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Abstract. Improving the lifecycle of automated systems and reducing their de-

velopment time are an important production problem in a large enterprise. We 

have created a new approach to the analysis and transformation of their processes 

on the basis of author's principles, grammar, method of the design process for 

narrowing the semantic gap between business process analysis and business pro-

cess execution. This approach allows designers to improve the quality and reduce 

the time spent on the lifecycle of automated systems. 
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1 Introduction 

Project enterprises often need to dynamically reconfigure their internal processes to 

improve the efficiency of the business flow. However, modifications of the workflow 

usually lead to several problems (deadlocks) in terms of the degree of freedom, com-

pleteness and security of decisions. Therefore, the design, analysis, monitoring and 

modeling of dynamic workflows is an urgent task concerned with the need to quickly 

respond to changing business situations. The dynamic development of complex auto-

mated systems is associated with the adaptation of work processes to changes in system 

requirements. It is generally accepted that the agility (liveliness) of an enterprise/busi-

ness as a property of an enterprise functions in a dynamically developing world. Enter-

prises should develop in two directions: adjust to changes in the surrounding environ-

ment; discover new opportunities constantly appearing in the dynamic world for 

launching completely new products (services). 

Becoming agile requires a new approach that allows project managers to discover 

changes and opportunities for the development of complex automated systems and to 

react on them appropriately. The need to develop such an approach arose when the 

degree of change in development requirements increased. Large corporations like 

Whitestein Technologies, Magenta Technologies, SkodaAuto, Volkswagen, Saarstahl 

AG note that industry and technology (progress) move too fast, and requirements 

change very quickly, and traditional (monolithic) methods can no longer manage a 

product’s lifecycle and project’s workflows. The efficiency of business process can be 

improved by dynamical reconfiguration of enterprise’s business processes as work-

flows. Design, analysis, checking, modeling, and transformation of dynamic workflows 



2 

result in workflows’ modifications. When modifying workflows, it is required to solve 

problems such as deadlock, security, and etc. [1]. 

The design and development of automated systems should include the adaptation to 

agile requirements of the environment. In work [2], the agility is the main property of 

production. There are two behaviors of an enterprise. One of them is to change the 

enterprise’s business processes of production. Another is to create new marketable 

products. Enterprises should often change their business processes in order to increase 

product quality and get new market outlets. The work [3] notes that the speed of devel-

opment in industry and technology should change monolithic approaches. A lot of large 

enterprises like IBM, ARIS note that the monolithic product lifecycle management sys-

tems with static workflow automation tools have reached their limits; almost all possi-

ble process configurations and reconfigurations are not only slow and costly, but often 

impossible [4]. The consequences are ill-fitting processes and soaring process develop-

ment and improvement costs. ProBis [6] has monolithic workflows. Dynamic work-

flows are presented in works [7-9]. 

We used a definition given in [5] for a dynamic workflow as a process of adaptation 

to the current environment. We define a new RVT-grammar as a temporal finite state 

grammar using a memory as stacks and tapes to analyze workflows. There are two main 

principles in this work. They are: the principle of the ensemble of hybrid dynamic work-

flows. It includes the use of heterogeneous types and distribution in the space of hybrid 

dynamic workflows; the principle of adaptive design. It has a continuous in time struc-

tural and parametric analysis and synthesis of hybrid dynamic workflows. 

Article has the following structure. In Introduction, the list of standard problems with 

workflows is submitted briefly. Related work has an overview of works on this topic. 

In  Method to analyze workflows based on RVT-grammar, and Method of business-

processes transformation, authors describe the approach with an example. Discussion 

has an overview about analyzing and managing manufacturing and workflows of cyber-

physical systems. Outputs and the further directions of researches are presented in the 

conclusion. 

2 Related works 

We have studied many research works considered with the workflows’ specification, 

verification and translation. Some of them focus on formal semantics and verification 

methods for workflows using Petri nets, process algebra, abstract state machine [10, 

11]. In [12], Decker and Weske offer a formalism based on Petri Nets to define proper-

ties as reliability and promptness, and a method for testing these two properties. How-

ever, they only describe the synchronous relationship and do not have any research 

comparisons for high-level interaction modeling languages as BPMN. In [13], the be-

havior of BPMN from a semantic point of view is studied and several BPMN templates 

are proposed. This work is theoretically unjustified and is not complete, which consid-

ers only a few models. Lohmann and Wolff [14] offer the analysis using existing tem-
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plates and monitoring them using compatible templates. In [15], the authors draw at-

tention to the translation of BPMN into the process algebra for analyzing choreogra-

phies using the help model and checking equivalence. 

The main limit of the methods considered is that they do not work in the presence of 

different types of diagrams at the same time, which means that in some cases the input 

diagrams can not be analyzed. 

3 Method to analyze workflows based on Temporal RVT-

grammar 

Temporal RVT-grammar is defined as the tuple  

 𝐺 = (𝑉, Σ, Σ
~

, 𝐶, 𝐸, 𝑅, 𝜏, 𝑟0).                                       (1) 

where 𝑉 = {𝜈𝑒 , 𝑒  =   1. 𝐿} is an additional alphabet for the operation onto a memory; 

 = {(𝑎𝑙 , 𝑡𝑙), 𝑙 = 1. 𝑇̅̅ ̅̅ ̅} is an alphabet (words) of events; Σ̃ = {(𝑎̃𝑛, 𝑡̃𝑛), 𝑛  =   1. 𝑇̃̅̅ ̅̅ } is 

a quasi-term alphabet, extending Σ; 𝐶 = {𝑐𝑖 , 𝑐𝑖 = 𝑐𝑖 + 𝑡𝑙−1, 𝑖 ∈ 𝑁} is a set of a time 

identifier, and a beginning 𝑐𝑖 = 0; 𝐸 is a set of the temporal relations as {𝑐𝑖~𝑡𝑙}, where 

c is a variable (a time identifier), ~ ∈ {=,<,≤,>,≥}; 𝑅 = {𝑟𝑖 , 𝑖  =   0. 𝐼} is a rule of 

this grammar 𝐺 (a set of production rule’s complexes), where this complex  𝑟𝑖 has a 

subset 𝑃𝑖𝑗  of the production rule 𝑟𝑖  = {𝑃𝑖𝑗 , 𝑗 =  1. 𝐽}; 𝜏 = {𝑡𝑙 ∈ [0;+∞], 𝑙 = 1. 𝑇̅̅ ̅̅ ̅} is a 

set of timestamps, where 𝑐𝑖 ∈ 𝜏 × ~ × 𝜏; 𝑟0 ∈ 𝑅 is an axiom of this grammar (a name 

of the first production rule), 𝑟𝑘 ∈ 𝑅 is the last production rule. The production rule 𝑃𝑖𝑗 ∈

𝑟𝑖 has a view as  

 (𝑎𝑙 , 𝑡𝑙)
{𝑊𝛾(𝜈1, … , 𝜈𝑛)|𝐸}
→                 𝑟𝑚.                           (2) 

where 𝑊𝛾(𝜈1 , … , 𝜈𝑛) is n-relation, that defines a type of an operation over memory, 

depending on 𝛾 = {0,1,2,3} (0 – operation is not performed, 1 – write, 2 – read, 3 – 

compare); (𝑎𝑙 , 𝑡𝑙) is a word as a pair of an event and a timestamp; 𝑟𝑚 ∈ 𝑅 is a name of 

a target production rule. The language 𝐿(𝐺) of this grammar has words as (𝑎𝑙 , 𝑡𝑙) and 

presents a trace 𝜎 = {𝑎0, 0} → {𝑎𝑙 , 𝑡𝑙} → {𝑎𝑘 , 𝑡𝑇}. The grammar for UML AD is shown 

in Table 1.  

We can check 23 errors. The following semantical errors are: The cyclic connection; 

Mutually exclusive links; Multiple communication; Remote context error; Control 

transfer failure; Error in the multiplicity of inputs; Error multiplicity of outputs; Invalid 

link; Communication error; Access level error; Error transmitting the message; An error 

in the delegation of control; A quantitative error in the elements of the diagram; Ex-

cluding links of the wrong type; A call directed to the life line; Collapsed connection; 

Violation of the multiplicity of dependencies; Mutually exclusive links; Synchronous 

call before receiving a response; Great synonymy; The antonymy of objects; Conver-

sion of relations; Inconsistency of objects.  
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Table 1. Temporal RVT-grammar for UML AD 

Prev. 

state 

Quazi-term Next 

state 

Operation 

r0 A0i r1 insert()/W3(kt(1)==1) 

 A0 r1 Ø 

r1 rel r2 Ø 

 find r2 W2(t1m) 

r2 Ai r1 insert()/W3(kt(1)==1) 

  Ar r1 replace()/W3(kt(1)==2) 

 Ad r3 delete(), W1(l1m))/ W3(kt(1)==3 

  A r1 Ø 

  Ak r5 Ø 

r3 drel r4 Ø 

r4 Ai r1 (change_rel(),insert())/W3(kt(1)==1 

 Ar r1 (change_rel(), replace())/W3(kt(1)==2 

 Ad r3 delete_with_link()/W3(kt(1)==3 

 A r1 change_rel() 

 Ak r5 change_rel() 

r5 no_label rk * 

In order to correct errors during the grammar design, types of graphic objects are 

entered into the alphabet Σ
~

. The graphic objects have more than one input or output, the 

samples of which will be used as an analysis continuer. Such graphic objects are key, 

because the main graphic representations are built on them. In addition, the large num-

ber of outcoming links allow one to cover the most part of the diagram for analysis. 

The algorithm for business process analysis using RVT-grammar is shown in Fig.1. 

Start

Is there any business 

process element for the 

analysis using RVT-

grammar?
Semantic error checking

Output of analysis result

Finish

No

Yes

Business process 

reading

Yes
Is there any 

error?
Error description

 Next business process 

reading

No Is there an analysis 

continuer?

No

Yes

 

Fig. 1. Algorithm for business process analysis using RVT-grammar. 
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To analysis and control the errors the Plugin has developed [20]: syntax oriented ana-

lyzer of UML diagrams for MS Visio, and network system of diagrams analysis and 

control, offering a full set of a functional to analyze and control syntax and semantic 

errors (Fig.2). The Plugin allows to perform follows: 

 Analyses any diagrams (BPML, UML, IDEF0, IDEF3, Petri net) using Temporal 

RVT-grammar; 

 Be integrated as plug-ins into MS Visio; 

 Checks 23 types of errors; 

 Gives recommendations to a designer for improve a diagram. 

 

Fig. 2. Plugin to analyze workflows for MS Visio. 

4 Method of business-processes transformation 

In order to dynamically reconfigure business processes, a mechanism for diagrams’ 

transformation should be developed. It will allow programmers to gain agility, to im-

prove functionality, and to increase business processes efficiency of a company.  We 

propose to transform the diagram’s structure via the procedures “Delete”, “Insert” and 

“Replace” with saving a link for (before, after, and etc.) a special period of time. All 

graphic primitives must have a timestamp which will allow programmers to determine 

Found the following errors: 

The cyclic connection 

Invalid link 

Multiple communication 
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the diagram’s transformation time. As a rule, graphic primitives of BPMN, eEPC, 

IDEF0, UML AD, and etc. contain a description (see UML AD) which can be defined 

as a time variable. 

Orchestration is the internal workflows in an enterprise or a company that presents 

its internal business processes [16]. IBM, Microsoft, Oracle, BEA Systems develop 

tools as BPEL4WS, XLANG, WSFL to describe the business logic [17-19].  In order 

to control these workflows in the enterprise’s business processes, only one manager for 

orchestration is required (Fig. 3). 

Choreography is the external workflows in a lot of enterprises and companies that 

have relationship with each other.  Each member of choreography can describe a role 

and his place in workflows. All choreography relationships are monitored in log.  

 

Fig. 3. The ensemble of diagrams and the hybrid orchestration.  

The dynamics of workflows is presented in two aspects: orchestration and a sample 

of choreography that combine into an ensemble. An emerged sample of choreography 

should be associated with the developed diagrams. Organization 1 has BPMN, IDEF0, 

UML AD, eEPC, UML diagram in the orchestration. BPNM, IDEF0, UML AD are 
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only in the ensemble [20, 10, 21-24]. Organization 2 has Java, C#, Timed automata, 

Petri nets in the orchestration, but Java and Timed automata are only in the ensemble.  

Hybrid orchestration means that we use different types of diagrams. We can create 

Temporal RVT-grammar for BPMN, IDEF0, eEPC etc., and transform them. Let us 

examine an example of a UML AD diagram (Fig. 4).  

Graphic primitives (elements) A1 and A2 are denoted by the timestamp t1. This 

means that at a certain point in time t1 these elements will be transformed in the fol-

lowing ways: (1) Insert, (2) Replace, (3) Delete.  

It is logical to assume that only one element can be transformed in one period of 

time. Therefore, each timestamp is given a tape where three variants can be indicated 

for one element: 1 – Insert, 2 – Replace, 3 – Delete. 

 

A0

Ak

A1 (t1)

A2 (t1)

A3

 

Fig. 4.     UML AD diagram with a timestamp t1. 

Using Insert and Replace operations, additional information will be saved at an ex-

tended tape allowing it to save both numbers and quasi-terms.  

Additional function Insert() is used for the operation 1. It provides necessary infor-

mation extracted from the extended tape and forms an inserted fragment based on sub-

grammar. 

Operation 2 is a complex operation that is represented as a set of operations “Delete” 

and “Insert”. Additional function Replace() is introduced. 

Let us consider function Delete at the initial stage. At time t1, the diagram becomes 

as follows (Fig. 5). 

A0

Ak

A3

 

Fig. 5. Elements’ deletion at a diagram. 
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It can be deleted an infinite number of elements. In order to delete an element, let us 

use the following method. If the automaton encounters an element with a timestamp, a 

link to this element is saved in a stack. Then the automaton continues processing ele-

ments until it meets the element without a timestamp. In this case, the special function 

change_rel() is performed.  It finds a link to the first deleted element in the stack and 

ties it to a current element. This process is shown in Fig. 6. 

The function Delete() removes elements in a diagram not to leave elements, which 

should be deleted, as hanging elements when processing quasi-terms which should be 

deleted. It should be separately introduced the function delete_with_link() in order to 

delete elements with an inlink. 

A0

Ak

A1 (t1)

A2 (t1)

A3

 

Fig. 6. Links’ assignment in deleting an element. 

5 Discussion  

Applying timed grammar for designing, specification, controlling and analyzing 

real-time systems is well-known practice [25]. Timed and hybrid automatons is used 

for analyzing and managing manufacturing (MM) and workflows of cyber-physical 

systems (WCPS) [26]. 

When solving the tasks of MM&WCPS’s design, specification, control and analysis, 

there are problems with access to resources, blocking, liveliness limitation (liveness, 

reversibility, boundedness, reachability, dead transitions, deadlocks, home states). The 

examples of MM&WCPS’s tasks are the control of the nuclear reactor’s temperature 

and the control of the railway level-crossing gate [27], and electronic workflows. These 

tasks successfully apply timed context-free grammars. A large number of MM&WCPS 

sets the task of monitoring and analyzing. It can be accomplished by various mathe-

matical methods based on workflows [5]. At present, π-calculus is a promising but very 

young and evolving theory. It has many open questions and unresolved problems. Petri 

nets which are widely used do not have a universal framework for MM&CPS’s model-

ing and analyzing. In order to analyze various properties (liveliness, attainability, 

safety), MM&CPSs are modeled in different types of Petri nets. In order to analyze 

MM&CPS in the error-free systems’ development in the conceptual design phase, the 
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model checking method is widely used. However, it is mainly developed for experi-

enced scientists and engineers, since it is complex to understand and use [25]. 

MM&CPSs are also specified by managers who do not have training in formal models 

and informatics. Formal analysis requires a detailed representation of the process model 

in a formal language. 

Although, relevant and having big practice famous is a problem researching mecha-

nisms to analyze and control MM&CPS. 

Modern tools can only check 16 types of errors [20]. Thus, we develop a new 

Temporal RVT-grammar to check and fix all type of errors, which has a linear require 

of time to analysis oppositely with other grammars with exponential and polynomial 

requires of time. Fig. 7 shows the efficiency. Graphic objects are graphic figures as a 

circle, a rectangle, a rhombus, a square, a line and etc. We propose a formula for 

calculation of the efficiency that can be written as: 

Required time = с ∙ Ls, Ls = ∑ (∑ vinij + ∑ voutij
Vi
j=1

Vi
j=1 ) + ∑ (Vi +

t
i=m+1

m
i=1

∑ v_outij
Vi
j=1 ) + no_label.  (3) 

where c – the constant of realization of algorithm, which determines a quantity of time 

(operators) that are spent to analysis one graphic object; Ls – the number of graphic 

objects; Vi – the number of graphic objects of i-type; v_inij – the number of inputs to j-

graphic objects of i-type; v_outij – the number of outputs from j-graphic objects of i-

type; t – a total of object types; m – a quantity of object types that have more than one 

output. 

 

Fig. 7. Efficiency of checking and fixing errors with help Temporal RVT-grammar into diagrams. 

Conclusion and future works 

There is a problem with workflows for checking and exchanging various formats be-

tween large industrial enterprises, and also between their departments. Time begins to 
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play a major importance for production, which often uses the Internet. This is why we 

develop a temporal grammar for analyzing, managing and reconfiguring dynamic de-

sign workflows, where time is a known role. We create this grammar as a temporal state 

grammar that uses the memory as a stack. Thus, this grammar allows us to remove 

several semantic errors (structural-behavioral) at the stage of conceptual design in com-

plex computer systems, as well as solve problems of reengineering for reactive systems 

using real time. The transformation can check errors in a diagram and correct this dia-

gram. We describe a simple example of using UML AD. The scientific significance of 

the approach is represented by a grammar and algebraic model that takes into account 

the temporal nature of workflows, provides structural and behavioral and semantic anal-

ysis and reconfiguration of workflows, and expands the class of errors. In future works, 

we plan to conduct experiments on BPMN and UML AD and other graphical temporal 

languages for the complex system development, taking into account the design data and 

technological preparation for the production of a real enterprise. We will identify new 

typical structural-behavioral errors and describe them in our future works. 

Acknowledgments. The reported study was funded by RFBR according to the research 

project № 17-07-01417. 
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