ll ØØ+StJl
93ø LET Ul ÊLt I3l*(StJ+l l-St ) t2*(sl -scJ7) nEJl,t2
9A0t LET U2=L[J]*(Sl -StJt) rA*(S[.J+t ]-Sl ) /HtJJ rz
95Ø LFT U3=XtJl*(St J+l l-S t) t2*(2*( Sl -S[.rI ) +H t,JJ, /Ht J] t3
9e$ LET u4-xtJ+13*(sl -scJ), tzr((a*(stJ+l l-sl )+HlJ), AttJl r3
97ø LET U5=M[I3]*(StJ+l 1-St ) t2*(St -St,Jt, /Ht.D ra
9€lØ LET U6=MtJl*(Sl -StJl) i2*(SIJ+t ]-St, /HtJl ia
99ø LET U7=YtJtf.(SIJ+t ]-St ) 12*(2*(St-StJt)+HCJ7) l{tJl r3
Vrøø LET U8=Y[.J+l ]*(Sl -StJl) r2*(2*(StJ+¡ ¡-Sl )+HtJl) /t{tJl r3
ßlø LET Zl cUl -U2+U3+U4
lØ2ø' LET Z2=U5-U6+U7+U8
l?r3Ø PRINT Zl tZZ
tøtqø NEXT K
tøío| rvExl J
lØ6ø E\rD

Itfr
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BUN

?t2
? 2.8346¡ Ø.Ø
? 1.7634o 3.Ø5Ø6
? ø.ØØ29, 3 "582?? -ø.9653¡ 3.5931
? -2o2837 t 2"2819
? -2.?ØØl t -Øo?231
? -1.8521r -3.2Ø4ø
? -ø.øø3ø, -3.7ØØ8
? l.87l8r -3.e318
? 2.4786t -2.4767
? 2c795?-¡ -ø.7486
? 2o8346t Ø.Ø

'ù.:

ri. "'

Ê+.+\

ti¡ ..

li'
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2.83458 3.31 8568-ø2
2o83453 6e65Ø2BE-ø2
2.83444 9¡994638-Ø2
2.8343 . I 3351
2.8341 .l 67188
2o8338 5 .2ØØ9'16
2.83354 .234867
2.833t 5 .2 68855
2.83269 .3ø2935
2.83215 .33'llø2
2.831 53 ¡371349
2.83ø81 .4ø5671
2o83 .44øø62
2.829ø8 .4745t6
2.828ø6 .5ø9ø29
2.82693 o 543593
2.82567 c5ß2Ø4
2.82429 .612856
2.82278 .647542
2.82114 . æ2258
2o8l935 o7l 6997
2.81742 .751 755
2.81 534 . 78 6525
2o8l 3l "8213øl2o8lØ? .85@78
2.8ø813 .99ø95
2.8ø538 .92 5 612
2.8ø246 .9 6Ø358
2.79935 .995ø82
2.796Ø5 I oØ2978
2.79255 I .Ø 6¿t44
2.?8886 I .ø99ø 6
2.78495 1.13364
2.?8ø84 l.t6B17
2.77 65 | .2ø265
2.77194 I .237ø 6
2.16716 1.2714
2o76214 | o3Ø567
20?5688 l.33gg6
2.75137 1.3?397
2.74561 l.4Ø799
2.7396 l.44l9l
2.73332 I o475 73
2.726'18 t o 5Ø944
2.71996 1.543ø4
2o?1287 I .5 ?652
2.7ø549 1.6ø998
2"69',t8?- I .6431 I
2.68986 1.6?@,
2.681 59 I o7Ø915
2o673Ø2 I o74195
2o66414 I o7746
2o65494 I c8Ø7Ø9
2.64542 1.83942
2.63557 l.g7l57
2o62539 1.9ø356
2.61487 I "935362.6Ø4 I .9 669 7
2.59279 I o99839
2.58121 2.ø29 6l

1

lî-tr

lt\
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2.56928
2.55698
2.5443
2.53125
2.51782
2.5Ø4
2.48978
2o4751?
2.46Ø14
2.44471
2.Ã2896
2.41259
2.39589
2.3787 6
2.361 2
2.343 I I
2.324'12-
2o3Ø58
2.28643
2o26658
2.2462-'l
2c22548
2.2Ø42
2.18244
2ol6Ø19
2. I 3743
2.ll4l?
2.ø9ø4
2.ø6612
2"ø4t32
2.Ø1598
1.99øt2
1.96372
I '936781.9Ø928
l¡88124
1.85¿63
1.82346
1.74584
1.728
1.7Ø989
to69l5t
I o 67287
1.65398
1.63485
t.61 549
I o 5959
1.5?61
lo556l
I o 53589
lo5l55
I .49493
1.47419
1.45328
1.432-22
l.4t tøt
I o38967
I o3682
I .34661
I r32491

2.Ø 6ø 63
2.ø9144
2.t22ø4
2.15241
2.18256
2.2124'l
2.24214
2.27t59
2.3øø76
2.329 æ
2.35835
2.38 675
2.At48g
2.44273
2 0â',1Ø29
2.49757
2.52455
2.55123
2.5??6
2. &367
2 " @,9âl
2. 6548 3
2.6?992
2.7øAæ
2.7291
2"7531?
2.??68
2.8ØØ24
2.82324
2.8458?
2.8 æ12
2.88999
2.91148
2,93258
2 o9532 7
2.9 735?
2 "99345
3 oØ1292
3.Ø 6l
3.ø7124
3.Ø8134
3cØ9129
3.tøtl
3.1lØ7 6
3.12ø28
3,12966
3. I 389
3.t48
3o15697
3¡1658
3.17449
3o183Ø5
3.t9148
3 "t99793.2ø79 6
3.21 6ø I
3o22393
3.231 ?3
3.2394
3o24696
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APPE\IDIX VII

rris appendix contains two pïogïams written in Hewlett-

Packard Assenibler language (tìre machine language instructions for
the computer). Program r is a frequency anaryzer. program rI
outputs data points to operate a numerical control machine.



ASÎIB¡R¡B CL,T
NAM DATA - I34 -
ENT DATA
EXT .ENTR

InlA NOP
JSB .ENIR
DEF AREA

START NOP
ELF ø
cLc ø
LDA Ch'T
OTA TBGI
STC lBGl rC
SlF ø
JMP *

îBI SB NOP
LDA CI¿2
OTA TBGz
STC TBG2¡C

r.oæY sTc ADC
LDA ¡D-28ø
STA CNTRE
LDA sD-lØ
SlA TEN
LDA ¡¡DØ
STA OLD
LDA sD-lø
STA PSCTR
CLF ADC
SFS ADC
JMP *-I
LIB ADC
LDA ¡¡D-lØ
STA TEN
LDA OLD
ssB
JMP LOOPI
STB OLD
ISZ PSCÎR
JMP CON
JMP PCTLP

coN xoR t
BLF
RBL¡RBL
ALF
RAL¡RAL

I.PI RBL
RAL
ssA
JMP CMPRI
ISZ TEN
JMP LPI
J¡,fP CTRNO

CÌiPBl SSB
rrÌ'fP CTRNO
LDA COUNTTI
ADA t'Dl
STA COUNTTI
LDA =D-l
SlA PSCTR

trq1'.

Ê:-
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JMP LOOP _ 135 _

CTRNO LDA sD-lØ
, STA PSCÎR

JMP LOOP
PCTLP XOR I

BLF
HBL.RBL
ALF
RALTRAL

IPz RBL
RAL
ssA
.,MP CMPR2
ISZ TEN
JMP LPz
Jl'fP PUTI

olrPR2 SSB
JMP PUT

PUTI LDA aD-l
STA PSCTR
JMP LOOP

PtT LDA ¿D-lØ
SlA PSCTR
JMP LOOP

I¡æt LDA aDút
SlA OLD

LOæ J}fP LOOPY
TB2SB NOP

CLF ø
ISZ CNÎRE
JMP ADR
JMP CHNG

ADB LDA COUNÎ
ADA -Bl
STA COT'NÎ
STF ø
JMP TBI SB¡ T

GING LDA gD-28Ø
STA ODOUT
LDA OUTCTII
FMP ¡¡F2oA
DST AREATI
LDA ¡BI
ADA OUTCÎ
LDA t¡B2
STA AREA
tsz oDouT
JMP CHNG
Jf'P DATAr I

ÎBGI EOU IøB
TBG2 EOU I IB
ADC EQU I2B
c$Il ocT s
úr2 ocT 4
TEn¡ BSS I
ODOUT BSS I
û.D BSS I
C¡ÛTRE BSS I
PSCTR BSS I
q.TTCT DEF SPACE

{çi

0{

Alù
L;

*-

rl'



COUNT DEF SPACE
SPACE BSS 28ø
ÆEA BSS 5@

END START

-13ó-
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PAGE øøøI -I37-

@øl ASIì{BIR¡B¡ LrT'ADC øøøøt2
ADR R øøø13ø
CON R øøøø45
CWI R øøø153
ctffz R øøøt54
tPI R øøØø52
I.P2 R øøøIøI
C[.D R øøø157
PUT R øøøII5
TE¡T R Øøø135
.DST X øøøøØ3
.EI\¡TR X øøøøØt
.FMP X øøøøø2
AREA R øøø614
G{NG R øØø135

c'ÞrPR2 n øøøttø
CN¡TRE R øøøI û
COT.'NÎ R øøø163
CTRNO R øøøø71
mTA n øøøøØø
¡-ooP R øøøt22,
Loo.Pl R Øøø12ø
T..OCIPY R øøøø17
@OUÎ R Øøø156
O.'TCT R øøøI æ,
FCTLP R øøøø74
PSCÎR R øøøI 6I
PUTI R øøøII2
SPACE R øøøI 64
STARÎ R øØøøØ3
TBISB R øøøø13
TB2SB R øøø123
TBGI øØøøtø
1BG2 øøøøtl
tÈt NO ERRORS*

l!:-

^¡...,'jf
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D?GÐNTA DCO)@ATA P.DST .ENTR.FMP <gAZ O
ÞÎM" DDLgt gEHlAOeS g¡68 DET @D= TO JZ Jr

6', Z¡ I <M.r *orZ o9 ¡ SDSD ? 62T SDøTO r RDaATg ¡ R e
,e l) ?o

PAGE øøø2

t{. NO ERRORS*
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PAGE øøø3 OøI
139 -

Wøl ASMBTR¡B tLrT
ffiøz øØøøø NAM DATA
Wø3 ENT DATA
ffiøÃ E(T oE¡¡1R
ffiøs øøøøø Øøøøøø DATA Næ
@ø6 øøøøt øt æøtx JSB .EñITR
wø7 øøøø2 øøø6t4R DEF AREA
wø8 øøøø3 øøøøøø START NOPØø9 øøøø4 tøstøø cLî Ø
@lø øøøø5 tø6?øø CLe Ø
Mtt øøøø6 ø62t53R LDA Cldt
@t2 øøøØ7 tø26tø OlA lBcl
@13 øøølø lø371ø STC TBGI ¡C
@t4 øøøtt tø|tØø sTF ø
wlí øøøt2 øzffitzï tMP r
@16 øøøt3 øøøøøø TBISB Næ
@17 øøøt4 ø621 548 LDA Crnz
@18 øøøt5 tø26t1 ûTA lAe
mtg øøØ16 lø3711 STC TB@.rC
@2ø øøøt7 tø27t2 LOæY STC ADC
WAI øøø2ø ø63674R LDA aÐ-DBØ
@22 øøø2t ø72t @R STA CNTRE
Ø23 øøø22 ø63675R LDA =D-lØ@24 øøø23 ø72155R STA TEN
Øø25 øØø24 ø636?6R LDA =Dø@26 øøø25 ø721 5 ?R SlA OLD
ø0127 øØø26 ø636?5R LDA =D-lØM28 øøØ27 Ø721 6lR SlA PSCTR
ffi29 øøØ3ø tø3tt2 cLF ADC
@3ø øøø3t tø23t2 s Fs ADC
Mll øøø32 Ø2 æ3lR Jt'fP *-l
@32 øøø33 tø6ste LrB ADC
@33 øøø34 ø636?5R LDA sD-lØ
ffi34 øøø35 ø?215sR sTA lEN
øø35 øøø36ø621 sn LDA oLD
ffi36 ,øøø37 øø ffizø SSB
w37 øøø4ø ø26t2øR JMP LOæt
w38 øøøAt ø? 6t s?B sTB OLD
w39 øØø42 ø361 6tR ISZ PSCTR
@4ø øøø43 ø26ø45R JMP CON
@AI øøø44 ø2@74P. JMP PCTLP
@42 øøøÃ5 ø2øøøt CoN XOR t
@â3 øøø4 6 øø57øø BLF
øø44 øøø47 øø5,222 RBLTRBL
w45 øøØ5ø øøt7ØØ ALF
@A6 øøø5t øøt222 RAL¡RAL
wÃ7 Øøø52 øø52øø r-P I RBL
@48 øøø53 øøt2Øø RAL
MAg øøøs4 øø2Ø2ø SSA
@5ø øøø55 ø2 ffi 6tR JMP CMPR I
wít øøø56 ø361 55R tSZ TEN
w52 øøø5? ø2@52R JMP LPI
æ53 øøø6ø ø2@7tR .rMP CTRNO
@54 øøø 6t øø æ2ø CMPRT SSB
ffi55 øøø62 ø26ø7tR JlfP CTRNO
@56 øøø63 t 62163R LDA COUNTTI
W57 øøø64 ø43677R ADA aDl

.r.s\

f-..
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PAGE øØø4 #øI
_140_

ffi58 øØØ 65 I 721 63R STA CoUNTT I
W59 øøø66 ø637øøR LDA ¡D-l
@6ø øAJø67 ø72t6tR STA PSCTR
@61 øøø7ø ø26t22R JMP L0æ
ffi6€ øøø71 ø63675R CTRNO LDA sD-lø
æ63 øøø72 ø72r 6lR SlA PSCTR
@6Ã øøø73 ø261?-2R JMP LOæ
w65 øøø7Ã ø2øøør PCTLP XOR t
øø66 øøø75 øø57øø BLF
ffi67 øøø7 6 øø5222 RBL,RBL
Øæ øøø 7 7 øøt 7øø ALF
ffi69 øøtøØ øøt222 RAL¡BAL
@7ø øøtøt Øø52øø W2 RBL
M7t øØtø2 Øøt2øØ RAL
Ø72 øøtø3 øø2ø2ø ssA
w73 øøtøA ø26ttøR .rrlP GMPR2
w74 øØtøS ø3615sR tSZ TEN
ffi75 øøtø6 ø26tølR .rMP LPz
Ø76 øølØ7 ø26tl2R Jr'rp pUTt
w?7 øøttø øø@2ø cMPRz SSB
M?8 øøIII ø26I IsR JMP PUT
@79 øøll2 ø63?øøR PUTI LDA =D-1@8ø øøtt3 ø72t 6tR STA PSCTR
wgl øøttí ø26t22R JMP LOoP
W82 øøl15 ø63675R PUT LDA gD-tØ
@83 Øøtt 6 ø?21 6lR STA PSCTR
@84 øøtt7 ø26t22R .tMP L0æ
ØÐ85 øø12ø ø63676R LOOPI LDA Êtùø
ffi86 øØtzt ø72t57R STA OLD
ffi87 øØt22 ø2ffi1 ?R LOæ .rMP LO@Y
w88 øøt23 øøøøøø TB2SB Næ
w89 Øø124 tø3røø cLF ø
w9ø øøt25 Ø36t @R tSZ CNTRE
@9t øØt26 ø2613øR JMP AÐR
M92 øØt27 ø26135R .,lvtr CHNG
øø93 øøt3ø ø62t 63R ADR LDA COtrrIT
@94 øøl3l ø43677R ADA =Blw95 øø132 ø72163R STA COUNT
Ø96 øøt33 tøqtøØ sTF ø
@97 øØt34 l2@l3R JMP lBtSBrI
@98 øø135 ø636?4R CHNG LDA ¡sD-28Ø
w99 øøt36 ø721 s6R STA ODOTJT
øtøø øøt37 t62t62R LDA OUTCTT!
øløl øø14ø ølüøZX, nfP =F2o4øøtAt øøt 7ølR
øtø2 øøt42 øt6Øø31t DST AREATI

øøt43 tØø614R
ølø3 øøl4A Ø63677R LDA =Bløtø4 øø145 ø421 62R ADA OtTTCT
ølø5 øø14 6 ø63?et3R LDA sBP
ølø6 øøt47 ø72614R 5TA AREA
øtø7 øøt5Ø ø36t58 tSZ ODOUT
øtø8 øøtít ø26135R JMP CHNG
ølø9 øø152 lÙ@øøR JMP DATA.rl
øllø øøøtø TBGI EQU løB
ølt t øøøt I TBc2 EeU I tB
øtt? øøøt2 ADC Eou tzB

oit''
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PAGE øøø5 ãØI

øtt3 øøt:5g øøøøø5 cwt ocT s
øll4 øø154 øØøøø4 Clrz ocT 4
ølts øøt55 øøØøøø TEN BSS I
ølt6 øø156 øøøøøø oDouT Bss t
øtlT øø157 øøØøøø oLD BSS I
ølt8 øøt6Ø øøøøøø CNTRE BSS t
øttg øØt6t øøøøØø PscTR Bss 1

øt2ø øøt62 øøøtæR OUTCT DEF SPACE
øtzl øø163 øøøl 64R COUNT DEF SPACE
ø12,2 øø164 Øøøøøø SPACE BSS 28ø
ø123 øø614 øøøøØø AREA BSS S@

øt674 t?735ø
øt675 t7?766
ø16?6 øøøØøø
ø1677 øøøøøt
ø17øø t77777
ø17øl ø46314
ø17ø2 t4cÉØ4
øt7ø3 øøøøø2

ø124 END SÎART
** NO ERRORS*
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ASTIIB¡ R¡B¡ L¡ T
NAM OUT - I42 -

ENT OUT
EXT .ENTR

CI,'T NOP
JSB . EÌ.ÎTR
DEF VATJ(

START NOP
STC DAI ¡C
STC DA.ZTC
STC DA3rC
LDA =D-14Ø
STA COUNT

IOOP LDA VAIJ¡ I
OTA DAI
SFS DAI
JMP *-I
LDA VALYTI
OTA DAz
SFS Dà2
rrMP *- l
LDA VALZ¡I
OTA DA3
SFS DA3
JMP *-t
LDA EBz
ADA VALX
STA VALX
LDA eB?
ADA VALY
STA VALY
LDA aBa
ADA VALZ
STA VALZ
ISZ COUNT
JMP LOOP
JMP OUT¡I

IALX BSS 28ø
1ALY BSS 28ø
IALZ BSS 28ø
ml EQu t 38
m2 EOU t4B
m3 EAU I 58
COUNT BSS I

END START

r!l-'
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PAGE øøøt _ t43 _

ffiøt
ml øøøøt3
me øøØø I Am3 øøøø t s
GJT R øøøøøø
.EÎi¡TR >< øøøøØl
COI..'NT R ØØ I55T
I¡OP R øøøØII
SÎART R øøøøø3
IAIJ( R øøøø41
UTLY R øøøA7I
1ALZ R øøII2I
lÊl NO ERRORS'I

ASÞlBrR¡B tLtT
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M@ ODAD I T¿OE EADgT 9 NTESIB <8 }gE'¿ËA bUBEItrS D1P K ¡ D9 L ¡ DO
PAGE øøø2 -r44-

NO ERRORS*
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Wøl ASMB¡RrB ,.LtT
mø2 øøøøø NAM 0U1
Wø3 ENT OUT
Wø4 Þ(T.ENTR
Øø5 øøøøø øøøøøø OUT NoP
Mø6 øøøØt øt@øtr(. JsB .EIVTR
ffiø7 øøøø2 øøøøítR DEF VAt,ï
ffiøg øøøø3 øøøøøø STARÎ Næ
ffiøg ØØøø4 tø37t3 STC DA!¡C
ffitat øøøø5 tø3?t4 sTc DA2IC
wlt øøøø 6 lø37t5 sTC DA3.rC
@12 øøøø 7 ø63s52R LDA êD-14ø
ffi13 øøØtø ø?355tR STA CoIn¡T
wl{ øøølt t62ø4tR Loæ LDA l,âtJ(¡I
ffití øøøt2 tø26t3 0TA DAt
@t6 øøøt3 rØ23t3 SrS DAt
wl1 Øøøt4 ø26øt3R Jt4P +-l
ffi18 øøø15 l6g47tR LDA \ALY¡I
øø19 øøø16 tø2614 tTA DA2
@2ø øøøt7 tø23t4 SFS DAs
ffi21 øøø2Ø ø2@l7n .rMP ,ß-l
M22 øøø21 l63l2lR LDA VALZtl
ffi23 øøø22 tØ26t5 0TA DA3
Øø24 øøø23 lø2315 SFS DA3
w25 Øøø24 ø2 æ23R Jr4P *- I
øø26 øøø25 Ø63553R LDA =Ba
w27 øØø2 6 Ø42ø4tR ADA VALX
ffi28 øøø2 7 ø72ø4lR STA VAIfi
M29 øøø3ø ø63553R LDA =Bzffisø øØø3t ø42471F. ADA VALy
ffist øØø32 øT247tR STA VALY
ØØ32 øøø33 ø63553R LDA =Ba
øø33 øøø34 ø43l2lR ADA VAI-Z
ffi34 øøø35 ø73l2tR STA VA[-Z
wgï øøøs6 ø3?s5tB r.sz couNT
øø36 øØø37 øz@ltR JMP LOoP
ffi37 øøøAø l2@ØØR JMP OUT¡I
@38 øøø41 øØØøØø VAI-,T BSS 28Ø
@39 øø47t øØøøøø VALY BSS 28Ø
@4ø øllzl øøøøØø vAr¿ Bss 28ø
wíl øØøt 3 DAt EûU t 38
w42 øØøtA DA2 EQU tAB
@43 øøøt5 DA3 EOU l5B
ffiÃq, ø1551 ØøØAtøø COUNÎ BSS I

ø1552 t?75&t
ø1553 øØøøø2

w45
+ß NO ERRORS*

END START

a
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