
  
Short Abstract — We demonstrate that the weighted 

ensemble (WE) sampling strategy, initially developed for 
molecular simulations, can be effectively employed for spatial 
cell-scale simulations.  Here, we use WE to orchestrate kinetic 
Monte Carlo simulations of the MCell platform, which include 
spatial geometry (e.g. organelles, membranes) and biochemical 
interactions among mobile molecular species.  We study a 
series of models exhibiting spatial, temporal, and biochemical 
complexity and show that WE can achieve performance 
significantly exceeding standard parallel simulation by orders 
of magnitude for measuring certain observables. 
 

Keywords — Stochastic Dynamics, Monte Carlo, Signaling 
Networks, Enhanced Sampling, Weighted Ensemble. 

I. INTRODUCTION 
TOCHASTIC effects are of crucial importance in many 
biological processes, from protein dynamics, to gene 

expression, to population-level phenotypic heterogeneity 
[1,2]. Unfortunately, due to the high computational cost of 
simulating complex stochastic systems, the effects of 
stochasticity on system response remain under-studied in 
complex, realistic biological models. 

Spatial models of stochastic reaction-diffusion processes 
have found widespread use as tools in understanding the 
mechanics of biological processes on the cellular level and 
beyond [3]. Regrettably, exhaustively simulating large, 
realistic models and extracting well-sampled values of 
experimentally relevant quantities is often beyond the 
current realm of computational feasibility. 

Enhanced sampling algorithms offer an attractive 
resolution to the dilemma of sampling complex systems: 
instead of compromising on model complexity in order to 
achieve well sampled results, rather use one's simulation 
resources more effectively and extract more information 
given the same resources. There has been significant interest 
in sampling algorithms in the field of protein simulation; 
arguably, such approaches have transformed the field of 
molecular simulation [4].  
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II. RESULTS 
Here, we demonstrate a method to drastically decrease the 

cost of simulating spatial models of stochastic cellular 
systems, by applying the weighted ensemble sampling 
procedure [5]. The WE approach runs an ensemble of 
parallel trajectories and uses a statistical strategy of 
replicating and pruning trajectories to focus computational 
effort on difficult-to-sample regions, which it uses to 
generate unbiased estimates of non-equilibrium and 
equilibrium observables. 

We present initial results for a toy diffusive binding 
system, as well as two more complex systems: a cross-
compartmental signal transduction model in a realistic 
cellular geometry, and a model of an active zone in a frog 
neuromuscular junction. We demonstrate speedups of many 
orders of magnitude in sampling these models of cellular 
behavior with spatial dependence.  

III. CONCLUSION 
We are able to sample the rare events and full probability 

distributions for stochastic systems biology models over a 
wide range of complexity. We demonstrate speed-ups over 
brute-force sampling that are dramatic enough to encourage 
the design of more complex, more realistic models. Long 
time-scale behavior can be extrapolated from short 
simulations, providing a bridge between dynamics over 
multiple time-scales. Weighted ensemble is an ideal 
approach to employ in addressing the issue of difficult-to-
sample stochastic systems, and we anticipate further 
applications to more realistic systems. 
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