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Introduction 

 

Rand Model Designer is a modern tool for modeling and simulation hierarchical 

multicomponent event-driven dynamical systems. It utilizes UML-based object-

oriented Model Vision Language for designing dynamical and hybrid systems using 

modification of State Machines, and large-scale multicomponent systems: control 

systems with “inputs-outputs”, “physical” systems with “contacts-flows”, and novel 

variable structure component systems, particularly “agent” systems.  

 

The first part of the guidelinrs provides a brief overview of the «Object-Oriented 

Modeling with Rand Model Designer 7» book (Kolesov, et al., 2016), highlighting 

the differences between RMD and similar environments. 
 

The second part of the manual discusses the features of modeling hybrid systems. 
Hybrid behavior is described in Model Vision Language using a modification of the 

UML State Machine named Behavior Chart (B-Chart). The main differences 

between State Machine and B-Chart are «continuous Do-Activities», used for the 

specification of hybrid behavior, and «orthogonal time», intended for behavior 

forecasting. The formal definition of B-Charts is given. Different types of RMD’s 

continuous and hybrid Do-Activities are discussed. The use of orthogonal time is 

illustrated by means of examples. A new approach for building B-Charts in 

component models, the so-called lazy B-Chart, is suggested. The use of B-Charts for 

planning and carrying out computational experiments is demonstrated. 
 

The third part of the guidelines is devoted to the features of the Numerical libraries 

of visual modeling environments for complex dynamic systems. 

Numerical libraries of visual modeling environments for complex dynamic systems 

differ from libraries of specialized collections of software implementations of 

numerical methods with the help of a heuristic control program designed to 

automatically select numerical methods, control accuracy, and identify features of 

systems of algebraic systems. ordinary differential and differential-algebraic 

equations on local trajectories of dynamical systems controlled by events. 
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1.Object-oriented modeling of applied engineering problems using RMD  

 

Object-oriented Modeling (OOM) is a modern technology of computer simulation 

(also referred to as computer modeling) widely used in scientific research, design of 

technical systems and analysis of business processes. OOM helps creating robust 

computer models in a faster and more cost efficient manner. 

Computer modeling practically emerged at the same time with an appearance of first 

computers. At that point, computer models were created manually using 

programming languages like Fortran or even Assembly. For instance, one of the 

authors happened to develop his first computer model – imitator of the hardware (yet 

to be developed) on the test stand – with machine commands of BESM-4. 

Conversely, the level of abstraction of any designed system is significantly higher 

than the level of abstraction of any programming language. Thus, at the time, 

developer had to keep conformity between the model and its program 

implementation in his own mind, which, evidently, had led to numerous errors. 

Oftentimes, programmers used own program implementations of numeral methods 

to reproduce behavior of continuous systems, though this approach led to 

questionable results. Partially this issue had been addressed by the use of 

professional libraries (1980-1983): LINPACK, EISPACK, LAPACK 

(computational methods in linear algebra), ODEPACK (numerical methods for 

solving ordinary differential equations). 

From 1950s, new high-level programming languages emerged, together with 

supporting software tools that created the executable computer models 

automatically. General Purpose Simulation System (GPSS) was one of the first 

modeling languages (Schriber, 1980). It was meant to be used as a simulator for 

queueing systems. This language is notable as it relied on object-oriented approach; 

however, this terminology was not used at that time. Transactions in the simulated 

system input were created as copies of the standard “Transaction” class, with 

different values of their attributes, and were destroyed after the execution. 

Simulation programming language Simula-67 was released in late 1960s (Dahl, et 

al., 1969). Simula introduced classes, objects, inheritance and polymorphism. 

Regrettably, this revolutionary project did not become widespread in the field of 

simulation practice, mainly due to limited computing power and high OMM use 

overheads of those days. At that time, emphasis was put on single-component 

isolated mathematic models, transcribed as large and unique equation systems, while 

the need of increasing speed and accuracy of computation dominated over other 

problems, such as structuring and modification of models, for instance. These 

circumstances led to the significant delay, measured in decades, in full-scale 

application of object-oriented approach in modeling. Conversely, Simula-type 

objects are re-implemented in a range of object-oriented programming languages, 

such as C++, Java and Object Pascal that are still in use today. 



6 
 

1.1.Matlab 

MATLAB suite, probably one of the best-known universal simulation environments, 

was developed in late 1970s. It provides an opportunity to describe an isolated 

single-component dynamic system in a vector-matrix form, to call built-in solver for 

ordinary differential equations, as well as other solvers from professional systematic 

collections, and to visualize solutions in form of a time and phase diagrams. Despite 

the fact that the models in MATLAB suite are described in algorithmic language, 

similar to Fortran, not in mathematical language, the suite development was a big 

step forward in the field, thus it justifiably gained the merited recognition.  

Although MATLAB suite was primarily oriented toward creation of traditional 

mathematical models, an additional package added the functionality of component-

based modeling. In 1992, this package acquired its present name – Simulink 

(Dyakonov, 2013). Graphical language of Simulink package has been used already 

at the time of analog machines and is familiar to developers of control systems – it 

allows building model of standard blocks, which have real physical equivalents in 

technical devices. Equations – often disliked by engineers – give way when 

graphical language of blocks becomes the main tool of model description. Simulink 

subsystem uses block language to describe models and exempts engineers from the 

time-consuming process of compiling system of equations corresponding with the 

whole model. The system of equations is then passed on to MATLAB suite solvers 

and the result of numeric solution is passed to different “visualizer”.  

Visual simulation technology of the Simulink suite comes down to an assembly 

of models from readily available “blocks” – elements of standard libraries with 

adjustable parameters. In essence, we are talking about OOM, as those “blocks” are 

principally objects of library classes. Well-designed library of basic classes allows 

creation of more complex classes by using available proven designs as elements. 

Structural complexity of new classes is disguised under multi-level hierarchical 

structure, thus complex classes on higher levels appear as basic elements. However, 

MATLAB’s internal algorithmic language has to be used for any development or 

modification or of the abovementioned set of basic classes. 

1.2.Unified Modeling Language 

In late 1990s OOM, essentially, has had a major breakthrough in modeling practice, 

due to the introduction of the Unified Modeling Language (UML) (Booch et al., 

2006) and the language for physical systems modeling Modelica (Modelica 

Association, 2012) reinforced with corresponding modeling software tools. 

UML language is used to design specifications of complex software and hardware 

systems at the early stages of development. Its importance for discrete-event 

simulation lays foremost in canonization of concepts of object-oriented approach in 

software development, as it became de-facto standard of object-oriented approach. 

Moreover, these concepts were combined with exceptionally convenient and 

descriptive state diagrams (machines), invented in 1980’s by D. Harel. UML 

language is easily extendable to simulate continuous-discrete (hybrid) systems. One 

indication of UML popularity could be seen in introduction of the State Flow 
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subsystem, which supports state diagrams, to the Matlab suite.  

1.3.Modelica language 

Modelica language solved the problem of component simulation automation in the 

components with non-directional connections use. External variables of Simulink 

model components are referred to as “entrance” and “exit”, which underlines the 

principal implication of the information transmission direction. However, in many 

application areas, there is no direction of external variables, for instance, the 

direction of currents and voltage symbols in electric circuits are rather conventional. 

Connection of external variables of different blocks in electrical circuits simply 

means the equality of the voltages and the equality of the sum of currents to zero. 

This fact fundamentally changes the method of constructing the final equations, 

which, in turn, leads to substantial problems. Modelica authors overcame these 

difficulties through introduction of components with non-directional connections, 

which in effect, broadened the range of application areas for computer simulation. 

Previously complex models were built using a limited set of basic components that 

could not be created in input simulating language, however today Modelica allows 

creating component libraries for electrical, hydraulic, mechanical, and other physical 

systems utilizing language’s own capabilities. Nowadays, user could build any 

complex structure, where final equations for the structure are automatically 

generated, similarly to block models of Simulink. Moreover, Modelica classes could 

be inherited, defined and redefined. 

1.4.Tools classification 

Currently, there is a number of modeling tools, which support full OOM technology 

without narrowing focus to any of the application areas. These tools are divided in 

two groups: 

1) tools focused on UML and its essential part – state machine formalism (hybrid 

automation); 

2) tools focused on Modelica language (mechanisms supporting technology of 

“physical modeling”). 

First group includes environments like Ptolemy (University of California, 

Berkeley, USA) (Ptolemaeus, 2014), AnyLogic (The AnyLogic Company, Saint 

Petersburg) (Karpov, 2005) and Rand Model Designer (MVSTUDIUM Group, 

MvSoft and Peter the Great St. Petersburg Polytechnic University) (Kolesov, et al., 

2006; Kolesov, et al., 2013). Additionally this group should also include the ever-

developing Matlab that is now a complex system of components (MATLAB + 

Simulink + StateFlow + ToolBoxes). Matlab could be categorized as an object-

oriented only with certain provisions – OOM technology is fully supported only by 

the StateFlow subsystem within Matlab. However, this does not prevent Matlab from 

holding the leading role in modern applied simulation. 

Second group includes environments developed within European project 

“Modelica”, such as Dymola, Open Modelica, and MathModelica etc. For the 

purpose of this work, we consider OOM technology-based environments to be the 
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most potential and thus we shall focus this discussion only on those. 

Table 1. Object-Oriented approach. 

Object-Oriented approach 

Simulink+Tollboxes no 

Modelica-based tools yes 

Ptolemy II yes 

RMD yes 

 

Modern simulating environment that claims to be universal has to allow 

development of the following models, in frameworks of the OOM technology: 

 single-component continuous models 

 single-component discrete-event models 

 single-component hybrid models 

 multi-component models with continuous, discrete or hybrid components and 

oriented connections (block models) 

 multi-component models with continuous, discrete or hybrid components and  

non-oriented connections (physical models) 

 multi-component models with variable composition of components and 

variable connection structure 

Table 2. Universality. Definition. 

Universality 

Dynamical and hybrid systems («isolated») Models  with «input/output» 

components («causal») 

Models  with «contact/flows» components 

(«physical») 

Models with variable 

structure («agent-based») 

 

Table 3. Universality. Usage. 

Universality 

 Tollboxes (Simulink) yes 

Modelica-based tools yes 

Ptolemy II no 

RMD yes 

Tools of the first group – those that are based on UML – support all the 

aforementioned model types except for “physical models”. This is due to the 

exponential growth of number of states in a state machine that corresponds to the 

whole model. Undeniably, if the model has only two components and each one has 

own state machine with only to states – combined state machine will have for states, 

and every combined state will have an own corresponding system of equations to 

solve. Whereas, for components with non-directional connections, construction of 

aggregate system of equations cannot be reduced to a simple mechanical unification 

of component equations, typical for components with directed connections, and in 

general, requires a very complex analysis and transformation of equations. Matlab 
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suite allows working with physical models, though only within frameworks of basic 

component sets. 

Table 4. Compliance with UML. 

Compliance with UML 

Simulink+Tollboxes no 

Modelica-based tools partial 

Ptolemy II yes 

RMD yes 

 

Modelica language supports “physical modeling”, however it uses own concept 

of objects that does not match the one of UML language; it also uses special 

constructions to describe discrete events in hybrid models. Rather complex analysis 

of aggregate system of equations is conducted at the stage of model compilation; 

however, it could only be applied for a limited class of hybrid models, where the 

number of unknown variables and solved equations does not change with switching. 

Modeling practice indicates that state machine of UML language is more 

convenient and graphical when it comes to the description of discrete-event and 

hybrid models than the description provided by the authors of Modelica language. 

Furthermore, numerous practically meaningful hybrid models are difficult to handle 

when using Modelica language. Besides, within the limits of Modelica’s approach it 

is rather problematical to model systems with variable composition naturally. 

1.5.Rand Model Designer 

 

The Rand Model Designer tool attempts to combine the strengths of both directions: 

supporting the “physical modeling” suggested in Modelica language, while using 

object paradigm and states machine of UML language. Although, this design comes 

with an atonement - the need to implement part of the analysis of aggregate system 

of equations at the stage of model execution with every switch. It occurs that this 

analysis could be conducted by dint of “linear complexity” algorithms, and thus 

RMD – created industrial models, based on components with non-directed 

connections, successfully work in real time. Differences of the input language of 

RMD environment – Manipulative Visual Language (MVL) language – and 

Modelica language are analyzed in (Martin-Villalba et al., 2014; Kolesov et al., 

2014).  

RMD environment features are briefly summarized below: 

a. Elementary continuous behavior models 

Continuous behavior may be represented in the form of implicit time dependencies, 

nonlinear algebraic equations (NAE), ordinary differential equations (ODE), and 

differential-algebraic equations (DAE). Equations are inputted by the user though 

the equation editor, similar to one in "mathematical" suites (Fig. 1).  
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Figure 1. Example of continuous behavior. 

Usage of both scalar and vector-matrix forms is possible. Alternatively, equations 

may be inputted in a block form, as it is done in the Simulink environment. SysLib 

database (Fig.2), which contains Simulink blocks, helps those users who are 

accustomed to a graphic description the continuous behavior. 

b. Discrete and hybrid behavior models 

Models with discrete and hybrid behavior are usually described using hybrid 

automata. Hybrid machines within RMD are UML state machines without parallel 

(orthogonal) activities (Fig. 3). 

Behavior charts feature “orthogonal” time. Many models with hybrid behavior 

require basing the selection of the next state on fairly complex calculations within 

the time gap. In particular, this may require modeling of additional dynamic systems, 

auxiliary to the core model. Thus, this simulation should be carried out in its own 

hybrid time, which is “orthogonal” to the principal time and is infinitely prompt – 

“instant”. Modeling of additional systems may be carried out in parallel, should the 

hardware capabilities suffice. Furthermore, RMD includes an option for keeping the 

specifications of any complex model as a class, and consequently consider 

abovementioned class’s behavior as "elementary" piecewise continuous state 

machine activity (Fig.4). 
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Figure 2. Library of “a la Simulink” blocks. 

 
 

Figure 3. Behavior chart with UML notation 

 

Figure 4. State activity as behavior of model converted into class 

c. Multi-component models with oriented components 

Hierarchical multi-component models with components with the "input-output" and 

internal hybrid automata (with attributed continuous activities in form of equations 

or class instance activities, corresponding to complex subsystems models) 
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demonstrate fairly complex behavior, which is best described by a component hybrid 

machine composition, with an extremely large number of states. It is not considered 

necessary to create this composition in an explicit form, as an appropriate state 

behavior could swiftly be created for the implementation of a specific event, 

d. Multi-component models with non-oriented components 

Inheriting Modelica’s technology for creating the multi-component model with 

oriented components (external variables such as "contact-flow") RMD introduces 

two significant additions: 

 component hybrid automata may have continuous behavior, expressed as 

equation systems of any size and any type (NAE, ODE, DAE); 

 equations, corresponding to component hybrid automata are created "on the 

fly" during the implementation, rather than at the compilation stage. 

e. Multi-component models with variable structure 

Construction of the variable structure models or models with “dynamic” components 

became possible owing to the introduced ability to create the equation for the whole 

model composition of component hybrid automata. Thus it is possible to create 

"agent-based models", as the component type (oriented or non-oriented) becomes 

irrelevant (Fig. 5-6). 

 

 
 

Figure 5.  Initial structure of a component model 

 

Figure 6. Structure of the model after the fifth event 

Rand Model Designer version 7 allows creation of all the abovementioned types of 

models, based on the OMM technology. Trial version of RMD 7 is available at 

www.mvstudium.com.  
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2. Features of the simulation of hybrid systems using RMD 
 

 

Modern tools for modeling and simulation of multi-component, event-driven 

complex dynamical systems use extensively State Machines as a graphical language 

for the specification of behavior changes  in individual components and the complete 

model. State Machines originated from Harel statecharts [1] are formalized 

thoroughly in UML for the specification of discrete systems [2]. At the same time, 

the expressiveness of the State Machine language has attracted for a long time the 

attention of specialists in mixed continuous and discrete dynamical systems, also 

called hybrid or piecewise continuous dynamical systems. The terms «hybrid» and 

«piecewise continuous» dynamical systems are close synonyms, but the term 

«piecewise continuous» dynamical system [3] appeared long before the term 

«hybrid system» [4]. The quite expressive term «event-driven» (or reactive) system 

is also used instead of «hybrid system» and it is naturally associated with discrete 

Harel statecharts. To emphasize the relationship between continuous dynamical 

systems and their specification in the modified State Machines language, we will 

write «event-driven dynamical systems». There are a lot of alike graphical 

specifications of event-driven dynamical systems: Simulink’s StateFlow [5], 

PtolemyII’s State Machines [6], «if-the-else» behavior specification in the Modelica 

language [7], Behavior-Charts used in Rand Model Designer 7 (RMD 7) [8].  

Using State Machines for the specification of event-driven dynamical systems 

implies an in-depth theoretical study of their properties, guaranteeing existence and 

uniqueness of a solution, and protecting from unwanted effects such as Zeno effect 

or sliding mode. Event-driven dynamical systems are also challenging for modern 

packages intended to solve differential-algebraic equations, In event-driven 

dynamical systems, we deal with a set of alternating dynamical systems described 

as continuous DO-Activites, which may be written as differential-algebraic 

equations, ordinary differential equations or even as non-linear algebraic equations 

of different dimensions and numerical properties, and we are interested in computing 

trajectories caused by a particular event sequence. Computing trajectories requires 

finding switching points and consistent initial conditions for differential-algebraic 

equations, providing starting values for root-finding algorithms and choosing 

effective numerical solvers by analyzing the system to be solved. 

Using state machines for describing components employed to build compound 

models arises many interesting and unsettled questions. 

In this article, we will describe: 

 Behavior-Charts (B-Charts) used in RMD 7 for specification of event-driven 

dynamical systems as modification of UML State Machines, 

 «Lazy» B-Charts for multi-component models with «causal» and «physical» 

components,   

 using B-Charts for planning, carrying out and processing results of computer 

experiments. 
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2.1.BEHAVIOR-CHARTS 

 

B-Chart Language is a graphical language for intuitively understandable, visual 

specification of event-driven complex dynamical systems based on UML State 

Machines. An event-driven complex dynamical system is defined in a region nD   
of the model state space LDDDD .....21  , and its behavior for each subspace iD  
is described by a system of differential-algebraic equations 

LLLit
dt

d
i  1;1,1,0),~,

~
( x

x
F , where x~  is the state vector of the complete model. 

Considering the continuous solutions of differential-algebraic equations as local 

continuous Do-Activities and calculating the new initial conditions for the next 

system as discrete actions, it is possible to suggest different generalizations of the 

UML State Machine for event-driven dynamical systems (EDDS). 

Definition 1. An event-driven dynamical system in RMD is a tuple

},,_,_,,{ TransInvActionsDiscreteActivitiesDOQXEDDS  , where 

 nX state space vector of a model; 

mQ finite set of locations (states) with initial state 0Q ; 

ActivitiesDO _  set of differential-algebraic equations

mit
dt

d
i  ,,)0(,0),,( 0 Xxxxx

x
F , whose solutions may be considered as 

continuous local behavior )(tx  in a state of the B-Chart; 

ActionsDiscrete _ discrete algorithms for calculating initial conditions 0)0( xx  for 

the current behavior )(tx ; 

Trans set of state transitions ji QQ 
 

with the outgoing Boolean transition 

relationships )),(( ttEvent x ; 

Inv set of guards )),(( ttInv x  or Boolean staying conditions, which must be satisfied  

by )(tx  in order to stay in iQ . 

We assume that 

 each system 0),,( t
dt

d
x

x
F

 
has unique solution for given initial conditions 

0)0( xx   in a local interval ],0[ T  whose length T  is defined by outgoing transition 

relationships and guards; 

 outgoing transition relationships ensure unique choice of a new current state. 

A trajectory of EDDC is the sequence of local behaviors influenced by the 

sequence of events ,....},{ 21 ee  that took place into the observation interval. 

Behavior of the event-driven dynamical system is the set of all possible 

trajectories. 

On one side, RMD B-chart is a generalization of UML State Machine [2], because 

it permits continuous «Do-Activities». On the other, it has limitations, because there 

are no history states and orthogonal composite states. 

Definition 2. Behavior-Chart is an oriented graph with nodes (states) and oriented 

edges (transitions) used for the specification of event-driven behavior of complex 
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dynamical systems. Nodes may be special («initial pseudostate», «final state», 

«choice») or usual («simple states» and «hierarchically nested states»). A simple 

state may have a continuous Do-Activity. The Do-activity of a hierarchically nested 

state is described by a B-chart. 

 

Definition 3. Hybrid time is an ordered sequence 

],....},[,],,0[,{H_Time 21211 TTgapTgap  of continuous intervals 
11],,[   kkkk TTTT and 

separated by time gaps kgap . Hybrid time has to cover 1 .  

Hybrid time is represented in RMD by the triple ),,( iiIntt : t - current real time, iInt  -

number of executed discrete actions, and i  - number of current time-gap. 

Figures 1 and 2 illustrate the use of RMD B-Charts. The model for moving the 

continuous time one unit (Fig. 1) 

1: 
dt

dx
clock , 

 

 
Figure 1. Moving the continuous time with the help of the continuous Do-Activity. 

 

was converted into the class «One_unit» and it was used as a hierarchically nested 

Do-Activity for state S2 (Fig. 2). 

 

 
 

Figure 2. An example of B-Chart with standard UML notation and continuous Do-

Activities. 

A continuous Do-Activity may be written as: 
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 formulas with substitutions; 

 algebraic equations; 

 first and second order ordinary differential equations in normal form; 

 ordinary differential equations in implicit form; 

 differential-algebraic equations in semi-explicit form. 

Preparation for numerical solution consists in: 

 fixing and ordering the unknowns; 

 ordering the substitutions and revealing  hidden equations («algebraic loops» 

in substitutions); 

 reduction of implicit differential-algebraic equations to semi-explicit form. 

Fixing and ordering of unknowns may be «formal» or may be the result of «finding 

the full transversal». «Formal fixing»: it is possible to establish any relationship 

between unknown variables and equations if the number of equations is equal to the 

number of unknowns. «Finding the full transversal»: if the structural matrix of the 

solved system has full transversal or it may be permuted to a matrix with full 

transversal, it is possible to associate every equation with the corresponding 

unknown variable placed on the matrix diagonal. 

Differential-algebraic equations may have index 2  and it is preferably to reduce the 

index before computing the numerical solution, but it needs differentiation. Now we 

are using numerical differentiation based on adding additional differential equations 

known as «linear differentiators».  

It was found that in many cases it is possible to reduce the solved system to a system 

of lower block-triangular form. The reduction to block-triangular form is performed 

with the help of Tarjan's strongly connected components algorithm. This method is 

especially effective for algebraic equations. 

The list of RMD numerical methods is shown in Fig. 3. 
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Figure 3. RMD numerical library. 

 

2.2.LAZY B-CHARTS 

 

RMD components may have their own internal B-Charts and external variables. 

These can be of two types: «Input/Output» for «causal» components and 

«Contact/Flow» for «physical» ones. Building composition of internal B-Charts for 

the complete model depends on the type of component («causal», «physical»). For 

«causal» components, fixing unknowns in final Do-activities may be done using 

only information about internal equations and their unknowns. For «physical» 

components, unknowns may be fixed only if the structure diagram of the complete 

model is known.  

In other words, «differential» and «algebraic» unknowns in the composition of 

internal B-Charts for «causal» components stay to be the same «differential» and 

«algebraic» unknowns as they are into the component. Indeed, the following variable 

declaration  

x: external,input; y: external, output; 

for a component with the following internal behavior 

;)0(;)0(;0),,(),,( 00 yyxxtyxG
dt

dy
tyxF

dt

dx
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allows to affirm that, for any structural diagram in which it may be used, we will 

deal with a differential equation in y. The structural diagram determines whether it 

is necessary to calculate the derivative of x. For any non-zero external signal, the 

differentiation 
dt

dx
 has to be calculated. 

There is no sense to speak about «differential» and «algebraic» component’s 

unknowns for separate «physical» components. Let us consider a model with two 

components, Left и and Right 

 

 
a) with the external variables 

x:external,contact; y: external,contact; 

b) the internal behavior of the Left component 

;)0(;)0(; 00112111211 yyxxfyaxa
dt

dy
b

dt

dx
b   

c) and two alternating Do-activities of the Right component 

;)0(;)0(; 002122212221 yyxxfyaxa
dt

dy
b

dt

dx
b   

and 
.)0(;)0(; 00222221 yyxxfyaxa   

The final behavior of the composition is described by the following equations 
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The first system (1), if matrix B  is not singular, is the system of differential 

equations is in implicit form with respect to vector z , and it will be rewritten in DAE 

semi-explicit form  
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with index 1. 

The second system (2) is a system of differential-algebraic equations in implicit form 

with respect to vector z , but matrix B is singular, so it has index 2 and needs 

prearrangement,  
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specifically differentiation of the algebraic equation (3).  
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Final system (3) will be rewritten as differential-algebraic system 
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And it will have index 1. 

All needed final systems for composition may be built before model running if the 

number of final Do-Activites is not large. Building all possible final systems is not 

reasonable for large-scale composite models with a great number of Do-Activites, 

because the solution trajectory is usually calculated from a small part of them.  

Lazy B-Charts or Lazy automata build final Do-Activites on run time in case of need. 

The overhead computational cost of building the final Do-Activities for «causal» 

components is minimal. For «physical» components, the overhead is closely related 

with fixing «differential» and «algebraic» unknowns and it is proportional to a the 

time complexity of the algorithm for finding a structural matrix with full transversal. 

Unfortunately, using numerical differentiation with the help of «linear 

differentiators» may cause considerable errors into small boundary layer due to the 

difficulty of choosing suitable initial conditions for additional stiff differential 

equations.  

 

2.3.VARIABLE STRUCTURE MODELS 

 

It is possible to create dynamically new class instances with new connections in 

Rand Model Designer with the help of B-Charts and special functions new(), 

destroy(),connect (),… (Fig.4). 
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Figure 4. The automaton for adding new instances of classes «Resistor», 

«Inductor»,… to the base electrical circuit, connecting with pre-existing ones, and 

destroying them cyclically. 

 

The base circuit shown in (Fig. 5) 

 
Figure 5.Base circuit. 

 

will change its own structure periodically (Fig. 6) 

 
 

Figure 6.Final configuration of the base circuit. 

 

due to the entry actions of the control B-Chart (Fig.4). 

 

The next variable structure circuit with new «physical» element «Ideal_Diode» 

(Fig.7) 
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Figure 7. Dynamical circuit has the component «Idieal_Diode» with an internal B-

Chart 

 

uses lazy B-Chart, and builds and analyzes final equations on the fly.  

 

2.4.PLANNING AND CARRYING OUT COMPUTATIONAL EXPERIMENTS 

 

In the previous section, we described the use of B-Charts for changing the structure 

of a model. Just the same, if there is a special library for carring out staticstical 

expereiments and processing of  experimental data, it is possible to automatize the 

computational experiments with the help of B-Charts. For example, for estimating 

the deviation from the desired landing point of a body thrown at a normally 

distributed angle Teta, with  normally distributed velocity V from horizontal 

ground{Teta_M<= Teta<= Teta_D, V_M<= V<= V_D}, we can run consecutive 

simulations, but it would be better to carry out simultaneously a predetermined 

number of experiments and then to estimate the deviation (Fig. 8), and to visualize 

the results (Fig. 9). 

 

 
Figure 8. The automaton for the staticstical experiment. 
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Figure 9. Built trajectoreies and barchart. 

 

B-Charts may be used for building special instruments illustrating the dynamics of 

the processes under study. In Fig. 10, it is shown the automaton for solving the 

logistic equation 

01 )0(),1( zzzzrz nnn   

and constructing the Lamerey diagram. 

 

 
Figure 10.Automaton for constracting Lamerey diagram. 

 

Graphical windows will be cleaned after solving the next equation 

(«clearDiagrams») and we will be watching (Fig. 11) a new «dynamical» Lamerey 

diagram («do Fun1»). 
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Figure 11. Lamerey diagram for a logistic equation. 

 

 

 

2.5.GENERALIZATION FOR DO-ACTIVITIES 
 

The simplest local Do-Activity (local class) for an event-driven dynamical system 

is associated with the solution of the current differential-algebraic equations on a 

separate trajectory (behavior of a classical dynamical system). More general Do-

Activity realized as B-Chart with local Do-Activities is associated with the complete 

trajectory (global behavior of an event-driven dynamical system). And lastly, it is 

possible to transform any RMD model (Fig. 12) 

 

 
 

Figure 12.Trasforming the class Model to a class 

 

into a class with its own behavior and consider it as most general Do-Activity in a 

new model. 

Do-Activities may be continuous or discrete. Among the discrete activities, there is 

a special activity named «activity in orthogonal time». «Orthogonal time» is used 

when you need to forecast the «optimal» behavior before starting it in model time. 

Discrete Do-Activity of state S1 (Fig. 13) is run in orthogonal time and it does not 
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move continuous constituent of hybrid time as distinct from continuous Do-Activity 

in state S2. 

 

 
Figure 13.The automaton with orthogonal (Clock_1) and usual (Clock_2) Do-

activities. 
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3.RMD Numerical Libraries 
 

Universal environments of visual simulation for complex dynamic systems 

(Simulink + Toolboxes, Modelica – based environments, Rand Model Designer, et 

cetera) are employed for construction, reproduction and behavior visualization of 

event-driven systems. Those come equipped with particular numerical libraries, 

which differ from general collections of professional numerical programs by means 

of heuristic control programs (also known as calling programs) for automatic 

selection of numerical methods. 

Users of specialized collections, which are creating control programs on their 

own, usually deal with solution of a single system, or multiple systems, where 

system properties are pre-determined, or are determined in the modeling process. 

This allows users to pick out appropriate methods experimentally. 

 However visual environment users face exponentially large number of tasks 

generated by the state machine model, even when working with a simulation of a 

relatively small event-driven system. Systems of equations correspond to a particular 

state of a multi-component model and are built automatically; while a numerical 

method is routinely selected for those systems in the course of the process.  

Reference article (Shampine et al., 2003) describes the software package 

MATLAB ODE Suite (The MathWorks) for numerical integration of event-driven 

dynamical systems. While referenced research works (Shampine et al., 2000; 

Shampine al., 1999) describe methods used for event location and for solving 

systems of differential-algebraic equations of high index. 

Discussion on numerical problems in software environments which use Modelica 

language, are described in reference material (Fritzson, 2011; Sanfelice et al., 2010; 

Navarro-López, 2011; Senichenkov et al., 2013). 

Rand Model Designer environment (Kolesov et al., 2013; Kolesov et al., 2014; 

Martin-Villalba et al., 2015; Kolesov et al., 2015; Isakov, 2015) contains a 

traditional library of software implementation of numerical methods (Fortran 

programming language), and a control module (C ++ programming language), 

which allows selection of specific solution methods for systems of equations on a 

given trajectory. Numerical Library and control module – hereinafter referred to as 

numerical library – are expressed in a form of dynamic link library (dll). This library 

provides the utmost rapid numerical solution for problems arising in the "release” 

mode, as well as debugging and tracing in the “debug” mode. 

Open text software implementations of numerical methods (ODEPACK, 

RADAU, DDASPK... - http://www.netlib.org) as well as solution algorithms of 

NAE, ODE, DAE presented in reference materials (Forsythe G.  et  al.,  1977;  

Dongarra et al., 1979; Rice, 1981; George et al., 1981; Pissanetzky, 1984; Ascher et 

al., 1998; Shampine et al., 2003; Shampine et al., 2000; Shampine et al., 1999; Hairer 

et al., 1987; Hairer et al., 1991, 1996; Hindmarsh, 1983; Shampine et al., 1997), 

were used to create a RMD library. However, selected methods had to be modified 

and supplemented with original algorithms. 

In addition to solution of equations on trajectories, it is also necessary to analyze 

http://eu.wiley.com/WileyCDA/Section/id-302479.html?query=Peter+Fritzson
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the structure of the equations, to simplify the construction of the system, eliminating 

the variable “links”, to determine state "switch-points” of event-driven systems, to 

ensure consistent initial conditions and to reduce index for differential-algebraic 

equations, as well as to determine the initial approximations for iterative methods. 

Today visual simulation environments are preferred (Isakov, 2014): 

 to support object-oriented modeling (OMM) technology 

 to utilize modeling languages that allow user to simply describe most required 

tasks  

 to comply with, not institutionalized, yet generally established, standards, 

such as, for instance Unified Modeling Language (UML) for discrete event-driven 

systems (Rumbauth  et al., 2005). 

Unification of the input language level only, as done for discrete event-driven 

systems (UML – http://www.uml.org), does not guarantee the same behavior in 

various environments of the same hybrid event-driven dynamic system. Unification 

of the numerical libraries is required for optimal performance. It is desirable to 

achieve the same result as for the classified collections – when a given system, 

solved by numerical methods from different collections, has the same numerical 

solution for a predetermined comparison criterion. 

In this article, we have tried to describe thoroughly the process of building, 

conversion, and numerical solution of systems of equations generated by the state 

machine of the   hierarchical multicomponent event-driven model with variable 

structure within the visual modeling environment of the Rand Model Designer 

(RMD – www.mvstudium.com). 

The Rand Model Designer (Kolesov et al., 2015) allows the model to be built in 

a form of an isolated dynamic or hybrid system, a hierarchical multi-component 

system of a permanent structure with components with the "input-output" external 

variables or components with "contact-flow", and model with variable (dynamical) 

structure. 

3.1.Description of the complex dynamical systems behavior. Classical 

dynamical systems 

Local continuous activity (continuous activity of hybrid automaton) could be 

expressed in form of:  

 implicit dependencies on time 

 linear and nonlinear algebraic equations (NAE) 

 systems of ordinary differential equations in normal form or in form of equations 

not resolved with respect to derivatives (ODE) 

 systems of differential-algebraic equations (DAE) 

 

Each type of equations - NAE, ODE or DAE – has its own set of methods with 

mandatory program AUTO. Automatic mode is set by default, however user could 

replace it by any other method from the corresponding group. 

Vector-matrix form of equations is preferred. It is "standard" form of equations 

for specific numerical method, which does not require further change when referring 
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to a particular software implementation of the method. 

 However, especially in the early stages of design, user rarely thinks about the 

choice of method, and rather writes the equation in "free" form, which subsequently 

has to be converted into a "standard" form. 

For example, even the simplest form of behavior description by way of scalar 

equations sequence with substitutions requires Equations Analyzer to regularize 

custom unknown variables and equations, to validate procedure and substitutions 

accuracy, as well as to determine “algebraic cycles”, i.e. hidden equations in those. 

3.2.Consideration of solving systems structure 

Solving of large-scale systems of nonlinear algebraic equations serves as the key 

task in the numerical simulation of complex dynamic systems. This task is important 

in itself; however, it becomes even more relevant in the context of ensuring 

consistent initial conditions, solving differential-algebraic equations, and 

implementing of the implicit methods for solving ordinary differential equation 

systems. 

Within the RMD environment, Newton's method is utilized as a main method for 

solving systems of nonlinear algebraic equations. However, this method requires 

impeccable initial approximation. In the event of Newton's method failure, the task 

of finding solution is reduced to the task of minimizing a quadratic functional 

(Powell method). 

The basic operation of the Newton’s method is solving systems of linear algebraic 

equations at each iteration. When using direct methods, it is important to pre-

determine the matrix structure and call a corresponding modification of the method. 

Notably, RMD environment mostly relies on various modifications of the Gauss 

method for fully filled, band and sparse matrices 

The implementation of the Gauss method for large sparse systems MA28 

(Pissanetzky, 1984) provides the possibility of bringing the original system to block 

triangular form by means of rows and columns rearrangements. Whereas, bringing 

the original system to block-diagonal form, makes it possible to solve systems in 

parallel. 

In case of block-triangular systems, only systems corresponding to diagonal 

blocks could have a natural solution. Consequently, the solution rate increases, but 

the question on optimal size of the diagonal block remains. Oftentimes, in case of 

dealing with small blocks, system solution overheads are inadequately high. 

  

3.3.Standard description forms of continuous activity 

In RMD equation and substitution differ syntactically. By default entry 
( , , , )x f c k t y , where f  - real-valued function (also known as real function), is 

considered as substitution, if variables },{ kc  on the right side are declared constant 

or parameters and value of variable y  is determined at the time of calculation of the 

substitution. Here t = {Time,time} , 

where (Time ) – global, and ( time  ) – local time.   
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Equations are written in a scalar form (1): 

 

( , , , ) 0

( , , , , ) 0

( , , , , ) 0

z q c k t z

f x y c k t

g x y c k t

 



 

       ,         (1) 

 

or vector-matrix form (2): 

 

( , , , ) 0, , nF x c k t x F  ,        (2) 

and could be complemented by substitutions. 

 

RMD gives a possibility for the user to "see" the system, which is being solved, in a 

designated window during the model execution. This is not only imperative for 

multi-component systems, with automatically built equations (based on component 

equations with consideration of their links), but also for the single-component 

systems, where final equation may differ from the original one. 

User has to be notified about the Equation Analyzer operations: namely about 

allocation and regularization of required variables and equations. The process of 

allocation and regularization of variables and equations, as well as the one of 

determination of the equations structure is called structural analysis in RMD. It uses 

a bit-block system matrix, which indicates the occurrence of the unknown variables 

in the equation. The structural matrix for large systems takes a lot of memory space, 

while the structural analysis of the system takes a lot of time. This is especially true 

if system of equations is underdetermined and if conditions require finding a non-

degenerate structural subsystem of maximum size. Oftentimes, at the early stages of 

building a new model, user needs Customer Support to eliminate underdetermined 

information.  

Linear equations brought to the vector-matrix form 

 

     ;      A t x t b t   (3) 

 

are divided into the equations with fully filled, band and sparse matrix systems. 

For systems with a fully-filled matrices, software implementation of the Gauss 

method with an assessment of the condition number of LINPACK package 

(Dongarra et al.,  1979) (DGECO, DGESL) is used, for band matrices – subprograms 

(DGBCO, DGBSL). For systems with sparse matrices (Isakov, 2014) variation of 

the Gauss method (Pissanetzky, 1984) was realized, which provided the possibility 

of reducing a matrix to a block triangular form. It has been concluded that 

preliminary matrix reduction to block triangular form is justified for numerous 

technical tasks across various fields. Moreover oftentimes the final system turns out 

to be in a block-diagonal form, which makes it possible to solve systems in parallel. 

Taking into consideration specific properties of the diagonal blocks particular 

numerical methods may be employed when dealing with those. In particular, blocks 
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where unit size equals one could be regarded as equations with a single variable, 

thus employing appropriate methods (Forsythe et al., 1977). 

Nonlinear equations 

 
( , , , ) 0F x c k t               (4) 

 

are solved with the Newton's method. In the RMD environment, in Newton's 

method, frequency of recalculation of the Jacobian matrix may vary, depending on 

the speed of convergence. Moreover method failure results in call in for the Powell 

method. 

Ordinary differential equations with relation to the first derivative are recorded in 

scalar or vector form (5): 

 

0 0( , , , ),    (0) ; , , ndx
F x c k t x x x x F

dt
   .    (5) 

 

Normal form, with relation to the second derivatives, is permitted  (6) 

 
2

0 0 02

0

( , , , ),    (0) ; ;

, ,

t

n

d x dx
F x c k t x x V

dt dt

x x F

  



     (6) 

 

for the implementation of numerical methods that use it as the initial form (Hairer et 

al., 1987). 

 

Differential-algebraic equations (7) 

 

0( , , , , ),    (0)
dx

F x c k t x x
dt

                                    (7) 

 

are reduced to a semi-explicit form (8) 

 

0

0

, (0)

( , , , , ) 0, (0)   

dx
x x x

dt

F x x c k t x x


   


   

,                         (8) 

 

if those are not recorded in the following form (9) 

 

0

0

( , , , , ), (0)

( , , , , ) 0; , , , ,   n

dx
F x y c k t x x

dt

G x y c k t x x y G F


 


  

.          (9) 

 

It is possible to use explicit methods for the semi-explicit form (Hairer et al., 

1987), resolving a nonlinear algebraic equations systems as required by a suitable 
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method of NAE group. 

Additional (in comparison with the solution of differential equations) operation is 

required when solving differential-algebraic equations – ensuring consistent initial 

conditions (utilizing suitable methods of NAE group).  

The ability to successfully use the semi-explicit form depends on the properties 

of the Jacobi matrix. It is possible to use certain methods from the DAE group, for 

high index equation systems, if the system does not require conversion (Hairer et al., 

1996). Alternatively it is possible to differentiate the equation to reduce the index.   

Differentiation could be done symbolically, as in math suites, designated for 

symbolic computation (also known as algebraic computation). Or alternatively, 

differentiation could be done numerically, as in visual modeling environments. 

Character differentiation block is planned to be implemented in Rand Model 

Designer in the near future. Meanwhile, differentiation is carried out by means of 

“linear differentiator”.   

Let )(txx   be the function, derivative of which is to be determined. Consider the 

following equation 

 

0
~)0(~),~(

~
xxxxK

dt

xd



.                          (10) 

 

For sufficiently large positive K  solution to this additional equation tends to the 

specified function, while solution derivative tends to function derivative (if the 

derivative is "stable") (Emeljanov et al., 1997). Regrettably, even for the stable 

problems, error in the boundary layer may be excessive. However, experience has 

shown that for many models, even considerable errors in the boundary layer (arising 

from the unreliable initial conditions) are acceptable. It is important to keep in mind 

this source of potential errors. 

3.4.Discrete dynamic and hybrid systems 

RMD uses hybrid simulated time – continuous periods alternating with short time 

slots, where events are put in order (Kolesov et al., 2013; Kolesov et al., 2014). 

Discrete dynamic and hybrid systems are described by means of hybrid machines, 

equipped with a hybrid time. 

To solve difference equations (11) a hybrid machine with an "empty" continuous 

activity and discrete actions is created 

 

1 0

1

: ( ); 0,1,...; (0)

: ; ,

k k

n

k k

Z F Z k Z Z

Z Z F Z





  


 
.          (11) 

 

The hybrid machine with continuous activities in the form of equations is essentially 

a generalization of classical dynamical systems, with all the inherent difficulties of 

numerical behavior reproduction - Zeno effect and sliding modes.  

Hybrid machines within RMD are UML state machines without parallel 

(orthogonal) activities (Rumbauth et al., 2005), which relate to additional numerical 
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tasks, namely determination of the “switch points”, or event location, set by the 

operator “When”, resulting in a state change. 

Operator “When” may contain variables of any type, thus the main operational 

method for event localization is the method of bisection interval. 

In case the event is associated with real variables and equality to a predetermined 

value, it is possible to formulate and solve the problem of finding a root on a given 

trajectory. For example, LSODAR program of ODEPACK – a collection of solvers 

for the initial value problem for ordinary differential equation systems (Hindmarsh, 

1983). includes a root finding capability. However, it is difficult to determine the 

significance of this problem, due to the lack of data on the use frequency of operators 

“after”, “signal”, “when” complex system models. 

3.5.Component systems with «inputs-outputs» 

While components with “input-output” that have internal state machines produce 

exponentially large number of possible final systems, there are no major obstacles 

in creating those. Whatever way the components are connected, the structure of the 

component equations essentially does not change, if only left side variables of the 

substitutions that are defined as exit variables may become unknown variables of 

the new algebraic equations. 

When using components with “input-output” the problem of differentiation of input 

variables is simplified, if they satisfy the differential equations within the 

components where they are formed. It is enough to pass the calculated value of the 

derivative to the right component. 

3.6.Component systems with «contacts-Flows» 

Components with “contact-flow” are utilized for “physical” simulation, where they 

generate an additional problem related to internal hybrid automata. 

When using components with “input-output”, if component equations for 

unknown variables are differential equations, then they remain differential equations 

in relation to the same variable also in resulting system for corresponding state in 

composition of component hybrid automata. 

When using components with “contact-flow”, if component equations for 

unknown variables are differential equations (differential variables) then in the 

resulting system they may turn into algebraic equations for composition of 

component hybrid automata. In result user’s initial differential variables become 

algebraic. That is due to the concept of index of system of algebraic-differential 

equations (Hairer et al., 1996). Equation Analysers of visual simulation 

environments heave to be able to recognize the systems with high index and 

transform those in order to lower the index. This, in turn, requires differential 

equations. Some programs (Hairer et al., 1996) could solve systems of low index 

without reducing it, but recognition of such system remains a problem. 

Resulting hybrid automaton of the whole model or the composition of component 

hybrid automata has a very large number of states even for relatively small models 
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and requires significant efforts to form all the possible equations at the stage of 

compilation, in case of components with “contact-flow”. 

There are no restrictions on state equations of component automata in RMD, but 

the equations for realized composition states of component automata are being built 

at the time of model execution. It is an attempt to avoid building large number of 

resulting systems and practically to take into account the frequency of their 

appearance at a certain trajectory, while at the stage of execution only of system of 

realized states. 

3.7.Component systems with variable structure 

Processes of birth and death, queuing analysis, agent-based models all deal with 

dynamically changing number of objects (components), that are appearing and being 

destroyed leading to connections between them appearing and being destroyed. In 

this case the number of states of hybrid automaton of the whole model and the 

number of corresponding behaviours (systems of equations) becomes variable. 

Components may have any type of external variables e.g. “contact-flow”. For 

instance electric stations that have dynamic number of consumers, systems with 

reservation. 

In such a case, creation of equations “on the go” becomes the only available means 

of creating equations. Fast algorithms of final system composition according to 

component equations and algorithms for connection equations for such models 

become one of the most important tasks. 

3.8.Debugging 

RMD has a debugger for conventional tracing debugging at the level of input 

language. The user cannot control the work of numerical methods on continuous 

sections by using debugger, but the user can use file “Tracing” that if required will 

hold fairly sufficient details about functioning of numeric algorithms, collected by 

using “print” operators provided by developers. It should be noted that the source 

texts of numerical libraries of visual simulation environments are not available to 

the users of visual simulation environments even if those are inevitable 

modifications of open specialized collections. This makes «trace.txt» file 

problematic to understand and to work with. 

The more useful instruments are dynamic windows that are connected with the 

built and modified system of equations being solved at the moment: Final system, 

Structure Matrix, Jacobi’s Matrix, Eigenvalues of the Jacobi’s Matrix. 

It is difficult to use all available information mainly because the user is creating 

own or using ready components with local equations, and receives information about 

automatically created resulting system, moreover large size systems are difficult to 

analyse. 

Almost all the visual simulation environments face the problem of transformation 

of collected information into intuitive tips that help comprehending the behaviour 

properties of the whole model, indicate possible ways of model transformation in 
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order to improve performance provide required precision and satisfy requirements 

for memory. 

3.9.Timeline 

The duration of continuous sections of trajectories is determined by the frequency 

of occurrence of events leading to a change in behaviour. Change of behaviour is 

usually accompanied by overhead costs for initialization of software implementation 

of numerical method. Selection of time progress step at each continuous section is 

determined by external circumstances and features of the problem being solved in 

combination with features of the selected method. 

For example in case of solving nonlinear algebraic equations by iterative methods, 

internal step is determined only by external circumstances while taking in account 

the limitations associated with the choice of the initial approximation in form of 

solution from the previous step. 

 In case of differential equations, the internal step may considerably depend on 

the choice of the method. The rigidity of differential equations system can become 

an insurmountable obstacle for explicit methods. The problems with rapidly 

oscillating solutions are challenging for almost all methods if output information is 

needed with a large enough time step. Trying to increase step when solving rigid 

problems beyond minor boundary level contradicts with the need to save time for 

event localization. 

In RMD the information about problem features on trajectory and costs of 

numerical solution is available in the “Timeline” tool. The user selects a desired 

constant advance step of model time and time interval to observe the model 

behaviour, and receives integral characteristics: time spent on execution of discrete 

actions, time spent on integration at continuous sectors, time spent on matching 

initial conditions when solving differential-algebraic equations. 

3.10.Testing 

Testing numerical libraries of the visual simulation environments also has specific 

characteristics. 

Generally the libraries are sets of software implementations of numerical methods 

from open collections, modified according to the requirements of the environment: 

agreements on the acceptable forms of user equations, necessary information about 

behaviour visualization, information collected for processing the results of 

computational experiments with the model. The modifications lead to both errors 

and overhead costs. Both require testing that can be done by using existing 

collections of testing examples. 

However, the information about overhead costs that occur as a result of model 

decomposition into components followed by aggregation of into single hybrid 

system of the whole model by the environment is considered to be of the most 

importance. At this point hybrid models of large size that can be built by hands and 

whose characteristics are known in advance are considered to be of the highest value. 

If decomposition of such models is possible by using components that are available 
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in the environment, then it is possible to assess the overhead costs that occur when 

resulting hybrid automata are built by the environment. Besides the assessment of 

overhead costs it also becomes possible to compare the accuracy of solutions on 

trajectories. The authors are not aware of any test methods allowing verification of 

hybrid systems, besides a few minor attempts that manage to provide symbolic 

solution 

(http://www.maplesoft.com/products/maplesim). 
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Conclusion 

 

The guidelines "Features of the preparation of third-level students in the program 

06.09.01.09" Mathematical modeling, numerical methods and program complexes 

"" are intended for third-level students and provide an overview of the main sections 

of computer modeling and simulation theory. 


