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Finally, every object has two parts, and so may be
viewed from two different ways: there is an outside view
and an inside view. Whereas the outside view of an object
serves to capture the abstract behavior of the object, the
inside view indicates how that behavior is implemented.
Thus, by seeing only the outside view, one object can in-
teract with another without knowing how the other is rep-
resented or implemented. When designing a system, we
first concern ourselves with the outside view.

The outside view of an object or class of objects is its
specification. The specification captures all of the static
and (as much as possible) dynamic semantics of the object.
In the specification of a class of objects, we export a num-
ber of things to the rest of the system, including the name
of the class and the operations defined for objects of the
class. Ideally, our implementation language enforces this
specification, and prevents us from violating the proper-
ties of the specification.

Whereas the outside view of an object is that which is
visible to other objects, the inside view is the implemen-
tation and so is hidden from the outside. In the body of
an object or object class, we must chose one of many pos-
sible representations that implements the behavior of the
specification. Again, if the language permits it, we may
replace the implementation of an object or class of objects
without any other part of the system being affected. The
benefits of this facility should be clear: not only does this
enforce our abstractions and hence help manage the com-
plexity of the problem space, but by localizing the design
decisions made about an object, we reduce the scope of
change upon the system.

IV. ApA AND OBJECT-ORIENTED DEVELOPMENT

Clearly, some languages are better suited than others to
the application of object-oriented development; the major
issue is how well a particular language can embody and
enforce the properties of an object. Smalltalk and its im-
mediate relatives provide the best match with these con-
cepts, but it is also the case that languages such as Ada
may be applied in an object-oriented fashion. Specifically,
in Ada:

® Classes of objects are denoted by packages that ex-
port private or limited private types.

® Objects are denoted by instances of private or limited
private types or as packages that serve as abstract state
machines.

* Object state resides either with a declared object (for
instances of private or limited private types) or in the body
of a package (in the case of an abstract state machine).

® Operations are implemented as subprograms ex-
ported from a package specification; generic formal sub-
program parameters serve to specify the operations re-
quired by an object.

® Variables serve as names of objects; aliases are per-
mitted for an object.

.*® Visibility is statically defined through unit context
clauses.
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Fig. 6. Names, objects, and classes.

* Separate compilation of package specification and
body support the two views of an object.

¢ Tasks and task types may be used to denote actor ob-
jects and classes of objects.

Fig. 6 illustrates the interaction of these points.

It is also the case that we can provide a form of inher-
itance using derived types. Thus, we could define a class
of objects in a package that exports a nonprivate type, and
then build on top of this class by deriving from the first
type. The derivation inherits all the operations from the
parent type. Because we have used an unencapsulated type
(a type that is not private or limited private), we may add
new operations, replace existing operations, and hide op-
erations from the parent class. However, we must realize
that there is a tradeoff between safety and flexibility. By
using an unencapsulated type, we avoid much of the pro-
tection offered by Ada’s strong typing mechanism. Small-
talk favors the side of flexibility; we prefer the safety of-
fered by Ada, especially when applied to massive software-
intensive systems.

Earlier, we used a few simple symbols to represent the
design of the cruise-control system. It should come as no
surprise that some people can grasp the essence of a de-
sign just by reading package specifications, while others
are more effective if they are first given a graphical rep-
resentation of the system architecture; we fall into the lat-
ter category. Since neither structure charts nor data flow
diagrams capture the interesting properties of an object,
we offer the set of symbols in Fig. 7, evolved from our
earlier work [33]. We have found them to be an effective
design notation that also serve to directly map from data
flow diagrams to Ada implementations.

As Fig. 7 represents, these symbols are connected by
directed lines. If we draw a line from object 4 to object
B, this denotes that A depends upon the resources of B in
some way. In the case of Ada units, we must make a dis-
tinction regarding the parts of a unit that exhibit these de-
pendencies. For example, if the specification of package
X depends upon Y, we start the directed line from the col-
orless part of the symbol for X; if the body of X depends
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Package Generic Package
Subprogram Generic Subprogram
. Subsystem ]

Fig. 7. Symbols for object-oriented design.

upon Y, we start the directed line from the shaded part of
X.

V. DEsIGN CASE STuDY

Let us apply the object-oriented method to one more
problem, adapted from the study of Boehm-Davis [15].

There exists a collection of free-floating buoys that pro-
vide navigation and weather data to air and ship traffic at
sea. The buoys collect air and water temperature, wind
speed, and location data through a variety of sensors. Each
buoy may have a different number of wind and tempera-
ture sensors and may be modified to support other types
of sensors in the future. Each buoy is also equipped with
a radio transmitter (to broadcast weather and location in-
formation as well as an SOS message) and a radio receiver
(to receive requests from passing vessels). Some buoys are
equipped with a red light, which may be activated by a
passing vessel during sea-search operations. If a sailor is
able to reach the buoy, he or she may flip a switch on the
side of the buoy to initiate an SOS broadcast. Software for
each buoy must:

® maintain current wind, temperature, and location in-
formation; wind speed readings are taken every 30 sec-
onds, temperature readings every 10 seconds and location
every 10 seconds; wind and temperature values are kept
as a running average.

® broadcast current wind, temperature, and location
information every 60 seconds.

® broadcast wind, temperature, and location informa-
tion from the past 24 hours in response to requests from
passing vessels; this takes priority over the periodic broad-
cast.

Puise
Clock
Calculate Calculate Calcuiate Calculate
Pulse Average Average Average Location
Average Average Average value
Value Value Value
——I Sensor Data Base
J wind/Locatlon Data
v
wind/Location Data Rad!
Request Broadcast > adio
2 M S05 Message Trans-
’ mitter
\__}__)
S S0S Request

Emergency
Switch

Fig. 8. Host at sea buoy data flow diagram.

® activate or deactivate the red light based upon a re-
quest from a passing vessel.

® continuously broadcast an SOS signal after a sailor
engages the emergency switch; this signal takes priority
over all other broadcasts and continues until reset by a
passing vessel.

To formalize our model of reality, we begin by devising
a data flow diagram for this system, as illustrated in Fig.
8. The design proceeds by first identifying the objects and
their attributes. Drawing from this level of the data flow
diagram, we include all sources and destinations of data
as well as all data stores. In general, data flows have a
transitory state; we will typically not treat them as ob-
jects, but rather just as instances of a simple type. Addi-
tionally, wherever there is a major process that transforms
a data flow, we will allocate that process to an object that
serves as the agent for that action. Thus, our objects of
interest at this level of decomposition include the follow-
ing:

® Clock Provides the stimulus

for periodic actions.
Maintains a running

average of wind

speed.
Maintains a running

average of air tem-

* Wind Speed Sensors

® Air Temperature Sensors

perature.
¢ Water Temperature Sensors Maintains a running
average of water

temperature.
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Maintains the current
buoy location.

Serves to store weather
and location history.

Provides a channel for
requests from pass-
ing vessels.

Provides a channel for
broadcast of weather
and location reports
as well as SOS mes-
sages.

Provides the stimulus
for the SOS signal.
Controls the activity of

the emergency light.
Serves to generate and
arbitrate various
broadcast messages.

e ] ocation Sensor

Sensor Database

Radio Receiver

Radio Transmitter

Emergency Switch

Red Light

Message Switch

Next, we consider the operations suffered by and re-
quired of each object. We will take a first cut by simply
listing the operations that characterize fundamental be-
havior. First, we identify the operations suffered by each
object from within the system; these operations roughly
parallel the state change caused by a data flow into an
object:

¢ Clock None
¢ Wind Speed Sensors Take Sample
* Air Temperature Sensors Take Sample
¢ Water Temperature Sensors Take Sample
¢ Location Sensor Take Sample
¢ Sensor Database Put Value
Get Value
¢ Radio Receiver None
¢ Radio Transmitter Broadcast ~ Weather/

Location Report
Broadcast SOS

* Emergency Switch None
¢ Red Light Set State
® Message Switch Request History Re-
port
Request Periodic Re-
port

Request SOS

Notice that for the Sensor Database, we have the oper-
ation Get Value which seems to go against the data flow
implied by all other operations. In practice, we will en-

_ counter some objects that are passive in nature, especially

those that denote data stores. Whereas Get Value does not
change the state of the object, it returns a value of the state
of the object. Since a passive object such as the Sensor
Database cannot know when a value is needed, we must
supply this operation to permit the state to be retrieved by
another object.

Second, we must identify the operations required of each
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Fig. 9. Host at sea buoy objects.

object; these operations roughly parallel the action of a
data flow from an object:

¢ Clock Force Sample

Force Periodic Report

* Wind Speed Sensors Put Value
® Air Temperature Sensors Put Value
* Water Temperature Sensors Put Value
¢ Location Sensor Put Value
¢ Sensor Database None

¢ Radio Receiver

Force History Report
Set Light State

¢ Radio Transmitter None
* Emergency Switch Force SOS
e Red Light None
* Message Switch Send  Weather/Loca-
tion Report
Send SOS

Notice that we have a balance between the operations
suffered by and required of all objects. For each operation
suffered by an object, we have some other object or set of
objects that requires that action. ‘

This analysis leads us directly to the next two steps,
establishing the visibility of each object in relation to other
objects and its interface. Using the symbols we introduced
earlier, we may start by indicating the dependencies among
objects, as denoted in Fig. 9. In general, the dependencies
follow the direction of the operations required of each ob-
ject.

.
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Fig. 10. Host at sea buoy objects.

In the previous section, we noted the correspondence
between Ada units and objects. Hence, we may transform
the design in Fig. 9 to an Ada representation. This trans-
formation is simple: we denote each object or class of ob-
jects as a package, and for all but the most primitive data
flows, we also provide a package that exports the type of
the data flow, made visible to both the source and the des-
tination of the flow. Fig. 10 illustrates this design after the
transformation. Notice that there is a one-to-one corre-
spondence between the objects in Fig. 9 with the packages
in Fig. 10. We have only introduced one new package,
Reports, which provides types that denote messages
broadcast from the system.

Continuing our object-oriented development, we would
next write the Ada specification for every package and
then implement each unit. For example, we might write
the specification of the Air Temperature Sensors as:

generic

type Value is digits < >;

with procedure Put_ Value (The Value: in Value);
package Air Temperature  Sensors is

type Sensor is limited private;

procedure Take Sample (The Sensor: in out
Sensor);

private
type Sensoris . . .
end Air . Temperature Sensors;

In this package, we export a limited private type (so as

IEEE TRANSACTIONS ON SOFTWARE ENGINEERING, VOL. SE-12, NO. 2, FEBRUARY 1986

to provide a class of sensors) as well as one operation
(Take__Sample). We also import one operation
(Put__ Value), that each sensor requires of the Sensor Da-
tabase.

There are some interesting generalities we can draw
from the design in Fig. 10. Notice that each package that
denotes a sensor has the same set of dependencies and
roughly the same set of operations that characterize its
behavior. Therefore, it would be possible for us to factor
out the similarities among these objects, produce one ge-
neric Sensor package and then treat each sensor object as
an instance of this component. Furthermore, if we already
have a simple data base package, we might adapt it to pro-
vide the Sensor Database instead of creating a new one
for this application. Finally, if we are careful, we could
write the Radio Transmitter and Radio Receiver packages
such that they could be applied in other problems that use
similar equipment.

In all these cases, we have identified the need for a reus-
able software component. Indeed, we find that there is a
basic relationship between reusable software components
and object-oriented development:

Reusable software components tend to be objects or
classes of objects.

Given a rich set of reusable software components, our
implementation would thus proceed via composition of
these parts, rather than further decomposition.

VI. CONCLUSION

We must remember that object-oriented development
requires certain facilities of the implementation language.
In particular, we must have some mechanism to build new
classes of objects (and ideally, a typing mechanism that
serves to enforce our abstractions). It is also the case that
object-oriented development is only a partial-lifecycle
method and so must be coupled with compatible require-
ments and specification methods. We believe that object-
oriented development is amenable to automated support;
further research is necessary to consider the nature of such
tools. :

Perhaps the greatest strength of an object-oriented ap-
proach to development is that it offers a mechanism that
captures a model of the real world. This leads to improved
maintainability and understandability of systems whose
complexity exceeds the intellectual capacity of a single de-
veloper or a team of developers.
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