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                    Abstract
Gillespie’s direct method for stochastic simulation of chemical kinetics is a staple of computational systems biology research. However, the algorithm requires explicit enumeration of all reactions and all chemical species that may arise in the system. In many cases, this is not feasible due to the combinatorial explosion of reactions and species in biological networks. Rule-based modeling frameworks provide a way to exactly represent networks containing such combinatorial complexity, and generalizations of Gillespie’s direct method have been developed as simulation engines for rule-based modeling languages. Here, we provide both a high-level description of the algorithms underlying the simulation engines, termed network-free simulation algorithms, and how they have been applied in systems biology research. We also define a generic rule-based modeling framework and describe a number of technical details required for adapting Gillespie’s direct method for network-free simulation. Finally, we briefly discuss potential avenues for advancing network-free simulation and the role they continue to play in modeling dynamical systems in biology.
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                    Notes
	Most objects in rule-based modeling can be represented visually (and formally) as graphs. Rules then become transformations (i.e., rewriting operations) on these graphs, and much of the jargon relating to rule-based modeling has its origin in graph theory. We will occasionally mention these terms, but will not rely on them.


	To our best knowledge, BioNetGen is the only framework that allows molecules with multiple identically named sites. These sites are treated as equivalent. Molecule types must have unique names.


	Rules may also define synthesis and degradation of molecules.


	A labeled bond links two sites, meaning that both partners in a bond can be determined by the bond label.


	In chemistry and ecology, the term species refers to a class of things (molecular configurations or organisms). We retain this convention and refer to specific instances of a species when discussing an individual object that conforms to the features that define a particular species.


	In some cases, patterns may be defined as involving unconnected molecules, but we do not adopt this convention


	The anchoring molecule simply serves as an arbitrary starting point for traversing the species instance (i.e., multiple starting points may be possible).


	Nonproductive (null) events are described in Sect. 6.6.


	Depending on how patterns are specified, a brute force approach may be the only way to correctly update the system. See Sect. 6.5.


	This traversal, and that in the positive update phase, allows the algorithm to accommodate rules with nonlocal constraints. See Sect. 6.5.


	When representing patterns as graphs, this number is the order of the automorphism group of the graph, roughly the number of ways a graph can be mapped to itself.


	The BioNetGen language follows the number-of-reactions convention for rate calculation, whereas the Kappa language follows the number-of-matches convention.


	The reaction path degeneracy is 2 because binding to either y site on the B dimer pattern results in the same species instance.


	This is termed the influence map in the Kappa language and associated simulation engines.


	For each site in one of the pattern molecules, the corresponding site in the other pattern molecule must either be equivalent or less specific and consistent.
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