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This Memorandum reports in detail on the structure and 
use of CHEMIST, the RAND chemical equilibrium program, a 
computer program used to simulate complex chemical equilibria. 
This report answers the growing demand for a reference manual 
to accompany and document the program. It should be of 
interest both to those having similar computer programs and 
to those wishing to use CHEMIST for their problems. 

The manual will be updated periodically as the CHEMIST 
program evolves. The present References and Selected 
Bibliography comprise as complete a listing of the liter- 
ature as is possible at this writing. It would be 
appreciated if users acquainted with additional material 
would submit bibliographic information for incorporation 
into later editions. 

e 



This Memoramdm is essentially a manual for the use of 
C m W S T ,  a computer program used to simulate complex chemical 
equilibria. 
of simple chemical systems (e.g., bicarbonate system in water 
solution), organic systems (e.g.> the ionization of serum 
albumin), viable biological systems (e.g., blood chemistry, 
electrolyte and fluid distribution in the "whole body," func- 
tion of the kidney), and inorganic systems at nsn-standard 
pressures and temperatures (e.g., planet atmospheres, rocket 
exhausts, graphite-carbon vapor system). Obviously, C m I S T  
can meet the varied requirements of many different users, ex- 
cept that it is applicable only to the computation of chemical 
equilibria or "steadystates" and not directly to the study 
of chemical kinetics. 

C~~~~~ has been used to make mathematical models 

The program--written in natural language to Eacilitate 
use by professionals not trained in computer programming-- 
has evolved over the years, and will continue to d~ so. Con- 

sequently, this manual will be modified periodically to keep 
abreast of changes. 
will be designated as CEEMIST; subsequent editions will be 
designated by an appropriate Roman numeral (i.e.2 C H E ~ S T  XI). 

This edition of the program and manual 

Chapter 1c is a general introduction to the theory and 
the literature. Chapter I1 details the operational control 
of the program, and Chap. 111 shows elaborated examples of 
its use. Finally, Chap. IV documents the subroutines. 
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Laboratory determinatisn of constitu@nt quantities of 
a chemical milieu at equilibrium is, for all but the simplest 
systems, an arduous and exacting process. Indeed, in in- 
organic chemistry the procedure may take days of highly 
skilled attention, while in organic chemistry a complete 
determination is frequently impossible. Yet in principle, 
given the required data and conditions of the experiment, 
one should be able to calculate the concentrations of the 
equilibrium constituents by well-established procedures; 
and, using a computer, with relative ease. 

There are three well-known methods for calculating equi- 

librium constituents: kinetic equations; mass-action equa- 
tions; and by an indirect method of optimization of certain 
thermodynamic properties. Generally, the data required for 
computation in a thermodynamically closed system in a single 
phase are temperature, pressure, moles of each reactant or 
II  component," the list of expected chemical reactions, and 
the list of either equilibrium constants or forward and 
backward reaction rate constants ~ O K  each chemical reaction. 

- 
By the usual kinetic method, each chemical. reaction is 

transformed fnto an equivalent: set of ordinary differential 
equations for which the reaction rate constants are re- 
quired. Using mass-action equations (the usual. method of 
calculation in chemical laboratories) each chemical equation 
is usually trapsformed into a non-linear algebraic equation 
for which the equilibrium C Q ~ S % E E ~ ~ S  are reqmtred. In either 
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case, the sets of equations are solved simultaneously 
while maintaining stoichiometric conservation of mass. 
For kinetic equations, the time trajectory of the system 
to equilibrium is computed; for mass-action equations, 
only the final equilibrium state. The additional informa- 
tion by the kinetic method is obtained at the expense of 
requiring twice as many reaction constants in the data. 

The third method--the method used by CHEMIST--again 
computes only the final steady equilibrium state using the 
equilibrium constants, but is more compatible to computer 

solution. Essentially, t method is based on a theorem 
of Sir Willard Gibbs [l] the effect that the equilibrium 
composition will be such the total thermodynamic free 
energy of the system is ized (or the entropy maximized) 
under the conditions of periment. CHEMIST, using an 
iterative procedure from ematical programming, determines 
that composition which 
energy, subject to the ts on the system. The data 
required are equivalent e for the mass-action equa- 
tion method. 

the system's total free 

Mot all chemical s ing real, unique solutions 
may be solved with this p . First, if the concentration 
or the absolute mount of a ies becomes very small during 
the iterative procedure., ical precision limitations 
and the round-off error uter preclude an accurate 
solution and the progr n exit. Second, space 
limitations in compute ate a size limitation for 
the system. Third, since ST is designed to simulate 
equilibrium systems, t and s teady-s tate sys terns 
may be modeled only ins 
equilibrium systems (e . De Haven and N. Z. 
Shapiro [ 2 3) . 

they can be approximated by 
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The References attached below $pp. %29-130) list: 
several applications of the program (to open an 
systems) ; several papers relating to definitions of aspects 
sf chemical systems; analyses of ~~~b~~~~ ~ ~ ~ ~ l ~ ~ ~ ~ a ~  dis- 
cussions of the existence of solutions; and details of 
methods of solution. The last named topic--the method of 
solution using CWEMIST--Fs sf principal concern here, and 
is treated in papers by R. 3. Clasen, in particular Ref. 3. 
(This gaper, not re77iewed here, should help to clarify 
certain aspects of rhe present ~~~o~~~~~~ e 

This Memorandum will not show the justification of the 
theoretical methods used by CHEKCST. Enstead, it emphasizes 
the useful, practical aspects. For the interested reader, 
the mathematical thi20ry is discussed particularly in Gibbs 
[I]; White, Johnson, and Dantzig [4]; Dantzig, Haven, 

et al. [ 5 3 ;  and in the several papers by Shapiro [6-HL$I. 
CHEMIST is designe'd to allow the researcher to Somu- 

late a pr~blem and get results with only a minimum knowledge 
of the inner workings QE the program. Cmmunication with 
the program is in English, chemhxd, and FCB N languages. 
Ttze instructions are wholly contained herein, aPon 
documentation of the FORT program. FQT the. researcher 
who wants results, who wants to set up a d  solve a problem, 
it is sufficient only to read Chaps. I and 11, and to f ~ 1 l . o ~  
closely the examples of Chap. 111. The most difficult part 
will be to find and properly enter the free-energy p a r a -  
eters (equilibrium constants); the next most difficult, eo 
set up " C O I I C ~ ~ ~ U ~ .  ~ ~ b ~ ~ o ~ ~ ~ ~ ~ ~ ~ ~ t ~ .  I' ese, as well as 
ocher problems are illustrated herein along with examples 
Of the Zt@&fQll Of the prOgX' an specified data in various 
circumstances. Wtth this useful function in mind, most of 
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The maximum number of non-zero entikies in the matrix is 
460. Thus, if a problem has 60 constraints and 169 species, 
the maximum average number of ncn-zero entries per column 
is roughly 2.8. 

System Approximations 

CHEMIST is a generalized computer program for computing 
either the equilibrium distribution of species in a thermo- 
dynamically closed, idealized chemical milieu or, under 
certain circumstances, the steady-state distribution of a 
specified open system. The system is assumed to consist 
of a finite number of homogeneous phases or compartments, 
each of which has a specified pressure and temperature. 
Thus, isolated systems, which may change pressure and tem- 
perature as a result of chemical reaction, are not included 
unless the final pressure and temperature are known. At 

present, automatic adjustment of the reaction constants for 
changes in pressure or temperature are not made internally 
since, generally, the pressure and temperature dependent 
functions are not known. Similarly, allowance is not made 
for changes in external fields such as electrical or 
gravitational. 

After a period of time, a reversible closed system will 
reach an equilibrium distribution for which the conservation 
laws hold and the mass-action laws hold for each reaction 
considering the activities of each species under the 
specified conditions. In such idealized conditions, knowing 
the intrinsic reaction constants and the activity coefficients 
at the given temperature and pressure, it is in principle 
possible to compute exactly the equilibrium distribution of 



the output species. En practice, a p ~ ~ ~ x i ~ a ~ i ~ ~ ~  to the 

idea% systems must be made, ap 
the ~ ~ r c ~ ~ ~ ~ ~ ~ ~ ~ s .  ST is ~~~~~~~~ 

imtions whtch vary with. 

marily for equilibri 9 the ~~~~~~~~~~ of open or 
steady-state ~ h ~ ~ o ~ ~ ~ ~ ~ ~  systems a g a i ~  r~~~~~~~ certain 
approximations. under these ciremstances, '!effective" 

"apparent" mass-action constants are substituted for 
s required whenever 

. 

the effective constants are knsm, as from empirical 
measurements of specks gradients in a biological, system, 

___I -- -- 
- 
The stationary states of certain t ~ ~ ~ - i ~ ~ e p ~ ~ ~ ~ n ~  open 
systems thus may be a ~ ~ r ~ ~ i ~ t ~ l ~  ~ ~ ~ c ~ ~ ~ t ~ ~  as though 
they were equilibrium systems, effective constants being 
used to approximate the non-equilibrium reactions. 

Similarly, empirical parameters are determined ;a 
ST whenever possible for complex systems (apen 

ticallby for the possibly or closed) in order to allow aut 
unknown activity of a species or f ~ r  iLts ~~~Q~ QSIBO~?~C 

coefficient. For example, the need for empirical garam- 
eters becomes particularly clear in concentrated protein 
solutions, as in the interior of the red cell. ~ ~ e ~ ~ e ~ ~ ~ ~ ~  
appropriate empirical parmetars are not m n ,  and efther 
closed-system parameters must be used or the ~p~~~~~~~~~ 
value is determined by 'iterative procedures. 1x1 the case 
of human blood, it is probable that the hydro 
activity in the red cell cannot be measured, but must be 
assigned an apparent canstant found by adjusting the H 
activity to give the measured ~~~~o~~~~~~ pH. 

i- 

Thus, while in principle idealized clssed systems may 
be computed exactly from the moles of components, the chem- 
ical reactions, and the mass-ac~isra constants, in practice, 



closed systems (to say nothing of open systems) may only 
be approximated owing to the necessary use of certain 
approximate constants. Nevertheless, since this difficulty 
is not inherent in the computer but in the chemical system, 
calculations may proceed with CHEMIST with the same con- 
fidence and the same restrictions and caveats as without . 

the cmputer program. Potentially, however, complex 
hypotheses which take account of the non-idealized system 
can be incorporated into the program; e.g., the calculation 
of activity or osmotic coefficients. 

Time-dependent systems may also be approximated under 

I certain conditions using CHEMIST. For example, if one 
reaction is very slow with respect to most of the reactions 
in the system, the fast reactions may be assumed to be in 
equilibrium at all times with, however, inputs and losses 
from and to the slow reaction. The slow reaction, with 
known kinetic parameters thus serves as the forcing func- 
tion for 
with time. 

I 
1 

the equilibrium system which gradually changes 1 

Names 

The chemical-constituents input to the system are 
always referred to as components; the output, or product 
constituents, as species. Obviously, under varying con- 
ditions (e.g.g changing a reaction equilibrium constant 
or incrementing a component) the equilibrium or steady- 
state distribution of species will vary. The species are, 
thus, dependent variables to be determined subject to the 
conditions of the experiment. The names of the species are 
also the names of the corresponding columns of the model 



c 

matrix; the names of the ~ ~ ~ ~ n ~ ~ t ~  (also referred to: as 
constraints) are also the names sf t 
of the mode1 
from the user's specid ~~~~~~~~~y to sui& a. ~~~~~~~~~~ 

ese names may be chosen arbitrarily 

prob~@m--Wikh the fO8lOWiq ~~~~~~~~~~: 
s of the c~~~~~~~~~~~ may 

have 12 characters (see Chap, H'li below) ; but only 
the first six are s ~ ~ ~ ~ ~ ~ ~ ~ t ~  and each n 
be unique in the first six ~~~~~~e~~~ 
names have only six characters, usua%ly the name 
or acronym of %he chemical c~mp,o d represented. 

Species names may be the 8 iPS CCX3PQIWnt ~ ~ e S ,  

and a species in one c~~~~~~~~ may have the same 
name as a species in another ~~~~r~~~~~ but any 

two species in a single ~o~~~~ e 
different names. 

2) Each compartment must also be named, and t-2~ name 
need not be distinct from Chat of any variable. 
A component, variable, or ~~~~~~~~~n~ may be nared 
in any convenient way--except that the variable 
hydrogen fom should be named M since in the pM 
calculation the value of a variable with t3-1i.s PL 
in a given c ~ ~ ~ ~ t ~ ~ n ~  is used. 
It is good practfce to left adjust each name wiehin 
its f k l d  since a n is not the Sam@ unless ie 
is punched identically in each occ rente. Also, 

it is usually desirable to give the same chemical. 
substance in different (6: aremenes the same name 

since the ~utlput will be better organized. 

+ 

3) 
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Units and Terminology 

CHEMIST uses concentrations in the mole fraction 

scale for internal computations. Thus, for a system 
consisting of K chemical phases or compartments and having 

$- x moles of species X j=l ,...,El, the concentration of 
j j' - 
species X 
where x = C x . 

in the kth phase or compartment is 2 = x./xk, 
$ 

" j j J - 
j@k j 

Provision is also made for printing the output of the 
program in other systems of units, e.g., moles per liter 

of water. 
output in addition to the vector X (the mole numbers) and 
the vector 2 (the mole fractions of each species). 
components of X1, say, moles per liter of water for each 
species, must be computed using FORTRAN in the MAIN routine 
(or a subroutine which the user may write). 
matically be printed by the OUTPUT subroutine by setting 
the toggle ZV(23) = 1. 

The internal vector X1 may be printed in the 

The 

X1 will auto- 

If T is absolute temperature and R is the gas constant, 
then, in ideal solutions, the chemical potential of each 

component p is related to its mole fraction by 
j 

where po is the Gibbs' free energy per mole of the pure 
substance defined at specified standard conditions. With 
these po and with %, in the mole fraction scale, for non- 
ideal solutions an activity coefficient may be defined for 

3 

j 

each component so that 

+ RT In y. 2 0 - 
J j  Pj - Pj 
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Y 

where ’y 
ponents in the phase as well as temperature and pressme. 
&n biological. systems, the concentrations of COPJ~QXXXI~S 
does not vary over extreme ranges, and frequently y. is 
assumed to be a variable function only of T and P. 

is a function of the concentration of all corn- 
j 

3 

By transposing te s, as in a1 eneral chemical 
reaction 

may more conveniently be written 
K 

>1 ai xi 2 0 
--I 

f=l 

where the stoichiometric coefficients, ai? may be zero or 
negative. When the mole numbers B K ~ :  strictly positive, a 
condition for equilibrium for this reaction is [I51 

i 

m a t  is, the concentrations ii will change until the sum 
of the Gib’tssl free energy per mole of each species times 
its respective stoichiometric ~oefficient is zero. 

3 

For y constituents of Eq. (3) any QHPE?, say X may 
j S  

be singled Q U ~  as the product species by moving if: to ehe 
right-hand side and dividing the entire chemical equation 
by the stoichiometric coefffctent a . In the notation of 

j 
ST, “scplving~’ each equation Ear exactly one product 

species gives 
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r 
-t c aij xi - x 

j 
i=l 
i#j 

where the X. are components, at least one of which is re- 
quired to produce each product species, X.. For example, 

1 

J 

HCO; 1 H20 + 1 C02 - 1 H+ K 
j 

where HCO- is produced from three components with an equi- 3 
librim constant K.. 

J 

Mathematical Summary 

For each equation, as Eq. (3), we have the (ideal) 
Gibbs' free-energy function 

r r 

i=l i-1 

where x is the mole-number vector (xl,. . . ,x,,) . 
single reaction at equilibrium, F(x) is minimized over 
all feasible values of x subject to any constraints on 
the system [lS]. 
for F may be found by differentiating Eq. (6) and setting , 

For a 

The values of x. producing the minimum 
1 

= 0 , for all i . (q T?P 
(7) 

More generally, for any number of reactions and species 
in an ideal system at constant temperature and pressure, 
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c 

F(x) is the sum of the Gibbsf free energy over all possible 
species in the output milieu: 

N 

j=1 

and the necessary and sufficient condition for equilibrium 

is that P(x) be minimized subject to the constraints x 2 0 
for all j and the conservation of mass equations. 

j 
For N 

equations sf the form Eq. (31, where PI components form ]M 
species, the consewation of mass equations may be written 

N 
r-l ), a.. x = bi , i=l, ..., M 

XJ j 

where b. moles of each component are input to the system 
and, again, a are the stoichiometric coefficients. Sim- 
iliirly, a conservation of charge equation may be written 

1 

ij 

N 1 vj xj = 0 
j=l 

where v is the charge sf each species and x are the mole! 
numbers. It can be shown [6] that the minimization of F&x) 
over the range of the vector x and subject to the constraint 
Eqs. (9) with all x 
PI Lagrange multipliers n = (5,. . . ,I?&, the chemical potentials 

pi 

j j 

0 is equivalent to the existence of 
j 

for component i at equilibrium, which satisfy 
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M 

i=l 

a result particularly useful for the computer program. In 
CHEMIST, iterative procedure is used [3] to find values of 
x and n satisfying Eqs. (11). However, it is convenient to 
divide Eqs. (11) by RT so that p?/RT has the usual defini- 
tion, -In K for each reaction. 

In CHEMIST notation, c 

J 
j' 

= AF'/RT = -In K i.e. , from 
j j' 

Eqs. (1) and (4), for the j& reaction of equilibrium 

i 

or 
a 4 ai ~i = -RT 1 In x = -RT In n ii 0 

i=l ai Pi i 
i 

G 
i 

or 

AFo = -1RT In K 
j 

and 

- -In K , Al?O c =-- 
j RT j 

a fii where K = II xi 
fraction scale for the reaction, and Ai?' is the usual 

is the mass-action constant on the mole- 
j 

notation [16] for the increment in Gibbs' free energy for 
the reaction. 

For non-ideal solutions (as in most biological prob- 
lems), we have 
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P 

where KA is the apparent constant for species in the milieu 
having activity coefficients yi. Usually, for calculations 
in nan-ideal systems, using ~~~~~~ KA, tshe apparent con- 
stant, will be used in preference to K, the ideal solution 
constant. In this case, the free-energy parameter c in 

j 
ST corresponds to an apparent constant, 

where KA is the apparent constant in mole fraction units. 
Frequently, c has no such straightforward definition 3 

but is instead an empirical constant derived within the 
model to satisfy a given constraint; e.g., the ~ a +  gradient 
across "active" membranes where the thermodynamic function 
is not known. 

Equilibrium Constant 

Note, of course, that K in Eq. (12) is obtained in the 
mole-fraction scale and is not nmerica1l.y equal to the 
equilibrium constant for the same reaction on the molality 
or molarity scales. Consider a simple example: the chemical 
equation in dilute aqueous solution 

gives rise to the mass-action equation 
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where parenthesis 

= Kd 

indicate concentration on the volume 
scale, moles per liter, and Kd is the dissociation constant. 

If we define K' on the mole fraction scale, however, 

(R) (A) =: R) /ALITER - (A.) /ALITER K' = ( 
(RA) /ALITER (RA) ALITER 

where ALITER = moles oC water per liter at 1 atm pressure 
and temperature T (ALITER = 55.139673 at 37OC), and the 
parameter c from Eq. (13) is 

c = -In K' 

' 

More generally, for the ith - reaction 

at equilibrium, we have 

a 
K = ][I (xj) s 
j j  

and 



where, again, some of the a are negative, and f 

Also, particularly in the case of ionization reacfiions, 
with 

then 

Finally, in each. model of a chemical system using 
CHEMIST, certain of the c are set, logically, to zero. 
Practically speaking, this arises from the fact that if E4 
equations are to be solved simultaneously, -, E3 equila_brim - 
constants are required, except that for each algebraic - 
constraint on the system (e.g., a conservation 4 or mass 
equation) the number of equilibrium constants can be re- 
duced by one. 
constraint on the mole numbers and an equilibrium constant 

j 

._.___ 

_cI-_I_------ 

En the simultaneous system, an algebraic 

are equivalent information. Thus, in a system having, say, 
eleven constraints (see the "Soda-Pop" example Chap. 1x1 
below), eleven of the c 
remaining c 
values so set. It is most convenient to set the arbitrary 

may be set arbitrarily--but the s 
must be determined re1ati.w to the arbitrary 

j 

c at Z ~ F O .  Also, with one for each output specie~,.it j j 
is convenient to see those c to zero for which the corres- s 
pending output species is produced from exactly one input 
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component. The examples in Chap. I11 below illustrate this 
practical matter; for theoretical justifications see 
Shapiro and Shapley C61 and Ref. 17. 
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Chapter IE 

From the user's view, the "progr 8 B  deck consists 
essentially of three parts: the deck, the _I_ Data 

nce of Control cards. 
deck consists of a IN routine and El 

large number of subroutines. All sf the subrcsaxtines are 
compiled into an object deck of ~ ~ c h ~ ~ ~ - ~ a n ~ ~ ~ ~ ~  Fnstruc- 
tions (described in Chap. Ill below). The user normally 
need not be familiar with the details of the subroutines, 
However, each t h e  on the machine he will be concerned with 
the MAIM routine--described briefly in ghis chapter and 
in more detail in Chap. 111. 

By the - Data deck is meant an ordered collecthon sf 
data cards, described below, which together define a 
specific (unique) model of a chemical or biological sub- 
system. Tihe Control cards consist: of ibn ordered sequence 
of instructions inserteb in the data deck by the user; 
in essence, these are a sequence of macroinstructions eo 
the computer for ~ ~ ~ ~ u l a ~ ~ ~ ~  the data, and c~nsfst sf 
two kinds: Data Controls, which set or define numerical 
data; and Verb Controls;, which are ~ r n ~ ~ ~ ~ c ~ ~ ~ ~ ~  to compute 

with or transform the data in some way. 
In 5: ry, for a typical machine pass the user has 
IN r~utiine, the subroutine object deck, and a specific 

data deck whkch also contains Control ~ ~ ~ t ~ ~ c t ~ ~ ~  cards. 
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'PINE MAIN ROUTINE 

The MAIN routine is a FORTRAN program having nominal 
control of the machine pass. Control usually passes from 
the MAIN routine to subsequent Control cards; but, should 
the user choose, control of the machine pass can be re- 
tained in the MAIN routine or returned to the MAIN routine 
at a later time for special purposes. If the user does 
not exercise this choice, the MAIN routine is very short 
and serves only to introduce the START subroutine, passing 
control to subsequent Control cards. In this event, the 
MAIN routine contains (besides the COMMON, EQUIVALENCE, 
and INTEGER cards) only the FORTRAN instructions to C A U  
START (a subroutine containing such nominal constants as 
the moles per liter of water at 37OC) and CALL INPUT (a 
subroutine passing control to the first subsequent Control 
card in the data deck). Of course, as in any FORTRAN pro- 
gram, the Past card of the MAIN routine is an END card. 

If the user does choose to return control to the MAIN 
routine from the Control. cards (see RETURN, p. 48 below), 
he may insert any correct list of FORTRAN instructions for 
manipulating the data just after the last CALL INPUT state- 
ment. 
tailed discussion and examples will be deferred until Chap. 
III below.) For now, the MAIN routine is the first deck 
in the object program (the deck of cards presented to the 
computer) and consists of the following cards: 

(Since such a FORTRAN list may be quite varied, de- 



c 
G 

C 

1 

2 

3 

e: 
4 

4 

c 
6 
I 

10 
1 1  
44 
45 

e 

The HAIW routine is followed in the object program by 
the subroutines, the end of which is marked by the $ENTRY 
or $DATA carti to indicaize that all subsequent cards are 
Control cards and data cards. Infrequently, it may be , 

necessary to recompile the binary subroutine deck because 
of modifications; but for the more usual pass, we have the 
sequence: EMIN routine, binary subroutines, CONTROL and 
DATA cards, EXIT, as fslBows: 
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/ EXIT CARD 1 

CBNTRQL CARDS AND DA.TA ARRAYS 

This programmay be thought of as a single pass inter- 
pretive program.' 
set of Control cards, each of which is a macroinstruction 
which the computer executes as S Q O ~  as the card is read. 
After the instruction has been executed, the next Control 
card is read in sequence, until the Control cards terminate 
with an EXIT. The computer "interprets" each macroinstruc- 
tion, thus determining the operations it should perform 
including, finally, reading the next macroinstruction. 
Once read and executed, a Control card is never re-read, 

That is, the program is supplied with a 

I 

'The following discussion is based upon unpublished 
documentation accompanying R. J. Clasen's- program produced 
at RAND. 
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control gassing to the next card. ~ ~ b s e ~ ~ e ~ ~  cards in 
the sequence are thus ~ n ~ e ~ ~ ~ ~ ~ n ~  and may be organized at 
the discretkm of the userE”, subject only to natural logical 
ordering (e.g., one would not call for the instruction 
SOLVE before the data are read in). Thus, an interpretive 
program may be different FOB: each pass on the computer 
according to the dictates of the particular problem. 

Immediately foP%ow.ing the C ST subroutines in the 
object deck presented to the computer are the Control and 
data cards, which together constitute the array of the 
problem to be solved in the computer pass. 
card is a macroinstruction Ea the computer to treat current 
data in a particular way. 
data cards are intermixed in a logical order. 

Each Control 

Thus, the Control. cards and the 

The Control cards are of two types, - data Controls and 
verb __. Controls. A data Control card is a macroinstruction 
to the computer to interpret and store the numerical data 
card or cards immediately following. A verb Control card, 
being more general, is a macroinstruction to treae: data 
already in computer memory. ‘Thus, a verb Control card is 
always followed by another Control card, but a data Control 
card is always followed by data. 
available Control cards, only the first six characters of 
each n m e  are significant; a Control card consists of these 
six characters punched in C S ~ W I I ~ S  1-6, followed by any 
other characters or blanks through column 72. In some 
instances, however, the seventh column is used as a sub- 
script (indicated by p9 in Table 1) and CO~UIIUIS 8-22 must 
be blank. 

In the following list of 

L 



Table I 

CONTRQL CARDS 

I. Data Control Cards 

Control Card Name FORTRAN Equivalenta 

1. 

2. 

3. 

4. 
5. 

. 6. 

7. 

8. 

9. 

10. 

ROWS 

MATRIX 

VECTORX 

SCALEC 
ADDB N 

ALTERBN 

B N 

ALTERA. 

ALTERC 

ADDC 

CALL ROWS (0) 

CALL MATRIX (0) 

MEND = M + N C W  
CALL VECTOR (0) 

CALL SCALEC (6H ......, VALIE) 
NBSTAR = N or: BBB(I,N) = 
CALL ROWS (2) BBB(1,N) + AA 

NBSTAR = N or: BBB(1,N) = AA 
CALL ROWS (1) 

(followed by data) 

(followed by data) 

(followed by data) 
b 

(followed by data) 

(followed by data) 
NBSTAR = N OK: BBB(1,N) = 0.0, 
CALL ROWS (3) ALL I 

ALL I 
(followed by data) BBB(I,N) = AA(I) , 

CALL MATRIX (-1) or: A(1,J) = AA 
(followed by data) 

CALL MATRIX (1) or: C(J) = AA 
(followed by data) and A(I,J) = AX 

CALL MATRIX (2) or: C(J) = C(J) + AA 
and 
A(1,J) = A(I,J) + AA 

PI. Special Data Controls 

1. CYCLE NCYCLE = K 
2. LIMIT I m x  = K 
3. LITER ALITER = AA. 
4. MULTIPLIERS lBMULT(I) = AA.(I) , I = 1,5 
5. RT RT = AA 
6. TOLERANCES TOL(1) = AA.(I) , I = 1,6 



1x1. Verb Csntrsls 

1. (------ 
2. TITLE: 
3. SOL 

4. 
5. 
6. 
7. 
8. 
9. 
18. 
11 * 
12 * 
13. 
14. 

15. lfF.S§AGES 
16. ALLMESSAGES 
17. N ~ ~ ~ ~ A G ~ S  
18. GOT0 AA 
19. PFGOTOAA 
20. S W O E A A  
21. EPELArnN 

22 e JACOB 
23. M ~ ~ ~ J A ~ ~ ~  
24. EJECT 
25. C U A  
26. EXIT 
27* END 

ile the Go~~troh Card is inserted in the data deck 

equivalent cards are inserted in the ~F~~~~~~ W I N  
with the data cards still in the data deck at the 

il@ the Control Card EC may be followed by any 
g. data cards, the! FO statemends CALL SCALEC 

appropriate data cards immediately following, the 

appropriate place to be read. 

(6H. ....., V) must be used once for each ~~~~~~~~~~~ to be 
scaled 
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m e  Control cards of Table 1: are listed with a FORTRAN 
equivalent--i.e., if the user chooses to maintain control 
of the program in the MAIN routine (whose statements are 
in FORTRAN) rather than relinquish control to the Control 
cards, he may obtain the equivalent action of the Control 
card by using the listed FORTRAN statements. 

Note that to relinquish control, the user will insert 
the FORTRAN statement CALL INPUT in the MAIN routine. This 
statement transfers control to the next unused Control card 
in the data deck. To regain control in the MAIN routine, 
the user will insert the Control card RETURN at the appro- 
priate place in the data deck. Control is thus transferred 
g30 the next FORTRAN statement after the last used CALL INPUT 
statement in the MAIN routine. 

To facilitate the following discussion of the Control 
cards, a List of the names of the program variables and an 
explanation is given in Table 11. 

In addition to the Control cards in Table I, the pro- 
gram will recognize an "END" card even though it does not 
appear at the end of a set of data cards. In this case, 
the "END" card causes no action. 

Any Control card that does not have one of the above 
words in the first six columns, and the first six columns 
are - not blank is a Title cqrd--which will cause the page 
to be restored and the punches in the card to be printed as 
the title, If the first six c o l ~ s  are blank, no action 
other than printing the card will be taken. Care should 
be taken not to mispunch a Control card so that it will be 
treated as a Title card. Two Title cards in succession will 
cause the program to EXIT. 



-25- 

AIS 
ALITER 
B 
BBB 
B M M K  
BMBJLT 
c 
END 

ERMA 
ERZdB 
FE 
FE 2 
H2 0 

HPLUS 

IERROR 
IOPT 
IRQW 
ITER 
ETLVIAX 
HV 
JCOL 
J C B W  
KA 
KB 
KE 
Kx, 
m 
W F  
LASTCP 

Bimens ion 

460 
1 
60 

1 
5 

170 
I 

1 
1 
I 
1 
1 

1 

1 
1 

460 
1 
1. 
30 

460 
170 
12 
12 
1 

26 
170 
1 
1 

1 
1 
1 
P 
1 
h 
z 

60 x 5 

Coefficient of matrix entry 
Moles per liter H28 at Temperature T 
Total values of constraint equations 
Components of value of constraint equations 
Contains 6 blank characters 
Arbitrary eompsrtent multipliers 
Free energy parmE5fers 
Contains characters END followed by 

3 blanks 
S equilibrium error (mass actton) 
S mass balance error 

Value sf objective function 
Value of objective function times R’P’ 
Contains characters H2Q followed by 

Contains characters H+ followed by 

Flag for termination in SOLVE, normal = 1 
Flag for optimal solution, optimal = 1 
Row number for matrix entry 
Iteration number 
Maximum nmber of ifterations allowed 
Constants, see Equ-s’.valence in MAIN 
Column number for matrix entry 
Contains compartment number for each species 
Temporary storage for incoming BCD 
Problem title storage 
Flag for singular matrix 
List of first variables in each compartment 
Names of output species 
Flag for an extra line of output 
Number of compartment where XBAa is too 

Nmber of constraints 
~~~~~ number of matrix entries allowed 
Maximum number of con 
~~~~~ size for M+NC 
~~~m~ number of columns 
Maximum number of ~ ~ ~ ~ r ~ ~ ~ n t ~  
Number of 

3 blanks 

4 blanks 

smaPl 

= M + N C  
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Tab le. XI - -Cont inued 
Name Dimen s ion Meaning 

N E W  
NEMB 
NIT 

NOT 

NTOT 

1 
1 

1 
1 
1 

E 
I 
1 

1 

1 

25 x 2 

60 x 2 
1 

25 
75 

75 x 75 
1 
20 
20 
75 
75 
75 
75 
178 
25 
1 
1 

170 
170 
170 
170 

Number of output species, same as NTOT 
Number of entries in matrix array 
Compar tmen t names 
Subscript for selected component of B 
Number of compartments 
Number of compartments (or columns) 

Column number of maximum equivalent error 
Row number of maximum mass balance error 
Number FORTRAN logical. unit (nominally 5), 

Number FORTRAN logical unit (nominally 6), 

Number of unknown variables or output 

Row (constraint) names 
Flag for message print 
Computed pH in each compartment 
Lagr ange mu1 t ip lier s 
Natrix for linear equations 
Product of gas constant and temperature 
Temporary storage 
Computing decision tolerances 
Scratch vector 
Scratch vector 
Scratch vector 
Scratch vector 
Unknowns variables, output species 
Sum of x in compartment 
Maximum equilibrium error 
Maximum mass balance error 
Mole fractions of x in compartment 
Scratch vector 
Scratch vector 
Scratch vector 

printed per page 

input 

output 

species 
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There are no general restrictions on ordering control 
and data cards. 
fact that certain names must be defined before certain 
other quantities can be input. AI1 input numbers in arrays 
(matrix or vectors) are identified with alphanumeric names 
which have no relation to the position Q €  the entry in the 
array. 

The only major restrictions concern the 

Finally, Table HIT. is a listing of the data deck from 
a sample problem, a simple system called Soda Pap. This 
problem is discussed below in detail (p. 56 ff.1, bu& the 
listing exemplifies the use of Control cards; in the sub- 
sequent discussion, Soda Pop will be used to illustrate 
the action of each card. 

Here we note that the first card is a title card and 
the last card is an "EXIT" card. The ''EXI'T'~ card terminates 
the run on the computer. 
stricted to solving only one problem per pass. 
problems as desired may be stacked and solved on the same 
run, with a r'CLEXR" control card separating each problem 
and the "EXIT" card appearing at the end of the final 
problem. 

However, the program is not re- 
As many 

DA,TA, CONTROL CARDS 

Each of the following data Control cacds is immediately 
followed in the deck by an array of data whose format is 
described below. 
Contmk card varies with the problem; therefore, each data 
array must be terminated with an END Control card. 

The number of data cards following each 

The, action of the Control card is equivalent to the 
FORTFUN statements listed in each case; the user, therefore, 
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Table 111 

DATA DECK FOR EXPERIMENTAL SODA-POP DECK 

F X P E R  IMENTAI- SFIIIA P O P  IIECK 5-1-67 
IIOWS 
n2 0. 7.0990UE-01 1~31500E-Ol 0. 0. 
c rt2 0. 3 0 0001)OE-04 5. 2 63UOf-O2 0 0. 
N? 0. 7.L980OF-01 7054000f-01 0. B . 
H70 55.13967 0. 6.10600E-U2 0. 0. 
H+ 1.0 -03 0. 0. r) . 0. 
C L- 140. -03 0. 0. 0. 0. 
hlA+ 130. -03 0, 0. 0. O. 
Y +  20. -03 0,, 0. 0. 0. 
GLIICn5F 10-0 -3 0. 0. 0. 0. 
LACTIC- 10.0 -3 0. 0. 0. 0. 
MI SC- 1 .0 -3 0. 0. 0. 0. 
F NI) 
M A T e l Y  
GAS PHASF 

n/ -10.43999994 1.0 I17 
cr)z -7.74074000 1 .tJ C112 
N 2 -11.51999998 1.0 N2 
H2fJ 2.79 1.0 H2fl 

n7 0. 1.0 112 
cr12 0 . 1.0 cn7 
N 2 0 . 1.0 N 2  
H+ 00 2.0 H+ 
f)H- 39.39 1.0 H20 -1 .OH+ 
HZ 0 0 . 1 ,O H2[3 
CL- 0. 1.0 CL- 
N A +  0 . 1.0 NA+ 
K +  0. 1.0 K +  
GLllCnS 0. 1.0 GI-IICOS 
L A C T I C  0. 1.0 LACTIC 
HCO3- 18,0556 1.0 CO? 1.0 ~ 2 1 1  -1.0 H+ 
H2Cn3 6.566 1.0 co2 1.0 H20 
Cn3= 45.6626 1 0 0  c112 1.0 H20 -2.0 H+ 
MISC -20,128 1.0 I ~ I S C -  1.0 H+ 

I-I31)In PHASE 

MISC- 0. 1.0 MISC- 
F N D  
M O L T  I PI- I ESS 

1. 0. PO00 . 0. 0. 0. 
VECTORX E X P E R I M E N T A L  ~ O D A  POP r)EcY 5-1-67 

G A S  PHASE ~ 2 n  6,107 30F 0 1 
t IOIlIil PHASE02 1 .2 9 5 1 4F -0 4C 113 1 2 7O70E-03hl2 4. t5794F-04 
L I CJlJI I) PHASEH+ 3.33229E-05llH- 7.1 H 3 9 4 ~ -  I 0 ~ 2 n  5.517hhF 01 
LIOIIII) PHASECL- 1 .4000C)E-O lW4+ 1.30000E-01K+ 2.!~0000~-03 
I_ I OljIfi PHASEGCIJCIJS 1 .00000E-O%LACT IC 1 *00000E-02HC~'l3- 3 .03114E-'IS 
I- IOtJIn PHASEH2CO3 1.77R31E-O6C03= 5.17534E-llMISC 9.9h989E-OL 
I- X Q I 1  I D 
E Nil 
SfILVF 
1) II T PIJ T 
F X I T  

G A S  PHASF r)z 1.31 5O0F 02Cn2 5.2h287E O l N 2  7054000E 02 

PHASEM I SS- 3 -0 107HF-06 

i n -  
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Y 

has a choice of data control by the Control cards or by 
direct modification in the MAIN routine. 

1. - ROWS 
a) 
gives the name and the value of a constraint equation. 
Examples of constraints on the system are the mass 

Each data card following the ROWS Control card 

conservation equations, charge conservation equations, 
and subgroup accounting equations. 
row (constraint) is arbitrary (but must be unique 
in the first six letters); the total value of the 
row (constraint) is the value ~~ of the variable B(I). 
Allowance is made for five possible sources for com- 
ponents; B(I) is%the sum of all five t h e s  the 
appropriate multiplier as follows: 

The name of the 

b) B(I), the value of the constraint, is computed as 

c) 
information: 

Each data card is punched with the followrng 

Colurnns Data in Ith data card 

13-24 BBB(I,l) Floating point numbers. 
1-12 Name of row I. 

25-36 BBB (I 9 2) 
37-48 BBB (I, 3) 
49-60 BBB (I ,4) 
61-72 BBB (I 5) 

d) Row names must be unique in the first 6 ckarac- 
ters, although 12 characters are allowed for the word. 
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e) The FORTIRISN equivalent consists of specifying the 
BBB(1,J) as required followed by the statement CALL 
ROWS(-1) which evaluates B(1). 

f) Example: The immediate result of the Control card 
ROWS is that the input data is reproduced on the output 
printer as follows: 

ROWS 
L 02 
2 GO2 
3 N 2  
4 H20 
5 H4 
6 CL- 
7 N A +  
8 K +  
9 GLUCOSE 
10 LACTIC- 
1 1  MISC- 

0. 
0. 
Ci 
5.51395’POE 01 
1. 0 00 C C C OE - 03 
1.4CCCOOOE-01 
1.3000000E-01 
2 . 000 OC  COE- 02 
1. CCOOCOOE-02 
1. COOOCCOf-03 
1.00000COE-03 

2.099COOOE-01 
3. @OCCOOOE-O4 
7.8980000E-01 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 

1.3150000E-01 
5 . 26 30000 E-0 2 
7 5 40 0000 E-0 1 
6. 1060000E-02 
0. 
0. 
0. 
0. 
0. 
0. 
0. 

0. 0. 
0. c. 
0. 0. 
0. 0. 
0. 0. 
0. c. 
0. 0, 
0. 0. 
0. c. 
0. 0. 
0. 0. 

2. MATRIX 
a) The data cards following this Control card are of 
two kinds: 1) Compartment name cards (e.g., PLASMA 
or RED CELLS), which must be punched in the first 12 
columns (unique in the first six); and 2) column or 
species cards containing the name of an output species, 
stoichiometric coefficients of the constraint equations 
(e.g., of the chemical equation generating that species 
or of the charge conservation equation), and the free- 
energy parameter for the reaction generating that 
species. 
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b) The format for cards of Type 2 is: 
Columns MeanLng 

1- 6 Blank 
7-12 Cblmn Name, X(J) Output Species 
13-24 Free-energy constant, c(J), floatirg 

25-30 

31-36 

37-42 

43-48 Name of Row I2 
49-54 

55-60 Name of Row Ig 
61-66 Matrix coefficient, a(14,J), floating 

67-72 Name of Row I4 

point 

point 

coefficient is in) 

point 

Matqix coefficient, a(Il J) , floating 

Name of Row Il (which the above 

Matrix coefficient, a(L2,J) , floating 

Matrix coefficient , a(13 ,J) , floating 
point 

point 

c) 
entry will be ignored. The row mames used are the 
first six characters of the row name as entered by 
the ROWS Control card. If a row name has not been 
defined by the ROWS Control card, the entry will be 
skipped and a message saying that a row is undefined 
will be printed. If more than four matrix entries 
are needed for a matrix colufnn, two or more matrix 
colrsmn data cards may be placed next to each other, 
each with the same name in columns 7-12!. When there 
are two or more matrix column cards in the same com- 
partment with the same name?, the value of the free- 
energy constant is obtained from the first of these 
cards. 

If any row name is blank, the corresponding matrix 
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After the data for all the matrix columns in one 
compartment have been given, another compartment name 
may be assigned. Then, following this compartment 
name card, the matrix-column data cards for the 
coefficients in this compartment are given as above. 

After all of the data cards, an END Control card 
mast be used. 

d) Example: The immediate result of the MATRIX 
Contra1 card is to reproduce the input data on the 

output sheet as foflows (the END card is omitted): 

PATR IX 

G A S  PHASE 
1 (52 
2 c02 
3 N 2  
4 H 20 

LIQUID PHASE 
5 02 
6 to2 
7 NZ 
8 H4 
9 0 w- 
BO P 20 
11 CL- 
12 h(A4 
13 #+ 
14 GLUC-05 
Pf L A C T I C  
16 HCO 3- 
17 H2C03 
18 CD 3= 
19 MISC 

-1 0- 94OOOO 
-70740740 

-1 1 a 526COO 
2- 7CiCOOO 

0 . 000000 
0-CC0000 
0. CCCOBO 
0,000000 
39.33GO00 
o.ooc@co 
0. occooo 
0.000000 
0. CCCCOQ 
0. OCCOQO 
0.0001400 
18sQ556OO 
6.566000 

45a661606 
-20, L2AOOB 

20 H H SC- 0. QCCOOO 

1-000 02 
1.000 co2 
LOCO0 N2 
1.000 H2Q 

1*000 02 

1,000 N2 
1.000 H4 
1.000 HZO -1.000 H+ 

1.000 ce- 
1.000 NA* 
1-000 K+ 
1.000 GLUCOS 

w o o  ca2 

1,000 14213 

1,000 LACTIC 
1.000 to2 1-000 H20 -1.000 H+ 
1.000 C02 L o 0 0 0  H2O 
1.000 co2 L o 0 0 0  HZO -2.000 H+ 
lo0OO RISC- 1.000 H+ 
1.CO6 MISC- 
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3. VECTORX 

a) The data cards contain initial estimates for the 
values of the vector x, up to three values per card. 
The format is: 

Column 

13-18 1st column name 
19-30 1st estimated value 
31-36 2nd column name 
37-48 2nd estimated value 
49-54 3rd column name 
55-66 3rd estimated value 

1-12 Compartment name 

b) 
previously been input by MATRIX data, an error con- 
dition is set up and a message is given. 
event, VECTORX is ignored and the SOLVE subroutine 
obtains an initial estimate of the vector x from 
SIMPLEX. Computation continues. A good initial 
guess saves computation time. 

If any compartment name or column name has not 

In this 

c) The FORTRAN equivalent is to reed the names of 
the vector x in any format. 

d) Example (see Table 111, p. 30). 

4. SCALEC 

a) 
partment in a chemical system; e.g., double the size 
of the plasma compartment, or halve the red cell com- 
partment. 
and J is a species in the K a  Compartment, then the 
action of SCALEC is 

Scales up (or down) the size of a complete corn- 

If the K G  compartment is to be incremented, 

. .  
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X(J) = X(J) + SCALE(K) * X(J) 

' .  

N 

B(I) = B(I) + §CALE(K) * 1 A(I,J) * X(J) 
J=1 

and 

BBB(I,l) = BBB(I,1) + SCALE(K) * 

where SCALE(#) is a number input. 

b) The data cards following SCALEC have the format: 

Columns 1-12 compartment name 
s 13-24 §CAU(K), with decimal point 

c) The FOR equivalent is CALL SCALEC (6H ......, 
(R)), where the first six letters of the compart- 

ment name are inserted after the Hollerith symbol. 

d) 
braically add an amount to an existing compartment, 
the result is (1 3- SCALE(M)) times the existing com- 
partment. Of course, SCALE(K) may be negative. 

Note that since the action of S W C  is to alge- 

e) Example: The Control and data cards 

S C U C  
LIQUID PHASE 0.50 

give the following new ROWS (cf. ROWS, pp. 31-32 above). 
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10 
L l  

E*fD 

6.41 795W-OY 

2. Q789b92E-04 
I)oZ727981E 01 
1.sooooo1E-o3 
Z.100000~01 
lr990QOQOE-OI 
3; OOOOOOOEQt 
1. ~ 0 6 o o O ~ - 6 1  
1 SOOQOOM-02 
1~5)0QIOO01~03 

6.51 X139t-M 
1.315000OE61 
s.2~moOOE-02 
1. HOOOOOE-01 
6010(100OO~O2 
0. 
0. 
0. 
0. 
0. 
0. 
0. 

* * *  

The following three Control cards are used to change 
the values of BBB(L,J), i.e., they adjust the amounts of 
input components or values of constraint equations (see 
ROWS, pp. 31-32 >. The total value of the Ith row is therby 
altered for the next solution. The format of the data cards 
following the Control card is: 

Columns 1-12 The (unique in first 6 cols.) row 

Columns 13-24 AA., a floating point number. 
name. 

The Controls B and ALTERB will define new row names 
if the name has not previously been used, ADDB will not. 
B first zeros the Nth €3 column and then does ALTERBN. 

_I 

5. ADDB J 
a) Adds the read value AA to the previous BBB(I,J) . 



i 

b) Example: Use of the Control cards ADDB. .3 and 
~~~~~ results in (cf. RCIGJS, pp. 31-32]: 

82 
-0. 

Zo0990000L-o1 
300000000E-04 
7eB98OIBOOL-01 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
6. 

83 
P.OOOOOOOE 03 

T.3lSOWOL-01 
507892W9(E-O% 
7. UOOOOOL-01 
B.1OQa@OOE-02 
0. 
'0. 
8. 
0. 
0. 
0. 
00 

a') A.lters current value of BBB(I.,J) to a new value. 

B2 
43- 

1.09~000~01 
3.000QBOOE-04 
7.8980006L-01 
os 
Q. 
0. 
8. 
0. 
0. 
0. 
6. 



7. 'B Y 
a) 
values into Jth 1_ column of B. 

Zeros out the Jth --..- B vector, and then reads new 

b) Example (cf a ROWS, pp. 31-32) : 

B 1 
M2O 5.50COOOOE 01 

#L+ 1.3sc000o1E-01 
EN0 (NEW ROWS ARE *EO) 

CL- L ~ ~ ~ O O O O E - O L  

CRIWtROUS 

ROW NAME 8 

1 
2 
3 
4 
5 

r 4  
7 
I) 
9 
10 
11 

€NO 

02 
COZ 
MZ 
n20 
H+ 
GL- 
HA4 
K 4  
GLUCOSE 
LACTIC- 
M 1 sc- 
OF ROWS 

la31SQOQOE 02 
5.7892993E 01 
lr5400000E 02 
1 l606f%lOOE 02 

1.4~0OOOQ-01 
-0. 

1.3500000E-01 
-0 . 
-0. 
-0. 
-0. 

IN STORAGE 

81 
RUL11. - 1 * OOOOOOOE 00 

0. 
0. 
0. 
S.JOOOOQO(E 01 
0. 
1.4SOOOOOE-01 
103S00000E-01 
0. 
0. 
0. 
0. 

02 
-0. 

2~0990000E.01 
300000000E-04 
7,898Q000E-0 1 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 

83 
1~QOOOQOOE 03 

1.3 1JOO0OE-O L 
5.7892999€--02 
7. SCOOOOQL-0 1 
(i.lO60OOM-02 
0. 
0. 
0. 
0. 
0. 
0. 
0. 

8. ALmu 
a) Used to change a stoichiometric coefficient in the 
matrix. The data card format is the same as described 
for 'MATRIX. 'I The free-energy parameter (i .e. , cols . 
13-24) is ignored on the data cards. If a compartment 
or column name is read which was not input by the 
previous "MATRIX," the problem will. be cut off. 

+ b) In this example, the coefficient of H is changed 

from 1 to 2 (cf. MATRIX, pp. 32-34 above): 



BLTERA 
L l W B O  PHASE -0~5000EO -0.000 -01000 -0.000 -0.000 

RlSC -2 1.000000 2.00oH+ -0.000 -0.000 -0.000 
Em0 -0.OOOC05 -0.000 -0.000 -0.000 -0,000 

PRQILEM HAS 11 ROUS. 20 CQLUMNPs 2 CQRPARTMENYS. 27 NOT4 ZERO MATRIX 81TRIEf. 

PRIIWVMAVW I X 

MAVIIX IN STORAGE 

685 PHASE 
I a2 -10.94C000 
1 c02 -1.l40740 
4 M 2  -11.520000 
4 ti 20 2.?90000 

02 
eo2 
M2 
we 
OW- 
Hi20 
CL- 
#** 
#+ 
GLMCOS 
LACTKC 
MCO 3- 
H2C03 
CIP39 
lP?St 
rSP5C- 

OF MATRIX 

0.500000 
0.6300000 
0.0a0000 

39.390000 
0.000(1100 
0.000000 
0.000000 
0.900000 
0.000000 
0.000000 
18.059600 
6. 466000 
45-6 bl 600 

-20.lzI000 
0.090000 

o.ocoooo 

IN STORAGE 

1.000 02 

1.000 Iv 
1.000 H2O 

1.000 C O ~  

1.000 02 
1.000 ca2 
1.OQO n2 
1.009 PI* 
1.000 w20 -1.000 w* 
1.500 HZQ 
1.000 CL- 
1.000 UA+ 
1.000 K* 
1-8100 CLUCQf 
1.000 LACTIC 
1.000 CQ2 1.000 ti20 -1.000 w* 
1.000 co2 1.000 H2O 

1.005 WSC- 2.000 H* 
l.000 wtsc- 
1.000 e02 1.000 n20 -2.000 ti+ 

9. 
a) Same as ALT ~ except that the free-energy 
parmeters, c values, are not ignored. The program 

uses the last appropriate c value read in the 
ALTERC data. 

j 
j 

b) This example alters the HCO;, c and the H+ 
coef%bcj..ent (cf. AETEM. above) : 

j’ 
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ALTERC 
L m i o  PHASE -0.000000 -0.000 -0.000 -0.000 -0.000 

HCO 3- 16,250040 l.OOOH+ -0.000 -0.000 -0.000 
€NO -0.000000 -0.oco -0.000 -0.000 -0.000 

PROELEM HAS 11 ROUS. 20 COLUMNS* 2 C O M P A R T M E N T S *  27 NON ZERO M A T R I X  ENTRIES. 

PRXNTMATRIX 

M A T R I X  IN STORAGE 

615 PHASE 
1 02 
2 c02 
3 N2 
4 nm 
L 
5 
6 
7 
8 
9 
10 
1 1  
12 
13 
14 
15 
16 
17 
18 
19 
20 
EN0 

IOUXO PHIS€ 
02 
c02 
N 2  
H4 
OH- 
HM 
CL - 
M A +  
K +  
GLUCOS 
L ACT 1C 
HCOf- 
H2CO 3 
co 3- 
nisc 
n I sc- 

OF M A T R I X  

- 1C.9461000 
-7.140140 - 11.520000 
2.790000 

0.000000 
0.000000 
0.0cc000 
0.000000 
39.390000 
0.000000 
0.0cc000 
01000000 
0.000000 
O.OCOOO0 
0.000000 
16 - 250040 
6.566000 
45.661600 

-20.128000 
O.QOOOO0 

IN STORIGE 

1.000 02 
1.000 COT 
1.000 N2 
1.000 HZO 

1.000 02 
1.coo c02 
1.000 w2 
1.000 #4 
1.000 HZ0 
1.000 H2O 
1.000 CL- 
1.000 NA+ 
1.000 K+ 
1.000 GLUCOS 
1.000 LACTIC 
1.000 c02 
1.000 COZ 
1.000 co2 
1.000 WISC- 
1.000 KDSC- 

-1.000 H+ 

1.000 H20 P.000 H4 

1.000 H20 -2.000 H+ 
2.000 H+ 

1.000 HZO 

10. ADDC - 
a) Using this Control card, the format for the data 
cards is the same as the format for the data cards 
of "MATUX." 
propriately to both the C(J) and A(1,J) values. 

The numerical entries are added ap- 

b) Example (cf. ALTERC above): 
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-1.0410 #* 

%n routine ca%culation with this program, there are 
several ~~~~~~~~~ and physical constants required for 

 ut^^^^^, setting tolerances, a d  organizing 
ters each have a nominal value set by 

or the Control card CLEAR. The 
nominal values are those most frequently usehi ( s ~ c ,  1.0 
atm ~r~~~~~~~~ but way be altered for special cases; 
in two ways: by F 
or by use of the Specfa1 Data Control Cards. 

N redefinition in the W I N  routine, 
Each of the 

ing data Control cards is fo2Bswed immediately by 

ters to be used. If the data Control card is not 
one and only One data card punched with values of the 

used, the parameter takes its nominal value.-_ Since there 
is but one data card with each Control, an E 
required with these 

card is not 
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1. CYCU 
a) FOR equivalent: NCXXE AA (integer, no 
decimal point). 

b) The number c;ef cmparements to be printed per page 
of output is ~~~c~~~ in coluornns 1-4 (righr justified, 
no decimal point), nominally 8. 

2. 
equivalent : 1 = AA. (an integer). 

b) 
punched in columns 1-4 (right justified, no decimal 
point) of the data card, n~~t~inallg~ 40. 

The maximum number of iterations per solutL ion is 

3. LITER 
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' 

c) In each run, at least one BNLT(J) must be non- 

zero, BMULT(1) is set to 1.0 by sub~o~tine START 
and by CLEAR; but if a ~~~~~~~E~~ Control card is 

LT(1) is reset to the punched value (a blank 
field would be aero). 

d) ~12e data format om the data card is simply 12 
c~1trnns per number in sequence; each number punched 
must have a decimal point. 

E) Example: The following shows the ROWS data in 
memory before and after use of the NULTIPLIERS Con- 
tssl card. 



5. 
N equivalent: RT = AA (floating point 

number e 

b) R is the universa'lb gas constant; T the absolute 
temperature, nomlmrr'%ly 616.27403. 

c> This constant far computing the free energy of 
the system is used by OUTPUT and PRINTPIE; and, of 
course, may be used in the W N  routine. 

d) Punchd in col ns 1-12 of the data card, with 
decimal point. 

a> FORTWAN equivalent: TOLgN) = AA. 
b) TOL(l) through TQL(5) are tolerances used by the 
subroutine SOLVE (as explained in Ref. 3). 

The verb Control cards are macroinstructions for 
treating data already in computer memory. 
instruction is punched in the first 12 columns of a card. 
The first six crslmns are unique for each instruction. 
Frequently, a symbol or a number is punched in colrrmns 

Each such 

7-12, beginning always in CO~~XIIEI 7; the symlaol or nqber 
is then interpreted as an argument: or subscript for the 
instruction as required. Whereas data Control cards are 

always foilswed by data cards, verb Conts~l cards are 
comple%e in themselves. At the c ~ n c l u s i ~ n  of execution, 
control is transferred to the next Control card or to the 
MAIN routine as appropriate. 



i 
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E. TITU (any six letters no$ blank, and no$ a Control 
card) 
Reproduces the BCD information in columns 1-72 

on the output sheet, The WOIX~ TITI.Z, is superfluous, 
any card which is not blank in the first six columns 
or another Control card will be treated as though it 
were ii TITLE card. 

Two TITLE cards may not be used in succession. 
e required, they may be separated by an END 

card, which does nothing, or by a C 
card. 

The last TITLE card read is used for the heading 
of each output sheet. 

If the first six CQ~U~TI~S of a Control card are 
blank, the only result is that the BCD information 
in columns 7-72 is reproduced can the. output sheet. 

3. SOL'apI%, 
Causes the problem to be solved to completion 

fo%lowirng the method of CPasen r3Je No initial, 
feasible ~~~T~~ is necessary. Of course, the problem 
as it exists in the computer may not have a feasible 
solution, and in these cases messages are printed 
appropriately (see Examples, Chap. III below). The 
result of SBLW for a feasible problem is the follow- 
ing list of messages both with and without the use 
of vECTOI3.x: 



4. OeJ~uT 
Causes the current values for the species in 

nrsEes and ~~~e~~~~~~~~~~ to be printed along with 
appropriate messages. The nnmber of empartments 
per page of output may be set by NCYCleE. A third 
line of output--say, the noles per liter of water 
for each species--may be printed by 

rnIN routine, c ~ m ~ ~ t i ~ ~  the new values of the vector 
x, storing the result in XI., and setting 1V(23)=1. 
If IV(23)=1, the vector Xl will be printed as a third 
Pine of output (see Chap. 1x1 below). The subroutine 
OUrnUT also calls subroutines (see Chap. PV below) 
which compute 2 for every ~ ~ ~ ~ ~ ~ ~ ~ ~ n t  and PPI for the 
~ ~ ~ ~ ~ r ~ ~ ~ ~ ~ §  contahlng a species n m e d  (exactly) 
H+ .... . 

I% the current solution is infeasible or non- 
optimal (332 , appropriate messages 
are printed. (See discrnssisn im f2 



Table IV shows an example of normal output: for 
Soda Pop. 

5. 
ansfers control to the MAIN routine. Thus, 
TURN, the next instruction executed by the 

program is: the first valid FORTRAN statement after 
the last used CALL INPUT statement in the MAIN routine 
(see Chap. IIH below). 

6. ~~~~ 

Removes the Past POW of the matrix while adding 
_I 

the row times the I3 value far this row to the free- 
energy-parameter vector: 

where I is the number of the row deleted. That is, 
the entire last constraint equation is deleted, but 
the c values for any C Q ~ W ~ S  (species) thus affected 
are incremented by precisely the free-energy equivalent 

j 

of  stm mat constraint. Therefore, SOLW used before and 
after DELE will give identical solutions. (See 
Chap. I11 below.) This Control Card, along with 

T U X ,  can be used to determine an unknown c 
j 

value. (See Example E--§~dts Pop, Chap. 111 below.) 

7. 
Prints the current data of the input components, 

i.e., the current names of the components and their 
corresponding B(1) and BBB(1,J) values. (For an 
example , see WLTIPLIERS , pp. 43-44 above .) 
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Table IV 

L SOLUTION FOR EXPERXWNTAL SODA-POP DECK 

ow mi C#P 
IN CO3- OF L I W L O  PHASE 

E 06 
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8. PUNCHROWS 
Punches out current values of rows and multipliers 

in the ROWS and MULTIPLIERS format. 

Prints the matrix and free-energy parameters in 
the input format of MATRIX. (See examples under ALTERA 
and AETERC, pp. 40-41 above.) 

Punches out the matrix currently in storage. 

11. P ~ X ~ ~ A ~ ~ A , ~  
Prints the matrix in tableau form; e.g., fur 

Soda Pop: 

M A T R I X  1 2 3 4 5 6 7 a 9i0iii213141516~71~19zo 
2 O L 0 0 0 1 e 0 0 o Q O o 0 ~ 1 1 1 0 0  
3 0 0 1 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0  

5 8 O O O B 0 O L - l Q O 8 O O 0 - 1 0 - 2 L O  

P 1 O O O 1 Q O O 8 O O O O O 0 ~ O O O O O  

4 O ~ 0 1 0 0 0 0 1 1 @ 0 Q 0 0 1 1 1 0 0  

4 0 0 0 0 0 8 0 0 O Q l 0 0 0 0 0 0 0 0 0  
7 0 6 0 8 0 0 6 0 0 0 0 1 0 0 0 C 0 0 0 0  
E! O O O O O Q U O O O O O l O O Q O Q O O  
9 0 0 B 0 0 0 8 0 0 0 0 0 0 1 0 0 0 0 0 0  
10 0 0 0 8 0 0 0 0 0 0 8 0 0 0 1 0 0 0 0 0  
1 1  B 0 0 8 0 0 0 C O 0 C O O O O C 0 0 1 1  

The rows and columns of the matrix correspond to con- 
straints and species, respectively, in the model. 

12. PUNCHX 
Punches out present values of the vector x in 

accordance with format for VECTORX. 
may then be used as the input YECTORX in a subsequent 
run, 

These punchouts 



13. PRINTPIE 
Prints out t7he current values of PIE (as ex- 

plained in Ref. 3) : 

- B 2.96’890016 
-1@.&R43$447 
-11080251427 
-0,08565448 - 14-32 54 5722 - 5 98230686 
- b o  5564 1407 
-a *  92821622 
-8.62 136340 
-ee 52 136340 
-16,72950649 

14. 
Provides a preliminary solution for the problem 

by using a linear programming algorithm. 
the model with. initial guesses (initial, but non- 
optimal, feasible s~lutions) which are used with the 
SOLVE Control card. SOLW calls SIMPLE if it is re- 
quired. SPWLE also tests the problem for feasibility. 
This Control card has an alphanusneric symbol--punched 
in columns 7-12--whick may be any of 6 alphanumeric 
characters, including blanks. If the problem is 
feasible, this s ol is ignored. If it is infeasible, 

It provides 

ram executes a GOT instruction on this symbol 
(described below, p. 52). If the symbol in columpls 
7-12 is x----- control skips to the next CLEAR or 
EXIT card when the problem is infeasible. 

15. § SAGE s 
Prints a one-line message for each iteration when 

solving D 
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16. 

17. 

18 * 

19 * 

20. 

21. 

Prints all possib'lle messages. 

~ ~ ~ S S A ~ ~ ~  
Suppresses messages inputting and solving. 

GOTO Ail 
Has a six-character BCD word punched in columns 

7-12 which causes the computer to space forward along 
the Control cards until it reaches a SYMIBQL Control 
card wteh the s m e  punches in c o l m s  7-12. If the 
punches in columns 7-12 in this card are I(----- , the 
program will skop spacing if it reaches a Control 
card bearing CLEAR or EXIT first. 
Control card is: GQTO--ROSE. 

An example of this 

01 punched in columns 7-12. If the 
~o~~~~~~ to the latest prqblern solved was optimal, 
this Control card is ignored. If the solution was 

innal, a. GOTO is executed on the symbol in 

Has a six-character alphanmeric word punched in 
12. This is a dummy Control card used by 
GOTO, and IFGOTO Control cards. An 

example 0% such a Control card is: SWOLROSE. 

Wkere N = 2, 3, 4, or 5, this Control card re- 
BB(1,l) by: BBB(I,1) + (BMULT(N)/BWLT (1)) 

* BBB(I,N), for all I, and then sets BMULT(N) = 0.0. 
BBB(1,N) is mot changed. Example (cf. ROWS, pp. 31-32 
above) : 
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PR 1 NTROSS 

Ran N A M E  

L 

. .  

1 02 
2 C52 
3 N2 
4 W25 
4 H* 
6 EL- 
9 N A 4  
6 k+ 
9 C4.Uc;OSE 
10 LACTIC- 
1 1  WISC- 

E N 5  OF ROW$ 

CLEAR 

il 
HULK*= 

1.31 50000E 0.2 
5.7892999E 01 
1.5600000E 02 
1.1606000E 02 
L,O00000CIE 03 
I. 4500000E-01 
1.3500000E-01 

-0. - 0, 
-0. 
-0, 

I M  STORAGE 

82 
-0. 

2,099OOOOE-OP 
3~0000OOOE-04 
7-8980000E-31 
0. 
0. 
0, 
0. 
01 
0. 
0. 
0. 

03 
0. 

L.3150000E-01 
5-7B92999E-02 
?.S403000E-01 
6- 1060000E-02 
0, 
0. 
0. 
0. 
0. 
0, 
0. 

22. JACOB 
Prints an array of partial derivatives of the 

output mole numbers with respect to the input com- 

ponents. In the example (Table V) if an input 
component (shown as c o l m  headings) were incremented 
positively by one m ~ l e ,  the output species (shown 

down the Left side) response would be the corres- 
ponding number in the array in moles. Note that the 

first two entries in each compartment are G and p ~ ,  

whose responses are also shown. 
derivatives are.camputed, of course, from the current 
values of x in storage. Table V is the result of 
the JACOB C~ntrol card applied to the exmple Soda Pop. 

These partial 

23. rnNIJACOB 
Prints the partial derivatives of the total 

number of moles in a compartment, x, with respect to 
the moles of input components, and the partial of pfi 
with respect to the input components. Example: 
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Table 'v 

0 
0 

4 
..B z 

1 
J 
hl 

.................. 
N ~ ~ M ~ C + N ~ - ~ Q O O O ~ ~ N ~ N  

# I l l  I 
d W 6 N N  
Q O O O O  

0 
0 

f-W* 
00.4 

0 -0MiVIO O ~ Q v I L 6 \ I C l r r O  
0 o o w o  000000d0 O I C W N W W  

000-400 
Iu 
P- 
M 
-2. 
9 
0 

d 
cu 
0 
W 

............. 
" Q m N W C P W d 3 9 0 0 Q V O  
I B I  1 ! I  

0 
0 

0 
0 

a m m o  
0000 
I l l  
W W WKJ 
O W 9 N  
r.eo1.n 
- 4 N P m  
009.8 
PUNS@ 

w n 
9 .r 
9 
0 

4 

W 
0 
6- 
m 
9 
+ 

N 

Iu 
-J 
U 
F 
V 

d 
I 

.... 
mln-4-I 
I I I I  

Iu 
0 

o o a o m A r - - 4 d  
I I I I  1 I I I I I  
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ClllIJdCUR 

P JLCORILN. LVCIE 1 

CO2 r(2 HZO eb CL - NA* x m  u2 

GA5 PHLIE L.Ub4h3E 00 1.06457f 00 l.Ob4.iile 00 O.52342E-03 4.34C37E-01 -1.L63’lOE CO -1.l6Y7OL 00 -1.bb370E 00 

1 IWIII! PHrSC -6.46253C-02 -6.45729E-02 -6.46265E-01 9.93617F-01 9.20SO5E-01 2.16370t 00 Z.LbllC% 00 Y.Ib’ltOE 00 
P* I .8992.it-04 -3.9h45hE-03 1-10923E-1Yk 3-32156E-Ob -6.51133E 03 k.O722ZE-C3 4.C7222E-03 +.01222E-d1 

P JICflCIbN, CVCLE 2 

PI. 

CLllCflSE LACTIC- PI 5C- 

G A S  PHkS8 -1.16470E 00 -1.16370E OU -1.59102E 00 
P H  

CIClllO PHASE 2-16310E 00 2.16370E 00 I.64696E 00 
PH 4.01272E-03 4.07222E-03 b.k9771E 01 

24. EJECT 
Causes the page to be ejected and a. new heading 

to be printed. 

25. CLEAR 
Zeros out all common storage; it may be used to 

start a new problem and to erase all information 
produced by a previous problem. 
parmeters to their nominal values (see Special Data 

Control cards p. 42 ff. above). 

It also sets all 

26. EXIT 
Terminates the jab. 

27. _END 
Does nothing. 
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E s 

folfowing exmp’4.e~ have been chosen to illustrate 
certain principles in the operation of C ST* Becawe 
c S% is a single-pass interpretive program and may vary 
with each pass on the machine, it would not be possible to 
anticipate all. aspects which may, in ehe construction of 
~ u ~ $ ~ ~ ~ ~ ~ ~  models, cause difficulty or misunderstanding. 

we can, hawever, show the solutions eo major problems al- 
ready encountered. It should be noted, too, that’ the 
program is ~ontinuously evolving C, 
ts solive a particular class of problems; but as needs 
arise, the p ~ ~ g r a  grows and the class broadens--that is 
to say, new problems will. inevitably arise. 

Al&:hough this 1E.lislmorarrdm is not intended to elucidate 
in any detail the theoretical basis fer ehe program? 
occasionally in the f~llowing examples reference to the 

mathehatical bases will be required to justify certain 
operaeions. At these junctures, results or m ~ r e  funda- 

mental research are quoted and &he proofs referenced. 

E I--SQDA. POP 

The first example is a simple system, but far-reaching 
enough to illustrate m ~ s t  of the basic operations. Soda, 

Pop is a two-phase system consisting of a gas phase, a 
liquid phase having a carbon dioxide system plus glucose, 

the s s d i m  and potassium salts of lactic acid, and a 
rnisceZLanesus anion. 
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Table VI is a listing of the complete data deck for 
the Soda-Bop model. Each line O€ print in the table is 
equivalent to one card in the deck. The Control cards in 

- . this deck are, in order: 

All other cards are data cards. Each Control card Is 
processed in sequence; the first is ROWS. A ROWS card 
is always followed by data; in this case, the components 
of the Soda-Pop model. 

m e  names of the components are listed on the left, 
and mole numbers for each component in the five columns 
to the right. To determine the total moles of each com- 
po~nent input for this model, each cplulnn of mole numbers 
is multiplied by its respective multiplier (after the 

Control card) and the results are summed. 
Evidently, the first colannn of mole numbers represents one 
liter of water gat 37’~) PIUS one millimole of M , plus 
140 milltimoles of bla , etc. ; i.e., one liter of solution 
of ionfc ser ngfh 0.151 les per kiter. 

4- 

4- 

The second CZOI of mole numbers represents dry 

fresh aEr--tke SUXEI of the IIIOEE? nmbers is 1.0: 20.99 
percent is 02, 0.83 percent is COZ9 and the rest N2. 

zero; so no fresh air is to be used. The third cslmn of 

How- 
ever, in this ode%, the second multiplier (MBTET(2)) is 
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mole numbers is e v i c ~ ~ ~ t ~ . y  saturated gas (37*~, one atmos- 
phere) ; and the mole fraction of O2 in this gas is 0.1315, 
or 0.1315 x 760 = 188 m Rg. 
thfs gas mix%.kuce is that: f ~ m d  in the alveoli of normal, 
resting human males. 

The? pC02 is 40 rn Hg9 i.e., 

The ~~T~~~ is ICOOO., so that this model will use 
1000 moles of the gas mixture to equilibrate with one 
liter (WLT(I) = 1.0) of solution. 

After the Control c;ard IX, the data cards s h m  
two c~mpartments ~r phases, gas and liquid, and a 'list of 
species expected in each C Q X T Q X C ~ ~ ~ Z I ~ .  
(in the data cards and in the output) contains the re- 
spective free-energy parmeters for each species. The 
subsequent data columns under MLCalTRIX show the lists of 
C O I I ~ ~ ~ I I ~ S  (and stoichiometric coefficients) out of which 
each species is f ~ m e d ,  essentially a list of chemical 
equations. 

The second csjltwrn 

The free-energy parmeters are computed following 
Eq. (14) (p. 16 above) e Consider 

-$ OH- 1.0 H28 - 1.0 H+ 39.39 . 

We have, by convention, the mass action equation (37OC) 

- 14 H-1 = 2.3775 x 'bo 

to wale-fraction scale by div&dtng each con- 
centratLon by moles per liter of solvent (water) s 55,13967, 
and taking the natural. log, we get, 

hn = -39.39 * 
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Again, for bicarbonate the reaction in the model is 

- - - P  
HC03 +- C02 4- H20 - H* , 18.0556 . 

This c is obtained as follows: From the mass-action 
equation, with (N20) = 1.0 by convention, 

3 

and. 
10-6 01 

= -18.0556 . In ALITER 

Here, the concentration of water is already expressed, 
by convention, in mole-fraction scale. Anticipating a 
subsequent example, a model of blood, we use the apparent 
first ionization constant for carbonic acid in plasma, 
pK = 6-02 at 37*C.” 
De Maven [IO] shows a model of the ideal carbonate system 

also derives %he free-energy parameters for CHEMIST in 
more detail. 

In the theoretical case of pure water, 

using the data from Edsall and Wyman. .t De Haven’s paper 

Conversely, we can compute the pK of the miscellaneous 
anion m S C -  from the implied mass-action equation shown in 
the matrix. Evidently, we have 

f. 88, Chap. 

= -2Q.1280 , 

10. 
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where square brackets indicate concentration on the mole 
fraction scale, or 

Multiplying by ALITER = 55.1397 gives 

= exp(-16.11813) = 10 -7.0 
9 

or the p~ = 7.0 for thts reaction at 37'~. 
The solubility coefficient for a gas 2n a liquid 

phase at one atmosphere is usually defined as: 

a = ml gas at STP/~E liquid at T"C , 

where STP is O°C and one atmosphere. 
mathematical model, we need a on the mole-fraction scale 

r171. 

However, for this 

For 37°C 

a s = = a x  22,408 j0.05513967 

For example, for O2 in pure water at 37Oc, a = 0.02386 
and a' = l.93118 x IO-'. 
a! = 1.7326 x lom5 in the mole-fraction scale. 

For O2 in plasma, a = 0.0214 and 



In the model, for the chemical. "reaction" 

at 3 7 " ~  in simulated lasma, we havb, 

= 1,7326 x POo5 = exp(cl) ; 
CO2hyxLd 

= In 2.7326 x loa5 = -10.948 . "1 

S h f l a ~  computations are made %or the other gases. 
The data cards listed after the Control card VECTORX 

(which may also have the title of the deck punched fn the 

remaining columns) are an initial guess for the solution 
supplied either by the programmer or by the BUP;FCKX Control 
card from a previous pass of the same data deck. The 
purpose of the initial guess is to save computation time, 
but it is not required. If the data cards of WCT0;fW: are 
not supplied with the data deck, or if any of the n m e s  
given in the data cards of VECTORX do not compare precisely 
with those in (compartment names as well as species 
names), or if %he initial guess is a very poor one, the 
SQLW subroutine: 1) obtains initial starting value by 
~~~~~~~~~ into the feasible solution space C3]; 2) solves 
a linear programing problem (obtained by dropping the log 
terns out of the free-energy functtion) using the SIMPLEX 
subrsuitine; and 3) iterates the full non-linear problem by 
two different methods to obtain the opthnal 3oluti011. If 
the VECTOW supplied is a feasible solution, or if a valid 



solution exists in s t m a  e (from a previous SOLVE>, SOLVE 
first caI.3.s P ~E~~~~~~ which is used to obtain an initial 
solution when the solution expected next differs from the 
previous in only relatively minor ways [3]. 

es shown with the Control card SOkW (p. 46 
above), were printed far the Soda-Pop mode% after 

C%Ol[bX antd the related data cards were omitted. These 
messages are printed by the SOLVE: subroutine. The SOLW 

subroutine also sets the flag IE = I if tke problem 
is feasible and the solutfran has converged; IE 
otherwise. If the problem IS not feasible, or If an optimal 
solution (within the TOW E§) has no& been found by the 
program, other messages will appear. For example, if the 
matrix inversion subroutine finds a singular matrix, this 
is reported. If the SIMP X subroutine finds an infeasible 
linear problem, the combination of raws giving a dependent 

set is listed. If 1 is exceeded, that message is given 
and for the next pass I should be increased depending 

upon the list of messages. 
Exmining the list of messages with the Control card 

SOLVE (p. 46 above) 
function and the maximum mass-conservation error are de- 

creasing steadily. ese values may be oscillatory or 

one way note that both the free-energy 

stationc-,;?ry at values outside the Tom ES ~ 3 1 .  ~n such 
cases, the solution is nom-optimal a d  the problem being 
solved must be reviewed. 

The result of the ~~~~~ Control card is shown in 

Table n%. Firs&, the last read %a: Control card is 
reproduced. Next, two n erica1 error messages are printed. 
These are almost self-explanatory. The errors in the con- 
servation of' mass ( a d  sther constraint) equations are 
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averaged and the ws error (me-sigma) is computed and 
IpsSwted, along with the constraint having maximum absolute 
error. '%hi? error for all mass-action equations in the 
model is then computed and printed, along with the maximum 
absolute error for any species. 

Next, the ~~~~~ 8 routine tests the flag IOPT (set 
by the s~broutine ~~~~~ and prints the appropriate message 
(in this case, " tima1 Solution"). If IOPT = 0, "Not 
Optimal. Solution" is printed along with tke values of 8 
[ a ]  for each species. 
of the degree to which a constraint is violated--by scan- 
ning the 8. printed out, the analyst can see where the 
trouble is likely to lie: for an optimal solution, the 
8. are greater than -1.0; Ehe more negative the 8 less 

than -1.0, the more difficulty the program is experiencing 
in satisfying the constraint. 

j 
e Q are, roughly, a measwe 

j 

3 

J j 

Next, the current value of the objective function is 
printed by the OUTPUT subroutine. The objective funcition 
is 

N 
G(x) = 1 x p j  +'1n 4 ) , 3 

J=1 

where the concentration, ii of X. is computed within the J J 
appropriate C~~~~ nt. RT  the^ GQx) is the Gibbs' free- 
energy f ~ ~ ~ i o ~ ~  but its interpretation in this context 
is precarious because of the definitions of e 
the c are not the standard free-energy parameters for 

Freqwntly, 
j' 

j 
matching empiricerk data (see p. 7 above; also, Ref. 17). 

Finally, the species are listed by cmpartment. 

Usua%Iy, as in this case, moles a,nd male fractions of 
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each species are printed. (In the next example, we show 
the result 05 returning to the HAIN routine to compute 
moles per liter of water as well.) The first line printed 

AR (i.e- K) the sum of the moles of a11 species in 
the compartment. The second is the pH of appropriate com- 
partments, i..ee9 those (and only those) compartments con- 

+ a species named precisely H (left adjusted). The 
list of species follows. The same substance in more than 
ogle cmpartment (e.g., H20, C02) can be given the same 

to improve the appearance of the output, as was done 
here. 

In this simple problem, 
sewation of mass equations; 

gas phase 
liquid phase 
HCO, 

co; 

it is easy to check the con- 
e.g., for CQ2: 

52.6287 moles 
O.OO12707 
O.OQ00303 

"-- 

I-- 

52.6300818 moles > 

which is the m ~ l e  fraction of C02 in the gas phase times 
1000 moles of gas (B (3) = 1000.). 

for example: 
It is also simple to check the mass-action equations, 

= 1.4406 x 110- , 
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and 

as s h m  in species HC RIX (Table VI)* 



-68- 

rn 

* u 6 

#- a . 
N . 
P- o 

c 
.A 

-l 
w 

m 

3 v) 

L e L c 

Q U 

c z 
w 
a 

L 

%- 

z3 

o w  

an 
0 0 
P m 
x.1 
r H  *- P 

.A 

N P- 
Q e 

0 .-) 

L 
0 

N m 

MI z 

1 N 



J 

iEs %he mOh2S Of Water per %iter Qf Water EEt 37OC). 
The result is stored in the vector XI. Finally, we set 
xv923) = 1 . With IV(23) = E, athe vector x1 
will be printed as a third line of output as shorn in 
'Sable %X. 

As another examplel the Soda-Bop model will be used 
to show how a chemical. reaction with an unknom equilibrium 
constant can be incorporated into the model. If data 
equivaBent to K, the mass-action constant, are known-- 
for example, in the m;Pss-act-kon equation 

if K is unknown but the concentrations on the left are 
known--then K can be c o ~ ~ u ~ ~ ~  and the reaction incorporated 

in the usual way. Frequently, however, the equivalent data 
are not kzlom until an equilibrium for the total milieu can 
be cmputed. For example, in the mass-action equation 

st- above [En ] may be m k n  because K is w~hknom. If, how- 

~ o ~ ~ u ~ ~ ~  by  on^^^^^^^^^, say3 [ EX3 to be the known 
ever, either [1vfl3C] or SC-3 are ~ ~ o ~ ,  M can still be 

mount and then salving all of the equations of the milieen 
s5multaneously. En the context of khe above problem, this 
is accomplished En one pass as follows: 

First, we add a eonatrabnlt with ALTE and ALTEM: 



Table IX 

E TH THIRD LINE OF OUTPUT 



1. data Control card adds a constraint (~Qw) to 
the matrix (cf. ROWS, pp. 341-32 above) : 

END or PloIllS 

82 
0. 

2- 09QQOQOE-Ol 
3.00w)O00€-04 
7 .l9lwOOOt-01 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
4. 

I3 
1.0000011Qt OS 

I.PSSQOBQIE-OI 
9.tblOQOOS-0t 
1.S4OOOOOE-01 *. IO1BOOW-02 
0. 

0. 
0. 
0. 
0. 
0. 
-0. 

a* 

#* 
0. 

0. 
0. 
0. 
0. 
0. 
0. 
0. 
5. 
0. 
0. 
0. 
-0. 

e5 
0. 

0. 
0. 
e. 
0. 
1.000o&OOE 1.000000~ 00 00 

0. 
Q. 
0. 
e. 
0. 

-0. 

And the ALTE modifies the N S C  C Q ~ U ~ W  (cf. MATRIX, pp. 32-34 
above) : 
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C is n w  constrained to be 5.0 
1, equilibrium wince one of its 
Sa=* is a component of the model 

up in the output--the only place it can go 
C. We now SOLVE, call BUTBUT: 

x 



The DELETE operation (see DELETE, p. 48 above) removes 
the last row of the matrix (the one just added) and re- 

places khat constraint with 

where M is the number of the row removed, i.e., the con- 
straint is replaced by an equivalent change in the thermo- 
dynanic parsemeters of each species X affected. Finally, 
we PRa: T U X  to obtain the new C(J) for the MISC 
reaction: 

j 



-74- 

In the M I X  $OW, C(J) = -P%.613097; or, exp(-11.6131) = 
10-3'05 crsnvertinng to pK, pK = a3.05 (cf. 7.0, p. 61 above). 
If we now s LVE again, the result will be identical to that 
with the constraint; the equilibrium constant K which 
produces 5 x 1 -4 moles of SC per liter of solutton has 
been found. 

A final ex p%e using the Soda-Pop model. is the 
foI$owing method for ~ ~ ~ ~ ~ l ~ ~ ~ ' t  the output. This general 

~~~~~~ ~ I Q W  one to ~btafn fm a single pass a desired 
value of a ~d~~~~~~~~~ variable in the output by adjusttng 
the value of a ~ ~ ~ ~ ~ ~ ~ ~ ~ e ~ ~ )  variable in the input. Thus, 
one might a b input $a give a desired pH, or 
the ~~~~~~ of herno lobin to give a desired hematocrit. 
Frequenely, in matchkm laboratory data, a desired (de- 
pendent) ~~r~~~~~ has been measured but the (independent) 
variable causes or producing the result has not. Such a 
ease requires an adjustment, in the model construction, of 
the ~~~~~~~~e~~ variable to the appropriate level by 

the ~~~i~~~~~ of the dependent variables. 
The ~ ~ o c ~ ~ ~ ~ ~  uses Newton's method of iteration, and 

is subject to a: heoretical limitations of that method 
as well as the Pica1 limitation of the computer. It 

consis,ts, ~~~~~~~~~~~~ of: ~~~~i~~ to give the initial 
value sf the dependent vt;ariabl.e and the increment required 

ive the destred result; empintkng the partial deriva- 

eive of the endent with res ect to the independent 
variable; an the equation 
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for m 9  the ~~~~~~~~t in the i~~~~~~~~~~~ variable necessary 
, the desired increment in the dependent variable, 

Usually, this ~~~~~t~~~~~ must be repeated three or four 
t h e s  

since the partial derivative is not a constant and changes 
wf%h the ~~~~~~~~ values of the independent variables. 

in a loop in order to yield the desired accuracy 

Table X is a listing of the routine called PWSLV, which 
adjusts the pH of it given compartment to a particular value 
by varying the H+ ion pleas tr c1- ion in the input. H+ 
and CI- are selected by entering a 1.0 in BBB(5,5) and in 

(6,5) of thg? Ssda-Pop mod@% (See ROWS, gp. 31-32). P9BSTA.R 
is then set: at 5 in the JM routine to indicate that 

~~~~~~~ will. be varied, thus varying the input 0.P HCP. 
In the PHSLV routine, first the compartment is found by 

Next, the species Hs' and W20 are 
in the call statement wEth the stored names 

of the caantpartments. 

fsmd and tke pH cmputed. 
required. 

DZFF is the heremenat in pM 

A second solution its obtained after incrernenting 
d hence the 1 input a small amount. me 

a ~ ~ ~ a ~ ~ ~  is; then c 
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Table X 

E pHSOLVE FOR GOa9EING pH 

1 
C 
C 
C 
C 
C 
C 
C 

C 

C 

2 

3 

4 

C 
5 

6 

C 
7 
10 

C 

6472.5OCAr~375C.B~50.1CCIP FCPTRAH SCUPCE LIS5 
I sly SOLRCE S l h T E P E h P  

C SIRFVC PHSLV N O D E C P  
SUBROUTINE PHSLYINAME*VALLE) 

5-7-67 
CODE PCDlFlEQ F C R  PICKEC V P T R I X  STCRICE 
A I I r J I  STCRFC I S  TVRfE EhTRIES 

lRrLlKl I I . - .. . . . 

JCDL(Y1 * J 
AIJBKI * 6flrJI 

COPPCN AIJl4bOlt IRCW(4601, JCOLl4601 

EQL 
1 
2 
3 
4 
4 

; IVALE 

2c 
21 
22 
23 
24 
2. 
26 
2 7  
3c 
3 3  
36 
'4 c 
4? 
44 
45 
46 
47 
5c 
5t 
a4 
99 
5.5 
d l  
b t  
63 
66 
a? 
3 c 
2 3  
1 4  
16 
7 7  
1oc 
lei 

C?tZ4/61 PAGE 9 

PWSLCC2C 
Pb.ILCC?C 
PhZLCCSC 

PVILCCIC 
PbSLCCCC 
PCSLEt9C 
PVSLCICC 
PI.ILCI5C 
Pr-SLCICC 

PHSLCOIO 

$9 

2 

3 

96 

4 

io 
51 

J 

GL TO 4 

PHCLC34C 
PVSLCZ50 
P+%I c3cc - . - - - - - - 
P H S L C ~  e c 
PHSLC39C 
PCSLC4CC 
PHSLC4 IC 
PHSLC42C 
PHSLC43C 
PI.SLC44C 
PHILC45C 
PWSLO46C 
PtSLE42C 
PI-SLC40C 
PHILC49C 
PHSLC5CC 
PCSLCS a0 
PbSLCSZC 
+WSLC53C 
PHSLCSBC 
PCSLC55C 
PtSLCS6C 
PC SL E5 PC 
PHSLC58C 
BHSLO59C 
PHSlCbCC 
PI-SLCPIC 
PHfLCClC 
C(ISLCB3C 
PbSLCCSC 
PCSLCC4C 
CHILC85C 

PHSLCBlC 
PHSLCCIC 

PM 5 ~c ea c 
PbSLCJEC 

PHILCSIC 
PCSLCIIC 
PkSLES9C 
PHSLPCCC 

1 
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Table XI 

R 

1 
2 
I 
1 
2 
3 
4 

2 

SIZE 0.00. SCALE 1.00 
LIV Tl'tTA L E S S  W i N  7OL11). GC TO PElHCO 7 
U h X  CHANGE 1'4 PIE= b.1063559 E-07 PIX ROW 
SIZE 0.46r SCALE 1.00 
CH&hlGE IN FUEE ENERGI=-2.b8§5469 E-03 5 
CH4NCE IN F Q E t  EN€RGI--R.%*49219 E-04 5 

POSIIIYE POAa til 70 f4ETHOO .' 
M a x  LIIANGE IN PIE= b.080659i E-07 )rlX ROY 

A V  THETA L E C S  THbN IOLILI. GI! TO MEYHOO 2 
HAX CHANCE IN PlF- 7.4749751 E-07 PAK RUM 

IW THElk LESS IHBN TOLI11. GO 10 PETHOO 2 
M h Y  CMANCE IN PIE= 7.96671&3 e-01 MIX ROY 

SIZE 0.18. SCAPE 1.00 

SIZE C.00, SCILE 1.00 

ERRDPn 9.P1821?9 t--05 

IEP SIZE- 1.oaooono E 00 
TEP SIZE- 1.0000000 E 00 

€RQOR--2.1382305 E-OC 

EaRrlR- i.2969971 E-OS 

ERROWm E .3132910 E-04 

A V  
A V  

tXPEBlYFNrlL SODA POP OECU 5-1-67 

X-FIR 9.99151E 07 5a5'IEQ.CE 01 

Pn 0. 3.59863E 00 

02 MOLES 1.3lSOM 02 1.19416F-04 
WFRAC 1.31b12E-01 2.39i06f-OL 

COZ HOLfS 5.2b281t (I1 1.27069E-03 
W F R A C  5.26134E-02 Z.ZB99BE-05 

Nt COLLS 7.5400OE 02 
MF R h C  1.5564OE-01 

+ZC POLFS 11.10231E 01 
PFRIC b.LO749E-02 

C I  MOLES -0. 
U F R A C  -0. 

cti- ItOLCS -0. 
MFPPC -0. 

CL- POLF5 -0. 
HFRAC -0. 

Nh* YOLFS -0. 
PFRAC -0. 

I+ HOLES -0. 
UFR4C -0. 

4.15794E-04 
1.49320E-06 

5.S17661 01 
9.9S362E-01 

3. I ~ O I J ~ E - O ~  
5.71451E-06 

7.54959E-11 
1.36055E-I2 

1.3970LE-01 
2.41762E-01 

I. 30000E-01 
2.3&279€-0 3 

Z.E0000€-02 
3.6Q4Z9F-04 

GLUCOS POLCS -0. I.OOOOOE-02 
w a a c  -0. I .BOZI5E-04 

LACTIC MOLES -0. 1 .COOOOF-OZ 
@Friar, -0. 1.80215F-04 

cco3- *ULFS -0. 3.18542E-06 
MFllC -0. 5. 7+05P€-OII 

hZC03 POLES -0. 1.7183IE-06 
PFRIC -0. 3.20*7OE-OR 

cc3- POLES -0. 
W F R b C  -0. 

PISC *OLtS -0. 
PFRAC -a. 

Fiisc- MOLES -0. 
YFLAC -0. 

5.71559E-13 
1.030036-14 

'3 .BY I23E -04 
6.976526-06 

6.12RflE-06 
L. tOZ49F-05 

PI( IhlROkS 

RCU N W €  n Bl 
CULT.= I.COOOOOOE 00 

1 
2 
3 
4 
5 
0 
1 
8 
9 
10 
1 1  

EN0 

02 
co2 
td2 
HZO 
nt 
LL - 
M a *  
K *  
GLUCUSF 
L A t 1  IC- 
MISC- 
OF 

1.3150000E 02 

I.S+CCCCOE 02 
L.lb1996FE 07 
7.0107b97E-04 
1.3~?0LO?E-OL 
i.3CCOOOOF-Ol 
Z.OOCOCCOE-02 
1.0cc0000f-02 
1.600CCCOF-02 
i .000CCOOE-03 

S . Z ~ ~ O O C O E  ai 

1'4 SIGRBGE 

C. 
0. 
0. 
5.51196106 01 
1.COCOCCOE-03 
1.4000000€-01 
1.3000000E-01 
2. COOOCOOE-02 
L.COCOOO0E-02 
1 ~ OOOOOOOC-07 
I.0cc0cc0F-03 

THEYA- 
THE?A= 

R.60ZI3E-02 
8.590&?€-02 

1.2 
0. 

2.0090OOOE-01 
3.0000000E-04 
7.8410000E-01 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 

8') 
1.0000OOOE 01 

1. 3150COOE-01 
5.2630000E-02 
7.54000OOE-01 
6.106000CE-OL 
O r  
0. 
0. 
0. 
0. 
0. 
0. 

64 
0. 

0. 
0. 
0. 
0. 
0. 
6. 
0. 
0. 
c. 
0. 
0. 

55 
-2.9897303E-04 

0. 

0. 
0. 
I.CCOCOO0t 00 
L.occcco@t 00 
0. 

0. 
0. 
0. 

a. 

a. 



ure can be c LeQ;ely genera ized; several 
~ ~ p ~ n ~ ~ ~ ~  v ~ ~ ~ ~ ~ l ~ ~  can be  is^^^^ s ~ ~ a ~ ~ o ~ ~ ~ ~  by 
vary%.ng corresponding, a ~ ~ ~ o ~ ~ ~ ~ t @  i~~~~~~~~~~ variables. 

In this case, E * (22) should be read as a matrix equation, 
which is solved by calling ~ ~ ~ ~ ~ p ~ ~ ~ ~ ~ ~ y .  The 
partial derivatives e f o m d  by using PART, a subroutine 
normally called by JACOBS for computing the partial deriva- 
tives listed by tha& routine, The thesry is exactly the 
same as in the simpler case above; difficulties arise only 
in the logicak. sorting a.nd incafe sf ithe variables 
appropriately, and in corn rtial derivatives with 
respect to ~ c ~ ~ ~ ~ ~ ~ $  (e.g. ~~~~ instead of just components. 

Such partials are cmputed as the sum of the partials of 
each c ~ m p o n e ~ ~ e  taken separaeely. Also, it is possible to 
ccrmpu%e the partial derivatives of certain output variables 

with respect to either the thermodynamic parameters (c(j)) 
~r the stoichiometric coefficients of the matrix of C Q ~ -  

straints. This generalization of the goal routines has 

been accomplished in the tkeats af Magnher f191, where 
the subroutine is called , p, 106 ff., 
and PART, pp. 121-122 below). 

I m e  foblowing example ~~~~~~~~y more cmphex t h m  
soda pop) deals with the ionization of protein, serum 
albumin. 
it contains one liter of H ~ O  at i”.soc, 1.0 millimole of 
(bovine) ser alblrenin, and 0.15 mole of Na61. (An excess 
of H* ion is discussed below.) 

Table XSI is a listing of the model t~ be used; 
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0 
2 0  - 2  
a- 
LY* 
a x  

V G  
U Q  
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the ionization of each other), Shapiro [la] has shown that 
the number of males of ionized monobasic acid will equal 
the number of moles of ionized protein sites under the 
same conditions in the original protein. 

To effect this computation, it is necessary to transfer 
the monobasic acids to a separate eanceptual compartment 

%n order not to change the effective ionic strength of the 
protein solution. Shapiro [SI describes the mathematical 
method and proves the equivalence of the new, compartmented 
problem with the old or protein solution problem. In 
Table XI1 (p. 79) there are five constraints (mass con- 
servation equations) which ltransjEer the ionization sites 
to a separate conceptual compartment, called PftOSITEs, 
for ionization. This may be seen more easily from the 
 TAB^^^ instruction: 
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Because the tableau rounds the matrix entries to the tens- 
and-units decimal places only, the full number of the full 
detached stoichiometric coefficient is not reproduced; 
however, by reading the listing (Table XII) simultaneously, 
we f o m  the following equations between the compartments 
PROSITES and ~ ~ Q ~ ~ L ~ ~ ~  : 

-105.1 X6 3- 1.0 x7 9 1.0 X8 = 0 

-17.0 xQ 4- 1.0 x9 + 1.0 = 0 

And within the compartment PROSITE, the beta-carboxyl sites, 
for example, are divided into two species: the ionized and 
unionized with the pK (from Eq. 17, p. 17 above) : 

-12.760624 += In ALITER 
PK7 = 2.38259 

= 3.76 . 

Using beta carboxy'i as an example, Eqs. (23) require 
that the sum of the moles of the species x(7) plus x(8) 

I equal 105.1 times the moles of protein; i.e., there are 
105.1 (empiricalJ-y effective number, molecular weight 
69,000) beta-carboxyl sites per molecule of BSA and, in 
this example, 185.1 moles of an equivalent monobasic acid 
ionizing. 



-83- 

With this model, we SOLVE, OUTFUT, and then E4ETVR.N 
control. to the MAIN routine. Table XIXI is a Liat of the 
MAIN routhe in which we search for the i s o i ~ n i ~  paint for 
this protein s ~ k u t i ~ n .  Table XIV is the result of this 
calculation. Note that since the net charge on  he com- 
ponents going into the model must be zero, ehe charge of 
the input component protein must be -0.P244/1.0 x lom3 per 
mole, since there is a surplus of H+ ion of 0.1264 moles. 
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Table XLV 

W E D  DISTRIBUTION OF SPECIES FOR: 

a> The isoionic point using 
intrinsic pK i 

b) The isoionic point using 
reduced volume of solvent 
(1.0 liter of solution) 

4.75478E 01 2.28320E-Cl 

5.35276F CC -0. 

X - F A R  

PP 

).+ M G L E S  3.7996et-cb -c. 
PFWllC T.99128F-CP -C. 

Ct-- M O L € S  1.94@CZE-C9 -C. 
M F R A C  4.0W~96F-1 I -C. 

t-70 MOLES 4.T746RE 01 -C. 
MFRPC 9.9 )669k-01 -C. 

N b +  WOLFS 1.5CCCOE-Cl -C. 
MFRAC 3.154?2F-C3 -C. 

CL- HOLES 1.5CCOOF-01 -0. 
M F R b C  3,15472E-03 -C. 

P a c m  ROLES 9.9~99w-04 -c. 
WFRAC 2.lC313F-CS -C. 

bC0O)t UOlES -0. 2.5 72 3 3E -Cs 
WFRAC -0. 1.126b3E-C4 

ACCQ- POLES -0. 1.0342BC-C3 
M F R b C  -Co 4.52Q94k- C 3 

PCCfH MOLES -0. 4.65193+-C3 
MFRbC -C. 2. C 3 ?4hF -C? 

L.CCMBF-C 1 BCCC- M C L F S  -0. 
W F R A C  -0. 4.39944E-L I 

1.65295€-C2 IVIC+ MOLES -C. 
MFRaC -0. 7 23 96 Zh -0 2 

IPtC ROLES -0. 4*70503F-C4 
M F R A C  -0- 2.C6072E-CT 

PPI#+ MOLES -C. 1.05576E-C3 
RFRAC -0. 4.62101E-C3 

ACIN HOLES -0. 4*24487E-C6 
RFPAC -C, 1 -A591 BE-CS 

EAlrIHt POLES -42, 6.04979F-C2 
M F R A C  -0. Z.6497CF-CI 

EPClN M O L F 5  -C. 2.16709F-Cb 
M F R A C  -C. 9.4949’IE-C 6 

2.01998F-Gt W E N O  MCCES -0. 
MFRIC -0, 8.84714~ -C? 

P)r€NO- MOLFS -0. 2.04OC5F-CT 
PFRAC -0. 8.935C3F-C I 

W A N +  WOLFS -0. 2.340COE-C2 
MFRAC -0. 1. QISBt)€-T! I 

Gt!AN HOCCS -0. 1.67303F - C Y  
M F R A C  -0. 1.32351F c’7 
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This exact Iznount of W* ion is required to be attached in 
order to make the specified protein neutral in this solu- 
tion. This is determined as follows: starting the csmpu- 
tation with an arbitrary m o m t  of H 
solved (equilibrium computed) and the net charge on the 
protein, considering the sign of each site, is algebraically 
added. 
is added or subtracted in an iterative loop until the 
protein net charge is satisfactorily small--in this case 
less than 0.00001. At this point, the results are written 
in the output. 

the pW of the solution is also changing during the itera- 
tion, and the isoionic pH is that pH at which the loop 
finally indicates the protein to have zero net charge. 
Also, the isoionic pH, and the H ion required to attain 
that pH, will be different with a different assignment of 
the pKi. 
required to make the input components to an isoionic 
solution neutral. 
protein entered the rncdel. as sodium protinate and the 

+ ion, the problem is 

+ If this charge is not zero, H ion (as a component) 

4- Evidently, becaus? of the H ion reaction with HZO, 

+ 

4- The H ion aurplus in this cam is just that 

An equivalent statement is that the 

neutral molecule HC1 was added until the : isoionic point 
was reached. 

Table XV begins with a list of components and con- 
tinues through an entire printed output for an elementary 
model of the respiratory chemistry of human blood. This 
model is taken from DeLand [ZO], where it is described in 
detail; earlier models of the blood are described in 



DATA 

ROUS 
1 02 
2 coz 
3 NZ 
4 HI. 
5 OH- 
6 CL- 
7 M A *  
8 U t  
9 C B t *  
80 MC++ 
1 1  so+= 
12 HPO4- 
11 W R E A  
24 GLUCOSE 
15 LACTgC- 
16 NH4+ 
I? MISCPLAIMA 
18 M I  S C R E W E L 1  
19 H E 4  
20 *PLASRA 
21 M A *  
22 K* 
23 c a r  
26 HC* 

WllTRlX 
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Table XV 

DECK AND BUTPIIJT FOR CQMPLETE COMPUTER RUN 

AlR  O M  
1 02 
Z cnz 
3 N2 
4 H20 

PLASMA 
5 02 
6 coz 
7 N 2  
8 HC 
9 OH- 
LO CL- 
1 1  NA + 
I1 NA * 
12 K+ 
L2 R e  
13 C*+C 
13 CA+t 
14 NE46 
14 MG*+ 
1 5  sa+= 
16 ~ ~ 0 4 -  
17 UREA 
le GL vc os 
19 LACTIC 
20 NH4+ 
21 HC03- 
22 H2C03 
23 C03* 
24 wzo 
25 ME SCPR 

REO CELLS 
26 02 
27 coz 
28 N2 
29 Ht 
30 ow- 
31 CL- 
32 NI+ 
33 K+ 
3+ CI4+ 
35 M G r +  
36 so*= 
37 WPO4= 
38 UREA 
39 GL ut os 
60 LACFlC 
41 NH** 

43 HZC03 
42 HCO+ 

14 C03= 
45 HZO 
66 111 SC PR 
67 He4 
4e H8402 

OF ELEMENTARY BLOOD MODEL 

6.e300000~-03 
2,3490000E-02 
4.31000OOE-06 
4.6500000E Ok 
4~6520200E 01 
R. 0040000E-02 

4.5050000E-02 
1.6050000€-03 
1.6 I 2 500GE -03 
5.25000OOE-04 
L.63OOOOOE-03 

3.6660000E-53 
2.0330000E-03 
8.69OOOOOE-04 
0.70 600 OOE - 04 
3.7505000E-03 
9,0899999E-03 

~ . ~ ~ ~ o o o o E - o ~  

3. ~ ~ Z ~ O O O E - O ~  

-0. 
~ . ~ + I L s o ~ E - o ~  
2.2963500E-03 
L. 3991000E-03 
%.6&e1eOoE-Q4 

- i 0.940000 - 7. 690000 
-ll.§20000 
-36.600000 

0.000000 

0.0000D0 
0.000000 
0.000000 
0.000000 
D.000000 

* 0.000000 
0.000000 
-0. DOOOOO 
0.000000 

-0.000000 
0. OOGOOO 

-0.000003 
0. OOOOOQ 
0.000000 
0.000000 

0.000000 
0.000000 

-2 1.350000 
-32.860000 

&.Z60000 
-39.390000 
0. 000000 

0. oooooa 

0. oooao3 

-0.000000 
0.000000 
-0.000000 
0. QQOOOO 
0. 000000 
0.000000 
2.193399 

-2.94-65i5 
2.251 ?PO 

-0.457T03 
-2.000000 - 2.000000 
0.000000 
0. 000000 
0. Ip00000 
0,000000 

-2 L.4'aOOOO 

6. kZOOO0 
-39.3800QO 
0.000000 
0.000000 - 1 6.2 BOO00 

- 32. e4000o 

2.0990aoo~-oi 
3.0000000E-04 
7.8980000E-01 

-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 

-0. 
-0. 
-0. 
-0. 
-0, 

-a. 

1-315OOOOE-31 
5.260000OE-02 
7.F403000E-01 
6.1099999E-02 
6. L099999E-02 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 

1.000 02 
1.000 coz 
1.000 N2 
6.000 Ht 1.000 OH- 

1.000 02 
1.000 coz 
1.000 NZ 
1-000 H+ 

k.000 CL- 
1.000 MA* 
1.000 HA* 
1.000 K+ 
1.000 K* 
1.000 GI** 
1.000 CA* 
1.000 *G++ 
1.000 nG* 
1.000 SM. 
1.000 w o w  
1.000 UREA 
1.000 GLJCOS 
1.000 LACTIC 
1.000 NHIb 
1.000 coz 
1.000 CQZ 
1.000 coz 
1.000 
1.000 MlStPL 

1.000 on- 
1.000 +PLASU 
-1.000 *PLASM 
-1.000 *PLASN 
1.000 *PLASU 

1.000 *PLAIN 

2.000 *PLASN 

2.000 *PLASR 

-2.000 *PLASN 
-2.000 *PLASU 

-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0 I 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0 * 
-0. 
-0, 
-0. 
-0. 
-0. 
-0. 
-0. 

-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 

-1.000 +PLASH 
1.000 *PLASM 
1.000 OH- -1.000 .PLIS'( 

-1.000 nt 1.000 3n- -2.303 *PLA§* 
1.000 H* 1.000 on- 
1.000 OH- 

-10.000 * F L A W  

1.000 
1.000 
I. 000 
1.000 
1.000 
1.000 
1.000 
1.000 
I. 000 
1.000 
1.000 
L.000 
1.000 
L.000 
1.000 

02 
c 02 
NZ 
w, 
CL- 
M he 
L+ 
CAt+ 
MG+4 
504- 
HPOII 
UREA 
CLUCOS 
LACTIC 

on- 

1.000 NH4+ 
1.000 coz 1.000 ow- 
1.000 coz 1.000 n+ 1.000 on- 

1.000 on- -1.000 n+ 1.000 coz 
1.000 MlStRE 
1.000 He+ 
1.000 02 1.000 HI4 

i.000 n+ 1.000 on- 

PROBLEM HAS 24 ROUS. 48 COLUMNS. 3 COMPARTYENIS~ 80 NON ZERO WATRII. €r(lR.lES. 
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VECTORX 
A I R  OMlT 
A I R  OUT 
PLASMA 
PL ASP(A 
PL ASMA 
PLASM4 
QLASWA 
P L A S M A  
PLASMA 
REO CELLS 
REO CELLS 
REO CELLS 

REO C E L L S  
REO CELLS 
REO CELLS 
REO CELLS 

Rea CELLS 

EN0 

SOLVE 
PROJECTlQN 
ITERATlON 
I T E R A T I O U  
I 1ERATl ON 
I TERATlON 
IrERAr ION 
I T ERA1 1 ON 
I TE R A T  I ON 
I T E R A V  1 ON 
I V E R A  TI ON 

L.3PQVEOE 02 
b.102650E 01 
6.762080E-05 
2.108430E-08 
T.644130E-02 
4.66809QE-04 
I .93?57QE-03 
4.38888oE-04 
1.940030E-05 
4 e 18Q32OE-05 
2.0662 70E-OB 
8,378670E-03 
L. HQ’iC90E-03 
1.20413QE-03 
t.30112C€-04 
5.51448W-OC 
3.353680E-C4 

-0. 

c02 

COZ 
on- 
K* 
SO*= 
GLUCOS 

HZO 
CD2 
OH- 
K* 
504. 
CL UC OS 

nco3- 

nc.03- 
n m  
~8402 

S.Za02ZOE OL 

6.94562OE-04 
3.07691 OE-07 

-0. 

I: e 296 330~-03 
I.BI~BPOE-OI 
2.261050E-03 
1,38663OE-02 
Z.892410E 01 
0. Pt ZOlOE-04 
1.212240E-07 
4.29537OE-02 
3. SOSITOE-04 
1.404950E-03 
6.283QBOE-03 
1.T14B70E 01 
8.754630E-03 

-0. 

Nt 

NZ 
CL - 
CA** 

LACT I c 
HI SCPR 
NZ 
CL - 
CAM 
w o + =  

HPDI- 

H Z C O ~  

LACrIC 

MI SCPR 
ntcrn 

7.540000E 02 

2.1644VOE-04 
5J4256OE-02 
1.378590E-03 
5.0249bOE-OI 
1.458420E-03 
9.BVZO6OE-07 
B.706OOOE-04 
1.344950E-06 
2.26246OE-02 
2. 254050E- 01 
9.2750+0€-06 
5.145140E-04 
6.146620E-01 
3.7505OOE-03 

-0. 

-0 I 
-0. 

L SIZE 0.00. 
I A V  THETA L E S S  THAN 
2 M A X  CHANGE IN PIEX 
3 M A X  CHkMGE 1N PIE* 
4 M A X  CHANGE IH PIEX 
5 NAY CHANGE IN PIE- 
6 *AX CHANGE I M  PIES 
7 M A X  CHANGE IN PIEL 
8 M A X  CHAWGE IN PIE= 
P UIX CHANtE IN PIE- 

SCALE a.00 
TOLIIle GO TO W l H O O  2 
1.7L60532 E-02 M h X  R W  
5.9323630 E-05 U A K  RW 
2.5503554 E-05 M A X  ROU 
1.3516563 E-05 %AX ROW 
2.4093508 E-05 M A X  ROW 
1.2332961 E-05 N M  ROY 
1.35915bT E-05 HAX ROU 
2.63rilOlZ E-05 UAX ROY 

ERROR- 5.4831641 
ERROR--5.36O5162 
E RROR -5.3605 I bZ 
E RROR-- 5.34057 62 
ERROR~-5~34057162 
ERIOR--S.3405762 

ERROR--5.34057b2 
~~1~0~--5.3405762 

E-Q4 
E-05 
E-05 
E-05 
E-05 
E-05 
E-05 
E-05 

OUTPUT 

RMS M A S S  BALANCE ERROR. Q.OO6E-OB MAX. ERROR- 2.127E-07 ON Rm HI 
RMS EOUILIBRIVN ERROR- 2,OJIPIE-07 UAX. ERROR- 3.385E-07 IN C03- OF PLAS*A 

OPTIMAL SOLUlION 
OBJECTIVE* -1.5404338 E 04 R T  * OBJECTIVE- -9.4932936 E 06 

I-BII 

Pn 

02 

to2 

NZ 

nzo 

nt 

OH- 

CL- 

N** 

K +  

G A b +  

MG*+ 

SO41 

n m + =  

UREA 

A I R  OUT 

9.99127E 02 

0. 

*OLE4 1.3L498E 02 
MFRAC 1.3lClZE-01 

WOLES 5.zBo2zc 01 
MFRAC 5.2b48ZE-02 

HOLES ?.54000E 02 
MFRAE 1.54659E-01 

MOLES 6-10265E 01 
UFRAC 6.10789E-02 

W L E S  -0- 
UFRAC -0. 

U0LES -0. 
UFIAC -0. 

WOLES -0. 
MFRAC -0. 

RilLES -5. 
RFRAC -0. 

UOLES -0. 
MFRAC -0. 

HOLES -0. 
K F R K  -0. 

UOLES -0. 
MFR*C -0. 

HGLES -0. 
MFRAC -0. 

W L E S  -0. 
W F R A C  -0. 

ROLES -0. 
UFRAC -0. 

P L A S M A  

2.88853E OI 

7.39233E 00 

6.74207E-05 
2.33409E-Q6 

6.955bOE-Q4 
2. 4OBOIf-OS 

2.16449E-04 
1.6933%-06 

2.87247E 01 
P.QI44ZE-01 

2.10837E-OE 
7.29913E-10 

3.07698E-07 
1.06524E-08 

5.1+25+E-02 
1.9BBBfE-03 

7.64h16E-02 
2.646 3 BE-03 

2.29635E-03 
7. ~ C ~ P O E - O ~  

1.3P96OE-03 
5.77614E-05 

4.6681BE-04 
1-6LbllE-05 

1.84486E-04 
6.3866PE-06 

5.02490E-04 
1.13961E-05 

1.937868-09 
6.70883E-05 

REO CELLS 

1.7QI85E 01 

7.19445E 00 

4.18934E-01 
2.33409E-06 

4.32ZOZE-Ql 
2.40101E-05 

L.34495E-04 
7.49439E-06 

1.78488E 01 - 
9.94443E-OL 

2.06bZIE-08 
1.1§11!+E-O9 

1.21228E-07 
L.75kLPE-09 

Z.262+BE-02 
1.2605 3E-03 

B.398BOE-03 
4.668 13E-04 

4.27537E-02 
2.38EOtE-03 

Z.25COOE-04 
i 2558 I E-05 

L.1456SE-03 
6.38316E-05 

3.4015 I9E-04 
L.BP?ZOE-05 

9.2751OE-04 
5.16761€-0§ 

1. LO4 1 IE-03 
6.70883E-05 
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GLVCOS M M E S  -0, 
M F R A C  -0. 

C.ACflC MOLES -0. 
MFRRC -0. 

NH4* W L E S  -0* 
R F R A C  -0. 

mo3- WDLES -0. 
MFRAC -0. 

HZC53 MOLES -0. 
MFRAC -0, 

C03. ROLES -0, 
RFRAC -0. 

M I S C P R  tabes -0. 
MFRAC -0. 

H E 4  UOLES -0. 
RFRPC -0. 

HB402 HOLES -0. 
KFRAC -0. 

PR tM'fP t E 

n2 
:DE 
M.2 
HP 
5 H- 
CL- 

K* 
CPca 
*G*+ 
SO45 
UPO4- 
U R E A  
GL VCOS E 
LACY IC- 
NHIP 
MISCBLASUA 
MFSCREDCELL 
H04 
OPLRSUA 
MA* 
K b  

UGS 

DELETE 
t* ROW "UGO 

DELETE 
lit ROY .*cA* 

Na* 

cni* 

CIELETE 
50 R O W  n'K* 

DELETE 
5, ROW "MA* 

2.26105E-03 1.40+9§€-01 
?.02?&56-05 7.62768E-05 

ba4984tE-03 5.745UPE-04 
5eOQ891E-05 3-20131E-05 

.Be 388OBE-04 4.301lZE-04 
1.51942E-05 2.39636E-05 

L. 3Bb61E-02 6-20419E-03 
4.80059E-04 3.50P23E-04 

9.89204E-07 5-14664E-07 
1e42460E-08 3.4246OE-08 

1- 96GP2E-05 5.57484E-06 
B.llLb5E-07 3.10601E-07 

be Wb00E-04 4.15050E-03 
4.0 L 3Y9E-05 2 08959E-04 

-0. 
-0. 

-0. 
-0. 

PEE 

-12.9bT8901$ 
-10.53kL2392 - L 1.8oe48P11 
-20.5624POQ9 
-18*BL31020?. 
-6.61622477 
-5-476 I8 31 0 
-e. F 11 301273 
-9.0 33351 18 

-LD.lh69BB13 
-12.81254632 
-L1-8?05i4B7 - 9.60950OZ9 
-9.45425561 - IO. 34936 366 - LO.63091252 - 14.9659OTBl 
-8.47337353 

-10.88115973 
-0.65562486 
-0.00225613 
-0.00275797 
-0.004692PB 
-0.00468655 

PiiELRT 6 

-7991.113928 
-6553.536425 
-7212.951233 
-12bB4.442ZI1 
-1 1594.026124 
-4P14.383911 
-337%.0294&8 
-5534.992920 
-5561,0P9714 
-6234.823486 
-?833.015991 
-7315.490051 
-5922.085.#9 
-5021.030334 
-6310.0440b7 
-6§56.422461 
-8223.100342 
-5221.920044 
-6709.56206L 
-2Q0.789764 
-1.695296 
-1.689668 
-2.891626 
-9.888201 

* e  HAS .wEm OELEPEO et 

+AS BEEN DELETED 

I o  H A S  0EEM DELETE0 0. 

HAS BEEM OELETED tL 

1.3150683E 02 
5.26234896 01 
1.54000431 02 
1.0?60000E 02 
1.0762020E 02 
0.0050000E-02 
8~48200OOE-02 
4.5050000E-02 
1-4OSOOOOE-03 
1-6lZ4OOOE-03 
5-2500000E-04 

3.1420000E-03 
3.6b60000E-03 
2.03300OOE-03 
8.69OOOOOE-04 
8.706OOOOE-04 
3.750500DE-03 
8.0898998E-03 
0. 
7.64+1400E-02 
2-29635OOE-03 
10 37%000€-03 
S.66Sl8OOE-04 

I . ~ ~ O ~ O O O E - O ~  

S M V E  
PROJECTIOM I SIZE O.OO* SCALE L.00 
ITERATEOH L A V  THETA LESS THAN BDLllD* GO YO UETHOD 2 
ITERATION 2 M A X  CHANGE I W  PIE- 5.TLZOZBZ E-04 M A X  ROU ERROR* 4.5961102 E-04 
ITERATION 3 M A X  CHANCE 1p1 PIE. P.65*11Oft E-05 M A X  ROIl ERROR*-5.3405162 € 4 5  
ItERlrION 4 U A X  CHANGE IN PIE= 9-4060832 E.-06 UAV ROW ERROR--5.3405762 E-05 

o u r p w  

RMS MASS BALANCE ElPRUR- 2.30BE-O? f M X -  EIR5R.r 7.09LE-07 ON ROW HI. 
R M S  ERVlLlBRlUU ERCIDRs b.38BE-07 MAX. ERROR- 6.lZIE-07 IN CD3- OF RED CELLS 

OF'T1IMAL SOLUTION 
OEJECIIVE= -1.5404335 E 04 

X-BAR 

PH 

02 

ED2 

UOLES 
MFRAC 

WILE S 
MFRAC 

A I R  OUT 

9.9912PE 02 

0. 

1.31498E 02 
1-31613E-01 

3 . ~ 6 ~ 1 2 2 ~  01 
5.PbC82E-OZ 

R I  a OBJECTIVE= -9.O93293L 

?hASRA RED CELLS 

2.88853E os 1.79489E 01 

7e39233E 00 7.1944bE 00 

6.?42OTE-O§ 4.1393CE-05 
2*33408E-06 Z.33408E-06 

6.9556 PE-04 4.32202E-04 
2.4080iE-05 2-40801E-RS 

E 06 
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Table XV--Continued 

Y2 

HZO 

nt 

ow- 

CL- 

NA* 

I[* 

C A b +  

MGeb 

SO41 

HPO4- 

UREA 

n m E s  7.540OOE 02 Z.Jb449F-04 1.344952-04 
H F R A C  7.54699t-01 r.40319E-Ob 1.49339E-Ob 

MOLES 6.IOL66E 01 2.87748E 01 1.78486E 01 
MFRBC 6.LOIPQE-02 9.04442E-OL 9.94443E-01 

MOLES -0, 
MFRAC -0- 

KflL E 5 ,-Om 
MFRAC -0. 

M O L E S  -0. 
MFRAC -0. 

WOLES -0. 
nw*c -0. 

NIXES -0. 
RIFRAC -0- 

M O L E S  -0. 
UFRAC -0. 

W L E S  -0. 
MFRAC -0. 

2.10835E-OB 2.066 1 BE-08 
7.29905E-IO 1.15117E-00 

3.01702E-07 1.21230E-07 
1.06526E-08 6.75430E-09 

5. ?425X-Q2 2.26247E-02 
1.91805E-03 1.26053E-03 

7.64SL5E-02 8.37855E-03 
2.64638E-03 4.668 IO€-04 

2.29636E-03 4.21536E-02 
7.949956-05 2.382OZE-03 

I. 379bOE-03 2.2539BE-04 
4- 7m4E-05 l.tS580E-05 

*.~~ZZE-O* L . I ~ ~ ~ I Y E - O ~  
1.6LBL2E-05 6.38314E-05 

ROLE5 -0. i.e44no~-o* ~ . ~ O ~ Z O E - O C  
N F R A C  -0. 6.386bJE-06 1.5972LE-05 

NOLES -0. 5.0211TE-04 9.27513E-04 
M F R A C  -0. 1e139b0L-05 S.16763E-05 

ROLES -0. 
NFRAC -0. 

CLUCOS MOLES -0. 
MFRAC -0. 

1.Q3786E-03 l.Z04l+E-03 
6.70%83E-05 b.70883E-05 

2. I6 LOSE-03 
7.82768E-65 

L A C I I C  M O L E S  -0. 1.45141E-03 
NFRAC -0. 5.01897E-05 

Mn4+ W L E S  -0. 
NFRIC -0- 

HC03- NOLES -0- 
MFRAC -0- 

HIC03 KOLES -0. 
MFRAC -0. 

co3= NOLES -0. 
MFRAC -0. 

UlSCCR MOLES -0. 
MFRAC -0- 

HBS NOLES -0. 
WFRAC -0. 

HB407 HOLES -0- 
MFRAC -0. 

PUNCHX 

PR lNIROYS 

ROU 

1 
2 
3 
4 
5 
6 
7 
B 
7 

LO 
1 1  

N A M E  

02 
cot 
N2 
H+ 
OH- 
CL - 
NlC 
K+ 
c4 cc 

SO+= 
nG+* 

12 HIp04- 
13 U R E A  
14 GLLKOSE 

16 NH4- 

18 MI SCREOCELL 

20 8PLlSMA 

25 ikcric- 

17 ni SCPLASYA 
19 ne4 

EN0 O F  R O W S  IN 

PRli NTTASL EAU 

4.3B89OE-OS 
1.5194ZE-05 

1.38468E-02 
4. BOOLIE-04 

9.87205E-07 
3.42460E-08 

1.6401 7E-05 
6.7168OE-O? 

8.70600E-04 
3.01399E-05 

-0. 
-0. 

-0. 
-0. 

B 
N U T .  

1.3150683E 02 
5.2623489E 01 
7.5400043E 02 

1.0762020E 02 
8.005OOOOE-02 
9-48ZOOOOE-02 
4.5050000E-32 
1.6050000E-03 
1 * 61 Z5GQOE -03 
5- EiOOOOOE-04 
1.4300000E-03 
3.l420000E-03 
3.66LOOOOE-03 
2.0330000E-03 
8.6900000E-04 
8-7060000E-D4 

' 3.7505000E-Q3 
' 9.08999QQE-03 

1.07~aooo~ 02 

0. 
STORAGE 

1.40495L-03 
7.BZ768E-05 

5.74590E-OS 
3.20133E-05 

4.30111E-04 
2,396366-05. 

6.28129E-03 
3.50% 29E-01 

b.14664E-07 
3.424bOE-0% 

5 5 75 OZE-Ob 
3.10612E-07 

3.75050E-03 
2.01959E-04 

3.3536BE-04 
1.8685OE-05 

8.75463E-03 
4.87764E-04 

ai 
iD 1.00000OOE 00 

6.B30GODOE-03 
2.3490000E-02 
4. 3700000E-04 
4.6500000E 01 
4.65202OOE 01 

8.48ZOOOOE-02 
4.5050000E-02 
1.6050000E- 03 
1.61 P§OOOS-O3 
5.2500000E-04 
1-43OOOOOE-03 
3.14ZOOOOE-03 
3~666OOOOE-03 
2.033OOOOE-03 
8.69OOOOOS-04 
8.1060000E-04 
3.7505OOOE-03 
9.0899999E-03 

8. O ~ ~ O O O O E - O Z  

-0. 

82 
-0. 

2.099000OE-01 
3.0000000E-31 
7.8980000E-01 

-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 

% 3' 
L.OOO0OOOE 03 

1.3 150000E- 0 i 
5.26OOOOOE-02 
7.5400000E-0 L 
6.1099999E-02 
b. 1099999E-02 

-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 

84 
-0. 

.O. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-3. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 

85 
-0. 

-0. 
-0. 
-0. 
-0, 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. - 0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 



-90- 

Table XV-”Continued 

C15161~1819202122232425Zb2720Z930313 )3)4353631)039104142~3~~454b4?~0 
3 0 0 0 0 0 0 0 0 3 0 0 1 0 0 0 0 0  3 0  0 0 0 0 3 3 0 0 0 0 0 3 1  

0 0 0 0 0 0 1 1 1 0 0 3 0  
0 0 0 0 0 0 0 0 0 0 0 3 0  

M A  I 
1 

I X  1 2 J 4 5 h 7 4 V I 0 1 1 1  
1 0 0 0 1 0 0 0 0 0 0 ~  

2 0 1 0 0 0 1 0 0 0 0 0 0  0 0 0 0 0 0 0 1 L 1 0 0 0 1 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0  3 0 0 1 0 0 0 1 0 0 0 0 0  

o o o 1 o o o i o a o o o o o o o o o o o 1 - 1  ~ o o o o ~ ~ ~ ~ ~ ~ o o o o o o o o ~ - ~ ~ o ~ o  
0 0 0 1 0 0 0 0 L 0 0 0 0 0 0 0 0 0 0 0 1 ~ 1 1 0 0 0 0 0 t 0 0 0 0 0 0 0 0 0 0 0 1 1 1 1 0 ~ 3  
0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3 0  
0 0 0 0 0 0 0 0 0 0 L 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 ~ 0 0 0 0 0 0 0 0 0 0 0 0 0 ~ ~  
0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 9 0  
0 0 0 0 0 0 0 0 0 0 0 0 ~ 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 ~ 0  
0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 ~ 0  
0 0 0 0 0 0 0 0 0 0 0 0 0 0 I 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 3 0  
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 3 0  
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 t 0 0 0 0 0 0 0 0 ~ 0  
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 ~ 0 0 0 0 0 1 0 0 0 0 0 0 0 1 ~  
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 ~ 0  
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 D 0 0 0 0 0 0 0 1 0 0 0 0 0 3 3  
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3 0  
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0  
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1  
0 0 0 0 0 0 0 I - 1 - L  1 1 2 2-2-2 0 0-1 1-1 0-2 0** 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 J 0 

10 
I! 
12 
14 
14 
15 
I 6  
17 

19 
20 

la 

PR I NTMA IR I X 

MATRIX IN SlORAGE 

A l R  OUT 
I 02 
2 co2 
3 N2 

- L 0. 940000 - 7.b90000 - 1 L. 520000 
-316.600000 

1.000 02 
1.000 coz 
1.000 N Z  

1.000 OH- 4 KZO 1.000 n+ 

PLASRA 
5 02 
h coz 

0.000000 
0.000000 
0.000000 

1.000 02 
1.000 coz 
1.000 N2 
1.000 u+ 
1.000 CL- 
1.000 NAt 
1-000 K+ 
1.000 CAI+ 
I.000 HG*+ 
1.000 so+= 
1.000 UREA 
1.000 GLUCOS 
1.000 LACTIC 
1.000 NU*+ 
a.000 coz 
1.000 coz 
1.000 c02 

1.000 HISCPL 

1.000 on- 

LOOO n ~ o 4 -  

1.000 nt. 

7 N2 
R H+ 
9 on- 
LO CL- 
I 1  NA + 
12 K +  
1 3  CAI.+ 
1‘. #C** 
15 so+= 
16 ~ ~ 0 4 -  
17 UREA 
LE GL UCOS 
19 LdCTlC 
20 NH4t 
71 HC03- 
22 rlzcn3 
2 3  CIP 31. 
24 n zo 
25 MI SCPR 

REO C E L L S  
2b 02 
27 c0z 
28 NZ 
2Q H b  

3 1  CL- 
32 NA+ 
33 K +  
34 CArb 
35 MG++ 
36 504- 

38 UREA 
39 GLVCOS 

41 MH*+ 
i2 HC03- 
43 U2C03 
44 C03- 

4b t41 SCPR 

48 na402 

30 on- 

37 H P O ~ =  

40 LAcr 1c 

45 ti20 

47 n8 4 

0.000000 
0.000000 
0.000000 
0.002754 
0.002758 
0.004692 

0.000000 
0.000000 
0.000000 
0~000000 
0.000000 

0.0046~7 

1.000 *PL*SL( 

-1.000 *PLASM 
1.000 *PLASM 
1.000 *PLASW 
2.000 *PLASM 
2.000 *PLASM 

-2.000 *PLASM 
-2.000 LPLASN 

-1.000 *pLasn 

-1.000 *PLASM 
i.000 *PLASt4 
i.000 on- -1.000 *PLASM 
i.000 nt 1.300 JH- 

-2.000 *PLASq -1.000 n4 1.000 m- 
1.000 on- 

-10.000 bPLASW 

0.000000 
-21.350000 
-32.040000 
6r260000 

-39.390000 
0.000000 

- 0.000000 
0.000000 

1.000 02 
1.000 COZ 

-0.000000 
0.000000 
0.000000 
0.000000 
2.193399 - 2.941 575 
2.251790 

-0.457703 
-2.000000 - 2.000000 
0.000000 
0.000000 
0.000000 
0.000000 

-2 1.490000 

1.000 NZ 
1.000 H+ 

1.000 CL? 
1.000 M A +  
1.000 I+ 
1.000 Ck++ 
1.000 MGt+ 
1.000 $043 
1.000 HP04= 
1.000 UREA 
1.000 CLUCUS 

1.000 NH4* 
1.000 coz 

1.000 an- 

1.000 L A C I K  

1.000 OH- 
1.000 ne 1.000 on- 

-L.OOO n* 1.000 3H1- 
1.000 OH- 

-32. B ~ O O O O  
6.120000 

-39- 390000 

1.000 coz 
L.000 c02 
1.000 n+ 

0.000000 
0.000000 

-16.230000 

1.000 HISCRE 

1.000 02 
:..ooo n04 

1.000 H84 
E N 0  OF * A ? R I X  I N  STORAGE 

CLEAR 



De Haven and DeLand 6211, and a much more complete model 
in DeLand and Magnies [22]. 
here particularly to illustrate the intercompartmental 
relationships. 

The human-blood model is shown 

Generally, the same scbstance in different compart- 
ments is given the same name with a subscript; thus, 

4- c . The transfer of a substance from Naplasma and %ed cell 
one compartment to another may be regarded as a pseudo- 
chemical reaction; i.e., 

and has associated with it an "equilibrium" constant, Ki; 
or, in< the model, c 

j" 

(usually, one of the compartmental c are zero and there- 
fore, Bc: is shmply referred to as c 1, but the interpre- 
tatfon of this c is not obvious tf;emdynamically. If 
i,e is regarded as'a free-energy increment--in a sense, the 
net work done on the species per mole? in transferring ft: 
f r m  one side of the membrane to the other--& least two 
problems arise: -a) the implication that work has, in fact, 
been done on the species-by an obscure mechanbsm; and b) in 
viable bfologkal systems (where this problem arises) , an 
equflibriw does not obtain--rather only a steady mrove~nfi 
of species through the system--ss that the usual definition 
of RTlogK as free energy %s not applicable. To avoid these 

3 
f j 
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This is accmplished merely by adding the moles of each 
species times its respective valence and requiring that 
the sum be zero in the plasma compartment. Zf the sum of 
the input component charges are also zero, then the red- 
cell s a  is zero, too; the gases are obviously neutral. 
Mote that each charged species in plasma has an entry f r m  

the *PLASMA constraint. '&e charges assigned here to 
MPSCPR, the miscellaneous impermeable species in plasma, 
is -10.0 per molecule--an arbitrary number for this ex- 

le. In a more sophisticated model, the charge on this 
species would be given by its titration curve and the pH 

(as in Ex. 111, p. 78 ff.). 
The constraints 21 through 24 @A*, etc.) will dictate 

the mount of each of these species appearing, in this case, 

in the P W M A  compartment. Thus, we determine from the 
literature the moles of, say, Na in a liter of blood-- 
which ts entered in row 7. Then, determine the Na+ in the 
plasma alone of the liter of blood--this mount is entered 
in constraint 21. 
right Eraction of the total Na 
because in the matrix, the component NA* occurs only in 

the species Naplasma3 so that the moles of NapL must, by 
the constraint, be identical. to the fictitious MA* corn- 

+ 

When the problem is solved, snly khe 
4. will appear in the plasma-- 

c + 

PQIIent input. 
Pn the Red-Cell compartment, the free-energy parameters 

for HCO, are not quite identical to those in plasma owing 
to a differential solubility of the gases in Red-Cell 
milieu c~mpared to that in plasma. * m e  ccj> entries in ~ a + ,  K+, ~a++, an$ ~g are now, 

in %she beginning, zera--as in plasma; therefore, by Eq. (24), 
the concentration gradient for the cations would be 1: I-- 



except that the ~~~~t~~~~~~ 21 through 24 will upset this 
ratio for each spe 

The ~~~~~~~~ dicate that we are going to equi- 
librate 1 lieer of blood with 1060 moles of alveolar gas 
(see Ex. 8, p. 56 Ef. above), 

The ~~~~~ of Iteratioms printed from the SOLVE command 
indicates that the RX used is not very close to the 
final result. ~~~~~~~~~, we will PUNCM later to get a 
bet$er guess for the next chine pass, thus saving computer 
time * 

e first ~~~~~~ gives an optimal solution under the 
constraints; for ex 

which is far frmn 1.8 because of the constraint that 
76,541 x IOm3 moles of Na* appear in plasma, which they 
do. Also one could check, if he cared to, that the 
plasma has zero net charge. 
(see Ref. 20) indicates about 45 percent hematocrit allow- 
ing for the specific V Q ~ W W  of the proteins in solution. 
Finally, under the 13.15 percent (100 m Hg) O2 concentra- 
tion in the gases, the hemoglobin is 

The distribution of H20 

or 96.3 percent saturated. This is obtained using an 
empirical c~nstant from the Hi14 equation for the reaction 

-3 M .  
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The folllow-dg C Q ~ ~ Y W ~  card &s PRINTPIE, and in the 
output following are the values of the Lagrange multipliers 
(cf. Ref, 3) for each constraint; f ~ m l l y ,  PTE*RT is 
the free energy per mole for each component times '€3, the 
number of mole's of each component--although, again, this 
interpretation is entirely formal and its interpretation 
in the physiological system must be' used with care. 

Next, DELETE is called four times, deleting the fixed 
constraints 24 through 21 (see DELETE, p. 48) ; and then 
SOLVE. The solution now is identical to that before DELETE 
since the DELETE routine merely substitutes c values for 
the constraint equations. 

j 

The PRINTROWS , PRINTMATRIX, and PRINTTABLEAU cornanands 
verify that DELETE worked satisfactorily; i.e., a) in ROWS, 
the last four rows are now missing, and b) in MATRIX, the 

4- 
j Naplasma NA* entries in Na 

has been obtained. PUNCMTRICXwould now give a deck of 
is missing but a c 4- 

plasma 

cards having the appropriate c 
next pass, or the present deck may be altered by adding 
the c. values printed in the NATRIX IN STORAGE. 

J 
Thus, concerning the intercompar%mental relationships, 

values punched for the 3 

the active cation pumps assumed between the Red Cells and 
Plasma have been simulated in that the Na*, K+, ~a 
now have the concentration gradients as given in the 

literature. 

has the same free-energy parameter, the concentration 
gradient for the species H20 is 1:1, i.e., the two c m -  

partments are iso-osm~tic. Finally, since the input com- 
ponents have a net zero charge, and Plasma has a zero-charge 
constraint, the Red Cells muse also have a zero net charge. 
This fact, along with the fixed (impermeable) anionic charge 

4t- -ti- 
~g 

Also, since the species Ni20 in each compartment 
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on the various proteins, gives rise to the Gibbs-Donnan 
gradient. 
is 1.57, which is slightly high as a measure of the normal 
Gibbs-Donna gradient. 

The ratio of Cl- concentrations in this model 

t 

'For further analysis, see Ref. 20. 
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Chapter IV 

PROGRAM SUBROUTINES 

The instruction desk of CHEMIST consists of a set of 
~~~~~~ IV subroutines that may be subdivided conceptually 
ints three subgroups which, a> solve a chemical equilibrium 
problem, b) transform and manipulate the data of the chemical 
model (Cantrol cards), and c) do housekeeping and special 
tasks. The average user may mever become involved with the 
subrsutines in groups a) 01: c) since they comprise, as it 
were, the submerged part of the iceberg. 'Eke subroutines 
of group b), which are called in natural language Control 
cards (see Chap. 'LI above) have the on-line control of 
data flow, and "perfom" for the user the required tasks in 
his logical order. These Cantrol cards, therefore, provide 
access to the subroutines although the user need not he 

aware of this activity. However, situations will inevitably 
arise in which more detailed infomation about Che subroutines 
would be advantageous. e following section outlines the 
interdependencies among the subroutines; and the final sec- 
t l m  of this chapter, a short description of each subroutine, 
its call%ng sequence, and its function. A listing of the 
entire set has been 0~~~~~~ since it is easily available 
from a compilation. 
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1. 

2. 
3. 

4. 

5. 

6. 
7. 

8. 

Subroutine ARITW 
ABS 
BAR 
EXIT 
EXP 
MATINV 
PHCALC 
RCALC 
SQRT 

Subroutine BAR( W, WBAR) 
Subroutine BERROR(BMAX) 

Function CJACOB(1,J) 

Subroutine CLOG(W,wBAR) 
AM)(; 

Subroutine DEL(W,Q) 
Subroutine DELETE (NODEL) 

Subroutine ERRORS 

ABS 

FIND 

POP 

9. 

10. 
11. 

12. 

13. 

14. 
15. 

ARITH 
Subroutine FIND(I,J,IJU)(:, 

IFLAG) 
EXIT 

Subroutine XMAGE(KA,L,KB) 
Subroutine INPUT 

DELETE 
EXIT 
IMAGE 
JACOBS 
LOOKUP 
LP 
MATRIX 
OUTPUT 
PAGE 
PWNTP 
PEUNTT 
PUNCHM 
ROZOWS 
SCALEC 
SOLVE 
START 
VECTOR 

ARITH 
IMAGE 
LIST 
LOOKUP 
PART 

Subroutine JACOBS(I,I2,13) 

Subroutine LIST 
IMAGE 
LOOKUP 

Subroutine LOOKUP(KA,K,L,U,KB) 
Subroutine LP (MON) 

ALOG 
AMIN 1 
BAR 
EXIT 
FLOAT 
SIMPLE 

16. Subroutine MATRIX(II1) 

17. Subroutine 

18. Subroutine 
19. Subroutine 

20. Subroutine 
21. Function 

EXIT 
FIND 
POP 
PUSH 

MATINV(A ,N,B ,M, D, 
W,IP,ISING) 
Mow (xl , x , N) 
OUTPUT 

ERRORS 
IMAGE 

PAGE 

PART(I,J,KIND,KDEP) 
ALOG 
CJACOB 
EXP 
FIND 

22. Function PHCALC (K) 

23. Subroutine 
24. Subroutine 

25. Subroutine 

26. Subroutine 
27. Subroutine 

20. Subroutine 

ALbG 
POP(1J) 
PRINTP 

PRINTT 
PAGE 

FIND 
MINO 
PAGE 

PUNCHM(1PUNCH) 
PUSH(1J) 

EXIT 
RCAU: 

FIND 
29. Subroutine ROWS(KALTER) 

30. Subroutine SCALEC(KAA,ZZ) 
EXIT 

EXIT 
FIND 

31. Subroutine SIMPLE(INFLAG,MX,NN, 
NCT,A,IRO,JC,B,C,KO, 
KB,P.JH,X,Y,PE,E) 

32. Subroutine SOLW 
AMAX1 
AMIN1 
BAR 
BERROR 
C L W  
DEL 
E W  
LP 
MATINV 
RCALC 
SQRT 
SSWrCH 

33. Subroutine START 

34. Subroutine VECTOR(1VI) 
IMAGE 
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For convenience we arbitrarily divide the subroutines 
and functions into the three categories mentioned above: 

a) solve subroutines, b) Control card subroutines, and 

c) subsidiary housekeeping subroutines and special func- 
tions. Communication of data into and out of the sub- 
roukines is accomplished by the following block common, 
equivalence ~ ;asid integer statements: 

fn addition, each subroutine or function may have its own 
peculiar dimension statements and arguments. 
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SOLVE 
- 

IV subroutines may be used 
equilibrium problems as described in 
sequence is merely the FQRT~AN siate- 
using Control cards, just the card 

The data that must 
executed consist of the 

be input'before CALL SOLVE is 
following : 

I, - 
Quantity c Location 

M, the number of constraints. 
mm, = 34 + NCOPIP. 
NCOW, Number of campartmen 
N or NTQT, Number of unknqw 
lhmber of the, input unit.' e 

Number of the output unit. 
Print flag: -1 = minimal amount of 
messages;, 0 = one message 
iteration step; +1 all. 

allowed 
i m m  number of iterations to be 

I i=as'29.. . ,pa. 
i y  

yj9 j=l32,...~~, where y 
initial estimate of the J solution. 
If no estimate is available, set 
X(j) = 8, all i.  F 

c j=l,2,. . ,N, 4 the free-eFergy j 
*? H>aram@t@E-S. 

matrix entriek a 
See X subroutine for how the 

are stored in 
ij 
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In addition, all species in one compartment must have 

c 

consecutive subscripts. ahat is, species lY2,3, ..., k must 

be in compartment I; species k 
compartment 2; ...; and species kp 
be in compartment p. These k’s are comunicated to the 
subroutines by setting 

1 
..., k2 must be in 
kp- 1+2, . . . , k” must 

1+1’ %+2’ 

P - 

In other words, KL(k) is the number of the first component 
in compartment k, and KL(p+-1) is equal to n-i-1. 

The above are the only numbers that need to be set so 
that CALL SOLVE will solve the chemical equilibrium problem. 
However, in order that the program can write messages (in 
cases of infeasibility, etc.) , names for the rows, species, 
and compartments may be input: 

COMMON Location want i ty 

EJW 9 11 a NR(I 9 2 1  

KJ4 0) 
NAM(K,l), NM(K,2) 

Two-word row name for row I. 
One-word component name for 

Two-word compartment name for 
component J. 

compartment K. 

In addition, TOL(I) through TOL(5) are tolerances used 
by the program. If they are zero when the program is entered, 



they are set by the subroutines to nominal values. 
may also be set by the user of the subroutines; if so, 
the nominal values will not be set in the subroutines. 
The tolerances are the following: 

These 

t Nominal 
Tolerance Value Meaning 

TOL(1) 0.01 F in step 3 of the first-order 

TOL (2 ) 6 in step 4 of the second-arder 

Minimum value any x is allowed 

TOL(4) loo6 pllinimum starting value that any 

method . 

method. 

t 6 have . 

component will have is the 
lesser of TOL(4) and %yn+l. 

erate if any Sk becomes less 
than TOL(5). 

j 
TOL(3) 

TOk (5) Problem is assumed to be degen- 

With all the above as input, the statement CALL SOLVE 
will attempt to solve the chemical equilibrium problem. If, 
upon completion sf this attempt, a solution is obtained, the 
cell IV(10) will contain a 1, and the following data will be 
in storage: 

Data 

x i=l,Z,.. . $n (the solution). 

Sk, k=1,2,. . . ,p. 

7~ i-l,2,. . . ,m. 

- COMMON Location 

X(i> i’ 
XBAR (k) 

PIE (i) i’ 
2 i-1,2,. . . ,n. i’ 

+see! Ref. 3. 
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If IV(1Q) is not: 1, the subroutines have failed to solve 
the chemical. equilibrium problem. 
failure is written on output unit ZV(6) e 

X(j) will contain the latest value oE these quantities. 

The reason for this 
In such a case, 

* * * * *  

There are nine subroutines in the set used for the 
solution of the chemical equilibrium problem. 
description of these subroutines foflows. (For a complete 
description see Ref. 3.) 

A brief 

1. Subroutine SOLVE, the master subroutine, is 
divided into four functional segments (each of which calls 
other subroutines for specific tasks): 

a) The prqjection and linear programming routines 
for obtaining the initial so1ution. 

b) The first-order method. 
c> The seqond-order method. 
d) Output mesgages. 

2. 

3. Subroutine ~ E ~ ~ ~ ~ ~ )  calculates 

Subroutine BAR(W,148M) calculates the Sk. 

N 

4. 

j-1 

Subroutine DEL(W,Q) sets 

w = b, aijpi , j=1,2,. . . ,n . 
j 



5. Subroutine RCAL& calculates the ri4 array. 

6. camputes 

j=1, ..., n . 1 '  Q = c  + l o g &  
j s 

7. sets up the linear prograarming 
problems. 

salves the linear programing problems. 
Infomation is cwnnxmicated to this routine via a calling 
sequence rather than by c (as in subroutines 1-7). 
All dimensions are d y statements. 

9. Subroutine WZ'DW (A ,N , B ,M, D , W, IP , ISING) solves 
simultaneous equations. As in SIMPLE, no COMMON is used. 
The dimension ~f A in E%&ITINV should agree with that of R 
( n ~ t  A) in SOLVE. All other dimensions are singly sub- 
scripted. 

Subroutines 1-7 above all have a COMMON statement 
(labeled /SLW/) which should be the same in all seven. 
The dLmensisns of the variables in this COMMON statement 
may be set to the values for the largest problem to be 
solved. Wi.th M, ND, ~~~~~ and N as previously de- 
fined, these dimensions must be at least: 



t? 

Y 

Symbol 

IV 
TOL 
NR 
B 
m 
x 
C 
J C Q W  
KL 
ram 
PIE 

ZhMF 

XBAR 
R 

VI ,v2 ,v3 ,v4 

x1,x2 ,x3 

Minimum Dimension 

30 
20 

M 
N 
N+1 
N-4-1 
N+1 
MCOMP+l 
(NCQMP ,2) 
rnMD 
MEND 
N 
N4-1 
NCOW 
(MEND ,MEND) 

@w 

C BNTROL- C A W  SUBROUTINE: S 

DEUTE PRINTT 
JACOBS PWCWM 
MATRIX ROWS 
OUTPUT SGALEC 
PAGE VECTOR 
PRXNTP 

These 11 subroutines are the master routines for corres- 
ponding Control cards. In each case, one or more Control 

cards call these subroutines for execution of the macro- 
Fnstruction o€ the card. Alternatively, these subroutines 

may be called from the (FBWTW) MAIN routine; conse- 
quently, even though the actions of the Control cards 

have been described in Chap. 11 above, we show here the 
calling sequences and the data required for each subroutine. 
since ii~t is mlikely that these subroutines will be called 
sups of the sonkext of C m S T ,  the requirements are given 
in terns of the data formats of that problem. For this 
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purpose, we asstune the existence of a valid model of a 
chemical system having a feasible solution (e.g., any of 
the examples described above in Chap. 1x1 would serve). 
We also assme that either subroutine START or CLEAR has 
been previously called. 

1. Subroutine DELETE (NODEL) perfoms a Lagrangian 
delete NODEL times. The result is described under Control 
card DELETE (p. 48 above). The Control card DELETE 
calls subroutine ~ E ~ ~ ~ l )  and so must be used NODEL times 
to be equivalent to the FORT statement CUI., DELETE (NODEL) . 

2. Subroutine computes and prints 
partial derivatives au/av, where u (the dependent variable) 
may be components of the vectors X,XMF,XBAR, or pH; and v 
(the independent variable) may be components of the vectors 
B, C, or M(K = expC) 

The program maintains two lists of specifications 
established and altered under user control: suppressed 
compaPtments J and selected species m 

Printing of partia derivatives of all quantities 
(mole numbers, total mole n er, mole fraction, and pH) 
associated with cmpartmnts which are suppressed at the 
t h e  when a printout occurs will be omitted. Also, only 
the partial derivatives with respect to the c's ~r k's 
of selected species will be printed. For this reason, the 
c ~ ~ F ~ ~ ~ ~ ~ ~ ~  are also regarded as species. (Thus, for the 
&th compartment, 3; /a; or 3g /aE are symbols meaning, 
respectively, the rate of change of G4 when each and every 
c 

or if each k is multiplied by the same number.) 

c G _. 

in c ~ ~ ~ a ~ t ~ @ ~ t  s is Pncremnted additively an equal amount 
j 
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Printing of partial'derivatives with respect to those 
b's which are exactly equal to zero are omitted; all other 

partial derivatives with respect to b's are printed under 
the b-derivative option. 

Subroutine YACBBS ii called by the FORTRAN statement 
CALL JACOBS(Xl,I2,I3) where: 

I1 specifies 
follows : 

Il = 0 
I1 = 1 

11 = -1 

I2 specifies 
follows: 

x2 = 0 

I2 = I 

12 = 2 

I2 = -1 

I3 specifies 

the desired independent variables as 

Specifies B's which are not zero, 
Specifies e's associated with the 
selected species. 
Specifies k's assocfated with the 
selected species. 

the desired dependent vartable as 

Specifies mole numbers sf every species 
in every unsuppressed compartment and 
the total mole numbers and pH of every 
unsuppressed compartment. 
Specifies the mole frxticsna of every 
species in every unsuppressed cmpart- 
ment, arid the pH of every unsuppressed 
compartrraent e 

Speciftes the total mole numbers of 
every unsuppressed compartment. 
Specifies the pH's of every wsuppressed 
compartment. 

whether or not printing frs to occur, and 
wiether or not data cards which will create a new 
list of selected species are to be read: 

13 = -1. Creates a list of se%rtcted species and/or 
suppressed compartments by reading data 
cards. I% there is a Xist of selected 
species already in existence, ktr ~911, be 
erased and a. new list fo 

ra. and I2 iare irrelevant. 
Q C C U .  en I3 = '1, the values of 
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I3 = 0 

13 = 1 

Care must be 

Creates a list as discussed above, but 
will also compute and print the partial 
derivatives of every independent vari- 
able (specified by 11) with respect to 
every dependent variable (specified by 
1%) for the species on the list. 
Compuees and prints partial derivatives 
discussed above; but instead of creating 
a new list of selected species, will use 
the list previously created. Use 1 for 

taken when using JACOBS more than once in 
the same run not to erase inadvertently the list of species 
by calling for a list to be created more than once. A 
second list in the same run may be created, if desired, by 
calling for it--but another set of data cards must be in- 
cluded. However, compartment-suppression cards may be 
added to the list without erasing the species hist. 

Compartment Suppression. All compartments start out 
in an unsuppressed state. To suppress a compartment, a 
data card is added (as described below) with a Z in column 
20. 
a data card with a 8 in colum 20. 
-1 or 0 to read these rds. If more than one card is read 
in for EO given cornpar nt, the last one read dominates. 

Similarly, a cowapartment may be unsuppressed by adding 
I3 must, of course, be 

Data Cards ~ O K  JACOBS. Cards for 'both lists, the 
selected species and the c ~ ~ p ~ l t ~ ~ n e :  suppression, m a y  be 
inserted together, with formats as follows: cslumns 1-12 
have the compartment m left-justified; CQ1-S 13-18, 
the species n left-justified; and c o l m  20, the corn- 
partment-suppression indicator. 
data card variations. 

Table W I  gives allowable 



-109- 

u 
m 
v-4 
d 

k 
0 w 
m 
al 
-4 
CJ a a 
VI 
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Partial Derivatives. The partial derivatives are 
calculated using the ~~~~~~~~~ equations C31: 

where : 
d = -0-1 for k < N, -1 for k > N; 

"k 

k 
= moles of species k; 

a = matrix element at row .e, colI.mn k; 

%i 

-ek 
-1 = ehemene of matrix R (see RCALG, p. I04 

above) at row 4, colum i; 

r 

= moles of csmponent i. bi 



where : 

6 = kroenecker delta. 
jk 

where : 

1~ = ith _. Lagrange multiplier, PIE(1). i 

"he partial of with respect to the independent 

variable is obtained from the identity 

x n = x  A (i- 
x.t .e 

where the dot means derivative and the subscript in square 
brackets indicates that K 
all. speeies in the compartment containing x 

is the sum of the moles of [.el 
.c' 

3. Subroutine WTIUX(II1) is called by several Control 

cards (or by the F O R W  statement CALL WTRIX(ILZ9, and 
the argument 1x1 determines the action taken according to 
the fdllming equivalence: 



All four ~f these controls are Control cards and the 
action taken is described in Chap. I1 above. The Control 

card MATRIX (i.e., CALL WTRIX(O9) reads and stores the 
names of the compartments and species as well as the data 
array A(1,J). 
before using the other options of the argument. 

These data must be available in storage 

The data in the matrix array A.(I,J) is - not stored in 

ON in an 1 x J matrix. Since this matrix is sparse, 
considerable space has been saved by storing the data in 
the three smaller blocks: 

- N m e  Dimens ion Meaning 

AIJ 460 Coefficient of matrix 
entry, a ij 

PROW 4QQ ROW number for entry 
JCOL 466 Column number for entry. 

The matrix coefficients are stored in the order in 
which they are read. If more than one card is used for one 
species, it must immediately follow the first card. The 
free-energy parameter from the first card is scored. 

Tkme coefficient for the entry goes into the array AIJ, 
the row number into IROW, and the column number into JCOL. 

The arrays €or the sample Soda-Pop problem (see Ex. 2, 
PRIITITABUAU, p. 81 above) would look as follows: 



E l  
= 2  
= 3  
= 4  
= 1  
= 2  
= = 3  
= 8  
= 4  
= 5  

JCOL(23) = 18 

JCc"L(25) = 19 
JCQL(26) = l9 

JCQL(24) = 18 

JCOk(27) = 20 

Manipulation of Matrix Data. Since the matrix in- 

formation is stored in three arrays, it cannot be addressed 
directly. If a particular a. coefficient is needed, the 

1.2 
arrays are first ex ?%ne$ :For a value that: corresponds to 
the'i and j subss3.rippi4j;. If there is an a entry, it must ij 
be located in the array" If it does not exist, then this 
infomarlon is required, Also3 i t  is smetimees convenient 
to know khe firs and laat locations in the array for a 



coe2ficiene in the matrix is to be changed to zero, 
code will eliminate it by moving all entries that fo 
by One cell. 

" I .  

Three subroutines are avaiIa6le to do the manipulation. 
wfll bok for the entry aij and return the appropriate 

infornation; kt will axso look for the beginning and end of 
a speci&s. 
looking for the ranges of the first and last species in the 
compartment (see FIND below). PUSH will move the matrix 
dswn one slot (see PUSH below); it gets the starting loca- 

The locations for the compartment are found by 

b tFon frdm FIND. POP will move the matrix up one slot (see , '  

POP below); it also gets the starting location from FIND. 

4. Subroutine OUTPUT is called by the Control card r 

OUTPUT or by the FORTRAN statement CALI, OUTPUT. (The action ,I y 
is described in Chap. I1 above, p. 47.) 
X and the vector XMF are printed as shown in the Chap. 111 
examples; but the vector X1 may also be printed as a third 
line of output by first filling the vector with the data 
to be printed and then setting IV(23) = 1 before calling 
OUTPUT. 2' , 

Normally the vectoc-, , 

'i 

The subroutines called by OUTPUT and ERRORS (which 
calls ARITH), which prints the errors and the headings 
OPTIMAL or NOT OPTIMAL SOLUTION (see example, p. 65) ; and 
IMAGE, which sets up some of the captions for printing. 

5. Subroukne PAGE is called by the Control card 
p' 

EJECT or by the FORTRAN statement CAU PAGE. 
is to ski$ the printer to the top of the next shee 
print the last read TITLE. 

Its 

.& 1 

I 
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6. Subroutine PRIIMTB is called by the Control card 
PRINTPIE or by the FORT statement CALL PRIMTP. Its 

effect is described in Chap. I1 above (p. 51). 

7. Subroutine PRINT% is called by the Control card 
PIzgIIJTzIABLEAIJ or by the F O R M  statement CALL P R I W .  
effect is described in Chap. I1 above (p. 50) - Its 

8. Subroutine PWCHM(I) is called by the Control 
card BUNCHMAIBIWIX, or by the FOR statement CALL B~Wl+f(I) e 

Its effect is to print (1-0) or to punch (I=1) the matrix 
data array in the input format. 

9. Subroutine ROwS(WTER) is called by several Con- 
trol cards or by the FORTRAN call statement CALX, RQWS(KALTER). 
The value of the argument KALTER determines the action taken 
according to the following equivalence: 

KPaLrnR 
-3 
-2 
-1 
0 

4-1 
4-2 
4-3 

"Update 33" is not a Control. card, but the other six con- 
trols in the above list are. (Their action is described 
above in Chap. 11.) Update B (i.e., CALL ROWS (-1)) up- 
dates the vector B according to 

.- 



and consequently the B LT(J) must be knom before CALL 
S(-%>. simik3rly.j if the IiB %T(J) are changed in FORTRAN 

(e.g. ~ in the N routine) CALI, R8WS(-1) must be used to 
update B, 

Normally, the MI.% PLIERS Control card computes Is; 
and wows, AI& ADDB, and Is also u date B automatically. 
Since B is the matrix product ~ ~ ~ o ~ ~ ~ ~ ,  both sets of data 
are required far correct evaluation of B; and since the 

data array is read before. the LT(J) data, the re- 

SUI$ may t ~ ~ ~ ~ ~ ~ ~ i ~ ~  be irrelevant * Conversely, the 
Control card (as well as m, mDB, and s) 

requires the WS data array for execution since it does 

is called by the Control 
SCBLESC, Chap. If:, p. 35) ; 

statemmt C: ,ZZ), where KAA 
scaled (first six 

~ ~ ~ ~ ~ ~ ~ e ~ ~ c  symbols of the name only, including blanks) 
amd ZZ-SCAM -.IeQ--i.*ee9 if the compartment KAA is to be 
Hrmfitiplied by SC (a real number), ZZ is set at SCALE -1.0 
since the result of SC is added to the present value 
(see p. 35 ff. above) * 

folaowed by an END card), but c 

re than One cmpartwent may 
be listed as data cards aftzer a: Control card (all 

JZ) must be 
used once per c 



Control 

m e  action of these two Control cards is explained in 
Chap. I1 above. 

This is a miscellaneous collection of subroutines and 
functions which are not called either by SOLVE or directly 
by a Control card. 
statements or--in the cases of CJACQB, PART, and PKCALC-- 
by FORTRAN function statements. 

"hey are called only by F O R M  call 

1. Subroutine ARITW, I called by the FORTRAN statement 
CAWL ARITH, recomputes the vectors XBAR, XMF, and ItmL; and 
then computes the current value of the free-energy functions 
FE=PIE.B and FE2=RT01FE--where the dot is vector dot product, 
and the vector pW. It then computes ERMA and EIRMB, and sets 
the optimum solution toggle POBT (see  abl le II, pp. 27-28 
above) . 

I 

li 

2, is called by JACOBS to corn- 
pute the partial derivative of x(P) with respect to C(J). 



It may also be used directly as a function, but the inverse 
of the matrix B must be in storage. For this purpose, the 

inverse may be obtained by the statement CALL ARIT'H. 

is called by the FORTRAN state- 
routine calls A M T M  and then 

prints the resulting messages at the beginning of the OUTPUT 
printing (see Subroutine OIJTWT, p. '114 above). 

4. locates an element: 
sf the matrix A(I,J) in the data arrays AIJ(IJ) IRQW(IJ), 
and J ~ ~ L Q I J )  using the following four arguments: 

9 is set to the given row number, i (or zero). 

J is set to the given column number, j. 
is set by FIND to a location (subscript IJ) 
within the matrix data arrays. 

IFLAG is set b END to zero or one if I + 0. ~f 
will set IFMG to a location. 

1) ~f 1+03 search the arrays of the matrix data for 
the entry for a . If it is in the matrix, set i-j 

IFLAG = 0 . 

This means that 

If there is no entry in the matrix for a set ij ' 

T F U G  = 1 , 
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where %J is the location for the first entry of 
the next species. 
If 1-0, search the arrays of the matrix data for 
the beginning and end of column J. Then set 

2) 

This means that all the aij entries for species 
J are located in the array-AIJ from AIJ(L) to 
AIJ(LL) inclusive. 

This second option can be used to find the range for 
all. the entries of a given compartment K. 
routine twice. The first time, set J-HCL(#), which is the 
first species in the compartment. The calls will be as 
foLlows : 

Call the sub- 

CALL FIND (Q,KL(K) ,KTA,KTB) 
CALL FIND (Q ,KL(K+I) -I ,KTC ,KTB) 

This means that all ~f the a entries for the compartment 
are located in the array AIJ from AIJ(KTA) to AIJ(KTB). 

ij 

Note that the third parameter in the two calling 
sequences must have a different name. 

5. Subroutine IHAGE(KA,L,KB), called by CALL 
I~GE(KA,L,KB), merely stores the name in K]B(L) in loca- 
tion U. 

6. Subroutine INPUT is the master Control. routine 
for the Control cards. From the user's view, INPUT is 
always called by the ~~~~~ statement GALL INPUT, and 
the action is always apparently to transfer control to 
subsequent Control cards in the data deck. However, con- 
trol of the machine pass actually remains in INPUT where 
the statement 



reads each Control card in turn; and, using subroutine 
P, identifies the card and then calls the proper 

~ ~ ~ ~ 5 ~ ~ i ~ ~ ~  for its execution. Upon completican of each 
Contra1 card a GO TO statemenlt: transfers back to read the 
next card. 

7. Subroutine LIST, called by JACOBS, handles the 
list structuring of compartments, species, and parameters 
as described above under Subroutine JACOBS (p. 106 ff.). 

8. looks in the 
array KB(I) f r m  the locations of I=% to Z=LL for the first 
word that is equal to the word in KA.. If one is found, set 

(I) daes not contain the word in KAY set K=LL+l. 

L can be greater than one, but it must not be 
greater than LL. 
must be within the range sf KB array and 
should not be less than L. 
is an array name, or it may be an alpha- 
numeric list. 

%% 

CAEL LOOKUP (LC=,S,1,5, 
CALL LOOKUP (LD , J KL (K) 
CALL L W W P  (FA ,K, 1 3, I8HLNP~SOUTPUTFINISH) 
CALL L06Kl.JP (KA,K,2,4,30WZRST SECONDTHIRD 

(K+1)-l,lieB) 

Using the last CALL LOOKUP statement as an example, the 
following demonstrates how it works: 

If Kt4 is mxm K = 3, 

http://L06Kl.JP
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FIRST is in the List, but the CALL asks the subroutine to 
look at words 2, 3, and 4 only. 

9. sets x(J)=Xl(s) for Y = ~ , N .  

lQ. computes partial 
derivatives, au/av, according to the fo1Llowing values of 
the arguments : 

I = the independent variable: the ~ Q W  or 
species number, or in the case of compart- 
ments, the negative of the cesmpartxnent 
number. 

J = the dependent variable; the species number 
or the negative of the compartment number. 

KIND =e the kind of independent variable: 
KIND = 0 for derivatives with respect: to b 
KIND = 1 for derivatives ~ 5 t h  respect to c 
KIM) = -1 for derivatives with respect to 

K = exp c 
KDEP = the kind of dependent variable: 

KDEP = 0 for msle number QP total mole 
number (x or K) 

U E P  * ]I %Or XllOb fraction (2) 
EP 8= -1 for pw . 

Compartment numbers, as described above, are dif- 
etrs by a minus sign. The 

input for a pH must have a cornpartmen& number (negative) 
far s. 

when BART is called directly, must be calked 

The c ' ~  and K's Asscxiat;ed with a Compartment. There 

is 
(and K-xp C) which applies to cmpartments as a whole. 

a generalized deftnition of th@ free-energy paraweer 

A precise pra atic scaternen$ is that  OS any dependent 



where the summation extends over all species in the com- 
partment with which c is associated. 

Also, 

fl* computes the pH for compart- 
ment K. The noma1 way to use it would be PH(K) = P€KNC(K). 

m e  formula for the computation of the pH is as follows: 

.r;rhere the product of the constants ALITER times BLITER times 
4- the concentration of H 

t a t m e  37"~. 
will give the correct pH at temper- 

3.2 * eliminates the matrix data 
entry AIJ(IJ) that is equivalent to aij . 
is noanally obtained fr L FINB(Z,J,IJ,II;ZAG) state- 
ment. To rewove the entry f r m  the matrix, the subroutine 

The value of IJ 

shifts the data in the arrays from 

f. 5, pp. 3 
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up by one position so that irt is now located in 

set the values of 

and then reduce NA.IJ by one since we have eliminated an 
entry. 

13. Subroutine PUSH(1.J) adds a matrix data entry, 
to the arrays AJCS(IJ), IRQW(XJ), and JCOL(1J). m e  ij ’ a 

value of IJ is normally obtained from a CALL FIND(I,J,IJ, 
IF=) statement. Adding an entry, PUSH moves all of the 
entries down by one positibn so that the data that was 
originally in 

is now located in 

AI9 QIJ+l) to M J  (NAIJ+l) 
IROW(IJ-F-1) to IROW(NAIJ4-I) 
JCOL(IJ4-1) to JCOL(NA1J-i-1) 

and set: NAZJ = NAxJ+l. 
14. Subroutine START, norma1ly called once in the 

MAEM routine, clears all of c OM and sets the nominal 
values for all parameters. Since the Control card CLEAR 
calls START, its action is the same. The parameters set 
are : 



-124- 

NIT =5 5 
NOT = 6 

B 

WT = 616.27403 . 

15. is an example of a 
special-purpose routine which simulates the movement of 
species into and out of a biohgk.al system. Components 
of one ~ Q W ’ S  uriwe are added to the system and, simul- 

taneously, the previous hour’s production of urine is 
deducted. The calculation will thus follow the time 
coldgse of events in the biolsgicall system C2”j. 

is a modification of the pre- 
viously described ~~~~~~ (see Chap, 1x1, p, 74 above) 
with the following added characteristics: 

The A(I,M) values can be used as an independent 
variable to reach a, oal (dependent variable 
value) 0 
&re than one species can be combined to form 
a C ~ ~ B ~ L I L P ~ & ,  which will be the independent variable. 
Each. c ~ ~ ~ ~ ~ ~ t  of the compound will be incrernented 
equally as eke routine seeks a desired goal, 
e routine d all its goals can be defined fram 

ine or from a macro im the data deck 
plus the a ~ p ~ ~ p ~ i ~ ~ ~  data C ~ K ~ S .  

The 
reach a goall is a varLable. 

iterations al8med in attempting to 

printed output generated by the routine is 
nntaltly ~ ~ ~ ~ ~ ~ ~ ~ ~ b ~ e .  

\ 
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6) The computed step size (increment) of a C(I) can 
be attenuated if the routine oscillates or blows 
UP * 

The arguments of the subroutine have the following 
definitions : 

- METH--Indicates how infomation will be supplied to 

The program will start reading data 
cards until an END is read into 
columns 1-3. One data card is used 
for each independent variable. 

pendent and one independent value 
whose characteristics are specified 
by the remaining arguments of the CALL 

statement. 

pendent and independent arguments until 
the complete set of arguments has been 
supplied by a series of call statements. 

MET€€ = 3 Indicates that all the arguments have 
been supplied by call statements and 
the routine should start iterating in 
an attempt to reach the specified 

the subroutine e 
MET€€ = 0 

METH = 1 The program expects only one de- 

> Y 3 -1 - - - - - GOALN8 (1 , - , 1 

METH = 2 The program stores this set of de- 

goals. 

EBCIND--Specifies a location of the independent vari- 
able. This is the location of the Htl-2 c m -  
ponent in ROWS, the Ith "c" value, &?the Ith _. - row of the A(I,K) matuix. 

KA.IK--Also specifies the location of the independent 
variable: the Kth column of the "BBB" matrix 
or the Kth c o l m r o f  the A(I,K) matrix. Enter 
a 1'1~' foTc(j1 goal. 

KNDZND--TEne type of independent variable: 
0 = BBB(I,J) 
1 = c(K) 
2 = A(L,K) . 
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WDEp--Specifies the location of the dependent 
varhble either its cmpartment or species 
number. 
by negative integer; i.e., -1, -2 etc. 

K.NDDEP--Zndicsa$es the type or w i t s  of the independent 
variable z 
-1 =. PW 

Compartments are to be specified 

0 = moles 
1 = mole fractions . 

GOAL--'lChe desired goal value. 
IGRW--Specifies the Ith independent group to be 

used to reach t& Ith - goal. 
A ~ K O U ~  could be: 
1) The moles of a single species, as H . 
2) 

+ 

The combined moles of more than one 
species to form a !I compound" such as 

H+ + el-. 
3) A combined set of equally incremented 

C(1)'s or A(f,M)'s. 

The maximum number of components to a compound is 
six. 

each group must be sequentially incremented by one. 
maximum total number of goals, counting each component of 
a compound, is 19. The partial derivative of a dependent 
variable with respect t 0  a compound is the sum of the 

Each compound must have the same IGWP number, but 
The 

the compound. 
number is 

CALL card 

derivatives with respect to each component of 
Thus, since a may be negative, the sequence 
writcen with a minus sign as required. 

ij 

The set of values an the END card or the 
with METH = 3 can be used to suppress undesired output: 

LCEIND > 0 Suppresses the output of the input table. 
KA.IK > 0 Suppresses the output of the partials 

with respect to A(I,K) . 
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KNDfND = 1 Suppresses the iterated output of the 
Pncremented independent variables. The 
final increment is printed. 
Suppresses all output of the Fncremnted 
independent variables. 

to determine the independent variable 
Fneremnt . 

KNDDEP 0 Suppresses the set of partials that are 
sam~ned to form the partial of a cornpourpd. 

IGRCNJP > 0 This number will determine the number of 
cycles the program goes through to reach 
a goal. 
a nmseirmn of five cycles. 

GOAL > 0.0 Specifies the attenuation factor for a 
C(X) or A(I,K) value. A zero or de- 
fault option implies a 0.8 attenuation. 

KNDINID = 2 

U#=DEP > 0 Suppresses the matrix of partials used 

A zero or default option implies 





-129- 

1. T'ne Scientific Papers of J. Willard Gibbs, Mol. 1, 

2. De Haven, J. C., and N. Z. Shapiro, lhtrinsic Cantrol 
~~~~~~~i~~ 9 Dmer 9 New York, 1961. 

J 

1965. 

3. Clasen, Ea. J. The Numerical Solution of the Chemical / 

w Ly 
, The Corporation, RM-4345-E"R, 

January 1945 * 
4. bhite, W. B., S. M. Jaknnson, and G. B. Dantzig, 

-5. Dantzig, 6. B., J. C. De Maven, I. Cooper, S. M. 
Johnson, E. 6. DeEand, H. E. Kanter, and C. F. Sams, 
"A Mathematical Model of the Hman External Respir- 
atory system3" Perspectives in Bioi. ti Me$. , 4 
(31961) , 324-376. 



i 

13. Assali, N. S., and N. Z. Shapiro, 9'Oxy-Hemoglobin 
Dissociation Characteristics of Human and Sheep 
Maternal and Fetal Blood,'' Amer. J. Obs. bc Cyn., 
1965. 

14. Shapir~, M. Z., Analysis by Higration in the PreSence - 
of Chemical Reaction, The RAND Corporation, P-2596, 
June 11362. 

15. Denbigh, K. D., Principles of Chemical Equilibrium, 
2nd Edition, Cambridge University Press, 1966. 

16. Glasstone, S., Textbook ~f Physical Chemistry, 2nd 
Edition, ID. Van Nostrand, New York, 1946. 

17. De Haven, J. C. (ed.), "Practixal Prerequisites for 
Building a Chemical Model from Soda Water to Bio- 
logical Fluids" (unpublished ms. ) . 

. Edsall, J. T. , and J. Wpan, Js., Biophysical Chemistry, 
Vo1. 1, Academic Press, Inc., New York, 1958. 

(Doctoral thesis) Tulane University, Philadelphia, 
1968. 

/a 
19. Magnies E .A.H. , "Unique Models of Individual Blood" 

/ 20. kEand, E. 6. , The Classical Structure of Blood Bfo- 
chemistry- -A Mathematical Model, The FUND Corpora- 
tion, W-4$62-PR, July 1966. 

21. De Haven, 3. C., and E. 6. %Land, The Reactions of 
Hemsglobin and Steady States in the M m a n  Respira- 

, The RAND 
62. 

22. DeLand, E. C., and E.A.H. Magnfer, "The Classical 
Structure of Bbood Bfochemistry--A Mathematical 
Model--~I" (in ~ ~ ~ p ~ ~ a t ~ o ~ ~ .  



-131- 

PM"9 

Bradham, G. et al., " E ~ ~ t o p e  Dilution and Thermodynamics 
in the Study of' ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ e ~ ~ a l  ]Body Fluid Exchange,'@ 

, Vsk. 119, November 1964, p. 1062. 
radhm, G., J. C. DeHaven, E. 6. PlieLand, and J. V. 
Maloney 
Systems Fed. Prsc. I Vol. 22, 1963, p. 533. 

"Natkematical halysis; of cmp%ex Biochemical 

tion, B-3252, October 1965. 

Dantzig, 6. B., and J' c. De Haven, ck71 the Reduction of 

J. of C h ~ m .  Phys., Vol. 38, No. 18, 1962, pp. 2620-2627. 
Bantzig, G. Its., 9. H. FsZhan, and M. %. Shapiro, On the 

3 

in 9. MabJh. Anal. & Appl., Vol. 17, No. 3, March 1967. 
De Mwen, J. C., E. C. DeLand, N. S. Assali, and W. Manssn, 
PhysTochemicaP Characteristics of Placr;ntal Wansfer, 

NIP Corporation, P-2565-1, February 1965. 

Biofogy, me D Corporation, P-ZL31, April 1961. 



-132- 

Maloney, J. V., J. C. De Haven, et a l * ,  Analysis of 
Chemical Constituents of Blood by Digital Computer, The 
RAND Corporation, RM-354l-PR, April 1963; also published 
in Simulation, Vol. 2, No. 6, June 1963, pp. R10-R22, 
and Surgery, Vol. 54, 1963, p. 158. 

"Examples of a Large-Model Simulation of the Blood 
Biochemica.1 System," J. Chronic. Dis. , Vol. 19 , 1966, 

Wolf, et al., "Laboratory and Digital Computer Study of 

pp. 411-425. 

pH of Blood at Hypothermic Levels," San Diego Symposium, 
August 1964. 



DOCUMENT CONTROL DATA 
OR IGiNATl N G ACT1 V ITY 120. REPORT SECURITY CLASSIFICA'PION 

THE R A N D  CORPORATION 
UNCLASSIFIED 

2b.GROUP - _ _  
I 

3 REPORT TITLE 
CXEMIST- -THE RAND CHEMICAL EQUILIBRIWI PROGRAM 

I 

4. AUTHOR(S) (Lost nome, first name,initiol) 

DeLand, E. C. 

6b.No. OF REFS. 5 REPORT DATE 60. TOTAL No. OF PAGES 

7. CONTRACT OR GRANT Me. 8. ORIGINATOR'S REPORT No. 
December 196 7 14 3 

F44620-67-C-0045 
- 

DDC- 1 

IO. ABSTRACT 

.4 detailed report on the structure and use 
uf C H E M I S T ,  a RAND computer program de- 
s i g c e d  to simulate complex chemical equi- 
libria. The study was compiled in response 
to a growing demand for a reference manual 
to nceompany and document the program, 
CHEMIST is a program for use by profession- 
:tZs I I C , ~  trained in computer programming. 
Communication with the program is in 
English, chemical, and FORTRAN languages. 
The computer code currently exists in 
FORTRAN I V  for the IBM 7044, In its pres- 
ent form it occupies approximately 25,000 
words for the principal part. Additional 
specialized subroutines not essential to 
the operation can increase space require- 
ments. The program uses an iterative 
mathematical. programming technique to de- 
termine 'the composition that minimizes the 
total free energy of' a chemical system, 
subJect to system constraints. A detailed 
program dcgcription with examples is given, 
along wieh the program subroutines. The 
References and Selected Bibliography com- 
p r i s e  as complete a listing of the litera- 
ture as is currentl'y possible. %his manual 
will. be updated as the CHEMIST program 
evolves Further. 

I 

RM -5 4 04 - PR 
lb. SPONSORING AGENCY 

United States Air Force 
Project RAND 

I. KEY WORDS 

Chemistry 
Physiology 
Computer simulation 
Models 
Computer programs 


