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Chagpter 1

The Kineticist’s Workbench: an Introduction

Computers are marvelous numerical simulators. In virtually every field of
science, their influence in that role is profound. Colliding galaxies, evolving
ecosystems, turbulent fluids—all have been the subject of extensive compu-
tational simulation.

But when we say that a computer is “simulating” a complex system, we
are generally speaking only of numbers: a mathematical model is provided
tc the machine (usually in the form of differential equations), and the ma-
chine returns a table (or giaph) of numbers as its output. This is useful,
but a great deal of conceptual work is still left to the scientist. After all, the
numbers must be interpreted: the scientist examines the numerical record for
interesting phenomena, perhaps matching those phenomena to observations
from the real world. Moreover, the numbers must be viewed in relation to the
model that generated them: why did this model produce these results? And
before the computer is employed altogether, the scientist may spend time
analyzing the model, reasoning about its potential behavior, trying to sim-
plify it. From the human standpoint, then, “simulation” is much more than
number-crunching; but from the computational standpoint, this is usually
all that the term ever means.

Indeed, the very real successes of computational number-crunching have
resulted in the need for more “extra-numerical” work. The scientist is left,
in effect, with a devil’s bargain: it is easier than ever before to generate
data, but much harder to obtain computational assistance in predicting and
interpreting that data.

This paper describes a program, The Kineticist’s Workbench, that is a
“simulator” in the richer sense of the term. Specifically, the Workbench
predicts, generates, and interprets numerical data in the simulation of a
particular class of complex systems—chemical reaction mechanisms. It as-




sials the scientist prior to numerical simulation by performing analysis of
mechanisms to predict their potential behavior; it simulates the m-chanism;
and afterward, it interprets and summarizes the data that it has generated.
In performing these tasks, the program brings to bear a wide range of sym-
bolic and numerical techniques, including graph-theoretic algorithms (for the
analysis of mechanisms), traditional numerical simulation methods, and algo-
rithms that examine the simulation results and reinterpret them in qualitative
terms. Moreover, beyond its conception as a scientific tool, the Workbench
represents a salutary exercise in formalizing a number of scientific reasoning
techniques that are often left unspecified or implicit in textbooks.

1.1 A Versatile Simulator for Chemical Kinetics

Chemical reactions are, as it happens, surprisingly complicated events. A
“simple” reaction might appear ir a textbook as a direct transition from reac-
tant molecules to product molecules; but in actuality, that simple notation is
often just a summary of the combined action of many simpler, “elementary”
chemical steps. These elementary steps—typically, unimolecular decomposi-
tons and bimolecular collisions—together constitute a mechanism for the
overall reaction. By constructing and testing hypothetical mechanisms, a
chemist can develop an understanding of some net, overall reaction of inter-
est. Put this way, the job may sound easy enough; but because even small
mechanisms can give rise to complicated behavior, the task of formulating
and understanding such chemical models is in fact extremely difficult.

In the current state of the art, chemists make extensive use of comput-
ers to study the kinetics of the hypothetical mechanisms they construct.
Typically—in accordance with the scenario described above—the chemist
will translate a mechanism into a system of differential equations, and will
then use the computer as a high-speed numerical integrator. The machine
produces huge amounts of numerical output (perhaps in graphical form), rep-
resenting the concentrations of various species over time; and it is then the
chemist’s job to interpret these numbers. The chemist may look for interest-
ing patterns (such as the presence of steady states or oscillations), and may
vary parameters in the mechanism to see how these patterns are affected by
the changes in parameter values.




Although this kind of computational work has become an indispensable
part of the kineticist’s repertoire, it provides only a narrow sort of assis-
tance. More important, it fails to take advantage of the full range of the
computer’s capabilities. Much of the chemist’s interpretive work—spotting
rapid jumps in concentrations, for instance—is relatively straightforward and
can be performed by the computer. Some of the non-numerical work that
precedes simulation—e.g., deciding whether a mechanism is capable of “ex-
otic” behavior like oscillations—can likewise be performed or assisted by
the computer. And beyond this, the ways in which these modes of activity
interact—the ways, for instance, in which a structural understanding of a
mechanism can affect the interpretation of results—are capable of computa-
tional expression. In short, a true “kinetics simulator” can and should do
much more than print out numbers.

The Kineticist’s Workbench is designed in pursuit of this idea—a pro-
gram that fruitfully extends the range of computational work in chemical
simulation. It includes procedures that allow the chemist to examine a given
mechanism for special (potentially simplifying) properties, to simulate the
mechanism numerically, and to summarize the results of a simulation quali-
tatively. In many instances, the Workbench can use symbolic techniques to
help guide or simplify the task of numerical simulation; and it can sometimes
use its qualitative summary of numerical results to suggest additional numer-
ical analysis of those results. Thus, the Workbench is designed not merely
as a collection of distinct subprograms, but with an eye toward symbiotic
connections between symbolic and numerical techniques.

The Workbench is a prototype only. Even so, it illustrates how a new
class of computational tool can assist scientists in simulating, analyzing, and
understanding complex systems; and it provides a study in the extension of
standard integration algorithms with a spectrum of additional symbolic and
numerical techniques.

1.2 Design Principles of the Kineticist’s Workbench

The notion of multiple cooperating techniques is the basic design prin-
ciple of the Workbench system. In part, this principle is thrust upon the




program by the very nature of its domain. As noted, chemical mechanisms
are complex systems, and lend themselves to a multitude of different styles
of analysis. Sometimes the chemist tries to simplify a mechanism before sim-
ulation, by looking for particular features in the mechanism itself; sometimes
a simplification (or numerical approximation) is deemed possible based on
numerical results; sometimes the mechanism must be altered because some
feature of its simulated behavior is inconsistent with laboratory results. The
root of this complexity is that chemical mechanisms are nonlinear systems of
ordinary differential equations, and thus can exhibit all the myriad behaviors
of which nonlinear systems are capable.

The Workbench correspondingly avoids promoting a single all-purpose
computational formalism for analyzing mechanisms, as such a formalism
would inevitably misrepresent the opportunistic spirit in which kinetics is
actually performed. Rather, the program includes multiple representations
of mechanisms (both as differential equations and as certain types of graphs);
it has a variety of “special case” procedures appropriate to mechanisms with
special simplifying properties (e.g., mechanisms described by linear differen-
tial equations); it is written in Scheme (a Lisp dialect), thus facilitating the
interactive development of the program via the addition of new procedures.
Overall, the Workbench can be used to make powerful deductions about the
behavior of moderately simple mechanisms, but can also be used to study
recently-developed complex models.

An important theme in the design of the Workbench is the augmentation,
not replacement, of numerical simulation. The Workbench does not try to
obviate the need for numerical simulation by developing a purely qualitative
formalism for the behavior of chemical mechanisms; its aim is rather to use
symbolic techniques in ways that help to predict and interpret numerical re-
sults. In this sense the Workbench is to be distinguished from more explicitly
non-numerical efforts in the field known as qualitative physics.!

The fact that numbers are the primary data for the Workbench is related
to another design principle of the system—namely, that the techniques and
terminology be derived from the domain itself. The Workbench uses con-
cepts like “rapid equilibrium,” “autocatalysis,” and so forth in examining

'Further discussion of this comparison appears in Chapter 8.




mechanisms for special features; likewise, it produces qualitative summaries
of simulations employing terms like “steady state,” “stable oscillations,” and
8o forth. There is a concerted attempt throughout to stay close to the lan-
guage and concepts of chemical kinetics, so that the system can ultimately
be of use to working chemists.

Finally, the Workbench is designed so that its various modules produce
data in a form that is usable by other computer programs. That is, the
Workbench is not specifically concerned with “data visualization” in the usual
(human interface) sense of that term. The Workbench does produce tables,
graphs, and textual printout for the user, but it also ensures that its results
may be passed to other procedures. This is an important corollary of the
notion of multiple cooperating techniques mentioned earlier: the idea is that
the various portions of the program should be designed to take advantage of
the possibility of sending useful information to other programs.

1.3 Outline of This Paper

The following chapter lays the groundwork for an examination of the Ki-
neticist’s Workbench by presenting a (somewhat telegraphic) discussion of
chemical kinetics. This chapter will introduce the basic terminology of the
field, and will also motivate some of the specific features of the Workbench
system. The third chapter is devoted to an overview of the Workbench’s im-
plementation; and the three following chapters (4-6) expand on this overview
by examining the three major modules of the Workbench. Chapter 7 is de-
voted to a number of examples showing the Workbench in operation. The
final chapter is a discussion of related work, as well as problems in the current
Workbench system and prospects for future development.




Chapter 2

Kinetics: The Nature of the Problem

2.1 Chemical Reactions and Chemical Mechanisms

2.1.1 Mechanisms

The textbook picture of a chemical reaction is usually that of a direct
transition from reactants to products, as in the following example:

[1] 2 ¥208 --> 4302 + 02

It would appear from this notation as though the reaction [i] proceeds
by the collision of two molecules of nitrogen pentoxide (N205), causing a
rearrangement into five product molecules. In point of fact, however, this
scenario is extremely unlikely on geometric grounds alone. A rough (planar)
picture of the N205 molecule looks as follows {58}:

Looking at this molecule, it is hard to imagine how such an intricate
rearrangement of atoms could possibly take place as the result of a straight-
forward collision. And there is another, even more disturbing fact: the rate
of collision of two N205 molecules in gas phase is proportional to the square of
N205 concentration (at least for dilute concentrations).{58} Thus, we might
expect that if we double the concentration of N205, the initial rate of appear-
ance of 02 molecules will increase by a factor of 4:!

1The concentration of a given species such as 02 is written [02]. Throughout this
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The problem with [2] is that it is contradicted by experimental evidence.
In point of fact, the rate of initial production of 02 molecules is proportional
to the concentration of N205:{55}

It would thus appear that the simple scenario suggested by the notation
of the overall rearrangement [1] does not adequately describe the events of
the actual chemical reaction. How, then, does reaction [1] take place? To
answer this question, the chemist must propose a model, or mechanism, for
the reaction: a sequence of two-molecule collisions (or occasionally single-
molecule decompositions). Each individual step in this mechanism should be
chemically plausible, and taken together the steps should account for both
the overall reaction and experimental data such as [3] above.

A plausible mechanism for nitrogen pentoxide decomposition is the following:{55}

[4.1] N206 --> 1§02 + ¥O3
[4.2] ¥02 + 03 --> K205
[4.3] ¥02 + NO3 --> NO2 + NO + 02

(4.4] N0 + ¥205 --> 3KO2

paper we will assume that the units of concentration are moles/liter (this is a common
choice; another choice of units often encountered in the literature is molecules/cc).{74}




In contrast to the original reaction [1], each step in the set [4.1]-[4.4] is
intended to be read as a direct transition from reactants to products. To
introduce some standard term:inology, each of these four reactions is referred
to as an elementary step (indicating that it proceeds directly “as written,”
unlike [1]). Reaction [4.1] is a unimolecular step, while the other three are
bimolecular.?

It should be stressed that [4.1]-[4.4], like any mechanism, is only a hypothesis—
often, the elementary steps that a chemist proposes cannot be observed di-
rectly in the laboratory. Mechanisms may be disproven in numerous ways: by
showing that they contradict experimental data, or that a proposed step does
not occur, or that some unanticipated step does indeed occur. Mechanisms
cannot, however, ever be said to be proven.{55}

Without going into detail, we can accept that [4.1]-[4.4] is chemically
reasonable—i.e., that each elementary step could conceivably occur via colli-
sions and plausible rearrangements of atoms. The kind of chemical knowledge
that goes into proposing such a mechanism, and into verifying that each step
is plausible (if not observable), is often profound; but that purely chemical
knowledge is not at issue in this paper. Rather, our interest is in the next
step—verifying that the mechanism [4.1)-[4.4] is capable of accounting for
experimental results such as [3] above. In other words, we want to know how
our proposed mechanism behaves—how it accounts for the changing concen-
trations over time of each of its constituent species. If our mechanism is
incapable of accounting for [3], then it cannot be correct, regardless of how
sensible each step appears; perhaps we have ignored a step that actually
occurs, or included one that doesn’t.

What we need, then, is a method for translating a mechanism such as
[4.1)-[4.4] into a mathematical model that allows us to predict the concen-
tration profiles (over time) of all the observable species. We can then compare
the results of our model to experimental data such as 3], and corroborate
(or disprove) our mechanism. The next subsection examines this process of
translating mechanisms into predictive models.

20n rare occasions, a three-molecule collision or termolecular step will be proposed.
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2.1.2 Mechanisms as Systems of Differential Equations

We can begin ‘ranslating [4.1]-[4.4] into a mathematical model by using
the fact—alluded to earlier—that the rate of collision of two molecules of
type A and B is proportional to the product of their concentrations [A] [B].
Thus, if we restrict our attention to reaction [4.2] alone, we can write:

- a [wo2) - 4 [¥03] d [§206]
(3 [— . s e — = k2 [(02] [¥03]
at dt dt

The first two relations follow from the stoichiometry of reaction [4.2] (one
mole of NO2 is consumed in this reaction for every mole of NO3 consumed and
N205 produced). The last relation expresses the fact that the rate of produc-
tion of N205 is proportional to the collision rate of NO2 and NO3 molecules.
Here, k2 is a proportionality constant, or rate constant, to use the standard
terminology. Specifically, k2 is a second-order rate constant (corresponding
to a bimolecular step), and its units are concentration™® * time™?.

As for the unimolecular step [4.1], we assume that at any given moment,
the rate of reaction is proportional to the concentration of the reactant.3
Thus, for this step we can write:

SThere are a number of theoretical models that account for this treatment of unimolecu-
lar elementary steps. One of the more popular such theories, the Rice-Ramsperger-Kassel
(or RRK) theory, actually treats unimolecular steps as “shorthand” for a collision step
followed by reaction of an activated species.{55} The RRK theory partially accounts for
the experimental limitations of the simple treatment embodied in [6). For our purposes,
we will not concern ourselves with the “internals” of unimolecular steps, and will assume
that [6] is correct. As a heuristic explanation for this “standard” kinetic treatment, it may
be simplest to imagine that for a decomposition or unimolecular rearrangement of some
species A, the reaction occurs in a probabilistic fashion—e.g., for all molecules of A above
a certain level of internal vibrational energy, or for all molecules of A occupying a special
conformation. It is reasonable to assume that at any given time a constant percentage of
species A will be able to undergo reaction: hence expression [6] above. As a final aside, it
may also be worth mentioning that this treatment of unimolecular reactions is identical
to that of radioactive decay reactions.{58}




-d[x206] 4[x02) 4a[xo3]
(el = = = k1 [N20E)]
dt dt dt

Again, the first two relations are derived from the stoichiometry of [4.1],
and the last relation indicates that this step obeys first-order kinetics. (The
units of the first-order rate constant k1 are time=?.)

We can now combine the exp:essions derived from [4.1] and [4.2] with
analogous expressions derived from the other two steps, and arrive at the
following system of ordinary differential equations:

[7.1] a4 [¥205)/dt =

-x1 [N206] + x2 (w02]1[¥03] - x4 [¥0][¥206]

[7.2] d [wo2)/4at

k1 [(N205] - x2 [m02](w03] + 3 k4 [NO][N206]

[7.3] 4 [¥o3l/at

ki [¥208] - k2 [§02]([¥03] - k3 [N02][NO3)

(7.4 4 [m0)/dt

k3 [x02][#03] - x4 [WO][¥206]

[7.58] d [02]/4t = k3 [m02][%03]

These five equations [7.1}-[7.5] constitute a translation of the mechanism
[4.1]-[4.4) into a mathematical model. For each species in the mechanism,
we have a differential equation that dictates how the concentration of that
species changes with time; and each equation consists of terms derived from
steps in the mechanism in which that species is produced or consumed. (For
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example, the three terms in equation [7.1] are derived from steps [4.1], [4.2],
and [4.4] respectively.)

Our mathematical model is still not quite complete, because we have yet
to choose numerical values for the rate constants k1-k4. Sometimes these
constants may be determined by direct laboratory observation of a partic-
ular elementary step; often they are treated as unknown parameters within
the model. In any event, once rate constants (and initial concentrations)
are chosen, equations [7.1]-[7.5] will determine the subsequent concentration
profiles of all species. These predictions may then be compared with exper-
imental data (such as the earlier expression [3]) to corroborate the original
mechanism.

2.1.8 Special Assumptions in the Treatment of Mechanisms

The previous discussion illustrated the essential process of translating a
chemical mechanism into differential equations. There are, howcver, several
additional points that deserve mention.

First, it is often the case that a particular species within a mechanism is
assumed to have constant concentration. This is superficially something of a
paradox: how can a given species enter into a reaction (or group of reactions)
and yet have unchanging concentration? The answer is that in some cases,
the assumption of constant concentration is an excellent approximation that
simplifies the treatment and understanding of the mechanism.

A typical example of this sort of simplification occurs for reactions in
solution in which the solvent enters into the reaction. For instance, consider

the following the elementary step (taken from a mechanism for hydrolysis of
alkyl halides {9}):

n+
/
[8] R + + H20 --> RO

\
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Here, the reaction is taking place in water solution, so the concentration of
H20 may be assumed constant for the entire course of the reaction.

More generally, the assumption of constant concentration is often used
when a particular species is present in such excess that its concentration can
be affected very little by any reactions into which it may enter. (The case
of “constant solvent concentration” may be viewed as a special case of this
principle.) Occasionally, it may be that a laboratory system is prepared in
which a particular species is kept at (approximately) constant concentration
by external control.

A second common assumption is that a mechanism has external “sources”
or “sinks” for particular species. We might, for example, stipulate that some
species A is being fed into a reactive system at a given rate; in this case
there is an external source for A (independent of its concentration within the

reactive system). Our differential equation for A would then have a “source”
term:

da[al
[9] ~-~=- = X gre +  other lerms
dt

Here, the first term k,,. is a constant (one might think of it as a “zero-th
order rate constant”) that indicates that species A is being added to the
system at a constant rate.

A “sink” for a given species B may be viewed conceptually as an elemen-
tary reaction of the form:

(103 B ~===> FErternal World

Such a reaction is expressed as a first-order term in the differential equa-
tion for B:
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Figure 2.1: A Laboratory System With Sources and Sinks

(from {7})
a(B]
(11] --~= = -k gpx [(B] +  other terms
de

Physically, sources and sinks correspond to situations often encountered
in open laboratory systems. We might, for example, have a constant-volume
reactor of volume V with input and output channels, as depicted in Figure
2.1.{7} As the reaction proceeds, a certain amount v of “feedstream” carrier
gas is input to the tank within each second, and during that same time the
identical volume v is withdrawn from the tank. The input stream contains
a fixed concentration of species A, while the concentrations in the output
stream are just those within the reacting system. In this case, our model of
the reaction would include a source term for species A, and sink terms for all
species in the reactive system.*

A third type of assumption often made allows for certain species to be
“driven off” from a reactive system, or treated as having a concentration
of zero within the reactive system. (Physically, this might corresnond to a

*It is sometimes the case that certain species will be removed via such a sink term. and
others will not. One might imagine, for instance, a tank reactor for hquid solution with
a semi-permeable membrane blocking the output channel, allowing only certain species to
leave the tank.
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gaseous product of a reaction taking place in open solution.) In a sense, this
is merely an extreme example of the “constant concentration” assumption
discussed earlier; formally, the same approximation might apply to a species
that is not in fact removed from the system, but that is simply an inert
(nonreactive) product whose real concentration is of no concern.

Finally, it is worth mentioning the possibly disturbing convention of in-
cluding “one-way” reactions within mechanisms. Since every reaction, viewed
microscopically, is reversible, it would seem necessary to include a “back re-
action” for every instance of a “forward reaction.”

There are various reasons why the convention of using one-way reactions
may not be dangerous. First, we may be interested in a given reaction

4 —~-> B

only for a certain brief period of time, and with an initial concentration of zero
for species B. In this case, we are implicitly assuming that the concentration
of B will be too small to affect our results by any appreciable amount during
the period of interest. Another instance is given by reaction [4.4], shown
earlier:

(4.4] N0 + ¥206 -—-> 302

Here, the backward reaction would occur via a collision of three NO2 molecules,
which is sufficiently unlikely (at moderate concentrations) so as to be treated
as negligible. Yet another possibility might be that thermodynamic consider-
ations dictate an overwhelming preponderance of products over reactants—
that is, that under normal or expected conditions the “forward” reaction will
run virtually to completion. And finally, there might be an implicit assump-
tion that the backward reaction is rendered negligible for mechanical reasons;
we might be removing products from the system very fast relative to the rate
of the backward reaction. In every case, the inclusion of a one-way reaction

is just an approximation that is built in to the formalism of the :nechanism
itself.
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2.1.4 Sources of Complezity in Mechanisms

The preceding sections have outlined the path by which a chemical mech-
anism, expressed as a collection of plausible elementary chemical steps, is
rendered into a mathematical model. Having created this model, the chemist
now must study its behavior—an extremely difficult task. In general, even a
relatively unthreatening mechanism will take the form of [7.1]-[7.5]: that is,
a set of strongly coupled nonlinear ordinary differential equations. As is well
known, the range of behavior available to such systems of equations is large,
and few of these systems are solvable analytically. {74} Over the past several
decades, mechanisms have been devised to reconstruct or explain a wide vari-
ety of “exotic” chemical phenomena—bistability, oscillations, birhythmicity,
“chemical chaos,” and so forth.{67}

The link between nonlinear differential equations and mechanism behav-
jor is thus not usually obvious from the syntactic form of the equations
themselves; this is true even for mechanisms consisting of four or five steps.
Beyond this, sheer size may be a complicating factor in understanding the
cehavior of a mechanism. Some mechanisms in the literature include hun-
dreds of steps (cf. {49}), while others are created by coupling together two
independently difficult mechanisms.{17}

Even after the behavioral record of a particular mechanism has been
generated—whether by direct simulation or other means—the task of describ-
ing and classifying that behavior can be problematic. Consider, for instance,
the difficulty of merely describing whether a particular jump in concentration
is a “rapid jump” or a “slow rise.” Language of this sort implies a known
time scale of interesting behavior; if the concentration of species A rises by
ten percent in ten minutes, this may appear “fast” in the laboratory time
frame, but it may be slow relative to other interesting events observed in the
record. Because chemical reactions can take place over a remarkably wide
range of time scales,® the observed “events” of a mechanism’s behavior—
jumps in concentration, stable periods, oscillations—have to be described

8Some fluorescence reactions take place in a matter of microseconds{42}; cthers, such
as the (uncatalyzed) reaction between hydrogen and ethylene, proceed at a rate too slow to
measure in the laboratory.{58} This wide range of time scales is true both for elementary
chemical steps and overall reactions.
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relative to an overall record of behavior, rather than as isolated occurrences.
2.1.5 Addstional Complezities

Beyond the sources of complexity described above, there are additional
factors that can make the understanding (and indeed the simulation) of mech-
anisms even thornier. Because these extra factors are not handled by the cur-
rent Kineticist’s Workbench, they will not be discussed at length; but they
are worth mentioning, if only to provide a sense of how the picture presented
above is itself a simplification of some “real-world” problems.

First, our presentation of systems of equations such as [7.1]-{7.5] implic-
itly assumes that our rate constants (such as k1) are indeed constant over
the course of a reaction. In point of fact, rate constants are temperature
dependent. The standard form of this rate dependence, derived from the
Arrhenius equation, is: {55}

where R is the gas constant, T is in degrees Kelvin, and E,. is a constant
(thought of as an “energy barrier height” for the elementary reaction). Other
forms for this relation have been proposed, but the essential point is that
reaction rates can change noticeably with temperature. In many situations,
this fact is immaterial since the reactive system is assumed to be kept at
constant temperature; but there are some situations in which (for instance)
a strongly exothermic reaction raises the temperature of the entire system,
and this higher temperature in turn affects the rates of the various elementary
reactions within the system. Thus, the changing temperature of t.e system
plays an essential role in the progress of events.(cf. {55})

Another assumption implicit in the discussion thus far is that our reactive
system is homogeneous, with no spatial variation in concentrations. In the
laboratory, this condition often corresponds to the use of rapid mixing; but
there are interesting cases in which concentrations of species vary in space as
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well as time.{36, 81, 79} Inhomogeneous systems must be modelled by partial
differential equations, and as such are a good deal more computationally
demanding than the systems we will study in this paper.

Finally, we have been using the important assumption that the collision
rate of two species A and B is proportional to the product of their concentra-
tions. This is often a good approximation, but in practice there are numerous
qualifying circumstances: in gases at very high pressures, for instance, the
simple kinetic theory model on which this assumption is based begins to
break down.{58} Charged species (e.g., ions in solution) represent another
complication: often mechanisms involving such species can be recast in the
standard form by using activities instead of concentrations as the variables of
interest. The difficulty here arises from the fact that the activity coefficient
(the “correction factor”) of a species depends in a complicated way on the
ionic strength of the solution (as well as other less important factors).{9} In
practice, the form of equations [7.1]-[7.5], also known as mass action kinetics
for elementary reactions, is widely employed for reactions in both gas and
liquid phase.

To sum up this discussion, then, the systems handled by the Kineticist’s
Workbench are isothermal, homogeneous systems obeying mass action kinet-
ics. Although these stipulations rule out many reactions for study, there is
no lack of interest in the reactions left available to us. We will return to the
additional complications mentioned in this section in the final chapter of this
paper.

2.2 Strategies for Simplifying Mechanisms

Once a mechanism is constructed, there are various “special properties”
that we can occasionally spot that allow us some conceptual purchase on its
behavior. An extreme example of this would be a mechanism that happens
to generate a set of linear ODEs (this could happen if, for instance, all
elementary steps within the mechanism were unimolecular). The behavior of
linear systems is well understood, so a mechanism of this type is especially
simple to handle.{74}
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More typically, a mechanism (along with expectations about the condi-
tions under which it operates) will have some ad hoc numerical properties
that permit simplifying assumptions to be made. We have already encoun-
tered a few of these in the previous sections: for instance, the use of “con-
stant concentration” species often reflects the approximation that a particular
species will be present in excess throughout the course of the reaction. In
the following discussion, we will explore two other strategies for simplifying
mechanisms that are commonly encountered in textbooks: the assumption
of rapid equilibrium, and the steady-state assumption.

2.2.1 Rapid Equilibrium

Consider the following (very simple) mechanism:
[13.1] A -—>B ki = 100

[13.2] B --> 4 k2 = 200

{13.3] B-—->¢C k3 =0.1

Informally, what we have is a rapidly equilibrated mixture of A and B, and
a slow transition from B to C. Thus, if we examine the behavior of this
mechanism, with initial conditions of (say) concentrations of 1, 0, and 0 for
A, B, and C respectively, what we will see shortly thereafter is a slow growth
of C (up to almost 1 M concentration) during which the ratio of [A] to [B]
is approximately 2:1.

The key to making this rapid equilibrium approximation is that the reac-
tions perturbing the equilibrium between A and B dictate slow changes rela-
tive to the equilibrating process. Thus, at any given moment, the equilibrium
ratios represent a good approximation to the truth. Mechanism [13.1]-[13.3]
might be used to explain an overall first-order expression for the reaction
A --> C, since we have

d [

[14] -e==- = k3 [(B] = X3 (k1/x2) [A]
dt
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The rapid equilibrium approximation is used in a number of standard
examples of kinetic theory; for instance, the treatment of unimolecular reac-
tions by Lindemann and Christiansen, and later by Hinshelwood, is derived
from this assumption.{55}

2.2.2 Steady-State Assumption

Earlier, the assumption of a constant concentration species was alluded
to as a common approximation used to simplify mechanisms. In a similar
spirit, one can often assume that some highly reactive intermediate species
will be at a (low) constant concentration throughout the running time of a re-
action. To see how this assumption arises, consider the following mechanism,
represented graphically:

ki k2
[18] A ====> B® —=-=>C

We begin with the assumption that B# is a much more unstable (thus
reactive) molecule than A; this implies that the transition from B* to C is
much faster than that from A to B#, or in other words that k2 3 k1. In this
case, if we initialize our system with some of substance A (and nothing else),
we will find that for most of the reaction time, there will be a very small
(and nearly constant) concentration of B. Thus, we can write:

d[Bs]
[16.1]  -———=--- = ki [A] -x2 [Bs] ~0
dt
d[c]
[16.2]  -—--- = k2 [Bs] ~ Kxi[a]
dt

where {16.1] has been used in {16.2].

6As with the mechanism {13.1)-[13.3], the overall kinetics of the mechanism [15) 18
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Inasmuch as “reactive intermediates”—such as unstable species or free
radicals—are not uncommon in chemical mechanisms, the steady-state as-
sumption has wide utility. As a more complex (and realistic) example of
its use, we can return to the decomposition of N205 shown in mechanism
[4.1)-[4.4], and illustrate how the first-order expression [3] can be accounted
for.”

The mechanism and accompanying differential equations are reproduced
below:

[4.1] ¥206 --> 1§02 + NO3

[4.2]  X02 + ¥O3 --> N206

4.3] NO2 + §O3 —> ¥02 + NO + 02
(4.4  ¥O + N206 —> 3N02

[7.1) 4 [¥208)/4t =

-x1 [¥206) + k2 [N02]1[N03] - kx4 [NO][W206)
(7.2] 4 [M02])/4c =

k1 [M206] - x2 (m02)(N03] + 3 x4 [W0](¥206]

[7.3] 4 [¥03)/4c =

ki [W205] - x2 [N02][N03] - x3 ([¥02][N0O3]

(7.4] d [¥0]/at =

k3 [w02] (03] - x4 [NO] [¥206]

first-order in A; but the relationship of the overall rate expression to the elementary rate
constants is different.

"The treatment here closely follows that in Laidler {55}.
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(7.8 4 [02)/4t = k3 [¥02] (N03)

We will use a steady-state approximation for two intermediates: NO and
NO3. Starting with NO3 and equation (7.3}, we derive:

(17.1] xi [%206] = (k2 + k3) [W02] (w03)

From the steady-state approximation for NO, we get:

[17.2] x3 (w02) [¥03] = x4 [NO] [¥205)]

As it happens, [17.1] is enough to derive the first-order expression for
the rate of production of 02. We substitute [17.1} into [7.5] and derive the
following:

(17.3]1 al02)/dt = Xx3 (k1/(x2 + k3)) [¥W20E)

We can also derive a first-order expression for the rate of disappearance of
N205 by using both [17.1] and [17.2] in expression {7.1]:

[17.4) 4 [m205]/d4t -x1{N206] + (x2 - kx3) [¥02] [w03]

(-k1 + (k2 - k3) (xt / (x2 + x3))) [¥208]

(-2 k1 k3 / (k2 + k3)) [¥205]

Expression [17.3] accounts for the experimental results summarized in
[3] earlier, and [17.4] predicts a similar result for the rate of disappearance
of N205. It may also be worth mentioning that these expressions allow the
overall measured rates of change for 02 and N205 to be related to the rate
constants for the individual elementary steps. Thus, if we are somehow able

21




to measure (say) k1 and k2 independently, we can derive k3 from expression
[17.4] and our experimentally determined rate of decomposition for N205.

2.3 Numerical Simulation of Mechanisms

The previous section delineated two common strategies for simplifying the
numerical treatment of mechanisms. These techniques are often encountered
in textbook examples, where they facilitate algebraic treatment of mecha-
nisms (note, for instance, that we required nothing more than algebra and
the steady-state assumption to recover [3] from mechanism [7.1}-[7.4] above).

Unfortunately, strategies such as those described above are not univer-
sally applicable. For example, in mechanism {13.1]-[13.3}], which we used to
illustrate the “fast equilibrium” approximation, we may be interested in a
situation in which the rates of all three steps are comparable; in that case,
our approximation no longer holds. Or it may be the case that a steady-
state approximation holds for only some portion of the running time of a
reaction. (Even in the case of reaction [15], we might imagine a hypothetical
initial situation in which only A is present; in this case, it takes some brief
amount of time before the steady-state approximation becomes a reasonable
one.) More generally, as mechanisms of interest grow larger and more com-
plex, these strategies become ever more limited in their applicability; and
numerical simulation becomes a necessity for understanding behavior.

Over the past several decades, with the advent of digital computers, nu-
merical simulation has become the prevalent method for studying the be-
havior of chemical mechanisms. By now a number of powerful simulation
packages exist {5, 13, 23, 46}. Typically, the chiemist will use such a pack-
age by entering a set of differential equations (much like [7.1]-[7.5] above),
along with parameters such as rate constants and initial concentrations; hav-
ing the computer integrate the equations with the given parameter values;
and finally, saving or displaying the resulting concentration profiles. Unlike
the techniques described in the previous section, numerical simulation is of
course completely general, and its accuracy is limited only by that of the
computer and the choice of integration algorithm.
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2.8.1 Stiff Systems

As mentioned earlier in this chapter, chemical systems often involve pro-
cesses taking place at widely divergent time scales. A (relatively mild) ex-
ample of this phenomenon was encountered in mechanism [13.1]-[13.3]: here,
the two elementary steps [13.1] and [13.2] dictate an equilibrium between A
and B that is reached (to a good approximation) within seconds, while the
third reaction converts B to C at a much slower rate. Many other mechanisms
contain much more dramatic distances between the time scales of elementary
reactions.

Systems of this type, exhibiting both “fast” and “slow” processes proceed-
ing simultaneously, are known as stiff systems.® Chemical mechanisms are a
notorious source of stiff systems, and as such constitute a challenge to numer-
ical integration routines. Besides the usual criterion of numerical stability,
integration routines for chemical systems must allow for adaptive time-steps
(so that both fast “transient” behavior and slow “near-equilibrium” behavior
may be captured in a reasonable number of integration steps).

The most common integration routine used for handling stiff systems is
the Gear algorithm. The kth-order Gear algorithm is an implicit (predictor-
corrector) integration algorithm whose value at each time-step is obtained
by solving for the next state z[n + 1] in terms of that state itself and the k
previous states z[n),.... z[n — k +1}. As an example, the implicit equation
for the fifth-order Gear’s algorithm is shown below: {15}

(18] x[n+1] = (1/137) ( 300 x[n] - 300 z[n-1] + 200 x[n-2]
- 76 x[n-3] + 12 x[n-4]

+ 60 h £(x[n+1], t(n+1]))

Here, we solve for z[n + 1] in terms of itself and the five most recent state
values. Much, of course, is still unspecified by this equation alone: how an

8More formally, a linear system of ODEs is stiff if it has wide distances between eigen-
values. A nonlinear system is stiff if its Jacobian has wide distances between eigenvalues
in some phase space region of interest.{15}
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initial prediction for each time step is to be chosen, the correction algorithm
to use, the strategy for changing the time step value A, and so forth. Chua and
Lin {15} provide detailed discussion of these points, as well as a derivation
for the particular constants in equation [18]; and they also discuss matters
such as strategies for implementing adaptive-order Gear routines.

The Kineticist’s Workbench supplies the user with a choice of integration
routines. For stiff systems, the Workbench can employ the Gear algorithm
supplied by IMSL, Inc.{50}; for non-stiff systems, the Workbench uses a
fixed-time-step fourth-order Runge-Kutta algorithm (a relatively simple ex-
plicit integration routine {44}). More detail on the Workbench’s numerical
integration module will be provided in Chapter 4.

2.8.2 Stochastic Simulation

Earlier in this chapter, we saw that certain types of approximations (such
as near-constant concentrations) may be incorporated into mechanisms, thus
simplifying the differential equations produced. In this sense, mechanisms
are often unabashedly approximate models of chemical systems. But there
is yet another approximation that is so pervasive in our discussion thus far
that it may go unnoticed: namely, that chemical systems can be described
by differential equations at all. In truth, concentrations are not continuous
quantities; since any system has a discrete number of molecules of any given
species, it is an idealization to speak of the “derivative” of a concentration
over time.

Of course in most situations this “idealization” is not problematic. A typ-
ical laboratory system will have on the order of 10%° molecules of any given
species; and even a very dilute solution might contain 10° solute molecules.
Thus, speaking of derivatives of concentrations is as reasonable as, say, speak-
ing of the derivative of electric current in a DC circuit (another “idealiza-
tion”). Nevertheless, there are situatiors in which the differential equation
formalism proves inadequate: for instance, we may actually be dealing with
exceedingly small numbers of reacting molecules. In these situations, we
would like some other method for simulating chemical systems—some method
that reflects the discrete nature of the system being modelled.
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The mathematical approach used in such situations is a probabilistic one:
the chemist sets up a “master equation” in which the probability of finding
the system in a given state at time ¢ is obtained by summing the probabilities
that the system entered this state from some previous state at time t — dt.
Formally, such an equation looks as follows:

[19] P(s,t) = Y P(j,t-dt) = ¥ (j,s)
b

In prose, equation [19] says that if we know the probability of finding our
system in any state j at time ¢t —dt, and the probability that a system in state
j changes in time dt to state s (this the so-called “transition probability,”
denoted by W(j,s)), then we can compute the probability of finding the
system in state s at time ¢.°

Simulating a system described in this way generally means starting from
a given initial state s0, and using the (known) transition probabilities to
generate subsequent states nondeterministically. Computer programs for this
purpose use Monte Carlo methods and are typically run numerous times to
generate statistical averages of system behavior.{74}

Despite the utility and interest of stochastic simulation, we will not pursue
the subject beyond this brief outline. The Kineticist’s Workbench employs
differential equation models exclusively to generate numerical output, and
these “classical” models will be the sole focus of our attention henceforth.
Nevertheless it is worth including this telegraphic description of stochastic
techniques, if only to indicate some of the hidden limitations of differen-
tial equation models, and the range of simulation methods available to the
modern chemist.

2.8.8 Limitations of Numerical Simulation

Despite its usefulness and increasing affordability, numerical simulation

°It is not hard to show that for simple systems in which we assume dt very small and
a large number of particles, we can recover the expected differential equations from a
stochastic treatment such as this.{74}
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has unavoidable limitations as an aid to understanding mechanisms. Typi-
cally, the results of running a numerical simulation are large tables (or graphs)
of numbers representing the concentrations of various species over time. Al-
though this data is indispensable, the chemist is still required to do a good
deal of “qualitative” work, both before the simulation is run and after the
results are retrieved.

Before actually running the simulation, the chemist will look over the
mechanism to see if there are deductions about its behavior that may be
reached even in the absence of simulation. For instance, he may try to spot
special mechanistic features like “rapid equilibria” of the kind mentioned
earlier; or he may look to see whether the mechanism has certain properties
that zuarantee that it will reach a stable equilibrium; or he may note that this
particular mechanism gives rise to linear differential equations, and that he
can thus express its behavior directly, by a mathematical formula. All of this
may be done before any simulation results are obtained—though of course
those results may later be helpful in checking the intuitions and predictions
developed during this stage of the work.

After running the simulation, the chemist will look over the results, trying
to spot features of interest—e.g., rapid changes in concentration, or long
periods during which some concentration is nearly constant, or oscillations.
He will try to relate those observed features to aspects of the mechanism
itself; for example, he might ask which particular steps in the mechariem -vere
most directly responsible for causing some large jump in the concentration of
a given species. In essence, the chemist attempts to fit a narrative structure
to the overall results, as evidenced in the following passage (in this passage,
a and B refer to small collections of elementary steps in the mechanism, and
symbols such as F3 refer to individual steps):

“The rate of (@) is proportional to Y, and when this process is dom-
inant X attains a steady state approximated by Xmin...At such
a time, Y will be depleted by the dominance of (a). If (F3) is
rate-determining for (F3-4), then when (3) is dominant the rate is
proportional to X and X attains a steady state concentration ap-
proximated by Xp,.. .. Transition between dominance by (a) and
(B) is strongly dependent on Y and takes place whenever that con-
centration passes through Yoriticar.” {62}
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Figure 2.2: A Parameter Space Graph (from Markus {59})

This kind of narrative interpretation is a significant part of what it means
to “understand a mechanism.” The chemist reads the simulation not as
numbers, but as a sequence of interesting events; and he 1s able to relate
those events back to the participation of individual steps within the original
mechanism.

In fact, the chemist’s interpretive powers must generally be =xtended be-
yond the results of a single simulation. Typically the chemist will perform a
series of simulations, varying one or more parameters (such as a rate constant
or initial concentration of some species). He will then attempt to relate the
presence or absence of particular features (such as oscillations) to the values
of the parameters chosen. Often he will generate a parameter-space graph,
showing how certain types of mechanism behavior vary with the choice of
parameters. Figure 2.1 shows such a graph from Markus {59}. This graph
summarizes the behavior of a particular model of an oscillating reaction; the
axes correspond to parametrized source and sink rates within the model.
The various annotated areas of the graph correspond to parameter regions
in which the model exhibits bistability (two possible steady states), monos-
tability, or oscillations.

It is thus fair to say that while the numerical results of simulation rep-
resent the primary data for the chemist—there is no purely qualitative for-
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malism that can accommodate the richness of detail provided by the actual
numbers—nevertheless, the mere generation of numbers is only a fraction of
the chemist’s job in understanding and analyzing mechanism behavior. The
greater and more interesting part of that job is spent in making predictions
of the numbers beforeband, and making narrative summaries of the results
afterward.

The Kineticist’s Workbench is designed in accordance with this view of
the scientist’s work. The Workbench augments the standard techniques of
numerical simulation with additional symbolic procedures that assist the
chemist in predicting and analyzing mechanism behavior. The Workbench
uses graphical procedures to examine the structure of a proposed mechanism
and determine whether any meaningful predictions of mechanism behavior
may be drawn prior to simulation; for certain mechanisms it can determine
whether the system must necessarily reach a stable equilibrium. The program
can also spot a variety of interesting special features within mechanisms,
including “rapid equilibria” (as described earlier) and autocatalytic loops (a
feature associated with exotic behavior such as oscillations).

After simulation is complete, the Workbench is able to analyze the events
of the simulation by several means. The concentration profiles are divided
into “episodes,” roughly corresponding to changes in the mechanism steps de-
termining local concentration changes!®; these may be used to generate narra-
tive descriptions of the simulation. The program also separately keeps track
of local concentration maxima and minima which it can use to spot a variety
of standard oscillation patterns; and it is able to generate parameter-space
graphs showing how the presence or absence of simulation events changes
with one or two parameter variations.

2.4 Why Kinetics Matters

The remainder of this paper will be devoted almost exclusively to the Ki-
neticist’s Workbench program—its features, implementation, use, and lim-
itations. But before proceeding with this examination of the program, it
is worthwhile stepping back to ask why chemical kinetics should hold any

19The full description of this part of the program is given in chapter 6 below.
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interest (or utility) as a domain of study. Why learn, or explore, kinetics at
?

First, kinetics is an important aspect of the study of how chemical re-
actions occur. A typical contrast drawn in chemistry courses is that be-
tween thermodynamics and kinetics: the former can be used to determine
whether a given reaction is energetically favored or not (i.e., whether energy
considerations dictate an equilibrium constant that favors the “forward” or
“backwaird” reaction). The latter is used to ascertain how a reaction occurs
over time. A good illustration of this distinction is given by the following
reaction: {55}

2H2 + 02 <---=> 2 H20

Thermodynamically, the right side of this reaction is strongly favored at
moderate temperature and pressure; the equilibrium constant for this reac-
tion dictates a huge excess of H20. But the kinetics of the reaction dictates
that, if we mix hydrogen and oxygen gas under normal laboratory conditions,
appreciable conversion to H20 will take many millions of years.!!

Formulating a mechanism for a particular reaction can provide the chemist
with insight into other, related reactions. For instance, if we are studying a
reaction system in which methyl radicals (CH3) are present, and we find that
the elementary step

2CH3 ~--> C2HS

appears in our mechanism, then we would expect the same elementary step
(with the same rate constant) to appear in any mechanism in which methyl
radicals appear.!? The elementary steps that we postulate for one reaction
thus carry over, and lend us information about, other reactions.

Lighting a flame can speed things up considerably!{55}

3La point of fact, this step appears in mechanisms for acetaldehyde decomposition {55}
and methane decomposition {74}. In some systems with CE3 radicals present, we might
not include this step because some other step(s) with CE3 as reactant may proceed much
faster and thus be more important.
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It is also possible to find structural similarities between mechanisms of
different reactions. If we find, for example, that both nitric oxide and propy-
lene are able to inhibit certain organic decomposition reactions {55}, and
that the rate laws governing inhibition have the same general form, then we
might suspect that the mechanism of inhibition is similar for the two sub-
stances. Or, having elucidated a “chain reaction” schema for the formation of
hydrogen bromide, we might look for similar steps in the reactions of bromine
with a variety of molecules of the form X-H (such as methane, CH4, in which
“X” can be thought of as the methyl CH3- group).

In a similar vein, one can construct “abstract mechanisms” that in effect
illustrate the basic pattern of a mechanism, but that do not refer to any one
particular chemical reaction. (Mechanism [13.1]-[13.3], the earlier instance
of a “rapid equilibrium” reaction, is an example.) This can be a fruitful
technique for understanding or generating new classes of reactions: if we
create a very abstract mechanism that exhibits oscillations, but that does not
actually refer to any particular chemical system, we might then try to prepare
laboratory reactions that obey a similar mechanism in the hopes of finding
oscillations.!® Thus, the study of chemical mechanisms has a “synthetic” as
well as “analytic” purpose: starting from known reactions, we can proceed
(analytically) to a hypothetical mechanism, while starting from a sample or
abstract mechanism we can proceed (synthetically) to look for reactions that
appear to illustrate it.

The study of chemical kinetics has real-world consequences. Historically,
the study of various chain reaction schemas led to an understanding of explo-
sive systems and polymerization reactions.{55, 51} More recently, much of
the debate on the role of fluorocarbons in the depletion of stratospheric ozone
nas centered on the comparison of the behavior of rival mechanisms.{16, 74}
In the past several decades, chemical systems have been regarded as an espe-
cially good source of examples in the study of nonlinear dynamics; oscillating
reactions (such as the Belousov-Zhabotinskii and Briggs-Rauscher reactions)
are used in the laboratory to study (and demonstrate) limit cycles, period-

doubling, strange attractors and other fundamental concepts of dynamical
systems theory.

13The Brusselator mechanism, to be discussec in detail later, is an example of such an
abstract “illustrative” mechanism.
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As a final point, it should also be mentioned that chemical mechanisms are
often syntactically equivalent (or similar) to models derived from other dis-
ciplines. The Lotka-Volterra model—an early simple model of oscillations—
was a chemical mechanism adapted for use in population biology.{56}'* A
variety of bacterial growth models may be recast in the formalism of chemical
mechanisms {10, 78}; and as noted earlier, radioactive decay reactions may
be modelled as unimolecular elementary steps. Thus, a system presented
“formally” as a chemical mechanism may in fact be capable of modelling
interesting non-chemical phenomena.?®

14The Lotka-Volterra model results in conservative, as opposed to limit-cycle,
oscillations.

1% Samardzija et al {70} in fact, demonstrate nonlinear transformations through which
several famous examples of ODE systems—including a forced RLC circuit and the Lorenz
system (derived from meterology)—are recast as chemical mechanisms with qualitatively
similar phase portraits.
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Chapter 3

The Kineticist’s Workbench: A Design Overview

The Kineticist’s Workbench program is best thought of as a set of three
modules. The first module is primarily concerned with numerical simula-
tion of mechanisms; the second with pre-simulation analysis of mechanisms;
and the third with post-simulation interpretation of results.! Although this
division represents a useful conceptual classification—each module handles
a different stage of mechanism analysis—the various portions of the pro-
gram are close-knit and have extensive communication with one another.
For instance, the numerical simulation routines generate on the fly much of
the symbolic information that will be used (along with the numerical re-
sults) by the post-simulation interpretation routines; likewise, the results
of (pre-simulation) graphical analysis can occasionally be incorporated into
numerical simulation (in ways that will be described at length later on in
this paper). Nevertheless, the division into numerical, pre-simulation, and
post-simulation portions of the program provides a close match to the way in
which the user would employ the Workbench, and as such will be the basis
of discussion here.?

3.1 Numerical Simulation

The Workbench contains a collection of procedures that together comprise
a flexible package for simulating mechanisms. The user enters a mechanism
(in the format of a Scheme list); the Workbench then translates this mech-
anism into differential equation procedures, using much the same strategy

1There are also a few additional procedures that supply a rudimentary user interface.

3An implementation note may be in order here. The Workbench is written in MIT
Scheme, and is run on a Hewlett Packard 9000/350 workstation. The compiled program
currently requires a little over a megabyte of memory storage; in addition, as mentioned
in the previous chapter, the program makes use of the IMSL mathematical library {50},
and uses calls to the X Window system as the basis of its graphical output.
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Figure 3.1: A Graph of Three Concentrations Versus Time

outlined in Chapter 2 earlier; and the resulting system of ODE procedures
is passed off to a fourth-order Runge-Kutta integration routine, which can
print (or graph) its numerical results on the computer screen or save them
to a file. :

Should the user wish to employ the IMSL Gear integration routine, again
the mechanism is entered symbolically; but in this case the Workbench ac-
tually uses the symbolic mechanism to generate a Fortran program which
is then compiled and run (and which itself calls the IMSL library routines),
saving the numerical results to a specified filename. These results may then
be read back, at which time they may be printed or graphed.

The graphing procedures provided by the program allow the user to dis-
play several concentration-versus-time graphs simultaneously as the simula-
tion progresses (see Figure 3.1 for an example). These pictures may also be
stored as files.
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no2 + No + 02 <--- N02 + 93 <----> 2095

Figure 3.2: A Graph of a Mechanism

3.2 Pre-Simulation Analysis of Mechanisms

The Workbench includes a variety of useful techniques for analyzing mech-
"anisms prior to simulation. First, the program generates a “graph represen-
tation” of the mechanism that facilitates structural analysis; by performing
certain graph-theoretic algorithms on this representation (to be described at
length in Chapter 5), the program is often able to make powerful predictions
about the mechanism’s eventual behavior. In some cases, the Workbench is
able to conclude that the mechanism as written must eventually approach an
equilibrium state (with all species at non-zero concentration). In other cases,
the Workbench may conclude that the system cannot reach equilibrium with
all positive concentrations; and the program can then offer possible asymp-
totic states for the system’s behavior. Even if the mechanism is of a more
complex type that does not lend itself to predictions of this kind, the program
may still look for interesting graph-theoretic features within the mechanism

often associated with exotic behavior (such as the presence of autocatalytic
loops).

The results of this graphical analysis are stored in a data structure as-
sociated with the original mechanism; they may also be displayed on the
computer screen, and in some cases are depicted “pictorially,” as suggested

by Figure 3.2. (A complete description of this representation will be provided
in Chapter 5.)

Going beyond the purely graph-theoretic algorithms alluded to above,

the Workbench is also able to look for certain standard simplifying “reaction
patterns”—such as the presence of a rapid equilibrium reaction pair—and
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to note these in its analysis of the mechanism. Notions such as “fast equi-
librium” and the “steady-state” approximation require some approximate
numerical decisions (eg, whether one rate constant is “much bigger” than
another), and so cannot be based on graph-theoretic information alone. This
type of analysis might be categorized as “quasi-numeric,” as opposed to the
purely structural conclusions of the previous two paragraphs.

Finally, in those occasional cases in which the Workbench is able to con-
clude that the mechanism must reach a unique equilibrium state independent
of initial concentrations, it can use simple minimization methods to locate
that equilibrium state directly, without performing the complete simulation.

3.3 Post-Simulation Interpretation of Mechanisms

Having performed a numerical simulation, the Workbench uses a variety
of means to intepret the numerical results and to note the presence of (pos-
sibly) interesting behavior. The program uses a special structure known as
the episode {to be described at length in Chapter 6) to link behavioral pat-
terns of the mechanism to the activity of elementary reactions. The program
generates an “episode history” which can often be used directly as a kind of
narrative depiction of the simulation; this history can also be used to spot
portions of the simulation during which simplifying assumptions might be
made (eg, periods during which the concentration of some particular species
remains virtually constant). The episode history also can be used (on oc-
casion) to find individual elementary steps that prove to be unimportant in
determining the mechanism’s behavior and which may be dropped from the
original mechanism specification.

For each species of interest, the Workbench keeps track of when that
species reaches a local maximum or minimum of concentration during the
simulation. By examining patterns of maxima and minima, the program
can spot a number of common oscillation patterns (including stable limit
cycles and damped oscillations). Having done so, the program also generates
informative parameters of the identified oscillation (such as the period and
amplitude of a stable limit cycle). In certain cases the program can also
identify even more exotic behavior such as the presence of birhythmicity or
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Figure 3.3: A Parameter-Space Graph

chaotic (non-periodic) oscillations.

Going beyond the results of a single numerical simulation: the Workbench
can be used to run a sequence of simulations in which up to two mechanism
parameters (rate constants or initial concentrations) are systematically var-
ied. In this case, the program stores its qualitative interpretation of each
run; and the stored information can then be retrieved and used to generate
parameter-space graphs that indicate how qualitative behavior changes with
the given parameters. An example of such a graph is shown in Figure 3.3.
and the origins of this example will be described in Chapter 7 of this paper.®

It should also be mentioned that the qualitative information produced by
the Workbench is in the form of Scheme structures (generally, lists of symbols
and numbers). This implies that this information may be used as the input to
other Scheme procedures. A specific example of this approach is indicated in
one of the examples to be shown in Chapter 7: in that example, a few special
procedures are written to identify that portion of the numerical results in

3The graph shown in Figure 3.3 is reproduced from original Workbench output. The
Workbench uses color-coding, rather than “stippling” and “box-outlines,” to distinguish
different symbols.
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Figure 3.4: The Workbench Program Structure

which a stable oscillation has been spotted, and to use only that (oscillating)
portion of the results as input to an FFT routine. In other words, we can use
the qualitative interpretation of our numerical results to identify portions of

the numerical results that are appropriate to study via still other numerical
methods.

3.4 The Workbench as a Whole

As mentioned above, there are several paths of communication between.
modules that have been implemented. The pre-simulation routines are able
to send information (such as known equilibrium concentrations) to the au-
merical simulation module; the numerical module provides the results (and
additional information, such as “episodes”) that are analyzed by the post-
simulation interpretation routines; and in some cases, the post-simulation
routines can call procedures from the other two modules. (For instance, if
the interpretation routines are unable to identify any of several standard sim-
ulation results—equilibrium, stable oscillations, damped oscillations, and so
forth—they can sometimes redo the original numerical run, but with a longer
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simulation time, in the hopes of identifying some standard behavior pattern
that is not apparent in the earlier part of the run.)

Although much has been done, there :s still plenty of room for expansion
of the Workbench program, both within modules and involving communica-
tion between modules. Some of the possible directions for expansion will be
discussed in Chapter 8; but in any event, the complexity of chemical mecha-
nisms (and the variety of types of reasoning involved in understanding them)
imply that there will be ample room for elaboration in the Workbench for
a long time to come. The current structure of the Workbench program as
summarized by this chapter—namely, the three modules and the types of
communication possible between them—is indicated by Figure 3.4.

The following three chapters will describe, in turn, the numerical, pre-
simulation, and post-simulation modules of the Workbench. After this,

Chapter 7 will illustrate the overall capabilities of the program with several
complete examples.
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Chapter 4

Numerical Simulation in the Workbench

4.1 The Mechanism Data Structure

The first stage in simulating a mechanism is to enter a representation
of that mechanism into the program. The Workbench’s mechanism data
structure is a Scheme list of the following general form:

mechanisa =

( <step-list>
<constant-species-list>
<sources>
<sinks>
<driven-off>
<functions~of-time> )

Thus, a mechanism is a list of six elements, each of which is itself a list. The
first step-list element represents the sequence of elementary reactions, along
with their rate constants. The second element indicates which species within
the step-list are to be regarded as constant, and what their concentrations
are. The third and fourth elements indicate which species are replenished
by sources or lost to external “sinks” as described in Chapter 2. The fifth
element indicates which species are regarded as “driven-off,” i.e. having
constant zero concentration.! Finally, the last element is a list of species
whose concentrations will be given as functions of the time parameter in the
simulation (generally, simulations will run from t = 0 to some final time value

tl)'

1Pragmatically, this is only of use for the occasional species that occurs as the product
of a reaction. We would obviously not wish to include an elementary sicp one of whose
reactants is constant at zero concentration.
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Beyond this description, it is probably easiest to introduce the format of
the mechanism data structure through examples. Suppose, then, we wish
to represent the Brusselator mechanism,; this is an early abstract mechanism
for oscillating reactions invented by Prigogine and Lefever {61}, and will be
used extensively as a later example:

[1.1] A-->1 ki =1
[1.2] B+XI-->Y+D x2=1
[1.3] 2X + Y --> 3X X3 =1
[1.4] X -->E k¢ = 1

In this version of the mechanism, A and B are interpreted as constant species
(with concentrations chosen as 1 and 3, respectively), and D and E are in-
terpreted as “driven-off” products. The Workbench representation of this
mechanism would be:

(define brusselator

¢
( { ((a 1)) {(x 1)) 1)
(1) (x1)) ((y1) @1)) 1)
((x2) (y 1)) ((x3)) 1)
( ((x 1)) ((e 1)) 1) ) ; step-list
((at) (b3)) ; constants
QO ; sources
O ; sinks
(de) ; driven off
0O» ; functions of time

The correspondence between the first (step-list) element in this data struc-
ture and the four steps [1.1]-[1.4] should be straightforward: eacl: clement
of the step-list represents a single step, copsisting of a list of reactants, a
list of products, and a numeric rate-constant value. Among the subsequent
elements, constant species are indicated as lists of species-and-concentration
pairs; driven-off species are simply indicated by the “driven-off” element.

Just for completeness, we might imagine including an external source for
B (which is thus no longer constant); an external “sink” for D (which is no
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longer a driven-off species); and finally, we might also imagine varying A as
a sinusoidal function of time, rather than treating it as constant:

(define brusselator-with-sinusoidal-a

¢
( (((a1)) ((x 1)) 1)
((d1) (1)) ((y1) @1)) 1
( (x2) (y1)) ((x3)) 1)
( ((x 1)) ((e 1)) 1)) ; step-list
QO ; constants
((v 0.01 6)) ; sources
((d 0.01)) ; sinks
(e) ; driven off

((a ,(lambda (time)
(+ 2 (¢ 2 (sin (+ 0.1 time))))))) ; functions
))

Here, the external sources are indicated by a list giving the source species, the
flow rate, and the source concentration; and sinks are indicated by giving the
sink flow rate. Just to see what this means vis-a-vis the differential equations
governing the system, we would now have the following system of ODEs:

alx]

[2.1) -~=mm- = xi1{a] - x2 [BI[X] + x3[x12[Y] - kx4 [X]
dt
4a[Y]

[2.2) -~---- = x2 [BI[X] - x3[x1%[Y]
dt
4a(B]

[2.3) -~—=-- = 0.06 - x2 [B][X]
dt
4a{p]

(2.4] ~~—-- = k2 ([B][x] - 0.01 [D]
dt
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The functions-of-time element in our mechanism data structure is a list of
species-function pairs: the function part of the pair is a procedure that, when
called on the current time value, will return the concentration of the given
species.

The mechanism structure introduced here is the core information provided
by the user to the Workbeuch. This structure is employed by the program as
the basis of a more elaborate “mechanism object” which contains not only
the original mechanism data structure, but a great deal of other information
deduced by the Workbench. We will returii to the subject of mechanism
objects in Chapter 5.

4.2 Simulating a Mechanism with the Runge-Kutta Integrator

Having entered a mechanism into the program, we might now wish to per-
form a numerical simulation of that mechanism using a fourth-order Runge-
Kutta integration routine. In order to do this, a few additional parameters
are needed: in particular, we need an initial state (set of initial concentra-
tions), a time-step value to use for the integrator, and starting and ending
times for the simulation. These can be provided in a “run-parameters” list;
pursuing the Brusselator example (given by [1.1]-[1.4] above), we could con-
struct a sample run-parameters list as follows:

(define brusselator-run-parameters
‘((starting-dt 0.025)
(start-time 0.)
(end-time 40.)
(actual~starting-concs
((a1.) (b3.) (40.) (e0.) (x0.) (y0.))
(integration-method runge-kutta)
(focus-species (x y))
(steps-per-display 40)
(save-numeric-results? ,false)))

The run-parameters list is a simple association list of parameter-value
pairs. Briefly summarizing this example: the first three pairs indicate that we

42




i

B

. TTTYYTTTT

|
d
b
b

wish to simulate the system from time ¢ = 0 to ¢; = 40 seconds, with a Runge-
Kutta dt value of 0.025 seconds. The fourth pair provides a list of starting
concentrations; and the fifth indicates that we wish to use the Runge-Kutta
integrator. The focus-species pair indicates that for our purposes, the
concentrations of species x and y are of interest, and these concentrations will
be printed out every 40 time-steps (as specified by the steps-per-display
pair).? Finally, the save-numeric-results? pair indicates that we do not
wish to save out the numeric results into an external file (if the value of this
parameter were true, then we would need an additional parameter in the
list to specify a file name to use).

Having constructed both a mechanism structure and a run-parameter list,
we can simulate the mechanism as follows:

(do-simple-mechanism-run brusselator
brusselator-run-parameters)

The do-simple-mechanism-run takes as arguments a mechanism structure
and a list of run parameters, and simulates the mechanism numerically, print-
ing out on the screen the appropriate concentration values. Because we have
selected the Runge-Kutta integrator, the Workbench first constructs a set
of differential-equation procedures for each species (via the translation al-
gorithm indicated in Chapter 2), and uses these as input to its integration
routine. The results of the integration are printed out on the screen (here, we
are printing the concentrations of X and Y every 40 time-steps, corresponding
to one second of simulated time):

INote that for a large mechanism, it might well be the case that we only wish to follow
the concentrations of one or two “interesting” species; this is the point of having a user-
defined set of “focus species,” rather than having the program assume that information
about all species needs to be retained.
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Species: y Concentration:
Species: x Concentration: 0.

Species: y Concentration: .56844
Species: x Concentration: .25122
Current time: 1.

Species: y Concentration: 1.2790
Species: x Concentration: .26938
Current time: 2.

The program continues printing at one-second intervals until the end of the
run.

4.3 Simulating a Mechanism with the Gear Integrator

As mentioned i Chapter 2, certain chemical mechanisms prove too stiff
for adequate simulation by an explicit integration algorithm such as the
Runge-Kutta routine. An example is the Oregonator {61, 77}, proposed
by Field, Koros, and Noyes as a mechanism for the Belousov-Zhabotinskii
reaction:

3.1 A+ Y --> X kl = 1.34
(3.2 x+¢Y -=> P X2 = 1.6e9
[3.3] B+X -=> 2k + Z k3 = 8.0e3
(3.4] 21X -~> q X4 = 4.0e7
[3.5] 2z -=> 1Y x5 = 0.8

Typically, f and k5 are parameters to the mechanism (for our present pur-
poses, we will let f = 1); species A and B have constant concentrations (both
at 0.06), and species P and Q are driven off species.

We represent this mechanism as follows:
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(detine oregonator

' (

;1ist of steps

(
(((a1) (y1) ((x 1)) 1.34)
(((x1) (y 1)) ((p 1)) 1.6e9)
( ((d1) (x1)) ((x 2) (z 1)) 8.0e3)
( ((x 2)) ((q 1)) 4.0e7)
( ((z 1)) ((y 1)) 0.8)
)

((a 0.06) (b 0.06)) ;constant species
() ;sources

() ;sinks

(p @) ; driven off

() ;functions of time

))

And we specify run parameters appropriate to the Gear integrator:

(define oregonator-run-parameters
‘((starting-dt 1.0e-9)
(start-time 0.)
(end-time 200.)
(actual-starting-concs
((a1 0.08) (b 0.08) (p 0.) (q 0.)
(x 0.0000000001) (y 0.00002) (z 0.0000000001)))
(integration-method gear)
(gear-tolerance 0.0000000001)
(focus-species (x y 2z))
(steps-per-display 200)
(time-per-gear-read-out 0.0265)
(save-numeric-results? ,true)
(numeric-result-filename
*/mydata/oregrun01.out")
)

The run parameters here are similar to those for the Runge-Kutta example
earlier, but there are a few differences worth noting. First, we have chosen a
much smaller dt value; in the case of the Gear algorithm, which uses an adap-
tive time-step, this will only be an initial value for the algorithm (typically,
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later time steps will be a good deal larger). Having specified that we are us-
ing the Gear algorithm, we also need to specify an error tolerance. This will
be a parameter passed to the eventual IMSL routine, and it corresponds to
a number used by the “corrector” portion of the algorithm indicating when
a sufficiently small change has been noted between corrections.® At present,
the Workbench has no alternative except to save Gear results to an external
file: hence we have a save-numeric-results? parameter value of true, and
we have provided a file name for the numeric-result-filename parameter.
The time-per-gear-read-out specifies that the IMSL routine will print out
to this file numeric values for all concentrations at every 0.025 of simulated
time. Finally, the focus-species and steps-per-display parameters indi-
cate that after the numeric results are saved, they will be read back from the
file; and after every two hundred reads (that is, every 5 seconds of simulated
time), the concentration values of species X, Y, and Z will be printed out on
the screen.

At this point, we can evaluate another call to do-simple-mechanism-run
as follows:

(do-simple-mechanism-run oregonator
oregonator-run-parameters)

In this case, the Workbench constructs, compiles, and runs a FORTRAN
program that calls the IMSL Gear routine with an appropriate representation
of the Oregonator mechanism. The numeric output of this call is sent to the
filename provided by the user; read back; and the following printout appears
on the screen:

Species: 2z Concentration: .0000000001
Species: y Concentration: .00002
Species: x Concentration: .0000000001

Species: z Concentration: .000000030458
Species: y Concentration: .0000089341
Species: x Concentration: 5.1996e-11

3If this value is chosen too high—say, 10=7 in this case—then the simulation results
include negative concentration values. Thus, a very “tight” tolerance is usually indicated
for stiff chemical systems.
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Current time: b.

Species: z Concentration: .000000032145
Species: y Concentration: .0000039972
Species: x Concentration: 65.4266e~11
Current time: 10.

Generally, the choice of whether to use the Gear or Runge-Kutta integra-
tor depends on the complexity of the mechanism being simulated: the former
method is required for most “exotic” mechanisms from the literature. Addi-
tionally, the current version of the Workbench is limited in that it cannot use
Gear integration on mechanisms with a non-null functions-of-time element.

As a final note, it is worth mentioning that Runge-Kutta numeric results,
like those produced by the Gear integrator, may be saved out to an external
file by using the appropriate settings of the save-numeric-results? and
numeric-result-filename parameters.

4.4 Graphing Numeric Results

Besides printing out numeric values of concentrations on the display
screen, the Workbench can produce graphs of concentrations. Pursuing the
Oregonator example from the previous section, we might wish to obtain a
graph of the concentrations of X, Y, and Z over time. In this case, we need to
add one additional parameter to the run-parameters list:

(define oregonator-run-parameters
*((starting-dt 1.0e-9)
elc.
(graph-vindow ,*display-graph-windows)))

The final graph-window parameter indicates to the program that we wish to

display the graphed results in the window to which the name *display-graph-vindows*

is bound.*

‘This graphics window is created and initialized when the Workbench program is
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Having specified that we want a graph of our numeric results, we now
need to create a third parameter list that dictates the configuration of the

graph:

(detine oregonator-graph-parameters
‘((graph-type numeric)
(time-low 0.)
(time-high 200.)
(species-to-graph (x y z))
(species—concentration-boundaries
((0. 2.0e-5) (0. 1.0e-3) (0. 1.0e-3)))
(numeric-limits-for-graphs
((-30. -C.40-5 210. 2.2¢-5) (-30. -0.1e~3 210. 1.1e-3)
(-30. -0.1e-3 210. 1.2¢-3)))
(vindow-regions-to-use
((0 0 400 120) (0 121 400 240) (0 241 400 310)))
(axis-colors-to-use
(8 8 8))
(detault-colors (2 3 5))
(color-procedure
,graph-object-use-detault-color)
))

The first parameter indicates that our graph will have numeric abscissa and
ordinate values.® Before proceeding to a term-by-term explanation of the
other parameter values, it is worth seeing what the eventual desired graph
looks like in Figure 4.1.

Figure 4.1 shows that we have three separate concentration-versus-time
graphs for the species X, Y, and 2.8 Each of these graphs is displayed in its own
portion of the graphics window, and each uses its own ordinate line for ref-
erence (though all three graphs use the same abscissa line). Having seen this
end result, we can now return to the graph parameters provided to the Work-
bench. The time-low, time-high, and speciss-to-graph parameters indi-

started up.
8 As opposed to symbolic values chosen from a finite set; these non-numeric graphs have
not yet been implemented in the program.

SThe three graphs for X, Y, and Z are in fact shown in three different colors, a fact not
indicated by Figure 4.1.
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Figure 4.1: Graph of an Oregonator Run

cate that we wish to graph three species over time, and that the abscissa value
will run from 0 to 200. The fourth species-concentration-boundaries
parameter indicates that the ordinate values of our three graphs should run
from 0 to 0.00002, 0.001, and 0.001 for the three species X, Y, and Z, respec-
tively. The numeric-limits-for-graphs and window-regions-to-use pa-
rameters indicate that for species X, the rectangular region in the graphics
window between (0, 0) and (400, 120) will correspond to the concentration-
versus-time region between (-30, -0.000004) and (210, 0.000022), as shown
in Figure 4.2. The regions for species Y and Z are determined similarly; note
that the entire graphics window has a width of 420 units and a height of 320
units.

Finally, the last three graphics parameters specify the colors to be used
for the concentration graphs. The axis-colors-to-use choice indicates
that we wish the same color (here, color number 8) to be used for the axes
in each of the three graphs. The default-colors specifies that the three
concentrations will be plotted by default in colors 2, 3, and 5 respectively.
Finally, the color-procedure choice indicates that we wish to use only de-
fault colors in plotting concentration values. (A second “typical” procedure
choice will be mentioned in Chapter 7. For now, suffice it to say that the
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color-procedure choice gives us some flexibility in how concentration-graph
colors are chosen: briefly, we can choose a color based on any computable
function of the current state of the reaction system.)

Having created the run-parameters and graph-parameters list, we are
now able to create the graph shown in Figure 4.1 earlier by evaluating the
following expression:

(do-simple-graphed-mechanism-run
oregonator
oregonator-run-parameters
oregonator-graph-paraemters)

Superficially, the collection of available graphics parameters gives the user
a fair amount of flexibility in visualizing concentration data (later, in Chapter
7, we will see an example in which the same species is graphed at two different
“magnifications”); but pragmatically, there are only a few typical “cliched”
patterns that would likely prove useful. One additional (and very useful)
feature, however, is that the user is able to graph functions of state other
than simple concentrations.

As an example of this capability, consider the following “tiny mechanism”:

50




(4.1]) A-->B ki=20
(4.2] B-->C Xx2=2
{4.3] C-->B k3=1

Suppose that we wish to graph, not concentrations, but the ratio of the
concentration of C to that of B; examination of the mechanism shows that
this ratio should approach a value of 2 over time. We create the appropriate
data structure for the mechanism, as well as a run-parameters list with a
graph-vindow parameter:

(define tiny-mechanism
(
¢ (((a1) ((b1)) 20)
( (d 1)) (¢ 1)) 2)
( ((c 1)) (b 1) 1))
O0000»

(detine tiny-run-parameters
‘((starting-dt 0.025)
(start-time 0.)
(end-time 10.)
(actual-starting-concs
((a 3.0) (b 0.0) (c 0.0)))

(integration-method runge-kutta)
(focus-species (a b ¢))
(steps-per-display 40)
(save-numeric-results? ,false)
(graph-window ,sdisplay-graph-windows)))

And we create a graph-parameters list as follows:
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(define tiny-graph-parameters
‘((graph-type numeric)
(time-1low 0.)
(time-high 10.)
(symbols-to-graph (c/b))
(species-concentration-boundaries ((0. 6.)))
(numeric-limits-for-graphs
((-2.5 -0.8 11. 4.B)))
(vindov-regions-to-use
{(0 0 400 300)))
(functions-of-state-to-graph
,(list
(lanbda () (let ((conc-¢ (current-conc-of ’c))
(conc-b (current-conc-of ’b)))
(1ist (if (= comc-b 0.) 100. (/ conc-c conc~b))
3))))

(axis-coloxrs-to-use (8))))

Now, by evaluating the following expression:

(do-simple-graphed-mechanism~run
tiny-mechanism
tiny-run-parameters
tiny-graph-parameters)

we obtain the graph shown in Figure 4.3.

Each function in the list of functions-of-state-to-graph is a proce-
dure of no arguments that re:urns a list of a numeric value and a color value
(an integer in the range 0-15). Thus, in this example, we have written a
procedure that, at each step, returns a list of the ratio [C]/[B], and the
integer 3 (corresponding to green). It is not hard to see that a wide range of
function-types is possible with this facility — indeed, any function of state
expressible in Scheme may be graphed. It is often desirable, for instance to
graph the log of a concentration rather than the concentration itself (partic-
ularly when the concentration value has a wide range); by using a function
of the form
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(lambda () (list (log (curremt-conc-of ’x))
3 ; BTeen

we can graph log[X] versus time.

Like numeric results, pictorial results may be saved at the end of a run
(in a special “PIC” format file that may be retrieved by commands in the
X-Windows system). If the user includes a save-picture? entry in the run-
parameters list (with a value of true), and a pictorial-filename entry
with the appropriate (string) pathname, then at the end of the simulation
the Workbench will save the graph of the just-completed run. In the following
section, dealing with parametrized mechanisms, we will see an example of this
picture-saving capability.

4.5 Parametrized Mechanisms

Often, when exploring a mechanism, the chemist wishes to systematically
vary some numerical value and simulate the mechanism repeatedly as this
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value varies; in other words, the chemist wishes to employ some value as a
parameter for the simulation. Typically, this parameter will be either a rate
constant or initial concentration: for instance, the chemist might want to
examine the behavior of the Brusselator mechanism over a range of possible
values of (say) rate constants k3 and k4. The parametrized mechanism might
be expressed as shown below:

(6.1] A~->2 ki =1
{5.2] B+X-->Y+0D k2 =1
[6.3] 25 + Y --> 3% x3 = (0.5 - 7.5)
(6.4 I-->BE X4 = (0.5 - 4.0)

The idea here is that k3 might fall somewhere in the range of 0.5 to 7.5, and
k4 in the range of 0.5 to 4.0.

The Workbench allows the user to simulate a mechanism repeatedly over a
given range of one or two specified parameter values (which may be rate con-
stants, species coefficients in reactions, or initial concentrations). To do this,
the user includes symbolic (as opposed to numeric) entries in the mechanism
structure or run-parameters list, and then creates another parameter range
list that will be used to provide the ranges and parameter increment-size
for the Workbench to use. Continuing with the current example, we might
imagine that we wish to simulate the Brusselator at the specified ranges of
k3 and k4, using an increment of 1.0 for k3 and 0.5 for k4; that is, we wish
to try k3 values of 0.5, 1.5,... 7.5, and k4 values of 0.5, 1.0,... 4.0. To do
this, we first write a “parametrized” version of the Brusselator:
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(define double-parametrized-brusselator
'(

(

( () (x)) 1)

( ((®) (x)) ((y) (4)) 1)

( (x 2) (y)) ((x 3)) x3)

( ((x)) ((e)) Xx4)

)

((a 1) (b 3)) ;constant species
() ;sources

() ;sinks

(d @) ; driven off

() ;functions of time

))

We now create a parameter range list as follows:’

(define double-brusselator-param-range-list
‘((parameter-namei k3)

(parameter-lov-valuei 0.5)
(parameter-high-valuel 7.5)
(parameter-incrementi 1.0)
(parameter-name2 k4)
(parameter-low-value2 0.5)
(parameter-high-value2 4.0)
(parameter-increment2 0.5)
(parameter-l1ist ())))

In the current implementation of the Workbench, parametrized runs must be
accompanied by filenames in which to save numeric, pictorial, and qualitative-
analysis results; thus, we specify “template” filenames in yet another list:®

"The final entry of this list represents a “symbolic parameter” feature that has not yet
been implemented in the Workbench.

8Because we have not yet encountered the qualitative analysis module of the Work-
bench, this chapter Las ouiited any description of how these resuits are eaved. The
details are mentioned in Chapter 6, but in any event the manner in which this analysis-
storing is implemented is completely analogous to the numerical and pictorial file-saving
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(define double-parametrized-brusselator-file-templates
¢ (“/mydata/brussruns/ unbers-*
“/mydata/brussruns/qualanal-"
»/mydata/brussruns/pict-"))

And now, after constructing appropriate run- and graph-parameters lists
(much as in earlier examples in this chapter), we evaluate the following
expressions:?

(define double-parametrized-brusselator-mech-object
(make-mechanism-object double-parametrized-brusselator))

(do-double-parameter-space-scan-with-graphs
double-parametrized-brusselator-mech-object
double-parametrized-brusselator-file-templates
double-parametrized-brusselator-run-parameters
double-parametrized-brusselator-graph-paraneters
double-brusselator-param-range~list)

The result of this final call is to run, in succession, all (in this case 64)
appropriate simulations, storing the numeric, qualitative, and pictorial re-
sults in three separate groups of files. (The numeric results, for example,
are stored in files named numbers-0, numbers-1, and so forth.) We will en-
counter a fuller portrait of this process—as well as a description of how the
stored files may now be used for additional analysis—in Chapters 6 and 7 of
this paper.

features mentioned earlier in the chapter.

The first expression creates a “mechanism object” of the kind mentioned earlier. We
will encounter this data structure again in the next chapter; for now, we merely note
that the procedures that perform parameter space scans employ mechanism objects as
arguments, rather than the simpler mechanism data structure.

56




Chapter 5

Analyzing Mechanisms Before Simulation

In the previous chapter, we saw how the Workbench performs numerical
simulation; in a sense, that discussion centered around the “standcrd” use
of computers in chemical kinetics. Before the Workbench performs such a
simulation, however, it is often capable of making interesting predictions
regarding a given mechanism’s behavior; and on occasion, the program is
capable of suggesting simplifications that might enable the chemist to replace
the original mechanism with a smaller, more e&sily understood variant.

In the first section of this chapter, we describe a variety of “graphical
techniques” that the Workbench can bring to bear in analyzing mechanisms.
These techniques are distinguished by the fact that they make no use of nu-
merical information (i.e., rate constants), but rather base their analysis solely
on the structure of the elementary reactions themselves. The succeeding two
sections may be thought of as “intrcducing numbers into the discussion”;
these two sections explain how the Workbench can use bott a mechanism’s
structure and rate ccnstants to suggest numerical approximations and locate
equilibriv . states. Finally, we discuss how the Workbench effectively notates
its predictions of mechanism behavior, and we mention some of the current
limitations of the program’s pre-simulation analy:: module.

5.1 Graphical Analysis

5.1.1 Structural Information from Mechanisms

Often there is a great deal that we can tell about the behavior of a mech-
anism before even having to simulate it. As an extremely simple instance,
consider the mechanism below:
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[1.1] A-->B (x1 = 2)

(1.2] B-->14 (x2 = 1)

By inspection, we know that if we start off our simulation with non-zero
concentrations of either A or B, the system will eventually reach a stable
equilibrium. The rate constants k1 and k2 dictate the equilibrium ratio
[Bleq/[A)eq, and in fact—since the differential equations governing this
system are linea