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Abstract. OMG SysML! is a general purpose systems modeling language adopteblGyir©
May, 2006. Used for specifying, analyzing, designing, and verifgiogpplex systems; it
provides graphical representations with a semantic foundation fodeling system
requirements, behavior, structure, and integration with a broad rangegimfeering analysis.
SysML represents a subset of UML2 with extensions needed $6ygae requirements of UML
for systems engineering. The goal is to enhance systemgy/gimaprove the ability to exchange
information among tools, and help bridge the semantic gap between systétware, and other
engineering disciplines (Friedenthal et al. 200®)is paper provides an analysis of how SysML
may be further enhanced by a more formal framework that uses the sambasied on the
axioms of a general systems theory, of the Universal Systems Lahg(la§& ), 001AXES
(Hamilton April 1994). At the same time SysML provides 001AXESavetandardized based
approach for capturing this formalism.

001AXES has had a focus on reliable systems since its incepticeadnst object oriented
and model driven systems, the designer thinks in ternsystém oriented objeéts (SOO$ )
and system driven models. Much of what seems counter intuitive raditional approaches,
that tend to be software centric, becomes intuitive with thisoagp, which is system centric.
How to minimize errors and maximize integration of systems dftware, reuse, open
architectures, evolvable systems, and productivity in a systdeblopment becomes better
understood; this understanding can then be used as a means to an end—gdasdybulding
better systems.

001AXES is used today to address problems considered difficult to witlveraditional
approaches (Hamilton and Hackler 1991, 2003-2004); it can be used to dbddsesproblems
for SysML users as well. Its preventative paradigm and how the OB$ARernel can provide
SysML with a formal foundation will be discussed. Examples shappmngs between SysML
and 001AXES and how the kernel can be used to support SysML.

Introduction

The assumption is made, here, that the goal of SysML, that isclenleancing systems
quality, improving the integration of tools, and bridging the semaaiiclgetween systems and
software, could be addressed with a more formal framework. Anthefurthat the formal
semantics of the 001AXES universal systems language could be usesl iegard to support
SysML. In order to clarify our analysis and findings regarding ttosvapproach would work,
we first describe 001AXES, its formal foundations and aspects of OBSAKat would be of
most benefit in further enhancing SysML.

001AXES was created to provide a language formalism for modgystgms designed with
significantly increased reliability, higher productivity and lowesk, including the following
specific objectives: a) seamless integration: systems towaref requirements to specifications



to design to code, and back again; using the same semantics f@taths, including software;
b) reduce defect rates by a factor of 10; c) improve correctness by baitigundge properties; d)
unambiguous requirements, specifications, and design; e) guarantestesh sgitegrity after
implementation; f) enhance traceability and evolvability (appboato application, architecture
to architecture, technology to technology); g) increase in inheetise (within and between
layers); h) full life cycle automation with automatic genematof production ready code, for
complete software systems of any kind or size of application. fgstem specifications; i)
automation of much of design—reduce need of designers to understand afgtailgramming
languages and operating systems; j) eliminate need for kiglermtage of testing; k) integration
of design and development tools.

The use of the semantics of the 001AXES language and its asdauisdenation (Hamilton
June 1994) based on a technology, in large part derived and evolved from leasoed from
the Apollo on-board flight software effort, is intended to address tlobgectives. The
technology also takes roots from other real world systemsgrsgstheory, formal methods,
formal linguistics and object technologies—concepts older (e.ghematics) and newer than
Apollo; keeping in mind the relevance of a technology is independent of its age.

During Apollo the question was asked; "what should we do better for faystems and
what should we keep doing because we are doing it right (Hamilton 1986, 2004§ search
was for a means to build ultra-reliable systems. Earliasider the technology surfaced as the
kinds and causes of problems found during final testing were analym&ztface errors (data
flow, priority and timing errors from the highest to the loweselg of a system to the finest
grain) accounted for approximately 75% of all errors found—findingswi@ improve the
integrity of integration and communication was of the highestiprioAnd although half of the
billions of dollars (by toddyg standard) spent on the life cycle was devoted to simulationp#4%
the errors were found by manual means (eyeballing)—more automa®meeded, especially
static analysis as opposed to dynamic. 60% of the errors hadtinghyi existed in flights
already flown—showing how subtle (and alarming) they were. Fddlynano software errors
surfaced during actual flights.

The interface errors were analyzed in more detail firsthiearor was placed into a category
according to the means that could be taken to prevent it by theaveygtem was defined.
During this process a mathematical theory was derived for dgfgystems such that the entire
class of interface errors would be eliminated. Since the$erdagginnings we have continued
to find ways to address other system issues just by the wgstam is defined. Results of the
analysis took on multiple dimensions, not just for space missions bsiy$tems in general.
Lessons learned from this effort continue today; e.g., systems are asynchio nature and this
should be reflected inherently in the language used to definemsystehis implies that a
system's definition would characterize natural behavior in termgealf time execution
semantics. Designers would no longer need to explicitly definelsidseof when events were
to occur. Events would instead occur when objects interact with other objects. Blyidgsbe
interactions between objects the schedule of events is inherefitigcdde Combined with further
research it became clear that the root problem with traditep@ioaches is that they support
users in "fixing wrong things up" rather than in "doing thimgghe right way in the first place”.
A solution evolved—once understood, it became clear that the chatardesfgyood design can
be reused by incorporating them into a language for defining systems.



001AXES Universal Systems Language

001AXES captures the theory based on the Apollo empirical studies. \Althdoeen created
was a universal semantics for defining systems. What satmit from other languages is the
systems paradigm upon which it is based, Development Before ttie FAaBTF ) (Hamilton
April 1994). Whereas the traditional approach is "after the famt",curative, DBTF is
preventative. Whereas a curative means to obtain quality is togertesting until the errors
are eliminated; a preventative means to obtain quality is to radtote the errors in, in the first
place. Correctness is accomplished by the very way a systéefined, by "built-in" language
properties (i.e., into the grammar). Whereas a curative meansctlemate design and
development would be to add resources, a preventative approach would eapitakzon reuse
or eliminate unnecessary parts of the process altogether.

A 001AXES definition not only "models" its application (e.g., asa&ionics system) but it
also models properties of control into its own life cycle thatie along for the ride" (ensuring,
e.g., the inherent elimination of interface errors). Every olbga system oriented object
(S0O0), itself developed in terms of other SOOs. A SOO inhgrengrates all aspects (e.g.,
function, object and timing oriented) of a system. Every sysseam iobject. Every object is a
system. Instead of object oriented systems, one thinks in termgsteirs oriented objects;
instead of model driven systems, one thinks in terms of system driven models.

Unlike formal languages that are not friendly or practiaad, fiendly or practical languages
that are not formal; 001AXES is considered by its users to beafpyet practical and friendly
(Krut 1993) (Ouwang 1995). Unlike a formal method that is matheatigtizased but limited in
scope from a practical standpoint (e.g., with respect to sikmarof systems it can be used to
define), DBTF extends traditional mathematics with a unique cordegintrol, incorporating
aspects such as time and space into its formalism; enabliogsupport the definition and
realization of any kind or size of system.

A formalism for representing the mathematics of systems, REPAIs based on a set of
axioms and formal rules for their application. All representatmina system are defined in
terms of afunction map (FMapg ) and atype map (TMapt ). The FMaps and TMaps
defined for a given system are inherently integrated. Thremritme structures (and non-
primitive structures derived ultimately in terms of the ptivel structures) are used to specify
each map. Primitive functions, corresponding to primitive operationg/mes defined in a
TMap, reside at the bottom nodes of an FMap. Primitive types, efiokedlby its own set of
axioms, reside at the bottom nodes of a TMap. Each primitive dundr type) can be realized
as a top node of a map on a lower (more concrete) layer of the system.

001AXES has been used to define systems ranging from guidance, mevigadi control
(e.g., (Hamilton and Hackler 1988, 2003-2004), (HTI 1989) (Hamilton 2004)) to eccrah
applications (e.g., (HTI 1997), (HOS 1980), (Keyes 2000a, 2000b)) tensyend software
tools, e.g, (HTI 1986-2007). Diverse mappings (several automatist)tieat go from a given
syntax and semantics to 001AXES or from 001AXES to one of a possblef syntactical
forms (and semantics), e.g., (Krut 1993), (Hamilton and Hackler 2000hi(@u$978). The
001AXES team has recently been involved in analyzing how SysMLsepport the formal
semantics of 001AXES, and identifying what SysML extensions neayeluired to inherit
certain 001AXES properties and its associated automation. TMLSyapping effort will be
discussed below. In the following sections the formal semanti@®IAXES will be discussed,
followed by a description of a high level mapping between SysilL0®1AXES; followed by a



discussion of findings that can be used to identify potential SysMénsions to leverage
001AXES semantics and enhance SysMLSs formal underpinnings.

Integrated Modeling Environment

001AXES—actually a meta-language—has mechanisms to define meunbkdnisdefining
systems. Although the core language is generic, the usegudge”, a by-product of the
definition of newer systems (and thus newer mechanisms), can bea#ipplispecific, since the
language that is semantics dependent is syntax independent. éfgtsegntax shares the same
semantics. Also implementation and architecture independent, 001AXES$esdioe the
principle that everything is relative (one persotiesign is another's implementation). It can be
used seamlessly throughout a system's life cycle to define raadrate all aspects and
viewpoints (of and about the system and its evolution).

Overarching is that all aspects within a 001AXES universeeadaged to the real world and
the language inherently captures this. In so doing it meetshdilermge linguists describe of
assuring consistency in meaning, of “fitting together the partidéd semantic entities that we
carry in our heads—to approximate the way reality is fittegettoer as it comes to us from
moment to moment. The entities are the world [or perceptions a¥dHd] reduced to its parts
and secured in our minds; they are a purse of coins in our pocket Wids Ya match whatever
bargain or bill is likely to come our way.”

001AXES provides a mathematical framework within which objects henl interactions
and relationships with other objects may be captured. Its philosaplobjects are recursively
reusable and reliable; reliable systems are defined instefmeliable systems; only reliable
systems are used as building blocks, and only reliable systemgsad as mechanisms to
integrate these building blocks. The new system along with maretige ones can then be
used to define (and build) more complex reliable systems. yi§tar is reliable, all the objects
in all its levels and layers are reliable.

It is important to be able to visualize a system definition both vé@spect to what it does
(level by level) and how it does it (layer by layer). A hrehical definition can run the risk of
not being reliable, however, unless there are explicit rules isate that each decomposition is
valid; e.g., the behavior of a successive lower level (or layer) complef@gces the behavior of
that it replaces. The axioms of control provide the formal foundatioa 001AXES "hierarchy"
(referred to as a map which is both a hierarchy of control aretveork of interacting objects);
explicit rules have been derived from these axioms for defining a map; where athenthings
structure, behavior and their integration are captured. An objededemposed until the
primitive objects it has ultimately been defined in terms @EHaeen reached. Resident at every
node on a given map is the same kind of object (e.g., a function onredaeyf an FMap; a
type on a TMap). The object at each node plays multiple ®lgs,it can serve as a parent (in
control of its children) or a child (being controlled by its parelhat follows is a discussion of
the six axioms of control and some derived theorems.

Six Axioms of Control

At the base of the theory behind 001AXES that embodies every systamset of six
axioms—universally recognized truths—and the assumption of a universalf sebjects

! Dwight Bolinger and Donald A. Seasspects of Languag®lew York: Harcourt Brace Jovanovich, Inc., 1981,
109.



(Hamilton and Zeldin 1976, 1979). Each axiom defines a relation of dmateedomination of a
parent object over its children. The union of these relations is coAtrming other things, the
axioms establish the relationships of an object for invocation, input {(dpraad output
(codomain), input access rights, output access rights, error detaotiarecovery, and ordering
during its developmental and operational states.

Axiom 1 states that a given parent controls the invocation of thefsetildren on its
immediate, and only its immediate lower level. Take for exarapl&Map; the parent controls
its children to perform its own mapping; that is, the parents mapigicompletely replaced by
its childrens' mappings; no more, no less; yet the parent (asteoier) remains in control of its
children. Note that a 001AXES function is a hybrid consisting thditional mathematical
construct, i.e., an operation (mapping) and a linguistic construct, i.@ssa@mment of particular
variables to inputs and outputs. Some implications are that a paaenbnly invoke its
immediate offspring; it cannot invoke itself, its parent, anytefdescendants other than its
immediate offspring, any other offspring of its own parent, angplaeents offspring, or an
offspring that invokes its parent; the children of each parent noillstiively perform no more
and no less than the parents requirements; e.qg., if a function ftomea level is removed and
its ancestor still maintains its same mapping, the functiorhatldwer level is extraneous
(extraneous functions proliferate test cases and complicate ingrface

Axiom 2 states that a given parent controls the responsibilitgleanents of only its own
output space (codomain). For an FMap this simply states thedléhef the parent is to perform
its own mapping. For any given element in the domain of the pafent$ion, the parent is
responsible for producing the correct corresponding element in the (aadomain). While the
parent can get "help” from its offspring in the performancehisf function, it cannot delegate
this responsibility. For a given input, only the parent can ensure déivery” of the
corresponding output. Some implications are a parent loses control (camswe correct
outputs) when any of its offspring stop before completion, go into arsntthop or do not
return required information back to the parent; the decomposition stopping ¢ be
determined and the bottom is reached when each function has been defieedsirof other
functions on a defined type; the functions'behavior one level from therbatn be defined by
understanding the behavior of each function at the bottom level and helatés to other
functions on that level; one can define each next highest leveldarintthe same manner until
the top node is reached; the behavior of the top node is ultimatelynile¢d by the behavior of
the collective set of bottom nodes; there may be more than oneldédion for a particular
function, it is only necessary that the mapping be identical.

Axiom 3 states that a given parent controls the output acgggs (ability to alter the values
of variables) to each set of variables whose values define tmergke of the output space for
each immediate, and only each immediate, lower level child. Axigc8ncerned with where
the required range element (as produced by an offspring) iedli as dictated by its parent.
The parent can assign to its offspring the right to altevéhges of the output variables of the
parent’s own function that the offspring replaces. Implicationsemeh range variable of the
parent that an offspring replaces, must appear as a rangeleafiahe function of at least one
of its offspring; tracing of outputs can be traced for each and ewnfgrmance pass (i.e.,
instance by instance); the output variables at the parentsaitesat of the output variables of the
collective children.

Axiom 4 states that a given parent controls the input access rights (ebdibyain the values
of variables) to each set of variables whose values define thergte of the input space for each



iImmediate, and only each immediate lower level child. Axiom brigxerned with the way the
parent controls access to its domain elements; specifitalparent can grant its children the
right to access its domain elements for reference only. datpns are: the parent does not have
the ability to alter its domain elements; each domain variablhe parent must appear as a
domain variable in at least one of its children; inputs can bediréme each and every
performance pass.

Some implications of both axioms 3 and 4 are: the variables of thataét of a function
cannot be the variables of the input set of that same functiofy, ¥)f=y could exist, access to
y would not be controlled by the parent at the next immediate highel; the variables of the
output set of one function can be the variables of the input set dfearfanction only if the
variables belong to functions on the same level. If f1(x) =y and £¢, both functions exist at
the same level.

Axiom 5 states that a given parent controls the rejection of thesédiments of its own, and
only its own, input set (domain). Axiom 5 requires that the parent emssire the rejection of
inputs received that are not in the domain of the parent. A pairenperforming its
corresponding function, is responsible for determining if such an etdms been received, and,
If so, it must ensure its rejection.

Axiom 6 states that a given parent controls the ordering of eaetdr the immediate, and
only the immediate, lower level. Axiom 6 requires the parentotdral the order (including
priority) based on e.g., time, events, importance, and computationalafebdsnvocation of its
children and their descendants. Implications are: total ordeioredhips; if two processes are
scheduled to execute concurrently, the priority of each procemsnileés precedence at the time
of execution; the priority of a process is higher than the pyi@f any process on its most
immediate lower level; if two processes have the same paligmtoeesses in the control tree of
the process with the highest priority are of a higher pridhiéyn all the processes in the control
tree with the lower priority; a process cannot interrupt itself; a proeesstinterrupt its parent.

Other implications (derived theorems) of the axioms are: esMggct has a unique parent, is
under control; and has a unique priority; communication of children isatiedttby the parent,
and dependent functions exist at the same level; the priority obbjact is always higher than its
dependents and totally ordered with respect to other objects @trtdevel. Relative timing
between objects (including functions) is therefore preservednmuaxicompletion or delay time
for a process is related to a given interrupt structure. Absoiti@g can therefore be
established (i.e., it can be determined if there is enough tie toe job); the relationships of
each variable are predetermined, instance by instance, thus elimimatfhigis; each system has
the property of single reference/single assignment. SOOsheeefdre be defined independent
of execution order; the nodal family (a parent and its childrems dwot know about (is
independent of) its invokers or users; concurrent patterns can be acétisnaetected; every
system is event driven (every input is an event; every outpuatesent; every function is event
driven); and can be used to define discrete or continuous phenomenon; eathaolj changes
to it, is traceable; each object can be safely reconfig@ery system can ultimately be defined
in terms of three primitive control structures, each of which i&/elé from the six axioms—a
universal semantics, therefore, exists for defining systems.

Universal Primitive Control Structures

A structure relates members of a nodal family accordingdet af rules derived from the
axioms of control. A primitive structure provides a relationshiphefrhost primitive form of



control between objects on a map. All maps are defined ultimatééyms of three primitive
control structures, and therefore abide by the formal rules assbwiiteeach structure: a parent
controls its children to have a dependent relationship (Join), indepent@ionship (Include),
or a decision making relationship (Or).

Figure 1 contains a description of the three primitive structwesd generically in both
TMap and FMap definitions. Figure 2.a contains a description afutee as they apply to an
FMap (read left-to-right in this syntactical view). Fig@d contains a right-to-left syntactical
view. The structures ensure that all interface errors (7330% o normally found, if found at all,
during testing in a traditional development) are eliminated "beafoeefact” at the definition
phase. Although a system defined in these structures has profmrsgstems in general, the
properties have special significance for the real timeriloiged aspects of a system (that every
system ultimately has): each system is event interrupt rgrieach object is traceable,
reconfigurable, and has a unique priority; independencies and dependearciesadily be
detected (manually or automatically) and used to determine wienadlel and distributed
processing is most beneficial.

Dependent (composition) Independent (class partition) Alternative (set partition)
parent(a;c) parent(a,b;c,d) parent(a;b)
N N\ N
Join Include Or:partition(a)
| /N
left(a;b)  right(b;c) left(a;c) right(b;d) left(a;b)  right(a;b)
a,b,c,d are Ordered Sets of variables Priorities: parent > left > right

Figure 1: Universal Primitive Control Structures

Definition and Execution Space

SOOs are defined in terms of FMaps and TMaps—FMaps to reptésedynamic (doing)
world of action by capturing functional and time (including priorttiipracteristics and TMaps
to represent the static (being) world of objects by capturingiabpeharacteristics (e.qg.,
containment of one object by another). Maps guide a designer in ththkough concepts at all
levels and layers of system design and the 001 Tool !Su{@01 ), the automation of
001AXES (Hamilton June 1994, HTI 1986-2007), in automatically generdetajled designs
(such as for resource allocation) and the software part of thensys required. With a map,
everything you need to know (no more, no less) is available. All Imoelpoints can be
obtained from FMaps and TMaps, including structure (organization op@oemts and their
connectivity), behavior (object flow, control flow, state transitiormirig), parametrics
(constraints), allocations and structures of types and functions. efthsithin each map are
features such as polymorphism, encapsulation and inheritance sttt beth on the function
side as well as the type side of a system; the functiotlisidefined in terms of the type side
and vice versa, providing the ability to automatically trace witnd between levels and layers
of a system. For example, in an FMap, an output variable of anydanetfully traceable to all
other functions that use the state that variable refers to.

FMaps are used for defining functions and their relationships te @ihetions using the
types of objects in the TMap(s). Each function on an FMap has onereraijects as its input
and one or more objects as its output. Each object reside®best map (OMap ) andis a
member of a type from a TMap. TMaps are used for definingstgpe their relationships to
other types. Every type on a TMap owns a set of inherited pr@roperations for its allowed
FMap primitive functional relationships. FMaps are inherentlggrated with TMaps, in fact



recursively so, by using objects (members of the types in thapJMnd their primitive
operations. If for example a type is changed on a TMap, all Fivkegs impacted are traceable.
FMaps are defined in terms of TMaps and TMaps are definednrs tef FMaps. FMaps are
used to define, integrate, and control the transitions of objects from one state to statéhe

Dependent (composition) Rules Governing Join (J)
parent(inputs) = outputs Inputs to parent are identical to inputs
] of left child (including order).

Outputs of parent are identical to outputs
of right child (including order).

Outputs of left child are identical to inputs
of right child (including order).

left(inputs)=locals right(locals)=outputs

Rules Governing Include (I)
Parent sends all its inputs to its children.
Children send all their outputs to their parent.
1 Order of inputs and outputs is maintained.
Children do not share inputs or outputs.
left(inputs1)=outputs] right(inputs2)=outputs2  Left child receives the leftmost parent inputs.
Right child receives the rest.
Left child sends the leftmost outputs to
parent. Right child sends the rest.

Independent (class partition)
parent(inputs],inputs2) = outputsl,outputs2

Alternative (set partition)

parent(inputs) = outputs Rules Governing Or (O)

Inputs of both children are identical

O to in i i
L puts of parent (including order).
artition(inputs
P (inputs) Outputs of both children are identical
left(inputs)=outputs right(inputs)=outputs to outputs of parent (including order).
Priorities: parent > left > right Inputs of partition are identical

to inputs of parent (including order).
Parent uses partition to select
one of its children.

Where: inputs, inputsl, inputs2, locals, outputs,
outputs1, outputs2 are Ordered Sets of variables

a. FMap left-to-right Syntax

outputs = parent(inputs) outputs1,outputs2 = parent(inputs1,inputs2) outputs = parent(inputs)
J I /0\
partition(inputs)
. . N\
locals=right(inputs) outputs2=right(inputs2) / outputs=right(inputs)
outputs=left(locals) outputs1=left(inputs1) outputs=left(inputs)

b. FMap right-to-left Syntax

Figure 2: Rules for Primitive Control Structures

A SOO is realized (has all of its values instantiated fpasicular performance pass) in
terms ofexecution mags (EMap$ ), each of which is an instantiation of an FMap and OMaps,
each of which is an instantiation of a TMap. When an object s¢mt occurs, each function
that depends on that object state is instantiated. This ingtamfpaocess always results in a
totally ordered (in terms of priority) map of function instancesien a function instance
becomes ready to execute it is always inherently coyresctheduled and allocated to the
appropriate resource(s). OMaps and EMaps are always under tha (ihiereby following the
control axioms) of the FMaps and TMaps from which they were instantiated.

Typically, a team of designers begins to design a systerkdightng a TMap; where they
decide on the types of objects (and the relationships between thém)risystem. Oftenr@ad
map (RMag ), that organizes all system objects including FMaps and TMsys&etched in
parallel with the TMap. Once a TMap has been agreed upon, the BEgipsalmost to fall into
place because of the natural functionality (or groups of functiopalitthe TMap system. The



TMap provides the structural criteria from which to evaluatefainetional partitioning of the
system (e.g., the shape of the structural organization of Mepg$-is balanced against the
structural organization of the shape of the potential objects asedeliy the TMap). With
FMaps and TMaps a system (and its viewpoints) is divided into comfzoaad groups of
components which naturally work together.

User Defined Structures

Any system can be defined completely using only the prim#imgctures, but less primitive
structures can be derived from the primitive ones; and acceeldratprocess of defining and
understanding a system. Since all non-primitive structuresltameately derived from the three
primitives, they are also governed by the control axioms. Definectsres for both FMaps and
TMaps can be created for any kind of system including real tiis&ributed systems; retrieval
and query structures can be defined for more database oriented systems.

The defined structure, a powerful form of template-like reuse, gesva mechanism to
define a map without some of its elements being explicitiyped. Whereas an FMap structure
has placeholders for variable functions, a TMap structure hashpldees for variable types.
Async is an example of a real time, distributed, communicatMgpFdefined structure with
both asynchronous and synchronous behavior. An example of a TMap defungtdrstis
TreeOf, a collection of the same type of objects ordered udieg andexing system. Each type
structure assume its own set of possible relations for its parent and chyjoleen Abstract types
decomposed with the same type structure on a TMap inherit (oe)réus same primitive
operations and therefore the same behavior (each of which is availablaps EMt have access
to members of each of its types). With the use of FMaps, Theiagsiser defined structures as
well as other forms of 001AXES reuse, a system is defined fiemdry beginning to inherently
maximize the potential for its own reuse.

Universal Primitive Operations

The TMap provides universal primitive operations, used for controllingctsbpnd object
states, that are inherited by all types (a primitive opmrasi used as a primitive function(s) in an
FMap). They create, destroy, copy, reference, move, acceskie detect and recover from
errors, access the type of an object and access instanceype, groviding an easy way to
manipulate and think about different types of objects. With the univprsaitive operations,
building systems can be accomplished in a more uniform mannemp Blih OMap are also
available as types to facilitate the ability of a system to understatfchister and manipulate all
objects the same way when it is beneficial to do so. TMap prepeamisure the proper use of
objects in an FMap. A TMap has a corresponding set of control pespéaticontrolling spatial
relationships between objects (e.g., two objects can not exig satne place at the same time).
One cannot, for example, put a leg on a table where a leg akgmty, conversely, one cannot
remove a leg from the table where there is no leg; a refertenthe state of an object cannot be
modified if there are other references to that state inutued; reject values exist in all types,
allowing the FMap user to recover from failures if they are encountered.

As experience is gained with different types of applications, resables emerge. For
example, a set of mechanisms was derived for defining interreptadynchronous,
communicating, distributed controllers. This is essentially arsborder control system (with
rules that parallel the primary control system of the pnmistructures) defined with the formal
logic of user defined structures. In such a system, each disttilvagion is cooperatively



working with other distributed regions and each parent controller mtayrupt the children
under its control. These reusables can also be used to managemekerftprocesses such as
those used to manage a development environment.

Constraints

When designing a system, it is important to understand the perfoentnstraints of the
functional architecture and to have the ability to rapidly charuggigurations. A system is
flexible to changing resource requirements if the functiondii@cture definition is separated
from its resource definitions. To support such flexibility with tleeessary built-in controls, the
same language, 001AXES, is used to define functional, resource and allocati@atanest

The meta-language properties of the language can be useefine dlobal and local
constraints for both FMaps and TMaps; constraints, themselves, defitexths of FMaps and
TMaps. If we place a constraint on the definition of a function.,(84here sendBy:vehicle
takes between 2 and 3 hours), this constraint influences all functianasindhis definition.
Such a constraint is global with respect to all the functions ubkat the original function
definition.

Global constraints may be further constrained or overridden lay ¢onstraints placed on a
function that uses this original definition (e.g., where function sgm@B takes between 4 and 6
hours, overriding the default). The validity of constraints andr timeraction with other
constraints can be analyzed by static or dynamic meahsthétautomation of 001AXES, the
001 Tool Suite. The property of being able to trace an object throughdefinition supports
this type of analysis; it provides the ability to collect infatimn on an object as it transitions
from function to function. As a result, one can determine both the direttindirect causal
effects of functional interactions of constraints.

Automation

Because of a SOOS inherent support of automation; more automapassible (e.g., much
of the system design can be automatically generated from )SC&igen a set of FMaps and
TMaps, 001 has the means to perform requirements analysis; andtsimoth observe the
behavior of a system as it is being evolved and executed in ter@laps and EMaps; if it is
software the same FMaps and TMaps can be used to automajeradisate a complete software
system of any kind or size resulting in production ready codelacwimentation; in fact, 001 is
defined with itself and automatically generates itself. Tsa&d to build other systems builds
itself.

One might ask "how can one build a more reliable system ahe agame time increase the
productivity in building it"? Take for example, testing. Unlikeraditional approach with a
"test to death" philosophy where the more reliable the systentesisethe productivity, with
DBTF the more reliable the system the higher the productivitys-tksting is needed with each
new before the fact capability. Before the fact "testinghierently part of every design and
development step. Errors are prevented because of that which eninbleautomated. Correct
use of 001AXES eliminates interface errors; the 001 Analytaically hunts down errors in
case the language was not used correctly. Testing for integratios isrnosinimized, since SOOs
are inherently integrated. Automation removes the need for nmuest w@isting (e.g., since the
001 Resource Allocation Tdol (RAT! ) automatically generates all the code, no manual
coding errors will be made). And, since the RAT can be configunedenherate to an
architecture of choice, no manual errors result from conversion @pplication to a new



architecture. Other test cases are not necessary toopeletause they are automatically
generated as part of the RAT generation process.

The 001 DXecutdr component of 001 is a distributed runtime execution engine. 001
DXecutors form a hierarchy, each managing its own resourgs (ifferent CPUs) and
communicating (e.g., using TCPIP) to other 001 DXecutors. Theydasabstrate upon which
a 001AXES system can be executed with asynchronous event driven behavisr takes
advantage of the inherent asynchronous and priority properties builtthet@grammar of
001AXES to automatically coordinate and schedule, providing enhanced itsliadmild
eliminating unnecessary design tasks (e.g., it is estimated-80& of the UML2 specification
standard could be eliminated with a 001AXES 001 DXecutor, that profedes distributed
active object like substrate).

Take also reuse. The more a paradigm supports inherent reuse hetretinggreliability and
productivity. Not only does a SOO have properties to support the desigfieding, creating
and using commonalty from the very beginning of a life cycle; comttyoiseensured simply by
having used 001AXES to define it; such reuse can result in many gfattee design and
development process to become no longer necessary. Every objeanhddidate reusable—and
integratable—within the same system, other systems and these systheysealve.

Mapping 001AXES to SysML: 001AXES Semantic Kernel f  or
SysML

The 001AXES kernel (001AXES formal semantics) could provide Syshh a universal
system formalism that can reduce semantic ambiguity in & QysML specification (OMG
2006). The following section, that provides an initial mapping of 001AXES/$ML structure,
behavior, parametrics/constraints, and allocations, discussesatilgilfiy of such an approach.
The block definition diagram (bdd) and associated internal block dia@oaalong with other
SysML constructs provide a foundation for the mapping from the Sysidpective. Instead of
using the default syntax(s) for 001LAXES (as exemplified in Figyye& 001AXES kernel block
diagram (kbd) syntax will be used that is a syntactic integraof the SysML bdd and ibd.
Figure 3 contains a description of the three primitive controksires using the kbd syntax.
This syntax can be used to define both the structure and behavigr gfysdem, because it is a
syntax variation of (and isomorphic to) the 001AXES map syntax tihatthe underlying
001AXES kernel semantics.

Dependent (class partition) Independent (class partition) Alternative (set partition)

parent{Join} parent {Include} J parent{Or:partition(a) } J
a c a b
b - c | left ¢ propertylleft
—a—l al left I——|bl right |—— a /| I\ b

o Ilbl right II d 14 \alnot(property)lrightlb/

o

o
o

Figure 3: kbd Primitive Control Structure Syntax

The kbd syntax will be used in the following examples to represesiliSiike syntax for
the following system viewpoints: structure, behavior (e.g., act®)jtieconstraints (e.g.,
parametrics) and layered architectures (e.g., allocatidssd.of the kbd among other things will
provide SysML specifications with the characteristics of:

- being executable, and therefore translatable (e.g., to sejtaainterpretable (e.g., used

as an embeddable real time operating control system)



- having built in causality and total ordering of timing in terms of priority

- having built in schedulability in terms of active distributed resources

- automatable design based on implications of active resourcatallm (e.g., fully
automated distributed communications)

- automatable systems analysis based on optional resource cuchitallocations (e.g.,
based on definable engineering characteristics such as: cost, risleriengy, reliability)

Structure: Mapping TMaps to SysML Structure Diagram S

A system has both static and dynamic structure. In 001AXESathe structure of a system
can be interpreted statically in the context of a TMap oadycally in the context of an FMap
(Hamilton and Hackler 2007). In SysML, block definition diagrams atetmal block diagrams
are used to define the static aspects of a system (@@ Bi) and activity diagrams may be used
to define the dynamic aspects of a system (see next seckmure 4.a shows a bdd and its ibd
used to define the structure of a vehicle (OMG 2006). A TMaILAXES default syntax that
corresponds to this is shown in figure 4.b. Figure 4.c shows the kbdstothe Anti-Lock
Controller portion. The reference, s1, of the original bdd is defindteikbd TMap (figure 4.b)
using the relation, rvel. Figure 4.b shows the path of the rveiomliom its sensor source, s,
part of the HubAssy, up and then down into the TractionDetector. Thiespords to the flow
implied by the ibd. Flow directionality is captured in a TMapa relation variable, having a
"<"or">" (or as arrows). This specification directiobalvill constrain its realization by some
resource (e.g., sensor signals).

Figure 4: TMap Default Syntax and kbd Syntax



Behavior: Mapping FMaps to SysML Activity Diagrams

In SysML, behavior can be represented using activity diagrampsesee diagrams and state
machine diagrams. Activities in SysML, are classifiers tten be represented as blocks.
FMaps are used to define the behavior of a system and incorporatéobshaspects found in
SysML activity, sequence and state machine diagrams. An Rbtlpintegrates the aspects of
control, function, causality and time. An FMap node's function corresponasSysML action.
The bdd representation of activities as classifiers syntdgtimsembles the 001AXES control
tree FMap representation. The FMap is more compact sinceodéds are assumed to be
functions; no stereotype like mechanism is needed. In a bdd, "bddfaatil implicitly mean
that all blocks within the bdd have <<activity>> stereotypes. d8ult composition in these
bdds could be simplified by simple lines between parent and childoeksbl(i.e., leaving off
black diamonds and multiplicities). Composition associations would nowndoe like FMap
control line relations as in Figure 2. Instead of represemimgts and outputs of an activity or
action by further block decomposition, they would be listed; inputs teethand outputs to the
right of a block. At this point the bdd[act] diagram would syntaditicbe fairly close to early
FMap graphical representations (HOS 1980-1985). The kbd syntax couldémvelesigned
with a control tree-like syntax in mind; however, a data flde-lirepresentation, more
characteristic of an ibd, was chosen as the kbd syntax to reptieeetgrnel semantics in the
examples that follow.

Interrupt, an important FMap defined structure for real timéesys (here, represented in
kbd syntax), allows object states to be used to interrupt an ongoing executimgnf{ificiure 5).
Flows within a kdb FMap have no arrows because flow is always imiogetion, left-to-right,
from the function that could produce the object state to the functidrs)could receive the
object state. A flow at the left border of a kbd function blowkags has a flow property of "in";
while a flow at the right border of a function block always hdl®w property of "out". Kbd
function blocks never have in/out flow properties. This is because kbd sufipsoperty of
single reference/single assignment for a variable and thatiable represents an object state,
not a location in memory.

Figure 5: Interrupt Structure Definition

The topmost block input is i and s0O; and the output is s. The decision structure, co, defined in
terms of Or, uses the primitive function is:present(i) to sedeet of its sub-blocks only when
one or more of the sub-blocks could be invoked by a variable having an object state (i.e., a value)
that can be used. When either i or sO has an object state,dntpcas be asynchronously
evaluated. This means that at this decision point both inputs aregnoedefor a decision to be
made; when only one of i or sO is has a value, then is:presentdiately chooses the
alternative. When i has an object state, is:present returns tiieu&inction replacing 1? in the
use of the structure will be invoked. When the object state ofis® end the object state of i



does not exist, is:present returns False; the function that replgewill be invoked. The
interrupt innermost block function within the continue block is a reculsakdefinition (i.e.,
one using a definition of a containing block, here the outermost diadrack for
Structure:FMap interrupt). When an execution instance reachgsoihis it uses its recursive
ancestor function with the same name (here, the outermost block, tdpnuisin) to determine
what to do next. The block family interface pattern for the uski®ftructure is defined by the
usage syntax (figure 5.b). "?{interrupt}" corresponds to this ancestermost block function
in the definition. It will become the parent of the familyngsthe structure. See the run block
in the ignition_on block in figure 6. This run function will be the onedusg the recursive
interrupt leaf function (hidden within this specific interrupt struetusage) to determine what to
do next during the invocation of an execution instance.

Figure 6: FMap for operate_car

The operate_car kdb FMap has roughly the same behavior as they d@peitateCar in
(OMG 2006). To operate carO, its key is turned on. carO invokes thigofunaperate, within
the run{interrupt} block. Operate is repeatedly invoked until the keyuised off. The
is:present(keyOff) function (hidden inside the interrupt structunecks the state of keyOff
before invoking a new instance of Operate. When keyOff has aettuwnff" value, the id:2
universal primitive operation is selected by is:present(keyOffeturn the current state of the
car, carn, to be its final state, car.

An FMap variable by default always implies a fully agyomous stream-like behavior. It
declares a relationship between potential producer functions and gbtectiver functions
anywhere in the system that need that variables obje&. stas an event, this relationship is
logically simultaneous. However, this relationship is constrainedsbgpplication on some
resource architecture. Its instantiation initiates an invocatimtess that integrates the
functional architecture and the resource architecture invoking (basegriority) the most
important functions of the functional architecture onto the most imptcatailable resources of
the resource architecture. The parent of the producing child deesrfi any other of its
children need the newly created object state. If so, the childtixe highest priority is given
control of the invocation process. The selected child continues the invocation pitseffss;s a
parent over its children (again, following the priority rules). Wil primitive function is
reached it becomes ready to execute based on how it has beatedllo®Vhich inputs are
needed before execution can start is determined by the alloeatadce. Any function with an
output variable that has a newly assigned object state "nofitisegarent who, being in control,
determines what to do with it. This results in object stiw@sng up the chain of command and
control with each parent along the way making a decision lodadlytats own needs. When all
functions that need the object state have been invoked, the invocati@spi® completed. An
object state remains active until all functions that need it baxgpleted. An input object state
is released when it is no longer needed to produce some output sihject When all output
object states have been produced and all input object statesdeswveeleased, the object state is
released.



In Figure 6, when carO arrives at the operate_car interfagee# (asynchronously, stream-
like) directly to the run interface. The run interface is ayasa the interrupt structure in which
the decision partition function becomes: is:present(keyOff\ssuming the key has not been
turned off (i.e., keyOff has no value), carO invokes operate and any fatiwion inside of
operate car as needed. This kind of decision is non-blocking, since the partition functsesc
one of its children whether keyOff has a value or not.

Constraints: Mapping Constraint Maps to SysML Param etrics

In SysML, the constraint block and parametric diagram are usgetfysconstraints among
properties of a system and its environment. Figure 7 shows a aonsieéinition (in both
control tree and kbd syntax) of the functional relationships betwedatttenheit and centigrade
temperature scales (Steele 1980). A constraint is definedseisal mappings; in which each
domain (and range) is a proper subset of the objects named byitii#esgat a node (those to
the left and right of the semi-colon). A constraint is defined sgecial type of FMap structure
having a constraint at each node.

A primitive constraint is defined as a set of primitive mappingSiven the constraint,
add(a,b;c), when a domain is identified from the variables, "(a,tj©d" following mappings
emerge: add(a,b)=c, sub(c,a)=b, sub(c,b)=a. Both forms of the constramiesiiztéadd(a,b;c)”
and “add(c;a,b)” imply these three mappings.

Figure 7: Constraint Structure: Default and kbd Syntax

A constraint structure definition provides for the possibility of gaetireg one of a possible
set of FMaps. Identifying a sufficient set of constraint mapakies as domain variables
determines the selected FMap; a domain/codomain mapping selectiocodmuain tracing
process is used. When the domain variables of a primitive condteiatbeen determined a
mapping is selected from the set of possible primitive mappifidee variables of a primitive
constraint not identified as domain variables become codomain variablgacing each
codomain variable to its related role as a domain variable in ptimitive constraints leads to
the determination of the domains of these other primitive congraiftiere are several ways to
evaluate (or compute) a constraint structure. One way is tp #ygoprocess to all constraints of

Z This non-blocking decision point relates to <<intptibleRegion>> in SysML. A major differencetisat SysML
is value driven while 001AXES is object state dnweith the ability to ask if an object state existsnot. See
section Preliminary Findings for more detail.



the structure resulting in the generation of an FMap (e.g., figure 7.b). The FMap sxecuted
with a standard 001AXES execution engine. How the FMap is gedasatescribed below.
Another option is to apply the life cycle process completely aath eindividual primitive
constraint when its mapping has been selected; when the dutrain variable(s) are identified
they are given value(s) and when a primitive constraints mappiagoban determined, it is
immediately executed, resulting in codomain values. When all thdiViconstraints have been
evaluated the constraint structure evaluation is completed. her @ption, when this process is
completed the values of the variables (object states) ateddla each other in terms of the
constraint map.

Identifying one variable of the fahrenheit_centigrade constraint(imeapfa, ce, a, or c) to be
the initial (and sufficient) domain allows for the determinationtled primitive constraint
mappings and the values of all of the other variables. Figuresnd.ly.c show two different
FMap definitions. given the initial constraint map domain variableseofnd fa respectively.
For any abstract constraint, the set of mappings is determinéiebyombination of variables
from the left and right sets. Each variable combination (ds pvimitive constraints described
above) uniquely identifies a mapping. The abstract constraingrfiabit_centigrade, has two
mappings: mappingl(fa)=ce and mapping2(ce)=fa. When fa is giwatua by the user, fa
becomes the domain and ce the range; when ce is given a \@ahecames the domain and fa
the range. Each mapping and its consequences may be used trirahsfconstraint map into
a corresponding FMap. One of these, convert to _centigrade, casebleto convert a
fahrenheit value to centigrade value (fa to ce) with the famf{iahrenheit - 32) * (5/9) =
centigrade; another, convert_to_fahrenheit, can be used to convertgracknto a fahrenheit
value (ce to fa) with the formula: (centigrade * (9/5) ) + 3fabkrenheit. The consequence of
identifying fa as a domain variable (and eventually giving Malue) can be seen in convert_to
_centigrade. The form of the “add(fa;a,”32")" constraint is “aglfy)”; and since the values of
c (here, fa) and b (here, "32") are known, the mapping form "sub#,lj=used to transform
“add(fa;a,”32”)” into *“sub(fa,”32")=a". @ The codomain, a, as a damaiariable of
"other|mul(a,"5";c)" completes the identification of the mapping tauded: “mul(a,”5”;c)” is
transformed into “mul(a,”5”)=c”. Finally, with ¢ and "9" as tha@entified domain of the
constraint "mul(c;ce,"9"), it is transformed into “div(c,”9")et With either life cycle
evaluation approach, if fa was given the value, "32", the other vaioelsl be: a="0", c="0" and
ce="0".

System Architecture: Mapping Layering to SysML Allo cations

A SysML specification defines allocation mechanisms to supporltbeation of behavior
to structure. One of the most basic concepts in modeling systethe iseparation of the
functionality of a system from its realization in terms of cete resources. This concept is
embodied in 001AXES as a layering mechanism (Figure 8). Wjtbriteg, an allocation
architecture (AA) maps the functional architecture (FA) ongalaset of one of a possible set of
resource architectures (RAs) resulting in a system arthigee(SA). A system (and its behavior)
is defined by the mapping of the structure of the FA into thetsteiof the RA, the mapping of
the functionality of the FA into the functionality of the RA and thapping of the constraints of
the FA being upheld by the RA. Each layer provides more sydétail in terms of resources
used to realize the more abstract layers. At the lowgst & detail, the real world provides this
detail as actual reality.



Each architecture is defined with FMaps and TMaps. The lower bouodla layer is
defined with a set of primitive types each of which has afsptimitive operations and a set of
axioms (or constraints). The set of primitive operations detimesnappings and the axioms
define conditions that have to be met by a particular RA toadicirealization. Each primitive
operation in the FA is allocated to an RA operation (e.g., an FMemat@). The input and
output types in the RA operation become primitive types in the inpditcaitput of the FA
primitive operation. In 001AXES, an FA is independent of any oRifs. The allocation
mechanisms of SysML, allocatedFrom, allocatedTo and the wbbchereotype to support the
allocation of behavior to structure (OMG 2006), most closely ralat®@01AXES layering
mechanisms. From a O001AXES layered architecture perspectives 8yesdvIL allocation
statements should be provided in a separate allocation diagram defining thegrisgipeen the
functional and resource layers of a system; maximizing the independencseolalyers.

Scheduling discipline is inherent in kbd specifications. An SA comlgletetermines the
scheduling constraints placed on the system by elements of the Falized by its RA. This is
because every control node within the system has a unique passtynment. The Include
structure holds the key to concurrency, parallelism and timing opamtkent actions. In Figure
8, the timing relationships of the Include are expressed in terms of seventese@idizn 1991).
The thirteen interval time relationships defined by these msiamply the possible ways in
which an active resource can realize an FA function in rea.tirBecause of the Include
structure and the fact that c is the highest priority output, the left functzohigher priority than
the right function. Although all pairs are potential schedules soemenare likely than others
depending upon available resources. If only one resource wasbévaiftad it is assumed that
the resource can only perform one function at a time, the only posshéslule would be:
before(left,right) or meets(left,right). In addition to the constraints ondfadtime interval (as
seen in figure 8), the meets schedule further assumes tkatlb to be available before or at the
same time that the resource finishes the action of theuteftibn. The equal(left,right) potential
schedule is more subtle and could be applied when the resource hbgithéo simultaneously
perform both left and right. Because c is more important than auldwe required to use its
capabilities to try to produce c before d.

Figure 8: Include: Potential Parallelism

Figure 9 shows an example system (with just the FMaps) oAakA and RA resulting in
an SA. The FA (figure 9.a) is simply a function, ship_boxes, ti@dtides two box shipping



functions labeled A and B (corresponding to their roles). The RArf 9.c) has a universal
FMap that supports transporting a box by any kind of vehicle. ¥amgle, a box could be
loaded into a car with load:car or into a plane by load:plane wélkicle is replaced by car or
plane respectively. The AA (figure 9.b) knows about both the FA anddBffning a mapping
that results in an SA. The AA provides a mapping that can lekimgeprocess of integrating a
given FA onto a subset of the selected RA to obtain an SA. Theshigterity shipment, A, is
allocated to be sent by plane, with "[allocatedTo]sendBy:plane"thentbwer priority shipment
to be sent by car, with "[allocatedTo]sendBy:car". Two useh@fsendBy:vehicle universal
FMap operation are used to complete the SA. In one case, veleplased by plane as the
resource to be used to transport boxA and in the other, vehO is repjacadtb transport boxB.
The Include structure of ship_boxes in the FA is mapped to the Instudgure of ship_boxes
in the RA. The behavior of shipping boxA and boxB comes about because difféihences
between the resources, plane and car. Parallel behavior resuoitghis mapping of the FA
Include structure onto the RA Include structure.

From an FA perspective, in the FMap invocation process, a resource bounakaripe
crossed. This crossing signals an "allocatedTo" like assignthantbrings to bear the
characteristics of the new resource, such as its time behatmthe process. The invocation
process provides for the control of fully distributed heterogeneous atfjgets (i.e., resources)
in which all communications and scheduling may be automated. When abjé# state (or
flow token) becomes realized by a resource (such as watengdwough a tube or TCPIP
communications), its realization by the resource will peisigsime and have behavior. The
functional object state exists and remains constant over this drimde. Resource boundaries
may be crossed within and between layers. Resources argeteacording to the functional
architecture control requirements placed upon the resource architecture.

Figure 9: Layered System Architecture for Shipping Boxes



A distributed (or active) object can be thought of as a perforef@gion (or place) resource
while communications can be thought of as transport/path (or connemsm)rce. Regions
perform transformations on objects (and information) and paths tramdfects (and
information) from one region to another. Communication between distrilmljedts can be
automated by having fully traceable object states (or flowsyemn functions of the FA. Given
this traceability and the allowed transport mediums between re@ans TCP/IP or a highway),
static or dynamic artifacts can be used to mechanize thenfegnsport design interface. This
mechanization process takes into account the performance/regiamrceedmundaries and
available transport/path resources. For example, the sends anceseceeded for TCP/IP
communications can be automatically generated (as distributech @etifgcts) into the code or
dynamically used by an execution engine when communication befezBrmance regions is
needed. From the perspective of a particular execution engireeisgtementation details that
need to be taken into account can be found in (OMG 2005a). This tymk/naimic
communications strategy for the development of distributed systam$e incorporated into a
given execution engine (e.g., the 001 DXecutor) for a given application domain.

From a conceptual perspective, the resource layer provides a nsgptem of places and
connections between places. The functional layer as a model ofirtieatcrelationships the
system has with its environment identifies what will take platcany moment in time within
(and constrained by) the resource map, RA.

Preliminary Findings

The SysML/001AXES project was begun by first comparing Sysiyttax with 001AXES
syntax (while the kernel semantics of 001AXES is syntax indepera@esyfitax is required to
express it). An analysis revealed that there was good supporafyr ahthe formalisms, but in
other areas, the seemingly natural correspondences between theE®kAXel syntax and the
SysML syntax was sometimes misleading. In these casesntelying semantics of SysML
(Bock 2005) was found to be quite different than the semantics of 001AXHfaL follows is a
discussion of some of the findings regarding the analysis of the correspondetmeeEnSysML
and 001AXES. The results are preliminary and will require funteeilew with SysML experts
to both validate the findings, and determine potential enhancements to SysML tc #uleires

Finding (variables) In UML2, a variable refers to a physical location such aseanory
location (Selic 2004). This is essentially the same semamt®d in traditional programming
languages such as C or Java. This type of variable semafigosresults in misunderstood
behavior and systems with side-affects. Some of the issued @is those regarding resource
allocation, consistent naming and traceability of object stafasy SysML specification that
uses a UML2 runtime semantics runs the risk of having this typeamdble semantics. In
DBTF, axioms 3 and 4 do not allow a function to assign a valoeaeoof its input states. This
property of kernel variables is called single referencefsiregsignment. For example,
add(x,”1")=x (or as in a programming language: x=x+1), would miban the add function
modifies its input state x by adding one to it. Any otherestant that relied on the value of the
original state of x would be side affected. This would violagettaceability of changes to the
states of objects and would further not allow for the generalizbddsiling of distributed
systems resources. The semantics of the kernel eliminates theseftyp#sdems.

Finding (invocation policy) In SysML, the default invocation strategy resides within a
default synchronous framework. This reflects an imperative otientaf "controlling some
machine (such as a car or robot)" as opposed to a declarative statement ab@miethend how



it interacts with or relates to its environment. Parametms@aints go a long way in
recognizing this declarative emphasis. However, the use of UMihihvEysML specifications
may embed unwanted and unnatural system semantics when jusstdra syd its relationship
to its environment is to be considered. The result may be thatsysre built to run machines
with a limited characterization of the abstract functionalityhef system and the resource related
problem conditions of the environment the machine implementation is idt¢nd®lve. Given
SysML, without kdb-like enhancements, it is not clear that a conhplébmctional and
asynchronous system specification can be defined from a 001AXES perspective.

With the kernel, the functional architecture is defined by defaitlh wn asynchronous
invocation strategy that is driven by discrete events, under conffbk functional architecture
IS completely declarative as a set of causal relationshigls canstraints it has with its
environment.  The conditions of its environment are specified as comstran its
implementation (which could directly be the real world). The igrlahip between a kernel
functional architecture and its environment is the set of constragilected from each of its
successive layer boundaries, down to a primitive layer that ginetdracts with reality (e.g., a
robot sensory motor subsystem).

Finding (activity control mechanisms)n SysML, control mechanisms are not directly
aligned with the decomposition of an activity, control priorityja assigned to every action in
the system, and an asynchronous fully traceable event driven vanabteation policy (as
described above, integrated with parent/child lines of control) is not the tdeBdause priority
Is not used to totally order the system, automated resourcataloevith automatic scheduling
is not viable; and, other conflicts can arise that need to be dealt with by userzrofémsity for
synchronization mechanisms seems to stem from the above shortcontingsexample, the
SysML-join control node synchronizes multiple object flows into glsisequential flow. The
sequential order is based upon token arrival. However, the ordepowas ot to be specified
when tokens arrive at the same time (OMG 2005b). A composite(filkevparallel wires in a
tube) of independent asynchronously flowing tokens was found not to be supported.

With the kernel, all these shortcomings are integrated intotamsys control; the necessity
for a host of control node mechanisms is eliminated; e.g., imtide, final nodes (flow and
activity) and control flow aspects of the fork node. The kbd syrgagignificantly more
compact than an activity diagram. Control (in the kbd sense)gkcitly represented at each
parent for its children without the need for any other expli@phical syntax. The priority of
independent children is implicit in the vertical placement of a neitlen its parents block.
001AXES universal primitive mappings, clone2 and include (Hamilton awc#lé&ta2003-2004),
closely relate to the behavior behind the fork and SysML-join comooles. The clone2
mapping (like fork) provides for copies of (multiple referentm®sobject states. The include
mapping provides for the grouping of independent asynchronous object istates single
composite state. The independent object states may be allasaseduential or parallel flows
depending on their layered resource allocations.

% In SysML, this would mean always using two tokémsontrol flow token and an object flow token yonbolize a

discrete event); that when used together can datermvhich SysML action to invoke. Both tokens hawe
multiplicity of exactly 1. When an object (valus)produced, these tokens would follow the pathhef variable

from activity to activity, stream-like, through a@titerfaces from the source active object throughciive objects to
the target action(s). Using the kernel, howeves, multiple tokens, signal, synchronous or asynchusn
communication calls are needed by a user.



Finding (existence of object statedn SysML, control can be treated like an object flow, as
a control flow. However, this treatment relies on a varialilaging a value (e.g., enable or
disable). In the kernel event driven system, it is important tablbe to determine if an object
state event has occurred or not (e.g., Does a variable have aowvalag?). No mechanism in
SysML or UML2, was found that could provide for this type of behaviér.SysML-join
statement provides for synchronization or waiting until certaincbldjews have been given
values; it is completely value driven. It does not support asking aiaquéke: "Does A or B
have a value?", it can only do something when A or B has a value. efine brovides special
system functions (e.qg., is:present) to ask questions about the existenceialbla'vabject state.

Finding (complete mappings)n SysML, activities are allowed to not have inputs and
outputs. In addition, internal to the activity, a synchronous, asynchronoigsnalnsriable may
be used to pass information from one active object to another. Thlkisrén the loss of
traceability of these variables to the real interfaces iegbdxy the model. An event or signal
variable may appear and disappear without being traced to highleadtivay interfaces. Using
these kinds of variables has the effect of embedding and eadniof operating system-like
behavior into the specification, limiting it in many respeetg.( portability) and allowing many
control issues to surface (e.g., those to do with resource schedidiadlocks and priority
inversion). These types of issues are characteristic of segjugrgramming languages with
communication applications interfaces for passing information between didrjinoigesses.

With the kernel, every function must have inputs and outputs; and albiesriare traceable.
This among other things allows for the full automation of the schegloli resources with no
deadlocks and no priority inversion of processes. As describedraarthe system architecture
section, by maintaining traceability, appropriate automations can &# tas automate the
communications design process (e.g., for defining or initiatimgteypnous or asynchronous
sends and receives). In a distributed system a variable tiracedne distributed (or active)
object to another can be replaced with an invocation process mechamistifyt the target of an
object shipment and a data transport mechanism to ship the objecthehtamget signals it is
ready for the shipment (e.g., by automatically generating standard qrattie imodels).

Finding (active objects)UML2 is based upon passive and active objects (Selic 2004) with a
weak layering philosophy. A SysML specification using UML2 intsetiiese properties. Inter-
object communication implies that implicit or explicit resourltecations have taken place. A
specification with an embedded synchronous or asynchronous send or m@oaivelnication
function restricts that specification from a functional architeal perspective. To change the
communication strategy, one has to change the specification. €hrssrthe specification is not
functionality separated from the communications strategy; itth#@sedded resource allocation
artifacts.  For example, allocatedFrom, input/output port synctaton, signals and words
such as "parallel" used in a functional specification mod&hditate some aspect of embedded
allocation (or a misuse of terminology). A functional speciiicanever exhibits parallelism (it
may denote independence, however); parallelism in a system omlgscabout through the
realization of a functional architecture on a resource architectuPortability suffers, for
example, an "allocatedFrom" statement embedded in an activity diagrasntenportability.

With the kernel, an active object is always associated witssaurce allocation mapping.
Given the kernel, any active object can be built as a laysystem. Communication
mechanisms are part of the resource architecture. Thatadlo@rchitecture specifies how the
communications mechanisms are applied to the functional architectdrem an architectural
perspective, portability is maximized.



Conclusion

Unlike having first created a programming language(s) for defisiofjware systems
specifically for a computer (a syntax first, syntax dependenbapp); with 001AXES a formal
systems theory was derived from an empirical study ofwedd systems; a universal systems
language was then derived for defining (and developing) systemtemi®bjects based on the
generic system semantics of the systems theory (a semérgt, syntax independent approach).
Unlike additional languages, language mechanisms, rules andbiioly added, ad hoc and
"after the fact", as more is learned about a class aémsgstwith 001AXES, additional language
mechanisms and tools are derived ultimately in terms of thesebref the universal language's
primitive mechanisms. It is this very flexibility of the laragge that gives it the ability to lend its
formal support to SysML.

We have shown examples of mappings between SysML and 001AXESb@Ees) and
determined during our analysis that it is possible to support Sysith_tine 001AXES formal
semantics kernel such that SysML systems will be ableetefli significantly by inheriting
some of the properties provided by the kernel. We have describsérttantics of 001AXES
and shown by example some ways in which the 001AXES kernel wouldfero8ysML. We
have discussed possible extensions for SysML in order for it toadkantage of the kernel
properties. The next step is to take a subset of SysML, incogporat it the necessary
syntactical extensions for it to layer onto the kernel and denad@sts behavior by hooking into
some of the kernels existing automation.

With the kernel as its semantics foundation, SysML has the potential to eémiathiknown
problems; because of the properties that in essence "come albnipevterritory”. To name a
few: more reliable systems, integration of systems to softwaduction of testing without
compromising a systems integrity and having the ability sximize reuse are all well within
reach. It is not magic. No more than many things we now take for grantedetieahemselves
once thought of as magic. What at first appears to be magiaudeedt is not yet familiar,
transitions to common sense once understood—a duality of control andlitekibihe process
of organizing one’s thoughts and recording them—so automation camvaekend finish the
job. Collective experience strongly confirms that quality and ptodtycincrease with the
increased use of properties of preventative systems. Compateatliteonal techniques, the
productivity of DBTF designed and developed systems has been sboba significantly
greater. See for example, (DoD 1992), (Krut 1993), (Ouyang 1995) gkz8@a), (Schindler
1990), (SPC 1998), (www.htius.com 1986-2007), (http://icb.nasa.gov/001). Upon further
analysis, it was discovered that the productivity was greatelatber and more complex the
system—the opposite of what one finds with traditional approaches.isTmispart, because of
the high degree of DBT& support of reuse. The larger a system, the more it has theunyor
to capitalize on reuse. As more reuse is employed, produativitynuesto increase (e.g., less
testing is necessary with 001AXES's inherent "reuse" df eawr DBTF capability). Measuring
it becomes a process of relativity—that is, relative to the last systernopese

By inheriting the preventative philosophy of the kernel, SysML usdrdave the potential
to "solve" (prevent) a given problem as early in the life cgsl@ossible. Static analysis is more
before the fact than dynamic analysis. Preventing a problahebsery way a system is defined
is even more before the fact. Better yet, not having to definebaiid) it at all. The ultimate
reusable is in the application of the kernel to both systems andasef unifying their
understanding by a formal means, with a commonly held set of system semantics
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