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1. Introduction

Multiscale systems involve processes coupled across scales in space and time. The multiscale modeling (MSM) community is currently looking at two possible approaches for multiscale analyses, i.e., the reductionist and deductive approach. The theme of this white paper is to outline the two approaches. At the same time the paper advocates the need for funding mechanisms to continue research in the multi-scale modeling area supporting both approaches. 
The rest of this paper is organized as follows: Sections 2 provides a general definition of reductionist versus deductive approaches; Section 3 describes in detail the Deductive Multiscale Analysis supported by the software simulator SimNanoWorldTM as a core example of deductive approach; Section 4 <here we can add an example of reductionist methods with associated software simulator>; and Section 5 concludes this white paper with final observations of the participants in this discussion.
2. Reductionist Approach versus Deductive Approach
Traditionally used in MSM analysis, reductionist approaches are based on modular methods, e.g. by replacing a complex detailed mechanistic model with a reduced number of parameters. Methods based on this approach integrate 3 or more scales, most or all of these scales are connected by heuristic arguments – i.e., by gluing together physical models at various scales with heuristic boundary conditions and by connecting the scales through message-passing computational tools. Despite the replacement module may be good only over a narrower range of state space, or may lack robustness (the ability to maintain function in spite of perturbation), it is still descriptive of the function with some good accuracy. A relevant example of multi-scale modeling research using this approach is that of Yoram Rudy and co-workers on modeling abnormal potassium channels. In this study the channel kinetics is taken from molecular dynamics simulation and used in the action potential model as well as for the spread of excitation in the whole heart with fibre directions and contractions. Rudy’s work demonstrates the channel's contribution to arrhythmis and sudden death in young athletes [ref]. There is no doubt that pure computational chemistry methods cannot be used in complex studies such as the whole heart modeling and Rudy's study is a masterful example of successive reduction in multi-scale modeling.
An alternative, emerging approach - alterative to the reductionist approach - is the deductive, fully coupled approaches.  Scientists relying on the deductive approach advocate that with its rigorous mathematics and implied computation, it is the future of multi-scale research. A deductive approach starts with the fine-scale equations of known form and then, by deductive mathematical techniques, derives a set of coarse-grained equations for “order parameters” that describe the longer scale space-time dynamics of the system. Fine-grained parameter recalibration is a key component of the approach in which coarse-grained parameters are re-injected back to derive the fine-grained parameters. Order parameters evolve much more slowly than the fine-scale variables, are expressible in terms of the variables of the fine-scale theory, and describe larger spatial scale variations. With this, deductive multi-scale analysis is the derivation of equations of order parameter dynamics starting from the fine scale equations. The reduction in detail of the description underlying the derivation of the order parameter equations implies a loss of information. For example, a virus contains millions of atoms but a set of several tens or hundreds of order parameters describing its location and overall size, shape and orientation. While one might like to, relinquish the finer scale description, the fact that it is still there in reality implies a degree of uncertainty in any prediction. Thus a multi-scale theory based on this approach should provide both a description of the dynamics a set of order parameters and a probabilistic accounting of the fine-scale states consistent with the evolving values of the order parameters. Work in Ortoleva's group outlines the potential success of the approach based on order parameters in the study of viruses, ribosomes, and other bionanostructures [ref].

3. Deductive Multiscale Analyses and SimNanoWorld™
The recognized challenge that overcalibrations in reductive approaches can result in getting the right answer for the wrong reason has been the main engine behind the development of the deductive approach called Deductive Multiscale Analysis (DMA). DMSA is based on the notion that coarse-grained models should be derived from underlying shorter-scale ones. This has been the long-standing perspective of statistical mechanics (e.g., deriving laws of thermodynamics from an underlying 
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-atom formulation) and the theory of porous media (e.g., deriving Darcy’s law from pore-scale Naviar-Stokes flow).


Much of the progress in the multiscale analysis of microbial systems has been based on a DMSA approach. In particular, starting with an 
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-atom formulation and the Liouville equation, equations were derived for the stochastic dynamics of order parameters characterizing the supra-nanometer scale features in the system. All factors in these equations are related to the underlying 
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-atom description so that the resulting approach is calibration-free (i.e., calibration is relegated to the creation of an interatomic force field from which all other factors of interest can be computed). This approach is involved with coarse-graining atomic level equations and accounts for small molecules, macromolecules, and whole microbe parameters. In that sense it naturally integrates four scales and does so in a self-consistent way, i.e., the relationship between the equations at a given scale and the next coarser one follow from the underlying physics and are not heuristic in character. This coarse-graining from the atomic level to the bionanosystems level is just one step in a DMSA approach that can be applied to higher and higher level models.


For microbial systems, a detailed strategy for achieving DMSA has been set forth that resulted in the SimNanoWorld™ software. This methodology and software co-evolves a set of order parameters (describing overall system structure) with a quasi-equilibrium probability density for the 
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-atom state. It appears that SimNanoWorld™ is the first implementation of DMSA; it has been demonstrated for RNA, small icosahedral viruses and other bionanosystems with all-atom resolution over long periods of simulated evolution without calibration. Similarly the modeling of more complex viruses and other smaller microbial systems will be achieved via a DMSA approach starting from an 
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-atom perspective. 


DMSA can be applied at higher levels. For example, starting with a model of discrete cells interacting via the exchange of molecules, one can derive field-type equations for the coarse-grained dynamics of tissues. Via DMSA, the coarse-grained equations contain factors but that are related via specific equations or algorithms to the factors in the discrete cell model.

More generally, DMSA is a way to relate the 
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level of coarse-graining. This can be accomplished in two ways. In a united approach, one simultaneously treats all levels via a comprehensive set of order parameters, including those directly related to the “fundamental” level and those at the next level down in refinement. Alternatively, one can take the 
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level equations and coarse-grain them to go to the 
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level. This is simpler in a step-by-step fashion but could miss some coupling between levels separated by more than one (e.g., level-1 coupling to level -3 processes). 


Using the bionanosystems results as a paradigm, DMSA indicates that multiscale theory is inherently probabilistic in nature. A coarse-grained model at one level is cast in terms of variables which are much fewer in number than those at the next finer scale level. For example, order parameters characterizing the overall structure of a virus typically numbers in the range of a few tens or hundreds of variables. In contrast, there are typically several million atoms involved in the finer scale model. Thus the coarser grained theory inherently assumes that there is a probability for the finer scale variable state. Hence, for a given coarser grained description there is an ensemble of finer scale ones consistent with it. In this way a complete multiscale theory provides governing equations for the coarser-grained variables and an algorithm for describing the co-evolving probability for the finer scale descriptive variables. This has been achieved for microbial systems via the SimNanoWorld™ software.


The computational strength of SimNanoWorld™ is the flexibility of its workflow. Coarser-grained and finer-grained scales can be integrated into an automatic, pipelined simulation in which variables can be injected from the
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level to the next 
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 level on the fly. The modularity of the SimNanoWorld™ workflow enables the distribution of the different simulation components at the different levels across heterogeneous resources benefitting from high-end computer architectures such as multi-core and GPU platforms. Information and control theory systems integrated in powerful AI algorithms can mask the scientists from the tedious manual work of combining the different levels at runtime.
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