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1.
A Brief Trip Through History

It may be hard for some young engineers to accept this reality but there was a time when there was no computer software on planet Earth or digital computers in which it could run. In the 1950s as software began to become a part of systems, everyone accomplishing any kind of problem space analysis where the solution was going to be implemented in hardware or software would have applied some form of flow charting as noted in the beginning of Figure 1 on the left. Over the past 50 years many very smart people have continued to develop new modeling methods for the computer software domain as noted on the top path of Figure 1. Meanwhile, system engineers have remained attached to what the author calls traditional structured analysis (TSA) as suggested on the lower path of Figure 1. TSA is built around some form of functional flow diagramming, several of which have been developed, not that much different from the flow charting used by early digital computer programmers. We all began with a universal model.
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Figure 1  The History of Structured Analysis

Modern structured analysis (MSA) evolved under the leadership of Edward Yourdon, Tom Demarco, and a host of other software developers. It is a functional analysis approach recognizing computer processing in the form of bubbles that are interconnected by directed line segments that route data between processing bubbles and temporary stores to form a data flow diagram (DFD).  A data dictionary defines all of the data flows and stores and a p-spec defines the computer processing that must take place in each lowest tier bubble. Requirements are derived from the p-specs and data dictionary. Derek Hatley and Imtiaz Pirbhai teamed to describe a variation on MSA that added a second analytical plane for analysis of control needs expressed in a control flow diagram (CFD) separated from the computer processing plane expressed on the DFD. After Imtiaz's death Peter Hruschka joined Derek to continue the development of what they now call a Process for System Architecture and Requirements Engineering (PSARE). 

The inclusion of PSARE with MSA on Figure 1 is deceiving in that it actually can be used for systems, hardware, and software modeling. In this paper PSARE will be recognized as a main element of one of the universal architecture description frameworks identified.

Many software analysts believed that an object oriented analysis (OOA) approach would be an improvement where the analyst first attempted to identify the objects of which the software would be composed followed by a dynamic analysis of each object from a functional perspective using a data flow diagram and behaviorally using a state diagram. An architect Louis Sullivan in the early 20th Century coined a phrase describing how he thought an architect should design a new building with the phrase "form follows function" that many system engineers over the years have accepted as a great truth. This was expressed in "newsletters" Sullivan wrote to his kindergarten (young architects in Chicago) later quoted in " Kindergarten Chats and Other Writings". To system engineers the early OOA encouragement of function follows form was simply backwards and wrong headed.

A system architecture description can be said to consist of a comprehensive modeling set that includes coverage of the problem and solution spaces plus a means to capture the requirements derived from the models. The order in which we attack the modeling work is very important but not necessarily always the same as we will see. But for the situation where we are developing a solution for an unprecedented problem most system engineers would agree that Sullivan was right. Many software engineers continue to believe that the early OOA sequence was correct.

The many variations on OOA led some software developers to evolve under the banner of the Object Management Group (OMG) what came to be called unified modeling language (UML) that begins an analysis with use cases that examine the inside-outside relationship of the system with its environment much like MSA does with a context diagram. A set of dynamic modeling artifacts are applied to describe the use case and in the process lower tier static entities are identified down to the object level paralleling the process employed in TSA. A universal architecture description framework could be formed using TSA and UML but it will perpetuate parent-child traceability problems at the boundary.

Congress passed a law that requires any government agency requesting funding for the development of an information system to describe it in an architecture framework. Never slow to encourage continued access to funding, the Department of Defense developed a modeling framework to serve their needs in developing systems to deal with the fantastically complex problems arising in development of systems that must master the union of command, control, communication, computers, intelligence, surveillance, reconnaissance (C4ISR) problems. This framework is called the DoD Architecture Framework (DoDAF) involving 26 different modeling artifacts. This framework is not comprehensive as it is not useful in developing hardware entities but the initiative gives us a pattern to apply in a search of a universal framework.

The difficulty in the development of computer software and its interfaces with hardware entities encouraged some software and system engineers to cooperate in an effort sponsored by OMG and the International Council On Systems Engineering (INCOSE) to develop a profile on UML to model the problem space related to systems and hardware entities called system modeling language (SysML). The fact that it uses many of the same modeling artifacts as UML encourages the conclusion that the union of UML and SysML might bring us to utopia on the right hand side of Figure 1.

Throughout this 50-year evolution, groups of very smart people have developed modeling approaches some of which became very popular. It is likely that the stream of new model development will not end at this point in the story. We have been very creative in developing modeling methods and languages but not so effective in integrating and optimizing across these models toward a universal modeling capability. One would find people today using every one of the models depicted on Figure 1 but there is some hope that the combination of UML and SysML will continue to mature and merge more tightly together offering a universal modeling approach. Unfortunately, the union of these two as presently defined is not comprehensive. But one can add four artifacts from TSA forming a universal architecture description framework that can be employed on any program no matter the problem space or the intended methods of implementation. 

Alternatively, a similar variation on PSARE can serve the same purpose. In the process of investigating these many models and ways to evolve a universal framework, the author became convinced that there is a need for the application of integration and optimization to the current model collection to the end that a system engineer or development organization may select and successfully apply a particular comprehensive collection of modeling artifacts that they find effective and that cover the complete problem space they have to deal with. Thus we find ourselves in the period of adjustment on Figure 1 working towards utopia with the modeling capabilities history has provided us.

A subset of all of the modeling methods available that can be shown to be comprehensive is referred to in this paper as a framework within which the architecture of a system can be described and from which all requirements can be derived. This universal architecture description framework should also be characterized by a coordinated means to define corresponding design concepts that validate the requirements derived from the models and a means to collect those requirements into what we call a set of specifications. The frameworks offered in this paper identify a specific set of modeling artifacts that are collectively comprehensive and apply a set of modeling IDs (MID) to those artifacts from which requirements will be derived. The analyst must transform the modeling features identified by MID into requirements of one of four kinds and allocate them to a product entity or product entity relationship (interface) thereby identifying the product entities and relationships as well as characterizing them. A requirements analysis sheet (RAS) is offered as the means to coordinate modeling artifacts identified by MID to requirements and thence the product entities that will be responsible for satisfying them.

The process of applying the method covered in this paper can be distilled into a simple string of tasks ideally applied top-down with functional analysis preceding concept analysis:

a. 
Progressively apply a comprehensive modeling set to problem space interactively synthesizing product entities and relationships and appropriate requirements for them into design concepts trading between alternative appealing solutions where necessary.

b.
Identify the artifacts on the modeling sketches with modeling ID (MID).

c.
List the MID in the RAS, characterize each, and allocate to entities and relationships.

d.
Publish specifications and subject to a formal approval and release process.

This paper uses models to describe architecture description frameworks so those two words must be clearly understood as a prerequisite. Bran Selic, a respected name in modeling work, described a model by listing its characteristics as follows:

a. 
The use of abstraction to emphasize important aspects while removing irrelevant ones.

b. 
Expressed in a form that is really understandable by observers.

c. 
Fully and accurately represents the modeled system.

d. 
Predictive such that it can be used to derive correct conclusions about the modeled system.

e. 
Inexpensive meaning it is much cheaper to construct and study than simply building and observing the modeled system.
The word architecture has many meanings. There was a time when the author applied the word only to the things of which the system consisted but he has been influenced by the content of Eberhardt Rechtin's book "System Architecting" to go beyond the things in a system. The author has selected the definition included in DoDAF that recognizes a particular collection of things forming a whole combined with a clear understanding of what the things do, how they relate to each other, and the rules and constraints under which they function at a particular point in time.

A system is said to be a collection of things that interact to achieve a specific purpose. A system has an architecture that consists of the things that comprise it, their relationships, and what they are intended to accomplish within the context of a particular environment. Figure 2 offers a view of the way we commonly create systems to satisfy complex needs.
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Figure 2  A Backward View of System Development

A system can be defined as a process (commonly arranged in a circular sequence in the interest of reuse of assets) that organizes collections of things (A) interconnected in particular ways (I) to accomplish particular functions (F) within a particular environment (E). A is the set of all things in the system while A* is the power set of A containing all subsets of A. The process we select for the system translates the cross product of the power sets noted onto the function set and when we can cover the function set in N revolutions of the process set having used all of A we can say we have a consistent system. We have to develop unprecedented systems based on a little knowledge of the desired ultimate functionality often referred to as the customer need statement. We can instantly associate this functionality with the solution that is the complete system without knowing a great deal about what the system is. We decompose the ultimate functionality, describe it in terms of essential characteristics called requirements, and allocate these requirements to a product entity structure (A) the elements of which are related by interfaces pre-determined by the way we relate functionality to the product entity structure. We model all of these facets of the evolving system because there is no current reality at the time we begin creating it. So, one can say that an architecture description is a way to describe a system using models. In this paper a collection of models forms an architecture description framework. If that collection is comprehensive it may be called a universal framework.

The reader should recognize that problem space modeling is only one facet of the architecture that also should include an expression of the solution space intent as well. As the problem space becomes more clearly understood a synthesis must be accomplished possibly involving trades to determine the best achievable and affordable solution. Simulation work may also be effective in helping to focus on both the problem and solution space descriptions of merit. Finally, a means is required to capture the requirements derived from the models including the traceability between requirements and the driving models. This paper deals only with the problem space description from modeling through requirements capture.

2. 
Current Problems

Currently software architecting in some development organizations follows a pattern that is sufficiently different from the systems and hardware architecting pattern of work that it is unnecessarily difficult for management and system engineering people as well as hardware and software people to understand and correlate the two processes. This can lead to a frustrated acceptance on the part of management and systems people that the software people know what they are doing and can be left alone motivated by an inability to understand their methods. Obviously, the whole of the system must be brought under an effective integration, optimization, and management influence not just the hardware aspects especially since the hardware aspects are a shrinking subset of the whole and the least complex part of it. It is possible to re-order the software development pattern practiced by some slightly to encourage improved hardware-software integration and management visibility while simultaneously improving the software development process in the opinion of the author. 

The author, a long time professional system engineer with a hardware-dominated background, makes no claim to being a gifted software architect but has attempted to fashion an integrated approach that will encourage system and software engineering participation in the final closure of the modeling split that has existed in industry for the past 50 years. 

As computer software came to be a reality with the acceptance of a computer design concept calling for use of binary arithmetic and an instruction set to be stored in the computer that would be called from memory in sequence to execute a planned series of steps in a program, the software would be diagrammed in flow chart form by people who understood how the computer hardware worked. These engineers would then transform the flow chart depiction into code using some language that was initially machine language formed of 8 or 16 bit words or strings of ones and zeros based on the design of the binary digital computer hardware and the registers of flip flops and logic gates it used for control, storage, and arithmetic operations. Over a period of several decades including the 1960s through the 1990s, the computer software profession developed a string of new modeling approaches shown in Figure 1. 

We have been very successful in inventing new modeling approaches but we have not applied good integrating skills toward unifying the modeling work about a common core. The work that the system engineer accomplishes in the early development period on a program is focused on understanding the problem to be solved and clearly describing it for others. As suggested in Figure 3, the system engineer stares at problem space through a multi-faceted set of planes each dealing with a particular perspective. Models are commonly crafted using simple graphic images that move into the human mind through vision, the most powerful conduit for information to make the transit from outside to inside. The analyst creates these simple images through hand-eye coordination with pencil and paper or using a computer keyboard, mouse, and monitor screen. 
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Figure 3   The View From Outside the Box

In many modeling approaches we view problem space through a trio of facets. We model the problem space from an object or product entity perspective to discover what the system shall consist of in a physical sense. Ideally, our conclusions about the product entity plane would be based on a prior understanding of the functional perspective such that we could follow Louis Sullivan's form follows function notion. Finally, we are interested in how the system and its product entities will behave while satisfying needed functionality. 

Some of the models we will apply are very simple and the vision mechanism works very effectively but the story transferred to the human mind is not very rich. TSA using functional flow diagramming follows this pattern. Other models involve a lot of black ink, they make the passage into the mind with difficulty but they do convey a very rich message for those who can master them. In any case, the analyst uses some combination of simple graphics to illustrate the intended functionality, behavior, and product entity structure. Over time the problem space dissipates and the system is represented by the simple graphic images that precipitate on the facets of the problem space.

It is necessary to attack the problem space from all three perspectives simultaneously. Traditional structured analysis, modern structure analysis including the Hatley-Pirbhai or PSARE expression, UML, SysML, and DoDAF all attempt to support these several views using different modeling artifacts and rules. Each of these models has useful unique features that are helpful in analyzing problem space but none of them are comprehensive such that a single model can be used as the basis for analyzing problem space to define all of the appropriate requirements for a given problem space. In that the author believes that all requirements should be derived from models and that none of the models are comprehensive, it follows that we must use a collection of models at present. None of these models were intended to be used in association with other models so it has not been easy to establish traceability across the gaps between them especially since they do not all apply the same measures of the problem space.

It is necessary to attack the problem space from all three perspectives simultaneously. Traditional structured analysis, modern structure analysis including the Hatley-Pirbhai or PSARE expression, UML, SysML, and DoDAF all attempt to support these several views using different modeling artifacts and rules. Each of these models has useful unique features that are helpful in analyzing problem space but none of them are comprehensive such that a single model can be used as the basis for analyzing problem space to define all of the appropriate requirements for a given problem space. In that the author believes that all requirements should be derived from models and that none of the models are comprehensive, it follows that we must use a collection of models at present. None of these models were intended to be used in association with other models so it has not been easy to establish traceability across the gaps between them especially since they do not all apply the same measures of the problem space.

In this period of adjustment noted on Figure 1, the author hopes to encourage a return to the condition of modeling closure that we began this whole modeling story with in the 1950s. During this period of adjustment we should be able to apply a comprehensive subset of all available modeling methods while we work toward the simplest and most effective comprehensive universal architecture description framework. The requirements for this solution in the author's view should: (1) be comprehensive such that all requirements for all elements of a system (hardware, software, and human procedures) may be derived from the model artifacts, (2) be applied in to a top-down direction for unprecedented development programs and bottom-up, inside-out or outside-in for heavily precedented development programs, (3) enter the problem space from a functional perspective for unprecedented development programs and from the product entity structure perspective for heavily precedented development programs, and (4) encourage hierarchical (parent-child), lateral (requirements to the models from which derived), and longitudinal (requirements to design features and verification artifacts) traceability.

3.
Overview of the Recommended Corrective Action

In addition to offering a set of models that can be applied in an integrated fashion as if they were parts of a single great model and suggesting ways this model set will mature over time toward a universal architecture description framework, this paper will support the idea that the models from which such a framework can be assembled already exists and can actually be applied to problem spaces today. This interim universal architecture description framework (UADF) will consist of one or more subsets of all of the modeling methods currently active from which an enterprise or system engineer can select a subset that is comprehensive. The author prefers a subset consisting of UML combined with SysML extended to provide organized methods for identification of specialty engineering/quality requirements, environmental requirements, product entities, and the map between models and product entities the latter (as well as the other three) borrowed from TSA called a requirements analysis sheet. Finally, UADF must be coordinated with a sound requirements management and specification publishing process.

For those managers who feel that their population of system engineers is not yet ready to transition to SysML from TSA, it is possible for their organization to establish their universal or combined set of models using any particular collection of models discussed in this paper while recognizing a technology growth path leading to the terminal point discussed here. One alternative universal model can be assembled from PSARE augmented by the same four TSA artifacts noted above. Some readers will be disappointed that DoDAF is not included in the final mix suggested. With 26 different modeling artifacts it was a daunting challenge to work them all into the mix. The author believes that the picture he has painted of many DoDAF artifacts left outside of the final model is not necessary but didn't wish to take the time at present to force fit them into the mix. Also, presently OMG is fashioning a way to implement DoDAF with UML artifacts that will push its modeling capability into the final mix in the form of a UML Profile for DODAF MODAF (UPDM). One additional benefit from employing the recommended interim UADF, besides having improved their requirements capability for some period of time, is that the organization will be poised for movement to whatever the final solution is in that their staff will be familiar with just about all of the ways there are to model a problem space.

4.
Modeling Methods

In this paper we will take a brief tour of the several models that could be used today, none of which are comprehensive, followed by a description about how subsets of them can be assembled into a universal set coordinated with the content of a universal specification format and a way to establish traceability across the gaps when using one particularly troublesome pair of models.

4.1
A Brief Overview of Traditional Structured Analysis

Throughout the period of the software modeling evolution, the system and hardware engineers remained with TSA or simply continued a habit of employing ad hoc approach. The fundamental approach in TSA involves some form of functional flow diagramming that is used to expand the ultimate function, the customer need, into a life cycle model such as that shown in Figure 4, and continue the analysis of the use and sustain system functions of the life cycle model into a definition of the operational and logistics functions that will be accomplished by the entities comprising the system. Sullivan's encouragement of form follows function is respected calling for identification and allocation of exposed functionality to the physical entities that will comprise the system. The functions are transformed into performance requirements that flow into the specifications for the entities that will accomplish the allocated functionality. 

Figure 4 may appear to the reader to be a dedicated waterfall model but the careful observer will see that it is compatible with waterfall, V, and spiral development models. The V model is observed by associating the definition function with the down stroke, synthesis with the bottom of the V, and verification with the up stroke. The spiral is observed by cycling through the definition, synthesis, and verification functions several times each time stripping off a lower and finer definition of the system being created.
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Figure 4  System Life Cycle Diagram

As the product entity structure is expanded, the interfaces between these entities are defined in n-square or schematic block diagrams from which interface requirements are derived. A comprehensive three-tiered environmental development tool set for system, end item, and component levels deals with all four classes of environmental stresses (natural, hostile, non-cooperative, and self-induced). A specialty engineering scoping matrix is encouraged for the orderly and comprehensive identification of specialty engineering or quality requirements.

Figure 5 is offered as an expansion of the definition process shown on Figure 4. The first cycle through the universal modeling task results in a system specification and identification of the top-level entities in a product entity structure. Today a program system team might apply TSA or SysML to build the specifications for the system and the top-level entities that can then be handed off to the top-level integrated cross-functional product and process teams (IPPT) as they are formed. 
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Figure 5   System Definition Expansion

In the event that one of the very top-level entities is software then the system team, if following the author's universal architecture description model (UML, SysML, and four TSA artifacts), will have to switch to UML to develop the specification for that entity. No top-level team should begin work on the program without being handed a copy of the specification for the entity for which that team is responsible plus the related component of the program IMP/IMS. The question addressed in this paper is the degree to which the cross-hatched portion of Figure 4 dealing with product definition, modeling, and requirements analysis can be better coordinated and simplified into a single process no matter the product implementation plans in terms of hardware, software, and procedures accomplished by humans.

Some would also push the simulation work into this area as well without serious objection from the author in that it too is a modeling process but as the reader can see the simulation and concept development tasks are accomplished in a serial fashion relative to the requirements work while the results of the modeling work at each level is spun off into the appropriate specifications. The definition and concept development work must interact in a timely way with definition work leading because the concept development work validates the requirements identified and exposes lower tier requirements appropriate to technologies related to the allocation decisions made at higher tiers.

There are several pacing possibilities in relating the definition and concept development work: (1) pure serial where all of the problem space functional analysis is completed prior to allocating it to product entities, (2) instant allocation where every function identified must be immediately allocated to a product entity, (3) layered allocation where the analysis is accomplished on one layer of the problem space and allocated to one layer of solution space representation before the next layer of functional analysis is completed, and (4) progressive allocation, preferred by the author, where the functional analysis is allowed to get a little ahead followed by allocation to product entities that acts like a delayed layered approach. The latter is believed to lead to success with the smallest amount of hysteresis loss from iteration.

Each team leader should be held responsible for the cost, schedule and performance of the entity for which his/her team is responsible but this paper makes it the responsibility of the parent team to define the requirements for the top level entity that a team is formed around. There is a good counter-argument, of course, calling for the IPPT to be responsible for its own modeling and requirements analysis work while respecting parent requirements and design concepts as a prerequisite to the related design work they will have to subsequently accomplish. This alternative case can be made very strongly for lower tier software and the author will switch to that mode a little later in this paper. It could be applied throughout rather than just to software but the author believes that the beginning including the system specification and specifications for the first tier of subordinate entities as well as the related design concepts should developed by a system team.

Top-level hardware development teams can continue to apply TSA or SysML down to the lowest tier hardware entities on any one branch, possibly forming lower tier teams in one or more layers and to the extent that multiple teams form, the parent team must take over as the system agent for its child teams. The performance requirements derived from the functions are entered in a requirements analysis sheet ideally implemented in a computer database application from which specifications can be published. The functional decomposition process continues so long as the allocations are made to hardware entities. As requirements are allocated to computer software, the analysis has to shift gears to UML for each separate software entity identified. The top-level software entity in each case may be treated as a UML node or component and the analysis accomplished as described in Paragraph 4.2. Ideally, the modeling work accomplished by system, hardware, and software engineers to understand the problem space can be transformed in the minds of the design engineers in the synthesis process to define design features and also provide useful insights for those building and using simulations.

The steps discussed so far cover steps 1 through 7 of Figure 6 that offers an overview of the application of TSA. We will pick up an overview of the SysML application shortly. As the product entity structure matures, the analysts can evaluate the allocation of functionality to product entity pairs using an n-square diagram to identify interfaces needed (step 8) and from which interface requirements flow. For system and hardware entities specialty engineering and environmental requirements are defined using two additional constructs.
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Figure 6   Traditional Structured Analysis Overview

A three-layered model is useful in identifying system, end item, and component environmental requirements (step 9) featuring tailored standards at the system level, a three dimensional service use profile arrangement for end items, and an end item zoning technique for component level. A specialty engineering scoping matrix is applied to coordinate the entities illustrated in the evolving expansion of the product entity structure with demands for specialty engineering requirements analysis work (step 10). Thus, every kind of requirement that appears in a system or hardware specification can have associated with it a structured analysis model within TSA. Also, the requirements that flow out of these analyses can be introduced into a common requirements analysis sheet for the program that should be implemented on a computer database within which traceability can be maintained, extended to verification planning, and from which specifications can be printed. As suggested in Figure 6, the whole process circles back around to identify the next layer of functionality and product entities.

The development process can be applied in layers as encouraged by Mr. Bernard Morais and the late Professor Brian Mar in their use of a structured approach called FRAT, that the author believes fits within the TSA model construct. The analysis of the behavior of a layer N product entity is based on having previously defined the level N-1 product entities by applying functional analysis of the product entities at level N-1 as suggested by Figure 7 (derived from the work of Morais and Mar). This is an expanding process as the pyramidal structure suggests. A product entity at level N-1 becomes one or more subordinate product entities at level N. The analysts for all of the branches apply functional analysis to decompose the product entities for which they are responsible at level N-1 and when the functional analysis for level N-1 has been fully exhausted to identify level N-1 entities, the process may be extended to an analysis of level N functionality. using the same machinery previously applied at level N-1
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Figure 7  The FRAT Development Sequence

The author maintains that all requirements should be derived from models and the TSA model does provide a complete set for all requirements that may be appropriate for all system and hardware specifications. The performance requirements are derived from the functions of the functional flow diagram and the map is captured in the RAS shown in Figure 8. The interface requirements are derived from schematic block or n-square diagrams. The specialty engineering requirements are derived from specialty models called for in the specialty engineering scoping matrix. Environmental requirements flow out of a three-layered model. In all cases the requirements flow out of their modeling construct into the RAS each linked to a modeling artifact from which it was derived and on to specifications published from the RAS.

The RAS links modeling IDs (MID) from the four models employed to the model entity names, the requirements derived from the model, the entity to which the requirements are allocated, and the paragraph in the specification in which they will appear. Ideally, the RAS would be implemented in a requirements database application from which specifications can be published. The author encodes the modeling artifacts from which the requirements are derived with the following letters: (F) performance requirements that tell what the system entities must do and how well, (H) specialty engineering domains, (I) interface, and (Q) environmental. The author uses strings formed of base 60 characters (the Arabic numerals, the 26 capitol English alphabet characters less O, and the 26 English alphabet characters less l) with these letters being the lead character to identify which set the string is from. The addition to PSARE, UML and SysML as sources of requirements we will add some additional leading letters to this collection. The author's choice of letters also respects coding for treating the enterprise as a system removing some of the obvious choices for leading letters for the purposes noted above.
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When the system modelers arrive at a point where a computer software entity is identified, they are most often helpless to continue the analysis in that product entity branch because neither SysML or TSA is effective in modeling the problem space where the solution is a software entity and the system engineers are commonly not effective software analysts. The work must transition to software analysts who can apply modern structured analysis, early object oriented analysis (OOA), PSARE, UML, or DoDAF to continue the analysis while not having any way to clearly link the results of their work to the lower fringe of the system analysis work using TSA. Bu, before examining the boundary condition further, let us first explore the application of UML to problem space.

4.2
A Brief Overview of UML

One of the goals of this paper is to describe a top-down development approach using UML in a fashion similar to that employed by system engineers using traditional structured analysis. The intent is that as SysML comes on line and starts being applied on programs and is coordinated with an application of UML for software entities the development gap between these communities can be made to continue to move toward closure.

We should first recognize that there are two fundamental ways in which UML could be used to understand a problem and create a design solution. Many people who apply UML to understand the problem space evolve a model that respects requirements that are implied by the model artifacts and then they continue the modeling work to derive a model of the solution. For people who apply UML in this fashion, there is never a thought given to preparing a paper specification that will be used as the basis for the synthesis of a design solution. The alternative approach that system engineers would appreciate would call for deriving requirements from the dynamic modeling work and capture them in a software requirements specification (SRS) and the content of this specification would be used as a basis for the design, probably using the same model that gave insight into the requirements as the starting point for extending the model application to the design process. 

The former is not a bad way to proceed and we may all come to accept it as a normal way of doing business at some point, probably as part of a general acceptance of model-driven development. It will, however, require quite a long passage of time before DoD, NASA, FAA, and other large acquisition organizations will come to accept the absence of paper specifications complying with a particular template. A program manager attending a course the author taught at Sikorsky a few years ago offered that he didn't think DoD would move in the direction of model driven development until related management, contractual, and legal issues had been resolved
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Figure 9 illustrates the three UML layers of static product that software development should be trying to characterize by first understanding the problem space they will become the solution for. Since software must operate on a hardware device, it is reasonable to expect that there will never be a system totally implemented in software but using a little imagination we can refer to the top-level software entity as a software system if we choose. That system will satisfy some predetermined function or provide some needed capability, more likely a collection of capabilities not all necessarily functionally related. Within a single on-board computer processor, we could deal with propulsion system, fight control system, payload, and environmental system software, for example. On a program we would have the choice of pushing all of this development responsibility into a software IPPT or partitioning the development work into the IPPT responsible for the hardware entities the software is a part of. This decision will have a lot to do with the way we accomplish the analysis for the software and the nature of the interface integration problems we encounter during development.

Figure 9   The Static Structure of Software

UML provides for partitioning the software system into a hierarchy of software entities noted in Figure 9. The node is a specific deliverable collection of software entities that operate on a specific platform and it consists of one or more software components. A component consists of one or more components (multiple layers of components is possible) or classes/objects where an object is an instance of a class. Software code, the final answer to the software development task, is written to implement the classes/objects. In systems created to solve very complex problems, the notion of subsystem might be added between system and node, referred to as a subject in some early OOA models. The composite of the artifacts depicted in Figure 9 represent a three-layer version of the product entity structure recognized in TSA. Ideally, we would end up with a single product entity structure no matter the modeling approaches employed with all of these static entities identified from the top-down.

We will refer to the entities depicted in Figure 9 generically as classifiers and it is our purpose in applying UML to determine what these shall be and eventually what lines of code should be written to implement each of them. The intent is to identify these static entities through an exploration of their behavior and/or functionality in a top-down or outside-in fashion when developing a largely unprecedented system. It is granted that bottom-up or inside-out may be preferred when developing a highly precedented system looking for functional differential between the as-is and the to-be systems. Ideally, models should be reversible with functional or behavioral problem space entry for heavily unprecedented problem spaces and product entity problem space entry for heavily precedented problem spaces. UML can be applied in this fashion as can be traditional structured analysis. Early OOA, in the author's opinion, was flawed in that it only supported a bottom-up approach with static modeling entity entry. 

Figure 10 illustrates an overview of UML as it will be covered in this paper. We enter Figure 10 with the understanding that we must develop the software for a particular computer processor or set of processors with particular functions possibly extended into a clear set of performance requirements provided by the preceding TSA work that identified the need for a computer and the software entities. True, once the problem is turned over to one or more software IPPT by the system or parent team, these teams may individually or collectively conclude that the system and software could have been organized more advantageously leading to a possible iteration. 

Figure 10 captures a process for applying UML in a top-down pattern first identifying the Nodes (in the context of Figure 9) that will be required. Each of these Nodes may have a separate specification developed for it with the content derived from a continuing expansion downward of the UML model. We should apply UML to first identify the requirements corresponding to the problem space and concurrently feed this information into the simulation work as suggested in Figure 5, finally employing the model to support the software design process so as to be compliant with the requirements derived from the model and captured in a specification. 

To analyze the classifier of interest (system at the top level, node at the next tier, and component below that) we can start with a context diagram borrowed from modern structured analysis consisting of a single bubble representing the classifier of interest with lines connecting the bubble with each of the external terminators representing entities in the system environment that will interact with the classifier. For each terminator, the analyst should build a set of use cases corresponding to external agents deriving benefits from the system. The rationale for calling for the context diagram is the difficulty many software engineers have in determining just how many use cases there should be and gaining confidence that they have identified all of them. It introduces a degree of order and discipline into the process. If a software engineer over time finds this a useful trick in their work they may very well grow out of a dependency on it permitting them to move right to the highest order use cases at the beginning of a project.
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Figure 10  UML Dynamic Analysis Overview

The dynamic or behavioral analysis of the problem space starts with a use case, that is a means of exploring the relationship between outside entities called actors that gain some benefit from interacting with the system and the system itself. This is a kind of outside-in analysis. Figure 10 illustrates a generic use case diagram. It should be noted that this paper does not employ the precise naming and notation conventions of the UML metamodel so the reader should consult an authority like "The Unified Modeling Language Reference Manual", Second Edition by Booch, Jacobson, and Rumbaugh from Addison Wesley or the OMG web site for a precise explanation. Figure 10 illustrates the several relationships that can occur between use cases. A given software classifier (product entity) may require the application of more than one actor and actors can have relationships between them that will not be discussed here. A single actor can interact with one or more use cases as well. The actors are commonly drawn as human stick figures but they may represent any entity of interest including machines and computers.

A use case connected to a base use case by an include relationship means that the base use case incorporates the behavior of the use case at the other end of the line. A use case connected to a base use case by an extend relationship extends behavior to the base use case. A use case shown connected to a parent use case using a generalization relationship inherits behavior and meaning from that parent. A collection of use cases connected to one or more actors is referred to as a subject. In this paper the author will use the term classifier as a generalization of the physical entity covered by a use case with the understanding that it could be a subject (often thought of as a system or major element of a system), a node of a system, or a component of a node using the terms shown in Figure 9 or a class/object of a component. The use case numbering scheme used [image: image11.wmf]ACTOR
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in Figure 11 is the author's that will be explained next.

Figure 11   Use Case Diagram

Each use case should be represented by a set of scenarios that can be further analyzed using one of the UML interaction diagrams (sequence or communications). Some large programs like DDX and Future Combat System have applied use cases teamed with sequence diagrams (step 5A of Figure 10) as the opening act. Alternatively, one could apply activity diagrams that a system engineer would understand as functional flow diagrams (step 6A of Figure 10). Software people draw the latter in the vertical (a heritage perhaps from mainframe computers printing flow charts on line printers using ASCII symbols) and system engineers draw them in the horizontal (probably driven by an engineering drawing focus of left to right and top to bottom) but this difference should not be an impediment to communication and UML 2.0 and SysML permit them to be oriented either way. Thus we have used context diagrams from MSA, scenarios, and two UML artifacts to get us to the equivalent of the system engineer's functional flow diagram. System engineers might benefit from the use of a context diagram and a set of scenarios as a preparation for the functional flow diagramming as well, by the way.

We may enter the dynamic analysis using a sequence diagram, a communication diagram, activity diagram, or a state diagram depending on the nature of the problem space. The suggested approach for analyzing any classifier dynamically can be explained in the hierarchical structure illustrated in Figure 12. The task assigned is to accomplish the UML analysis for a previously identified entity in the system that must be characterized, entity AX where X is a base 60 string described earlier. The top-level use case diagram for this entity can be uniquely designated UX. For a system that is going to be developed as a software entity the system would be designated A and therefore its top-level use case would be simply U.
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Figure 12   Hierarchical Structure of UML Analyses

A context diagram can be applied at this point to help organize the use cases by defining terminators for all anticipated inside-outside relationships. For each terminator UX(h), we recognize one or more use cases UX(hi) that may have related extended, included, or associated use cases. For each use case designated UX(hij) at the lower tier, we can build one or more text scenarios UX(hijk) describing the use case. The use case modeling artifact identification is included within parentheses to avoid an identification conflict for the master use case for system entity A23 and A231 for example.

As a result of the analysis to this point and the requirements previously developed for the entity being analyzed, we can select which one or more of the four dynamic modeling artifacts shown in the bottom row of Figure12 to use for the scenario to be analyzed and which one to use as the opening view if more than one are to be used. At the bottom of one of these strings of analytical activity we would find one or more of the diagrammatic treatments shown in Figure 13 not all of which are necessary in any one case. This process may entail many use case analyses each of which is dynamically analyzed using some combination of the dynamic artifacts. 
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As a function of having conducted these analyses, we should have identified many performance and interface requirements that should be mapped from the modeling work to the common RAS and allocated to an entity and the specification for that entity the design of which must comply. In the process of building the sequence, communication, and/or activity diagrams it is necessary to identify lower tier software classifiers in the form of activity diagram swim lanes (not illustrated in Figure 13), sequence diagram lifelines, or communication diagram entities. These become the next lower tier classifiers expanding laterally and in depth as the analysis proceeds.

Figure 13  UML Dynamic Modeling Artifacts

The classifiers identified in this work are added to the common system product entity diagram. Concurrently, the system and hardware oriented teams are expanding the functional analysis from a hardware perspective with both hardware and software entities added to the same physical hierarchy. Communication and sequence diagrams help identify interfaces between software entities. Hardware and software engineers on the several IPPTs on the program cooperate to identify hardware-software interfaces. UML Version 2.0 also employs five diagrams not discussed in this paper. They are composite structure, package, timing, and interaction overview diagrams for a total of 13 diagrammatic treatments.

The fact that we are partitioning the problem space in a hierarchical fashion in the work exposed in Figure 12 suggests that the results will have to be integrated and optimized. Other alternatives should be investigated in search of an optimum definition of the problem space. The analyst may then determine how the software will be organized into lower tier classifiers by rebuilding the dynamic modeling diagram set respecting activity diagram swim lanes or sequence diagram life lines corresponding to the intended next lower tier classifiers. Essentially, this action parallels the work that a system engineer does to allocate functionality or the performance requirements derived from the functions to physical entities that will comprise the system at a particular hierarchical level. Often as system engineers examine the interface consequences of particular allocations they will conclude there may be a better way to associate system functionality with the product entity structure. This is the key adaptation of the UML approach to cause closer hardware-software development methods alignment.

This pattern can be repeated for each classifier. If in the analysis of a node we identify three components we can apply this approach to each component thus identifying the next lower tier entities (lower tier components or classes). Having identified the next lower tier classifiers, we still have a task to complete the analysis of the entry classifier for dynamic behavior. Either the sequence or activity diagram is generally the better choice for the entry analysis. These modeling entities should give insight into performance requirements of merit for the physical entities identified in the static analysis. As an alternative to layering the analysis, one could elect to form a complete set of use cases at the initial problem space entry and identify several layers of product entities in a single analysis.

Many software engineers caution against trying to capture the requirements for software entities in a DoD-inspired software requirements specification (SRS) format preferring to capture the requirements, if they stop to do this at all, in what is called a use case specification the format of which has many masters and no known standard widely respected. The author believes that the use case specification format can be married with the SRS format as shown in Figure 14. All current DoD specifications structures call for identification in Paragraph 3.1 of what are called states and modes. The original mention of this in the data item description CMAN 80008A for system specifications was quite muddled but in MIL-STD-961E it is quite clear that modeling of some form is encouraged and that the content of paragraph 3.2 dealing with needed capabilities should be derived from the modeling work. The boxed portion of Figure 14 can be treated as an interchangeable part as a function of the modeling approach employed.


If all of the requirements included in the specification were derived from models within a single modeling application implemented on a computer that captured the modeling artifacts in the application in a retrievable way, the content of paragraph 3.1 could simply be a reference to that application. The whole need for any specifications could, of course, be eliminated by a general acceptance of the direct use of the database application content as specifying the requirements.  Until such time as that becomes a reality, we will probably have to be able to publish paper documents containing requirements in some form. The author maintains that the format captured in Figure 14 can be used for specifications crafted using UML, MSA/PSARE, TSA, or SysML as well as DoDAF if you insist. Exhibit BA provides a template for the universal performance specification and Exhibit BB provides a data item description for this document. In both cases the basic document assumes the application of a combination of SysML and UML. Appendices for the DID are provided that present Paragraph 3.1.3 structures for: (A) TSA, (B) MSA/PSARE, and (C) DoDAF.

The use case tiering suggested in Paragraphs 3.1.2 and 3.1.3 could go on indefinitely but it would be a good idea to coordinate a specification with the work of a specific IPPT such that the modeling content of a specification did not cross team boundaries. A single comprehensive use case diagram for example for the FAA air traffic control system is not recommended.

Figure 14  Universal Specification Format
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Part of the problem with the application of the individual specification format is perhaps that they are prepared for entities but the UML (or other) analysis is being accomplished oriented toward the behavior of the system and its entities starting with use cases extended into dynamic modeling work from which flows the insight into appropriate requirements for specific entities. However, in the process of doing the dynamic analysis one is forced to identify lower tier entities just as you must do in applying TSA that is oriented toward the needed functionality of the system. We select entities in TSA about which we will capture the requirements and prepare specifications for those entities and we make the transform between functionality and entity in the RAS. There need not be any difference between the application of UML, SysML, and TSA in this regard. To better enable it, we can use a universal product entity structure and a RAS complete. 

Some system engineers persist in wondering about the chicken and egg problem of which comes first an understanding of functionality or product entity and some readers may see a reason for concern in this interest of publishing specifications about product entities that would be exposed in the analytical work. Sullivan solved this problem many years ago with his notion of form follows function. The very first act in developing a new system using traditional structured analysis is to recognize a need that is not being fulfilled by anything a user has access to. This need can be recognized as the ultimate system functionality and be instantly allocated to something called the system. We decide to prepare a system specification and must accomplish further functional analysis by expanding the need statement block identified as function F into a life cycle model like Figure 3 and continue to expand our understanding of needed functionality expressed by the use system (F47) and sustain system (F48) functions. The continued allocation of functions and their derived performance requirements to entities expanding the product entity diagram identifies specifications into which will fall the results of the modeling and requirements analysis work and this must be interspersed with concept development work and simulation as suggested in Figure 4.

Figure 15 illustrates the concept of a common product entity structure. We could be applying a broader modeling base than what is called a universal architecture description framework in this paper to include DODAF and IDEF as well as other modeling approaches but all that is being suggested in this paper is UML and SysML be extended with four TSA modeling artifacts, the use of the common product entity structure, the common RAS, specialty engineering scoping matrix, and the three-tiered environmental construct. In applying UML and SysML there are static entity artifacts that would be identified using modeling constructs unique to those models but the author would prefer to recognize those entities within the context of the common product entity structure.
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 Figure 15  Common Product Entity Structure

4.3
A Brief Overview of SysML
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SysML has been developed from UML by the OMG so there is a great deal of commonality between the two models as shown in Figure 16. In any combined analysis involving UML and SysML, the initial analysis would be accomplished using SysML because systems are composed of hardware and software and if they contain software there must be some kind of hardware machine in which it runs.

Figure 16  UML-SysML Comparison

The overview offered for UML in Figure 10 is also appropriate for SysML with minor adjustments. A requirements diagram has been added and one wonders why that was necessary in that one would think that requirements are important in software as well. This was noted earlier in terms of the way many software modelers approach problem space with UML moving from modeling the problem space to modeling the solution space without an intermediate stop to prepare a document containing the requirements. The communications diagram of UML was not brought across to SysML and is of questionable value in UML in that it is equivalent to the sequence diagram. The internal block diagram provides much the same kind of utility as the communication diagram. 

The UML static modeling structures (node, component, and object/class) were not included in SysML. The use of the block definition diagram and internal block diagram is encouraged in SysML to identify static artifacts that are identified as a consequence of accomplishing the dynamic analysis. The former is similar in application to the TSA product entity structure and the latter to the schematic block diagram. The parametric diagram that was added to SysML can be very useful in connecting with engineering tools like MatLab. 

Should we wish to replace TSA with SysML, we should be able to enter the SysML analysis following the same pattern as discussed for TSA and extend SysML in the same ways discussed under UML to cover specialty engineering/quality requirements using a specialty engineering scoping matrix combined with the many specialty discipline modeling capabilities and a three-layer environmental model to support identification of environmental requirements. We should also employ some common form of product entity structure and the RAS as discussed earlier.

In applying SysML, the first step would be to identify use cases as in UML and then extend the analysis with scenarios and dynamic modeling artifacts. System engineers with experience in TSA might be drawn to applying activity diagrams because of the similarity with functional flow diagramming but sequence and state diagrams can also be used. In any case, as the analysis yields a conclusion that a lower tier entity identified on a sequence diagram life-line or activity diagram swim lane should be accomplished by computer software, the subsequent analysis should shift to UML. However, note that this switch is very much less dramatic than a switch from functional analysis to use case analysis for you are applying use case analysis on both sides of the switch and the same dynamic analyses can be used in both cases as well. 

The analyst would see very little difference as he/she continued the analysis across the HW/SW divide and here is the big opportunity
available to the system development enterprise for which they have to pay the price of getting their staff trained and experienced in applying SysML teamed with UML. 

4.4
MSA and PSARE

The analyst opens a modern structured analysis modeling application for computer software development with a trio of artifacts forming what is called by Edward Yourdon in "Modern Structured Analysis" an essential model consisting of a need statement, a context diagram, and one or more scenarios as shown in Figure 17. The need statement is a brief text document perhaps no greater than a paragraph stating essentially the ultimate function of he system. The context diagram shows the system as a single bubble and shows external sources and destinations in the system environment. It offers the inside-outside view of the system. The scenario is a text expansion of the need statement in terms how the system is intended to act in operation.

The essential model is expanded into an environmental model consisting of a set of data flow diagrams (DFD), a set of p-specs for each lowest tier DFD bubble defining requirements for the computer processing those bubbles must provide, and a data dictionary that must have a line for every data line and storage artifacts on all of the DFDs. Requirements are derived from the data dictionary and p-specs for inclusion in the RAS and from there flow into the specifications.

One can allocate the functions to product entities by overlaying the DFDs with super bubbles that simply enclose bubbles that are allocated to the product entity related to that super bubble. The requirements derived from the P-specs and data dictionary line items align with the specifications for the entities defined by the super bubbles.

PSARE separates the control aspect from the computer processing using a control flow diagram (CFD) in the analysis whereas MSA combines the processing and control aspects in a single model artifact and also extends the target of the analysis from just computer software to a system scope including hardware, human procedures, and software. For every sheet of the CFD one has an obligation to prepare a C-spec defining control requirements.
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Figure 17  MSA Process
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Figure 18 shows a typical expansion o a context bubble for a system to protect buildings against the ravages of wild fires. The bubbles in PSARE can be treated like the function blocks of TSA and the data flow lines of MSA may correspond to data, matter, or energy in PSARE. The super bubbles partition the functionality into product entities to which the function bubbles have been allocated. The relations between the bubbles drive an interest in the interfaces that must be recognized in the static model between entities defined by the super bubbles.

Figure 18  PSARE Analysis of the Context Bubble

4.5
DoDAF

The Department of Defense Architecture Framework involves 26 modeling artifacts, not all of which must be used for any one system development, arranged in four views. It is intended to apply to the development of information systems related to weapons systems but there are other architecture frameworks that have a broader scope like the Zachman framework that applies to an enterprise business model. 

Ideally, the user would develop the operational views to define the problem they wish to have solved from an operational perspective and the developer would prepare the system views identifying specific systems that will address the functions defined in the operational views. One of the other two views deals with standards and their application timing while the other provides a text statement about the purpose of the system and a glossary applicable to the whole model.

In DoDAF Version 1.0 one could use a collection of modeling artifacts from IDEF, TSA, OOA, MSA, and UML to build the work products. DoD and OMG are working toward a Version 2.0 that would be implemented using UML artifacts.

5.
Integration at the Gap

A program should make a conscious decision about the modeling techniques it will apply as it builds the program proposal. This may include some mix of TSA, UML, MSA/HP, SysML, DoDAF, and IDEF. A program that is going to be primarily focused on development of computer software or networked assets could enter the problem space with UML or DoDAF. If the product is a database, it could enter with IDEF-1X or UML. But, generally, modeling entry should involve the use of TSA or SysML at the system level because software, an intellectual entity, must run on hardware entities that provide the product with real physical substance. 

At the time this was written SysML was not quite fully ready for use in the author's opinion so TSA would be the author's preference at the time, but then he is a system engineer. As a minimum, an enterprise should continue to follow the development of SysML and work toward replacing TSA with SysML. In any case, there is a need to recognize that for some period of time there may be a need for a model that works well for systems and hardware and another model that works well for SW. For now, also, there is not one great computer application within which one can model HW and SW requirements work and permit easy cross model traceability and provide specification publication capability so it may be necessary to use two or three applications to cover the needed tool set. But in any case we professional system engineers can accept that we are dealing with a universal framework composed of models of our choice that happens to include those modeling artifacts of use to us at the time while working to simplify our universal framework.

Work can be accomplished well for systems and HW as covered under Paragraph 4.1 using TSA and under Paragraph 4.2 for SW using UML. When applying both on the same program, which is not all that uncommon, problems will tend to arise when transitions have to be made between these two approaches. It is not possible for SW to include HW but the opposite case is perfectly normal. The transitions will only be a problem as the analysis shifts from HW to SW, from the use of TSA to UML. There are two concerns at this point: one in the models applied and the other in the computer applications employed but the latter will not be discussed in this paper.

The transition point will occur when the highest tier software entities are identified. There may, of course, be several of these transitions distributed about the expanding product entity structure. The program has the option of pooling all of the software into an integrated entity or permitting it to be distributed within multiple processors that may still all be under the responsibility of one team or distributed among teams with both hardware and software responsibilities. If we can solve one of these hardware-software handoffs we will have solved the general problem of requirements traceability across these gaps. One attempt to do so is offered here.

It should be clear that requirements traceability to models is assured in the approach covered in this paper because all of the requirements are to be derived from models. Vertical or hierarchical requirements traceability is very simple in specialty engineering areas in hardware, software, and across the gap. The environmental requirements are vitally different between hardware and software and one can make a case that lower tier software environmental requirements should not have to respect traceability across the gap to higher tier hardware or system environmental requirements that are largely focused on the natural environment. Precisely the same method of identifying hardware interface requirements can be used to identify software interfaces as well as hardware-software interfaces because we identify them between entities that appear in the joint product entity structure. So, if interface requirements traceability involves lower tier interface expansion requirements to higher tier interface requirements, traceability is assured. This leaves only the performance requirements a remaining problem from a vertical or hierarchical traceability perspective and this is not always easy within a single modeling construct.

Given that the system entry analysis was accomplished in TSA using some form of functional analysis and the lower tier software analysis is going to be done using UML, there is a temptation to employ activity diagrams in UML to analyze software entities from a dynamic perspective because it is very similar to functional flow diagramming and it might give us some interesting opportunities to link up hierarchical traceability. However, as an example, for a given software entity there may have been 10 performance requirements derived from 8 functions allocated to the software entity in question. There is no clear way to link up the activity analysis and requirements derived from it with the several functional analysis strings and the performance requirements derived from them that can easily be automated.

So, let us pursue another tack in an attempt to coordinate traceability relative to the sequence oriented analysis described previously. If requirement RY1 is one of a set of requirements RY1 through RY10 where RY1 is derived from function FV1 of a set of functions FV1 through FV8 and requirement RY1 is allocated to product entity AX and it is decided that AX is going to be developed as a software entity, then one of the scenarios to be analyzed will be CXhijk. Assume that we accomplish the dynamic analysis using sequence diagram CXhijka from which we derive requirement RZ1. What we are looking for is a way to establish hierarchical traceability between requirement RZ1 and some requirement in the set RY1 through RY10. The X, Y, Z, and V characters are being used to designate base 60 strings in this discussion. We know that requirement RZ1 must be traceable to one of the 10 performance requirements allocated to classifier AX and we can look at that list of requirements and select the one most closely related. 

To make this selection more organized, we can form an x by y matrix, in this case a 10 by 12 matrix, and pair-wise compare the sets RY and RZ. In Figure 19 you can see this whole process taking place The 10 functionally derived requirements are captured in the RAS mapped to the set of functions FV1 through FV8 and allocated to product entity AX. Based on these requirements we build a context diagram for entity AX and analyze AX from the perspective of each of the three terminators shown. As an example, Use Case CX3 is extended to three use cases and we build three scenarios (though in practice more may be necessary) one of which, CX3111 is analyzed from a dynamic perspective with some combination of sequence, communication, activity, and state diagrams. Requirements RZ1 through RZ12 are derived from these analyses and captured in the RAS (possibly linked to the RAS database from a UML modeling application).
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Figure 19   Requirements Traceability Across the Gap

In both TSA and UML we have discussed a decomposition process that partitions the problem space into parts in which the analysis is accomplished. Whenever we partition any whole we have an obligation to integrate and optimize across the boundary conditions thus created. The program system team must accomplish this integration work relative to the top level IPPT and each IPPT with lower tier teams must accomplish this work relative to it's own immediately subordinate teams. Much of this integration work will take place at the interfaces ensuring that requirements on one end of an interface are compatible with those for the other terminal. Each team with subordinate teams, however, should also integrate across its immediately subordinate team requirements derived at the subordinate team level relative to those at the parent team level. Part of this work can be accomplished by simply establishing the traceability between the requirements at the two levels. Another approach of value is to accomplish higher tier function effects across the lower tier team responsibilities. For example, one can inquire collaboratively into lower tier performance of higher tier functions like turning the system or entity on or off, moving from one major mode to another, accomplishing some kind of transfer function, or physical separation or joining of two entities.

Another kind of traceability can also be used to stimulate integrating results. This was pointed out to the author by an engineer at Puget Sound Naval Base in Bremerton, WA while a student in a course the author taught at his facility. Given a requirement at level m, we can inquire if the intent of the requirement was fully implemented in the requirements for the n entities at level m+1 (downward). This kind of traceability inspection must await the development of the subordinate specifications, of course.

A common objection among software engineers to the use of any kind of functional analysis especially where the dynamic modeling precedes the static modeling is that there will be a tendency to develop alternative solutions to common problems rather than taking advantage of software re-use. This problem is not isolated to software in any way. In the hardware world it is avoided by two techniques. First, system engineers at every level of indenture must integrate and optimize to ensure that subordinate implementation is optimum relative to the higher tier. Secondly, a standard parts, materials, and process approach is employed where lower tier designs must use parts, materials, and process on an approves list. This concept can easily be extended to software relative to parts.

6.
Augmenting UML and SysML  With TSA Artifacts

In the discussions of UML and SysML modeling approaches we have mentioned four modeling artifacts that could be used profitably that are not specifically part of either one of those approaches but are available in TSA. The common product entity diagram was covered earlier in this paper recognizing that some of the entities added in that fashion would normally be depicted differently in UML and SysML modeling work. A common RAS was also described earlier that can be used to collect the requirements derived from all modeling applications. A system like DOORS is probably well suited to this application and already broadly accepted in industry.

The specialty engineering scoping matrix (SESM) is a simple construct shown in Figure 20. It allows a system engineer to mark matrix intersections to identify the specialty disciplines that must contribute to the definition of appropriate requirements from the perspective of their discipline for specific entities. The SESM can add discipline to the working group process some organizations apply referred to as a quality attribute workshop (QAW).

The specialty engineering modeling response to being identified in the scoping matrix is to apply their particular modeling machinery to identify one or more requirements for each of the entities with they are paired. In the case of reliability this would be the reliability failure rate math model to flow down parent failure rate to the child items. The mass properties engineer would flow down parent mass to child items by partitioning allowable parent mass.
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Figure 20   Specialty Engineering Scoping Matrix

The environment for computer software is, of course, significantly different from that applied to hardware items but what ever those stresses are they fit into the same pattern as hardware and systems. Figure 21 identifies the several classes of environment. The cooperative environment is actually dealt with in the form of external interface requirements that can be modeled adequately in SysML and UML. In systems and hardware we have to deal with four other classes. In software the natural environment, other than time, does not apply and time is handled adequately in sequence diagrams. Self-induced and non-cooperative classes do not apply in software in any way that the author can imagine. This leaves hostile environmental stresses plus some other loose ends. The hostile environmental requirements could be dealt with in the form of info security. The loose ends involve the environment formed by the physical architecture of the machine in which the software is going to run and the compiler needed to make it work plus the language employed. These could actually be thought of as being part of the cooperative environment in that they are not actually part of the software product or grouped under a software environment as shown. In any case a simple list of software environmental relationships could be used as a structured way of encouraging consideration of these stresses.

In systems and hardware, we have to deal with the complete range of environmental stresses and a three-tiered model like that illustrated in Figure 22 does cover the complete range of potential natural environmental stresses. At the system level we can apply a transform between the spaces within which the system shall be employed (road surface, undersea, or the surface of the Moon) and we have standards for all of the spaces within which a system might be employed. The standards that describe these spaces are mapped to the system spaces and the content of each standard is studied relative to the system spaces selecting the content that applies and tailoring out that which does not. Then all of the selected requirements are studied for the range of the variables identified and those ranges are tailored for the tightest fit that makes sense. The kinds of environmental relationships that software must deal with do not clearly relate to the classes listed earlier so we should probably add a software environmental class to deal with relationships like language, compiler, and machine design as the author has done in Figure 21.
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Figure 21   Environmental Classes

The system environment must then be applied to a three dimensional model referred to as an environmental service use profile noted in the center of Figure 22. The three axes are physical processes, system environment, and product entities. We wish to extract end item environmental requirements from this model. This extraction process is done by mapping the system environment to the process steps and then by mapping the product entities to those same process steps. We can extract the end item product entity environmental requirements from the pair of mappings though very often one must integrate the results of this work because of a one-to-many relationship between entities and process steps.

[image: image22.wmf]PROBLEM

SPACE

ANALYST

FUNCTIONAL

FACET

OBJECT

FACET

BEHAVIORAL

FACET

VISION

HAND-EYE

COORDINATION


Figure 22  Three-Tiered Environmental Requirements Analysis Construct

The construct shown in Figure 22 is primarily focused on understanding the natural environmental class. At the system level we should also evaluate hostile threats often in the form of a threat analysis that identifies hostile environmental requirements. At the system or end item level we should evaluate potential sources of non-cooperative stresses such as electromagnetic interference. At the end item level we should also evaluate internal product sources of self-induced stress that must be controlled.

The final step is to partition the end items into zones of common environmental stresses and map the end item components into these zones such that the components inherit the zone requirements. If there are components that cannot be supported in any zone, then it may be necessary to establish one more partition for an active or passive environmental control system within which those items may be located.  The requirements flow out of these analyses into the RAS-Complete and connected to the appropriate product entities just as in all of the other kinds of requirements that are derived from models.

The modeling approaches we have discussed each employ an array of modeling artifacts. In some cases they are accomplishing identical functions but are drawn differently. Figure 23 is a Venn diagram attempt to coordinate all of these modeling artifacts with the modeling approaches discussed and to suggest a way that the universal architecture description framework can be formed. If we push the three circled modeling artifacts in Figure 23 discussed above into the space enclosed by the heavy line embracing the union of UML and SysML we will have one universal architecture description framework.
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Figure 23 Universal Architecture Model

7.
Movement From Requirements to Synthesis

Currently the design of systems is commonly developed in three stages of design synthesis. During the requirements analysis work we identify the entities that the system will consist of in a product entity structure. As this analysis moves from the high level (starting at the block called system) downward, we develop design concepts that help guide lower tier requirements analysis while simultaneously contributing to the validation of the requirements by showing it is possible to develop a compliant design. Trade studies, simulations, and special studies abound during this work to evaluate alternative solutions and select the best all around solution. A preliminary design process contributes to our understanding of the problem space, provides opportunities for us to continue to explore alternative solution possibilities perhaps with less freedom of action than in earlier studies, gives an insight into possible risks that need to be worked, and pushes the selected design solution closer to realization. Finally, a detailed design process completes the design in the form of engineering drawings for hardware and software designs consisting of a language and compiler selection coordinated with a particular computer architecture and a clear identification of the software entities that must be coded so as to satisfy specific requirements.

Figure 24 illustrates this process. The concept development work product component of synthesis is embedded in the System Definition block with the universal architecture description framework process activity and captured in nodes, components, and classes/objects for UML or block definition diagrams for SysML that have been suggested by the dynamic analysis in each case and the requirements that have been included in a specification following the patterns exposed in Figure 10. The author suggests that the preliminary design be captured in a document similar to what MIL-STD-498 called a system description document not just for software but hardware as well that would carry the design process through preliminary design review (PDR). The detailed design is captured in engineering drawings and lists.
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Figure 24  Product Synthesis

8.
IDEF, MSA/PSARE, and DODAF Shortfall

As shown in Figure 23 the proposed universal architecture description framework does not embrace DODAF, MSA/PSARE, or IDEF. Some of the DODAF modeling artifacts can be modeled using UML/SysML artifacts but the author could not easily locate 15 of the 26 diagrams so as to be included in the combined model suggested. There is work in progress now by DoD and OMG to accomplish DODAF modeling using UML and when complete the whole DoDAF capability may slide into the proposed universal architecture description framework envelope under the name UML Profile for DoDAF MODAF (UPDM).

While several IDEF languages have been identified, only two of them have been supported by a published standard, IDEF 0 (function) and 1X (relational database). The intent of IDEF 0 can be partially constructed with a SysML activity diagram but it will not include the controls and supporting mechanisms that do add richness to the model built with IDEF-0. Other features of SysML may counter the apparent loss, however. IDEF-1X, one of the author's favorites, remains outside of the boundary as well because it's purpose too can be accomplished in UML.

MSA/PSARE remains outside the recommended boundary because the author believes UML can be depended upon to support the software development process. However, it is possible to construct an alternative UADF using PSARE augmented in the same way as the UML/SysML framework with TSA artifacts.

If you must employ these missing modeling artifacts in the near term you can make your own UADF by embracing such parts of the content of Figure 23 as you desire. In so doing you can still apply the concepts of a common product entity structure and RAS as well as a universal specification format to bring together all of the entities and requirements appropriate for those entities with clear lateral traceability between the requirements and the models applied to derive them. In fact, one could include TSA in their initial universal model until such time as the staff becomes competent to employ SysML with UML. Ideally, an enterprise would lay out a technology road map showing their intended application of modeling approaches in time and identify the tasks that they must accomplish to move from one capability to the next.

9.
Universal Architecture Description Framework Process

The UADF process recognizes six fundamental steps in the overall transform from an undiscovered problem space expressed only in a need statement to a set of specifications defining the requirements for solution space to be synthesized into a set of design solutions. 

a.
As shown in Figure 25, one must model the problem space using one of the models accepted by the development organization. The models should be coordinated with a set of model artifact modeling ID (MID). Each artifact on the models is uniquely identified on the models.

b.
Next, the artifacts are listed by MID in alphanumeric order. 

c.
For each MID in the RAS, the analyst must derive one or more requirements of four kinds (capabilities and performance, interface, specialty engineering, and environmental). 

d.
Each requirement must be allocated to a specific product entity.

e.
The requirement is assigned a paragraph number in accordance with the universal specification format.

f.
These strings are extended into the verification planning documentation through the use of verification requirements coordinated in verification traceability, verification compliance, verification task, and verification item matrices.
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Figure 25  UADF Overview

Figure 26 does not include an additional important piece of work that must be undertaken coordinated with the modeling work and that is the synthesis work to develop design concepts as they are identified in the modeling work and requirements derived.

All of the work discussed in this paper must, of course, be accomplished during the time we are accomplishing system, hardware, and software definition in block F41 of Figure 4. Figure 5 illustrates how the work in the System Definition block could be accomplished in an organization that accepted all six of the indicated modeling approaches. An organization should also determine the inter-modeling transfers permissible from the possibilities shown in Figure 26. This figure applies when you are applying model FX at a product entity level AX and it is subsequently necessary to move to modeling work related to the AXY subordinate entities identified through the dynamic analysis of AX and the allocation of functionality to those subordinate entities. 

Initial entry possibilities are limited to relation RA, RB, RC, and RD though we recognize that the RB entry requires us to focus on a software entity that can never provide useful service without a hardware entity within which to run. DoDAF makes sense as an entry only if the system being developed is a large information system. Entries RA and RC can be applied in any case though TSA will loose its utility for subordinate software entities requiring a transition via RE, RR, or RU to PSARE, MSA, or UML respectively. 
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Figure 26 illustrates all of the possibilities that an organization would have deal with in selecting the necessary inter-model transfers related to their choice of a UADF modeling set. This figure is telling us the possible logic that would apply for all possible analysis modeling transfers shown by the IOR gates at left and right sides of the modeling blocks of Figure 5. Figure 25 becomes very simple if you select a UADF composed of UML and SysML composed of only F41314 and F41315 interconnected by relations RB, F4, R5, and RQ. A UADF composed of only PSARE would only involve relations RC and R3. In both of these cases it may be necessary to augment the models with TRA artifacts. These transfers can happen bi-directionally between TSA, PSARE, and SysML with hardware implementation on both sides. In general only a uni-directional transfer can be made from a system model to a software model as in the case from TSA to UML. In this diagram, DoDAF should actually be treated as another framework implemented using some combination of work products selected from the five models. It could be argued that PSARE is also a framework.

Figure 26   Possible Inter-Model Transfers

Given that we accept that inter-model transfers are acceptable, and we must if we wish to participate on large programs with multiple contractors accomplishing work using their own UADF that might be different from our own, we will have to ensure that it will be possible to establish inter-modeling traceability.  Figure 27 illustrates a case where TSA was employed at a higher level and one is transferring to PSARE. This transfer could have also taken place from SysML activity diagramming. We have used function IDs in both TSA and PARSE modeling and have simply re-identified function F12 as a DFD bubble within the lower tier PSARE analysis. 
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Figure 27  Modeling ID Transition During Inter-Model Transfer

It is true that there is a difference between the use of the directed line segments between the two applications but it is not clear that the difference need be a concern. In TSA functional analysis the arrows define the sequence of functions and little else while in a DFD, there relate to the flow of data, energy, or mass from one bubble to another. 

The modeling artifact notation used in Figure 27 is from a plan that stretches across all models so as to be able to link derived requirements uniquely to specific modeling artifacts in the common RAS. The current state of that dictionary of MIDs will be covered in the course for which this paper is the text.

If you chose the prescription encouraged in this paper the process illustrated in Figure 5 could be focused only on those models selected as shown in Figure 28. Note that this figure only covers the requirements related work and it would be necessary to weld onto it the concept development and simulation work.

The suggested format for the output documents, whether you call them use case reports, use case specifications, or simply specifications, is offered in Figure 14. In the use case analysis block of Figure 28 we apply the appropriate elements of SysML or UML to define the problem space in the model and extract requirements. The annotated lines reflect modeling work products flowing from initial customer information to output requirements documentation. The line notations are named on the figure.
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Figure 28  Suggested Process Flow

In TSA, the analyst may identify several different functions from which are derived a number of performance requirements that are allocated to the same entity. As the entities become more clearly defined by identifying the interfaces that must exist between the entities based on an n-square analysis of the function-entity pairs, integration must occur across the internal capabilities identified by the aggregate of the requirements allocated to the entity. A similar process can occur in UML and SysML in terms of the behavior of the dynamic modeling artifacts that appear on the sequence diagram life lines and activity swim lanes related to common classifiers appearing on dynamic analysis extensions of different use cases.
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If we are to have a universal or integrated modeling approach, we should coordinate this concept with a universal specification format and an organized way of accomplishing the modeling work from which specification content is derived. Figure 29 offers this organized view of creating specifications. Appendices of Exhibit BB of this student manual provides alternative specification structures for Paragraph 3.1.3 as a function of the modeling approach applied: (A) TSA, (B) MSA/PSARE, and (C) DoDAF.

Figure 29   Coordinated Universal Specification Publishing

10. 
Is There a Future Beyond Universal Architecture Description Frameworks?

Our experience with modeling over the past 50 years suggests there will always be ways to improve what we are doing. It is likely that the way many software people apply UML today opens a window on tomorrow. The author has long believed that the system development process and the work that system engineers accomplish in that process can be cataloged in terms of three development steps and an infrastructure within which those steps are accomplished. The first step is the definition of the problem we intend to solve and it is the function of specifications to communicate this message to the humans who have the responsibility to solve those problems. 

The second step is to solve the problem in a process the author refers to as synthesis composed of product design so as to be compliant with the content of the related specification, acquisition of the materials defined on the engineering drawings through procurement, and manufacturing of the hardware entities and writing code for the software entities. The third step is to prove through verification that what you created complies with the requirements that were intended to drive the design. If all of this work takes place within a context of good management involving the application of cross-functional teams assigned to product entities so as to coincide with the IMP/IMS planning and specification boundaries and the effective application of good system engineering practices across the knowledge and product boundaries, there is a good chance of program success.

However, could we save some time and money if we could accept that the requirements are completely covered in the models we build in a continuous spiral of analytical and synthesis processes from problem space to solution space without stopping to publish what we now call specifications? If we build good models of the problem space we must conclude that they respect the requirements that today we feel obligated to derive and publish in specifications because we should be deriving those requirements from the model. If we omit paper specification publishing and move directly to solution space modeling then may we conclude that those solution space models reflect the requirements? If our models were implementable and defined the problem and solution spaces in what are called formal methods employing mathematical logic, one might be able to make a good case.

The most troubling aspect of this is perhaps an apparent difficulty in connecting the verification process through which we prove that the design satisfies the driving requirements. In order to gain acceptance of this step, it will probably be necessary to show how the testing accomplished within the context of the modeling work is adequate to prove that the product satisfies the requirements. But it will also be necessary to be able to show that the product faithfully implements the model.

Good design engineers expect to consider alternatives for a solution to a problem defined in a specification and it has been the mark of a good specification that the specification contains only the essential characteristics that must be respected. There should be some solution space available to the engineer and team. The specification (whether implemented in paper or modeling artifacts) ideally should not prescribe a single possible solution that could be programmed in some master model to be generated through an automatic connection between the universal architecture description framework and computer aided manufacturing. Therefore, we must recognize in our computer implementation of a universal approach that there is some design space within which the human members of the cross-functional team may interact to trade alterative solutions and focus on a preferred solution.

Clearly, there is a great deal of work to do before we realize an effective model-driven development environment accepted by contracts people on both sides of the contract as well as legal and management. But, the ability to employ an effective universal architecture description framework is an enabling precedent that model-driven development cannot be achieved without. It is an important piece of the technology roadmap in route to successful model driven development. 

11.
Model Driven Modes

Today one could say that industry implements what we could call a manual mode of model driven development. Every discipline has ways to use computer applications to develop and maintain their view of problem and solution space on a program. The related data is stored in computers networked together but in islands with bridges between these islands formed only through human communication between the engineers owning those islands. Should it develop that the mass properties engineer finds it necessary to increase the mass of part of the system due to the structural design solution, he/she will change the mass model. If the control system engineer happens to become aware of that change and concludes that it drives a change in a term in a control system equation, that change might be evaluated and a management decision reached to approve the mass and control system equation change. This kind of problem could easily go undetected. In this mode inconsistencies and errors are detected only by vigilance on the part of system engineers who understand the relationships at knowledge and product boundaries.

Imagine for a moment that between the islands we had software operating so as to detect improper relationships between the content of pairs of island data sets. In this mode that we can refer to as semi-automatic, the mass properties change is immediately detected, the relationships identified, and an inquiry made about its effect of the people responsible for the effected islands. In this case the control system engineer hopefully will come forward engage in the appropriate conversation and a management decision reached to make the changes. Now the test for just how daring the reader is. Suppose we let the connecting software not only detect errors but automatically correct them as well in an implementation of full automatic model driven development that accepts the computer network as a fully integrated member of the team. 

Clearly, this kind of capability is not going to be implemented tomorrow and perhaps it never will be. But enterprises that can move in this direction will very likely realize advantages over those that cannot. No one will move in this direction without effective use of integrated modeling that deals well with the boundary conditions.

12.
Computer Tools

While there are no current comprehensive models we have seen how we can create the effect of possessing them. There are also no comprehensive computer tools that can support the universal architecture description frameworks we have discussed in this paper. It may be possible to fill this gap on an interim basis using some ideas learned from Mr. Warren Smith President of Execuspec based on Scotttsdale, AZ. Warren has built loaders that solve the problem of using very complex and effective computer tools that are difficult for a large population of engineers to maintain currency in. The loaders are Microsoft Office applications that all engineers will maintain currency with. The data captured in them is automatically transferred to the actual tool. Figure 30 offers a view of a complete tool set for a framework assembled from UML and TSA.
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Figure 30   A comprehensive Interim Tool Set

The "big dumb data base" is a simple data base structure for retention of the requirements, linking traceability, and providing a source for specification publishing. The requirements enter the "big dumb database from an application that can model the problem space either for systems and hardware or software perspective in this case with tools like CORE and a Rational product respectively. If the supporting models were UML and SysML there are tools that will support both but this paper contends that the modeling pair is not comprehensive.

13.
Are We Ready For the Future?

Engineers graduating from college and reporting for their first job often feel that every great idea has already been thought and every exciting experience has been had. This is, of course, never true but never has it been less true for the profession of system engineering than in the beginning of 2008. Many of the prerequisites for departure from a paradigm that has served us well for 50 years have been satisfied for a move that will be breathtaking even for those individual and enterprises ready for it. Soon we will establish closure on a universal modeling capability that can feed requirements into a universal specification format while we decide how to implement a semi-automatic model driven development process. There are many books available on system engineering and a growing number of universities offering educational opportunities in the field. We also now have a mature international society serving our profession. 

The reality is that the number of system engineers needed in industry is a function of the product and knowledge boundary conditions development programs must deal with. We have solved most of the simple problems so we will continue to develop solutions for increasingly more complex problems with more product boundary conditions. While man's individual mental capacity for knowledge remains fairly fixed the available knowledge continues to expand far beyond this limit reached a few thousand years ago encouraging individuals to increasingly more finely specialize creating more knowledge boundary conditions. The effect of these two phenomena is an increasing need for system engineers in our future. With everything looking up for the system engineering profession, it is ime to blast off into the future leaving behind some of the features of a development paradigm that has served us well for many years.


































































































































1

