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Abstract: Run-Time polymorphism (RTP) has been used in the software community for 20
years to satisfy dynamic reconfiguration, plug-n-play, extendibility, and system redundancy
requirements. RTP is also used to construct software Systems of Systems. Systems engineers
now have the same requirements applied to system architecture. A Polymorphic System
Architecture (PSA) utilizes the same software technology but applies it to the system
architecture. By defining a PSA the system architect can reduce the complexity of the system and
satisfy functional requirement by defining specific relationship within the system architecture. In
addition a PSA defines an architecture that has the potential to mature over time as opposed to
becoming obsolete. This paper explains this technology and shows how this technology can be
applied to system architecture. Specific types of functional requirements satisfied with PSAs and
design patterns that support PSA’s will be identified.

Definition:
To be able to define these relationships the system architect needs to understand the following
specific Object-Oriented terms and technology.

PSA Terms and Technology

Containment Memory Pointers

Encapsulation Object Reference

Type Aggregation

Class Composition

Object Inheritance

Polymorphism Abstraction

Polymorphic technology is a key component of advanced Object-Oriented software, however it
is the intent of this paper to provide guidance on applying this technology to both software and
non-software systems. The following definitions will use Java and C++ code examples to
illustrate the concepts presented. The system architect needs to realize that a PSA does not
require software to be implemented. All that is really required is a formally defined abstract
interfaces and objects (or components) that are developed based on the abstract interface.

Containment – A primitive pattern in which one construct (structure) contains a collection of
other constructs. In the C++ code below the structure (or record) PERSON_RECORD contains a
variable (name) that is an instance of the structure (or record) NAME_RECORD

struct NAME_RECORD
{

string first
string middle
string last;

}; //end NAME_RECORD

struct PERSON_RECORD
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{
long ss;
int employeeId;
NAME_RECORD name;

}; //end PERSON_RECORD

Encapsulation – A primitive pattern where data and behavior are grouped (or tied) together in a
single construct. “Encapsulation simply says that there should be a way to associate the two
(data and behavior) closely together and treat them as a single unit of organization” (1 p. 29).
Encapsulation extends the pattern of containment and creates a new construct where specific data
and behavior to manipulate that data, is grouped together. Figure 1 illustrates a UML class that
binds together data (attributes) and behavior (operations). In Object-Oriented environments
encapsulation provides one form of code reuse. The construct that provides this grouping is the
class,

Figure 1 Encapsulation Primitive Pattern
The following Java code illustrates how a class is defined.

public class Class3
{

private int attribute1;
private int attribute2;
private double attribute3;
public void operation1()
{

System.out.println(“Op1 executing”);
};
public void operation2();
{

System.out.println(“Op2 executing”);
};

}

Type –Stroustrup (2 p. 23) defines a Type as identifying the proper use of a name or expression.
The GoF (3 p. 13) defines a ‘Type’ as identifying a specific interface to data. ‘Types’ are used to
define formal externally visible specification used to interact with components. The components
can be as simple as an integer ‘type’ allocated in software or a complete system architecture. By
‘typing’ the object or component the architect is placing specific constraints on how the object or
component will be used.

Class – “An object class describes a group of objects with similar properties, common behavior,
common relationships to other objects, and common semantics” (4 p. 22). The class is the
construct in Object-Oriented Programming that encapsulates behavior and data. When reviewing
a polymorphic architecture, it is important, to understand that a class defines a ‘Type’ of
construct. In a PSA the classes are the specifications for the building blocks of the system. Just
like an ‘integer’ is a type for representing numbers a class is a user defined type for
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encapsulating data and behavior. The class is used to create objects (instances of the class). The
objects reuse the behavior and data structures defined within the class but the value of the data is
different for each object.

Object – An instance (entity) of a class type. Rumbaugh (4 p. 21) defines an object as a
concept/abstraction/thing with a well defined boundary and is relative to the problem at hand.
The object is a dynamically created instance of the class type. The objects are the building blocks
of a PSA.

int x = 3;
float y;
MYCLASS myObject1;
MYCLASS myObject2;

In the above code example ‘x’ is a variable that points to memory that has been allocated to
represent an integer value. The initial value of 3 is inserted into the memory when it is allocated.
‘y’ is a variable that points to memory that has been allocated to represent a floating point value.
‘myObject1’ is a variable or object that points to memory that has been allocated to represent
both the behavior and data defined in the ‘MYCLASS’ class. ‘myObject2 is another variable or
object that points to the same behavior but points to a separate copy of the data defined in the
‘MYCLASS’ class. Figure 2 illustrates this relationship. Figure 2 also implies that the object
‘anotherObject’ is created by a different code then the code above.

Figure 2 Class Object relationship

Memory Pointers – Pointers are non-typed addresses that simply point to an area in memory
that contains either data or behavior instruction. In early software programming languages there
was the infamous ‘GOTO’ statement. The ‘GOTO’ statement is considered bad programming
practice by many software developers. The ‘GOTO’ was not a bad programming practice. It
allowed software developers to create abstract behavior. The developers could create a ‘GOTO’
statement that would jump to a memory location referenced by a variable. This variable could
then be changed dynamically. This would provide the ability to dynamically change the behavior
provided by the software. The problem with the use of the ‘GOTO’ statement was that the
possible side effects were potentially catastrophic. If the variable used by the ‘GOTO’ statement
did not point to the memory location of the correct instructions the code would not detect it.
Whatever data was in the memory location pointed to by the variable would be loaded into the
CPU as an instruction and the CPU would continue to execute. What was needed was something
that would ensure that the memory location referenced not only a valid instruction, but an
instruction that starts valid behavior. This is exactly what run-time polymorphism gives the
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software developer in object-oriented programming languages. The System Architect can use
this technique with software when appropriate, but can also use this same concept by defining
strongly typed abstract interfaces to non-software components in the system architecture.
Object Reference –An object reference is a construct that allows an object user to hold onto the
object. In C++ the object reference is literally a pointer to where the object is located in memory.
In the Java code below ‘anObj’ is a handle that points to an object of the type ‘Class3’. Because
of the assignment it currently points to the object ‘myObj2’ but can be reassigned to point to any
object of type ‘Class3’. This is illustrated in the following C++ code (based on Figure 1).

Class3 myObj1 = new Class3();
Class3 myObj2 = new Class3();
Class3 *anObj;
Static public void main()
{

anObj = myObj2;
anObj.attribute1 = 23;

}

It should be noted that a GOTO statement (memory pointer), pointer to an operation, or a
reference to an abstract interface are NOT the same things. Using memory pointers and
operation pointers are no different the using the ‘GOTO’ statement. An interface reference to a
component/object uses the specification of the interface to ensure that a request for service is
associated to an appropriate server. This relationship is ensured in strongly typed programming
languages by the compiler. This relationship can also be ensured in system architecture with non-
software components by using a strongly ‘typed’ Model-Based System Engineering (MBSE)
tool.

Aggregation and Composition – Aggregation and composition identify specific ways that
objects or components are related to each other. Aggregation indicates that one construct has a
reference to a second construct. With aggregation the second construct can be referenced and
shared by multiple constructs (5 p. 39). Aggregation is shown with the diamond in UML/SysML.
The diamond is connected to the class that uses the referenced class as illustrated in Figure 3.
Composition indicates that one construct contains within it a second construct. When the first
construct is created the second construct is also created. When the first construct is deleted then
the second construct is also deleted. The second construct will live and die with the first.
Composition is represented by the filled in diamond illustrated in UML class diagram in Figure 3

Figure 3 Containment Primitive Pattern UML Diagram

The diagram above identifies specific types of relationships between the components identified.
The following Java code illustrates how a aggregation and composition relationship is defined.

public class Client1
{

private Server1 S1 = new Server1();
private Server2 S2;

}
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Inheritance – A relationship or association between two or more classes (also known as
generalization in UML/SysML) this relationship allows one class (or type) to refine (or extend)
another class (4 p. 39) (or type). One class is the parent class (or superclass) and the other class is
the child class (or subclass). The closed arrow head points to the parent class in UML/SysML
(See class diagram in Figure 4). The child class will contain all the data and behavior defined in
the parent class. Inheritance is not a copy of the data structure and behavior. If the parent class is
updated, the child class will receive the same updates.

Figure 4 Inheritance Primitive Pattern UML Class Diagram

The diagram above identifies specific types of relationships between the components identified.
An instance (object) of the child class can appear (and be used) as two different ‘Types’ of
objects. Because it has all the behavior and data defined in the parent class it can be used as a
parent object. Because it also has additional behavior or data defined in the child class it can also
be referenced as a child object.

Polymorphism –The GoF (3 p. 361) defined polymorphism as the ability to substitute objects
with matching interfaces at run-time. This provides the system with the ability to have multiple
implementations of behavior and then select the appropriate behavior depending on the
circumstance. Polymorphism allows an architect to define an interface to behavior that is
independent to how the behavior is implemented. There are two basic types of polymorphism.
Static polymorphism (or overloading) occurs when the selected behavior is defined at compile
time or system instantiation. Overloading is generally created by defining multiple operations
with the same name. Each operation has the same name but the input parameters are of different
types. In the following C++ code example four functions are declared each with the same names.
Three of the functions return no value but have three different types of inputs (nothing, integer,
and floating point). The forth function returns an integer.

void doSomething();
void doSomething(int myValue);
void doSomething(float myValue);
int doSomething();

Because of the strong typing of parameter in the definition, the interface invoked by the users (or
client) will always execute the same behavior (or server) that provides the service tied to the
interface. This allows the compiler to determine exactly which version of the operation to
execute.

int X = 3;
doSomething(); //will always invoke function #1
doSomething(X); //will always invoke function #2
doSomething(2.1459); // will always invoke function #3
X = doSomething(); // will always invoke function #4

Once the system is instantiated the behavior logic will not change. Run-Time Polymorphism
(RTP) occurs dynamically. With RTP the behavior logic is changing within the system as it
executes. RTP allows architects to define systems that have functional requirement to
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dynamically change behavior. It is the strong typing of the abstract interface that allows the
reliable dynamic changing of behavior. The following C++ code (based on Figure 4) illustrates
how this is done in software.

Static public void main()
{

Child1 C1 = new Child1();
Child2 C2 = new Child2();
Parent *aClass;

aClass = C1;
C1.child1Operation1(); // Standard procedure call
aClass.parentOperation1(); // Static polymorphic call
aClass.parentOperation2();//Dynamic polymorphic call

aClass = C2;
C2.child1Operation1(); // Illegal procedure call
aClass.parentOperation1();// Dynamic polymorphic call
aClass.parentOperation2(); // Dynamic polymorphic call

};// end main

Abstraction – Dictionary.com’s (6) first definition of abstraction states “an abstract or general
idea or term”. This definition is NOT the way abstraction is being used in a PSA process. The
GoF (3 p. 359) defines an abstract class as a specialized class that defines an interface and defers
the implementation to subclasses. Abstraction in this context is defining specific constraints that
users of the abstract interface must adhere to. It is the behavior behind the interface that is
abstract.

By defining an abstract interface, having a polymorphic client use (or reference) the interface,
and having objects instantiated from subclasses of the abstract interface, a Software or System
architect can create a PSA. This is how RTP is created. This provides a means of creating
detailed ‘handles’ to invoke the behavior implemented by one or more child constructs.

The abstraction is also referred to as an ‘Interface’ in some software languages (i.e. JAVA). This
use of the word ‘Interface’ differs from what is commonly used in ‘Structured Design’
definitions. In structured design an interface commonly represents a ‘Pipe’ that connects two
hardware or software components. This pipe is viewed as a cable or wire between two connected
points. An abstraction defines the connectivity between two points differently. If in a structured
design the interface between two components is seen as a wire, then in a polymorphic design,
(usually done in UML) the connector that the wire plugs into is the (abstract) interface. The
polymorphic system has the ability to dynamically move wires from one connection to another
similar (Typed) connection. It is the ability to dynamically change these connections that allows
a polymorphic architecture to alter system behavior and satisfy functional requirements The
Abstract interface creates the weakest form of coupling possible between two components. This
weak coupling allows for an architecture that is much less impacted by changes in the system.
(7)

This Abstraction is an ‘Aggregate’ relationship. The child construct inherits the interface from
the abstract construct. There is never an instance (object) of the abstraction (class), and
constructs that inherit from the abstraction are required to implement the defined behavior
(operations) in the abstract class. This concept creates a strongly ‘typed’ and highly reliable
‘GOTO’ statement. A controlling object will have a reference to the Abstract Construct type
(class). This reference can only point to instances of children of the abstract construct. Each child
type is required to implement its own version of the behavior while still adhering to the specific
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to execute in parallel, the SoS can expand and shrink as performance requirements change. With
newer technologies (multi-core processors [100+], shared cache) the benefits of a PSA can be
fully exploited.

Distributed Environments
In a distributed system a polymorphic mediator, is usually indentified to provide the dynamic
connectivity between the architectural components. If the system is 100% software, within the
same processor, the mediator can be as simple as an object-oriented programming language. If
the system is composed of multiple processors and/or non-software components then a different
type of polymorphic mediator is required. Whatever the environment, polymorphic architectures
must allow for the definition of abstract interfaces. This abstraction is a specialized form of
Object Oriented inheritance which allows for dynamic expansion and reconfiguration of the
distributed components.

Non Software Centric Problems
The engineering process itself is a process that lends itself to a PSA solution. Each task within
the engineering process should have one or more levels of abstraction defined for it
(Management, Analysis, Architecture/Design, Development, Implementation, Test, and
Maintenance). There may be different types of these for H/W, S/W, Product Support, and
Manufacturing.

The Military command language is a process that also conforms to the PSA idea. The command
to Advance, Engage, and Withdraw have the same basic meaning for a fighter pilot, ground
solider, Navy Task force, and Marine Platoon. However how each one of these entities carries
out each command will be different.

Our Education system is another system that could benefit from a PSA. The goal of every class
should be to teach each student how to solve problems. The basic process for solving any kind of
problem is the same. (Define what the problem is. Define what you know. Define what you need
to find out. Define a solution). How you apply this process to Mathematics, Science, Social,
Grammar, Sports, and Art will be different. Also how the problem is applied to simple problems
vs. complex problems may be different. In a complex problem you may also define what you
know but do not need to solve the problem. You may also need to define what variable are
within you control and which ones are not.

A Maturing Architecture
A PSA is an Object-Oriented product. Even if there is little or no software associated to the
architecture. OO technology and (good) refactoring allows the product developer to create a
product (or product line) that can mature over time. It should be understood that a PSA by itself
does not guarantee a system that matures. Refactoring activities must occur over the entire life
cycle of the product line. This also implies that the architecture and related engineering artifacts
are evolving and maturing over the system life cycle. With a ‘well defined’ foundational system
architecture the life cycle should last indefinitely.

How does this maturing behavior occur? Some simple examples will show us the key to this
process. Figure 10 shows how the Strategy pattern is matured to create the composite pattern.



Figure

The Strategy pattern matures into the composite pattern simply by adding an inheritance
relationship between the controller and the abstract interface. Because of this simple
all controllers in the new architecture are also strategies. Because controllers can control any
kind of strategy controllers can now control controllers. The Composite design pattern now gives
us the ability to create architectures of architect
relationships. If existing systems were to be updated with this new architecture
2 would need to be rebuilt. There may be a need to update the logic of the controller class to
distinguish between controlling strategies and controllers of strategies. In this cas
any changes within the system they will only be associated to instances of the controller class.

Figure 11 shows us how to mature the system with simple extension or by adding new instances
of objects

Figure 10 Maturing Design Patterns

The Strategy pattern matures into the composite pattern simply by adding an inheritance
relationship between the controller and the abstract interface. Because of this simple
all controllers in the new architecture are also strategies. Because controllers can control any
kind of strategy controllers can now control controllers. The Composite design pattern now gives
us the ability to create architectures of architecture or systems of systems using the polymorphic

If existing systems were to be updated with this new architecture,
. There may be a need to update the logic of the controller class to

tween controlling strategies and controllers of strategies. In this cas
in the system they will only be associated to instances of the controller class.

hows us how to mature the system with simple extension or by adding new instances
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The Strategy pattern matures into the composite pattern simply by adding an inheritance
relationship between the controller and the abstract interface. Because of this simple update the
all controllers in the new architecture are also strategies. Because controllers can control any
kind of strategy controllers can now control controllers. The Composite design pattern now gives

ure or systems of systems using the polymorphic
only objects 1 &

. There may be a need to update the logic of the controller class to
tween controlling strategies and controllers of strategies. In this case if there are

in the system they will only be associated to instances of the controller class.

hows us how to mature the system with simple extension or by adding new instances


