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ABSTRACT

This report surveys the techniques, languages and methodolo-
gies that have been and are being investigated for the specifica-
tion of software throughout all phases of development from the
early conception stage to the final detailed design stage. The
vast scope of techniques can only be understood by providing a
framework so that they can be categorized. We suggest a classif-
ication scheme based on the software system life cycle hoping
that the putpose, content and requirements of a particular tech-
nique can be justified and evaluated. Summary description of

significant individual techniques are 1nc1uded to supplement the

overall category description.

Besides being an inventory of what has been done, the report
is intended to provide a perspective of the area. Within our
framework, we hope to spot those aspects and problems that have
not been addressed adequately and suggest relevant concepts and
ideas that may be used to tackle these problems and solve them,
ultimately.

This report is an updated version of the paper titled "A
survey of software requirements and specifications published in
the Infotech State-of-the-art Report in Software Engineering
Techniques, 1977.
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sistent/incompatible, and unclear (refer to Table 1 for subcategories).
These account for up to 85 percent of the total.

1.2 [IMPORTANCE OF SPECIFICATION METHODOLOGY DEVELOPMENT

The primary objective of a specification methodology (a systematic engineering
discipline to state and analyze specifications in software development) is to
rectify the above problems. To accomplish this objective, the methodology
should provide a means to precisely state the system requirements and provide
analytic procedures to check for the consistency, completeness, and correctness
of the specification.

Secondary objectives of a specification methodology are to:

. Provide a precise specification for software module implementation,
reducing coordination problems among programmers deing the implemen-
tation.

. Support unit and integration testing with testing specifications,
acceptance criteria specifications, and provide early feasibility
demonstrations.

[ Reduce maintenance costs by providing monitoring functions when
modification and requirement changes are necessary, providing trace-
ability when problems develop during the operational phase, and
providing quality assurance without excessive testing after changes
are made.

The importance of a software specification methodology and its potential

impact on the reliability of future software systems have long been recognized
and discussed [Lei 67, Mee 73, Vic 74]. In recent years, extensive work has
been done towards establishing a scientifically based engineering discipline

to design and produce computer software. A research and implementation

project of immense scale is described in [DaV 76], spanning the entire software

Table 1. Listing of Requirement Problems Categories

Note: Taken from [Bel' 76c].

Incorrect Requirements

-- Requirement satisfaction probabilistic (under selected con-
ditions)

-- Timing requirements not realizable with present techniques

--  Requirement not testable

--  Accuracy requirement not realizable with present techniques

--  Requirement (possibly) not Feasible in real-time software

-- Required processing inaccurate

--  Required processing inefficient

--  Required processing produces negligible effect

-- Parameter units incorrect

-- Equation incorrect

-- Required processing not necessary

-- Required processing not reflective of tactical hardware

--  Requirement overly restrictive/allows no design flexibility
(includes requirements stated at too low a level)

-- Physical situation to be modeled incorrect

-- Required processing il1logical/wrong

-- Required processing not/not always gassible

-- Requirement reference incorrect (i.e., other documentation)

-- Interpretation of requirement defferent from updated version

--  Requirement redundant with other requirement

Inconsistent/Incompatible Requirements

== Requirement information not same in two locations in Spec.

-- Requirement references other paragraphs that do not exist

-- Requirement information not compatible with other requirements

--  Reguirements conventions (e.g., coordinate systems, definitions)
not consistent with SDP understanding

Unclear Requirements

-~ Terms need definition or requirement needs restatement in other
words

-- Requirement doesn't make sense
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Specification Implementation Testing + Operation Time
and Design t Release

total
— = . —.development
_testing and evaluation, maintenance

Figure 1. Conventional Software Development Cost Distribution (Hypothetical)

Spacification Implementation Testing ¢+ Operation Time
and Design tz Release

Figure 2. Improved Software Development Cost Distribution (Hypothetica])
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The value OK is taken provided that if the specifications of Formi are ulti-
mately satisfied, then the Formi_] requirements will be satisfied.

The ideal and simplest design methodology would be:

Methodology-1
Formo + needs;

Do Form, « P ; (Formg) until Validate (Form,, Fonmo). = 0K

phase-

Do Fo"""n * Pphase-n
Product + Form".

(Form__,) until Validate (Form , Form ;) = OK

However, this implies that at any phase, given any Formi_l. Pphase-i is able
to produce Formi. This assumption does not hold in most real situations.
Formi_] may be infeasible, i.e., no final product would meet all of those
requirements. The development process will abort or we can go back to a
previous phase, Pphase-i-l' and generate another Formi-]. so that

Validate (Formi_]. Formi_z) is still OK and Formi-] is feasible.

The design methodology would be modified as follows:

Methodology-2

Formg « needs; Validate(Form,, Formy) = OK or

Do Formy ~ Pphase-1(F°”“0) until Formy is found infeasible ;

If Form0 is found infeasible, go back one phase;

: [Validate(Fonmn, Form ;) = OK or
Do Form, « Pphase-n(F°'mn—l) satil Form _; is fcund infeasible *

If Form _, is found infeasible, go back one phase;
Product « Form, .

This becomes a backtracking procedure and may not terminate. A more desirable
approach, which unfortunately may not be possible at all, is to establish the
feasibility of the output form at the end of each phase.

Methodology-3
Formo + needs;

Modify Formy until Feasible (Form,) = True.

validate(Form;, Formy) = OK ggg}

1 (Formg) until {Feasiﬂe(Fom]) = True

Do Formy + Pppase-

Do Formn ~P

validate(Form , Fonnn-]) = 0K ggg}
phase-n

(Formn_]) unti) {Feasible(Formn) = True

Product « Formn.

The above methodology is a "straight-line program," and there is no back-
tracking involved. In practice, we expect a modified version of Methodology-2,
in which the feasibility of the output form is not established absolutely, but
any factors that may contribute to infeasibility (e.g., logical inconsistency)
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The strongest form of validation is to establish the logical implication
between two forms. In practice, a much wedker validation is actually carried
out because of a combination of the following redsons: (1) the lack of formal-
ism in the forms so that a vigorous validation is impossible (lack of testa-
bility); (2) the complexity of the validation techniques (if they exist),
especially for large-scale projects; and (3) the nonexistence of the validation
techniques.

The actual validation may be as follows (in order of increasing strength):
. Adherence to prescribed standards, usually in document forms.

) Certain properties in the forms, e.g., consistency, completeness.
These properties, however, are variously formulated in different
contexts.

. Presence of certain invariant properties across two forms.

As has been indicated above, none of these can be accepted as "validation” in
the strict sense of the word. They are, in fact, only partial validations.

The notion of consistent decomposition, which can be regarded as a special
form of validation, should be introduced here. Let us for a moment call the
process of obtaining l-'ormiﬂ from Fonn1 decomposition. They have been expressed
in two different languages, or the same language in different amounts of
detail. Suppose a process, called reduction, is able to homomorphically
(structure preserving in some sense) transform the decomposed Form1 back to
its own language or level of detail (Figure 3); the symmetric difference* of
Formi and Form;§] reveals the anomalies of the development. In Figure 3,
t-'orrn%4>1 - Formi stands for those features not specified in the higher level
(e.g., additional requirements and assumptions); and Form, - Form%+‘ stands
for the part of the original specification not satisfied by the decomposed
version.

*The symmetric difference of two sets A and 8 is (A-B)u(B-A).

15

Form1
Decomposition

For'm1 +1

Reduction
Form{+1

Figure 3. Validation of Decomposition

2.4 FEASIBILITY

Another element of the paradigm, demonstration of feasibility, is introduced
to reduce the amount of backtracking in the development process. To be able
to show that a given form (containing a set of specifications) is feasible, of
course, is certainly very desirable. However, a technique must be developed
to demonstrate the feasibility of a form specified in a language. %e do not
know of any general method with subsequently strong practical support. In
most situations, feasibility demonstration is done by prototype testing,
simulation, and a combination of the two.

3. . SOFTWARE SYSTEM LIFE CYCLE

Institutionalized software development projects are usually divided into

phases similar to those shown in Figure 4. We describe a typical and somewhat
simplified software 1ife cycle below to orient the later use of terminology.

The least disputable aspect of the cycle is that it begins with the concepticn
of some needs to be fulfilled, and there are feelings and indications that a
significant portion of the solution is using the information processing power
of modern computer systems. It undergoes the process cf development, and then
the operational product is used in the actual environment, simultaneously
modified, and adapted to new needs.
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Development Operation and
. 11 Maintenance
Design Implemen=
1l tation -
LR I T
Data Pro- Software Detailed
cessing Architec- Software - Oper:tion
System &t ture Design [t Implemen- Lo :n
Definition Design tation Maintenance

Figure 4. Software System Life Cycle

The development phase is subdivided into design and implementation. The end
of design is generally regarded as the end of the more creative activities,
and the rest (implementation) is a relatively straightforward procedure. In
software development, a complete design is the definition of all program
modules on a specific data processor, plus the support documentation.

The design process is further partitioned into three subphases of Data Pro-
cessing System Definition, Software Architecture Design, and Detailed Software
Design. The key phases and forms in the design paradigm are identified in
Figure §.

This figures shows only the essence of the process. In the development of a

large system, the process can be much more complicated. There will be inevitable

feedback from one phase bac to previous phases, when errors and other diffi-
culties are discovered. Anc :her deviation from the simple scheme is in the
incremental development approach for some systems. (A part of the system is
built to the operational stages, and then some other functions and performance
capabilities are added onto the existing operational parts.) This can be
viewed as a series of the above basic process.

17

Design Paradigm Software Development

System Requirements
Data Processing System Definition

Data Processing Subsystem Requirements
Software Architecture Design

e
e
(o

:

Software Architecture Specifications
' Detailed Software Design

Software Design Specifications
Software Implementation

Implemented Source Code
Figure 5. Software Life Cycle

The following paragraphs discuss in more detail the major activities and
design decisfon in each of the development phases.

3.1 DATA PROCESSING SYSTEM DEFINITION

Data Processing System Definition consists of analyzing and decomposing the
system needs and objectives fnto system engineering terms. System objectives
can be very vague, and the fulfillment may not be objectively verifiable. For
instance, to improve national defense can be the overall objective of a missile
defense system, and to increase corporate profitability can be the objective

of the real-time management information system of a manufacturing firm. The
objectives must be decomposed, elaborated, and stated in precise terms.
Furthermore, in most system developments we are considering, the data processing
Tunctions only constitute a subsystem of a larger complex involving other
hardware facilities. In these situations, the total system requirements must
be analyzed and part of them allocated to the data processing subsystem. The
minimal activities to be performed are: (1) identification of all the entities
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Semantic nets studies [Sim 73] are mostly within the area of artificial intelli-
gence. The main objective is to represent in the computer a body of knowledge

so that computer retrieval and manipulation of this knowlegde is possible.
Information Automat [Nil 75] is the only example initiated specifically for
application in system requirements analysis. The method is still at a relatively
early research stage. We expect it is best applied in small- to medium-scale
system projects.

Fuzzy concepts and systems, pioneered by Zadeh [Zad 71], have now grown into a
large body of knowledge. The chief objective of fuzzy concepts is to precisely
formulate imprecise notions and relations that are characteristic of all large
and complex systems. Although no specific work has been done on software

system requirements analysis using this body of knowledge, we do recognize

that this is a new avenue worthwhile exploring. A design methodology suggested
by Becker [Bec 73] relies quite heavily on fuzzy concepts. (Becker discusses
more of the philosophy than the methodology itself.) This seems to be useful

in relatively small-scale system designs. The methodology is developed within
the context of structural design in civil engineering. However, it is discussed
in general design terminology so that its usefulness in software system design
can be assessed without much difficulty and give a favorable impression.

4.2 SPECIFICATION TECHNIQUES FOR DATA PROCESSING SUBSYSTEM REQUIREMENTS

The form and content, and hence the language, for data processing system
requirements are the least agreed upon aspects compared to that of software
architecture specification and software design specification. The requirements
must serve two purposes. First, the user must be able to tell from the require-
ments whether he will accept the system and make other similar decisions such
as evaluating certain specified properties of the system. Second, the system
designer must be able to develop a set of software architecture specifications
from the requirements and demonstrate that if a design is created satisfying
the architecture specification, then the data processing system requirements
are satisfied. The basic requirement is that both the user and the system
designer must be able to understand the document and perform meaningful evalua-

23

tion. We can narrow down the concepts and terminology in which the data
processing system requirements can be stated. These must be in the overlap of
the area of competence of the application-area experts and the system designer--
system concepts.

Several methods have been investigated and/or used, ranging from the unstructured
form used to state the system objectives and requirements discussed in Section 4.1
to highly structured forms used to describe specific properties of the target
system. The formal methods will now be discussed.

To tie together the numerous methods and techniques, the notion of a general
model of a large-scale, real-time system (emphasizing the data processing
functions) is developed.

The most general view of any system is to take it as a relation [Mes 72]:
SCcXxy.

We restrict the class of systems to functional systems to simplify the notation
(without loss of generality). Thus every system is characterized by a function

S: X+
where X is the set of inputs and Y is the set of outputs. To model dynamic
systems, we interpret X and Y as functions of real time, T, i.e., patterns of

inputs and outputs (or input and output trajectories in the terminology of
Wymore [Wym 76]).

X: T=+X
Y: T-Y

An example may make the abstract notation introduced so far more concrete.



24

Suppose system S has only one input X and one output,Y. Figure 7 shows a

partial specification of S:

Y
X(t) o S e Y( £) L\ /
T
U/

Figure 7.

Functional Specification Example

A complete specification of S involves specifying all possible X(t) and the
corresponding Y(t).

Performance requirements and other special attributes of the system can be
specified by identifying the vector of performance parameters, W.
may be implicit functions of X and Y. Thus the complete system requirements
become:

S: X+Y x W,

There have been a number of studies conducted for methods of stating data
processing system requirements (e.g., SREM [A1f 76a,b], ISDOS [Tei 74b]).
None of them is satisfactory for application in really large-scale, real-time
systems development. We clas fy the requirements statement methods into
three broad categories: (1) . inctional requ1rements; (2) performance require-
ments; and (3) specific attributes, with further subcategories wherever appro-

T

The parameters

priate. Significant techniques in each subcategory are introduced and assessed.

However, both the classification and assessment are somewhat subjective.

4.2.1 Functional Requirements
Statements of functional requirements are specifications of the function

S: X+Y. Informally, it states the response the system should produce in
reaction to a given stimulus. We fdentify three subclasses of methods.

25

4.2.1.1 Explicit Specifications of S

These methods usually employ rigorous mathematical statements. The most
straightforward way is to define the domain and range of S, i.e., input and
output spaces X and Y explicitly, and exhibit the function S by tabulation or
a set of mathematical expressions. The methodology introduced by Wymore

[Wym 76] in his book on Systems Engineering adopts this approach. The method
is, of course, limited by the ability of the user to state the function, S.
In any real-world system, the complete specification of S is likely to be
impossible. However, an explicit statement in such a rigorous form is most
readily testable. Hence, formulating the critical functions of a system in
this way to the extent possible may be of significant value for system level
function validation.

Because of the difficulty in stating the complete function, another approach

is taken by Fitzwater [Fit 76] and Hamilton and Zeldin [Ham 76a]. The system
function S is stated by a series of decompositions according to some decomposi-
tion rules. Thus S is composed of S], cees Sn' and SI is composed of Sy¢,

veen S]m, etc. The ability of the user to formulate his problem in the
associated language is different, yet the rigor of precise mathematical state-
ments permits certain properties of the function at various stages of decom-
position to be checked. Apart from being less formal, the Structured Analysis
and Design Technique (SADT) [Ross 77] and a few others (Section 5.1) can be
included in this category. These latter ones usually employ a graphical
notation for better human communication with less emphasis on rigorous formalism.

There can be certain reservations in classifying the decomposition approach in
the explicit specification category. The decomposition represents certain
design decisions (nonarbitrary restrictions); the later design steps may be
severely dictated by these early choices. We have made an assumption that
design freedom should be maintained as far as possible. With regard to this,
the function decomposition approach may as well be classified in the following
category of implict specifications of S.
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4.2.1.2 Implicit Specification of S

Methods in this category define the function S by exhibiting a procedure or
structure to show how a certain output response of the system is generated in
response to system stimuli and inputs. This can be done by a definition of

the subsystem structures, functional partitions, etc. Generally speaking, it

is more appropriate to regard this as the software architecture specification.

A detailed discussion of this large category of methods is deferred to Section 4.3.

A comment as to the suitability for requirement statements, however, is appro-
priate here. Specifying a system structure as system functional requirements
may be regarded as a limitation of design freedom. On the other hand, we may
consider whether the limitation is unnecessarily constraining or not, and
whether the nature of the application problem naturally suggests a particular
system structure, and at what level of detail the system structure is specified
as functional requirements.

A stronger argument for accepting them as appropriate specification techniques
at this level is the recognition of a class of designs as “wicked problems,"
and software system design is argued to be wicked [Pet 76a]. The term "wicked
problem” was coined by Rittel [Rit 72], referring to design situations having
the following characteristics (among others):

[ Every formulation of the wicked problem corresponds to the formula-
‘tion of the solution (and vice versa). The information needed to
understand the problem is determined by one's idea or plan of a
solution. In other words, whenever a wicked problem is formulated,
there already must be a solution in mind.

® Wicked problems have no stopping rule. Any time a solution is
formulated, it could be improved or worked on more. One can stop
only because one has run out of resources, patience, etc.

27

[ No wicked problem and no solution to it has a definitive test. In
other words, any time a test is "successfully” passed, it is still
possible that the solution will fail in some other respect.

If indeed we are dealing with wicked problems, specifying S (the problem) by
exhibiting its structure (a solution) is the only means. Our position is that
we should not consider "wicked" as a boolean attribute; different problems
have different degrees of wickedness. It appears that in many cases, software
system development is very wicked so that implicit specification of S is
necessary in certain aspects but should be employed with careful considera-~
tions.

4.2.1.3 Optimization Model Formulation of S
In many cases we do not have a functional requirement in the sense that given
an input X, a specific Y should be produced. Instead, a large number of

outputs would be acceptable, except that we prefer one to the others.

This type of situation is best formulated as an optimization problem. An
example of system requirements specification of this form is:

) The set of alternatives, M, is specified {or to be investigated}.

[ The outcome function, C, specifying what would be the system behavior
given an alternative

C: X x M-Y.

] A valuation function, V, specifying how the combination of a certain
choice and behavior (output) is valued

V: M x Y-R.
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There are attempts to develop a language that is capable of expressing these
relationships among data (without specifying implementation). A formal
approach is the information algebra developed by the CODASYL Development
Committee [COD 62].

Among the key concepts introduced are lines, areas, bundles, glumps, and

functions on them. Lines correspond (roughly) to records and areas to files.

A bundle or a glump specifies a new file based on data in other files. These
descriptions given here are vague because the original notions are built up

from a rather elaborate basis. A detajled example is included in paragraph 5.2.1.3.

Some additional concepts are yet to be developed beyond simple lines and areas
for more general applications. In the end, this can be extended to a compre-
hensive data base language. The passibility of using such a language for
specification of data flow and manipulation should not be ignored.

4.3.1.3 Other Information

Besides the data flow and processing function specification, some additional
information can be specified within the existing framework. Among these, the
most common ones are timing and system load information. Timing specification
deals with requirements of the following types: (1) some output documents
must be provided before a certain deadline, (2) certain outputs have to be
produced periodically, and (3) certain outputs have to be produced after an
input event within a specified response time. System load specifications
include size of file, maximum, mean, minimum, frequency of usage of data, etc.

Analysis of this information may be important in some systems. Information
such as a calendar of events or the volume of data flow among subsystems can
be extracted from these specifications. More elaborate analyses are based on
a graphical model of the static flow and volume information. We {llustrate
the approach with an example. Given a network of data flow as in Figure A-10,
let P]. Cees Pn be the set of processes and dy, ..., dk be the set of data
sets. An incidence matrix of the processes and data sets can be obtained,
which is defined as follows:
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1 if dj is an input to P;
-1 if dj is an output from P

0 if there is no direct incidence between dj and P;

ey ®

Let vy be the volume (e.g., Storage size) of dj; e; be the number of inputs
and outputs for Py and mj be the number of times dj is used either as input
or output, then

ei = z: :eijl ’ i= ], esey N

moom X lesl s Gl ek
i isl 1j

The transport volume foE dj is tj 2 mjvj, and the transport volume for the
whole network is T = z; nsvj. This may be taken as a measure of the amount
J=

of data movement necessary between the main and secondary storages.

4.3.2 Methods for Specifying Control Dominant Systems

In some real-time systems, the control flow or the sequence of operations of
the system becomes the dominant features for consideration. Many important
aspects of a system are characterized by its control flow. The operation
sequence, the interaction pattern of the subsystems, the deadlock situation,
etc., are among the more important ones.

In designing a system, it is desirable to have these features validated before
commitment to further design and implementation. Therefore, specification of
the control flow of a system is important even at the earliest stage of the
design.

An approach in this category generally develops a graph model of the system
abstracting the structural aspects, so that some formal properties of the
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the reachability problem and the liveness problems that address the problem of
whether a particular marking can be reached and whether a given marking of a
net is live, respectively. Many of these problems are difficult decidability
problems. More thorough discussions are found in [Kar 69, Hac 74].

Lauer and Campbell [Lau 75] developed a hierarchical classification of Petri
net structures for system descriptions. A system is described fn terms of a
path and a program specification corresponding to the synchronization and
processing sequence, respectively. Certain semantic correctness properties of
a system can be inferred from its syntactic classification in the hierarchy.

Gostelow developed the notions.of proper termination and module substitution
[Gos 71, Gos 75]. Proper termination is a formal description of the property
of being able to “reach the end" of a net in a "well-behaved" and "“structured”
manner. Effaective procedure for the determination of proper termination
exists [Gos 72]. The module substitution idea is developed around the notion
of two nets "behaving identically" if a part of one of them is replaced by
another. The substitutability property is defined in terms of proper termina-
tion and the desirable property can be proved.

Postel attempts to define the notion of a proper module [Pos 74]--a net
structure that has the desirable properties of a system unit for independent
development or for substituting one another. Proper module is a weaker charac-
terization of proper termination.

Gostelow {[Gos 71], Cerf [Cer 72], and Postel [Pos 74] developed and applied
the reduction concept to analyze Petri nets. Reduction is a procedure that
homomorphically transforms a set of transformaticn expressions (characterizing
a net) to another while preserving some properties of the original set.

Proper termination can be partially determined by the reduction procedure, and
similarly for a number of auxiliary notions developed around proper termina-
tion such as proper module and substitutability.
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There is vast literature on the various graph models that will be exhaustively
summarized here. Although most of the work is not done specifically for
system specification analysis, many of the results may te applicable in this
area.

4.3.3 Specification Analysis System

" The techniques already covered in this section are intended to be used over

the extended period of software architecture design. For a large project,

very voluminous information is generated among a large group of system designers.
Automated aids are needed for managing this situation. In more recent research,
it usually takes the form of a specification analysis system so that the

system designer can input their specifications, which are deposited in a

central data base. A collection of automated tools will be availabole to
perform various analyses on the specifications. The most representative of
this type of system is found in ISDQS [Tzi 74b] and SREM [Bel 76b]. 1In the
following we will briefly describe some of the technical features of a typical
specification analysis system--a schematic diagram of which is shcwn in Fig-

ure 12.

4,3.3.1 Monitor .

The monitor is the interface between the user and the analysis system itself.
Instrumental to the success of a specification system is the nature and extent
of interaction provided by the system. For this reason, considerable atten-
tion must be given to the development of suitable feedback mechanisms and
formats. An important design consideration of the monitor is that it should
be able to guide the user through a complete specification analysis, while the
system automatically maintains a partially entered or changing set of specifi-
cations.

Other supplementary functions performed by the monitor may include configuration

and management control of the development project, and automatic generation of
documentation in human readable form, etc.

{3
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Monitor
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Figure 12. Specification Analysis System

4.3,3.2 Language Processor

The language processor will perform the usual function of analyzing the input
statements written in the specification language accepted by the system. Syn-
tactic analysis and other diagnosis results are irmediately feed back to the
user. The accepted input is deposited to the central data base via the language
translator.

4.3.3.3 System Data Base

The most important part of th system data base should contain a computer
representation or model of th: target system under development. This model
will be continuously modified under appropriate configuration controls, includ-
ing addition, deletion, modification, and entry of alternative versions. The
representation is directly submitted for analysis.
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4.3.3.4 Automated Tools

A collection of analysis tools of the system data base is usually the key
component of specification analysis systems. These toois, however, are strongly
dependent on the specific techniques used for specification and their underlying
concepts. The general features include the static analysis tools that check
out the necessary and desirable features of the data base such as consistency
and completeness. A variety of dynamic analyses of the target system can be
performed depending on the system model use. The most widely used analysis
technique for studying the dynamic behavior and performance of a system at its
specification stage is simulation. Simulation can be generated either automati-
cally or manually. The specific analysis tools have been discussed along with
the specification techniques in paragraphs 4.3.1 and 4.3.2.

4.4 SPECIFICATION TECHNIQUES FOR DETAILED SOFTWARE DESIGN

Because the level of detail in specifying a detailed software design is much
lower when compared to specifying the software architecture, the techniques in
this section are applicable to higher levels if not limiced by the complexity
and by minute details. We will examine those techniques that try to describe
the entities concerned down to the most primitive details, although they may
be built up hierarchically by a number of levels.

There are, loosely speaking, two aspects for specification--a unit of action
and a class of objects. A unit of action, in current high-level programming
language terminology, may be a procedure, block, or subroutine. The overall
system functions are ultimately built up of these basic units of action, e.g.,
a sorting routine, a Kaiman filter procedure, etc.

Specification of a unit of action, which we will later refer to as process
specification, is to specify succinctly all the effects that the action will
have on its environment. The primary objective is to satisfy the minimality
criterion that all the relevant, and only that, information needed to use the
unit is stated. In general, the implementation information is not relevant.
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4.4.1.3 Input/Qutput Assertion

The actual procedure of how to derive the output from the input is not stated.

Instead, the relation between the input and output variables is specified in
terms of more primitive relations and notions.

Example:

Specification of a sort routine

Sort (A: int array; N: integer)

ENTRY: N =21

EXIT: ¥ ((1=sisN)=Sort(A,N)[1] = AMAX(Sort(A,N),1,1))
and APERM(Sort(A,N),A,1,N))

This states that for an input array with one or more elements, the resulting
array would be a permutation of the input array, and, furthermore, the output
array elements are in ascending order.

The more primitive notions assumed to be defined are array indexing; AMAX,
which finds the index of the maximum among the first N elements of an array;
and APERM, a boolean function indicating whether an array is a permutation of
another.

In the approaches within this category, the actual implementation detail is
left out. Only the entry and exit conditions are stated; the user only needs
to ascertain that the input condition is satisfied on the invocation of the
procedure, and it is guarar 2ed that the exit condition is satisfied on
termination. Verification .nvolves showing that the implementation has this
property.

Because the conditions are stated in terms of more primitive notions, the
criterion of minimality may not be satisfied in that the choice of the parti-
cular primitive notions to implement the algorithms is arbitrary and may be a
specific one from among many possibilities. In the example above, it is
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‘assumed that the array is implemented with that particular indexing mechanism

as used in the conditions.

The comprehensibility of this method again depends on the complexity of the
procedure and also on the choice of the suitable level of the primitive notions
used.

There are two fundamental limitations to the approach: (1) The growth in the
complexity of the condition when the system or procedure to be specified
becomes complex. Even with the best design of a hierarchy of the primitive
notions, the complexity may still get out of hand; (2) The "naturalness" of
stating the entry and exit conditions. While it seems ratural to express the
"sort" procedure as in the example, for other functions it may not. A good
example is the factorial function; the only natural way seems to be to exhibit
a procedure. Similarly for a "differentiate" functioun, it is more natural to
show how to do it than telling what it is all about. On the other hand,
stating the entry and exit conditions is far simplier in the case of matrix
inversion, etc.

4.4.2 Methods for Specifying Parallel Processes

Specification techniques for parallel processes have nct been studied as
extensively as those for sequential processes. Their impartance is now
apparent since actual parallel hardware is gradually being employed. More
importantly, a system viewed as a society of parallel processes is conceptually
cleaner and more elegant. Principato has performed an extensive survey of
these techniques [Pri 77]. The techniques are classified into three categories.

4.4.2.1 Parallel Constructs for Programming Languages
Program languages are extended with special primitives to indicate interactions
among parallel processes. Thus, for example,

cobegin P]. ey Pn coend
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Note: Taken from [Gut 76].

declare MTSTACK()—=-stack
PUSH(stack, item)—=-stack
POP(stack)—e=stack
TOP(stack }—e=item
ISMTSTACK(stack)—=-boolean;
for all s e stack, i ¢ item,
Axiom 1  ISMTSTACK(MTSTACK) = true
2 ISMTSTACK(PUSH(s,i)) = false
POP(MTSTACK) = MTSTACK
POP(PUSH(s,i)) = s
TOP(MTSTACK) = undefined
TOP(PUSH(s,1)) = 1

o v oW

Figure 13. Algebraic Axiom Specification of Stack

The most salient features of the stack are: POPing a stack results in the one
just before the last PUSH operation, and examining the stack gives the last
item pushed in.

These are captured minimally by the axiom system. It is minimal because it
only involves those concepts that are relevant at the level of consideration
of the stack.

The comprehensibility of thi Fform of definition depends on whether the object
being specified has operatior . with simple relations among them. It can be
very complex, difficult to understand, and may involve more than it requires
to state explicitly the algorithms of the fndividual operations themselves.

Currently we know of no effective (general) method either to verify whether an
implementation of a given data structure satisfies the specification or to
verify automatically certain “correctness" or "consistency” properties of a
set of axioms.
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4.4.4 Assessment of Software Design Specification Techniques
After this survey of the variety of techniques, a summary statement about the

whole class can be made. So far we have been dealing with the specification

of units of relatively small sizes. The information specified is complete and
precise in the sense that everything needed is given. Pecause of this property,
the complexity and comprehensibility become a stumbling block.

The same problem of complexity exists even in a greater magnitude in the
verification of the specification. Special techniques by relaxing the precise-
ness and completeness must be used in large systems. Some aspects of all the
information s given up for concentration on more important features, namely,
the structural aspects of the system.

Another major probiem is in the construction of larger and larger units from
basic blocks. We have seen roughly how this can be achieved in a hierarchical
fashion in the discussion of algorithm specification. However, emphasis is
not placed on the coordination and performance aspects of the subsystems of a
system. All techniques discussed so far do not address these aspects. They
become the prominent feature of a large system, and special techniques have to
be developed for them, as have been discussed in Sections 4.1 through 4.3.

5. SPECIFICATION TECHNIQUES SUMMARY

This section provides a summary description of the individual techniques to
nighlight their significant features that have not been mentioned in the last
section. The organization of the techniques is closely parallel to the classi-
fication framework developed in Section 4.

Table 2 gives a condensed summary of the techniques for quick comparison and
cross references between Section 4 and 5 via the Category and Summary Section

columns. Additional information regarding the nature and status of the tech-

niques not specifically mentioned in the summary sections is also included in

the table. '



Table 2. Specification Techniques Summary Table (Sheet 1 of 3)
Principal Summary
Category Methodology Developer Nature* Status Principal Concepts Reference Section
System Requirements Semantic c Sim 73
(Overall Needs and Nets
ST T D T e e e LR el RRb et bttt Ribirinisieieieihiieini ittt Al H
1A Hilson M-Computerized Research Semantic representation of Wil 75
design context
Becker M-manual, Applied to Semantic representation of Bec 73
computer example design context
assisted Fuzzy concepts
------------- B R el Rttt Rtk Eb ol Rl dehabodnd dabokaial de hdiediedindadediadsi ittt PR e R R e
Zadeh C Precise concepts to dea) Zad 71
with fuzzy notions and
complex systems
. v
Data Processing Nymore M-manual Applied to Input/output trajuctories Wym 76 o
Subsysten Requiremerts example specification of system
functions
10S Itamilton, MC-computerized Research Axioms for system Ham 76a, 5.1.1
leldin ~decomposition b, ¢
Specification language-AXLS
Fitzwater C Research formal elaboration Fit 76 5.1.2
Interaction primitives
SADT Ross MC-manual In use Structured design Ros 77 5.1.3
Graphical notations
I U SR M R SRR NN
£2p? RCA M-manual In use RCA 72 5.1.4
* C -- Conceptual notions
M -- Methodology
L -- Language
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Table 2. Specification Techniques Summary Table (Sheet 2 of 3)
Principal Sunmary
Category Methodology Developer Nature* Status Principal Concepts Reference Section
Software Architecture Decision M In use Lon 72 5.2.1.1
Specification: table
Data Dominant Systems T S Bttt E T ertt S e S LS T T S R nne T e
' Young, M In use You 58 5.2.1.2
Kent
Information | CODASYL L Inactive Formal language primitives CoD 62 5.2.1.3
Algebra Committee for complex data operation
v involving files
Langefors C Not known Lan 63 5.2.1.4
Fommmmmeeee- R AR R Rt e B R .
Systematics Grindley M Not known Gri 66 5.2.1.5
ADS NCR M In use Use of predefined forms Lyn 69 5§.2.1.6
----------------------------------------------- e LD LD R Tl Rttt sttt sttt abetabatads
TAG 1BM M-computer In use IBM 71 5.2.1.7
assisted |
HIPO 184 M-manual In use IBN 73, 5.2.1.8
Sta 76
A LT T PPN Loy papeen - B L L LT TSP pIORr Y P S ——— ol - - P R L L LT P
I1SDOS Teichoew M-computerized In use PSL/PSA Tei 74b, 5.2.1.9
System data base 77
SODA CWY M Not known Evaluation of alternative Nun 71 5.2.1.10
designs
Optimization of design
BDL I8M M-computerized Development | Direct implementation of Gol 75 5.2.1.11
system from user specs
Ho, L Designed Formal specification of Ho 74 5.2.1.12
Numamaker complex data relations
Bridge, L-extension Designed Classification and Bri 74 5.2.1.13
Thompson declaration of data usage
............................ § SN SEE Y NN KPR UTY S
Structured Constantine M-manual In use Design guidelines HUG 75 5.2.1.14
Design Structure chart, bubble
chart

* C -- Conceptual notions
M -- Methodology
L -- Language
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Table 2. Specification Techniques Summary Table (Sheet 3 of 3)
Principal Summary
Category Methodology Developer Nature* Status ‘Principal Concepts Reference Section
Software Architecture LOGOS Rose M Not known Formal graph model and. Ros 72 5.2.2.1
Specification: analysis
Control Dominant CsC- €sc M-manual In use CcsSC 73 §.2.2.2
Systems Threads
SREM TRW M-computerized In use Extensible RSL Alf 76a, b 5.2.2.3
R-nets Bel 76a, b
REVS--Analysis System
IS PRI SRS B B eammntt L LR it Ry St
FSM AFC M-computerized Research Finite state machine model Sal 76 5.2.2.4
of system
VG CsC M-computerized Research Graph model Bel 76 5.2.2.5
............................................... S S el Rt
GRC-Petri GRC M-computerized Research Petri net model and Bel 76 5.2.2.6
net analysis
Booth, M Research Computation structures Sho 76 5.2.2.7
et al Performance modeling
Detailed Software McGowan L-manual In use McG 75 5.3.1.1
Design Specification: fJ------ecmmecfemccommmmmmcn b e oo m e oo oo oo m oo s o s m e s e ST T e T
Sequential Processes Parnas L-manual In use Effect specification of Par 72 5.3.1.2
functions--implementa-
tion independent
Good, L-computer Research Formal input/output Goo 75 5.3.1.3
et al verification specifications
Hewitt, L-computer Research Contracts (specifications) Hew 75 5.3.1.4
Smith verification Meta-evaluation
Detailed Software V-Graph Earley L Research Graphic specification of Ear 71 5.3.2.1}
Design Specification: data types
Data Types Guttag, L Research Axioms of data properties Gut 76 §.3.2.2
et al. Formal verification
* C -- Conceptual notions
M -- Methodology
L -- Language
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The functions and their parameters must satisfy a set of six axioms governing
six aspects of control. Figure 18 summarizes the definitions of the controls
and axioms.

Theorems can be derived from these axioms asserting many desirable properties
that a system should have, such as correct interfaces.

A specification language is being developed so that a system specified by the
language can be checked against the axioms. If these are satisfied, the
system to be implemented will possess these desirable properties.

5.1.2 Fitzwater

Fitzwater [Fit 76] introduces a philosophy and methodology for developing and
analyzing distributed data processing systems. The main emphasis is on formal
decomposition. The originating requirements of a system development are

always stated informally. The steps in developing the system obtain a successive

set of approximations to the final system. These intermediate systems repre-
sented by these appreoximate sets may be formally analyzable to determine
whether they produce the desired behavior (Figure 19).

7o effect the decomposition, a formalism is intrcduced based on a state-
machine description of the system functions. We shall outline the salient
features in two paragraphs--functional and interaction specifications.

5.1.2.1 Functional Specification

The system is represented by an ordered pair (2:, f), wheref: is referred to
as the state space, and f, the state successor function. Z:is a cross product
of the component state space 2:1 3 2:2 X ...0x E:M. fach of the components E:i
is the set of subsets cf a value space V,; #, (with argument ¢ ¢ Tyisa
nondeterminictic state successor function.

The state successor funtion f can be represented by a state grapn resembling a
state transition diagram. The complete precise definition of the state transi-
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Note: Taken from [Ham 76c].

DEFINITION:
Axiom 1:

QEFINITION:

Axiom 2:

DEFINITION:

DEFINITION:

Axiom 4:

DEFINITION:

Axiom 5:

DEFINITION:

Invocation provides for the ability to perform a function.
A given module controls the invocation of the set of functions
on its immediate, and only its immediate, lower level.

Responsibility provides for the ability of a module to produce
corract ocutput values.
A given module controls the responsibility for elements of only
its own cutput space.

An output access right provides for the ability to locate a
variable, and once 1ocated, the ability to place a value in the
located variable. :

A given module controls the output access rights to each set of
variables whose values define the elements of the output space
for each immediate and only each immediate, lower level function.

An input access right provides for the ability to locate a
variable, and once located, the ability to reference the value

of that variable.

A given module controls the input access rights to each set of
variables whose values define the elements of the input space

for each immediaie, and only each immediate, lower level function.

Rejection provides for the ability to recognize the improper
input element in that if a given input eiement is not acceptable,
nul! output is produced.

A given module controls the rejecticn of invalid elements of

its own, and only its own, input set.

Ordering provides for the ability to establish a relation in a
set of functions so that any two function elements are comparable
in that one of said elements precedes the other said element.

A given module controls the ordering of each tree for the
immediate, and only the immediate, lower level.

Figure 18. HOS Control Aspects and Axioms
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Note: Taken from [Fit 76].

Formal
Specification

Cesirea
3enavior
{informal)

Elaborate Specification
Improve Until Desired Behavior
Approximation {s Testable

Formai
Specification

Figure 19. Requirement Specification Process

tion function is done via a series of decompositions. In the first level, f

is decomposed into component successor functions fi' We give an illustrative

example rather than the mathematical definition of the fi‘s.

Suppose wé have a state successor function f:z:*f: where §:=2:1 X 2:2 X 2:3 X ZZ

f can be decomposed into component successors f]. fz, f3. given by:
fr Lpx Xy =Ly x &g
fr Ly x X, - L,
. . ¥
f: Ly L,

An fi is further decomposed into value successor functions fij' fij's are
distinguished from the fi‘s as being value space valued functions where the

58

fi's are set valued functions. Further carrying on with the example, f] may
be decomposed into .

fllz V2 X V4 - V]

le: V2 X V4 - V3

The fi's and fij's can be further decomposed using composition, subtree selection,

and primitive recursion until all the components are regarded as primitive
functions.

5.1.2.2 Interactive Specifications

A set of interaction primitives called exchange functions are introduced to
specify interactions and synchronization among parallel processes. These
exchange functions will exchange values of arguments with a matching exchange
function elsewhere in the specification. The exchange of arguments between a
pair of matching exchange functions is accomplished by having each of them
evaluate to the argument of the other. Exchange functions are labelled with
subscripts and only exchange functions with the same label can match. The set
of exchange functions with a given subscript is referred to as a class. Thus
exchanges may only occur between members of the same class.

The three exchange functions XC, XA, XS are defined as follows:

xci(a) =8 if there is an outstanding Xci(s) or XAi(s) that has been
waiting for a matching exchange function
or
if this XCi(a) has been waiting for a matching exchange
function and an Xci(s), XAi(B), or XSi(s) is evaluated.
XAi(a) = 3 if there is an outstanding XCi(s) that has been waiting
for a matching exchange function to be evaluated
or
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Each box, of course, can be expanded to a level of greater detail consisting
of a network of boxes. The complete language consists of many more notations
and conventions than can be described concisely here.

It has been reported that SADT has been applied manually to a number of system
development projects. The results were subjectively evaluated to be very
successful. The language notation is among the most elaborate used in software
development, resembling a language for designing blueprints in electrical
equipment or architectural design. It is useful as a visual aid. Computer
assistance to SADT is obviously needed and possibly easily implemented.
However, the important issue of analyzing the specifications beyond simply
checking for the correct use of language notations has not been emphasized.

It is apparent that the language design was not based heavily on the analysis
consideration.

5.1.4 Functional Flow Diagram and Description

Functional Flow Diagram and Description (FZDZ) is a proprietary corporate
approach of RCA used for system decomposition and audit purposes. We are not
aware of any published 1iterature on the technique. The essential feature of
the technique is to serve as a graphic language representaticn quite similar
to SADT.

Each functional unit is represented by a box, and the related items: input,
output, controls, etc., are specified. Part of the symbol usage is chown in
Figure 22.

The function can be connected with others to create a network showing the
complete system structure. Each function may be decomposed into more details.

2D2 terminology. In Tier 0, the system

The levels are called "tiers” in F
functions are identified. Tier 1 identifies the hardware, software, and
manual functions. Tier 2 proceeds down to a lower level of software functions,

e.g., identifying the data records and display formats.
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sritera Supoors Atz
L @ e
input data . -
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_Contral Jaua | Fynczion Yumper

Zacouter Progran
Allocation 3ymoo:

. loeratar

’ 2snbutson
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Figure 22. Functional Flow Symbols

FZD2 has been used internally by RCA for a number of projects, mostiy manually,

and serves as precise documentation. Analysis of the diagrams is limited to
visual inspections.

5.2 SPECIFICATION TECHNIQUES FOR SOFTWARE ARCHITECTURE

5.2.1 Data-Dominant Systems

5.2.1.1 Decision Tables

A large body of literature on decision tables has been nublished. For a
general introduction, see [Lon 72]. The main use of decision tatles is in the
programming of information-based decision problems.

The primary aim of decision tanles is to represent man/man and man/machine
communications of decision-making processes. The information is presented in

a tabular form. [t is not specifically intended to b2 implementation-free cr
nonprocedural. Automatic processors have been implemented to translate decision
tables directly to executable object codes.
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Taken from [You 58].
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Explanation of graohical notation.

(a) This circle represents an infermation itemon a
document, viz., Ds—,, with the cocument number above the
fine, and the item number within the cocument. below. The
heavy double iine (generally horizontal and possibly with
branches) connects all the items on one document.

(b) Each information set, P,, is shown as a square, in this
case P,,.

(c) An item on a document which is an element of some P;is
connected to it: the arrow runs out of the document for an
input, into it for an output (i.e., one mav thirnk of the fiow of
information to and from the system as following the arrows).

(d) Isomorphism (or homomorohism) between imformation
sets is shown by a2 dcuble (or singie) headed arrow. In this
case we are saying that 2., = A, with the scuare stancing for
P. having been extendad downward by the broken vertical line.

(e) The small square brackets enclose those items making up
a line item of a cocument, in this case Ds-1.5 4x0a3- Note that D,.,
is not a line item and is excluced by the bracket e,.

() Tre producing rei@nonship is shown by a douw.e heavy
line with an arrow gointing to the cocument or line item
produced, e.g., P, produces a line item on D,. The liine runs
from the extension (the vertical broken lire) of the square box
representing P, to the bracket representing a line item on Ds.

(8) The dotted line is used to connect various elements of a
condition.

(h) The concition at h is that 0s_, is equal to £, (D)), represented
by condition lines from D,., and P, with arrows to tne condition
line g. That D, is invoived is shown by writing in (D).

(i) This is the stancarc symeol for 2 gate and states the
condition involved, viz., C;-.. The input to the gate (the flat
surface) is connected to the item or items involved in the
condition. The output goes to the cperation affected by the
condition.

(j) The summation sign incicates that D,., is equal to the
sum of Ds_..

(k) The triangle represents a2 celay ecual to the time
indicated within it. Thus yesterday's Ds_, is acded tc Ds.. to
procuce tcoay's Jy_s.

(I, & 1,;) The cotted cross through an information transfer line
¢,) or a sum (/,) (or any otner cperation or procuction) inrcicates
Fhat this transfer cr ogeration is parformed if the condition
is true.

{m) The sort notation implies that the documant or line item
must be sorted by the item incicated.

24.

Figure Young and Kent Graphical Notation
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Areas
Preparies ¢3iuz Sat Clc Pay Frle  Davly Wark Fi'a  New Employee File  New Pay Fiie

cP b2 NE [T

q,=FielD PF, ON_ *Z x X X X

(atways PF) (aiways D'V) (always NE) (atways PF)
Qq, = Man 10 00CO0 - 99959 X x X X
q, = Name 20 alznacetc b 4 [+ X X
characters

Q. = Ra3%e . 2000 - 55 A9 X 1] X b 4

Qqy = Hours 00 - 23 n X 0 n

q, = Cay rumbder Q-7 sl X 4] [¢]

q, = Tceat salary 0CCCC.20 - 29939.59 X s n b ¢

Qy = Py sericd numbder 20 - 22 X N X X

Gy = Saary 200.03 -+ 955.00 X (1] n X

(1) NP = £,{q.s = Qu» H{Gz: DW). OP)
v F:[Qu:.an, H(Qn ow), NE]

Q' =q, .
ay =% (q (g, <8)—15%q,—4] ~4
f=2[q, —(3s < 8) — 8]
f,=0:—(f,<40)-‘0.5#f,—20
Q) =qr + Qs ¥ Gae
Fiedaq’=qn+1
Q' =Gy ¥ Qe
Q' =PF
gy = Qs ¥ Qe
W =qx+1
Q' = Gis ¥ Qe

o

The terms of equation (1) are idantfied in Figure A
Let us examine each eiement of inis equation more
closely. Consicer tirst the expression #(q,. WD). The
Daily Work File (DW) consists of the ca:y hours-worked
entnes for ail emoioyees. Using g;:Mani0) as a glump-
ing funcilicn, each giump wiement cantains tha en-
tries for a single employee. H(g,. D'\W} is a functionof a
glump which caiculates the values of certain proper-
ties for a set of points where eacn paint corresponcs
15 a3 singte glucc slement These valves aca cefined by

Q2 =Qq,

He Gy =S (qs—(q, <8)— 135 %xq,—4] +1,
f; =X [qs —(q, < 8) — 3]
fy,mQ e (f, < 40)— 0.5 x f, — 20.

In the definition of H. f, and £, are functions of areas.
Note that #, = <0 uniess q,< 8, 1n whicn casa ;=X Qo
From this, it follows that f, = 0 if , < 0: and f, = fJ
2 —~ 20 = ha!f of excess time over 40. otherwise. The
overtime rule used in g, states inat 3 man is pad
time and a half fer each cay’s excess cver 8, and also
is paid time and a haif fcr ne excess cver 40.

All other progerties are undefined far this function
of 3 glump.

The set of points obtained from H(g,, DW) consti-
tutes an area whicn is the first araa ci the area set
[H(g,;, C'N). OP). A buncle is cerirad over thus area
set. The burdiing functon for tris tundle is a match
on the Marn iD's in 2ach area, 1.2, §.; = Q- Gy IS LN
property Man [D in the first ar23 ct ihe bundle; (Ga
is the correspinding progerty 1 the secong area cf
the turdie.

£.[qus = Gx. H!7,. O'W), CP) is 2 functicn of a buncie
which mags eack hne of t~e Bungle 110 3 singie point
for each empioyee. The detinition of F. is:

A N P

' =Qpr + Gy ¥ G
F, =
Qs = Qu ¥ Qe

Figure  25.

l-— Exoressicn for New Pay File

Functicn of 3 glump

Glumping functicn
Area glumoed
L— Union of areas

NP = £./q, = @n, H(q;. OW), OP1 U F,(Qu: = Q. MG, OW). NE)

L 2nd area of bunate

1st area of buadle
Bundling function

Function of a bundle

} Derived area for

S

old employess

FIGURE A Identification of terms of
equation (1).

|__ Oenved area tor
new employees

The subscripts of the g-primes denote the property
n the new area which is being defined by the equation.
The first subscript of each unprimed q indicates the
area of the bundle and the second suoscrigt 'centifies
the particular property. Thus, G IS the property Totat
Salary for paints in the second area of he buncle.

Each of the nonstated g-pnmes is uncerstood 0
have the samea value as the ccrrespcnding g in the
last (in this case, the second) area of the bundle. Thus.

G = PF qy = Name Qs =1
q; = Man ID q. = Rate =0
while the remaining q-primes are defined ty F,.

Similarly, a second function of a buncle is cefined
for tne area set {H{g,, OW). NE]:

F1{Quz = Qrs H{@,, DN, NE]

q, = PF
Q' = Qs * Qae
Qy =Qp -1

Q@ =G ¥ Qe

where F, is defined by £, =

and the remaining ¢-0Orimes are understood to be taken

fram the New Employee File:
q: =ManID q. = Rate g, =i
q, = Name qy =1

Now two areas of uo-to-date pay infarmation have been
Jars,an, AT cE TG 0S5 19 S At e T Ty the set 22

eration union (o torm the New Pay File.

Information Algebra Language Example

‘e
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The process or computation can also be specified and the incidence matrix of
data on processes can be obtained. The matrix permits analysis for grouping
of processes and data to reduce the volume of flow.

5.2.1.5 Systematics

Systematics [Gri 66] is a language solely concerned with techniques and concepts
useful to system analysts in designing information models to meet the user's
requirements. It is a tool for specifying solutions to information systems
problems. Neither a compiler to convert the specifications into code nor
analysis of the requirements is intended.

The principal features of Systematics are:

1. Specification of alternative conditions: all the potential system
conditions are tabulated specifying in each case what action must be
taken. These actions are expressed in a tabular form similar to
decision tables.

2. Definition of qualities: for each data item, the variability and
range possible values are specified.

3. Classification of information: each item of information is classified
according to its role within the system.

Classification is based o~ permanency, i.e., whether the data remain unchanged,
updated, or destroyed, et .

5.2.1.6 Accurately Defined Systems (ADS)

Accurately Defined Systems (ADS) [Lyn 69] was developed at the National Cash
Register (NCR) Company to be used in the development of business-oriented
management information systems. ADS is a technique for communication and
establishment of a working discipline in the definition of objectives, criteria,
and specifications for systems betng designed for EDP processing.

69

The presentation of a specification is in five standard forms:

1. Report layout form: Specifies the output reports required and their
format.

2. Input media layout form: Specifies input records, field length, and
miscellaneous information about input data.

3. Computation form: Specifies how a certain system element is computed
from the others.

4. History definition form: Specifies the data necessary to be retained
for later use.

5. Logic definition form: Specifies the decisions to be made for
various computations.

These five forms are tied together by cross reference information on each of
them. Figure 26 shows the format and detail of the forms.

ADS was not processed by machines. Later, automation eliminated a great deal
of clerical manipulation by providing various directories and cross reference
tables. Incidence and precedence matrices permit analysis of the structure of
the system. However, it remains primarily as a documentation means.

5.2.1.7 Time Automated Grid

Time Automated Grid (TAG) [IBM 71] is a general-purjose technique designed to
be applicable to the design of data processing systems in the commercial
environment. With TAG, the user can systematize his stody effort while reducing
:study time and maximizing the creative utilization of personnel. The technique
fwas originally developed at IBM. Ky
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Taken from [Cou 73].
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Figure
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‘Note: Taken from [Cou 73].
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5.2.1.10 Systems Optimization and Design Algorithm

The Systems Optimization and Cesign Algorithms (SODA) [Nun 71] was developed at Case
Western Reserve University. The objective of this system is to provide a computer
facility for the system designer to specify his design and performance optimiza-
tion on alternative systems based on the specified information. SODA is not so

much concerned with the completeness or correctness of the requirements as

with the engineering of an ef?icient system from its problem statements. An
assumption is made that the problem designer is able to accurately identify the
requirements.

Requirements are stated in a problem statement language. Problem statements
include data description, processing requirements, and operational requirements.
The data description is defined by "elementary data sets" and "data sets.”
Processing requirements specify the formulas for transforming inputs to outputs
via processes, and the operational requirements specify the volume, timing,

and frequency of input and output characteristics. The language also provides
the capability for handling changes in the requirements.

The other components of the system (Figure 30) are tne Problem Statement
Analyzer {PSA), generation of Alternative Designs (ALT), and Optimization and
Performance Evaluation {OPT).

5.2.1.11 Business Definition Language

The Business Definition Language (BDL) [Gol 75] was developed to provide a language
for the noncomputer-specialist user in a business institution. Language

primitives are designed to be similar to the concepts a would-be programmer should
be familiar with. The basic elements of the language are:

1. Steps, which are used to represent the basic elements in the bureaucracy,
such as departments, sections, and clerks.

2. Documents. which represent the paper that the steps consume and
produce.

77

Note: Taken from {Nun 71].
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Figure 30. The Systems Optimization and Design Algorithm

3. Paths, which represent the established communication links between
the various operating entities and along which the documents flow.

The user can directly specify his information processing need in terms of the
graphical interrelationship of the elements. An example is shown in Figure 3I.

A step, e.g., BILLING in the example, can be elaborated individually, as shown
in Figure 32.
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Note: Taken from [CSC 73].
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Figure 40. Thread Usage in System Deveiopment
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5.2.2.3 Requirements Nets

The requirement net (R-net) representation of system requirements was developed
at TRW [A1f 76a,b, Bel 76a,b], partially derived from the CSC threads [CSC 73]
A thread identifies the sequence of operations of the system in reaction to a
specific stimulus. Specifying the functional requirements would theoretically
involve identifying all the possible threads. The number is enormous for any
nontrivial system. This difficulty is resolved by representing these threads
as a structure known as the requirement net. The constructs used in the ret
are shown in Figure 41 and briefly explained below.

ﬂ;? Event--specifies the condition under which the net of processing
actions is activated.

External interface--specifies the interaction between the system and
the external environment.

Validation points--performance requirements such as timing and
accuracy are specified and validated during simulation.

Alpha--represents a basic unit of processing action.

O

O

1

(::::::) Subnet-substitutes for a net to be expanded.

I,

(:i_ System data pase--specified with the information of wnich the alghas
will reference and modify a particular data base. The dotted 3rrows
indicate the potential accesses.

'*Cf)" “AND" nodes--both rejoining and nonrejoining AND node, in which the
processing sequences are to be followed in parallel. AYi acticns
will be delayed at the rejoining points until all tranches have been
finished and then proceed to the nex:t 2lpha.
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£

V1 (I) Validation Point

: Alpha

A

A liORll mde

“AND" Node Reicin

“OR" Node Rejoin

-

“FOR EACH" Node

T
|
\
!

)—”—(

<

@O

<)—

<

P

.l

~
s,

[

R-net Terminology

9N

.-é—. “0R" node--a condition is attached to each path at an OR node. The
one path with a true condition is processed; the others are ignored.
Each OR node has an OTHERWISE path that is processed if none of the
conditions are true.

r-dv}- "FOR EACH" node--one path is associated with the node, which is
processed once for each element of a set of data processing system
entities that is currently present.

4\ Termination--indicates termination of a processing patn.

The R-net specification, together with other information such as the hier-
archical relation of data elements, traceability information, and other manage-
ment information, constitutes the complete process performance sgecifications.
These are maintained in a data base known as the Abstrac: System Semantic

Model (ASSM). A set of analysis tools is designed to perform various analsses
on this data base. The composite is the Requirements tngineering and Vaiication
System (REVS) which is shown in Figure 42.

Note: Taken from [Bel 7éb].

Figure 42. Requirements Engineering and Validation System

There are three classes oF analysis tools besides *he basic language trans’azor
and data extraction facilities from the da%a dase.
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The first class is a graphic capability with which an R-net can be generated
or modified interactively with a graphics terminal. This provides a more
natural graphic form for the requirement engineer to work with, rather than
using a one-dimensional textual language. Extensive functions for positioning,
selecting, and zooming are available.

The second class is static analysis, which checks the structure of the R-nets
for consistency and correctness, such as proper branching and rejoining of
paths. The data flow of the R-nets is also analyzed, obtaining information on
the 1ife time and use of individual data items.

The third and most extensive class of analysis is simulation. In REVS, discrete
simulation models are generated automatically from the ASSM by translating the
R-nets into Pascal code. Simulation execution is also controlled by the

system with its initiation, data gathering, and data analysis functions.

5.2.2.4 The Finite State Machine (FSM) Approach

This approach was developed by the Aeronutronic Ford Corporation [Sal 76] as a
research and development project. The salient feature of the methodology is

to identify four essential elements of a system in the process of decomposing
system requirements into data processing requirements. These are the control,
functions, data, and functional flows. Each of these is modeled by a structure
that allows formal mechanical analysis. The decomposition methodology is
illustrated in Figure 43.

5.2.2.4.1 Control. The control of a data processing system is the mechanism
that activates system functions in the desired sequence; control is modeled as
an FSM. An arbitrary FSM can be reorganized in a special form, the structured
FSM, which is a hierarchy of FSMs whose only cycles are loops. The structured
FSM allows certain automated formation checks, such as: (1) consistency--for
a given state and any given input, no more than one transition is possible;
{2) completeness--for any given state and any given input, a transition is
defined; and (3) reachability--there is a path to a given state of the FSM
from the START state and a path from it to an END state.

93
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[ ]
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Defire
Jata

Figure 43. System Decomposition Methodology

5.2.2.4.2 Functions. The interdependence among system functions is modeled
by a directed graph whose nodes represent the functions, and an arc from
function A to function B indicates that function B requires an input generated
by function A. The relation is referred to as function A impacting function
B. The directed graph model readily lends itself to connectively and similar
graph theoretic structural analyses. Properties such as reachability and
completeness with respect to the system requirements can be verified. In
short, questions of the following forms are addressed by these analyses:

] What functions depend on a given function?
[} What functions influence a given function?

[ Are two functions independent, so that there may be reason to implement
them in distinct, parallel processors?

. Are there cycles of mutually dependent functions?

5.2.2.4.3 Functional Flow. A functional flow is ‘he outpu: of one or more
states of the control FSM, causing an ordered execution of data processing
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input to the function, and the information or action output from the function.
This is expressed as:

Input Transformation Output

Functional Requirements = | Stimulus Functional Argument Response

Performance Charac-
teristics

A stimulus is the initiator of an action; it is the input to the functional
argument. The functioral argument is the action or transformation performed
as a result of the initiating action of the stimulus. A response is the
resylt or output of the functional argument. The performance characteristics
from the system specification are associated with each stimulus, functional
argument, and response. The special form for entering the information of each
DE is shown in Figure 4S.

The VG is automatically generated when the DEs are specified. [t is represented
as a directed grapn. The directed arcs in the VG represent the stimulus/response
pairs of the requirements in the specification as decomposed in DEs. Each
functional node of the graph represents functional requirements in the specifi-
cation. Decision nodes represent either branching requirements or logical

requirements.
Tne directed grapn model is amenable to familiar analyses such as the following:

[ Consistency. Each node in the graph must be either functional or
logical; each arc in the graph must be either local or global; and
the set of all nodes and arcs in the graph must be connected.

° Traceability. The glebal stimulus arcs and global response arcs in

sublevel graphs must map one-to-one in quantity, direction, and

value to simply connected arcs in the next-higher-level graph.

laken feom [Bel 76).
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Links are labelled indicating the access paths. For example, a linked list of
the atoms a,b,c is shown in Figure 52.

Next _ Next _ Next

Figure 52. Linked List Structure

At the leftmost node, for instance, there are two accesses possible: obtairing
the next item (NEXT) or getting the atom (a in this case). Operations on data
structures can also be represented by the V-graphs. Figure 53 shows the
operation PUSH on a stack.

Push T

Top op Next
0 > 00

Figure 53. Specification of PUSH Operation

This graphical notation has the merit of being easily undérstood. Formal
analyses of the graphs are possible. However, the scheme suffers from the
special emphasis on access paths. [f the access paths are not the chief
concern of a particular data structure, they would be considered as over-
specification, violating the minimality criterion.
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§.3.2.2 Algebraic Axioms
The specification of a data structure is stated in a set of axioms that governs
all the permissible operations involving the data structure.

Guttag et al. [Gut 76] developed a set of notations that only allows the use
of the following features: (1) free variables, (2) if-then-else expressions,
(3) boolean expressions, and (4) recursion. Figure 13 is a simple example
using this notation, and the following specification of the QUEUE illustrates
the full use of all the features (Figure 54).

Note: Taken from [Gut 76].

type Jueue{item]
1. declare NEWQ( ' ~ lueue
2. 2000(Queue,fzem. - Jueue
3. JELETEY(Queue, - lutue
i FRONTI(Queue ~ izem
5. ISNEWQ{Jueue: - So0lean
5. APBENDQ(Jueue, Jueue} ~ jueue;
I. for a1t q.r c Jueue, i ¢ item let
3. ISNEWQ(NEWQ) » <rue
9. ISNEWQ(ADDC!c,* " = “aise
19. CELETEGINEWQ. » “EaQ
IR JELETEQ(ADCQ(z, ., »
2. if ISNEWC.3) <hen NEWQ
3. eise ACDQ{DELETSI(s;.¢!
13, FRONTGINEWG) » YDEFINED
5. FIONTQ(ADDG(=,: =
6. if ISNEAC,z) shen i elsa FRONTQ(q)
. APPENDG(Q.NEWC = 3
i3. APPENDQ(r ACCY 3,8) » ACLCAPPENCC P 3! 0
19. ena
enc lueue

Figure 54. Axiomatic Specification of QUEUE
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