Stochastic Discrete Event Simulation

Reaction networks are used to model problems such as chemical interactions in air and protein
interactions within a cell. The mutual interactions of a collection of chemicals or proteins can be
used to build a variety of behaviors surprisingly like computer circuits. The fundamental activity
that is modeled by such a system is the changes in the amounts of the various reactants over time,
as they combine and break apart. (Note that it is traditional to refer to the chemicals or proteins
involved in the network as “chemical species” or just “species”. Anytime you see the word “species”
in this document, it refers to on of the chemicals or proteins in the system, not a biological species
such as dog or a monkey!)

In this project, you will build a type of discrete event simulator for modeling the behavior of
a network of reactions. Your program will read in the set of reactions and related rate constants,
and then it will simulate the system over a specified period of time. The output will be information
about how the amounts of the reactants changed over time and the number of times that each
reaction fired. The heart of the simulation will be the data structures used to find the next reaction
and update the populations of the associated reactants. Since the simulation is driven by random
numbers, this approach is referred to as a stochastic simulation, and the algorithm to drive it is
referred to as a stochastic simulation algorithm or SSA.

Implementation:

Gillespie’s stochastic simulation algorithm, on which many variations have been proposed that
improve its efficiency. You will be implementing one such variation of Gillespie’s SSA. Suppose a
set of reactions involves N species {S1, So, ..., Sy} and M reactions {R1, Ra, ..., Ryr}. The state
vector defining the state of the system represents the populations of the IV species at time ¢ and is
denoted by X (t) = (x1(t),x2(t),...,xn(t)), where z;(t) represents the population of species S; at
time ¢. For each reaction I;, the probability for it to fire is calculated from the propensity function
a;, which is usually given by a reaction rate multiplied by the product of the populations for all its
reactants. The logic behind this definition is that more of the reactants for a given reaction that
are available, the more likely that they will “bump into each other” causing the reaction to take
place. The reaction rate is a constant assigned to each reaction which, along with the population
size of its reactions, also governs how often the reaction fires.

When one reaction fires, the populations of the reactants are decreased and the populations of
the products are increased by the corresponding amounts. (Remember that population is denoted
as x; for species i.) For example, the propensity for the reaction
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is given by kjxix2, where k; is the rate constant assigned to this reaction. When it fires, x; and
xo will each decrease by one and x3 will increase by two. The propensity function for the reaction
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is given by kex4(z4 — 1). When it fires, x4 will decrease by two, and x5 will increase by one.

In this project you will implement a specific variation on the SSA, defined as follows. Denote
the current system time by ¢. At the beginning, ¢ = 0. The simulation simply executes a loop
where it picks the next reaction to fire, updates the simulation clock to this reaction’s firing time,



updates the species populations appropriately, and then updates the propensities (since populations
changed the propensities also changed) and next firing times for the reactions.

The next firing time for a given reaction j is defined as follows. The algorithm generates one
uniform random number r; in the range 0 to 1. The next firing time is given by f; =t + 7;, where
7j is given by
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At each simulation cycle, the algorithm selects the reaction with the minimum next reaction time
fj- Then the system states are updated by firing reaction R;. The simulation time proceeds to
fj- Then the propensities and next reaction times are updated. The simulation continues until it
reaches the final time.

A simplest implementation for SSA (Gillespie’s original algorithm) would re-calculate propen-
sities for all reactions, re-generate those random numbers, and re-calculate the next reaction times
in each step. However, for a large set of reactions, when a reaction fires it usually changes the
population for only a couple of species. So the propensities and therefore the next reaction times
of any reactions that do not involved those species remain the same. Thus it is not necessary to
re-calculate propensities and next reaction times for all reactions. If smart data structures are
adopted, then the simulation will be much more efficient. We can make use of two data structures
to achieve this improvement.
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e Reaction Dependency Table: This table stores, for each reaction, the indices of all reac-
tions that are affected in turn when this reaction fires. When one reaction fires, update the
species populations and then check this table to see what other reactions have to update their
propensities and next reaction times.

e A Heap for Next Reaction Times: This data structure stores next reaction times for all
reactions. In each step, the minimum next reaction time is selected and removed from the
heap. Then for each reaction whose propensity function (and therefore its next reaction time)
is affected, its next reaction time should be re-calculated and updated in the heap.

Input and Output:

Your program will be named P1 and will be invoked with three command line parameters. The
first will be an integer that indicates the number of simulation runs to be made. The second will
be the name of a file containing the description of the model to be simulated. The third will be
the name of the output file.

You are required to design and implement the two data structures and implement the simulation
algorithm described above. To simplify the task, we assume that reactions are limited to at most
two reactants and at most two products. Models to be simulated will be defined by a text file,
formatted as follows.

e The first line consists of four values, N, M, D and SimulationTime, where integer N specifies
the number of species, integer M specifies the number of reactions, integer D specifies the
number of chemical species that will be displayed in the output and integer SimulationTime
is the final time at which the simulation should end.

e The second line contains N integers representing the initial populations of the NV species.



e The third line contains D integers representing the indices of the D species whose populations
will be tracked.

e Starting from the fourth line, each line contains the information for one reaction. For each
reaction, the line has the following format. It can have zero, one, or two reactants (two
reactants are separated by a plus sign). It can have zero, one, or two products (two products
are separated by a plus sign). Reactants are separated by products by the symbol “->” which
is immediately followed by a real-valued rate constant. A reactant or products is represented
as St where ¢ is the index for the species. A reactant or product can be preceded by an integer
indicating the number of molecules of that species that are involved.

For example, consider the following model description:
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It represents a system with 3 species and 4 reactions, where one species (S2) is tracked in the
output, and the initial values given for populations are z; = 1,000, 2 = 200, and z3 = 0. The
simulation time is from ¢t = 0 to ¢t = 10. The four reactions are

@ — 517
Sl + Sl — 527 (2)
So — S1+ 5,
Sy —> Sg,
and the initial propensities are
ai(z) = 100,
az(x) = 0.001(1000)(999), (3)
as(z) = 0.5(200),
as(z) = 0.04(200).

You will not need to do error testing on the format of the input file. All input test files that we
give you or use for grading will be syntactically correct.

Output for the project will depend on the number of simulation runs, as specified in the first
command line parameter. If the number of simulation runs is one, then you will be outputting
a list of the events (reactions fired) and the populations of the tracked species. For each of the
D species being tracked, a line of output is written to the output file every time the population
of any tracked species is changed. That line will give the current simulation time followed by the
populations of the D species in the same order as given in the third line if the input file. Also, you
should keep track of the number of times each reaction fires. At the end of the simulation, you will
output M lines where the ith line indicates the number of times that reaction R; fired.



If the number of simulation runs is greater than one, then you will be outputting summary
information about each run, and final summary statistics about the entire series of runs. For each
simulation run, you will send to the output file a single line that lists the final populations of the D
species being tracked, in the order specified in the model input file. After all simulations have been
run you will print out a final two lines: The mean final population for each species being tracked,
and the final variance of the population for each species being tracked. These final two lines (means
and variances) should also be written to Standard Output in addition to the output file.

Implementation Advice:

You will be given several sample input files to help you test your project, along with sample
output.

You are given roughly four weeks to complete the project. We recommend that you gain a
thorough understanding of the project specification during the first week work up your initial
schedule (see below). During the second week, you should implement the parser for reading the
input files, and implement a simple version of the Gillespie algorithm where you just recompute the
propensities and generate new firing times for all reactions. In the third week, once you are sure
that the basic simulation works correctly, add in the data structures to speed up your simulation.
Then you can finalize the project in the fourth week.

Note that since you are implementing a stochastic simulation, different seeds to the random
number generator will give different outputs. Thus the population trajectories for different runs
will not be exactly the same. But the system behavior will be similar from run to run. Also the
mean and variance of the states over a large number (typically 10,000) of runs should be accurate.
This large number of runs required to get averages is why code efficiency is so important for practical
application.



