
Abstract
A

�
rigorousbehavioral specificationcangreatlyreducerisk

by
�

exposing ambiguities in requirements and making
e� xplicit otherwisetacit information. Such an external, or
“black box” specification can be developed from
behavior

�
al requirementsin a systematicmannerthrough

the� processof sequenceenumeration. This processresults
in

�
an arguably complete, consistent, and traceable

specification� of external system behavior. Sequence
abstr� action provides a powerful meansto manage and
focus the enumer

�
ation process.

1. Moti vation

The
�

box structure development method describesa
softw	 aresystemthroughthreelevelsof abstraction[6]. The
first



view is the blac
�

k box vie� w, which describesonly
e� xternalbehavior. The secondview is the state� box vie� w,
which
 is derived from the black box by adding internal
state.	 The third view, the clear� box,� is an algorithmic
implementation
�

of the statebox. The threeviews form a
hierarchy
�

of abstractions which allows for stepwise
refinement� andverificationaseachview isderived from the
pre� vious.Eachview mustbe complete,consistent,andits
correctness� with respectto any previous view must be
justified.

�

The
�

box structuremethodhasbeensuccessfullyapplied
to
�

large industry problems(see,for example,[7])
�

and its
relationship� to current practicessuch as object-oriented
design
�

hasbeenstudied(see,for example,[3]).
�

For a full
technical presentation of box structures, see
�

[5].
The
�

black box must be developed from the
requirements,� which areoftenincompleteandmayevenbe
inconsistent.
�

Thispaperpresentsamethodfor developinga
black
�

box specification from requirementssuch that
completeness� and consistency are assured,and such that
the
�

result is traceableto the requirements.The method
considered� here, sequence-basedsoftware specification,
has
�

beenusedsuccessfullyin industrial applicationsand

pro� videsa systematic,straightforwardmeansto discover a
black box specification.
�

2. Black Box Specification

Let
�

denotethesetof all observableexternaleventsfor
a� softwaresystem. is thusthesetof softwarestimuli� . Let

denote
�

the set of all externally-observable software
beha
�

viors. is thusthe setof all software r� esponses.
will
 denotethesetof all finite-lengthsequencesof stimuli,
where
 thesesequencesaretaken to representthehistorical
sequence	 of stimuli received, readfrom left to right. The
special	 empty sequenceis denoted , and sequence
concatenation� is denoted by juxtaposition, so the
concatenation� of sequence ontothe left endof sequence

is
�

denoted . will denotethe setof all non-empty
sequences (	 ).

The
�

black box function for a softwaresystemis a total
function
�

which maps all sequencesof
observ� edstimuli to theappropriatenext response.Software
in
�

operationneednot emit a responseafter every stimulus
in
�

a series,but the mappingrule requiresone.Sequences
for
�

which there should be no responseare mappedto a
special	 value calledthenull� response,� which denotesno
softw	 are response. For convenience, .

Some
 

sequencesmay be physically or logically
impossible
�

to observe for softwarein operation,given the
system	 definition, but the mapping rule requires some
v� alue from for every sequence.Sequenceswhich are
impossible
�

arecalledille
�

gal sequences,	 andaremappedto
the
�

specialvalue . All decisionsabouttreatingsequences
as� illegal mustbe justified basedon an assessmentof risk
[10].

The
�

blackbox specificationmaybewritten usingsome
box
�

structure notation, such as the box description
language
!

of [6] or� [2],� or in a tabular notationsimilar to
that
�

usedin [8]. Black box specificationsareoftenwritten
using" connectives of theform “more recentlythan,” “since
the
�

latest,” and “prior to the most recent” to describe
circumstances� in the history of stimuli (i.e., to describe
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stimulus	 sequences).Such statements,while precise,are
often� difficult to examine for completeness and
consistenc� y. Further, when a box descriptionlanguageis
used," the result may be very closeto a processnotation,
and� thusimposeassumptionsaboutthe final designof the
system.	 To avoid these potential problems, a special
notation called0 pr1 efix recursion is introduced.

2.1.Writing Pr efix-Recursive Functions

A
2

pr1 efix-recursive function is
�

any function
(where
,

and arearbitraryfinite sets)which is written
in the follo
�

wing form:

The
�

are elementsof (they neednot be
constant;� one can usea function on instead,but
must3 obviously be a constant)and the are
predicates on�  calledcomponent pr� edicates.

Such
 

a representationof functionshasadvantagesfor
use" in black box specifications.First, it is fairly easyto
disco
�

ver and write such specification functions; a
systematic	 means exists to attack even complex
specification	 functions. Second, such specification
functions
�

may be quickly convertedinto a statemachine,
which
 easesthe transition from black box to statebox.
Third,
�

such a function is no more complex (in a formal
language sense) than its most comple

!
x component.

A
2

processfor creatinga prefix-recursive specification
function

�
is outlinedbelow. In this description,

will
 denotethe currentstimulussequenceup to but not
including the current stimulus, which is denoted

�
.

1. Decide what information is to be discovered from the
stimulus sequence. Gi	 ve  a name descriptive of this
information.
�

2.
4

Definethedomainof . It mustbesomeproductof
(possibly just
,

).

3.
5

List the possible values of the specification function
(the co-domain
,

).

4.
6

Decide on the value  for . This is the basis case
of� thespecificationfunction.Write therule .

5.
7

Considerreadinganarbitrarystimulushistoryfrom ear-
liest
!

stimulusto mostrecentstimulus.Makealist of the
conditions under which� ’s value should be changed.
(One can think of the v
,

alue of a function on sequences

changing as stimuli are accumulated into the stimulus�

history
�

, much as one thinks of the value of a function
changing� betweentwo pointsin thedomainof anumer-
ical function.)

�

6.
8

For each condition, consider the stimuli which could
cause the change in v� alue. For each such stimulus,
write a rule of the form


,�

where
  is the changed value of  and  is some
formal expression of the previous history conditions.

7.
9

If none of the conditions holds, the value for the func-
tion does not change for the current stimulus. Capture

�

this detail by adding the recursion rule
�

.

8.
:

Theconditionstatementsmaymakereferenceto as-yet
undefined specification functions. These must be"

defined no
�

w. Mutual recursion is not a problem, pro-
vided the recursion is al� ways to shorter sequences (in
this case, to the prefix

�
).

Consider
;

the following simple example, where the
numbersindicate requirements.(1)A safe usesa simple
three-digit
�

combination;thesedigits mustbeenteredin the
correct� orderto unlock the safe.(2)Following an incorrect
entry� , a “clear” key must be pressedbeforethe safewill
accept� further input. (3)Oncethe threedigits are entered,
the
�

safeunlocksandthe door opens.(4)Whenthe door is
closed,� thesafeautomaticallylocks.Let thethreedigits be
denoted
�

, and , andassumefor simplicity that the
digits
�

are all distinct (this assumptioncan be avoided
through
�

the useof abstractstimuli, discussedlater). Any
digit
�

which is notpartof thecombinationis denoted , the
clear� key is denoted , andclosingthedoor is denoted .
One
<

sequence which unlocks the safe is thus
. Write a functionto determinewhetherthe

door is open.
�

First,a descriptive nameis required.Let thefunctionbe
called� “door.” Secondthedomainmustbespecified;in this
case,� the domain is . Third, the co-domainmust be
specified.	 For now, choose ; theco-domain
may be revisited as the function is written (for example,
were
 it not possibleto tell the stateof the door, a value
“unknown” couldbeintroduced).Fourth,thespecialinitial
v� alue rule is needed.In this case,assumethe door is
initially open(thoughwe could have chosen“unknown”).
This gives the rule:

.

The fifth step is to considerconditionsunder which the
v� aluechanges.Therearetwo: whenthedooris closed,and
when
 thethird digit of thecombinationis entered.Stepsix
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giM ves two rules(with universalquantificationover and
understood):"

The first rule makes use of an as-yet undefined
specification	 function “combo” to determinethe progress
of� combinationentry. It will be statedin a moment.Step
se	 ven gives the recursive rule:

.

By the sameprocess,one can producethe following
definition

�
of the function

(with
,

someshorthandintroducedfor the currentstimulus
and� universal quantification over and again
understood):"

Note
N

that even though there is mutual recursion, the
recursion� is alwaysonshortersequences,andthusthebasis
case� is eventually reachedand the functions are well-
defined.

�

Looking
�

back over the two function definitions, it
should	 beclearhow to producea statemachinefrom each.
Gi

O
ven an effective means to compute each of the

component� predicates,one can thus simply replace the
specification	 function with a piece of state data whose
range� is the rangeof the function.The initial valuefor the
state	 dataitem is given by thebasiscase,andtherecursive
rule� simply statesthat if the statedataitem’s value is not
changed� it remainsthe same,and the rule can thus be
dropped.

�

A
2

detailed proof that the complexity of a prefix-
recursi� ve function is no greater than that of its most
comple� x componentis beyond the scopeof this paper.
Ho

P
wever, consider the case in which each component

predicate� canbeexpressedby a finite statemachine[4]. It
is
�

fairly easy to prove that the entire prefix-recursive
function
�

canbeimplementedby aMealymachine.Further,
a� prefix-recursive function built only of other prefix
recursi� ve functions that have a finite-staterepresentation
can be represented by a Mealy machine.�

8.1.
Q

Writing the Black Box as a Recursive Rule

Since
 

, oneneedonly considertherestricted
mapping3 , and this can be expressed in an
equi� valent form as . Thus for sequence

,� stimulus , and response ,
may3 beread“given historyof use andthe

current� stimulus , thenext softwareresponseis .” Such
a� collectionof rulesmay be written in tabular form, with
one� tablefor eachstimulusandtwo columns:onecolumn
for
�

previous history conditions (expressedusing prefix-
recursi� ve functions),andonefor thecorrectnext response.
(A
,

third andfourth columnfor taggingandtracingshould
also be included. See� [10].)

Written
R

in this manner, theblackbox is, itself, a prefix-
recursi� ve function. The basis case ( ) is
assumed,� and neednot be given explicitly. The recursive
rule� ( ) is not neededsincethe
black
�

box mustbecomplete(thereis no “otherwise”—it is
al� waysfalse).This gives a representationfor theblackbox
which
 is easilyconvertedto a statemachine,which hasa
simple,	 straightforwardrepresentationin tabular form, and
which
 avoids unnecessarycomplication with process
notations.0 Further, the notation for the conditionsmakes
checking� completenessandconsistency asimplematter(as
long
!

as the componentpredicatesof the prefix-recursive
functions may be check
�

ed).

9. The Sequence Enumeration Method of
Specification Writing

9.1.
S

Basics of Sequence Enumeration

Ho
P

w does one derive such a black box specification
from
�

the requirements?A straightforward, systematic
means3 exists in sequence� enumeration,� which is the literal
enumeration� in orderby lengthof sequencesin andthe
assignment� of the correctresponsefrom to each;it is
essentially� anenumerationof theorderedpairsof theblack
box function.
�

Re
T

visiting the simple safe example of the previous
section,	 the enumerationof T

�
able 1 may3 be produced.

Numbers
N

in the“trace” columnrefer to requirementsfrom
the
�

problemstatement.Derived requirementsareindicated
with an asterisk when introduced.


u x&

door
�

ux&(
,

) openif combou&(
,

) 2 andx dB
3

L== =

door
�

ux&(
,

) closed ifx DB .==

door
�

ux&(
,

) door u&(
,

) otherwise=

combo� :S
# * 0 1 2 3

+
error�, , , ,C{ }→*

u x&

combo� λ
%

( )
,

0=

combo� uD&( )
,

0=

combo� uc&( )
,

0=

combo� ud&
1(

,
) 1 if combou&( )

,
0= anddoor u&(

,
) closed==

combo� ud&
2

D(
,

) 2 if combou&( )
,

1= anddoor u&(
,

) closed==

combo� ud&
3

L(
,

) 3 if combou&( )
,

2= anddoor u&(
,

) closed==

combo� ud&
1(

,
) error if combou&( )

,
0≠U and� door u&(

,
) closed==

combo� ud&
2(

,
) error if combou&( )

,
1≠U and� door u&(

,
) closed==

combo� ud&
3

L(
,

) error if combou&( )
,

2≠U and� door u&(
,

) closed==

combo� ud&(
,

) error if combou&( )
,

0= anddoor u&(
,

) closed==

combo� ux&(
,

) combou&(
,

) otherwise.=

T
V

able 1: Fir st Saf e Enumeration

Sequence
 

Response Trace

0
+

Method

0
+

(5*) The safe is initially
open.�

(6*)
,

Thesafeignoreskeypad
input when the door is open.
�
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V
X

ery little progressis madehere.It doesbecomeclear,
however, that extending the sequence is identical to
e� xtending the sequence , in terms of future responses.
This can be made explicit with the notion of sequence
equi� valence.

Two sequencesare equivalent� if and only if they give
identicalresponsesfor all futurestimuli. Formally, let be
an equi� valence relation on  such that:

.

Note that
N

 is not�  required.
Gi

O
ven this definition, it is apparentthat . Since

equi� valent sequencesalways agreeon responsesto (non-
empty)� extensions,it is not necessaryto extendboth.Since

has
�

alreadybeenextended,onecansimplynotethat is
equi� valentto andmove on.Whena sequence is noted
as� equivalentto a previously-enumeratedsequence , is
r� educedto

�
. A sequencewhich cannotbe reducedto a

pre� viously-enumeratedsequenceis irr
�

educible. Thus the
sequence	 is always irreducible. Since equivalence
relations� aretransitive, so is reduction,andit is reasonable
to
�

require that every reduction be to an unreduced
sequence.	 It shouldalsobe clearthat all illegal sequences
are� equivalent, since if a prefix is impossible,the entire
sequence	 mustbe impossible.No illegal sequenceneedbe
e� xtended.

The
�

enumerationthusviewedformsa reductionsystem
which
 is both Church-Rosserandnoetherian[1],� andthus
e� veryequivalenceclassof hasauniqueelementwhich is
irreducible,
�

and every sequencein is equivalent to
e� xactly one irreducible sequence.

Continuing
;

the enumerationandnoting equivalencesin
the
�

new column “Equiv,” we obtain the enumerationof
T
�
able2. Note that thereareno sequencesleft to extend;in

this
�

case,the enumerationis complete� ,� and specifiesa
unique" responsefor everysequencein . Thusacomplete
enumeration� is actually a complete, consistent, and
traceably
�

correct (with respectto the requirementsfrom
which
 it is derived) black box specification.To seethat,
indeed,
�

all sequencesare mapped,considerthe sequence
which
 is not in the enumeration.The

longest
!

prefix of this sequencewhich doesappearis ,
which
 is equivalent to . It follows that
can� bereducedto . Likewise, canbe
replaced� with . Finally weobtain , which is in
the
�

enumerationand has a responseof “Releasedoor,”
which must be the response for the entire sequence.
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(5)(6)
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+
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Lock safe (4)(5)

0
+

(5)(6)

0
+

(5)(6)

0
+

(5)(6)

0
+

(5)(6)

0
+

(7*) No external confirma-
tion
�

is given for combination
entry other than door�

release.�

(5)
,

(8*)
,

It is assumed(with risk)
that the safe cannot be
�

opened by means other than�

combination entry� .

0
+

(7)

0
+

(7)

0
+

(7)

0
+

(7)
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Fi
]

ve additionalderived requirementswerediscoveredin
the
�

processof enumeration.Thesederived requirements
mak3 e explicit behavior which was omittedfrom the initial
requirements.�

9.2.
S

Writing Black Box Tables From an Enumera-
tion

^

Ev
_

ery sequencein an enumerationis a single-stimulus
e� xtension of some unreduced, legal sequence;every
sequence	 in is equivalent to one unreduced,legal
sequence.	 Theunreduced,legal sequencesarespecial,and
are referred to as� canonical sequences� .

Recall
T

that the black box function could be written
,� splitting a sequenceinto “previous

history
�

conditions”and “current stimulus.” The canonical
sequences	 representthe setof previous history conditions.
If
`

theseconditionscould be expressedusingspecification
functions
�

(preferably prefix-recursive specification
functions)
�

thentheenumerationcouldbe transformedinto
tables v
�

ery easily.
The

�
processby whichonediscoverstheprevioushistory

conditions� defined by the canonicalsequencesis called
canonical� sequenceanalysis. Thefollowing is anoutlineof
the process.
�

1. Constructaconditionmatrix.Rowsof thematrix repre-
sent canonical sequences, and columns represent	

named properties of the system under consideration.0

2.
4

Extract all canonical sequences from the enumeration,
and� list themdown theleft sideof thetable.Thecanon-
ical

�
sequencesshouldbelistedin theorderthey appear

in the enumeration.
�

3.
5

Beginning with the first canonical sequence after

0
+

(5)(6)

0
+

(5)(6)

0
+

(7*) No external
confirmation is�

giM ven for combina-
tion entry other

�

than door release.
�

(8*) It is assumed
,

(with risk) that the
,

safe cannot be	

opened by means�

other� thancombina-
tion entry

�
.

0
+

(7)

0
+

(7)

0
+

(7)

0
+

(7)

0
+

(2)(7)

(8)
,

0
+

(7)

0
+

(7)

0
+

(7)

0
+

(7)

0
+

(9*) Pressing clear
erases an� y combi-
nation entered0

(resets the safe).
,

(8)
,

0
+
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0
+

(1)(7)

0
+

(1)(7)
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(which represents initial conditions), w
,

ork as follows
for each canonical sequence.
�

a.� Split thesequenceinto prefix andlaststimulus .

b
�
. Copy any entries in the row for  into the row for

.

c.� Does processing  change the value of any listed
property? If so, change the v� alue.

d.
�

Doesprocessingstimulus changethevalueof any
properties which are not listed? If so, add a column�

for
�

thenew property, write thevalueof theproperty
in the cell for

�
, and write the previous value of

the property (prior to processing
�

) in the cell for
.

e.� Continue to add property / value information until
the conditions for

�
 are disjoint from all other

conditions. If this cannot be done,�  is not canoni-
cal.�

f.
�

Add any additional property / value pairs you feel
are needed for clarification.�

This
�

activity is performedin T
�
able3 for

�
theenumeration

of� T
�
able 2.

The
�

entries in the table associatea precisecondition
with
 eachcanonicalsequence.By viewing thepropertiesas
specification	 functions, one can read off predicateson
sequences.	 For example for canonicalsequence the
condition is “�  and .”

These
�

specificationfunctions (one for eachproperty)
can� now be generatedfrom theenumerationandcanonical
sequence	 analysis(no further information is necessary).
Though

�
this generationprocessis tedious,it canbe easily

automated.�

Let
�

denotethe completecondition for canonical
sequence	 . Eachspecificationfunction hasa basiscase
giM ven by its entryfor in thecanonicalsequenceanalysis.
F
]
or example,theentry for “door” is “open.” This gives the

basis
�

case . Next, examine each legal
sequence (e	 xcept ) in the enumeration.
• For eachmappingof anunreducedsequence in the

enumeration, compare�  to .

• For eachmappingof a sequence that is reducedto
, compare�  to .

If
`

property has value for and value for the
condition� to which it is compared,thenaddthe following
rule to the definition of the specification function:�

.

Finally, add the recursive rule to every function :
.

Gi
O

ven the enumerationin T
�
able 2 and� the analysisof

T
�
able3,� definitionsfor specificationfunctions“door” and

“combo” arederived in T
�
able4 and� T

�
able5,� respectively. A

comparison� reveals that thesespecificationfunctions are
almost� identical to the specification functions derived
earlier� , except that in the earlier versionof “combo,” the
combination is not reset until the door is closed.�
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Finally
]

, the black box tablesmustbe generated(again,
no0 information beyond the enumerationand analysis is
required).� The processfor generatingthe black box is
simpler	 than the processfor deriving the specification
functions, and may also be automated.

�

Consider
;

every sequence(except ) in theenumeration
(le

,
gal and illegal). If sequence is mappedto response

, then add the black box rule:�
.

The black box tables for the safe example appearas
Table 6 through

�
Table 11. In thesetables, denotesthe

pre� vious stimulus history. To save space, these tables
(e

,
xcept the first) have beencompressedby merging the

conditions and traces of ro� ws with the same response.

4.
e

Managing SequenceEnumeration Thr ough
Abstraction

f

While
R

the enumeration of Table 2 does
�

reveal
informationmissedin therequirements,it doesrepresenta
considerable� amountof effort for the resultobtained.The
enumeration� processcanbefocusedandcontrolledthrough
the e
�

xplicit use of abstraction.
A sequence� abstraction pro� videsan alternateview of a

sequence	 which hides or amplifies certain details. As
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de
�

veloperswork, they oftenbegin to inventterminologyfor
softw	 are conditions,such as “complete combination” or
“error entry.” It is often more productive to work at with
these

�
abstr� act stimuli	 insteadof the discrete(or atomic�

stimuli).	 It canalsogreatlyshortenenumerationeffort. Let
denote

�
the sequence , and let denoteany

sequence matching the re	 gular expression:

Then the length-four sequence can be
e� xpressedas the length-two sequence , and the 9
sequences	 of the enumerationwhich correspondto the
error� condition can be replacedby the single sequence

. In fact, the introductionof thesetwo abstractstimuli
removes the needfor the atomic stimuli , , , and

. The entireenumerationcanbe reducedto that shown
in Table 12.

4.1.Properties of Sequence Abstractions

A
2

sequenceabstractioncan be viewed as a mapping
from
�

sequencesof atomic stimuli to
sequences	 of abstractstimuli . The previous example
re� veals the three requirements for a sequence abstraction:
• Non-incr

h
easing. Abstractsequencesmustbeno longer

than
�

thecorrespondingatomicsequences.Themapping
is

�
non-incr� easing if

�
and only if

.

• Stimulus
i

ordering. Abstractionsmustpreserve thehis-
torical

�
orderingof stimuli. The mapping obeys the

stimulus� ordering property if
�

and only if
is
�

a prefix of . Note that this
property� is similar to, but weaker than,requiringthat
be a homomorphism.

�

• Disjoint
j

. All abstract stimuli used must be disjoint.

Not
N

surprisingly, abstractionscanbe definedasprefix-
recursi� ve functions.Let bethesetof
abstract� stimuli, and let be a collection of
mutually-disjoint3 predicates(where is thec� haracteristic
pr1 edicateon� for abstractstimulus , which is true
e� xactly when the conditionsfor the abstractstimulusare
satisfied).	 The abstraction is thus definedas
follo
�

ws:

Clearly
;

any function so defined obeys the stimulus
ordering� property. For eachatomic stimulusat most one
abstract� stimulusis addedto the abstractsequence,so any
function so defined is also non-increasing.

Abstractstimuli must be disjoint; that is, two abstract
stimuli	 cannotboth apply at the sametime. This is the
easiest� requirementto miss. Considerwhat would have
happened had we defined as follows:
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This
�

is a regularexpressionfor all sequencesof , ,
,� and which do not start , and is the

“obvious” way to define .
Gi
O

ven this new definition of , considerthe atomic
sequence	 . This may be mappedto abstract
sequences	 , , , or , andthus is
no0 longera well-definedfunction. Further, do we needto
add� to the enumeration?None of the sequencesto
which
 it correspondsis illegal, but all arealreadycovered
under" . Caremust be taken to insurethat all abstract
stimuli used at once are disjoint.	

The
�

characteristicpredicatesfor abstractstimuli can
themselv
�

es be specified in prefix-recursive form. For
e� xample, the abstract stimulus can be defined by
characteristic predicate�  as follows:

4.2.Working With Abstractions

Enumerations
_

are constructedto explore and define
system	 behavior. For this reason,it is seldomadvisableto
spend	 muchtime on precisedefinitionsof abstractstimuli.
Abstract

2
stimulusdefinitionswill be basedon the current

understanding" of the systemandasenumerationproceeds
that

�
understandingmay change,possiblyinvalidating any

hard
�

work on precise,formal abstractstimulusdefinitions.
F

]
or this reason, it is recommendedthat abstraction

definitions
�

beleft informal until a completeenumerationis
obtained.� Any informalabstractstimulusdefinitionmustbe
suf	 ficiently precise to check the following two properties:
• Theabstractstimulusis disjoint from all otherabstract

stimuli.	

• Thedefinitioncanbeunambiguouslyunderstoodby all
de
�

velopers.

Once
<

a completeenumerationis in hand,constructinga
formal

�
abstractiondefinitionwill typically bemucheasier.

There
�

are advantagesto having formal definitions for
abstractions:� constructing a formal definition for an
abstraction� provides a check on the soundnessof the
definition,

�
createsan artifact which can be more widely

shared	 andreused,andprovidesa simplemeansto remove
abstractions from a black box specification.�

Let
�

be an abstract black box and let
be

�
theabstractionused.Theatomicblackbox

is
�

therefore , which can be discoveredby
composing� the abstractionwith the abstractblack box. In
terms

�
of prefix-recursive functions,this is simply a matter

of� substituting the definition of an abstract stimulus
e� verywherethestimulusis mentioned.An exampleof this
technique can be found in the case study of
�

[12].

4.3.Abstract Responses

Consider
;

the abstractenumerationof T
�
able 12. The

resulting� specificationis completeand consistentfor the
abstract� stimulusset . Consider, however, the
atomic� sequence . This sequencemaps to
abstract� sequence , dropping all other atomic stimuli
since	 neither nor is satisfied.This should not be
surprising,	 sinceabstractionsare intendedto hide details
and,� if thesequencesgetshorterwithoutasharpincreasein
the
�

numberof stimuli theremustbesomeinformationloss.
There
�

is thussomerisk associatedwith usingabstractions.
This
�

can be counteredby removing abstractions,thus
e� xposing any incompletenessat the level of atomic
stimulus	 sequences.Any such missedblocks are easily
identified, and can then be further in
�

vestigated.

4.4.Using Abstract Responses

An
2

abstractionis a many-to-one mappingwhich may
hide
�

details. Let be the atomic black box
function,
�

andlet beanabstractview of the
same black box with abstraction	 .

Let
�

be two atomic sequencessuch that
b
�
ut . It is no longer possible

to
�

distinguish between these two sequencesto assign
dif
�

ferent responsesat the abstractlevel, and thusa single
abstr� act response� mustbeassignedin theabstractblack
box.
�

The hidden information may be recoveredfrom the
atomic� stimulussequence(of which the abstractsequence
is
�

merely a different view), and one may thus view any
such	 abstractvalue asa mappingfrom atomicsequences
to atomic responses
�

.
By

)
consideringall abstractresponsesto be functions

(abstract
,

responseswhich correspondone-to-one with
atomic� responsesmaybeviewedasconstantfunctions),the
relationship� betweenthe abstractand atomic black boxes
can be more clearly stated:�

.

(Here
,

theabstractresponseis , which is actually
a� function. The value of this function at is the correct
atomic response.)�

5. Conclusions

Sequence-based
 

specification techniques provide a
systematic	 meansto discover a black box specification
from behavioral requirements.The enumerationprocess
resultsin an arguably complete,consistent,and traceably
correct� specification of external software behavior.
Sequence
 

abstractiontechniquescanbe usedto focusand
control� the work. The emphasis on prefix-recursive
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functions
�

throughoutsimplifies(andprovidesopportunities
to
�

automate) many of the procedures.A black box
de

�
veloped using these techniquesis fully traceableto

requirements� and provides for easytransformationinto a
state machine (the state box).	

Though
�

thefocusherewason theuseof prefix-recursive
functions

�
to express the specification discovered by

sequence	 enumeration,the enumerationand abstraction
techniques
�

are independentof the final form in which the
specification	 is expressed.One could have usedanother
tab

�
ular form, suchasthosediscussedin [8],� or a schema-

based
�

representation,suchastheZ notation[13] to
�

express
the specification.
�

These
�

techniquesarecurrentlybeingusedon industrial
applications� with good results. An early version of a
commercial� tool which supportsenumeration,canonical
sequence	 analysis,andgenerationof all blackbox tablesis
a� vailable.

Sequence-based
 

specificationsare easily transformed
into

�
statemachines(for details,see[9]),

�
a fact which has

led
!

to researchinto developingsoftwareusagemodels[14]
and� test oraclesdirectly from such a specification.The
de
�

velopment and maintenance of a sequence-based
softw	 arespecificationhasmany advantageswhich maybe
e� xploited during testing[11].
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