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Abstract

The tools industry is on the verge of providing the practicing systems engineer with the ability to efficiently perform systems analysis and manage design products through the integration of graphic UML modeling capabilities with established requirements repositories.  Unfortunately this integration is potentially hampered by an in complete behavior modeling construct in the UML.  This paper discusses the systems engineering need, critiques the UML Activity and Sequence Diagram’s shortcomings and proposes a recommendation for evolution of the UML 2.0 to facilitate industry development of an integrated systems engineering tool set, by describing the key attributes of such a tool set.
Introduction

For some time now in our consulting work we have been frustrated with the lack of available tools and automated techniques to efficiently integrate system analysis products with design products, specifically the tasks of requirements derivation, system design, and design validation against requirements and the maintenance of the design documentation and analysis products throughout the product lifecycle.  The Systems Engineering problem space we, as systems engineers, are primarily dealing with is behavioral decomposition through graphical modeling and the linkage between the model and the requirements set - typically a DOORS® database.  

In separate work with both Lockheed-Martin and Boeing we have been using a diagram we call the Scenario Sequence Diagram to model system behavior.  Associated details are captured in a table we call the Event Flow Table, together these comprise an Analysis Package which serves to document the behavior scenario under analysis and the resultant system design.  Knowledge gained through the process is manually flowed into the traditional requirements and design documents.
The graphic modeling approach of the SSD has some similarity with UML diagrams but we feel the SSD fills a behavior analysis void present in both the UML Activity Diagram and the Sequence Diagram.  Since the void is in the UML none of the UML drawing tools adequately address our needs - and over the years we have explored many, beginning with ROOM, System Architect, Enterprise Architect and of course Rose.  Again, all fall short of our needs.  Also, since the void is in the UML, the evolving tools which integrate between UML graphic models and the requirements databases also miss this.
This paper supports the needs for a tool set to facilitate the Systems Engineering process, describes the attributes of such a tool set and proposes a recommendation for evolution of the UML 2.0 to facilitate industry development of such a tool set.

Goal of SE

The goal of Systems Engineering is to evolve a customer desire through a methodical, systematic, analytic process which considers Operations, Performance, Test, Manufacturing, Cost & Schedule, Training & Support, and Disposal throughout the entire development lifecycle
 into an achievable and deliverable product.  The product being a system which fulfils the customer’s goal.  

Of interest are systems of sufficient complexity to warrant rigor and strict methodology in the systems engineering effort. Such systems have the attributes of being; hierarchically structured, comprised of complex objects, exhibit complex behaviors, and exchange messages both internally and externally.

Key Objectives and Challenges

Design Artifacts
The key objective of the systems engineering craft is system design. System design is the mechanism for the achievement of functionality. A design has physical, logical, performance and behavioral aspects.

Analysis is performed to determine the appropriate design and is documented for use throughout the project development cycle in various Systems Engineering artifacts. Typical artifacts of the Systems Engineering effort include: Requirements Specifications, Interface Control Documents, Operations Concept Documents, Physical and Logical Design Documents. Together the specification suite, Conops and Design Documents capture the essence of the system; requirements, behavior, architecture and performance.

Requirements — Contractual statements of what the delivered system “shall” do.

Behavior — How the system must behave to achieve the desired functionality (conops).

Architecture — HW, SW and Human implementation of design.

Performance — Quantifiable parameters within which the system will perform.

None of these artifacts stand alone and integrity within the artifact suite is paramount to success.

Maintenance

The Systems Engineering development process spans a lifecycle which progresses through; (1) System Function Understanding, (2) Initial Function Decomposition, Notional Architecture Development, and Function Validation (3) Detailed Design Development and Validation, (4) Assembly, Integration & Test and (5) Requirement Verification & Sell Off. Complex projects often span many years during which contractor and customer personnel turnover will dilute the “common understandings” which are typically perceived to be present at project inception.

Example SE Approach — Analysis Packages with Scenario Sequence Diagrams

Prior to discussing the attributes we feel necessary in a Systems Engineering modeling tool set it may be worth while to detail our homegrown approach - the Analysis Package.  
The Analysis Package artifact is the “wrapper” around the Scenario Sequence Diagram and the Event Flow Table.  The Analysis Package structure begins by introducing the scenario under study (Use Case), identifying prerequisite conditions, and listing the driving requirements for the Use Case. At this point in the AP structure the Scenario Sequence Diagram is inserted followed by the Event Flow Table.  These two products are the core of the package and capture all the essential details of the analysis.  The Analysis Package concludes with a statement of post conditions.  

The standard approaches and techniques for problem space definition and critical element identification are an essential part of this process but won’t be discussed here.

Scenario Sequence Diagram 

The Scenario Sequence Diagram (SSD) is a graphic depiction of a behavior sequence.  The key elements are:

· Actors – Actors are represented as boxes, except for human actors which are shown as stick figures. The actors of a scenario are shown across the top of the diagram.

· Lifelines – Lifelines are the vertical lines drawn down from each actor.  Time proceeds down the page.

· Use Case – Use Cases are the behaviors of the actors.  Use Cases are shown as “bubbles” on the lifeline of the actor executing the behavior.

· Messages – Messages are sent from a source to a destination actor.  Messages typically trigger an activity of the destination actor.  Messages contain data and/or control directives.  

· Transaction – A transaction is a sequence of behavior consisting of a message from a source actor to the destination actor, initiating the Use Case of the destination actor.

Figure 1 illustrates these elements in a trivially simple system.
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Figure 1 3-way lamp Scenario Sequence Diagram
Utility of the Scenario Sequence Diagram
The Scenario Sequence Diagram is a multi-purpose diagram external to the UML which captures many aspects of physical and functional architecture, and system behavior, in one diagram.  The Scenario Sequence Diagram supplants several of the diagrams used in Systems Engineering design diagrams and provides utility beyond the combination of all of them.

Context Diagrams - The SSD, by listing the involved actors across the top of the diagram, illustrates the system’s physical, and functional, context and shows which actors interact in the scenario.

Interface Diagrams - The SSD, through depiction of message traffic graphically, illustrates physical and logical interfaces between actors.

Data Flow Diagram - The SSD data messages illustrates data flow between actors.

Data Dictionary - The SSD, and especially the companion Event Flow Table, through the capture of each specific message provides the equivalent of a data dictionary for the scenario.

Message Sequence Chart- The SSD illustrates sequential message exchanges between actors accomplishing the scenario.

Use Case Model Diagram – The activities populating the vertical “life lines” of the actors are the Use Cases executed by each actor for the scenario.

Activity Diagram - The SSD, through depiction of sequential Use Case execution is analogous, but superior, to the UML “Activity Diagram” in that it identifies the behaviors required of the actor in the execution of the scenario.  The UML “activity diagram” merely shows state without exposing or elaborating behavior.

Event Flow Table

The Event Flow Table is the textual companion to the Scenario Sequence Diagram (SSD) but, provides significant additional aspects which enable the Analysis Packages utility as a design and requirements validation tool. Structurally the Event Flow Table is a multi column table capturing the Source, Destination, Message and Activity of each “transaction” in the SSD. Because the SSD is a sequence the first 2 columns of the EFT can be used to capture the sequential numbering of the transactions in the SSD and relative times (typically t -0 times) for sequences of transactions. Additionally the Requirements and assumptions columns are used to allocate requirements to design (or derive requirements from functions) and to capture assumptions associated with either. A comments column is often useful to capture the extraneous bits of information exposed during the analysis of the behavior.  Additional columns are often added for specific attribute capture such as constraints and fault mode identification.  

The analysis package may be revisited several times during the development lifecycle with emphasis on various aspects of systems engineering appropriate to the time in the lifecycle.  Requirements derivation, design validation, verification planning and test development, operations procedure development, and troubleshooting are some of the aspects of systems engineering that are assisted through use of the Analysis Package.

Table 1 Event Flow Table (format)
	#
	T/L
	Source
	Destination 
	Message
	Action
	Requirement
	Assumption/Comment

	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	


Function/Utility of the SSD and EFT Elements
	Event Flow Table Column(s)
	Function/Utility

	Source - Destination-Message-Activity columns


	The Source — Destination —Message- Activity columns provides textual description of each transaction represented in the Scenario Sequence Diagram. Together the SS and EFT allow customer validation/clarification of contractor interpretation of requirements and customer Conops intent. (A-Spec, System Conops)

SSD and Event Flow Table consists of linkages of Segment level Use Cases (activities) necessary to implement the system use case. (System Conops)

	Activity Column


	The Activity column identifies behavior, as next level Use Cases, which correspond to necessary next level Spec requirements. (B-Specs)

Identified next level Use Case list provides starting point for next level behavioral decomposition. (C-Specs)

	Source — Destination -Message

Columns
	The Source — Destination -Message sequence defines necessary system interfaces and their function. (ICD/IRS)

	Requirements Column
	Shows contractors association of requirements with system behavior (Conops) allows customer validation/clarification of intent. (A-Spec, System Conops)

	Assumptions Column
	Identifies contractor assumptions regarding ambiguous requirements allows customer validation/clarification of intent.

	Design Comments Column
	Identifies contractor assumptions regarding ambiguous conops intentions allows customer validation/clarification of intent.


Additional discussion of SSD conventions can be found at http://www.sanelson.com/Work/SAN_work.htm#Papers 

The Quest

The quest has been for a tool set that supports analysis modeling and allows integrated requirements and design capture thus facilitating the maintenance of the design documentation and analysis products throughout the product lifecycle.  Such a tool would allow graphical modeling and annotation of system scenarios hierarchically through the system providing unambiguous views of the system while enforcing semantic and architectural integrity. Such a tool would integrate the separate SE artifacts into an integrated whole while facilitating the production of individual artifacts.

Tool Set Discussion

The remainder of this paper discusses the basic elements the author feels necessary in a Systems Engineering Tool Set for the practicing Systems Engineer.

Elements of a System

Systems have hierarchy
Both the physical and logical elements of the system decompose. Objects are made up of objects and functions are implemented by sub-functions. Systems Engineering typically employs a “top-down, bottom-up” approach to understand the entire system. In such an approach the basic building blocks of the system aggregate together to fulfill higher level system functions while higher level functions and object decompose into their elements. A layered approach to the system problem space facilitates the analysis through each abstraction layer.  Each layer is identified as a level.

Level 0 is the entire system being developed without any decomposition into internal structure.

Level 1 is the entire system, exposing the first level of decomposition structure, the Segments.

Level 2 expands the system decomposition to include the sub structure of the segments.

The system external interfaces remain the same at each level.
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Figure 2 System Layers

Tool set needs related to hierarchy:

The solution tool set must support graphic depiction of nested objects and nested behaviors.

Facilities for “drilling down” into underlying structure and functionality must be supported along with capability for navigation upwards through increasing layers of functional and architectural abstraction.

Systems are composed of objects

Objects are abstractions of implementation. Objects make up the architecture of the product. Objects may be physical or logical and include human actors within in and external to the system. Objects are the entities which provide functionality but they are not the functionality. As mentioned in the discussion of hierarchy, objects have hierarchy. The concept of classes pertains but, in the author’s experience, is not really of utility to the practicing systems engineer. What is of interest is interactions between objects — interfaces and messages.

Tool set needs related to objects:

The solution tool set must support allocation of descriptions to architectural elements (objects).

The solution tool set must support graphic depiction of nested objects.

Objects must have architectural integrity throughout the hierarchy.

The solution tool set must support messaging between objects.

Facilities for “drilling down” into underlying structure must be supported along with capability for navigation upwards through increasing layers of architectural abstraction.

Objects have behavior

Behavior is the functionality expected of the system. At the highest level it is what the customer expects the system to do. System behavior is defined in the System Spec as the set of system requirements.

Behavior is hierarchical with system level functions implemented through the behaviors of multiple objects of the architecture interacting together. Functions are analyzed as scenarios of behavior. System Behavior scenarios are Use Cases. They are depicted as threads of behavior across the system. Not all Use Cases are equally important, during the system design process the Use Cases are prioritized based on risk and the high priority Use Cases are elaborated.

Mission Success Risk- Essential Mission Functionality

Integration Risk -Complex Interfaces & Interactions

Development Risk - New technology or application

Tool set needs related to behavior:

The solution tool set must support allocation of behavior to architectural elements. Behavior = = functions = = requirements

Behavior descriptions must integrate with specifications databases as requirements and be exportable into text specification documents.

Behaviors must have functional integrity throughout the hierarchy.

Facilities for “drilling down” into underlying functionality must be supported along with capability for navigation upwards through increasing layers of functional abstraction.

Objects exchange messages

Messages are the communication of data and control directives between objects of the architecture. Messages are essential for the initiation and execution of functions. Complete and accurate capture of message structure and interface is essential to development, assembly and integration of the system.

Tool set needs related to messaging:

The solution tool set must support allocation of message traffic between architectural elements.

Message description elements must integrate with Interface Control Document databases and be exportable into text ICDs

The Opportunities

Recent developments in the tools industry appear to provide the potential for achievement of this “Holy Grail” of a systems engineering tool set integrating; requirements, behavior, architecture and performance. Notable in these developments are the migration of UML towards UML 2.0 with the specific intent of supporting Systems Engineering, and the integration of graphic modeling tools (supporting UML 2.0) with existing requirements databases such as Telelogic’s DOORS®.

UML 2.0 Activity and Sequence Diagrams
The UML 2.0 has evolved 2 diagrams which appear to migrate the UML towards the utility of the SSD. These are the Activity Diagram and the Sequence Diagram.

The UML Activity Diagram

The UML Activity Diagram, which is really a state diagram, supports allocation of “activities” to “objects” through placing of the activity within the swim lane of the object. Sequence is depicted through the connection of activities. Explicit messaging does not appear to be supported.

The UML 2.0 acknowledges that activities (states) may potentially contain complex behaviors. With this acknowledgement UML 2.0 has provided the ability to depict nested states. While activities are states in the UML parlance, this acknowledgement of complexity of behavior should be extended to the acknowledgement that these “states” or “Activities” are truly behaviors or Use Cases.  Use Cases should maintain semantic and architectural integrity throughout the model.  It is unclear that the UML enforces semantic integrity of these behaviors through naming and hierarchical organization of these “activities” since they are not recognized as Use Cases, behavior or functions. The concept of hierarchical functionality should be explicitly supported. 
The UML Activity diagram does not rigorously support messaging between objects.  Annotation of message details would provide the mechanism for migration into and integration with ICDs.
The UML Sequence Diagram

The UML Sequence Diagram duplicates the sequence depiction capability of the Activity Diagram by depicting the sequential flow of messages through a scenario. The swim lanes of the activity diagram are replaced with actor lifelines. Message traffic is represented as arrows between the lifelines. Text attributes of the message arrows allows fairly detailed description of message elements. The Sequence Diagram resembles the SSD however the UML sequence diagram does not support allocation of behaviors to actors. The UML sequence diagram does support a convention of Activation Boxes or Invocation Boxes which alludes to the need to identify behavior. However, it is not apparent that the UML enforces semantic integrity of these Activation Box or Invocation Box elements through recognition of them as behaviors (Use Case) and therefore hierarchical organization is not maintained.  The concept of hierarchical functionality should be explicitly supported. 
Recommendation

For the practicing Systems Engineer in the field, integration of the UML Activity Diagram with the UML Sequence diagram into a possibly new composite UML diagram analogous the Scenario Sequence Diagram would be advantageous.

This new diagram would facilitate depiction of allocation of functions to objects, and message traffic between objects, while providing mechanisms for comprehensive allocation of attributes to the Objects, Messages and Functions.

This postulated new diagram would provide a single modeling artifact supporting the core needs of the System Engineer.

Development of this new diagram would facilitate integration of graphic modeling tools (supporting UML 2.0) with existing requirements databases such as Telelogic’s TAU effort.

Summary

The practicing Systems Engineer is in need of a tool set that facilitates performing the analysis necessary to design and document complex systems without adding unnecessary complexity. Such a tool set would support graphical modeling of hierarchically structured systems, comprised of complex objects, exhibiting complex behaviors. Such a tool set would support thorough annotation of system elements including objects, behaviors and messages. Such a tool would facilitate generation and maintenance of SE artifacts (specifications, Operations Concept Documents and ICDs) by providing a single integrated annotated system model.

============================================================

Steve Nelson is a practicing systems engineer and consultant with Albin Engineering Services Inc.  He has over twenty years experience in systems engineering with breadth and depth understanding of all engineering disciplines, in all development stages.  He is experienced with; design, development and delivery of complex systems and with systems engineering process development and improvement including personnel training with Lockheed-Martin, Boeing and their associates.  Steve’s current assignment is with Boeing - Integrated Defense Systems, Seal Beach, CA.
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