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Despite the development of many modeling formalisms and model solution methods, most tool im-
plementations support only a single formalism.  Furthermore, models expressed in a chosen formal-
ism cannot be combined to interact with models expressed in other formalisms.  This chapter pro-
vides an overview of selected performance/dependability modeling tools motivating the need for 
multi-formalism and multi-solution-method tools, provides an overview of the Möbius multi-
formalism, multi-solution modeling tool, and describes new enhancements to the tool by us and oth-
ers.  Möbius provides an infrastructure to support multiple interacting formalisms and solvers, and 
is extensible in that new formalisms and solvers can be added to the tool such that they can interact 
with those already implemented without requiring additional changes to the previously implemented 
ones.  We hope that this chapter makes a clear case for multi-formalism, multi-solution-method 
modeling tools, and inspires others to join us in the creation of them. 
 
 
1. Introduction 
 
Software environments for predicting the performance, dependability, and performability of com-
plex computer systems and networks have become widespread, and have contributed significantly to 
the design of such systems.  The capabilities of such modeling tools have increased greatly over the 
last two decades, but this increase has been offset by a growth in both the complexity of systems to 
be analyzed and industrial users’ expectations of the tools.  Modern systems are complex combina-
tions of computing hardware, networks, operating systems, and application software, and it is diffi-



cult, if not impossible, to characterize the performance and/or dependability of such systems using a 
single modeling formalism or single model solution technique. 
 
These challenges call for the development of performance/dependability modeling frameworks and 
software environments that can predict the performance of complete distributed computing systems, 
accounting for all system components, including the application itself, the operating system, and the 
underlying computing and communication hardware.  Ultimately, a framework should provide a 
method by which multiple, heterogeneous models can be composed together, each representing a 
different software or hardware module, component, or aspect of the system.  The composition tech-
niques developed should permit models to interact with one another by sharing state, events, or re-
sults, and should be scalable, in the sense that the solution of an entire model should be possible at a 
cost lower than for an equivalent unstructured (i.e., monolithic) model.  A framework should also 
support multiple modeling languages (i.e., formalisms), as well as methods to combine models at 
different levels of resolution.  Furthermore, a framework should support multiple model solution 
methods, including both simulation and analysis, that are efficient, and permit the solution of com-
plete models of complex computing and communication systems, and the applications executing on 
such systems.  Finally, a framework should be extensible, in the sense that it should be possible to 
add, with reasonably little effort, new modeling formalisms, composition and connection methods, 
and model solution techniques to a software environment that implements the framework without 
changing existing tool components. 
 
2. History 
 
While the requirements listed in the preceding section may seem well beyond the capability of cur-
rent tools, dramatic progress has been made toward frameworks that have these capabilities.  Before 
outlining our approach to providing these capabilities, we provide a brief review of tool develop-
ments that led to this possibility.  One major advance was the development of tools that provided a 
single high-level formalism for specifying models, and provided multiple ways in which a model 
expressed in that formalism could be solved, depending on the characteristics of the particular 
model.  While these tools do not support the multiple model specification and composition methods 
needed in a complete modeling framework, they often implement multiple solution methods, recog-
nizing the fact that no single solution method is sufficient for all models. 

One set of tools in this category is those that use some form of queuing networks as their specifica-
tion method.  These tools include DyQN-Tool+ [36], which uses dynamic queuing networks as its 
model specification method; HIT [6], which uses a homogeneous, structured paradigm for specify-
ing systems; LQNS [29], which uses layered queuing networks as its specification language; 
QNAP2 [58], which allows users to specify a model as a network of service stations; and RESQ and 
RESQME [12], which use extended queuing networks as their specification method.  In most cases, 
these tools support both simulation- and product-form-based solutions. 

Another set of tools in this category is those based on stochastic Petri nets and their extensions.  
There are many tools in this category; for a comprehensive list, see [15], [56].  The tools include 
APNN Toolbox [10], DSPNexpress [39], GreatSPN [13], QPN-Tool and HiQPN-Tool [2], SPNL 
[32], SPNP [20], SURF-2 [7], TimeNET [33], and UltraSAN [49], among others.  In each case, the 
tool supports model specification using some, possibly hierarchical, variant of stochastic Petri nets, 
and provides analytic/numerical solution of a generated state-level representation.  In some cases, 
the tools support simulation-based solution as well. 



Finally, there are a number of tools in this category that use other model specification approaches, 
sometimes tailored to a particular application domain.  These tools include DEPEND [34], Figaro 
[9], HARP [5], HIMAP [53], and SAVE [35], which all focus on evaluating the dependability of 
fault-tolerant computing systems.  They also include SPE•EDTM [51], which aims to aid in software 
performance engineering, and TANGRAM-II [11], which evaluates computer and communication 
systems using analytic/numerical methods. 

While each of these tools is useful for its intended application and within the range of solutions sup-
ported by the particular solution method(s) implemented, none of them, individually, meet the goals 
for an integrated performance/dependability modeling framework that were outlined earlier.  Fur-
thermore, extending any of these tools to meet those goals would be difficult, since they were all 
built with a particular modeling formalism and solution technique or set of solution techniques in 
mind, rather than with the aim of extensibility.  New performance/dependability modeling frame-
works and software environments are thus needed, if we are to succeed in evaluating modern-day 
computer systems and networks.  Two approaches have been taken in this regard. 

In the first, a software environment is created that facilitates the combination of multiple tools of the 
type just described into a single environment.  A perspective on this idea, in the context of software 
performance engineering, can be found in [50].  We are aware of three tools that take this approach.  
The first, called IMSE (Integrated Modeling Support Environment) [43], is a support environment 
for performance modelers that contains tools for modeling, workload analysis, and system specifica-
tion.  The second, called IDEAS (Integrated Design Environment for Assessment of Computer Sys-
tems and Communication Networks) [31],[30], aims to give an analyst a broad range of modeling 
capabilities without the need to learn multiple interface languages and output formats.  The third, 
called Freud [57], has aims similar to those of IMSE and IDEAS, but focuses on providing a uni-
form interface to a variety of web-enabled tools. 

In certain of these tools, the primary focus is on providing both a common graphical interface by 
which a user accesses each constituent tool, and a common method for reporting results.  In others, 
the most important feature is a method by which results that are obtained using one tool can be used 
as input values in another tool.  While these approaches are important steps toward building an inte-
grated software environment of the type we described earlier, they are inherently limited in the way 
models expressed in one tool can interact with those expressed in another tool, since they can only 
exchange information via output from the individual tools.  Furthermore, the degree to which the 
user interfaces of the constituent tools can be integrated depends on their similarity.  In short, build-
ing an integrated performance/dependability modeling environment by combining existing model-
ing tools provides some of the features that we believe are needed, but, because the tools that are 
combined were not designed to be integrated, greatly limits the degree to which models of different 
parts of a system can interact. 

The second approach toward building an integrated performance/dependability modeling environ-
ment is to start from scratch, and define a modeling framework that can accommodate multiple 
modeling formalisms, multiple ways to combine models expressed in different formalisms, and 
multiple model solution methods.  Though more difficult than building a software environment out 
of existing tools, this approach has the potential to much more closely integrate models expressed in 
different modeling formalisms, while preserving and exploiting the structure of particular modeling 
formalisms within the framework. 

The earliest attempt to do this, to the best of our knowledge, is the combination of multiple model-
ing formalisms in the SHARPE modeling tool [44], [45].  In the SHARPE modeling framework, 



models can be expressed as combinatorial reliability models, directed acyclic task precedence 
graphs, Markov and semi-Markov models, product-form queuing networks, and generalized sto-
chastic Petri nets.  Models expressed in the framework can be solved by exchanging results ex-
pressed as exponential-polynomial distribution functions between submodels.  SHARPE is thus an 
important step forward in the development of an integrated performance/dependability modeling 
environment, in that it obtains solutions to models expressed in multiple formalisms by exchanging 
results. 

Another software environment that integrates multiple modeling formalisms in a single software 
environment is SMART [16], [17], [18].  SMART supports the analysis of models expressed as sto-
chastic Petri nets and queuing networks, and is implemented in a way that permits the easy integra-
tion of new solution algorithms in the tool.  The interface to the tool is textual, and models ex-
pressed in possibly different formalisms can be combined by exchanging results, possibly repeat-
edly, using fixed-point iteration or by sharing actions.  Like SHARPE, SMART is an important step 
forward in that it permits the solution of models made up of multiple submodels. 

The DEDS (Discrete Event Dynamic System) toolbox [1], [3] also integrates multiple modeling 
formalisms into a single software environment, but does so very differently from the previous two 
tools.  In particular, the DEDS toolbox converts models expressed in different modeling formalisms 
(including queuing networks, generalized stochastic Petri nets, and colored Petri nets) into a com-
mon “abstract Petri net notation” [1], [4].  Once expressed in this formalism, models can be solved 
using a variety of functional and quantitative analysis approaches for Markovian models. 

Each of these projects showed that it is possible to build a modeling framework and software envi-
ronment that integrate models expressed in multiple formalisms more closely than would be possi-
ble if one integrated existing tools.  In the case of SHARPE and SMART, composite models are 
built by exchanging results obtained by solving possibly heterogeneous submodels; in the case of 
the DEDS toolbox, the integration is obtained by converting models expressed in different formal-
isms into a common abstract notation. The next step in generality is to build a modeling framework 
without presupposing what types of modeling formalisms would be supported or what methods 
would be used to combine submodels.  This approach has guided us in the development of the 
Möbius modeling framework, which we describe in the next section. 
 
3. Möbius Overview 
 
The Möbius framework is an environment for supporting multiple modeling formalisms.  In order 
for a formalism to be compatible with the framework, it must be possible to translate any formalism 
model into an equivalent model that uses Möbius framework components.  Since models are con-
structed in the specific formalisms, the expressive advantages of the particular formalisms are pre-
served.  Because all models are transformed into framework components, all models and solution 
techniques in the framework are able to interact with each other.  The framework is also extensible, 
allowing new formalisms and solvers to be added with little impact on existing ones, since new 
formalisms and solvers communicate using framework components. 

In order to accomplish the desired goal of extensibility, framework components must be general 
enough to express a variety of different formalism components.  However, there is a subtle but im-
portant point concerning the Möbius framework: it is not meant to be a universal formalism.  While 
formalisms may express only a subset of what is possible within the framework, we believe that the 
subsets expressed by formalisms are carefully chosen by experienced researchers to accomplish 
various purposes. 



 
3.1. Framework Components 
 
In order to define the framework, we must identify and abstract the common concepts found in most 
formalisms.  We also must generalize the process of building and categorizing models.  We divide 
the model construction process into several steps.  Each step in the process generates a new type of 
model.  The illustration shown in Figure 1 highlights the various model types and other components 
within the Möbius framework. 

The first step in the model construction process is to generate a model using some formalism.  This 
most basic model in the framework is called an atomic model, and is made up of state variables, ac-
tions, and properties.  State variables (for example, places in the various stochastic extensions to 
Petri nets, or queues in queuing networks) hold state information about a model, while actions (such 
as transitions in SPNs or servers in queuing networks) are the mechanism for changing model state. 
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Figure 1 Möbius framework components 

 

Properties provide information about a model that may be needed to allow use of a specialized 
solver, or to make the solution process more efficient for some solvers. 

After an atomic model is created, frequently the next step is to specify some measures of interest on 
the model using some reward specification formalism, e.g., [47].  The Möbius framework captures 
this pattern by having a separate model type, called reward models, that augments atomic models 



with reward variables.  Some formalisms may have the measure specification as part of the formal-
ism description.  In that case, the formalism produces a reward model instead of an atomic model. 

If the model being constructed is intended to be part of a larger model, then the next step is to com-
pose it with other models to form a larger model.  This is sometimes used as a convenient technique 
to make the model modular and easier to construct; at other times, the ways that models are com-
posed can lead to efficiencies in the solution process.  Examples include the Replicate/Join compo-
sition formalism [46], [25] and the graph composition formalism of [40], in which symmetries may 
be detected and state lumping may be performed as a result of models sharing a subset of their state 
variables.  Another notable composed model technique is synchronization on actions, which is 
found, for example, in stochastic process algebras (SPAs) such as PEPA [37], as well as in stochas-
tic automata networks (and also SANs, e.g., [42]) and superposed GSPNs (e.g., [27], [38]).  Al-
though a composed model is a single model with its own state space, it is not a “flat” model.  It is 
hierarchically built from submodels, and those submodels are minimally impacted by the composi-
tion.  Note that the compositional techniques do not depend on the particular formalism of the 
atomic models that are being composed, provided that any necessary requirements are met.  Com-
position of different formalisms (specifically SAN and PEPA) is demonstrated by example models 
included in the Möbius software distribution. 

The next step is typically to apply some solver to compute a solution and generate a solved model.  
We call any mechanism that calculates the solution to reward variables a solver.  The calculation 
method could be exact, approximate, or statistical, and it may take advantage of model properties 
that are due to the atomic model formalisms, model composition, and reward specification.  Note 
that solvers operate on framework components, not formalism components.  Consequently, a solver 
may operate on a model independent of the formalism in which the model was constructed, so long 
as the model has the properties necessary for the solver. 

The computed solution to a reward variable is called a result.  Since the reward variable is a random 
variable, the result is expressed as some characteristic of a random variable.  This may be, for ex-
ample, the mean, variance, or distribution of the reward variable. The result may also include any 
solver-specific information that relates to the solution, such as any errors, the stopping criterion 
used, or the confidence interval.  A solution calculated in this way may be the final desired measure, 
or it may be an intermediate step in further computation.  If a result is intended for further computa-
tion, then the result may capture the interaction between multiple reward models that together form 
a connected model. 

A connected model is an ordered set of reward models and their corresponding solution methods in 
which input parameters to some of the models depend on the results of other models in the set.  This 
is useful for modeling using decompositional approaches, such as that used in [19].  In those cases, 
the model of interest is a set of reward models with dependencies expressed through results, where 
the overall model may be solved through a system of nonlinear equations (if a solution exists). 
 
3.2. Tool Description 
 
The Möbius tool is our implementation of the Möbius framework.  It ensures that formalism com-
ponents are translated into framework components through the use of the model abstract functional 
interface (AFI) [28].  The model AFI provides the common interface between model formalisms 
and solvers that allows formalism-to-formalism and formalism-to-solver interactions.  It uses ab-
stract classes to implement Möbius framework components.  The model AFI is built from three 
main base classes: one for state variables, one for actions, and one that defines overall atomic model 



behavior.  Each of these classes defines an interface used by the Möbius tool when building com-
posed models, specifying reward variables, and solving models.  There are subtle differences be-
tween the current AFI and the framework, predominantly due to delays in the implementation of 
newer framework concepts (such as properties), and additions to the AFI to increase efficiency or 
ease of use of the tool. 

The various components of a model formalism must be presented as classes derived from the 
Möbius model AFI classes in order to be implemented in the Möbius tool.  Other model formalisms 
and model solvers in the tool are then able to interact with the new formalism by accessing its com-
ponents through the Möbius abstract class interfaces. 

The main user interface for the Möbius tool presents a series of editors that are classified according 
to model type.  Each formalism or solver supported by Möbius has a corresponding editor in the 
main interface.  These editors are used to construct and specify the model, possibly performing 
some formalism-specific analysis and property discovery, and to define the parameters for the solu-
tion techniques.  The tool dynamically loads each formalism-specific editor from a java archive (jar 
file) at startup.  This design allows new formalisms and their editors to be incorporated into the tool 
without modification or recompilation of the existing code, thus supporting the extensibility of the 
Möbius tool. 

Models can be solved either analytically/numerically or by simulation.  From each model, C++ 
source code is generated and compiled, and the object files are packaged to form a library archive.  
These libraries are linked together along with the tool’s base libraries to form the executable for the 
solver.  The executable is run to generate the results.  The base libraries implement the components 
of the particular model formalism, the AFI, and the solver algorithms.  The organization of Möbius 
components to support this model construction procedure is shown in Figure 2. 

We believe that the majority of modeling techniques can be supported within the Möbius frame-
work and tool.  By making different modeling processes (such as adding reward variables, compos-
ing, solving, and connecting) modular, we can maximize the amount of interaction allowable be-
tween these processes.  That approach also makes it possible for the framework to be extensible, in 
that new atomic modeling formalisms, reward formalisms, composition formalisms, solvers, and 
connection formalisms may be added independently.  Several of these features will be discussed in 
more detail in the next section, in which we focus on recent enhancements to Möbius. 

The Möbius tool originally supported the following formalisms and capabilities: 

SANs:  The stochastic activity network atomic formalism [47]. 

Replicate/Join Formalism:  A composition formalism that composes models using two constructs: 
Replicate and Join [46]. 

Graph Composer:  A composition formalism that allows the construction of a composed model as 
an arbitrary graph of submodels with shared state variables [40]. 

Rate-Impulse Reward:  A formalism for the specification of reward variables whose values are 
determined by a set of state-based rates and impulse functions [47]. 

Studies:  Throughout all phases of model specification, global variables can be used as input pa-
rameters.  These editors allow the modeler to specify the values of those global variables. 
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Figure 2 Möbius tool architecture 
 
Discrete-Event Simulator:  This generic simulator allows any model to be simulated for transient 
or steady-state reward measures.  It also allows the simulation to be distributed across a heterogene-
ous set of workstations, resulting in a near-linear speed-up. 

State-Space Generator:  This module creates a Markov process description for a model that has 
exponentially distributed delays between state changes.  The output of the state-space generator is 
used as an input for many different analytical solvers. 

Analytical Solvers:  Several analytical solvers are implemented in the Möbius tool.  They include 
both transient and steady-state solvers. 

More detail on the original version of Möbius can be found in [23]. 
 
4. Recent Möbius Enhancements 
 
In the process of developing the first Java interfaces for Möbius, we constructed several Java class 
packages that facilitate the construction of graphical user interfaces for the Möbius tool.  We have 
generally exploited these utilities in adding new formalisms and functionality to the tool, and they 
have made the additions much easier.  We roughly divide the new Möbius features into the follow-
ing six categories: basic functionality, atomic model formalisms, parameterization and results, state-
based techniques, and other expanded functionalities.  We discuss these six categories in order. 
 



4.1. Basic Functionality 
 
Recent work done in collaboration with researchers from the University of Twente has expanded the 
state variable capabilities of Möbius to support all basic types of state data (i.e., int, short, char, 
float, and double) and also the complex data types of structures and arrays.  These expanded capa-
bilities allow composed models to define complex state-sharing relationships, such as sharing fields 
of a structure with elements of an array. Reward variables can also be defined on the same structure 
and array data types. 

Other work has been done on the composition of models that synchronize on actions.  Action syn-
chronization naturally occurs in many modeling formalisms, and can be used to create efficient 
state-space representations. 
 
4.2. Atomic Model Formalisms 
 
The model AFI makes it possible for new formalisms to be added to the Möbius framework easily 
and quickly.  The four atomic formalisms described below have all been added to Möbius since the 
initial model AFI and initial set of formalisms were developed [21], and show the flexibility of the 
interface and the diversity of formalisms it can accommodate.  It should be emphasized that models 
built using these formalisms interact seamlessly through the AFI among themselves, with the 
solvers or simulator, or with other components in the Möbius tool, without need for changes to 
those parts. 

Buckets and Balls (B&B [54]) is a fairly simple formalism that defines a number of extensions over 
Continuous Time Markov Chains (CTMCs) and makes possible the expression of more complex 
model behavior than CTMCs can.  Among these extensions are arbitrary cardinality and distribution 
functions for the transitions of a CTMC.  Any B&B model can be converted to an equivalent SAN 
model.  However, we believe that the B&B formalism enables us to easily and quickly design sim-
ple models for which the equivalent SAN model would have more components and would therefore 
be more difficult to understand. 

Performance Evaluation Process Algebra (PEPA) [37] is a stochastic process algebra that extends 
classical process algebra with the capability to assign rates to activities.  It is an algebraic language 
intended for modeling distributed systems.  Several attractive features of PEPA are compositionality 
of submodels, formality of the language that is grounded in an algebraic system, and abstraction of 
details in submodels for building complex models.  Modeling with PEPA is similar to constructing a 
system of algebraic equations. 

MODEST [21], [8] is a stochastic process algebra language.  The language features include constructs 
such as exception handling, modularization, data structures, and structuring mechanisms imposed 
via composition and abstraction.  Semantically, the language supports nondeterministic and prob-
abilistic branching and timing.  Syntactically, the language resembles modern programming lan-
guages, so it is intuitive to use and permits formal reasoning about processes being modeled. MOD-
EST and PEPA are quite different from other formalisms, such as SAN and B&B, in that they are 
text-based (as opposed to graphics-based) and that the concept of processes is central to construct-
ing models with them. 

APNN Toolbox [10] is a tool that aims to create an open toolset around a common exchange inter-
face, the so-called Abstract Petri Net Notation (APNN).  The toolbox provides state-space-based 
analysis methods in which the common state-space explosion problem is mitigated by use of 



Kronecker representation techniques.  Integration of the APNN Toolbox editor into the Möbius tool 
at the model-AFI level allows modelers to solve models expressed in the toolbox using Möbius 
solvers, and to compose APNN models with other Möbius models.  A planned integration using the 
state-level AFI will allow Möbius models to use APNN Toolbox numerical solvers. 

The four atomic formalisms summarized in this section represent integrated formalisms within the 
Möbius tool.  While it is often appropriate to fully integrate formalisms into Möbius, there are cases 
in which less integration is desired, such as an integration between Möbius and another fully func-
tional and developed tool.  To support a less coupled integration, we have developed a new external 
formalism interface.  With this interface, the external tool does the work of converting the formal-
ism to Möbius AFI-based classes and compiling those classes into a library.  The external tool then 
generates a text file containing information describing the model, such as names of state variables, 
actions, and the compiled C++ library.  With that information, Möbius can use the externally de-
fined atomic model within a composed model or reward definition as if it had been defined within 
Möbius. 
 
4.3. Parameterization and Results 
 
As noted previously, global variables can be used to parameterize model characteristics. Models are 
solved after each global variable is assigned a specific value.  Each specific assignment forms an 
experiment.  When an experiment is solved, its solution consists of several results.  There are three 
new features related to global variables and results in Möbius: database support, a design-of-
experiment editor, and a generic connection editor. 

1) Database support and viewer:  Möbius has added support to put all results from the solution of 
an experiment into an external SQL database [14].  It stores all of the results, global variables, and 
other related data (e.g., number of batches or CPU time).  The database can be accessed by formal-
isms within the Möbius tool, and can be queried through a command-line-based browser that en-
ables advanced queries of the data.  The Möbius database has been implemented in a layered man-
ner in order to support multiple database engines.  The lowest level is the virtual database layer, 
which contains all interaction with the external database.  Möbius currently supports the Post-
greSQL database engine, and it should be possible to add support for different database engines by 
making minimal changes. 

2) Design-of-experiment editor:  The Möbius tool supports several study editors, the most sophisti-
cated of which is based on a Design of Experiments approach (DOE) [59].  A DOE study generates 
a set of experiments and then analyzes the reward variable solutions to determine how the chosen 
global variables affect the reward variables.  The results are gathered from the results database.  
Sensitivity analysis can measure the effects of all global variables and their interactions on each 
solved reward variable.  In addition, the global variable values that produce optimal reward variable 
values can be determined. 

3) Generic connection editor:  Additionally, we have added support for connection editors. Each 
solvable model is solved with a collection of results from other solvable models.  The results from 
other solvable models are accessed through the results database, and those results are used to set 
global variables.  The models can then be solved using a standard fixed-point iteration. 

We have built a general infrastructure for the implementation of different connection formalisms, 
using four basic components: solvable models, conduits, connection functions, and database ac-
cesses [14].  The solvable models are just the set of models to solve, and the conduits specify how 



results are exchanged between the models.  Connection functions allow an arbitrary transformation 
of the results, and the database access allows the user to specify arbitrary access to data in the data-
base, in addition to the automated access supported by the solvable models and connection func-
tions.  It is easy to create connection formalisms by specifying the order in which models should be 
solved and a stopping criterion, as well as any additional features that are desired. 
 
4.4. State-Based Techniques 
 
Once models are specified and parameterized, they can be solved either analytically or through 
simulation. We have added and improved several capabilities for state-based analysis. 

1) State-Level AFI:  The rich variety of techniques to deal with the state-space explosion problem, 
and the fact that many numerical solution methods share similar basic operations, have motivated us 
to develop a state-level, as opposed to the initial model-level, AFI for Möbius.  By using the state-
level AFI [25], we separate state-space and state-transition-rate matrix generation and representation 
issues from issues related to the solution of the resulting state-level models.  This means that we can 
create and implement numerical solution methods that do not require information about the data 
structures of the state space and the transition rate matrix. 

The Möbius state-level AFI has advantages for both tool developers and tool users.  In particular, 
our approach, when used together with the Möbius model-level AFI, avoids redundant reimplemen-
tations of the three steps (model specification, state-space and state-transition-rate-matrix genera-
tion, and numerical analysis) taken when solving models numerically using state-based methods.  
That significantly reduces the effort that is necessary to implement, validate, and evaluate new ap-
proaches.  Furthermore, it allows users to perform direct comparison of alternative approaches, 
without having to re-implement the work of other researchers; thus, they avoid the risk of being un-
fair when doing a comparison.  Finally, it facilitates cooperation among researchers in developing 
new solution methods and combining existing ones.  In short, we achieve a situation in which re-
search results that focus on model reduction, state-space exploration, state-transition-rate-matrix 
representation, or analysis can be developed independently but used with one another. 

2) Optimal Lumping:  In [23], we improved upon existing algorithms for constructing the optimal 
lumping quotient of a finite Markov chain and presented one with a time complexity of O(m lg n), 
where n and m are, respectively, the number of states and transitions of the Markov chain.  This al-
gorithm has been implemented and will be integrated in the tool in the near future. 

3) Symbolic Representation:  We have also extended previous work on Multi-valued Decision Dia-
grams (MDDs) [54] and Matrix Diagrams (MDs) to composed models that share state variables 
[25].  The extension combines Replicate/Join-based lumping techniques, which have been applied 
to state-sharing composed models, with largeness tolerance techniques that use MDDs and MDs.  In 
particular, our efforts have resulted in a new algorithm that symbolically generates the state space 
and the state transition rate matrix of a hierarchical model (which is built using Join and Replicate 
operators [46]) in the form of an MDD and an MD data structure, respectively. 
 
4.5. Other Expanded Functionality 
 
In addition to incorporating new formalisms and solution techniques into Möbius, we continue to 
develop the tool itself to expand its functionality and improve its usability.  The improvements in-
clude changes to the simulator, the studies, and the project manager, as well as other assorted im-
provements. The networking and I/O routines of the simulator have been redesigned to support dis-



tributed simulation on both Unix and Windows workstations, to allow the definitions of machine 
clusters, and to allow export of the simulation observation data for offline processing.  The Study 
editor has been improved to allow easier enabling and disabling of experiments and easier viewing 
of all experiment values from within the solvers.  The project-level improvements allow models to 
be copied within projects and between projects, and a new project interface supports navigation be-
tween editors in a model. In general, the Möbius implementation continues to mature, both through 
correction of many reported deficiencies in the implementation, and through support of newer ver-
sions of software used by Möbius, such as GNU’s C++ compiler or Java. 
 
5. CONCLUSIONS 
 
This chapter argues that multi-formalism and multi-solution-methods modeling tools are needed, 
and describes a tool of this type called Möbius.  Möbius supports multiple formalisms and solution 
methods by having a general and extensible state variable typing system that accommodates a large 
number of formalism state variables and by having an execution policy and actions generalize the 
execution policies of most formalisms.  Möbius also has properties that preserve information that is 
important for efficient solution.  The Möbius tool implements the framework’s capabilities using 
model- and state-level AFIs.  Using these AFIs, models expressed in possibly heterogeneous for-
malisms can interact with other models and solvers, yielding a tightly integrated environment.  New 
formalisms and solvers are currently under development by us and others.  We appreciate the par-
ticipation of others in this endeavor so far, and welcome participation by others in the future. 
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