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ABSTRACT 

Z i t k o ,  V -  1982. Two-compartment model o f  u p t a k e  and e x c r e t i o n  o f  c h e m i c a l s .  Can. Tech. Rep. F i s h ,  "iqtiat. 
S c i .  1075, i l i  + 27 p. 

D e t t r i r ~ ~  n a t  t o e  of upt,*ke and  e x c r c t  r on  r a t e  c o n s c a n t s  in the  two-comy,art.nct.iE i r ~ d r l  (TCI1: r s  des:ri heti. 
The  Nelder-Mead s i m p l e x  method is u s e d  t o  n i n i m i s e  t h e  sum of i q i ~ a r r r r  d e v i a t i o n s  (SlJSO) by F i t t r n g  r + t e  
c o n s t a n t s  t o  t h e  < I ~ f f e r e n t i n l  e q t i a t i o t t r .  SiJSI) sur i  t c e r  r i E  l3CM and  of o t h e r  mode l s  used  i n  a q i i a t i c  t ox r t i r l n f ;y  
a r e  d i s c u s s e d .  

Key words : Compartmeni-a1 ar ta l  y s i s ,  h i n c r r ~ i  c , n l r a t  i o n ,  prograins  RAS I(: 

Z i t k o ,  ? I .  1982. Two-compartment ~ n o d c l  o f  u p t a k e  and e x c r e t i o n  of  ( h ~ m i c a l s .  Can. Tech.  Kep. F i s h -  4qu;rc- 
S r i .  1076, i i i  +- 27 p *  

On r r o t i v e r a  d a n s  l e  r a p p o r t  q u i  siiit l a  d e s c r i p t i o n  d'tune mf thode  de  d 6 t e r r n i q a t i o n  d e s  c o n s t a i i t e s  de  f . l < i x  

d 'abhscirpt i o n  et  d ' e x c r i t t  i o n  d a n s  un inndPle B detix cclmpart i m e n t s  (TCM). Le rmdELc- s i m p l e x  de  :?elder-;.ic*nd cast 
u t i l i s e '  p o u r  m i n i i n i s e r  l a  somme dcc c a r r e s  d e s  d 6 v i a t i n n s  (SUSQ) e n  a d n p t a n t  les c o n s t a n t e s  de  t a u x  ~ l i i x  

S q u a t i n n s  d i f f e " r e n t i e L 1 e s .  On y a n a l y s e  l e s  s u r f a c e s  d e s  SlJ'iQ drt TCE! et a u t r e s  mode les  u t i l i s E s  e n  
toxicologic a q u a t i q u e .  





INTRODUCTION 
-I-  

semilogarirhmr c cuord ina t c s .  1- such  s i t r r a t i o n s  , 
tile two-compartment mudel (TCY) s h o u l d  be used. 

Tbe ma jo r i t y  of d a t a  on uptake  and e x c r e t i o n  of l i e  d r f f e r e n t i a l  equations describrrrg the  TCE: 
chemicals  by a q u a t i c  fauna a r e  f i t t e d  t o  t he  m e -  ( F i g -  2 )  a r e  
compartment mo6el JOCM) IFrg. I )  ( s ee  f o r  example 
Z i t k o  1980)- dOl/a t  = KlC, 4- Y4Q2 - (K2 + &3)3k 

(5) 
dQ2/dt = X3Ql - K4Q2 

Fig.  1. One-compartment model: Kl, K2 = uptake  and 
e x c r e t i o n  r a t e  c o n s t a n t s ,  r e s p e c t i v e l y .  

OGH i s  a  cons ide rab le  o v e r s i m p l i f i c a t i o n ,  but 
i t  usua l ly  d e s c r i b e s  t h e  d a t a  q u i t e  wel l .  The r a t e  
c o n s t a n t s  a r e  i n t e r p r e t a b l e  e a s i l y  i n  terms of t h e  
b ioconcen t r a t ion  f a c t o r  (BCF = Kl/K2) and e x c r e t i o n  
h a l f - l i f e  ( t +  = I n  2/K2). Sigh va r i ance  caused 
by b i o l o g i c a l  v a r i a b i l i t y ,  smal l  number of t i s s u e s  
analyzed,  and a  sma l l  number of exper imenta l  po in t s  
d u r i n g  uptake  and e x c r e t i o n  o f t e n  do not  w- - r r a n t  a  
more d e t a i l e d  examination.  The d i f f e r e n t i a l  
equa t ion  d e s c r i b i n g  t h e  OCM i s  

where Qf = q u a n t i t y  ( o r  concen t r a t ion )  of 
chemical i n  f i s h  

C w = c o n c e n t r a t i o n  of chemical i n  
wa te r  

t = t i n e  
K1,K2 = uptake  and e x c r e t i o n  r a t e  c o n s t a n t ,  

r e s p e c t i v e l y  

I n t e g r a t i o n  of ( i )  f o r  C, = cons t an t  and f o r  no 
chemical p re sen t  i n  t h e  f i s h  i n i t i a l l y  (of = 0 
a t  t = 0) y i e l d s  

The equ i l i b r ium b ioconcen t r a t ion  f a c t o r  (BCF) is  

BCF = Q f / G w  = Kl/K2 ( 3 )  

This  r e l a t i o n s h i p  can be obta ined fron; ( I )  a s  we l l  
s i n c e ,  a t  equ i l i b r ium,  dQf /d t  = 0. I t  should be 
noted  t h a t  i n  ( 3 )  Qf s t a n d s  f o r  concen t r a t ion ,  
no t  amount of chemical i n  t h e  f i s h .  Severa l  
t echn iques  f o r  f i t t i n g  ( 2 )  t o  exper imenta l  d a t a  have 
been desc r ibed  ( s e e  f o r  example Z i tko  1980). During 
t h e  e x c r e t i o n  phase Cw = 0 and i n t e g r a t i o n  of 
( I )  f o r  Qf = Q a t  t = 0 g ives  

Equat ion  ( 4 )  c o n t a i n s  a  s i n g l e  exponen t i a l  term and 
becomes l i n e a r  when p l o t t e d  i n  semilogar i thmic  
coo rd ina t e s  (logQf vs  t ) .  

There a r e  ea ses  i n  which t h e  OC81 cannot provide  
a n  adequate  d e s c r i p t i o n  of t h e  data .  Tne inadequacy 
o f  t h e  OCN becomes p a r t i c u l a r l y  obvious f o r  t h e  
e x c r e t i o n  phase of t h e  experimenr wi th  t h e  d a t a  
d e v i a t i n g  s y s t e m a t i c a l l y  from a  s t r a i g h t  l i n e  i n  

where Ol,Q2 = q u a n t i t y  of chemical in compartments 1 
and 2 ,  r e s p e c t i  ve ly ;  

6, r: concen t r a t ion  of chemical i n  water ;  
KI,K3 = uptake  r a t e  cons t an t s  f o r  compartments 

1 and 2 ,  r e s p e c t i v e l y ;  
K2,KI = e x c r e t i o n  r a t e  cons t an t s  f o r  

compartments I and 2, r e s p e c t i v e l y ;  
t = t ime. 

Fig.  2 -  Two-compartmerrt model: 
W1,Qi,C19W2,Q2,C2 = weight of compartment , q u a n t i t y ,  

and c o n c e z t r a t i o n  of chemical 
f o r  compartments 1 and 2 ,  
r e s p e c t i v e l y ;  

Kl,R3 - uptake  r a t e  cons t an t s  f o r  com- 
par tments  1 and 2, r e s p e c t i v e l y ;  

K2,KL = e x c r e t i o n  r a t e  c o n s t a v t s  f o r  
compartments 1 and 2 ,  
r e s p e c t i v e l y ;  

6, = concen t r a t ion  of chemical i n  
water .  

The i n t e g r a t i o n  of (5) i s  s t r a i g h t f o r w a r d  but 
q u i t e  cumbersome (see  f o r  exarnple Kiinemann and van 
Leeiiwen 1980)- Another method i s  given l a r e r  i n  
t h i s  r epo r t .  Some re la t ionshi rns  between t h e  r a t e  
cons t an t s  and q u a n t i t i e s  of chemical i n  t he  com- 
partments can be der ived r e a d i l y  from ( 5 ) .  A t  
equ i l i b r ium (dQl/dt=O, dQ2/dt=0) 

I n  o the r  words, the  equ i l i b r ium BGF i n  compart- 
ment 1 i s  the  same a s  f o r  the  OCM, and t h e  e q u i l i -  
brium BCF i n  compartment 2 i s  the  BCF I n  compartment 
1 m u l t i p l i e d  by K3/K4. Even more g e n e r a l l y ,  t he  
equ i l i b r ium BCF of a  compartment i s  a  r a t i o  of i t s  
upcake and e x c r e t i o n  r a t e  cons t an t s .  

I t  should be noted t h a t  i n  (5)-(8), Q's mean 
q u a n t i t i e s ,  not concen t r a t ions .  To o b t a i n  concen- 
t r a t i o n s ,  t he  q u a n t i t i e s  maat be d iv ided by the  
r e s p e c t i v e  compartaent weights.  in a d d i t i o n ,  d a t a  
f o r  t he  two compartments taken i n d i v i d u a l l y  may not 
be a v a i l a b l e .  I n  such cases  t he  TCX can be used to  
f i t  t h e  t o t a l  concen t r a t ion  CT. 



'Flir :ICI: t h e n  i s  AlExpElt 
' Q ' =  *lit A2ExpE2t 

BCF = CTIC, = ( Q 1  + ij2)/(C!i + W2)(!/C,) = A 3  
( 1 0 )  

F o r  e x c r e t i o n ,  TCM d o e s  n o t  have a s i m p l e  
r e i ; i t i o n s h i p  between Llie r a t e  c o n s t a n t s  and t h e  
i - i a l f -L i fe  of tile c h e m i c a l ,  i n  c o n t r a s t  t o  t h e  OCN. 
A c c o r d i n g  t o  tl:e TCX, e x c r e t i o n  is d e s c r i b e d  hy an 
e q i ~ a t i o r ;  c o i r s i s t i n g  o f  t h e  s rm o f  two e x p o n e n t i a l  
f e r m s ,  a n d  t h e  h a l f - l i f e  i n c r e a s e s  w i t h  d e c r e a s i n g  
c c i n c e r ~ t r i i t i o n  of tlie cihemical. 

h i ,  $ 2 ,  a r d  -23 a r e  crsnst;ii!t+. For n par i i r t i ? : i r  
s o i u t i n : ~ ,  t h e i r  vsitii.s a r e  i ie ter-nined from :he 
i n i t i a l  ( t = O )  v a l u e s  o f  Qi, Q2, a n d  C, by s o l v i ~ g  
t h e  s y s t e m  of e q u a t i o n  ( I 6 ) .  

%A' = " $ - I  v > * ~ = ~ .  ( i i j  

i iqi ia i i i ,n  (3) e n n  h i  s o l v e d  r c . ; l d i l y  by f i i c  prci- 
c t .d~ir i .  dc . sc r th t .d  f o r  s y s i i ~ w s  i,f iinc,:lt- d i f f e r e n t  i n 1  w l i t * r i !  ' \ i r j  = i i i v u r i c d  m a t  r I x  li;'. 

er lua t ion- ;  w i t h  co1lsL;inL c i , i . f f i c ic r ! t s  ( s c o  for iex;i:n- 
p l c  liroiisoti 1973).  T o  iise ilri  s p r o i . ~ . d ~ r r t ~ ,  2 ! i ~ i  rtl For  i i i c .  i * x t . r i . t i o n  pli;ise, i i i r .  i i i  it i .r- i ' i ; t  i . 3 ;  

eqtr:iLioii, i ic ,ser ihir ig  c n r l s t ; \ ~ l t  e o n c c i ~ t r ; i t i o r ~  i i ~  i ,qtf i~t  i o n s  rii tile 'TCM nrv  
w a t e r ,  must  hc added  ( d ~ , / d c  = 0). t<r[ti;lt i o n  ( 5 )  
t he:? becomes d ( ) l / r l t  = -(K2 + 63191 + K 4 0 2  

ii(j:?/dt = K301 - K402 

dC,idr = 0 

o r ,  i n  m t r i x  n o t a t i o n  

( 1 1 )  n ~ d  t h e  s y s t e m  may be ~ n l ~ . e d  a i  de ic r - ibed .  i t  
irlolild be n o t e d  t h a t  t h e  eigcnvi;i,rrSs i l  ~ . r d  1:2 .%re  
t i l e  same a s  i n  t h e  u p t a k e  phase .  C o n r e q u e n t l y ,  t h e  
e x p o n e n t i a l  t e r n s  d u r i n g  t h e  i lpt<ike and c f> i r rng  tire 
e x t  r e t i o n  a r e  t h e  same. 

i 

( l ' ( J r / d t  = 'k"Q1 ( 1 2 )  T i i c  o u t  l i n e d  c a l c u l a t i o n s  ;ire idcnl  i y  siii t e d  

i o r  ;i compirter and l i s t i n g  of n B A S I C  prii;:r;im ic 
wileris ' ' ditnc>tt,s ;I m a t r i x .  p,ivcw I i i  L-hi. .Appendix. The i i i sndv; i i l t  :I;:<, of l l r l  s 

.~pl)r<,;ti.I; is iirnt I! is i i i ~ t  linmc(i $ : i t  r: 1 y oisv i,iii:r E~tiw 

L l r t *  v:tl n c s  of t i l e  iiid l v i  c l i r ; ~  l r;iLc. (:<>;>st *i~ : :  %. ; i f f - c > r &  
l ( ) *  = ' K '  = K ' i  I (i t i  s o  o n .  Iiowc.ver, c .onsidcr  i n$; tiit* ii :>wi(.  l d i n r S s s  

0 fi 11 o f  t h e  i ? x p l l c l t  an;!lyLic;rl s o l t i t i o n  Chic; i s  

r e l a t  ii,ely s m a l l  p r i c e  to pay and the r e  1:ft i o n s l i i p s  
To s o l v e  ( 1  11, tire c ~ i g e n v a l r r e s  and ci g e n v e c t o r s  (6)- (8)  g i v e  a g e n e r a l  idea  abou t  t h e  e f f e c t s  of t h e  

o f  ' K t  -oust be c n l c i ~ l a t e c t .  Tnt? e i g e n v a l i i e s  E a r e  r a t e  c o n s t a n t s .  
t l ~ e  r o o t s  o f  t h e  c t r a r n c t e r i s t i c  polynoinint  of 'Kt: 

A "hrdden"  p rob lem l r e i  i n  t l te  lnvr r , i r in  of t h e  
E1,2  = 0.5(-(K2+K3+Kb) y SQ&((KL+R~+K~)~ - m a t r i x  ' '1' .  If  i h e  i m t r i x  is "111-condrt inned" L ~ I  

4K2K.4) r e s p e c t  t o  i n v e r s r o n ,  s m a l l  change. I n  "itc %ra;ues o f  

( 1  3)  t h e  e l e m e n t i  of ' V '  m y  h i v e  a  ve ry  prononncerl 
C3 = 0 e r r a t i c  e f f e c t  on t h e  s o l u t r o n .  The p r o h i e n  1% 

ana logo i i s  t o  t h e  one e n c o u n t e r e d  i n  f i n d i n ) :  tiic 
iii g e i i v e c t o r s  ' V '  arc: o h t a  i n e d  by s o l v i n g  t h e  i n t e r c e p t  of two a l m o s t  p a r a l l e l  s t r a i g h ~  Lines .  

s:~sLc~nr of e c j i ~ a t i o n  ( 1 2 )  for e a c h  6:igrnv:altre: M a t r i c e s  of systems with  l n r g e  KI and  K ? ,  2nd imal  I 

K '1 - -  O V 2 = 0 ( 1 4 )  F 1'J"l'l bJ<; 'iYZb1 'J'O I<XfJEf< ll4l-~bl'l'A!, l)I\'l'A 
0 0 .- ' { I  'i i 

'fhv cif,c;cri l;c:ti moi.!~t>cI ! :>r c ; i )  1 % ~  i ; I ) ;  I i ~ c  'r(;'l 
' l ' l r ~ i ~ ; ,  I o r  ~ ~ x ; i i ~ i p I i ~ ,  C i~r  ~ ~ ! ~ : C ~ I ~ V ; I ~ I I ~ ~  F l  : I f  I I I o n  r v  I I I ~ ; ( i 1 1 1 r  i o n  

i !I tLc*rm$; ( p i  Lit<* r a t e  r o r # q l  ; $ ! i t s .  lror t*x:iiti)~l(', f o r  
(-(K2-i-K'5)-t : l  ) V l  i K/4\'2 + K I V 3  = i J  K I  = i O ,  K2=3, 1(3=2, and K i t - 1 ,  ;it:ci i o r  i i i i  i i . 1  l 

K 3 V i  -fIOr+l:l)V2 = L J  i.onc.c?rit r:it 10;)s 01,,=0, ()2,,=0, ;ind f:,d=? , t l r i ,  ';!> i r r t  io l i  
- E i V 3  = 0 i s  

V3 = 0 
F o r  V2 = 1 

V l  = K&/(K2+K3+E1) 

The c o m p l e t e  e i g e n v e c t o r  m a t r i x  ' V '  ( e i g e n -  
v e c t o r 5  a s  c o l u m n s )  i s  

The s o l u t i o n  cines n o t  i n d l c a t e  e x l ; l r t l t i v  how tiic 
r a t e  c o n e t a n t i  and t h e  ~ q i t r a l  t o n t e n t r a t t o n s  c n t e r  
i n t o  t h e  c o n s t a n t s  aqd e x p o n e n t s  of ( 1 9 ) .  
C o n s e q u e n t l y ,  tile e a s i e s t  a p p r o a c h  rr, fit T('" : I ,  

e x p e r i m e n t a l  d a t a  i s  t o  f i t  i h e  r.tie c o n i t  i ~ L s  il 

tire di f f i - rcbnLla l  e n u n i i o n $ .  I i ,  ( i t  t k i i  c i i e f r i r i c r i t i  
in, !  e x i ~ l n e n 6  i of  tile. i o l  <f>d i i r  f t o r i  , I t  111 < : t i  i t  i t i f i s  

r j r i i i i i i  rr r j t l i  re 111 t'xjri l i  i : 4611 l i  l r r l i  t o  !h , i i i f i i i i  ( . 



F i t t i n g  c o e f f i c i e n r s  and exponents of a g e n e r a l  
e x p r e s s i o n  (20 )  t o  t h e  da t a  is no t  accep tab le  

s i n c e  it n e g l e c t s  t h e  r e l a t i o n s h i p s  between t h e  
v a l u e s  A,  B, 6, D, and E e x i s t i n g  i n  t h e  s o l u t i o n  of 
t h e  TCEl d i f f e r e n t i a l  equat ions .  The f i t  would be 
ve ry  good because seven ad j r r s t ab l e  p a r a n e t e r s  can 
f i t  an  e l ephan t  ( a c t u a l l y ,  35 parameters  a r e  needed 
(Wei 1975)). 

The e a s i e s t  t o  adopt f i t t i n g  c r i t e r i o n  is t h e  
l e a s t  squa re s ,  minimizing t h e  sum of squared devia- 
t i o n s  (SUSQ) between t h e  d a t a  and va lues  c a l c u l a t e d  
from TCM, Seve ra l  ae thods  a r e  a v a i l a b l e  f o r  t h e  
SUSQ minimizat ion  ( s e e  f o r  exaiople Metz ler  1980). 
The s implex method desc r ibed  below was s e l e c t e d  
because of i t s  s i m p l i c i t y  and easy  a d a p t a b i l i t y  t o  a 
wide v a r i e t y  of o t h e r  problems. 

SIHPLEX HINIMIZATION 

The s implex minimizat ion  can be used t o  f i t  
e q u a t i o n s  c o n t a i n i n g  any number of parameters  t o  
expe r imen ta l  da t a  ( f o r  example O O i  c o n t a j n s  two 
pa rame te r s ,  K l ,  K 2 ;  TGM i s  based on f o u r  parameters ,  
Kl-K4). A good d e s c r i p t i o n  of t h e  s implex technique  
i s  a v a i l a b l e  (Deming and Morgan 1973). From t h e  
p o i n t  of n a t h e m t i c s ,  t h e  technique  is e x ~ r e m e l y  
s imp le  and is bes t  i l l u s t r a t e d  by cons ide r ing  the  
f i t  of two parameters ,  K 1  and K2 (F ig ,  3 ) .  

Fig.  3, Two-dimensional simplex ( see  t e x t  f o r  
e x p l a n a t i o n ) .  

For two parameters  {two-dimensional s implex) ,  
t h e  'kesponse'>s determined a t  t h r e e  po in t s  (A,B,C, 
Fig .  3). The "response" i s  t h e  SUSQ between expe r i -  
menta l  d a t a  and va lues  c a l c u l a t e d  from t h e  f i t t e d  
f u n c t i o n  f o r  t h e  g iven p a i r  of parameters K1 and K2. 
S ince  t h e  o b j e c t i v e  is t o  minimize t h e  SUSQ, t h e  
l a r g e r  t h e  SUSQ va lue ,  t h e  worse t h e  response.  If 
t h e  worst  response  among A ,  B, and C was ob ta ined  a t  
p o i n t  A, t h e  next po in t  t o  look a t  is E* This  point  
i s  t h e  r e f l e c t i o n  of A a c r o s s  t he  l i n e  BG. I f  t he  
response  a t  E is  b e t t e r  than those  a t  B and G ,  t h e  
next  po in t  t o  look a t  is F (we a r e  going i n  t h e  
r i g h t  d i r e c t i o n ? ) .  Point  P i s  a r e f l e c t i o n  of D 
through E, and is c a l l e d  expansion i n  terms of t he  
o r i g i n a l  s implex ABC- On rhe  o t h e r  hand, i f  t h e  

-3- 
response a t  ET is between the responses a t  B and a t  
G ,  t h e  new s implex is RCE. i f  t he  response a t  E i s  
worse t han  those  a t  B and 6, b u t s t i l l  b e t t e r  rhan 
t h a t  a t  A, t h e  aew simplex w l L I  be BCC. This m v e  
i s  c a l l e d  con t r ac t ion .  However, i f  ?,n t h e  l a s t  case  
t h e  response i s  vorse  than t h a t  a t  A, the  new s in -  
p l e x  is BCA* IF the  response a t  e i t h e r  G oz H is 
s t i l l  worse than t h a t  a t  A,  t h e  ~ a w  simplex w i l l  be 
CDI, i f  t h e  response a t  C is b e t t e r  than a t  B; i f  t he  
response  is b e t t e r  a t  B,  t he  new simplex w i l l  be DDBJ, 

It w i l l  become obvious a f t e r  s e v e r a l  readings  
t h a t  t h e  a lgo r i t hm is very simple. The coo rd ina t e s  
of t he  po in t s  ( v a l u e s  of K 1  and K2) a r e  ea sy  t o  
c a l c u l a t e .  I f  K I B ,  K z B  and Y i c  and K2C a r e  t h e  
coo rd ina t e s  of B and C, r e s p e c t i v e l y ,  t hen  the  
coo rd ina t e s  of D a r e  

The formula m y  be s i m p l i f i e d  f u r t h e r  by in t roduc ing  
v e c t o r  no ta t ion .  I f  B* and C* a r e  the  coo rd ina t e  
v e c t o r s  of po in t s  B and 6, r e s p e c t i v e l y ,  t h a t  is 
B* = ( K l g r  K 2 B )  and C* = (KICP K?.c), t he0  

D* = 0.5(B* -t C*) 

( I n  vec to r  a d d i t i o n  the  corresponding components a r e  
added, t h a t  is ,  K l k  a r e  aaded t o  form t h e  KI of the  
sum.) The fo l lowing  formulae g ive  the  coo rd ina t e s  
of t he  remaining po in t s  i n  F ige  3: 

E* = D* + (D* - A*) 
F* = D* f 2(D* - A*) 
G* = D* + 0.5(D* - A*) 
K* = D* - O,Si(D* - A*) 
I* = 0.5(A* + G*) 
J* = 0,5(A* + B*) 

To i l l u s t r a t e  t h e  simplex technique  f u r t h e r ,  
l e t  us f i t  t h e  OCM e x c r e t i o n  func t ion  

t o  "exper imenta l  data" '  Cf = 1, 0.606, and 0.368 
a t  t = O ,  I ,  and 2, r e s p e c t i v e l y .  The f i t t e d  parame- 
t e r s  a r e  C, and K2. The f i r s t  s t e p  i s  t o  choose 
t h e  i n i t i a l  simplex c o n s i s t i n g  of t h r e e  ( G o ,  K 2 )  
p a i r s ,  f o r  example (1.5,  1 ,5 ) ,  ( 1 . 4 ,  1 - 7 1 ,  and (1.2, 
1.5). The next  s t e p  is t o  c a l c u l a t e  the  SUSQ% f o r  
t h e s e  t h r e e  po in t s .  The procedure is o u t l i n e d  below 
f o r  t he  po in t  (1.5, 1.5). 

Experimental  Values i n  
d a t a  f1 .5 ,1 ,5)  

t C f C f  Dif ference   iff e rence2  

0 1 i.5 -0.5 0-25 
I 0.606 0,335 0.271 0.073 
2 0,368 0-075 0.293 0.086 - 

SUSQ = 0.409 

Values of Cf i n  (1,5,1.5) a r e  obta ined from the  f i t -  
t e d  equa r ion  by s u b s t i t u t i n g  1.5 f o r  Co and  1.5 f o r  
K2.  The SUSQ va lues  f o r  the  remaining two po in t s  oE 
t h e  i n i t i a l  s implex a r e  c a l c u l a t e d  i n  t h e  same way* 
It t u r n s  out t h a t  t he  wofst response is i n  t he  point  
(1*5,1,5).  New simplex i s  formed app ly ing  the  r u l e s  
desc r ibed  above aad the  process  is cont inued u n t i l  a 
r ea sonab le  f i t  is obta ined.  Tne progress  of t he  f i t  
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is o u t l i n e d  i n  F ig .  4 ,  It can be seen t h a t  t h e  
s imp lex  procedure l e a d s  f a i r l y  r a p i d l y  t o  t h e  '"best 
f i t "  (1,0,0.5) used t o  gene ra t e  t h e  " e x a e r i n e n t a l  
d a r e *  '' 

Fig.  4 ,  Progress  of s implex f i t t i n g  t h e  f u n c t i o n  
Cf = C,Exp(-K2t); s e e  t e x t .  

The procedure is usuaLLy terndrrated when the  
v a r i a n c e  of t h e  t h r e e  SUSQ va lues  of a  s implex i s  
l e s s  t han  a  s p e c i f i e d  value.  R e  procedure is by no 
means foolproof  and f a i l - s a f e .  Te may lock on and 
converge t o  a  l o c a l  nniniwn? o r  i t  m y  e t t emgt  t o  
c o n s t r u c t  a  s implex o u t s i d e  t h e  f i e i d  of d e f i n i t i o n  
o f  t h e  f i t t e d  f u n c t i o n  ( f a r  example nega t ive  x i n  
y  = l ogx ) .  

It i s  good p r a c t i c e  t o  have some idea  about t he  
shape  of t h e  SUSQ s u r f a c e  i n  ( a s  t h e  mathematicians 
c a l l  i t )  t h e  f i t t e d  parameter space  ( t h r e e -  
d imensional  Fig.  4 w i t h  t h e  SUSQ's pe rpend icu la r ) .  

The s implex a lgo r i t hm i s  i d e a l l y  s u i t e d  f o r  
automat ion and t h e  l i s t f n g  of a  BASIC program I s  
g iven  i n  t h e  Appendix. 

SUSQ SURFACES 

SUSQ s u r f a c e  is a  f u n c t i o n  of parameters  of t he  
f i t t e d  e q u a t i o n  and, i m p l i c i t l y ,  o r  t h e  values  
( r a n g e )  o f  t h e  independent v a r i a b l e .  It i s  u s e f u l ,  
p a r t i c u l a r l y  f o r  s implex f i t s ,  t o  v i s u a l i z e  t he  
shape  of t h e  SUSQ s u r f a c e .  

Taking a  s t r a i g h t  l i n e  Y = RLX -% K2 a s  an 
example, t h e  SUSQ s u r f a c e  is a  f u n c t i o n  of KZ and K2 
and d e s c r i b e s  t h e  SUSQ v a l u e s  ob ta ined  when t h e  
v a l u e s  R l  and K2 d e v i a t e  from t h e  ""true" o r  "bes t  
f i t "  va lues ,  f o r  example K i = 5  and K2=30 (Fig.. 5). 
The SUSQ va lues  a r e  c a l c u l a t e d  a s  desc r ibed  under 
Simplex Minimization.  The s u r f a c e  h a s ,  a s  one would 
expec t ,  a  minimum f o r  K I = S  and K2=30, l o c a t e d  i n  t h e  
o r i g i n  of t h e  coo rd ina t e s  i n  Fig.  5, SUSQ va lues  
i n c r e a s e  i n  a l l  d i r e c t i o n s  from t h e  o r i g i n ,  but i n  

some d i r e c t i o n s  t h e  "sicjpe*' i s  XUCR s t e e p e r  than in 
o t h e r s  ( s e e  F i g .  6 f o r  a  "'spike" p r e s e n t a t i o n  of t h e  
same s u r f a c e )  The slope! 1s very  s t e e p  from the  
o r l g f n  to t he  upper  lef t  ccirrner and t o  the lower 
r i g h t  co rne r*  A "valley" extends  from the  lower 
l e f t  t o  t h e  upper r i g h t  co rne r .  

Simplex seeks  f r b ~  steepest .  slope and, i n  t h i s  
c a s e ,  wulild be appzoschirip t he  o r i g i n  ( f i n d i n g  t h e  
b e s t  f i c )  from t h e  u~pep: l o f t  o r  the  lower r i g h t *  
depending an t h e  s e l e c t e d  inftiai ous i t i on .  The 
app-oath aloihg t ree  '\aalley'bvinll IE ?bower and more 
s e n s i t i v e  t o  experlme-ital e r r o r s .  

I h e  d i r e c t i o n  of the " i ia i ley"  &peni?s on the  
r e l a t i v e  c o n t r ~ b u t - r o o s  o f  the  tern,s con ta in ing  KI 
and 112 -,a t he  c a l ~ ~ e  of i. 13- i s  i s  where t he  range 
o f  iraluec, of the irdenem3e.it v a r i a b l e  X has  an 
e f f e c t  ( t h e  sa711es used m Fig, 5 and 6 were 
X=O-10). 11 t b l s  a-ase ?he w 2 ~ ~ e s  of K I X  and X2 a r e  
roughly conmarehie. i', on the  o t h e r  bnd, tbe  
""rcrue"".iaiue 06 v i  w a c  903, the 'vvaltev' w i l l  extend 
i n  t h e  d i r e c t i o n  cr the  K1 a x i s  <Fig. I ) ,  s i n c e  
d e v i a t i o n s  i n  MI have r e l a t ~ v e l y  l i t t l e  e f f e c t  on 
t h e  -/slue o f  Y if t he  range of X va lues  is 0-10. 
SimilarLy,  f o r  K2=3, tr:e "val Ley" ww3il extend a long  
t h e  K2 axis (Fig. 9)- 

For a s ingle- term exponent la1  fune t ion  U = KZ 
Expj-RZX) wi th  RI > K? > 6, a s  i n  t h e  case  du r ing  
e x c r e t i o n ,  the  "va l l ey"  tends  t o  extend i n  t h e  upper 
l e f t  t o  lower r i g h t  direction {Fig. 9 ) -  For t he  
uptake  phase of tilt? corresponding OC!fs Y = 
Ki (1-Exp(-K?X) )/I* Kl > K2 > 0 and, depending on 
t h e  r a t l o  of lit and X i ,  the '"alley'" s h i f t s  from t h e  
d i agona l  direction -.tnril Lt pxra I . i e t s  t he  X2 a x i s  
f o r  very low values  of K2 r e l a t i v e  t o  KI (F ig*  
10-12)- 

T'ne srmclex tends  to perform w e l l  on these  
s u r f a c e s ,  provided the  s t a r t i n g  values  of KZ and K 2  
a r e  rhose.1 ~easa -~abZy  welL. Ttie performance is 
g e n e r a l l y  b e t t e r  when tI-e s t n r t e n g  va lues  a r e  on a  
s t e e p e r  s l u o e  r a t h e r  tba-  ln t he  " a a l l e y * "  
ConsequeltZy, a e c o r d r l g  to 9-13, one cons t an t  
should  be ~ r n d e r e s t i m t ~ d  and the o t n e r  overes t imated 
when s e l e c t l o g  t h e  s t a r t i n g  va lues*  Uiirake wi th  a  
very  blfrall K2 ( F i g r  12) is, diffic"1It. to f i t  t o  t he  
DCl4 upcake eqaa t ion .  In this case  the  c o n c e n t r a t i o n  
(U) enc reases  p r a c r i - a l l y  l i n e a r l y  and t h e  SUSQ i s  
a lmost  ~ndependcn t  of t-he value of T2- 

TCM; i s  desc r ibed  by fot ir  p ~ r a m c t s ~ s  (K.1-Kh) and 
t h e  corresponding SUbQ 1s a s u r f a c e  11 f i v e  
dimenshons. Consequently,  only s three-dimenstora l  
s ec t io r i  can be c i sua?  i zed  (Ftg- 13-18), 

Ln che first exanale  j F ~ g -  13, 1 4 )  a  wide 
' \a l ley"  H e s  from lower Pef t La upper r i g h t ,  "when 
t h e  remaining tao p r a o l e t c c s  pave t h e i r  ' " t rue  
va lues . "  TI?.e s h a ~ e  of t ne  s e c t i o n  changes con- 
s i d e r a b l y  when the  remaroing parameters  have 
d i f f e r e n t  va lues  ( F i g *  15, 161, Even i? t h i s  ca se  
t h e r e  a r e  r e l a t i v e l y  f l a t  a r e a s  on t h e  subsurface .  
The shape of a subsu r face  obta ined by varying the  
second p a i r  of r a r eme te r s  whi le  mainta in ing the  
f i r s t  pair at " t rue"  "~alues is s i m i l a r  (Fig ,  1 7 ,  
18). 

"Valleys" and flat subsu r face  a r e a s  =use 
problems i n  f i t t i n g  models t o  exper imenta l  data.. I n  
t h e s e  aceas ,  experlmerrtal  and cornputatiur.al e r r o r s  
(whichever come f i r s t ,  u s u a l l y  the  exper imenta l  
ones )  w i l l  have a  very pronoi~nced e f f e c t  on t h e  f i t .  



OTHER PRWRREPERS BUSS 
RWOTMER PLOT FORHRI C ~ > I E M D  < 2 > A  

O R * X < i > =  $5 B=R<2>= 3s 
RRHGE -8.2 70 8 .2  STEP 5.64 
TIRE RRNGE B 20 18 

Fig.  5. SUSQ s u r f a c e  of s t r a i g h t  l i n e :  

range  is d e v i a t i o n  i n  f r a c t i o n s  of t h e  g iven va lues  
(2  20% i n  t h i s  ca se ) .  Tine range is the range of X 
va lues .  

OTHER PRRRRETERS 
BUS@ 

OWOIWER PLOT FORRAT <I>tEND (2) ! I 

1 A=K(1>= 9 6-KG?>- 38 
RANGE -8.2 TO 5.2 STEP 8.64 
T IHE RPXGE B TO 15 

Fig.  6. SUSQ s u r f a c e  of s t r a i g h t  l i n e :  

Y = K i X  + K2; 
" sp ike"  p r e s e n t a c i o q  of t h e  s u r f a c e  i n  F i g .  5 .  

OTHER PFrRaPIETERS 
RPIOTWR PLOT FOQRLT <!>rEKO 

9BB YI(I+l>=K(I>II+KIZ> 
63=K<l>= $3 B-KC2)- 989 

RANGE -0-2 70 6.2 STEP 8.84 
TIHE RRNtE 8 Ti3 1B 

Pig. 7. SUSQ s u r f a c e  of s t r a i g h t  l i n e :  

Y = KIX + K2 when K2 >Kf. 

Fig.  8. SUSQ s u r f a c e  of s t r a i g h t  l i n e :  

Y = XLX -i- K2 when KI  > K2.. 



R A=K(i)- 1 8=K<Z>= 0.  t 
RAHGE -0 .5  TO 8 .5  BTEP 8 .1  
T IRE RANGE 8 TO 1% 

Fig .  9. S U S Q  s u r f a c e  of e x p o n e n t i a l  f u n c t i o n :  

Y = KlExp(-K2X) 

OTHER PRRRIIETERS 
@MOTHER PLOT FORRRT ( I> ,ENO (2)  

/ 5 9 6  V l C i c 1 > * K ( l > f < l - E X P < - K < 2 > t I ) > K 1 2 )  
A R-K(1)- 10 8=K<2)- 0 .5  

RRNGE -8 .5  TO 0 . 5  STEP 8 . 1  
TlRE RANGE 8 TO 1% 

F i g .  10. S U S Q  s u r f a c e  of OCM u p t a k e  phase.  

OTHER PIIRRKETERS 
RIIOYHER PLOT FORMeT Cl>,EHD (2) 

5 8 8  Yt<l+l)=K<l>t<I-EXP+K<2>L:I>>II(CZ> 
AmX<l)= ibl B-KC2)- a . 8 3  

RRHGE -0 .3  To 8.S STEP 8.1 
TIFIE RRNGE B TO t% 

F i g ,  11. S U S Q  s u r f a c e  of OGM u p t a k e  phase.  

OTHER PIIRFlrtETERS 
OHOTHER PLOT FORFiAT <!>,END (2: 

/ 5 0 9  Ylfl+l)+CI>L(I-EXP<-X<P>*I>>~KC2> 
51 R-Kc%>= 1% 6=K(2>= 6 , -  

RRHGE -6 .5  TO 8 . 3  STEP 0 . 1  
TIRE RANGE 8 TO 18  

F i g .  1 2 .  S U S Q  s u r f a c e  of OCM u p t a k e  phase.  



OTHER PhRABETEWS 
I(<3>-1 
K<4)*1%ti 
PKOTSR PLOT FORB67  SEND ( 2  

A R-K(I>* 3 B.K<Z>= 8.S 
RAHGE -8.3 TO 0 .5  STEP 0.1 
TIRE RPHGE 8 TO 1% 

$4 A - K < i > '  J e=c<r>- 8 . 3  
RWGE -@.S YO 8.5 STEP 8.L 
TIHE RRXGE 8 TO 18  

F i g .  13. SUSQ surface of TCM uptake phase. In this Fig. 15. SUSQ surface for TO1 optake phase: K(3) 
and in Fig. 14-18, the subrodtr~e 3000 solves the and K ( 4 )  at t w i c e  t1.e r r r~e  values. 
OCM differential equatrons. 7%te race constants are 
renumbered for programing cnnvenie~ce: K(1)=K2, 
K(2)=K4, K(3)=K3, K(L)=KL (see Appenbrx, TGMP). 

OTHER PIRPNETERS 
KC3)-1 
K<4>=tB% 
PHOTWER PLOT FORRAT Ci>,ENO (2 )  

OTHER PRRCNIETERS 
K(3)-2 
K<4>-2BB 
RHOTWER PLOT FORBRT < ? > S E R B  I 2 )  

P=i((If- 5 B-K<P)= 8.3 
RlNGE -8,s TO 8 .5  STEP 0.  I 
?In€  RANGE e TO t t i  

F i g .  14. SUSQ surface of TCM uptake phase; same 
parameters as in Fig. 13. 

CI-R<I>=  5 bi=X<2>- 8 .5  
RPHZE -B.5 YO 8.5 STEP B . 1  
VrnE RIXGE B TO i 8  

Fig, 16. SUSQ surface for TCM uptake phase; "spike" 
presentation of Fig. 15. 



e a - ~ i ~ ; ,  i ( 1 m K ( 4 > =  iBB 
RbCGE -8.5 TO 8 - 5  STEP @.I  
tiKE RWGE B 70  it? 

r i g .  17. SUSQ s d r i a c e  f o r  TCY uptake phase. 

&ri1<3>- L B-YtB>* iB8  
f i RRNGE -6.5 10 8.5 STEP 8 . i  

TINE R4HGE 5 10 i B  

Fig.  18, SUSQ s u r f a c e  f o r  TCiI uptake  phase;  "spike" 
p r e s e n t a t i o n  of Fig. 17. 

Since these  z r e a s  a r e  g e c e r a l l y  more e x t e n s i v e  f o r  
;be - ?Cl i  -- tiin;. for the  OC?f, i t  i s  much score d i f f i c u l t  

t o  f j t  t he  Former. rn  e x ~ e r i r r , e n t a l  dii ta-  

L i s t i n g  of a  Drogram f o r  t he  examination of t he  
SUSQ s u r f a c e s  i s  g iven  i n  t he  Xppeniiix. 

The f i r s t  requirement f o r  a  s u c c e s s f u l  a p p i i -  
c a t i o n  of TCM i s  good q u a l i t y  da t a .  TCX f i t s  a r e  
more d i f f i c u l t  t o  perform than OCN f i t s  arrd a t t empt s  
t o  f i t  poor q u a l i t y  da t a  by the  TCli a r e  f r u s t r a t i n g  
and m y  lead  to ineaaingiess r e s i i l t s ,  

Experiiiientirrg w l th  the  program TCMP f a  
a d v i s a b l e  t o  g ive  the  u se r  a f e e l i n g  f o r  rhe e f f e c t s  
of t h e  d i f f e r e n t  r a t e  cons t an t s  on the  s o l u t i o n .  
The program mqy be expanded e a s i l y  t o  g ive  a g raph ic  
o r e s e n t a t i o n  of t he  s o l u t i o n .  

Having m d e  t he  c r u c i a l  d e c i s i o n  rro use the  
TC?.;, the  nexr s t e p  should 5., the  a t tempt  t o  F i c  tile 
e x c r e t i o n  da t a  ( t h e r e  i s  one 1.ess r a t e  cons t an t  t o  
worry abou t ) .  Oaly a f t e r  ob ta in ing  a  reasoriable f i t  
of t he  e x c r e t i o n  data one should proceed t o  the  
uptake  da t a .  

The b e t t e r  t he  d a t a ,  t he  nore f l e x i b i l t t y  the  
u s e r  has t o  s e l e c t  "ii?e i r i i t i a l .  r a t e  cons t an t s .  iiut 
even f o r  t he  bes t  quai . i ty  da t a  thc  program TGYS w i l l  
go a s t r a y  when the  l n f t i a i  r a t e  curlstant e s t i m a t e s  
a r e  "'way out" .  In any case ,  tlre program shorild be 
run s e v e r a l  t imes i o  nake s u r e  t h a t  even a f t e r  
s t a r t i n g  from d i f f e r e r i t  d i r e c t i i i n s ,  tile program is 
f i n d i n g  the  same s o l u t i o n .  It i s  very important t o  
r e a l i z e  t h z t  t he  f i t  i s  not an i t e r a t i v e  process .  
The scilirtion i s  riot n e c e s s a r i l y  improved by u s ing  
t h e  r e s u i t s  of one e l tempt  a s  t he  s t a r t i n g  values  i n  
ano the r  a t tempt  t o  f i t  t he  da t a .  

I t  i s  p o s s i b l e  t o  rise the TCEl even if da ta  f o r  
t h e  two compartments taken i n d i v i d i ? a l l  y a r e  not 
a v a i l a b l e .  However, r a t e  c o n s t a n t s  obta ined i n  t h i s  
ca se  may not r e f l e c t  a c c u r a t e l y  the  r e a l  s i t u a t i o n  
s i a c e  the  d i s t i n c t i o n  between the k i n e t i c s  of t he  
two comparcrnects has been l o s t  by t h e i r  a d d i r i o n .  

i t  i s  a l s o  importent t o  keep i n  a ind t h a t  the  
TFF! d e e l s  with amounts, not wirh concen t r a t ions  
(except  f o r  va t i ? r )  * Concentra t ions  may 'be used 
i n s t e a d  of amounts only when the  compartments a r e  of 
equa l  s i z e .  Otherwise ,  s i z e  of the  compartments 
must be taken i n t o  cons ide ra t ion  when conve r t ing  
from amounts t o  ccncen t r a t ions .  

Both programs TCW' and SUSQS ( s ee  Appendix) m y  
be iised to  e s t i m e t e  the e r r o r  of the determi!ied r a t e  
c o n s t a n t s  from the  e s t ima ted  e r r o r  of the  nreastired 
amount of chemical i:: the  compartments. The 
procedure c o n s i s t s  of varying the  r a t e  cons t an t s  and 
obse rv ing  c a l c u l a t e d  amounts. TCMS a1 so g ives  an 
i n d i c a t i o n  of t he  e r r o r  of the  r a t e  cons t an t s  ("next  
bes t  answer").  

Good luck.. 



I t h a n k  Ms. R. G a r n e t t  f o r  e d i t o r i a l  
a s s i s t a n c e ,  Messrs.. W. 6. McMullon and F. Cunningham 
f o r  p r e p a r a t i o n  o f  f i g u r e s ,  Mrs. B. Fawkes f o r  
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APPENDIX 

PROGRAM TCMP (two-compartment model p r e d i c t i o n )  

The program w r i t t e n  i n  'Tektronix P lo t  50 B A S I C  
s o l v e s  t h e  TCM d i f f e r e n t l a l  equa t ions  For given r a t e  
c o n s t a n t s  and i n i t i a l  concen t r a t ions ,  p r i n t s  t he  
s o l u t i o n ,  and c a l c u l a t e s  Q1 aqd Q2 ( q u a n t i t y  i n  
compartments 1 and 2 ,  r e s p e c t i v e l y )  f a r  a  s p e c i f i e d  
t ime pe r iod .  

The program is u s e f u l  f o r  armchair  experiments 
and i s  i nco rpo ra t ed  a s  a " d r i v e r "  i n  t he  TCMS 
(two-compartment model s implex)  and SUSQS (SUSQ 
s u r f a c e )  g iven l a t e r  i n  t h i s  Appendix. 

TCMP fo l lows  e x a c t l y  t h e  procedure f o r  so lv ing  
t h e  TCM d i f f e r e n t i a l  equa t ions  o u t l i n e d  e a r l i e r  i n  
t h i s  r e p o r t .  F i r s t ,  t h e  e igenva lues  F ( )  a r e  c a l -  
c u l a t e d ,  followed by the  e igenvec to r s  D o  and 

c o n s t a n t s  F ( b  corresponding to  t he  given i n i t i a l  
c o n c e n t r a t i o n s  C f  1. Note t h a t  f o r  p rog raming  
convenience,  t he  r a t e  cons t an t s  X O  a r e  i n t e r n a l l y  
renumbered. The renumbering does not a f f e c t  the  
u s e r  but s i m p l i f i e s  cons ide rab ly  the  swi t ch  from 
d i f f e r e n t i a l  equa t ions  f o r  uptake t o  d i f f e r e n t i a l  
equa t ions  f o r  exc re t ion .  

The program is r e a d i l y  adap tab le  t o  o t h e r  BASIC 
i n t e r p r e t e r s .  The only Tek t ron ix - spec i f i c  f e a t u r e  
i s  t h e  handl ing  of a r r a y  v a r i a b l e s .  I n  Tektronix  
BASIC t h e s e  can be inpu t t ed  o r  p r i n t e d  by simple 
s t a t emen t s  INPUT C o r  PRINT C. Other i n t e r p r e t e r s  
may r e q u i r e  a  loop f o r  both ope ra t ions .  The TIME, 
C O W 1  COMP2 p r i n t o u t  has not been format ted  by a  
PRINT USING s t a t emen t  s i n c e  most BASIC i n t e r p r e t e r s  
d i f f e r  cons iderably  i n  t h i s  a spec t .  The use r  should 
provide  h i s  own format t ing .  

iQ@ P R I ' J T  '%*$*c*w*i$;s r r+  PROG9UN TGMP *********+********'" 
l a 5  REM S T A 1 D A 9 D  2 COMP MODEL BUT R C J U M d E R E D  G O Y S T A V T S  

P R I J T  ""UPTAKE ( 3 ) r  EXGRET1Ot.J ( 2 ) "  
Ii'JPUT 9 1 
d=i3 1 + I 
D I M - x ~ ~ ~  E C O ~  ~ ( ~ 1 4  Q i  ) r  D l  (Qi, Q I  ) a G ( Q I  ):,F(QI) 
P R I N T  I l V I T I A L  AMOUJT:  COMD* 1 s  24 ( W A T E R )  
I V ? U T  $ 
P R I V T  S T A Q T I X G  ' JALUES FOR F A T E  COiMSTAVTS " 
P R I V T  "K2" 
IWPUT X ( i )  
P R I : J T  "K4" 
I N P U T  X ( 2 f  
P R I W  "K3" 
I ' J P U T  X ( 3 )  
I F  Q l = 2  THEN 2 7 0  
P R I I J T  "61" 
I'JPUT X(4) 

A = - X C i ) - X ( 2 ) - X f 3 )  
A 1 = S Q R ( A ? 2 - 4 * X ( I ) * X ( 2 ) )  
E < I  ) = B e  % ( A - A I  > 
E ( 2 ) = 5 .  5 * ( A + A 1 )  
I F  Q 1 = 2  THEN 330 
E ( 3 ) = 0  
D C l ,  l ) = X C 2 ) / ! X (  1 ) + X ( 3 ) f E <  1 )  1 
D ( 2 > 1  > = I  
I F  0 1 = 2  T H E 4  370 
D ( 3 1 1 ) = 0  
Df l r  2)=X(2)/(X( 1 > + X ( 3 ; + E ( 2 1 )  
D ( 2 r 2 ) = 1  
I F  Q l = 2  THEV Y4C1 
i3 f  3r  2 ) = 6  
D < l a 3 ) = X C 4 > / X ( I  I 

FOR J = I  TO Q f  
D i ( I , J ) = F C J f * D C l r J )  
3 E X T  J 
NEXT I 
PRINT "TIME RAQGE ( B - - - -  1" 
I N P U T  T 9  
DIM Y 3 ( T 9 f i ) r Y 4 ( T 9 + 1 )  

6 1 0  Y 4 = 0  
6 2 0  F O R  J i = 0  TO T 9  
630 F O R  J 2 n l  T O  Q l  
640 Y 3 ( J l + f  ) = Y 3 ( J l + l  )+DICIJJ~>*EXP(E(J~)*JI) 
650 Y ~ ( J ~ + ~ ) = Y ~ C J I + ~ ) + D ~ < ~ . I J ~ ) * J ~ )  
560 NEXT J 2  
670 N E X T  JI 



PROGRAM TCMP (eont'dd) 

675 P R I N T  @37126? 1 
6 7 6  P R I N T  @4Q1"*+4***+ TCMP **************" 
680 P R I N T  @4@ r ""RATE GONSTAVTS" 
696 P R I N T  84@rw"KZ=" ' ;Y (  I ) ~ " K 4 = "  f XC~)I""K~="";X(~) 
709 Sf Q f = 2  T W M  730 
710 P R I l J T  0408 "'X1=";XC4) 
7 2 0  G O  TO 7 4 0  
7 3 0  PRINT @4@8" " 
746 P R I N T  840: " X E J  I T I A L  AMOUi\JTSW 
750 P R I N T  @ 4 0 z C  
760 P R I N T  640 : ' "TIME GOMPe I COMP. 2 1 +2:: 
7 7 0  P R I N T  @&@:'*-----.--------------------------------------------------- 
780 FOR dl=@ TO T9 
785 Y=Y3<dl+l )+Y4<Jl+l ) 
79Q P R I N T  640:JlrY3Cdl+l >rY4(Jl+l>aY 
80Q NEXT J1 
810 P R I N T  @4@:" - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - * *  
820 PRI 'VT & 4 @ r  "SOLUTIO'Q :'" 
830 FOR 1 1 1  TO Q f  
845 P R I N T  a40 I''QQ('*: i J * ' ) = ' *  
850 FOR J2=t TO Q 1  
860 I F  DI ( IJ J21~0 THEN 880 
870 P R I N T  @40rD1(I~J2):"*EXP(";E(J2);"*T) '* 
880 NEXT J2 
890 P R I N T  840:" '" 
900 NEXT I 
905 P R I N T  037~26:0 
910 END 

******* TCMP ************** 
RATE CONSTANTS 
K2= 5 K4=0+ 5 K3= 1 
Klal00 
INITIAL AMOUNTS 

T I N E  GOMP* 1 COMP. 2 1+2 
-----*-------------------------------------------------- 

0 -7- I05427358E- I5 0 -70 105427358E-15 
1 1 -  74184310706 1.15569842258 2- 897541 52964 
2 1.831 18933038 2.1129753131 1 3.944 16464349 
3 1 * 88803537908 2- 74835797855 40 63639335763 
4 1 * 92573521857 3.1698007261 1 5089553593668 
5 1.95074104816 3* 4493386923 2 5*40007974028 
6 1,9673271229 3* 63475290147 5.60208002437 
7 1.97832846908 3.75773594288 5*73606441116 
8 I *  98562553 12 3.8393091 3074 5.82993466 1 93 
9 1 * 99046558575 3.89341 565692 50883881 24267 
I0 I * 99367593638 39 92930387245 5- 92297980883 --------------**----------*--------------------.-------- 

S OLUT I O?J : 
Q( I I =  

- l *  61631 563443*EXP(-t,*0894541729*T) 
-0.383664365572* EXP<-0.4iB543827 i + T >  
2*EXPC0*T) 



***a*** TGMp r**rr**%****++ 
RATE CO!JSTANTS 
1<2= 5 KLiz0.5 

INITIAL AMOUNTS 

TIME COMP. I COMP a 2 1 + 2 
- - - - - - - - - - - - - - - * " - - " - - - - - - - - - - - - - - - - " - - - - - - - - - - - - - - - - - - -  

0 i.99 3.93 5.92 
I 0.253956123738 2.79743628455 3-05139240829 
2 0* 166029862092 1 * 85593850905 2.021968371 14 
3 0. I1012015684 1 * 23102292705 1.341 14308389 
4 5-073541 3783654 0- 816522873714 59 889564252079 
5 0*0484474778298 0.591589914243 0e590037392073 
6 0.0321 346360372 0.3592351 50985 0.391 364787023 
7 0.0213145220247 0.238273088I49 0-259587610174 
8 0*014137569044 a*  158643706966 0- I7218137551 
9 8.00937734778969 0*i04828511468 0*119205859257 
10 0. 00621988329667 0*B695315053174 0*0757513886161 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

SOLUTION r 
Q C  I ) =  
1.61263631079*EXP(-6*0894541729*T) 
0*377363689213*EXP(-0-4155458271*Tf 



The s i m p l e x  a l g o r i t h m  of  t h i s  program i s  a  
s l i g h t l y  m o d i f i e d  v e r s i o n  of  t i le  Nelder-Elcad 
a l g o r i i i ~ m  a s  a v a i l a b l e  i n  t h e  S t a t i s t i c s  Package by 
' T e k t r o n i x -  The program i s  w r i t t e n  i n  IIP2000 B A S I C  
i n  a  f o r m l t  a l m o s t  c o m p a t i b l e  w i t h  lil"erminal BASIC 
a n d ,  w i t h  s l i g h t  m o d i f i c a t i o n s ,  c o m p a t i b l e  w i t h  m n y  
o t h e r  BASIC i n t e r p r e t e r s .  I n  i iP Termina l  BASIC 
a r r a y s  a r e  d imens ioned  d i r e c t l y  i n  t e rms  of 
v a r i a b l e s .  For  t h i s ,  t h e  '%IM'\s t tenc-nts  s h o u l d  iif 
d e l e t e d  a n d  t h e  " K E I ) L M "  s t a t e m e n t s  changed t o  "'DIM" 
( f o r  e x a m p l e ,  d e l e t e  505 and  c:liange 520 to  DIE%. . . . ), 
Some i n t e r p r e t e r s ,  f o r  example TRS-80, r e t i ~ r r r  " - i "  
a s  tizit " t r u e "  c o n d i t i o n .  For  s t ~ c h  i n t r i r p r e t e r s ,  tile 
s i g n s  i n  t h e  s t a t e m e n t  1830 must bt, tri~;liigcd. 

The, program reclrri rc-s *lhout  15K o f  ItAM and utten 
u s ~ d  i n  T e r m i n a l  BASIC, memory must be s e t  t o  15000 
("SET Si%F,=1500O"). The prograin r u n s  much f a s t e r  on 
t h e  mainf rame 'ifP i l l a n  on t h e  t e r m r n a l .  The c i i r r e n t  
v e r s i o n  d o e s  n o t  p r o v i d e  a  ha rdcopy  p r i n t o u t  and  t h e  
u s e r  mr;.st copy t l t e  f i n a l  d i s p l a y  on t h e  t e r m i n a l .  

S t a t e m e n t s  100-IP0 ~ o r x t a i r  "program h e a d i n g "  
a n d  a l e r t  t h e  u s e r  t o  e n t e r  d a t a  i n  s t a t e m e n t s  
530-559. r h l s  somewhat i n c o n v e n i e r i t  fo rm of d a t a  
e n t r y  is p r e f e r r e d  t t r  IWfJT s i n c e  tile program is 
l i k e l y  Lo he u s e d  more t i iau o n c e  witt-i i l l <  i~a-lnie i e t  
o f  d ~ t ~ l  t o  o h t n ~ n  a good i f  t .  11t(. rt,l(,, lormat  i s  
t ~ m c  X i  ( 1  1 <itwi p i  t f ~ e r  i i t v  eifnot!fjr 111 6 I ) I I I ~ , ~ I  t I I I V * > ~  

Y L ( 1 )  W I I ~ ~ I I  d , t t i  I?,. ~ ? o t  t v ~ ~ ! l a b l ~ ~  < ) * I  l i # # # l ~  
L O : I ~ ~ ~ I  r t  iIi<*rlL 5 i rrd t v  l dtia 1 I y o r  iinoti~tt I 11 i < * i n $ #  1 r t  1 1 1 t s n 1  

y 1 ( ! )  llll! ~%111 l> i I I l~  < ~ < ~ ~ ~ > ~ ~ ~ t f ; ; ~ ~ l l 6  /, < / ( I ) .  Tile* 

d i s t  i n g u i i i r i n g  f l a g  i s  O i  ( \ ~ . i t ~ i n t s n ~  i p > I ' > ) .  

?ifLc>r tlie d a t a  e n t r y  ii:is k e n  comjrltrted the 
program is r e s t a r t e d  hy t h e  command R U N ,  1500 on  t h e  
mainf rame,  o r  RUN 1500 on t i le  t e r m i n a l .  The 
statements 1000-1380 c o n t a i n  TCMP s o l v i n g  t h e  TCM 
d i f f e r e n t i a l  e q u a t i o n s  f o r  r a t e  c o n s t a n t s  s u p p l i e d  
by t i i e  s i m p l e x  a l g o r i t h m .  The s t a t e m e n t  1790 
c a l c ~ i l a t e s  t h e  SUSQ (Y) and  r e t u r n s  t h i s  v a l u e  t c  
t h e  main program. The h ranch  i n  1385 i.s tised t o  
p r i n t  t h e  calcer latred q t ~ a n t t t i e s  iri rompar tments  1 ,  2  
o r  ! atid 2 ,  orlcii t h e  bes t  f l t t t n g  r a t e  ci,i?i;t:inti: 
Irave been fotind ((29 is Lhc? "flag"). St r r t c~ments  
1010-1OLtii :?re  u s e d  Lo e l  i m l n a t e  rirxp,ativc. r ; i i e  
c o n s t a n t s  and t o  d r i v e  ifle s i m p l e x  i r l  ano t f re r  
d i r e c t  i o n  by : rsr ignf  n g  v e r y  unfavor ; ,h le  r rpsponsc  to 
Y ( l i n e  i!Il:ii). Simi L a r l y  , t h e  s t a t r m e n r s  i0b3-1065 
a r i i  i!sed Co e l  i rninat i i  co:nplc*x c?igenvnii ics .  

iiy ?nod i f y  irrg s tatemcbnts  1000-1040, t h e  j1rogr:ain 
may be tised Lo T i t  o t h e r  f u n c t i o n s  i o  r ia ta .  Tht? 
E i t t c d  ; ,ar ; iwcters  i n t i s t  hi, i n  t h e  :irriry X( i j a n d  L I I P  
s r l b r o i r t i n e  mrrst rcttirrn ;i v;?liie of Y Lo thi. mii? 
progr-ain. '1-l~e p r i n l t ~ t i t .  porLion  of the, j)roer;lm m y  
ir;iv(s t I)  he inorli f i r ~ t i  :is w f . i l  . 

lirfs m n ~ i  n  prcigr'am c, tnr t  5 by t he  s t , l t c  n r n i  1500- 
The s L r r n g  v a r r a b l e  K S ( 1 )  c o n t a i n $  r-ttr, i o i r s i a n t  
symbol \  i l n c e  t i l e  program u s e s  a  d r f f e r e n i  num- 
b e r r n g .  Tire s t r i n g  v a r i a b l ~  RS is  fcir remarks s u c h  
a s  name of  d a t a  s e t ,  e t c .  X ( )  i s  t h e  r a t e  c o n s t a n t s  
a r r a y ,  J?() c o n t a i n s  e i g e n v a l i ~ e s ,  D O  e z g e n q e c t o r s ,  
D l ( )  c o e f f i c i e n t s  of  t h e  s o l u t i o n ,  C ( )  r n i t i a l  
q u a y t i t z e s ,  F( )  c o n s t a n t s  of t h e  s o l u t i o n  F o r  g i v e n  
6 0 .  B B O  c o n t a i n s  s i m p l e x  c o o r d i n a t e s .  Movements 
o f  t h e  s i m p l e x  m y  be m o n i t o r e d  by p r r n t i v g  t h i s  
a r r a y .  S i m p l e x  c o o r d i n a t e s  a r e  i n  t h e  f l r s t  N rows. 
The c o r r e s p o n d i n g  SUSQ v a l u e s  a r e  i n  tlie f a s t  rod .  
E S  1s f o r  Y / N  a n s w e r s  i n  t i le  p rocrdr : r ,~ l  r j i l i3st ions.  
S O ( ) ,  i L ( )  coirLain I n ! t i r l  ra:ix i - o n s l r n t * , ,  inri ? I ( )  
co;;i,ilrtc, ilic 5 t t . p  s l ~ e  f ( i r  Ll~e form,tt l o t?  of ttic 

-1 3- 
EnjtiaI s implex .  C O O  coiit:iiris c c n t r o i n  c o o r d i n a t e s  
irr coLuinr? 1, p r O ~ ? e t f o n  c o o r d i n a ~ e s  i n  colilrn"# X S  i i ld  
e x p a n s i o r ~  coor:Eirrater i n  co1i:rnf-i 1- 

S t a e e n e n t s  1590-1 964 n?iov ihz L-~ptir  cii- v~iri:iils 
p r o c o d o r a l  p a r a m e i e r s  and are  i w r c  or  l:.ii i;e i r - 
e x p l a n a t o r y .  The i - e i g h ~ i r i g  f;iczor W i r ~ a c e ~ ~ r - ~ ~ i r  
! 961 j snmi.t i mes inrproves iiic fi i whc-:; the m a n t  i r i e s  
i n  conpar t rn r r? t s  1 and 1 e r e  c o n s - ~ d e r , , h i y  d i f t ' f e reoc  - 
ln a tire ' ! ' c f  ,A, 1 m,ry be b i a s e d  I r i  f a v o r  of 
r h e  cornpartmect- w i t h  1iirgt.r qiiani [ t i e s  and W t e n d s  
t o  compensa te  For : h i s  e f f e c t .  I?, 5'9, ; i f i d  C Y  (197i:- 
i l 4 O j  a r e  c o e f f i c i e n t s  for r e f  ? e c ;  i o i : ,  cti?Lr:iction, 
and c?xp:?nsicin, rc!spec:ively, %7 and %4 ri:.(* 
ciirrntf7r.; for i t u r n t l o c i :  a n d  f o r  j!r:rii i np bri*qtle:lc-y= 

?'he f n i ? f a J  sirnp1t.x is Fr>rinc*ri hy i;t;il8Bi;ii=r:ts 
2620-2 125 and the c o r r e s p o n d  i n %  SiJS;) v.t:~ltii-i; ::re 
de te rmi r ied  by s t a t e m e n t s  %I",-2280. 7:O Is !fir 

column number i r i  XI)( 1. Coordicwi-es  of t.iie s i  cipiex 
p o i n t s  become, i n  trxrn, t i le v a r i a b l e  X ( >  Fc-r use  by 
t h e  TGM d r l v e r  (GOStiB iiilji;). Vote t h a ~  tb:e data a r c  
r e a d  o n l y  when g o i n g  t h r o u g h  thi. r o u t i n e  for r-he 
f i r s t  t i m e  (CXJSLiii 500), %9 c o u n t s  SUSQ tv ;+ lnmt  iocs  
( t h e  u s e  of  GOSUB 1000). 

The .best_ and w o r s t  r es ; ionses  ',smniJ.cii :+rid 
! a r g e s t S U S i ? )  f i x  t h e  i n i t i a l  s lmp l i -x  a r e  dibi8hrminc*d 
by s ta remef i t  s 2'320-2160. 

' T l t c  ~ t ~ i t  v t i ~ * o ~ s <  2 4 1 0 - 7 4 7 4  f r i f  t 1. t  1 j x t '  t I:<, 
" c r * i i l  r t r id"  twi t  r I  x ( : f 1 ( j r  C:riririf i n : , ?  6 , .  of t . i . t , I  r*,i (1 ;in(? 
rg.1 1 c,cl f on oppo!;f ~ t *  r h v  w: j r**t  rsbept?z~-:t. ( c , t  : t !  ~ , w I . : I I  

I r i t  I s t  - 1  T i c *  
;rri~!:il r n l c i i i n t  ion  o f  the c<~c:rrl i n a l t l i  i s  :.I f tic. 

s t a t emc>ni  2570 f o r  t h e  c c r ~ i r u l d  (pr i in i .  2, 1;ip.. 3). 
SUSO a t  r e f l e c t i o n  i s  c a i c i i l n t e d  (25'40-2ii;Oj .?tiii 
becomes F l .  l f  SlJSQ a t  r e f l e c t i o n  is .;:?a1 It-r t'ii;tn 
t h e  s m a l ? e s r  SUSQ of  t h e  o r i t : ina l  s i m p l e x ,  t h e n  SUSO 
i s  c a l c u l a t e d  a t  e x p a n s i o n  ( p o i n t  i:, Fjg .  3) by 
s t a t e m e n t s  2640-2760. I f  SI!S() a r  ref  ?cct.ir,tr :io<:s 
n o t  g i v e  t h e  b e s t  r e s p o n s e ,  the program goc:; from 
s t a t e m e n t  2630 t o  s t a t e m e n t  2900. On r i i i  l i t h e r  
h a n d ,  if t h e  e x p a n s i o n  does  not  p r o v i d e  t l i i .  s in: i l les t  
SllS(), i t  i% "back t o  r e f ' i o e t i o n "  ((2776). ::ti?erwise, 
c o o r d i n a t e s  o f  c ixpansiu:~ rep1ni.i. tire i,oi,r-tiii~;it$-i; o f  
tiit? worst. r r spons i -  t o  forin 3 i?iSw siinp?ibx ( s t > ~ r c . i n c n t s  
2780-2820). In t h e  "back t r )  rc f1er : t inn"  ci.:i.;e, :hi. 
r c : f l ec ted  jiot n t  forms t i i t -  new s i m p l e r  (*,t :ri.~irn-fits 
2840-2880). 

'Frrrning w i w  Lo tlie r"ase wt ren  S:'!lij a! r - l ' f  ie!ct fan 
i s  cqiial tri o r  large:" ttrat-t t h e  1wsi rvsporiL;c 
( s t a t e m e n t  29!:0, rcacheci f r o m  ;~;rteiet:iit I'Oii:!?, i f  
t i ~ i :  SlIS() i s  tji t h i n  tile rarrj;ch of t ? ; ~  i w i i  i k ' f  ? 6.r 

rrspt i i ls t is  (hi,iweeri SiJSi l 's  at  R :lac? (1, F;i::. 3j, i 1 i n  
2iiijO i s  smnl jer tir:irt N a n d  ;r 11i.w . ji;irplcx, ~ , I ( . ! I I O ~ ~ I ~  
t he  reflr*c:tt:ii p o i n t ,  i s  Cormt-ri ihr;!neii Ih3c.i  :r; 

2 8 4 0 )  - I f  , (>:I the> c>ttjer I u i n d s  St:S<) a t  raxf 1 c . r  t i o r ~  $ $  

worse than  LI-ie w o r s t  resjri)iisc?, t i i c ?  prirgriiiri l : i s : i~ l$  Ir,r 
c o n t r a c t i o n  (3030 f rom 29liO), Ti t h e  SiTPi i  a t  
r e f l e c t t o n  i s  worse t h a n  t i lose a t  L t i c  !Lw? ' * h e t i c - r "  
p o i n t s ,  but  b e t t e r  t h a n  Lliat a t  the worsi p o i n t ,  tire 
w o r s t  p o i n t  I s  r e p l a c e d  by r e f  L e c t i o n  (2790-'3010 j 
and  c o n t r a c t i o n  is c a l c u l a t e d  (3i)?G-3060)* These  
moves r e s u l t  i n  p o i n t s  H and  C ( F i g .  1) ,  r e s p e c -  
t i v e l y .  I f  t h e  r e s p o n s e  i n  t h e s e  p o i n t s  is still 
worse  t h a n  t h e  w o r s t  r e s p o n s e  of t h e  o r i g i n a l  
s i m p l e x ,  tire wiioLe s i m p l e x  c o n t r a c t s  ( 3 1  7i i--?220>. 

S U S Q k  of new p o i n t s  a r e  cn1r:iTnted i : y  <?.;ate- 
ments  3230-3320, SUSO v;iri,irice En i:nlrrr::if -4  iiy 
s i  ;itemer;t.; ?3Rli-'i510 arid i f  ii ,';*j i i : : r , ~  5 ; j i c . c  1 i i :.ii 
v a l  trite (!<l , 3520) tht* :~I#;z>rf ?,hm f * ?  t t'rtmf:t:tt z . ( i -  ' ! ' kg# ,  

:I jgorg thrn I s :  : i l so  terirtffi;tred W \ I ~ . I I  ! ! o f '  r i ~ ~ ~ n l ~ * , r  
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SUSQ evaluztrons exceed 150 (3525). 1 ?ray l i 3 p p e ~  Intermediate result9 a r e  printed by t h e  sub- 
that  the simplex algnrith-? is rmt able co rraacb t h e  r o u t  f n , ~  In statements 3829-4330. W e n  rile '-pectfied 
specrfied varihnce arid itatemerlts 5000-51 h 0  take v,lbe of SUSO va r i ance  is  reached, entered d a t a ,  
care of this situation. c a l c u l a t e d  data, arrd  he fitted rate cons tan t s  are 

p r i n t e d  by statements 400-41 60 and 3630-Jf!i0. 

I i.;t- : j - L 2  3 ' )  
i, C \; 

13,) i" i~ J 1 " "j.f > ri)Ppk\12r,(iE:4jl !IJ\TF C')[dSi"i..?J'i'S BY 5 1r@LF~X1* 
l 1 : 4  pg l , $ , r  a * ~ ~ R : < ~ ~ l \ j  2 ; l Z .  ; L * l ( j : j l ' *  
125 p . i ~ t . ~ ~  *m,f;? i:4 53t4-530*i 
133 p i 4 I Y  P ""C:!4'18: .llJF: dY "3.4, :53',4"* 
143 s r 3 ~  
i W  @F,bi K X K X Y X X X X X X Y X X X X X X X i ( X K X X X X X X X X X X X X X X i ? , X X X X X X X X X X X X X X X  
5M5 D i i i i  X I i i l f i j  ,Yi I 5 0 1  ,U2F5Z1 ,Y.3[531 , Y 4 [ 5 3 i  
510  iiNPUP "!.id14dEi) 3F DAT4 POLiJTS ' \ N 2  
52d  i?F:i?IC4 X 1 [ N k I  , Y 1 C Z d 2 ]  , Y 2 / i ; i 2 )  ,'t!3FN2] , Y i i [ i 4 2 1  
5 3 3  i t A ' f 4  ? , 1 , 7 4 , 1 , 1 1 , 2 , 1 , 3 3 , 2 . 1 1 1 4 , 1 1 Y j 1 3 .  17,- 
531 O A r A  4,7,i2,2i,2,i,7,44,2~ri4,G,7764,3334 
532 3fAfA 7,7.84,39, i , Y , 8 , f 1 4 , 4 ' : - L r ( 3 f R R 2 3 1 5 M M i l  
5  3 3 : J A T P s  l i $ c 8 -  42t ';<). 5 
s- > o h  , F'Oii :zk. 'Pi1 i d 2  

56'5 [iF (J7s.2 ' I ' i l F , A  5'75 
47M : J K R D  Xl[II,V1TI1,V2f1/ 
572 'TJ'ftl 53'4 
575 R F R D  X . L j I i , Y i r i j  
53B "6E:X'r h 
59a SF'Yi iP' \ !  
999 PEA X X X X X X X Y X X X x X X X X X X X X x X X X X X X X X X X X X X X X X X X X x x x x x x X x x x x x x  

l a t j g  ~ F , , . ~ ~ ~ ~ A N D A F D  2C' j ,4P ;4ODFL Y U ?  ,q.li'rCr-t FOR RF:NUMBEPED CONS'FAgTS 
1B;i.l FOI? V9=2 i'c) 14 

1 I F  x [ v g j < ( ;  r i i ~ a  ;!?li_ig 
1 8 2 5  lilF;Xrr V 9  
11126 GO'!'U 1@6B 
lv i i a  PRINT "IL'IF:CRi"TVIE PATE: C 3 N 3 T A N T  " ; V 9  
l%4M Y=iE7*V9 
135@ G9?0 14llj 
lectq A=-xi:]-xrji-xrz] 
106i A 2 - A * * 2 - 4 " X l i  1 " X l 2 l  
i 8 6 2  IF" A 2 s S  riiF:J 1.955 
1 B 5 3  Y ' = l F . 7  
1854 PiSiN'G 'TC.j.*IPLf,X f [ ~ f , S ~ ~ ~ ( J ~ ~ ; ' "  
la55 G 3 ' r U  14La 
i M 5 5  A l = S 3 P  ( A 2 1  
1 a 7 d  E [l I =  (A-41) / a  
1075 f. [Z]-(A+AI)/% 



L 1 5 L  12 j l > - ~  1514 
t'f 4 '> 

: 2 3 3  Pr>tq [ = A  s j  (.91 

12 i /  f > i Q  J = i  1'3 0 2  
, ~ i c ~  3 1 f I , J I = k  ~ J I * I ~ L , I I  
1.24; 4 F X L '  I 
1 2 4 7  4 F X 1  i 
i i J - 5  9 F 4  XXA<KXXX~YYXX<XXXXX<XXXXXYXf*:><Ki(.XXXii,XiiXKAXXXAA4KXXXX~~ii, 
131!1 iii. 1 -riJ%J C ? . i C J L r % : " L  3.: 
: $ 2 4  u r n  
1 321 Y ~ L ?  J:=l f l  4'' 
,322 f i f J l j : 4  
1 3 2 %  U d / l ~ l : d  
1'3.23 J i X r  i l  
1 5 3 4  F) t>  L = A  l ' l  12 
i 3 5 A  F L > v  1 2 = 1  r.l IL 
l $ 5 , 3  ~ ~ ~ J ~ ~ = ~ ~ ~ J ~ ~ + I J ~ ~ ~ , J L I * F A ~ ~ ( F  ~ J ~ I * A ; ; I ~ I I  
1 i7r; Y4rJlj;fiif J : 1 + 1 ) ? l l ,  ii\*EXiViF i J 2 1 * X 1 V i , 1 )  
1 i 7 ~  i F 0 7 - 1  r i i ~  zi 1 3  38 
i i -1 5 ' f 3 f J L l z  i i f i l l  t Y 4 f I ~ )  
i i?) i F X i  I i '  
A $55 [ F  fj ' j: J I ' l k  $ 1 4 h A  
' f k" ) I = /  i ' t i k  \I i i i  

9 - i * * Y - * I  r : l * * /  

i 391 L ' ) l  J i 4 i n n  
1195 Y;f+(Yl[ 1 1 1 - V I F  J l I ) * * L / t ' i i I l I * * 2  
i 4 d J  J F L T  I: 
1 4 1 2  ?I; Z U P d  
1533 4 F 4  i r A R r I 4 G  v'RLUF3 AVD S i 2 P  S I L F  
:sfii as=1 
1 5 3 2  JI.I i ~ 1 4 , 2 1  ,HSI:,~@~ 
1 5 8 4  I i J P U ' r  " R F f u l r i R A S  " ,P$ [lj 
1595 LNPlJi' "UPTkYF ( 3 ) ,  F X C ~ F I ' T ' I J  (2) "',31 
~ 5 1  * 3:- 
?5i5 I JP lJ l '  " P d O  C 0 4 P p ~ Q P ~ l F ' J l ' S  IJlIVlJJ9LiY ( i )  9'2 T ; G F i ' l i F P  ( 3 1  ",)7 
1 5 i Y  ) I 4  X r 4 1 , f  1 3 1  ,3r>,31,01f3,iIIC[3j , F f 3 i  
15213 l? ro i  i x i b 4 1 , i  r;ill,r)r3?,?~1,1~lr~l,ail,ci.i11,Fr'~:~ 
1 5 2 5  P R L . J I " Y T Y ~ ~ [ ~ L  A 4  )ijr.if: C 3 4 P . , , C  ) 4 P . Z ,  ( 4 4 L k R ) * *  
15 i n  r" '~ t<  r u  21 
L S J L  I ~ ~ P Z J S  c r i j  
lC; $4 < k X i *  L 
1 5 5 3  J1:V + I  
L'sI, K S f i j -  "K/'" 
l " / i /  YSj/j= ""l('* 
L C > / {  1 1 -  " & 3 "  



PROC.I<I~?I 'I'CMS (i oiit  'id) 

1 / 4 5 - % 2 7 ( , J  
"1 :; 
1.145 SZltll=SYilll 
i7id \SF.X'i' i L  
i 7 6 Y  E':=. $?llO<f'li 
i '? '713 pt2 1N.r "Ct?I'rt. ,P L y ~ i  FGti  C:)iJVF:i?/;F:NCF. IS r H i :  V k P L 4 N C F  :-'2 F:; 
1710 P P I l l l '  " D 3  Y ) ? I  ' h i lSH 'r0 CrIA-IS@: Silt ' ;  V & L U E ? ' '  
1796 1VP"J-r F:S/Ij 
1 8 , l J  i t S f ?  l : - " \ I"  'i't!LE [J 1iii 4 
? i i l l 8  1'1, L.d.ii' " C O  .IVk'(I(;F'?ICF' 'L'F";'I' '141,'it = '" 
i f i 2 b l  I :dP!J ' I '  F i 
L $ 3 j L <  4 ! $ = 1  
1 $< 4 &$ J! 5 = 1 
1 PI2 i t 4  S D'C~) ;dVk , t2 t ; t ,  JC b, j s i  l 'k:<i  f m F  0 F VLE,12f2*; X G < ;  '' 1 l ' F , f f %  t ' l f ~ 8 J ' ; ' '  
1 t?6kj p 1 3  r:Jsi' ' ' I>*) ,{<)$j .+ 1 : ; : I  ro C . g i 4 - i ; k  i s u {  b ' ~ b , r ) , l r  N C Y  !" 
1H7M l1.1t"iii' I . : S f i  1 
L:i-i~$ f b '  t $ [ i  1 -  ";$" i ' ! f v : <  l < j i t 4  
1 :.{'$>f I ! . J l h t J ' 1 '  ' ' < i ~ k . t  K I ~ ~ , ) I >  C k j ? 4 % j k . i i r ; k  ~ 4 <  dl~'ll t*'t iF <)!1::*4( 'f ", Lg3 
1 0 1 6 3  t ~ l t l t N l '  ' ' I i k , ! ~ ! i t 2 ' 1 ' ;  &IJF l ) i 2 i f J ' t ' k l )  k V k . ! ~ Y " ; X ' ~ ; " ~ ' S b ~ I ~ A ~ l ' > ' J ! i "  
1 02M Pi< f!J'i' " i ) i )  f!iii ,hi ii;!i S O  C 8fA:Jr;F. 'Pill:;  I.'I2k'JUUI.:YC'Y '" 
1 9  i!4 l4Ptj'Y ?:sf1 \ 
1918 f Y  F $ [ l l - " % "  CdErd iYi$$ 
195L1 t3PLV'P "PPiiJ'i' PLSULI'S WII ' i l  FI-~EQIIPNCY?" 
1955 L,.lPUP 25 
iS53 I F  :J7=2 Pi iE t . l  L O ? ; ?  
i951 I 4 P U ' i '  "U.If,I:;4.i'I'.IC PAC'I'OP 1.4 5559 CkLCULA'Pl31I: l(1) ,OTi+FR (2) " ,:I? 
1952 I F  Q3=1 'rriF:,.l 1959 
1953 L~dPu'r "SF LG>~P i . 4 ~  FAC,FOR ,:-: 
1954 S'l'P.3 1Y?!1 
19r jy  .J=? 
LC)-/@ ,'1cj-c; 

1 9 3 3  B9=.5 
lvra c9=2 
2vl%la " 7 = @  
Lt3?6! Z4=M 
2 3 2 8  PF.3 (;F;NhRri'i'F' i ' i l E  INL'I'IAL '; I4PLF:X 
2vS $ 8  F O i ?  11-1 'S 1 '.i 
2t44>j d i 4 f L 1 , ! 4 1 1 : : i 1 " 4 f l  1 1  
2 d 5 $1 2I F. X'i' L 1 
%M'i!l  FCIii 11-1 r 3  1.l 

2fi.17~ iinirll=sciiiiI tr;~rrli 
2:.13%" e.3ii .J:=: 'i.d .$ 

211913 i3B~sJ~,l~l=S4[J11 
21.46 d t X r  J1 
212a sM[ril=s)j[ril-s:rrrl 
2125 \IF;X'F I1 
213d R E : I  TIJL'FLAL S I 4 P L E X  I>E'I'E,P4INF:D 
2153 RE:% F:V5LUrlTF: P U J C T I O N  h'r ORICIRI4L SIrPibX P:3:WrS 
217tVZ M=l 
2188 P,3R Il=i ,I'3 + 
219% xf[l]=i3at~i,~~1 
22d8 4 t X r  il 
2 2 i @  iF %O>l i'tiF,'J 22<':4 
222fi :;,j:iUl3 SMd 
223J GJSUI3 i :$i4v$ 
2248 3ilf:JL,%8j=Y 
2iiM L H - Z P ?  tl 
2.263 LF %I.l<=UI P I I k V  i?%M 
%27;1 %9=!.11 

> 



PX0GIIIV.I TCMS (cont  ' d )  

~ 1 s t  2 2 8  ~ - 2 ~ n ~ :  
I'c4-i 

iLH,+  J i  4 i . i i ' d C i i d J  h i & >  3l  I ' E e 4 i  d F . 9  k'r' F1Cl i  >i . l t 'LFx P3LziT 
L i i ~  I O F  ri; I+UW I IJ IF x L\*v;~. "i ~ 1 4 ~ 3  ' ;41.;r ,~ .; r sus3 
132 i4  i ? - - i % @ [ d l ,  11 
2 % It? i f > =  1 
? i 4 M  i,9--1 
L jP> 1 L?- i ' 
/ i 5 " 3  1, )!? L A = /  I ) 4 1  
/576$ LF 1 { 5 > - 1 3 b j f d ~ , I l l  i ' t F i 4  2 4 ~ ~ 4  
2Mtl 1 9 = 3 " 1 1 f 4 1 ,  i i ]  

~ 3 9 f l  !9=11 
2 4 g d  2323 2 4 4 6  
i 4 ? [ 3  I F  ~ ~ < = i ! 4 i i i , l , 1  THF 4 2d4.4  
2 4 2 5  , ? = B o r w l ,  i l l  
2 4 % 0  L 9 = I ?  
7 4 4 0  VFXI' II 
2 4 5 6  9 t  4 $ 9 7  'i \lOF C )r' i'iv?c;F Sr' V'i i i i i .  A<D tIR-=LliP';F -?.I V4LIJF 
2 4 5 4  dF Z L Y = I V . I ) F  X )c' ; l i \ L i F i i '  bALgJF 4Y1) L'1-;44LI,FAP V9LiJF 
24.Jf4 F J R  I=: ? >  14 
,2411 I=L rtj 3 
2 4  1 2  C I I [ I ,  ] ] = - A  
2 4 7 1  J F A i ' J  
2 4 7 4  .II X P  L 
I4YLI rF3.i 9 F  I ' F 1 2 . 1 1  4 F  C F  J t ' r ? ' ) i ~ l  It' i 9 l l i < I ' i ,  "IIr L JCLtII)I'4G LhPGF O i "  g h t J i  
24915 FJr, I i = l  r~ A A  
2 W , 3  I F  I l r -H ' )  F . i i . 3  2 5 4 5  
L 3 i i 3  FIW J l= l  r Q  4 
2 5 2 3  C B f J I p a l = C B l  J i , ~ j + 4 J f  J 1 p i l i  
2 5 3 8  {J I  X l '  J: 
254M d t Y ?  I1 
2 5 5 A  ? F  4 Cr \ i .Cc lLqPF t a i  E'LFC f 1 9 3  I' l -JJ  C F \ i F n J i i )  
2 5 5 ~  Fit+ I:=: r ' ~  \: 

2 5 7 d  C C 5 f L i , l j = C J f I 1 , I I / J  
255.1 CM(I1,2l=(l.+&Y)*Ci.ffi?,:l-A9*~'~il~, 191 
zsrn A f I l l = c n r i l , > i  
25hM \lk,X1' i i  
2 6 i @  dr  4 CF,141'B,)II) W') t ?FPLFCI ' I  )R: C 4 L C I I C A I " F  U 
i i 3 M  G J S J B  l a d # ?  
2 5 4 h  @F 4 t 'U4Czi ' i  JV CALC'JLA'l'F L" A i '  1 2 t  r X f C  i ' i f )s i  
2 5 5 6  L 9 = Z Y t l  
255M fit 4 CtiECK i F  VEPLFCI ' IOhi  < 5 t 4 P L F X  4I1<Tni J . l  
257ul F1-Y 
2 6 3 d  i F  f > = L 8  I' I F  4 2'3 l,4 
25911 - I F  4 FXPZYST?I\I 
2 7 R h  FtfH i l = ?  1' ) 

2 7 ? d  r i > l I : ,  % ) = ( l - C 9 ) * C P i I l F i ~ + ~ c j * C ~ 3 ~ I ~ , 2 ~  
272M X [ I I ~ = C ~ ~ [ I : ,  3 1  
2 7  10 'If x r  i l  

2 7 4 5  .* i . c i  iXPhV. i i iO \ i  C . l i C J L 4 ' l F D  
2751n St3;JLi lM2, i  
2 7 5 8  79=Z961 
277M IF Y>=Lh P t i P  4 114111 
2 7 d A  F3V I 1 = 1  Ci) IJ 
2 7 9 5  i B f 1 1 , H ' 9 1 = K / 1 l j  
2 3 A Z  4 F X ?  I 1  
2 9 i d  $ n r u , i , t i c i . : = y  
2 8 2 4  3 5 4 ~  
~ q j < +  i J r 4  i 3 k ~ ~ i i ~ k  d i v t , r '  P ~ , P > ~ J , ~  +Y I ~ F F ~ ~ ~ ~ ~ I ~ I I J  
7 Y 4 Z  Fi)R 1 1 - 1  i'i) J 

2 8 5 3  3 C 4 [ f I , l l c 1 1 - C J f l  l , / l  
,'e'ig P I F  x r  1 1  
i : j i n  t n i u l , ! r s i = i ' !  
L '3Jh 2 i i  ) j i 4 n  
L l 3 ) i l  PF 4 C I ~ F C  K I b '  I2F IXLI. i'lOtJ>'l I P'i l f  I<>iiii 
20.7 , j  1:- J 
,'9Lt$ t'vox> L:=? 1'1 J l  
~ 9 2 4  i i  k l = l i l >  b A < ~ 3 C 3 [  < i e  L A )  r " I F ' 4  2 9 4  
9  . J , = l i t L  
294M d k X r  11 
29511 I P  JA<M F i i i . 4  .?$!'Id 
2968 It? P1> .18  r d t  J 3.5 3d 
2 9 7 8  FOP 1 ~ ~ 1  TO 4 



JiY'I FOR J 1 = 1  1'3 14 
32Kfi ~:g[r~,i:1=.5*(d3iJi,ill+RhrS:,L9li 
3 2 i d  4tX'i' J I  
$224 ' i f  Xi' i i  
i~ 1 4  Ln=l 
j24.l L I .  bM=I.9 S l i [  4  1 I t 4 ' i l  
%25b4 F O I ~  Il--L 1 % )  4 
j L h 7  X r l l J - l d r l : , X M l  
1 2 / 6  I ~ F X ~ '  i ?  
32311 S 3 ' i I J )  ?u! t j i f  

329.4 d R f $ i , Z M ) = I  
33n 4 L B = L  J+I  
311*1 I F  Z c 4 < 4 1  I'dFY 1242 
3 3 2 0  L 9 = Z 9 t N  
3 3 3 8  i l F  4 C l i F C K  LF [IONF 
,3346 $ ) = 2  
3321 57=z7+: 
335h L4=Z4+1 
3370 IF L7<LY " 1 4 3  L4<L5 IHii.14 2324 
33311 LC)=? 
339 4 L 3 ~ 1 3 3  ['dl, A 1 
34069 FOR I i = i  i d  q~ 

$4l+I 52=S2+k5+3[Ml,1?\ 
1421 i F  LY<=oBI J 1 , I l J  i'tiF'J 34511 
343.) LY=T? 
344n ~ q = d , ~ r . i : ,  1:) 
3459 I . I F X ~  I ?  
3 4 i d  12=sz/q: 
1 4  76 r'i=d 
143n roll x i = ,  I'J $1 
3491 F1=12i+(d0[ii?, 1 l j - S L )  **2 
35M3 J F X P  tl 
<51!4 F1=Fl/d 
3 5 2 ~  I "  i.';<=F 1 P H F M  36111 
3525 IF LSt<idB TriFI4 i 5 i 4  
3526 S ' I r O  5'?4*3 
i i 3 , i "  I F  X 4 = L 5  P ~ t F f J  f56B 
354Cl Z-/=($ 
3\55 b;OKI 2324 
1551 G 3 S U d  3324 
357% L7=Z7*(L7(%9) 
35t3d t h = f !  
3553 4 < )I0 2 32.: 
35icj ;Ji3 3 32<4 
3523 l ; t j ' ;UH 4M40 
3 6 4 J  L'ILNI' " C ~ I . I V E i l ' ; F ~ L F  &itf> 013 i "41 '4kLJ  F'li* 1 ' 4 1  i"i&l, Vf\LIJL ' I "  

3 5 5 8  P j t J  1 1 ~ 1  rt) d 
i 5 7 d  PRIfdr . > 2 F i ~ l ;  
3591 YFXr I? 
1 5 9 5  P P I N r  
3714d PRItdr " I\ili'IrtL COIJCF!.~I~~~L'IOVS"; 
37163 F J R  Il=l i') $1 
372%1 PRIJI' C [ I l j ;  



PROGRAM TCMS (cont'dd) 

3 7 3 3  4 F X l C  11 
3 7 4 0  SiJ L l i '  
%/513 t J q l r 4 S  ' ' d i i ~ j  d \ J ! f \ d C F  I F ' ; )  L'I!'+V '*;el 
j / 5 .& I F  j l - 2  r t l w  i / >5  
i/ '>$ P * * L 8 J 1 '  '8kvkLLl l l  t"'J(, k'%C r1>t2 # ' ; V  
i 7 5 6  PVLbJr " N t J 4 1 3 r i 4  >*: <;USc.> F V % i , f J \ I ' L O N <  " ; 4 9  
$ 7 5 8  i)121:4r l ' L ; [ u ~ ~  VJ\L,IJFS * ' ; ~ 3 8 [ V i ~ L ~ l )  * b 3 [ V L t 4 ' ~ 1  
3 7 7 8  PRII\II '  "BEST AtJ;.IFP ' JkX1 '  ?k$r  4i\iSdFK 3 I F F f P F Y C F "  
3 7 3 3  FSH f l = i  PO 
3 7 9 n  P R I V ~  K $ f i 1 )  , d @ f 1 1 , ~ 9 i  ,d4 i11 ,1 -191  , a i 4 i r ; , ~ ~ ~ - ~ 3 @ i I i , w 9 i  
33dB <EX? 11 
3 8 ~ ? 1  F 3 d  I = i  r'> i ,  
35112 P P I V T  '"'I; I ;  I;"=-"'; 
3 3 3 3  F O Q  J=1 T3 3, 
33.34 IF 3111, J ~ = A  I ' H F J  3935  
39,55 P : , ~ N T  D ~ ( L , , J ~  ; s l * ~ ~ ~ ( * ' ; ~  r J I  ; n s * ~ ~  I * ;  

3YdS V F X , " , J  
3 9 4 7  P ~ I J ~  
I 3 4 3  \ IEX I '  i 
3 d 1 4  Pi- l INr ' ' A >  ) . i F  C )?PAR'I'riihJ!"' 
{ i j l i  p9,[.If l ' y ~ ~ ' ;  
% 3 ~ 2  i20V J = l  rL) 9 1  
3313 ? @ I \ l r  0 1 ~ l , J ~ ~ l h ~ 2 ,  J i ; " * F X i ' ( " ; b  f J l : " * ~ ' \ " ;  
!d l ' ?  4 6 x r  3 
181 5 I N  r 
3916 E d )  
3d2M i'j=i 
i83 I . j  i d = 1 3 ~ 3 f Y 1 , ; 1 * ( L ~ 4 ~ , ) + B ! l l ' i i i , % l * ( L 9 - - ~ )  
3 3 4 0  r'dp I l = i  I'J $1 
3 8 5 %  i F  I i = L 4  314 I D I Y : , I : I > L S  T9F 4 3 d 3 d  
3 3 i g  L8=dk3[NL, i ]  
3 3 7 d  1 9 = I i  
3336  J F X r  il 
1 8 9 3  PRINT "HEbI' 1JS 'vkP NFXI' i3FSi' 4fVSf4Fi2 3 1 F F t P F V C F u  
34UA FOP 1 2 = 1  rd -4 
3 9 1 8  I F  I i > Y  StiFY 3 9 4 s  
1 9 2 d  P B I 4 P  K S I 1 1 1 ; " -  "; 
3 9 3 3  S 3 S d  3 9 5 0  
394!1 P H I V ' l ' K $ [ I L l ; " =  "; 
3 9 5 8  P R i Y r  i ! l f i : , i Y l  , 3 3 f l l , d 9 1  + ~ 4 r 1 i , i ? \ - 3 ~ ' i Z ~ , i i 9 1  
3958 4PXP i i  
J 9 7 d  i'dIVi' "bU2:) 5/41 J F 5 "  
3v73+ i w ~ q r  ~ j ~ ~ [ ~ i , r , o ~ , i ~ ~ ~ r i \ i i , ~ i ~ i  
199.) i',tI?iS ' 'VAt t  LhUcL  - "; F i  
4 h J d  ~ ~ 1 1 - 4 s  i c ~ ~ 4 1 4 t t t  ~ i , ,  P V < C  r i 1 > d  t V A . L I J ~ T I  J *  ; 7 1 i ;  ~9 

>Ilst 4Md!+-YnAd 
I'C 4s 

4 ic4n pVi;J i .  ' c r 4 U l i 3 k  it 1:: r U14Cl"lOd iV4: , ' J i \ i ' 10J - ; .=" ;LI , ' j  
433!1 PF SUI.'V 
45340 d F 4  X X X X X K X & X X A X X X Y X X X X X X X Y X X X X X X X X X i ! X i ( X X X X X X X X A X X X X X X K X X X X X X K X X A X  
4 M 5 M  I ? F  4 9UI 'PUr 9:'' D X T 4  1JSED 13Y riiF P d 3 G P A 4  
4 3 5 5  ')9=,1 
4 3 5 d  F 3 R  I=: r0 14 
4665 Y [ I 1 = d M F i , L 9 1  
4d7L.I IJEXS I 
4975  53';ilij 1 @ 5 d  



5BN2 d k - I  XXXXXXXYXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX 
5 4 l M  r , F c * l  <O'r CJIdVI.,I<Gi\I, P 3 1 J r l Y E  
51 i 0  P:, 1 J r  "CO1.IVFl iSF <CF N')P A C f I I F V F  D ' i F r k R  ' >Z9 ; '~VVLU4rCOt . lS ' "  
1l48 S O ' < U H  l iC f43  
5157 P R I V f  "It41 I ' I Z L  V4LUF 2'" 
5 1 6 3  Z 3 P 3  3 5 5 %  

> 

i~##Rt f f~l i~##i~i~##/~l#Uii I i# i i~II I##tI ! I I I# f f##II##II#i~####f~###l f i~~/####l /####~/###/~##/ i  
5/1 .29 / l .02 /50 / /0 /0 / .1  TEST RUN 
# a C n # # # ~ n # # # # t s ~ a # # / i # i l # # # # # # n # l i # u # # # # t # # # # i ~ # # # # # i / i / # f / / ~ / ~ # # # ~ # # / / # # # # i / # #  
TIME CWP . I  COMP .2 

ENTERED CALCI) ENTERED CA1,Cf) 

CONVERGENCE WAS OBTAINEI) FOR INITIAI. VALIJES 
5 1.29 1.02 50 

INITIAL AMOUNTS 0 0 . 1  
WITH VARIANCE LESS THAN .000001 
WEIGHTING FACTOR 1 
NUMBER OF SUSQ EVALUATIONS 94 
S USQ VAL1IES 2.45638E-03 3.13705E-03 
BEST ANSMER MEXT REST ANSWER DIFFERENCE 
K2 4.35626 4.18307 . I73195  
K4 .49913 .551319 -5.2 1896E-02 
K 3 1.02922 1.09706 -6.78439E-02 
K I 86,8079 83.1724 3.63556 
Y i =-I .  54967 *EXP(-5.48845 *T)-.443047 *EXP(-.396167 WF) 

1.99271 *EXP( 0 -1 
Y 2 - .TI9675 *EXP(-5.48845 *F)-4.42871 *EXP (-. 396167 *T) 

4.10903 *EXP( O "r) 
Y 3 = . l  *EXP( 0 *T) 
AS ONE COHPARTMENT 
Y=-1.22999 *EXP(-5.48845 *T)-4.87175 *EX&'(-.396167 *T) 

6.10175 *EXP(O *T) 

P##iil/I/#H######Cd####/I#1~IIII#li###If##IIii#####~l//########/t#i/##/i#~/#~/~/####~/#f~ 
TEST DATA EXCRETION 1 / .1 /2 / / /2 /4  
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
TIME COMP. 1 COMP. 2 

ENTERED CALCD ENTERED CALCD .................................................................... 
- 0  2.000 2.000 3.930 4.000 

1.0 .250 -254 2.800 2,699 
2 . 0  .166 ,162 1.850 1.804 
4 .0  .073 .072 .816 .806 
8 . 0  .014 .014 . I 5 8  . I61 .................................................................... 

CONVER(:ENCE WAS ORTAINEI) FOR INI'FlAI. VA1,IIES 
I . I  2 

1 N l ' i ' l  At. MOIJNTS 1 I( 

Wrrrll V A H I A N C K  I,IM  IAN .oooooi 
WEICtWZN(; FACTOR 1 
NIMBEK O f  SUSQ EVALllKF1r)NS 17') 
SUSQ VALUES 4.6554 5%-03 5.34827E-03 
BEST ANSWER NEXT HEST ANSWER D I  FPKKRNCI;, 
K2 4.88328 4.8375'3 ,045722 
K4 .412093 .414957 -2.A637lE-03 
K 3 . lo4146  9.91449%-02 5.001 78E-03 
Y 1 = 1.63712 *EXP(-4.99678 *'f) .3h28H1 *RXP (-. 402 732 *r 1 
Y 2 -3.71894E-02 *li.XP(-4.99618 *I() 4.1177IY *KXB(-,402 732 
*T) 
AS ONE CWARRIENT 
Y= I .  59993 *EXIi(-4.9967ti Wr) 4 . 4 O O O 1  *15xP(-.407732 *T) 



Thi s  program determines  t h e  TCY SUSO s u r f a c e  
f o r  g iven r a t e  c o n s t a n t s .  With minor mod i f i ca t ions  
i t  m y  be used t o  s tudy  SUSQ s t i r f aces  of o t h e r  
f u n c t i o n s  a s  we l l .  The knowledge of t h e s t  s u r f a c e s  
h e l p s  t o  a p p r e c i a t e  problems encountered  i n  f i t t i n g  
f u n c t i o n s  t o  e x p e r i a e n t a l  da ta .  'Be  program i s  
w r i t t e n  i n  Tek t ron ix  P l o t  50 BASIC, Both n u a e r i c a l  
and g r a p h i c a l  ou tpu t  a r e  provided. The PRL?aT@37 and 
PRINT@40 s t a t emen t s  a r e  due t o  o*ir p e c u l i a r  seeup 
which uses  a  t e l e t y p e  a s  a  p r i n t e r .  

The program i s  i n i t i a l i z e d  and parameters a r e  
e n t e r e d  i n  s t a t emen t s  100-720. A convenjent  
p r o j e c t i o n  a n g l e  i s  45" (s te ternent  190). The 
d e v i a t i o n  i n  parameter ravge ( s t a t emen t  200) must be 
t l .  Too sma l l  a  s t e p  ( s t a t emen t  220) w i l l  cause 
inconven ien t ly  Long execu t ion  t imes  and crowd t h e  
g r a p h i c s  d i s p l a y .  

S1 ( s t a t emen t  240) i s  a  g raph ic s  s c a l i n g  
f a c t o r ;  T3 (270)  is  t h e  number of f u n c t i o n  po in t s .  
As i n  t h e  o t h e r  programs, rhe  TGM r a t e  c o n s t a n t s  a r e  
renumbered f o r  p r o g r a m i n g  convenience. The 
s u b r o u t i n e  3000 is  a g a i n  TC1"I. Th-e STOP s t a t emen t  
(550)  g ives  a  chance t o  examine t h e  fcnct ior i  va lues  
p r i n t e d  by s t a t emen t  540 and t o  a b o r t  t h e  execu t ion  
i n  ca se  of u n s u i t a b l e  fu i lc t ion  values .  Two r a t e  
c o n s t a n t s  a r e  s e l e c t e d  f o r  v a r i a t i o n  ( s t a t emen t s  
590-600)* The remaining race  c o n s t a n t s  my e i t h e r  
keep  t h e i r  " t rue"  va lues  o r  t h e  values  may be 
changed (640-720). 

"ilXkWssW Sta tements  2200-2540 perform t h e  plotting 
i n  the "spike"  format .  Stntemenrs 2100-2480 draw 
t h e  coo rd ina t e s  of i n d i v i d u a l  p o i n t s ,  and s t a t emen t s  
2490-2520 draw a  d iagonal  c ros s  t o  cn~:iiasizc the 
po in t .  

S ta tements  2570-271C r # r l r t  i a f ~ - r ~ a t ~ o n  about 
t h e  p l o t .  Scatement 2760 changes the  \slue of Q8 
( p l o t  format f l a g ) .  i f  rhe  " c u r r e ~ t "  va lue  of O R  1s 
1, then s ta tement  2760 r e t u r n s  2  and v l ce  versa :  
s i n c e  @=I, (08< >1)=3 and jQ&< >2)=1, 
consequent ly  Q8 becomes 2, 

SUSQ v a l u e s  a r e  c a l c u l a t e d  by the  loop i n  Fig. l A ,  Transformat ion of three-dimensional  
s t a t e m e n t s  759-940 and a r e  p laced i n  t h e  a r r a y  P ( ) .  coo rd ina t e s  A, B, C4 t o  p l a n a r  coo rd ina t e s  X, Y .  
Values of t h e  two r a t e  c o n s t a n t s  s e l e c t e d  f o r  
v a r i a t i o n  a r e  ob ta ined  by s t a t emev t s  830 and 840, 
Maximum va lue  of k ( )  i s  found i n  s c a t e n e n t s  970-1050 
and a  s c a l i n g  f a c t o r  t o  a  maximum P() value  of 30 i s  
found (1080). g r a p h i c s  d i s p l a y  i s  a t h r ee -  
d imensional  p r o j e c t i o n  and r e q u i r e s  f u r t h e r  s c a l i n g  
s i n c e  p o i n t s  of d i f f e r e n t  A c o d r d i n a t e s  ( t h e  t h ree -  
d imensional  coo rd ina t e  pe rpead fcd ia r  t o  the s c r e e n )  
have d i f f e r e n t  p r o j e c t e d  Y coo rd rna t e s  ( s e e  below). 
Th i s  s c a l i n g  i s  performed by staceinenrs 1140-1480, 
s o  t h a t  i n  no case  do t h e  va lues  of Z(? exceed 50 
( space  on t h e  s c r e e n  f o r  g rapb ic s  d i s p l a y ) ,  

Two o p t i o n s  a r e  a v a j l a b l e  f o r  g raph ic s  d i s p l a y  
(1490).  "Spikes" g ive  a  somewhat b e t t e r  
a p p r e c i a t i o n  of r e l a t i v e  SUSQ va lues ;  t h e  "net"  
p r e s e n t a t i o n  may g i v e  a  b e t t e r  ~ J c t i ~ r e  of t h e  shape 
o f  t h e  su r f ace .  

The Tek t ron ix  s c r e e n  coord ina t e s  a r e  0-130 on 
t h e  h o r i z o n t a l  and 0-100 oq t h e  v e r t i c a l  a x i s .  
O the r  s c r e e n s  a r e  l i k e l y  t o  have o t h e r  coo rd ina t e s  
and t h e  d i s p l a y  must be modified acco rd ing ly .  The 
c e n t e r  of t h e  s c r e e n  ( coo rd ina t e s  65,5S) i s  s e l e c t e d  
a s  t h e  o r i g i n  ( s t a t emen t s  1540, 1550). Statement 
1550 a u t o m a t i c a l l y  t ransforms t h e  s c r e e n  coord ina t e s  
t o  new c o o r d i n a t e s  X, Y ,  w i th  o r i g i n  0, 0 i n  t h e  
c e n t e r  of t h e  screen.  Sta tements  1563-1710 draw a  
p r o j e c t i o n  of t h e  three-dimensional axes  A,  B, and 
SUSQ and s t a t emen t s  1740-1790 p r i n t  t h e  l a b e l s .  

The t r ans fo rma t ion  from t h e  three-dimensional 
c o o r d i n a t e s  A ,  B, C4 (SUSQ) t o  p l ana r  coo rd ina t e s  X, 
Y (Fig .  IA) i s  i n  t h e  sub rou t ine  2830-2830. To p l o t  
t h e  "net"  ( s t a t emen t s  1820-2163) only t h e  XI 
c o o r d i n a t e  has  t o  be determined (1920) s i n c e  t h e  
a r r a y  Z ( )  a l r e a d y  c o n t a i n s  t h e  Y coord iva t e s .  
Statements 1940 and 2110 f i n d  t h e  '"edge'" of t h e  
" n e t ' y n  which case  t h e  cu r so r  '%MOTiE;sW r a t h e r  than 



1 8 0  J R I V T  '%r*++-**r*c+-SvS9 Sr;FEFAGL*l.rlc******r'" 
i a  p.;aur "FOR TI IL  TYO C O M ~ ~ ~ T M E J ~  M O ~ E L * *  

1563 L3IT 
170  SET GEG9LES 
L Eli2 REM PROJEGTIOV A J G L E  V 
198 v-45 
2190 "RIgT "'iuEtJIATlOd 1'4 3n3 t IHETLR Qi+'V4Em' 

I'38L'T (J1 
P R I N T  "=ED f D B J ' T  OVERSROVE I T  AEOUT 
Ibi?UT V2 

q O * V i  1 Sl=25/!,; 
U R I J T  , IME F k Y b L  0 - - - - 2 ' "  
Z'dpilT T7 

320  2 9 1 V T  8 3 7 , 2 6 : 1  
33CB P q l i J T  @40:""TM SUSC SUPFACE " 
340 P R l Y l  @ 3 7 # 2 6 : @  
3 6 5  Q 7 = 0  
3 5 5  FEM 0 7  I S  k FLAG FOR SUSQ SU~!PCI!,~TI I J t  
3 7 0  PRIJT "UDTAKt I 3 l c  LYC9ETIO'd ( 2 1  
3130 INPUT (-il 
3 8 5  21=tr i+1 
198 U S =  I J T  < 2 * V 1  / V 2 +  I )  
4 3 6  D ~ M  pi( J> .M(V ; IXC~J  >,VI < ~ 3 > * ~ 3 ( ~ 3 ) ,  ~ 4 ( ' ; 3 >  
4i63 REM K( 1 DARAMETERSr M <  ) M O D I F  1 E.5 PUPAMLTERSI X< ) ~ ~ I P ~ ~ E T E R S  I d  Sr'bPOU". 
4 1 1  el34 Y i C ) = v 3 0 + Y ~ c O r ' f 3 0  C O M P ~ l r Y 9 0  COMP.2 
420 DIN P C V 5 > V 5 ) >  Z ( V S a V 5 )  
n P l  QFM P O  SVSd ARVAV Z O S G k t E D  SVSQ v COOliDI'JrtTES 
430 DIM E ( Q I ~ , ~ C Q I , Q I  ) a D i ( Q 1 1 Q 1  > ~ C ( C I > I F C Q ~  > 
431 ?EM E( i E I G & % U i i L U S S r  D( )EIGEJVECTORS,  D1 OFI' . IAL C O E F F I C I W T S  
4 3 2  P4;M C (  1  I J I I I A L  VALUES, F (  )CO%STAWTS CALCULATED FPOM I N I T I A L  ': ,-'"EC 

441 I $PUT C 
442 DQI i JT  "VALLIES FO"i DATE. COYSTiiJTS " 
4 4 3  P R I N T  ""iC2" 
49Ll I'dPIJT Kc I ) 

4 4 6  IJPUT K ( 2 )  

451 INPUT X(4) 
4 5 5  X = K  

I F  9 9 = 2  'PEJ 5 3 d  
P R I N T  $ 3 7 1 2 6 :  1 
aq1 JT O 4 a :  ""DA"ANE7EnS K21  K4, K3r ( K  1 ) "  
P P I t J T  O4B:K 
DPI IT B 4 Q :  ""r ITIAL AMOUtdTS COMD. i r COKD. 28 

553 "TOP 
560 P R I V T  $240: "ERROR I N  PARAMETED SUSO"" 
5 7 5  PEM U # # # # Y # # # ~ ~ # ~ ~ # # ~ ~ # # I # ~ # C # # # # # I # # C # # P # # # ~ # Y # # # # # & # # # U ~ # ~ # #  

580 IE34 SUS9 CALCULATlOlf ROUT1 JE 
5 9 0  Dn1" iT  "'CLLECT T U O  ~ A ~ A t n . E , T t ~ [ :  FO" 'IAIIATIOJ" 
5 9 5  DFIJT ""I->K22r 2 - - > K 4 , 3 - - > X 3 ~ 1  & - - > K l .  4 I O T  A V A I L A E L E  F3" EXCRErlOJ" 
500 INPUT I 9 a J 9  
t i@ I F  6 9 = 2  T H E J  5 4 0  
6 2 0  o s x a r  5 4 0 : 1 9 > 3 9  
6 3 5  P R I N T  ~ ~ @ : " = = = = - . = = = . = I I = = ~ ~ = = . I = ? Z = = ~ = = ~ ~ = ~ = = = = = = = = ~ = ~ ~ D = = = = = "  

6 4 E  DP:Y7 TEfSAIV I ' J G  IA"RMETLRS A r  kJdTET?LD ( I 1 0"  DIFFERE ' JT  (21 '"  
6516 IZ1"UT Q B  
660  i F  Q D = i  THE3  730  
670  FOP I I = l  TO i 
680 I F  11=19 OP I I = J 9  T H E j  728 
696 PFIVT "'ISdPUT 'JALT E For( X(" ;  1::")" 
700 I J P U T  KC I I  ) 
710 M ( I I ) = X ( I l )  
7 2 5  JEXT I i  
7 3 0  c l = a  
7 4 0  SEM ROY COUITEn  
7 5 0  FOS 12=-?J l  " 0  'J: CTER V2 
7 6 8  C l = C I + l  



eea mrvr 640:  12 
810 FOR 132-VI T O  r J 1  STEo V 2  
820 C2=C2+ 1 
830 K ( I 9 ) = K ( 1 9 ) + I 2 * K ( I 3 )  
840 M(;9>=K(J9)+13*K(J9?  

R &  FIGDING MAXIM 
DI=Cii 

986 FOP- I = I  T O  v5 
990 FOR J = l  TO V5 
1000 I F  D < I , J ) < D l  'HE'$ I 0  

# # # # d l  
SCAL I N  

1095 IF 69=2-?~E . J  I t  15 
l l Q 0  F R l r J f  840:""P1 FACTOP ";Pi 
1 1  10 D R I V T  837126:% 
1120 REM # # # # d # # r # Y # # # # X # t f f Y # f f Y # # # # # Y # I # ~ a f f I ~ d # # # d # 6 # # # # # @ ~ # # ~ # # K  
1130 REM SCALIQG FOR DISPLAY 
1140 Cl=0 
1 1  50 P8=0 
1 16% P9=0 
I 170 ?7=0 
I180  P6=5 
1 185 Q3=0 
1190 PPIVT @37r26 :1  
1200 FOR I=-V1 TO V 1  STEP V2 

I260  REM V6=SCALED TO 50;V7=Y GOOZCI'IATE 
1278 V6=P(C11C2)*pi 
1280 Z(Cir 62)=Vh+U7 

P6=&2  
NEXT J 
NFYT I 

SCAL 1.4 G 

1440 V7=- I@%*(V!+<P'?- I ) * l I2>*Sl* f  IJC'J)  
1450 P1=30/ (P9-V7)  
1460 DRI*JT 848:"V7= 'Y;'J,""NW P1= ";PI 
1470 G O  T O  1140 
1480 PRIVT 837,26:0 
1490 PRXNT "DISPLAY AS SPIKES ( I  ) OR AS d E T  ( 2 )  '' 
1500 I~JPUT 9 8  
1515 G O  TO 1530 
1520 REM PLOTTI JG OF AXES 
1 530 PAGE 
1540 MOVE 6 5 ~ 5 5  
1550 SCALE l r  l 
1563 MOVE 0 ~ 5  
1570 D3AW 50 r0  
1 585 MOVE 634 5 
1595 DRAW O r  50 



1 6 0 0  MOVE a > @  
l h l B  E R A 3  -50*SIU(Y)r  -5@*COS(Vl 
1523  M O V E  O r  0 
1630  FOR I = 1  TO I @  
1640  RDRAV -480  
165a  RMOVE -La5  
1660  JEXT I 
f 670  M G V E  O r  5 
1 6 8 0  F 0 9  I = I  TO I 0  
1 6 9 0  RDRAU 3*Sl f  ( V l r  3*COS(Vl 
1700  R M O V E  2*SI'J(V)r2*COS(V) 
17113 NEXT I 
1 7 2 0  2EM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
I 7 3 0  PEM LABELS OJ AXES 
1 7 4 0  MOVE -55*SI J(V)+ -55*COS(V) 
f 750 PRIJT  'QA" 

1760  MOVE 5 0 1 - 5  
1 7 7 0  PRIJT  "B" 
178a MOVE 5;,49 
1 7 9 3  PRIVT SUSQ'" 
1800  REM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
1810 I F  9 8 = 1  T H L V  2 2 0 0  
1820 REM PLOTTI'JG OF VET 
1 8 3 0  REM FIRST DiPECTIOrd 
1 8 4 0  Cl=B 
1 8 5 0  FO? I=-VI  TO V t  STEP V2 
1860  G I = C l + i  
1 8 7 0  6 2 = 5  
1880 A=iBO*l*SI 
i s 9 0  FOR J=-V1 T O  ' J b  STEP V2 
1 9 0 0  C2=C2+1 
1910  B=l00*J*Si  
1920  XI=B-A*COS(V) 
1930  Y=Z(CIICZ) 
1940 I F  6 2 ~ ~ 1  THETJ 1970  
1 9 5 0  MOVE Xl rY 
1 9 6 0  G O  TO 1980 
1970  DRAW XirY 
1 9 8 0  NEXT J 
19913 NEXT I 
2000  REM SECOVD DI?ECTIOV 
2010  62-0 
2020  FOR J = - V l  TO V1 STEP V2 
2030 C2=C2+1 
2048  6 1 = 0  
2050 B= 108*J*S 1 
2060  FOR I = - V 1  TO V1 STEP V2 
2070  C l = C l + I  
2080  A= l50*I*S 1 
2090  Xl=B-A*COS(Vf 
2100  Y = Z ( C l t C 2 )  

I F  C l < > l  THEV 21f40 
MO'JE Y l r Y  
G O  TO 2150  
DirA'd X I I Y  
VEX? I 
NEXT J 
REM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
G O  TO 2560  
REM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

?EM DLOTTING OF DOISTS AS SPIKES 
c l = a  
FOR I = - V I  TO V1 S?ED V2 
C1=61+1 
C2=0 
A=10D*I*S1 
F O 3  J = - V I  TO I11 5"ED V2 
C2=62+ 1 

2310  n i = n  
2320  C3=Y 
2330  E=0 
23411 C4=0 
2355  GOSUD 2810  
2360  M O V t  Y l r Y  
2380  E=U1 



245; GOSUE 2818 
245B MOVE XtrY 
247121 Y=G3 
24863 3QAV X i *  Y 
2490 MOVE Yi-5.3# Y - 8 -  3 
2505 DPAW Y1+8-3rV+@.J 
2510 MOVE XI-0. 3rY+5.3 
2522 DRAW Xi+@. 3, V-3* 3 
2530 " J E T  d 
2542 JEXT I 
2550 PEM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

2560 FEM DqI 3 T I N G  I"dFODNATIO\J 
2570 "?XxJT 937r24:B 
2580 MOVE -25~-35 
2590 LIST 500 
2608 MOVE 5,-39 
2610 PRIIT "":=ffCW":9;")= '"";K(ISl), "B=E:('";9;"" '"""" , n i J i j )  
2620 MOVE i8r-42 
2630 PRIVT "QA'fSL " P V I  ;*'TO ' Y W  ;'"STEP "iV2 
2640 MOVE 10,-45 
2650 D R I V T  'TTIML 7 i t J ; L  d TO ";T2 
266B MOVE -65147 

P S I  dT "OTHEP "ilT:IMET 
FOR I = i  TO 4 
IF I = 1 9  0: I=39 ThEV 
2 9 I B T  "KC ; I ; " ) = " ; K (  
;IEXT I 
PQlqT "ALIOTHEI =LOT 
fVPrJT 67 
P F  07=2 THE] 278a 
PAGE 
G8=(128c> I )+CC8~>2)#2 
G O  TO 1560 
E l r j  
REM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
REM T?AJSFO"MHTIOY TO X/Y COOPDIVATES 
Y1=B-A*COS(V9 
V=C4-A*SIN ( ' J )  
PETUP? 
REM = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = z = = = = = z = = = = = = = =  

REM DlFF EGS- SOLVI  J6 SOUTI?JE 
A=-X(i )-X(2)-Y(3) 
Al=SQ?(A*2-4*Xft>*?(2)1 
E( 1 5*(A-A1 
E ( 2 ) = 8 .  5*(A+AI f 
IF Ql=2 THE"J 3235 
E ( 3 ) = B  - - 
D(II 1 )=X(2)/<Y<l )+Y(3)+ECI ) 3  
D(2r 1 ) = I  
IF 31=2 THEJ  3270 



IF Q1=2 THE@ 3346 
D(3a 2)=0 
D C ~ B ~ > = X C ~ ) / X ( ~ )  
D(2r3)=X(3)*Y(4)/(X<l>*X<2)) 
D(3~3)--1 
63=3(1* 13-DClr2) 
IF Qi-2 THEV 3400 
FCi 3=(Cil )+C(3)*D(l12)*DC2i 3)-G(3)*D(1rl3)-CC22*D< 1#2>>/D3 
F(2)=(C(2)*0<1d 1 )+C(~)*D<I~~)-G(~)*D(~I S)*D<la l)-CCl>)/D3 
F(31=(6(3)*D(lr I )-GC3)*D(1* 2>)/D3 
60 TO 3420 
FCI )=(C(I )-C(2)*D( 1 1  2))/D3 
F(2)=CC<2)*D(ir 1)-CCl))/D3 
FOR I = 1  TO 01 
FOR J= 1 TO 31 
Dl (I>J)=F(J)*D( I, J) 
NEXT J 
NEXT I 
Y3=0 
Y4=0 
FOR J 1 = 0  TO T2 
FOR J2= I TO Q l  
Y3CJl+t )=Y3(Jl+l ) + D ~ < ~ I J ~ ) * E X P ( E C J ~ ~ * J ~ )  
Y4tJ1+1)=Y4CJt+i)+D1<2aJ2)*EXP(X(J2)*Ji) 
VEXT J2 
NEXT J I  
IF Q 7 = i  THEd 3618 
REM TRUE VALUE/SUSO BRAJCH 
Y 1 =Y3+Y4 
RETURN 



PRO(;llAM SliSQ (con  t ' d  d) 

TCM 5 t l S C  C . iVPFACt  
DA?AXE'E?S K % ,  K 4 s  K3, < % !  > 


