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Abstract. The authors developed a new grammatical-algebraic approach to the
analysis, control, diagnostics, modeling, interpretation and reengineering of
DDW in the conditions of a large design organization in the part of design and
technological preparation of production (DTPP)

1 Introduction

“Nowadays, business enterprises often need to dynamically reconfigure their
internal processes in order to improve the efficiency of the business flow. However,
modifications of the workflow usually lead to several problems in terms of deadlock
freedom, completeness and security.” [1]. Although, design, analysis, control and
modelling of dynamic workflows are famous problem seeing flexible reaction to
changing business process.

The dynamic development of complex automated systems is connected with the
adaptation of workflows to changes in system requirements. “We consider
enterprise/business agility as a property of an enterprise to function in the highly
dynamic world” [2] and it has two features: 1) to adapt to changes in the environment;
2) to discover new opportunities constantly appearing in the dynamic world to launch
completely new products (services). The agility implementation requires a new
approach that allows designers to discover changes and opportunities of complex
automated systems development, and to influence on them accordingly. The need to
develop this approach appeared when the degree of changes in requirements of
development increased. For example, in [3] the author says: “Industry and technology
move too fast, requirements change at rates that swamp traditional methods.”

Whitestein Technologies, Magenta Technologies, SkodaAuto, Volkswagen,
Saarstahl AG note that the first generation of static management systems of product
lifecycle and project workflows [4] can no longer meet the requirements of many
companies, approach and automated tools of the first generation of project workflow
standardization have already exhausted its resources, and as a result, there are poorly
formalized (poor-quality) processes, stimulating the growth of expenses for their
development and improvement.
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The authors of this paper used the definition given in [5], for a dynamic workflow
— workflow adjusted to the environmental changes. ProBis [6] is considered to be a
traditional workflow management system. Dynamic project workflow management
systems according to the works [7-9] include YAWL (Yet Another Workflow
Language) and iPB.

According to the ISO 9000: 2000 standard, analysis, monitoring, diagnostics,
modeling, interpretation and reengineering contain the verification and validation
stages.

Verification is a confirmation on the basis of objective evidence that the
requirements have been met.

Validation is a confirmation on the basis of objective evidence that the requirements
intended for a particular use or application have been met.

2 Related works

2.1 Scientific schools and tools

Analysis and control of design workflows are carried out by the scientific schools
of the Higher School of Economics, MSTU STANKIN, MVTU them. N.E. Bauman,
UISTU, POMI of the Russian Academy of Sciences, the Moscow State University of
Economics, the Institute of System Programming of the Russian Academy of Sciences
(Russia), the Carnegie Mellon University (USA), VERIMAG (France) laboratories,
such scientists as Afanasyev A.N. [10-14], Karpov Yu.G. [15], Sosnin P.I., Lifshits Yu.
[16], Yarushkina N.G., Kalyanov G.N. [17], Konev B. Yu., Shalyto A.A., Savenkov
K., Kulyamin V. V. (Russia), as well as Neda Saeedloei, Gopal Gupta [18], Clark E.M.,
Buch G. (USA), Yuan Wang, Yushun Fan [19] (China), and Rational Unified Process
(RUP) technologies [20], PBWD methodology, Unifyid Model Language (UML)
modeling languages [21], extended Event Driven Process chain (eEPC), BPMN,
IDEFO0, IDEF3, Amber, Promela, YAWL, the Booch Methodology [22], Hierarchical
Object Oriented Requirement Analysis (HOORA) [23], Jacobson Method [24], Object
Modeling Technique (OMT) [25], Planguage [26], Shula-Mellor Object-Oriented
Analysis Method [27], Software Cost Reduction Requirements Method (SCR) [28],
Software Requirements Engineering Methodology (SREM) [29], Storyboard
Prototyping [30], Structured Analysis and Design Technique (SADT) [31], as well as
Structured Analysis and System Specification (SASS), Volere method, Win Win
approach, Component-based methods (COTS-Aware Requirements Engineering
(CARE), Off-the-Shelf Option (OTSO)) [32].

Karpov Yu.G. in [15] presents the Model Checking approach to the analysis,
control, modeling and reengineering of business processes, in which the main drawback
is the study of the model, and not the system itself, so the question arises about the
adequacy of the model to the system, as well as the complexity of solving the problems
listed above Is exponential.

Neda Saeedloei and Gopal Gupta [18] applied a temporal automaton realizing
temporal context-sensitive grammar-grammar to the analysis of cyber-physical systems
with the subsequent translation of this grammar into co-inductive logical programming
for the Prolog interpreter.
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Yuan Wang and Yushun Fan [19] suggest using the temporal logic of actions to
describe the workflows in the graph form, which requires the description of all graph
routes in the temporal logic of deutsviy formulas and the proof of the opposite
assumption. The use of linear temporal logic to formalize the route from tasks, branches
AND, OR and JOIN convergence, however, the question of the adequacy of
constructing the description of workflows in the graph form remains unresolved.

The database of tools for analysis and control of cyber-physical systems, including
work flows, is available at [33] and is presented in the table.

Moreover, the meaning of the symbols used in the table is the following:
<NOTHING> is the tool doesn't have the feature; # is the tool has the feature;
B is the tool has the feature and additional information is displayed, when the cursor
is over the icon (if supported by the browser); * is reference (e.g. e-mail or web site).

In addition, there are good tools CPN Tools [34], "Roméo - A tool for Time Petri
Nets analysis" [35], TimesTool [36], Tina Toolbox [37], Visual Object Net ++ [38].

2.2 The analysis, the control and the diagnostic within a structurial conflict
errors (Verification) [39]

The analysis and the control involve the checking of the syntactical correctness of
a workflow model. In contrast to the context of programming languages where syntax
only refers to the language, we incorporate in our notion of syntactical correctness both
the structure and the behavior of the workflow model. Although workflow models that
have been derived in the way as described in this section already implement some
notions of syntactical correctness, models may be extended or changed by human
intervention before they are considered complete. Typically, human errors in designing
the workflow on the basis of the product data model may cause dead tasks, deadlocks,
livelocks, etc. Especially when a workflow model becomes large, i.e., when it
incorporates hundreds of tasks, it is difficult for human designers to oversee the
complete model.
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The analysis and the control of a workflow process for structural conflicts are a
computationally complex problem and many approaches can be used to do this.
However, the approach adopted for workflow analysis and control would correspond
to the process definition language. Due to the computational complexity of the problem,
only few approaches succeed in doing the workflow analysis and control under
reasonable time limits for all kinds of workflow graphs. A discussion is given by Van
der Aalst and Ter Hofstede (2000). Woflan tool has been created by H-W.M. Verbeek
and W.M.P. Van der Aalst for an analysis and control the structural conflict errors in
WF-nets. Apart from analysis and control structural conflict errors, Woflan can also be
used for inheritance checking. Flowmake tool has been created by Wasim Sadiq and
Maria E. Orlowska based on their Graph Reduction algorithm for analysis and control
the structural conflict errors in Workflow graphs. Flowmake is based on the Graph
Reduction algorithm by Wasim Sadiq and Maria E. Orlowska. This algorithm is not
complete as it fails to check the analysis and control problems in special kind of
workflow graphs called overlapped workflow graphs. It is necessary to have an analysis
and control algorithm that checks all kinds of workflow graphs, as it is impossible to
seclude overlapped graphs while designing business workflow processes. For this
purpose, Hao Lin et al., defined an algorithm to analyse and control all kinds of
workflow graphs.

Requirements verification is the process of ensuring, that requirements statements
are accurate, complete and that they demonstrate the desired quality characteristics.
(Wiegers, 1999)

2.3 The analysis, the control and the diagnostic within a semantical conflict
errors (Validation) [39]

Perhaps the most important step in the evaluation phase is the analysis, the control
and the diagnostic within a semantical conflict errors of the derived workflow designs
by experts. The analysis, the control and the diagnostic involve the semantic correctness
of the model: are the right things being done? Although the product specification is the
proper source for deriving what should be done, misinterpretations or improper use of
may be the cause of a faulty workflow design. Note that semantic correctness supposes
a syntactic correctness of the workflow involved, as checked in the analysis, the control
within a structurial conflict errors step.

From a system development point of view, it is important to validate a process
design prior to the implementation of the workflow and the automation of processing
steps. It is well known that design errors that are found late in the project are very costly
to correct. Martin (1991) estimated that in software development finding a design error
during the programming, testing, and maintenance phases is respectively 3, 10 and 100
times more costly than finding it during the design. From a change management
perspective, it is also valuable to confront end-users with a design before further
development takes place. This approach involves users in the design and it enables them
to give feedback. It is also desirable that end-users realize that although the new process
design may be structurally different from the process they are used to, it can be used
for delivering the same type of products as before.

For all named the analysis, the control and the diagnostic purposes, there are
different means available. Sommerville and Sawyer (1997) name formal inspections,
developing draft manuals, paraphrasing, validation checklists, and prototyping. Casimir
(1995) also names the gaming concept as a means for system design validation.
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Common techniques to support validation include prototyping (executable model
of the requirements), simulation and development of (mathematical) models [40].

The PBWD methodology is presented in Figure 1 [41].

Requirements validation is concerned with the process of examining the
requirements document to ensure that it defines the right system (i.e. the system that
the user expects). (Kotonya & Sommerville, 1998)

Evaluation

Verify workflow models
structure, behavior
Validate workflow models
prototyping, gaming, inspections
Establish performance workflow models
simulation, analytical methods
Present workflow models
selection. implementation

Figure 1. The PBWD methodology

3 Grammatical-algebraic approach to control, analysis, modeling,
interpretation and reengineering of DDW

3.1 Structural-behavioral analysis, control and diagnosis of DDW
(Verification)

Structural-behavioral analysis of DDW ensures control of its topological
correctness and diagnostics (determination of the cause of the error in the form of a
route in the DDW leading to an error) according to the following properties:
attainability, safety, liveliness, justice [15].

The reachable property is the ability of the system (person) to obtain the desired
result in the future, following the DDW.

Security properties (security) are both the absence of queues from tasks in the DDW
when the enterprise's goal is achieved.

The liveness property is the activity of all structural units in the DDW, i.e. There is
no such structure in DDW that can be removed, and the system will work without
behavior changes.

The property of fairness is both a causal relationship of issuing tasks and obtaining
resources for their implementation.

When analyzing, monitoring and diagnosing DDW, as a rule, the following series
of typical structural errors are identified: deadlock, endless loop, problems with access
to resources, blocking of resources, limitation of liveliness (Limiting the liveliness). In
[39] they cluster them into two categories: The Lack of Synchronization structural
conflict, the deadlock structural conflict.

The authors propose to use the developed @R VT-grammar for stochastic-behavioral
analysis, control and diagnosis of DDW.
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3.2 Semantic analysis, control and diagnostics of DDW (Validation)

The semantic errors of the DDW are the most "dangerous" in terms of the
consequences of incorrect system behavior, and also difficult to detect.

Validation, however, checks the final draft of the document for completeness,
ambiguity and correctness. Demonstrating that a set of requirements meets the needs of
the stakeholders. Common techniques to support validation include prototyping
(executable model of the requirements), simulation and development of (mathematical)
models.

Engineers-designers, software engineers often use the Error Checklist, which
consists of listing the necessary test works to determine a malfunction in the system
operation or a conflict situation in the DDW.

Here is an example of Checklist's mistakes of a software engineer, taken from [40].
1. Identify interfaces between the system and the operating environment in order to analyse hazards of the
interfaces.
2. Identify interfaces between the system and the operating environment in order to analyse system level
hazards.
3. Identify interfaces between the system and the operating environment in order to analyse human-machine
interfaces.
4. Identify interfaces between the system and the operating environment in order to analyse hardware-
software interfaces.
5. Identify interactions of subsystems within the system in order to analyse propagation of failure modes (i.e.,
hazards).
6. Identify interactions of hardware subsystems within the system in order to analyse
incompatibilities between or at interfaces.
7. Identify interfaces between disciplines in order to interpret disciplinary specific terminology between
disciplines.
8. Identify interfaces between disciplines in order to co-ordinate interdisciplinary efforts to mitigate risk.
9. Identify human-machine interfaces within the system operating parameters in order to assure that system
demands do not exceed human physical or cognitive limitations. (Have we uncovered a potential fault)
10. Identify hardware-software interfaces within the system to determine compatibility of software and
hardware at the interfaces. (Have we uncovered a potential fault)
11. Assess the adequacy of information exchange at hardware-software interfaces within the system.
12. Identify human-hardware-software-environment interfaces within the system to analyse the effect that
the software has on the system.
13. Identify applicability of hardware failures as they affect the system.
14. Identify the effect of the environment on the system.
15. Identify the importance of design element factors in terms of their effect on the system.
16. Identify software functions that are critical to the safe operation of the system.
17. Identify safety critical elements in the software specification.
18. Discern proper and improper software controls for hardware operation.
19. Develop criteria to ensure that human limits and boundaries of operation are not exceeded.
20. Identify relationships between human operators, procedures, machines, and the environment which
ensured total system operational safety.
21. Define relationships between human operators, procedures, machines, and the environment to ensure total
system operational safety.
22. Evaluate workplace design to ensure that operational flows and human requirements are compatible with
safe operations.
23. Develop and evaluate procedures to ensure proper operational flows and correct operator reactions to
anomalies.
24. Define proper safety program activities commensurate with the development life cycle of the system.
25. Define and co-ordinate the system safety program life cycle with the system engineering life cycle.
26. Identify the safety implications associated with each life cycle phase of the system.
27. Identify the effect of the life cycle environments on the safety of the system.
28. Identify the effect of the system’s life cycle on the environment.

149



Grammatical-algebraic approach to control, analysis, diagnostics, modeling,
interpretation and reengineering of dynamic design workflows (DDW) of a large design
organization

29. Evaluate procedures to ensure proper operational flows and correct operator reactions to anomalies.
30. Determine potential human errors and their effects on the system.

The authors developed a method for locating and localizing semantic errors in
DDW, based on temporal logics, automata and ®RVT-grammar.

3.3 Formalization of the DDW properties specification

The DDW properties specification describes the requirements for the behavior of
the system (executor) and can be specified by the temporal logic formula in the form of
a disjunctive-normal form as follows:

0::plo[—oleVelepleUe, (1

where p is a temporal atomic predicate (atomic predicate), — is a negation, V is logical
‘UJI, an operator o is a temporal operator NextTime (X), U is a temporal operator
Until. Moreover, eemporal atomic predicate p eakes on value ‘0’ or ‘1° at specific time
intervals and, unlike the predicate of first-order logic, does not depend on its structure.

Example. The chief designer sector checks design documentation (DD) for the
product for errors, makes a decision: give it for revision in the presence of errors or, in
the absence of errors, transfer to design engineers in separate design bureau — Design;
and the head of the laboratory sector checks the design documentation (DD) for the
product for errors, makes a decision: return it for revision in the presence of errors or,
in the absence of errors, transfer it to the laboratory in the Laboratory. The formal entry
looks like this:

@ = Design Vv Laboratory U (No Errors in Problem Definition), 2)

where Design is a temporal atomic predicate: a sign of transfer of DD in Design,
Laboratory is a temporal atomic predicate: a sign of transfer of DD to the Laboratory,
(No Errors in Problem Definition) is a temporal atomic predicate: a sign of no errors
in the DD.

To further simplify the temporal algebraic conclusions, we define ¢ through the
temporal operator ° as:

@ =NEV(DVL)A°g, 3)

where NE is No Errors in Probmlem Definition, D is Design, L is Laboratory.

3.4 Definition timed @RV T-grammars

The authors have developed automaton grammar, called ®RVT-grammar, to
analysis and check (control) diagrams with time for the tools, described in the papers
[10-14].

®RVT-grammar has a basis of the L (R) language grammar, which can be written
as:

6=(V.LLRTn). 1)

where V = {vl, l= 1,_L} is an auxiliary alphabet (the alphabetical operations with the

internal memory, and card(V) - ©); X ={a;l=1,T} is a terminal alphabet,
which is the union of its graphic objects and links (the set of primitives); £ = {@, t =
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1,T} is a quasi-terminal alphabet, extending the terminal alphabet. The alphabet
includes:
e quasi-terms of graphic objects,
e quasi-terms of graphic objects with more than one input,
e quasi-terms of links, marked with the specific semantic;
e quasi-term for the end of an analysis;
e R={r,i=1,1} is the scheme of the grammar (a set of rules, where each
complex 7; consists a subset P;; ofrules, where r; = {P;j,j = 1,7});
e 13 €ER is an axiom of RVT-grammar (the initial complex of rules), 1, € R is
a final complex of rules.
The complex of rules P;,,, € r; is given as:

gt T A, )

where W, (vy,...,1,) —n-ary relation, defining an operation with the internal memory
dependingony € {0, 1,2, 3}; 5, € R isthereceiver ofrules, T € {t,t,,t5 ..., t,} is

a set of timed labels (time stamp) with given functions FTX:X - T and FTX:X2 > T
accordingly; ¢ ia a temporal formula of a specification.

The internal memory is presented by a stack for processing the graphic objects that
have more than one output to save the information of link-marks, and elastic tapes for
processing the graphic objects that have more than one input to mark the number of
returns to a given vertex, and hence the number of incoming links. It should be noted
that the elastic tape reads data from cells of the internal memory without a content
destruction, and the cells of elastic tapes operates on data as a counter defined on
positive integers.

The chain of ¢ = a;4, apy, ..., @, is called RVT-derivation ;; from a;; and it

RV
is denoted a; = a; if for any §<A and 7, ER are as ag.q €T, ,

T, A\ (p) €.

®RVT-grammar is effective both for generating and recognizing.

The application of any complex of rules r,(@wRVT-grammar axiom) generates
some chain of language L on its ®RVT-grammar. The complex of rules determines
both the initial symbol of generated chain, the operation on the internal memory, and
also the name of receiver of rules. The generation is completed using a complex of rules
with 7, on the right-hand side.

The recognition of the chain runs verifying the first symbol using rules r,, while
next symbol appearing, and the last symbol of the chain must belong to a complex of
rules with 7, on the left-hand side.

The use of rules is accompanied with appropriate operations on the internal
memory. The internal memory is empty at the start, and at the end of these processes,
the memory contains operations of rules with 73, on the right-hand side.

Temporal formula ¢ says that the implication of the contents of the magazine belt
(vy,...,v,) must satisfy ¢, otherwise, there is a semantic error in the DDW, i.e.

Ao 5> wy(Vq, ..., 1) /W3 (Vq,..., v, # D) 3)
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Taking into account formula (3) and slaves [10-19, 32, 39, 40], the authors introduce
the following new class of semantic errors of DDW: lack of necessary (for example,
lack of quality control of the source code of the computer program due to the short
development time in DDW, which can lead to costly mistakes in implementation,
implementation and operation).

Thus, the DDW diagnostics is realized by means of a step-by-step trace of the
content of the magazine tape with the fulfillment of the condition ¢.

3.6 Interpreting and reengineering DDW

The implementation part of the DDW in the form of the source code of the graphic
primitive, which is an object of the compiler interpretation, can be represented in
different languages, including high-level languages (for example, Object Pascal
(Delphi), Visual Basic for Application), which allows it to be converted in the diagram
view, including Active Diagram UML, and check for errors using ®RVT-grammar.

Exploitation DDW allows to present in detail the design and technological
processes of the enterprise and can serve as useful information to the management with
the aim of reorganization of the enterprise, including reengineering. When
reengineering DDW, the existing workers (operating in production) are analyzed, and
not planned in the future. At the same time, the structural and behavioral analysis of the
DDW, the semantic analysis of the DDW, the introduction of changes in the DDW with
the aim of optimizing them in terms of greater automation of design and technological
work and increasing the overall production efficiency are carried out. The optimization
criteria can include such categories as time, number, volume, money, etc., which can
be verified automatically and validated using the temporal formula ¢ present in the
mathematical apparatus ®RVT-grammar.

4  Conclusion

The authors developed a grammatical-algebraic approach to the analysis, control,
diagnostics, modeling, interpretation and reengineering of DDW based on its own
®RVT-grammar. The scientific significance of the approach is represented by the
®RVT-grammar, which takes into account the temporal nature of the DDW, provides
structural-behavioral and semantic analysis, control, diagnostics, modeling,
interpretation and reengineering of the DDW, and extends the class of errors.

In the future works, the authors plan to conduct experiments on BPMN, eEPC,
Active Diagrma UML and other graphical temporal languages for the development of
complex systems, taking into account the data of design and technological preparation
for the production of a real enterprise.
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