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Abstract

Computer-Aided Software Engineering (CASE) refers to the automation of various
stages of the software development process. Consequently, CASE tools provide func-
tionality to its users through sophisticated user interfaces such as a graphical user
interface (GUI). A GUI for a CASE tool should integrate ali components of the tool
and enable the user to manipulate its contents in a simple and easy to user manner.
This requiles a behavioural study of GUIs for such CASE tools. In this thesis, an
abstract GUI is developed for a CASE tool; the tool is intended for- developing an
object-oriented design of an application. The Z formal notation is used for this pur-
pose. A modular approach is taken such that the primitive components of the GUI
are specified first and then the GUI itself is specified by aggregating the primitive
specifications' The development of specifications for a simple and a specialized dia-
grammatic tool using the GUI specifications is also illustrated. Finallv. refinement of
the specifications towards a prototype is discussed.

Keywords: CAStr too1, GuI, formal specifications, z, behavioural study.
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Chapter l-

lntnoCuction

Computer-Aided Software Engineering (CAStr) tools were introduced into the soft-

ware development process to automate various development stages, thus improving

the quality and reducing the development cost of software. CASE tools use well

defined methodologies and standards and so many errors in system design can be

identified ear'ly in the development pïocess. These errors are typicalty difficult and

expensive to correct after the design and implementation phases. Ideally, a CASE tool
should provide integration between software development life cycle phases [3]. This
can be accomplished only if the tool has a variety of functions, each corresponding

to a different but complementary task in the system development process, centered

around shared data, a common user interface, and the tool's knowledge of the soft-

ware development process [15]. Some CASE tools also automate the creation of some

or all of the system components, such as source code or database obiects. based on

the software engineer's design.

Previous generations of CASE tools were usually expensive, mainframe-based,

and had a character-based interface. They used a command. language fol user in-

telaction. Integration between components of such CASE tools was often loose or
incomplete. With the advent of graphics-based work stations, many CASE tools in
use today take advantage of a graphical user interface (GUI) to pictorially convey

design information between the tool and the designer through the use of various di-

agrammatic techniques. Many diagrammatic notations have been designed for use

in the software development process, including those to model data flows, data, and

program structure [5,6, 18] and morerecentiy to model object-oriented design [1,3].



Some diagrammatic techniques are complementary in that one type of diagram can

be created by transforming a diagram of another type [13]. Designers can freely com-

municate with these CASB tools using diagrams. This ease of use allows designers

to concentrate more on the application domain lather than havinq to remember the

clyptic commands prevalent in text-based CASE tools.

This thesis is a contribution to the development of a GUI fol a CASE tool; the

CASB tool is intended for the design and verification of object-oriented systems. Most

existing CASE tools support only the stluctured design methodology of software de-

velopment. The main leason for this is that functional analysis and structured design

techniques such as data flow diagrams, entity-relationship diagrams and structure

charts have been successfully used in practice for several decades. A few CASE tools

have been developed and are available commercially for object-oriented analysis and

design, however, their supported methodology is built on top of a traditional struc-

tured apploach which is functional. Such a hybrid approach often fails to provide

rigolous object-oriented analysis and design support since: (i) they are designed to
model systems where data and procedures aïe separate; and (ii) they do not easily

support rapid prototyping, a major advantage claimed by object-oriented software

practitioners. A critical comparison of several object-oriented analysis techniques

has been given in [4] where it is mentioned that "tool support for these methods is
still in its infancy ... ". For support of object-oriented methods in CASE tools, the

ideal tool should support the transition between system requirements, object-oriented

design and construction [91.

The CASE tool under development will allow the designer to visually model an

application using principles of object-orientation and to verify the structural integrity
of the design according to object-oriented design principles. The structural integrity
may also be further verified based on the semantics of the tar.get ianguage for- the

system, for example C** or Smalltalk. A code generation component will take the
system design, verify it, and produce code in the selected object-oriented language.

The immediate functionality of this code will depend on how much information has

been supplied during the design stage. With this tool, the application may be modeled

at any level of abstraction, promoting rapid prototyping.



The underlying GUI for this type of CASE tool must support a rich set of features

since the tool supports the display and manipulation of diagrams as part of the appli-
cation design process. A GUI itself is a complex and large software product, generally

operating independent of any other software and consequently, can be designed inde-

pendently. Due to the voluminous nature of the work, the implementation details of a
complete GUI are not presented hele. The major focus of this thesis lies in developing

an abstr-action of the GUi stalting fi'om scratch, by defining pr.imitives such as pixels,

window controls, display areas) windows and the interactions and compositions of all
of these. Applicability of the abstract design to the CASE tool is the' illustr.ated

by specifying the components necessary for a generic diagramming tool and tailor-
ing them towards a diagramming tool meant for object-oriented softwa¡e design. A
modular approach to this abstraction has been taken so that many GUI components

could be reused in the design of other applications with little or no modification. The
primary goal of these specifications, however, is to provide a tool kit of GUI functions
for the CAStr tool which is independent of implementation details. This thesis is
supported by an implementation of the basic controls from the specifications.

Abstract system design is generally based on formal notations. In this thesis, the

GUI is formally defined using a model-based formal specification technique, called

the Z notation [16]. Advantages of using formal methods in the softwar.e development

process have been extensively discussed in literature. Some of the pr-ominent featu'es

of such an approach are:

o The system can be more precisely modeled.

o Inconsistencies and ambiguities in the model can be detected early in the desisn

process and thus can be eliminated.

e System design can be analyzedand verified for consistency an{ correctness using

the underlying mathematical formalism.

Z is a model-based specification language that allows data and the operations in a

system to be specified as states and state changes respectively. It allows specifica-

tions to be structured into small chunks that can be combined to create larger and

more complex specifications. Notational conventions and extensions to Z have been



ploposed that can make Z specifications "object-oriented" lI7). As should be the case

with all formal specifications, the formal specifications in this thesis are supported by

informal descriptions to improve the readability of the document.

The organization of this thesis is as follows: Chapter 2 plovides a short intr.o-

duction to formal specification techniques using the Z specification language and

discusses its support of object-oliented design. The specification of the GUI starts

with an introduction to pixels and their properties both as individual and composite

entities in Chapter 3. Chapter 4 discusses the behavioul of a mouse, through which

a user interacts with the system. Window controls are discussed in Chapter 5. In
Chapter 6, various window operations are specified. Actual mapping of the window

contents to the physical scleen is dealt with in Chapter 7. Specifications for a sim-

ple diagramming tool using primitives of the GUI outlined in the previous chapte¡s

are given in Chapter 8. Finally, in Chapter g, the specifications of the GUi for the

object-oriented CASE tool are illustrated. The thesis concludes with a discussion of

the implementation details of these specifications. For convenience, a summary of the

Z notation used in this thesis appeaïs in Appendix A, and specifications for primitive
data types and functions used throughoui this thesis are contained in Appendix B.



Chapter 2

The m Specification Language

The Z specification language is model-based language that allows a softwar.e designer

to build an abstract model of a system. It was developed at the Oxfor-d University
Computing Laboratory [16]. Z is based on set theory and first order predicate logic,

and hence it is easy to reason about specifications written in Z.

2"L Z Type System

Every Z specifrcation document begins with a definition of data types corresponding

to objects that play a part in the specifications but whose details are not currently of
interest. These data types are referred to as basic types of the specification and ar.e

written between square parentheses. An example follows:

lcHARl

Z also has three predefined types: natural numbers (represented as N), positive natural
numbers (N1) and integers (Z). More complex data types can be constructed using

Z's type constructors. These include set types, cartesian product types and schema

types, binary relations and functions, sequences and bags. For brevity, only schemas

and functions are discussed in this chapter. For a more detailed treatment of other

<iata types, readers are referred to [14, 16]. A summary of Z notation used in this
thesis is given in Appendix A.



2"2 Schemas

Z specifications ale typically partitioned into small chunks, called schemas. This par-

titioning imploves understandability and clarity for the reader since each schema can

be described independent of the rest of the specifications. Both static (representa-

tional abstraction) and dynamic (behavioural abstraction) aspects of a system can be

described through schemas.

A schema is charactelized by a unique name, a declaration palt called its signature,

and a predicate part called its propertu over the signatule. When defining a schema

type, a named state space is actually being created whose name acts as a global

type name within the current specification. The declaration part defines the local

typed variables that are used in the state space, and the predicate part describes

the requirements about the values of the valiables. These requirements are inuariant

in that they must be true irrespective of any state changes. Note that a schema

definition merely defines a schema type, not an actual instance of the type. As an

example, a "text line" type may be defined as:

TertLine
tert : seqCHAR
tertlength : N

tertlength : fftert

This schema defines a state space called TertLine having two properties: tert is a

sequence of characters (which are themselves basic types) and tertlength is a natur-al

number corresponding to the number of characters in the line. The invariant asserts

that tertlength rnust remain equal to the cardinality of the sequence of characters in

all states of the state space.

An operation in Z defines a state change. The schema notation is used both

for state space definition and fol defining operations. To distinguish between these

two uses of schemas, certain conventions ale followed when schemas are used for

operations. Some of them are: i) input variables are decorated with a question mark;

ii) output variables are decoraied with an exclamation mark; iii) a prime is used to

decorate a state variabie to show that it is updated within the current operation; and

iv) the state .9 before the operation and the state 5' after the operation are included



in the declaration of the schema operation. The schema operation below accesses the

state space TertLine defined previously and inserts additional characters at a given

position:

I n s ert S tr in g I n Tert L in e

TertLi,ne
TertLi,nel

Ttosition? : N
string? : seqCHAR

position? 1 textlength + t
tertt : {i : 1 . . ytosition? - 1}'l teú ^ string?^

{i : position? .. fftert} I text

The variables posi'tion? and string? denote the inputs for this schema. The invariant

asserts that the position of insertion must be less than or equal to the length of the

string plus one. It is also asserted that after the state change, tert contains the

contents of string? inserted into tert starting in position position?. A number of
additional predicates might also have been included in the schema, such as

teúlengtht : tertlength I #string?

however, it is redundant to include this since it can be easily pïoven using the stated

assertions and the invaliant of the state space. Thus, the predicate part of the schema

usually contains only the minimum set of predicates necessary to state the invariant
properties.

Z provides the facility to duplicate a schema structure using subscripts. For ex-

ample, if 
^9 

is a schema name, then ,S1 represents another distinct schema in which the

declarations of ,S are duplicated but subscripted as in ^9r. This facilitates the manage-

ment of two versions of the same schema within a specification. Examples and mo¡e

details of this notation will be described later in other sections of this thesis.

Finally, schema operations can be combined to create more complex operations

using schema calculus. This allows a top-down approach to the development of speci-

fications. For example, one type of schema calculus, called schema compositio¿ allows

the final state of one operation to be used as the initial state for the next operation in
a series, thus creating a composite operation with two state transitions. Discussins



schema calculus in depth is beyond the scope of this thesis. For a formal treatment
of schema calculus, see [14, 16].

2"3 Functions

Global functions are often described in Z through the use of ariomatic d,escriptions.

These constructs typically introduce a global variable having a function type, and

give restrictions and relationships between the domain and range of the function. For

example, given a TertLine schema, \¡r'e can specify a function to return its lensth as:

TertLineLength : TertLine ---+ N

V tl : TertLi,ne ø

Tert Lin e L en gth (tl) : tl. tertl en gth

Since a function is a special type of binary relation, all operations on binary relations

can also be applied to functions. Notations for different types of functions are qiven

in Appendix A.

2.4 Object-Oriented Ðesign in Z
Efforts have been made to provide the Z specification language with the capability
to model a system in an object-oriented style [17]. There have been two approaches

to this; the first defines conventions that can be used with the standard Z language,

and the second ploposes extensions to the Z language to allow mechanisms for object-
oriented design' Because the standald Z language is more theoretically sound and has

good tool support, the specifications in this paper have been written using standard

Z and Hail's stvle [71.



Chapter 3

Pixels and Coordinate Fkarrles

A graphical user interface (GUi) :uses pirel maytpings or bi,t n'Ll,ps to display informa-

tion on the screen. These bit maps contain information about the image to appear. on

ihe display and are generated both by the GUI itself to display its primitive compo-

nents and by the application software to display application domain information. It
is the responsibility of the GUI to maintain the mapping between the actual display

and all bitmaps.

In this chapter, primitives of an abstract GUI, namely pirels and coord,i,nate frames
are specified' The specifications start with the abstract structures of pixels and

coordinate fr-ames and introduce various operations on them. The properties of pixels

and coordinate frames are used throughout this thesis. Even though they are primitive
and their properties are fundamental, their specifications are included here for the

sake of completeness and compatibility with the rest of the specifications. Readers are

referred to [2] for specifications of windowing systems which follow a similar approach.

3"tr Pixels

An image in a GUI-based system is represenied by a collection of discrete picture

elements cailed pirels. A set of pixels is used by ihe GUI sub-system to visually

represent an image on the display. In practice, pixel mappings also characterize the
dimension and resolution of an image.

Pixel addresses are specified using a rectangular coordinate system (X,Y) where

X is the horizontal axis and Y is the vertical axis. The addresses can be defined

using ordered pairs (r, y) where all coordinate values are non-negative, and the top-



leftmost position is designated as (0,0). A formal representation of the coordinate

frame follows:

CoordFrame
cf,d : ID
maxX , marY

In the specification for CoordFrame, marX and marY refer to the maximum values of

z and y coordinates within this frame. The variable cf,d rcferc to the unique identifier-

of this coordinate frame.

A pixel is modeled as an entity that occupies a valid addless within a frame. Note

thai at this level of specification, the visual contents of a pixel are not addr-essed.

CoordFrame
r,Y:N

marX
marY

The coordinate frame to which a pixel belongs combined with its address within the

coordinate frame gives a unique identification to the pixel. Stated otherwise, it is

possible for two or more pixels to have the same pixel address but only if they belong

to different coordinate frames, as specified by the following:

V Pinel; Pireft a

(*-- rrAy:At)+
0 CoordFrarne + 0 CoordFramel

The notation d,S in Z rcfers to an unnamed instance of schema type S. When d

is applied to a schema, its variables must be in scope with the declaration of that
schema; that is, 

^9 
must be declared within the current scope in which d,9 is used. In

the above predicate, the declaration

Y Pirel; P'ireft ø

contains the declarations of CoordFrame and CoordFramel and so 0 Coord.Frame and,

0CoordFranl€1ãra valid. In this example, g is used to extract the schema Coord,Frame

included as a portion of the schema Pirel.

r1
y1

10



3.1-.1- Comparison of Pixels

Pixel addresses can be compared using standard relational operators. Intuitively, p1

) Pz is true if p1 is below and to the right of p2 and both are in the same coordinate

frame. Conversely,, pt { p2 is tlue if p1 is above and to the left of p2 and both are in
the same coordinate frame. These operations on pixels are defined as infix ¡elational

operations (<-+) whose scopes extend to the entile set of specifications in this thesis.

-: - : Pirel +-+ Pirel

V pt,,pz: Pi,rel ø

Pt: Pz ë
@t."rtd: yt2.cf,d A pr., : pz.r A h.y : pz.a) A

h)Pzë
@t.rrtd: p2.cfi,d A
(pr.* > pz.r A h.A ) pz.A V
pt.x : pz.r A h.A ) pz.A V

h.t 2 Pz.x A Pt.A: pz.ù) A

Pt>-:pzë
(Pr:Pzvr">pz)¡

h{Pzë
pz>. h A

Pt{:Pzë
pz ): pt

Given a Sroup of distinct pixels, the pixel that is positioned furthest from and

that which is positioned closest to the origin of the coordinate frame can both be

determined, as defined by the following functions:

FarPirel : F Pirel --+ Pirel
NearPirel : P Pi,rel ---+ Pirel

V pset : P Pirel; ïno,rp)minp : Pirel o

FarPi,rel(pset) : mat:p ë
(marp € pset A
(Vp:psetø

ïno,rp >: P)) A
N earPirel (p s et) : rn¿rO

(minp € Ttset A

(Vp:psetø
mi'nP <: P))

11



Subtraction on pixels can be performed provided the pixels are within the same

coordinate fi'ame. Addition may also be specified, however it is not used in this thesis,

and so is left undefined. If two pixels can be visualized as vectors starting at the origin

of the coordinate system and extending to the point located at their addresses, pixel

subtraction is equivalent to vector-subtraction, which is defined by subtr.acting each

of the z and y components of the second vector from those of the first vector. Since

negative pixel addresses are not permitted, the z and y values of the first pixel must

be larger than or equal to those of the second pixel:

Pirel x Pirel --++ Pirel

V pt,pr,p : Pirel ø

Pt-Pz:Pë
(pr.rrtd : p2.cfi,d, : p.cfid A
p.r : pt.r - pz.r A
P.Y : h.A - Pz.A A

h ): Pz)

It can be said that one pixel is aboue anothel pixel if their respective r coordinate

values are the same and their g coordinates differ. The pixel occupying the top
position must have a y coordinate value less than that of the bottom pixel. Similarly,
one pixel is to the Ieft of another pixel if their y coordinate values are equal and the
¿ values differ with the r coordinate value of the leftmost pixel less than that of the
other pixel:

- PAbove -: Pirel <--+ Pirel

- PLeftOf -: Pirel <--+ Pi,rel

Y p, pt : Pixel c
p PAbovepr (t (p., : h.r A p.y < h.y) A
p PLeftOf h e (p.A: pt.y A p.r < h.r)

From these definitions, below and right of can be defined:

- PBelow -: Pirel <--+ Pirel

- PRightOf -: Pirel <-> Pixel

V p,, p, : Pi.rel c

ir PBelow h ë p1 PAbove p A
p PRightOf p, e p1 PLeftOf p

More generally, pixeis may be located along a common horizontal or vertical line:

12



Next, adjacency relationships between pixels are defined. Two pixels are horizon-

tally adjacent to each other, or side-by-side, if the difference between their z coordinate

values is equal to or less than one uni,t of screen resolution and theil respective y co-

ordinate values are equal. Vertical adjacency is defined in a similar manner. Since the

number of pixels on a display depends on the display's resolution, adjacency between

two pixels is strictly based on the unit of resolution. At the specification level, this
is given as a global variable which will be instantiated at execution time:

I unitofre.solzúion : N1

PHorizontal-: Pirel +-+ Pirel
PVertical- : Pirel <-+ Pirel

V p, pt : Pirel ø

<-> Pi,rel
<-+ Pirel

PHorizontal(p,pr) <+ (p PLeftOf p1 V p PRightOf p) A
PVertical(p, pr) e (p PAbove h y p PBelow p1)

PHAdjacent-: Pirel
PVAdjacent- Pirel

Y p, pt : Pirel ø

PHAdjacent(p,pr) e
(PHorizontal(p,p1) t
Abs(p.r - pt.r) 1 unitofresoluti,on) A

PVAdjacent(p, pr) <+
(PVertical(p, nt) A
Abs(p.y - pt.y) { unitofresoluti,on)

A set of pixels forms a square in the coordinate frame if it contains exactly n * n
pixels for some dimension n, and if the distance between the z coordinates of the

farthest and nearest pixels in the set is equal to the distance between the ycoordinates

of the same pixels.

PlsSquare- : P(P Pirel)

V pp , P Pirel o PlsSquare(pp) <+
(ldinz:No

di,m : (FarPirel(pp)).r - (Nearpiret(pp)).r :
(FarPirel (pp)).y - (N earpiret (pp)). y A

#pp: Sqr(dim))

PlsSquare is defined as a prefix relation over a set of groups of pixels. The axiom for
PlsSquare is thus valid for every member of this set, where each member itself is a set

of pixels forming a square.

1J



3,'!,.2 Operations on Fixels

General operations on pixels are now defined. Every

invariant property that the coordinate fr.ame to which

changed. Any other pixel property may be changed by

ation itself indicates a restr-iction:

operation on a pixei has an

the pixel belongs cannot be

an opelation unless the oper-

OpOnPirel
A,Pi,rel

0 CoordFrarne' : 0 CoordFrame

The notation LPirel is used in the

the inclusion of Pirel and Pixel', as

schema operation above as a shorthand form

in:

for

LPixel
Pirel
Pirel'

where Pi,relrefers to the initial state and pirel,

To change the z or y coordinate value of

the limits of the coordinate frame:

refers to the final

a pixel, the new

state of the operation.

value must be within

newr? f r
newr? l rnarX
r' : newr?
y':y

ChangePirelX
OpOnPtuel
zet¿z? : N

ChangePirelY
OpOnPi,rel
netr,'y? : N

newy? f y
newy? l marY
Y' : newv?

1/1
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3.2 Regions Containing Fixels

A simple region can be defined as a rectangular group of pixels within a coordinate

frame. A region must be congruent with the coordinate frame, therefore rotations or

rectangular groups at an oblique angle to an axis are not considered. The top-leftmost

and bottom-rightmost pixels identify the area occupied by a simple r.egion:

SimpleRegion
srid : ID
cf,d : ID
topleft : Pixel
botright : Pirel

topleft <: botright
cfi,d : topleft .cf.d : botright.crtd

In the SimpleRegioz schema, the srid vaúal¡le is used to uniquely identify a simple

region. The variable cfid refers to the coordinate frame identifier for both bounding

pixels of the region. Though the value of cf,d can be derived ftorr_ topleft and botright,

it is included as a var-iable for notational convenience.

The height and width of a simple legion can be determined by the respective

distances between the r and y coor-dinate values of the bounding pixels:

SîHeight : Si.mple&egzon ---+ N
SRWidth: Sirnpleùegioz ---+ N

V sr : SimpleRegion ø

SRHeight(sr) - sr.botright.y - sr.topl"ft.y+ 1 A
SÙWidth(s") : 

"".botright.r - sr.topleft.r +I

Although the Simplefuegion schema does not explicitly provide the set of pixels

contained within it, this can be determined through a function. The pixels in this set

must be located on or between the bounding coordinate values, and the number of
pixels in this set is equal to the product of the dimensions of the reqion:

AIISRPoints : Simplefuegi,on ---+ P Pirel

V sr : Si,mpleAegion ø

AllSîPoinls(sr) : {p , Pixel I p.cfr,d : sr.crtd A
p <- sr.botright A p ): sr.topleftj

Two simple regions have the same shape if their height and width are identical:

15



SameShape - : SirnpleAegion <-+ SimpleAegion

Vsr, sn : Si,rnple&egion ø

SameShape(sr, sr1) <+

(SîHeisht(sr) : SLVei,sht(s¡') A
S RWidth(sr) : S RWidth(sr1))

Since the set of pixels contained within a simple region can be computed, con-

tainment and overlapping between simple regions can be specified. A simple region is

contai,ned within another if ihe set of pixels to which the first region maps is a proper.

subset of the set of pixels to which the second region maps. These simple regions

must be defined in the same coordinate frame:

- SRContains - : SimpleReg'ion <-+ SimpleRegion

Vsr,sn : Si,mplefuegion ø

sr SRContains sry <+

(sr.cfid - s?'r. cfid A
AllS RP oinús (sry ) c AllS RP oints (sr))

A simple region is equal to another simple region if the pixels to which each region

maps form the same set. This need not be specified since type equality is automati-

cally defined in Z for all data types.

Two screen regions oaerlap if the pixel sets to which they map have at least one

pixel in common. Again, both simple legions must be defined in the same coordinate

frame:

- SROverla ps -: Simpleùegion <-+ Sirnple&egion

Vsr, sry : Simplefuegion ø

sr SROverlaps sft (*
(sr.cfid : sr1.cfÅ A

AllS&Poinús(sr) À AilS&Points(sry) I Ø)

Determining the relative position of two or more simple regions in their coor-dinate

frame is important if visual characteristics of interface components must be specified.

For example, interface requirements may indicate that one image must appear above

another image on the screen. If each image can be defined in terms of the simple region

that bounds it, these requirements can be expressed in terms of the positioning of

the simple regions. Simple region relationships can be built using pixel functions and

operations combined with primitive simple region functions.

lCl



Every simple region has a leftmost column of pixels, a rightmost column of pixels,

and a top and bottom row of pixels. These correspond to the four edges of the region
and are also of type SimpleAegion (with a width or height of one pixel). Given a
simple region, its four- edges can be returned by the following functions:

SÈLeftmostCol : Sirnplefuegion ---+ Simpleùegion
SîRi,ghtmostCol : Simple&egion -> Simpleilegion
SïTopmostRow : SimpleAegion ---+ Si,mplehegion
SRBottornmostfuow : Simple&egion ---+ Simytle\egi,on

V sr : SimpleRegion ø

AllS RP oints (S R L eftm o st C ol (sr)) :
{p : AllSïPoints(sr) | p., : sr.topleft.r} A

All S R P o ints (S R Rishtm o st C ol (s' ) ) :
{p: AllSRPoints(sr) | p.*: sr.botright z} A

AllS RP oints (S RTo p rn o st&o w (sr)) :
{p : AllSLPoi,nts(sr) | p.A : sr.topleft.y} A

AllS RP oints (S R B ottommo st&o w( sr) ) :
{p : AIISRPoints(sr) | p.y : sr.botright.y}

One simple region is aboue another if the bottom row of pixels in the first r-egion

is adjacent to the top row of pixels in the second and both regions have the same

dimension along the touching side. This is specified below, along with similar kinds
of relationships (åelow, Ieft oJ and right ofl between simple regions:

- SRAbove -: Simplefuegion <-> Si,mplehegi,on

-SRLeftOf -: Simple&egion <-+ SimpleRegi,on

Vsr, sr1 : Sirnptle&egion o

sr SRAbove se É)
(1rn : Pirel >--> Pi,rel ø

dom m : AllS&points(SLBottommostfuow (sr))
ran rn : AllS Rp oints (S RTopmost&ow(sry ) ) A
(Vp : dom rn ø

p PAbove rn(p) A
sr SRLeftOf sry <*

(lrn : Pirel >--> Pirel ø

PVAdjacent(p, nz(p)))) n

dom m : AllSîPoints(SïLeftmostCol(sr)) A
r an rn : AllS RP oi,nts (S RhightmostC ol ("r, )) n
(Vp : dom nz o

p PAbove *(p) n pHAdjacent(p,*(p))))

for SRAbove asserts the following: there is a bijective function rn
that maps each pixel in the bottom row of the top simple region

The specification

(indicated by >*)

-l .7
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to a pixel in the top row of the bottom simple region.

for every pixel pair p and m(p), p is PAbove m(p) and

The below and right o/ simpie region relationships can

relationships defined above:

- SRBelow -: Simple&egi,on <--+ SimpleAegion

- SRRightOf -: Sirnplefuegion <-+ Sirnplefuegion

Vsr,sn : Simplehegion ø

sr SRBelow sft {* sq SRAbove sr A
sr SRRightOf srr {* sry SRLeftOf sr

A sequence of simple regions is aligned aerti,cally if one region in the sequence

appears above the next, forming a stack. All regions in the sequence must have the

same width' Similarly, a sequence of simple regions is aligned horizontally if one

region in the sequence appears to the left of the next. These characteristics can be

asserted by using the SRLeftOf and SRAbove relationships just defined:

SRHAdjacentLine- : F(seq Si,mpteAegi,on)
S RVAdjacentLine- : F(seq SirnpteAegion)

Vsr : seqSimplefuegion ø

S RH Adjacent Line(sr) <+

(Vi:1..(ffsr)-I
S RVAdjacent Line(sr) <+

(Vi:1..(ftsr)-I

Because of the congruency relationship between simple regions and the coordinate

frame axes, there can exist only holizontal and vertical region or-ientations:

li,neorient ::: horizontal I uerti,cal

Thus, the previous two functions may be generalized as:

SRAdjacentline- : F(seq Simplefuegion x lineorient)

Vsr : seqSirnple&egi,on; ori : Iineorient s

SRAdjacentLine(sr, ori) e
(ori : horizontal <+ SRHAdjacentLine(sr) Â
ori : uerti,cal <+ SRvAdjacentLine(sr))

This function indicates that

they are vertically adjacent.

be defined in terms of the

o sr(i) SRLeftOf sr(z + 1)) n

e sr(i) SRAbove sr(z + 1))

3.2.L Operations on Simple Regions

Several operations may be defined on simple regions.

altering the corner pixels and thus changing the shape

18
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for enlalging, shrinking and moving a simple legion. First, it must be asserted that
an opelation on Sirnple&eg'ion canno| change its identifier or the coordinate frame to
which it belongs, but may change any other pr.oper.ty:

OpOnSimpleRegion
A,SimpleRegion

sridt : srid
cf,d' : cfi,d

The r coordinate value of the top left pixel in a simple region can be changed by

applying the ChangePixelX schema opelation defined ealiier to the topteft property
of the initial state. The bottom right pixel remains unchanqed:

ChTopLeftX
OpOnSimpleRegion
zet¿z? : N

topleft' : (p, ChangePirelX | 0Piret
botri,ghtt : botri.ght

: tupkft ø 0Pi,rel')

In a similar fashion, the top Ieft y coordinate and both bottom right coordinate values

can be chaneed:

ChTopLeftY
OpOnSimplefuegion
netry? : N

topleft' : (p, ChangePirelY | ?Piret : topleft ø Tpirel,)
botri,ghtt : botri,ght

ChBot&ishtX
OpOnSirnpleRegion
netor? : N

botright' : (¡,r. ChangePirelX | 0pirel : botright ø 0pirel,)
topleft' : topleft

ChBot&ishtY
OpOnSimpleRegi,on
netry? : N

botrightt : (p, ChangePirelY | 0Piret : botright a ïpinel,)
topleft' : topleft

19



The ¡t construct in the above specifications indicate the creation of a temporary

instance of a schema satisfying the conditions stated in the ¡; expression. The result

of such a p expression is identified after the o symbol.

Using these operations as building blocks, operations for enlarging a region can

be specified. A simple region can be enlarged along each of the eight dir-ections;

hence there are eight enlarging operations specified for simple regions. Each of these

operations has a direction of enlargement and a pixel provided as input, where the

direction is one of those indicated by the following global identifier:

direction ::: Top I Bottorn I Lrrt I Right I TopLeft | Top4ight 
I

B ott o rn L eft I B ott o m Ri glzt

As an example of enlargement, the top side of a simple region can be changed so that

its y coordinate value is equal to the y coordinate value of the input pixel. In this

case, the input pixel's y coordinate value must be less than that of the top side of the

region, and the direction of enlargement must indicate enlargement towards the top

side of the region. The ChTopLeftY schema operation is used to change the top left
pixel's value:

EnlargeTopSide
OpOnSimpleRegion
pirel? : Pi,rel
di,rection? : directi,on

pirel?.y < topleft.y
di,rection? - Top
lneu.'y: N e

neuy - pirel?.y A
ChTo p L eft Y [n ewy f n ewy?]

Enlarging in the bottom, left and right directions are specified in a similar- way:

EnlargeBottomSi,de
OpOnSirnpleRegion
yti.rel? : Pirel
direction? : di,rection

pirel?.y > botright.,y
direction? : Bottom
lzeu.ry: N o

neuy - pi,rel?.y A
ChB ot&ightY lnewy f newy?l
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EnlargeLeftSide
OpOnSimple&egion
pirel? : Pirel

pirel? .r 1 topleft.x
di,rection? : LeÍt
lnetrr:N ø

neu)r : pixel?.r A
Ch To p L eftX ln ewr f n ewr?l

EnlargeRightSide
OpOnSimpleRegi.on
pirel? : Pi,rel
directi,on? : directóon

pirel?.x > botright.x
direction? : Right
lnet¿z:No

neu)t : pirel?.r A
ChB otfuightX fnewr f newr?]

Enlarging towards a corner direction implies that the simple region is enlarged si-

multaneously in two of the four side directions. These operations can be constructed

by combining the schema operations just specified. For example, enlarging a simple

region towards the top left side uses both the EnlargeTopSide and EnlargeLeftSid,e

schema operations:

EnlargeTopLeft
OpOnSimpleRegion
pirel? : Pi,rel
directi,on? : di.rection

di,rection? : TopLeft
1 dir : direction ø

dir: Top A EnlargeTopSideldirf direction?l
1 dir : direction ø

dir : Left A EnlargeLeftSideldirldirection?l

It must be noted that the two schema operations that are used. in the predicate part

of the EnlargeTopLeft operation, namely EnlargeTopSide and EnlargeLeftSid,e, bo'h
require the inclusion of the pair of states SimpleAegion and Simpleùegion'. These two
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states are in scope in the EnlargeTopLeft schema operation since OpOnsirnple\egion js

included in the declaration part. It follows that this specification indicates a change in
state of a simple region by the simultaneous application of two separ-ate state changes.

Specifications for enlarging in the other three corner dilections are built in a similar

manner:

EnlargeTopRight
OpOnSirnpleRegion
pirel? : Pirel
directi,on? : directi,on

directi,on? : Top&ight
1 dir : direction ø

d,i,r : Top A EnlargeTopSideldir I di,rection?l
1di,r : direction ø

d,ir : Right A Enlargehightsideldirf direction?l

EnlargeBottomLeft
OpOnSi,mpleRegion
pirel? : Pirel
direction? : directi,or¿

direction? : BottomLeft
) di,r : di,rection o

dir : Bottom A EnlargeBottomside[dirf directi,on?]
f dir : direction o

dir : Left A EnlargeLeftsideldirl direction?l

EnlargeBottomRight
OpOnSimplefuegi.on
pirel? : Pirel
di,rection? : directi,on

direction? : Bottom&ight
1 dir : direction ø

dir : Bottom A EnlargeBottomside[dirf di,rection?l
1di,r : di,recti.on e

dir : Right A Enlargeilightsideldi,rf direction?l

Enlargement of a simple region can be generalized as enlargement in one of eight

possible directions. This can be specified as follows:



EnlargeSirnpleÃegion ? EnlargeTopSide V EnlargeBotton¿Side y
EnlargeLeftSide V Enlarge7ightside V EnlargeTopLeft V
EnlargeTop&ight V EnlargeBottomLeft y EnlargeBottorn&ight

The EnlargeSirnplefuegzon specification uses scherna disjunction to combine the eight

individual schema operations. Fol schemas oper-ations ,9 and .91, the operation implied

by S V 51 is valid if it is equivalent to the application of operation ,S or operation

51 ol both simultaneously. Since each of the eight operations being combined above

requires a unique value for the direction? input, only one of the eight operations

can be applied at one time. In plactice, schema disjunction is used to combine two

or more alternative schema operations that may be applied in order to create the

specification for a more abstlact operation.

The shrinking operation applied to a simple region can be specified in a manner

similar to the enlarge operation:

ShrinkTopSide
OpOnSimpleRegion
pi,rel? : Pirel
direction? : di,rection

pirel?.y > topleft.y
di,recti,on? - Top
lnetoy:No

neuy - pixel?.y A
ChTo p L eftY lnewy f n ewy?l

Shri,nkBottomSide
OpOnSimpleRegion
pi,rel? : Pixel
directi,on? : di,rection

pi,rel?.y < botright.y
direction? : Bottom
lnetry:N o

newA - pirel?.y A
ChB ot&ightY lnewy f newy?l
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ShrinkLeftSide
OpOnSimpleRegion
ptuel? : Pi:rel
direction? : direction

pirel?.r > topleft.r
direction? : Left
lneur:Nø

neu)t : pirel?.r A
ChTop LeftX lnewr f newr?l

Shri,nkRishtSide
OpOnSi,mpleRegi.on
pirel? : Pirel
direction? : direction

topleft.r 1 pirel?.r < botright.r
direction? : Right
lneur:Ne

neu)r : Ttirel?.r A

ChB ot&ightX lnewr f newr?l

ShrinkTopLeft
OpOnSi,mplefuegi.on
pinel? : Pirel
direction? : directi.on

direction? : TopLeft
l dir : di,rection q

d,ir : Top A ShrinkTopSide[dir I di,recti,on?l
l dir : di,rection o

di,r : Left n ShrinkLffiSide[dir I di,rection?]

ShrinkTopRight
OpOnSimple&egion
pfuel? : Pirel
directi,on? : directi.on

direction? : Top&i.ght
1 dir : direction o

dir : Top A ShrinkTopSidefdi,r I direction?]
l di,r : di,rection ø

dir : Right A Shrinkfuightside[dir f direction?l



ShrinkBottomLeft
OpOnSimpleRegion
pirel? : Pirel

directionT : BottomLeft
1 dir : direction ø

dir : Bottom A ShrinkBottornSide[dir f direction?]
l dir : di,rection ø

dir : Left n ShrinkLeftSidefdir I di,rection?)

Shri,nkBottornRight
OpOnSimpleRegion

Ttirel? : Pirel
direction? : direction

di,rection? : B ottom&ight
1 dir : direction e

dir : Bottom A ShrinkBottomsideldir f direction?l
1 dir : direction ø

dir : Right A Shri,nkïightside[dir f direction?]

ShrinkSirnpleRegion = ShrinkTopSide V Shri,nkBottomsi,de V ShrinkLeftside V
Shrink&ightSide Y ShrinkTopLeft v Shri,nkTop*ight v
ShrinkB ottomLeft V Shri,nkB ottomfuight

It is interesting to note that the same set of primitive operations can be used for. both

scaling and moving a legion. For example, consider a simple region A to be moved to
a ne\v position p. Assume that the move is specified in such a way that p represents

the new top left corner of .R, and that the z and y coordinates of p are both less than

the current z and y coordinates of the top left corner of fi. That is, the region is to
be moved diagonally towards its top left corner. Such a move can be broken into two

parts: i) enlarge towards the top left of the region; and ii) shrink from the bottom
right of the region by the same distance. As in the case of enlargement and shrinking,

moving a symbol will be specified in each of the eight possible directions an{ then as

a general operation.

To move a simple region in the direction of its the top side (or up), the top side of
the region is first moved so that its new top left corner has a y coordinate value equal

to the y coordinate value of the pixel provided as input. Since the simple region,s

.)X



final state must have the

bottom side of the region

same shape as

must be moved

the simple region in the initial state,

by the same distance:

the

MoueUp
OpOnSirnpleRegion
pirel? : Pi.rel
direction? : direction

di,rection? - Top
EnlargeTopSide
l pirel : Pinel ø

Shrink B ottomS i d elp ir el f p ir el?l
Sa meS ha pe (0 Simplefuegion,0 SimpleAegi,on,)

Movement in the other seven dilections is specified in a similar way:

MoueDown
OpOnSimpleRegi,on
pi,rel? : Pirel
direction? : direction

direction? : Bottom
EnlargeBottomSide
l pirel : Pfuel e

Shri,nk To p S i d elp i,x el I p ir el?l
Sa meS ha pe (0 SimqtleÃegion,0 Simplefuegion,)

MoueLeft
OpOnSimpleRegion
pi.rel? : Pirel
direction? : direction

direction? : Left
EnlargeLeftSide
l pi,rel : Pirel c

Shrink Ri, 7ht S i,defp irel I p i,rel?l
Sa meShape (0 SirnpleAegion, 0 Sirnplehegion,)
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MoueRi,ght
OpOnSimpleRegi,on
pixel? : Pirel
di,rection? : direction

direction? : Right
EnlargeRightSide
- pirel : Pixel ø

Shr ink L eft S i, d elp ir el I p ir el?l
Sa meS ha pe (0 SimpleÀegion,0 Simplehegion')

MoaeUpAndLeft
OpOnSimpleRegion
pirel? : Pirel
direction? : di,rection

directi,on? : TopLeft
EnlargeTopLeft
l pfuel : Pirel ø

Shr ink B ott o m Ri ghtlp i,r el I p i,r el?l
Sa m eS ha pe (0 Simplefuegion, 0 Simple&eg i,on' )

MoueDownAndilight
OpOnSi,mplefuegion
pi.rel? : Pirel
direction? : di,rection

direction? : B ottornfuight
EnlargeBottomRight
- pi,rel : Pixel c

S hr i,nk To p L eft lp ir el I p tu el?)

Sa meS ha pe (0 SimpleRegion,,0 Simpleùegion')

MoaeUpAndfuight
OpOnSirnpleÃegion
pinel? : Pirel

direction? : Topfui.ght
EnlargeTopRight
l pirel : Pi,rel e

Shrink B ott o rn L eft lp ir el I p ir el?l
Sa m eS h a pe (0 Simplehegion, 0 Simple&egi,on' )



MoaeDownAndLeft
OpOnSi,rnpleRegion
pirel? : Pixel

directi,on? : BottomLeft
EnlargeBottomLeft
l pirel : Pirel ø

S hr ink To p Ri ght [p ir el I p ir el?)

S a m eS h a p e (0 S i.mqtl e Reg i o n, 0 S impl e Reg i o n, )

Now, a general move can be specified as follows:

Moaesimplefuegion = Moaeup v MoueDown y MoueLeft v Moae\ight v
MoueUpAndLeft V MoueDownAndhight V MoueUpAndilight
MoaeDownAndLeft

3"3 Virtual Screen Fixels and Regions

The specifications for pixels and simple regions discussed thus far ar.e abstract in the

sense that they do not describe an actual display or visual surface. These specifi-

cations are intended to be generic enough so that several distinct visual coordinate

frames can be easily specified through leuse. The first among these coordinate frames

is called the airtual screen which models the coordinate frame of the displav area on

a physical screen.

A computer screen is comprised of a fixed-size array of pixels. The dimensions of
this array are a function of the interface software and the resolution capability of the

hardware being used. For now, screen pixels will be discussed in terms of a uirtual
screen that has an unknown size. This is done for two reasons: i) many screen objects

may be mapped to the same virtual screen pixel. The objects that actually appear.

on the screen can only be determined when all mapped objects are known and their
layering and overlapping is considered; and ii) a screen object may only be partially
mapped to a physical screen, and hence partialiy visible, but it must be mapped as a

whole to some larger coordinate system so that its visual information is not lost.

Virtual screen pirels and uirtual screen regions can be specified by reusing the
specifications for the types and operations just defined for pixels and simple regions.



These new types will later be used to visually represent window controls, windows

and other information presented to the usel of a GUI.

The virtual screen coordinate system has bounding cooldinate values, and a vir--

tual screen pixel must be located in a coordinate frame havins these bounds:

uscreenXmør : N1

DscreenYrzør : N1

VScreenPirel
Pirel

rnarX : Dscreenxrnar
rnatY : l)screenYmar

Every instance of type VScreenPirel must belong to the same coordinate frame since

there is only one virtual screen:

V usp,uspl : VScreenPi,rel ø

asp.cfi,d : ash.crtd,

Several functions and relations can be defined on virtual screen regions. Since

these were specified earlier for the schema type Pirel, and VScreenPi,rel contains pi,rel

as an included schema type, these new specifications can be created through ïeuse

with some notational conver-sions. First, the PirelFromVSP function abbreviation is

defined in order to extract lhe Pirel component of vscreenpirel:

pirelFromVSp :: (À vscreenpfuel o 0 póret)

This function takes an argument whose shape is indicated after the ) symbol, and

returns the value indicated after the o.

Now, relations, axioms and operations can be specified on a VScreenPi,rel using

those specifications defined on Pirel:

FarVScreenPirel : P VscreenPirel --+ Vscreenpirel
NearVScreenPirel : P VscreenPirel -> Vscreenpirel

Y aspset : F VScreenPirel; asp : VScreenPi,rel o
FarVScreenPirel(aspset) : usp #

PirelFromVSP(asp) : FarPirel(PirelFromVSP (uspsetl) A
NearVScreenPirel(uspset) : usp ë

P i.r el Fro m V S P (u s p) : N e ar P ir el ( P ir el Fr o mV S P (u sp s etfi)



Thenotation(DinZstandsforrelationalimage; typically,A(sfreturnstheimage
of the relation ^R for- all inputs in the set ,9, where ,5 is a subset of the domain of Æ.

: VScreenPirel x VScreenPirel -++ VscreenPirel

Y uspyrDsp2rasp : VScreenPirel ø

usPt - uspz - usp ë
( P i,r el Fro m V S P (u s p 1) - P ir el Fro m V S P (u s p z) : P ir el Fr o m V S p ( u sp))

VSPHAdjacent- : VScreenPirel <-+ VscreenPirel
VSPVAdjacent- : VScreenPirel <-+ VscreenPirel

Y usp,Dspl : VScreenPirel ø

VSPHAdjacent(,usp, uspl) e
PHAdjacen t(PirelFromVSP (usp), PirelFromVSP (usp)) t

VSPVAdjacent(usp, uspl ) <+

P VA dj a ce n t( P ir el Fro mV S P (u s p), P ir el Fro mV S p (u s p ))

A rectangular virtual screen region can now be defined and several functions and

relations previously defined on Simpleheg'ion can be reused:

VScreenRegion
SirnpleRegion
usrid: ID
rtopleft : VScreenPi,rel
rbotright : VScreenPirel

topleft : PirelFrornVS P (rtopl"ft)
botright : Pi,relFromVS P (rbotright)

The simple region component of a virtual screen region can be extracted using the

function SRFrornTSfr which is defined as follows:

SRFToqVSR :: (À VScreenùegion e 0 Simple&egion)

The functions and relations that follow are self explanatoly in that they are based

on the operations specified for a simple region:

AllVSRPoints : VScreenfueqion ---+ P VScreenPi,rel

Y asr : VScreenfuegion; usp : VScreenPirel s

asp € AIIVSRPoints(asr) +
P ir el Fro rnV S P (u s p) € AIIS R P o int s ( S R Fr o mV S R(u s r))
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SameShapeVSR- : Vscreenfuegion <-+ Vscreenfuegion

- VSRContains - : Vscreen&egion <--+ Vscreenhegion

-VSROverlaps - : Vscreen&egion <-+ Vscreenùegion

- VSRAbove -: VScreenAegion <-+ Vscreen&egion

- VSRLeftOf - : Vscreen&eqion <-+ Vscreen\eoion

V usr,asrl: VScreen&egion ø

Sa meSha peVS R(asr, usry ) <+

Sa meShape (SRFTomVSR(usr), SRFTowVSR(usr)) n
osr VSRContains as\ #

S RFTomVSR(usr) S RContains SRFrornVS R(usr) n
r.'sr VSROverlaps ?rsft ê

SRFTomVSR(usr) S ROverla ps SRFTowVS R(usr1) rt,

usr vsRAbove osft ë sïFromvsR(usr) SRAbove sLFromvs\(usr) A
usr VSRleftof osq e sïFrornvsï(asr) sRleftof sLFrornvs\(asr)

VSRHAdjacentLine- : F(seq Vsueen&egion)
VSRVAdjacentLine- : F(seq VscreenRegion)

Vst¡sr : seqVScreenÀegi,on ø

VS RH AdjacentLi ne(susr) <+
(l ssr : seqSimple&egion ø

ffssr - ffsusr A
(Vi:1..ffssrø

s * r Å::j :k j' *äöv^en 
(susr ( z ) ) )

VS RVAdjacent Line(susr) <+
(l ssr : seqSi,mplefuegi,on ø

ffssr - ffsasr A
(Vz:1..ffssrø

, *uioÍi]'.;ri:&'öv 
s R (s u s r (¿ ) ) ) n

VSRAdjacentLine- : f(seq Vscreenfuegi,on x lineorient)

Vsusr : seqVScreenfuegi,on; ori : l,ineori,ent ø

(l ssr : seqSimplefuegi,on ø

ffssr : ffsasr A
(Vi:1..ffssrø

ssr(i) : SRFTomVSR(susr(¿))) n
VSRAdjacentLine(susr , ori) e SRAdjacentLine(ssr, orz))

Finally, opelations on a virtual screen region can be specified in which operations

for a simple region are reused. An operation on Vscreenfuegion cannot change its
identifier:

o1
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OpOnVScreenRegion
A,VScreenfuegion
OpOnSi.rnpleRegion

Enlarging, shrinking or moving a vir-tual screen region is equivalent to enlarging,

shlinking or moving its Simple&egion component:

EnlargeVSR
OpOnVScreen&egion
uspirel? : VScreenPixel
direction? : direction

l pi,rel : Pi,rel ø

pirel : PirelFromVSP(aspirel?) n
Enl arg eS imple Reg i, o nlp ir el f p ix el?l

ShrinkVSR
OpOnVScreenÀegion
aspirel? : VScreenPirel
di,rection? : direction

l pirel : Pirel o

pirel - PirelFromVSP(aspi,relT) A
S hr ink S impl e Reg i o nfp ir el f p i,r el?]

MoueVSR
OpOnVScreenRegion
aspi,rel? : VScreenPirel
direction? : di,recti,on

lpirel: Pi,rel; nen)x:)neuy: N e

Ttirel - PirelFrornVSP(uspi,rel?) A
M o u e S imple Reg i o nlp irel I p ir el?l

3"4 Summarv

The specifications introduced in this chapter define pixels and simple regions, and

from these virtual pixels and virtual screen regions were defined. The latter two types

will be used extensively in this thesis as the basis by which visual characteristics of



GUI objects are defined. That is, every GUi object that may be visible to the user of
the GUi-based system will have its visual chalacteristics defined in terms of virtual
screen pixels and virtual screen regions.
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Chapter 4

The VÏouse and Ïts Eleksavioun

The mouse is the primary device used fol interacting with a graphical user interface.

Portions of an application's interface can be manipulated on the display by using a

combination of mouse movement and mouse button manipulation. For example, if
the user points the mouse cursor at a push button control on the screen and clicks

the left mouse button, a new window may appear prompting the user for relevant

information. A system supporting this type of user interaction is often r.eferred to as

an eaent- driuen system.

Mouse actions are tempolal in the sense that the mouse's state changes ovel

time. Depending on the type of change and the time interval between these changes,

different actions can be performed. A common example is the distinction between

a mouse "double-click" and two "single-click" actions; the action interpreted by the

interface is a function of the precise length of time between the click actions, and the

timing specifications as defined in the system. In ordel to examine the specifications

of a GUI, it is necessary to discuss the mouse, its actions and its temporal properties.

4"t Time

The Z specification language does not have an inherent capacity for modeling time as

in temporal and real-time specification languages such as CSP [8]. Although rigorous

specifications of time have been proposed using the Z language [11], the specifications

in this thesis require only a simple formal definition.

Formally, time can be viewed as a sequence of distinct "instances", where the

instant at the head of the sequence is the most recent. In this model, it is imporranr
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to assume that a new instant is added to the sequence on a r.egular and constant

basis. An instant is formally defined as a basic type:

[rNSrANr]

Time is a type corresponding to a sequence of distinct instances, as asser-ted by:

time:: seqINSTANT
Vt:timeøfft:ft(rant)

The last predicate ensures that the length of the timing sequence is the same as the

cardinality of the set of instances found in that sequence. This, in turn, asserts that
time is composed of distinct instances. Note that the ff operator is overload ed in Z.

For simplicity, the entire session of a GUI is modeled within one large inter.val,

represented by the global variable globaltime:

| flobaltime : time

Two instances in globo,lti,me can be compared using the afterrelation to determine

the order in which the instances occurred:

- after -: INSTANT <-+ INSTANT

V i, ir : INSTANT ø

i after i1 <+

globaltime- (i) < globaltirne- (fi)

The notation .B- in Z refers to relational inverse. That is, ,R- stands for a relation

whose domain is the range of A and whose range is the domain of -8. Moreover, a
sequence in Z is also treated as a function from its index (modeled as N1) to the type
of elements of the sequence. Hence, in Z:

seqINSTANT = N1 -r+ INSTANT

Using this concepl, globaltime- in the above predicate refers to the relation whose

domain is the set of instances of globaltime and globalti,rne- (z) refers to one particular
element of this relation.

The intera¿l between instances of time is a duration and,is computed as the number

of intervals between two given instances:



duration -- N1

Interual : (INSTANT x

V i,i1 : INSTANT; int:
Interual(i,it): int

(21 after i n

4"2

int : globaltime- (,t ) - globaltime- (i,))

T'he Mouse

A mouse allows a GUI usel to point at a location on the screen with a rnou,se cu.rsor)

to move the mouse cursor- on the scleen by moving the mouse, and to perform actions

on the object to which the cursor is pointing. The action is controlled by the way in

which the user manipulates the mouse button or buttons, the simultaneous movement

of the mouse, and the properties of the object itself.

Contemporary mouse design provides up to three buttons

ButtonPosit'ion ::: LeftButton I CentreButton I RightButton

each of which can be depressed. Thus, each button has two states at any instant

MouseButtonState ::: down I up

and so a mouse button can be represented as a function between its position and its

state

MouseButtons :: ButtonPosi,ti,on -++ MouseButtonstate

A mouse's cllrsol acts as an on-screen pointer that moves as the user moves the

mouse. It is assumed that the cursor always points at exactly one pixel. Although

the cursor is defined in terms of virtual screen pixels, the valid locations must be

restricted to pixels actually displayed on the physical screen. These will be discussed

further in Chapter 7. The X and Y axis limits for a physical display are given as

global variables:

di,splayXrnøz : N1

displayYmøz : N1

INSTANT) --++ duration

duration ø
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A mouse has up to three buttons and a culsol that is limited to pointing to screen

pixels on the physical display, as indicated by the following schema:

Mouse
buttons:
CUTSOT- :

cursoT.r
cul'sor.y

MouseButtons
VScreenPirel

I displayXmar
1 displayYmar

The state of a mouse at any time is captured by augmenting Mouse with an

instant:

MouseState
Mouse
t : INSTANT

(t) in globaltime

The predicate part asserts that (l) is a subsequence of globalti,me; in other wor-ds, the

instant I has occurred somewhere in globaltime.

A history of mouse states is required io determine a mouse's action in some cases.

The global variable mousehistory retains a history of MouseSúøúe instances for each

instant of time in slobaltime:

mousehistory : seq MouseState

ffmousehistory : ffglobaltin¿e A
(Vi:1..ffglobaltimes

(mous ehistory (i)).t : glob attirne (i))

The most recent state of the mouse can be specified using the following:

rnous en o w - : h ea d (rn o us ehist o ry)

Next, a schema is specified which asserts that for any mouse operation, the final
state of the given MouseState type should occur after its initial state in mousehistoru:

OpOnMouseState
A.MouseState

t' a{ter t
dombuttons' : dom buttons
(0 MouseState) in rnousehistory
(0 MouseState' ) in mousehistory
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For notational convenience, the following axioms are provided to confirm the state

of a given mouse button:

ButtonUp- : P (MouseState x ButtonPosition)
ButtonDown- : P (MouseState x ButtonPosition)

V ms : MouseState; bp : ButtonPosition ø

ButtonUp(nzs, bp) ë ms.buttons(bp) : up ¡
ButtonDown(rns, bp) ë rns.buttons(bp) : down

Mouse operations are defined as follows: if a mouse button is depressed and

released within a short peliod of time, the operation performed is regar.ded as a

mouse button click. However, if the button is not leleased soon enough, the mouse

button is held down. The difference between these two operations is the duration

of time between the mouse button being pressed and being leleased. Similar-ly, a

double cli'ck of a mouse button occurs when two button clicks are performed in rapid

succession, and the duration between these two clicks is shorter than a predeter.mined

length of time. It can be seen that the distinction between clicking and holding down

a mouse button, and between doubie clicking and clicking a mouse button twice is

based on the timing between actions.

Formally, a mouse button is clicked if the length of time between its depression

and release is less than that given by ihe global variable clickspeed. If the length of

time is greater than that given by clickspeed, the mouse button is being held down:

I ctickspeed: duration

To single click a mouse button requires the state of the button to change from "up"

to "down" and back to "up" within the interval required by the clickspeed variable:

CIick
OpOnMouseState
posn? : ButtonPositi,on

1ms : MouseState ø

(rzs) in mousehistory A
Button Up(0 MouseState, posn?) A
ButtonDown(rns, posn?) n
Button Up(0 MouseState' , posn?) A
t' after ms.t A

ms.t after t A
Interaal(t, t' ) < cli,ckspeed
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The mouse button being clicked is indicated by the posn? input variable. MouseState

is the state of the mouse the instant before the mouse button is depressed, and

MouseState' is the state of the mouse the instant after the mouse button is released.

The existentially qualified variable ms used in the pledicate part represents the state

of the mouse at the instant when the mouse button is "down". These three s[atres

must occul in the proper order, and the interval between the first and iast states must

be less than or equal to the specified minimum.

Similarly, the mouse button is held down if its position changes from "up" to
"down" and is held down for a period of time greatel than that implied by clickspeed,:

HeldDoun
OpOnMouseState
posn? : ButtonPosi,tion

Button Up(0 MouseState, posnT)
Button Down (0 MouseStatet , posn?)
Interual(t, t' ) > clickspeed

Double clicking a mouse button is really two successive clicks occurring within
given length of time; the global variable doubleclicksyteed indicates this value:

I doublectickspeed, : d,uration

DblClick = Cli,ck Ç Click A

lOpOnMouseState I Interaal(t, t,) < doubleclickspeed,l

The double click operation is defined using schema composition between two Click

schema operations, with an additional condition indicating that the interval between

clicks must be less than that indicated by doublecli,ckspeed,.

A mouse's presence is represented on the display by its cursor, which always

points to some virtual screen pixel. This association between the mouse and its
cursor requires that the cursor can be moved on the screen only when the mouse is

physically moved. This is represented by the following schemas:

MouseMoaeCursor
OpOnMouseState

cursor f cursor'
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MouseStaticCursor ? - MouseMoaeCursor

An object on the display occupies an area bounded by a virtual screen region.

This will be discussed further in the next chapter. To click, double click, or- hold

down the mouse button while the mouse cul'sor rests in some viltual screen region

requires that the cursor remain static within the region while the button operation

is perfor-med. Given a virtual screen region, the mouse button, and the mouse state

occurring immediately after the operation, these operations can be folmally specified

as follows:

MouseClickobject- : P (VS creenhegion x ButtonP osi,tion x M ous eState\

V usr : VScreenfuegion; posn : ButtonPosition; ms : MouseState ø

MouseClickObject(usr ) posn) nzs) <+

(l OpOnMouseState o

rns:0MouseState' A

Cli,cklposn I posnT) A
MouseStaticCursor A
cursor € AllVSRPoi,nts(usr))

MouseHoldDownObject- : F( VScreenfuegion x ButtonP osition x MouseState)

ms : MouseState øV usr : VScreenÀegion; posn : ButtonPosition;
MouseHold Down O bject(asr, posn,) ms) <+

(- OpOnMouseState ø

Tns:0MouseStatet A
HeldDown[posn f posn?] A
MouseStati,cCursor A

cursor € AllvsilPoints(usr))

M ouse D blCl ickO bject- : P (VS creenfueg ion x ButtonP o sition x M ous eState)

V usr : VScreenRegion; posn : ButtonPositi,on; ms ; MouseState ø

MouseDblClickObject( r)sr ) posn) rns) e
(l OpOnMouseState o

rns :1MouseState' A
DblClickfposn f posn?] tr
MouseStati.cCursor A
cursor e AIIVSRP oints(usr))

Formally, these operations ar-e represented as prefix relations. Using MouseDblClick-

Object as an example, an instance of OpOnMouseState is created where the final
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state is equal to the given mouse state, during which the given mouse button is dou-

ble clicked (as indicated by the DblClick schema operation). The mouse cursor must

be static as indicated by the Mousestat'icCursor schema and must be located within
the specified virtual screen region.

Many GUl-based application suppolt drag ønd drop actions. This action is per-

formed by pointing at an object on the display, holding down the mouse button while

moving the mouse to a new position, and then releasing the mouse button. Such an

application can interpret this action in a number of ways which ar.e application spe-

cific. For example, an application might ledisplay the information contained within
the object in the position to which it was dragged. Since the actual r-esult of this op-

eration is application dependent, only simple aspects are for.malized by the following

slobal function:

MouseDrag-n-Drop : VscreenRegion x Buttonposition-++
(VScreenfuegi,on x MouseState)

Y usr,usrll. vscreenhegion; posn i ButtonPosition; rns : Mousestate ø

MouseDrag-n-Drop(usr, posn) - (asr1, ms) +
(l OpOnMouseState; OpOnVScreenfuegionl ms1 : MouseState ø

ms:0MouseState' A
rn\.t after ú A
t' after ms1.t A
usr : 0VScreen&egi,on A
asrl - 0VScreenAegion' A
MouseHold Down O bject(asr, posn ) nzsl ) A
MouseMoaeCursor A
ButtonUp( 0 MouseState,,, posn) A
(l uspi,rel : AIIVSRPoints(usr1); dir : directi,on ø

MoueVStluspirel f uspirel? , dir f direction?l) n
SameSha peVSR(d VscreenRegion, 0 VScreenhegi,on,) A
cursor - rtopleft : c.u,rsor' - rtopleftt)

Given a virtual screen region and a mouse button, this function returns a virtual
screen region bounding the object in its new position and the final mouse srare.

Since the operation changes the mouse state and the state of a virtual scïeen region

it is necessary to include OpOnMouseState and OpOnVscreen\egion in the axiom so

that all variables in Mouse and Vscreen&egion are in scope. The predicates in the

function assert the following: i) at some intelmediate mouse state rns1, the mouse's

button is held down on an object; ii) in the final mouse state, the mouse button must
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be in the "up" position; iii) the mouse cursor.. must be moved between the fir'st and

final mouse states; iv) the virtual screen region is moved between the first and final

states to a position indicated by the position of the mouse cursor.. in its final state;

v) the cur-sor must be at the same offset in the virtual screen r-egion before and after

it has moved; vi) the virtual screen region retains its original shape after it's moved;

and vii) the virtual screen region is moved to the new location.

The MouseClickObject, MouseHoldDownObject, MouseDblClickObject and Mouse-

Drag-n-Drop functions will be used in this thesis extensively. if a visual object has

an operation that involves a mouse action, the specifications given in this chapter

will be incorporated in the new specifications to illustrate the required action of the

mouse.
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Chapten õ

Controls

Most user interaction with a GUI-based application is managed through a set of con-

úrols. These controls are usually consistent across all applications using the same GUI,
which is valuable since a consistent "look and feel" is attained, and the advantages

of reduced training time and increased usability are realized. Additionally, software

developers need only concern themselves with accessing the GUI's interface routines

rather than writing interface routines from scratch. It is interesting to note that ther.e

are a handful of primitive controls common to almost all GUIs currently available.

Therefore, it is sufficient to specify these primitive controls from which the behaviour

of a generic GUI can be inferred.

In this chapter, the different types of user interface controls for the GUI under

development are specified. These controls can be divided into four categories: the

first type, primi'ti'ae controls,, are those controls that are atomic in nature; that is, they
are not constructed using other controls as components. The second type, cornposite

controls, may have both primitive and composite controls as proper-ties. A scroll
region control is the third type. It is a special type of composite contr.ol whose

behaviour is especially relevant for the CASE tool's GUI, and for this reason, it is

treated separately. Finally, there are three valieties of rnenu controls, each of which

is discussed in turn.

The specifications in this chapter are partitioned into three major categories:

representational abstraction of the controls, visual aspects of these controls, and be-

havioural abstraction. Since Z supports a modular specification approach, it is easy

to separate behavioural abstraction fi'om visual representation. Moreover, visual rep-
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resentation of controls may not be of interest to others who wish to reuse these

specifications.

5.1- Representational Abstraction of Controls

Fol each of the four types of controls mentioned earlier, representational abstr.action

includes the abstlact stlucture and invariants of the state space.

5.1-.1- Frimitive Controls

Thele are three types of primitive controls discussed in this chapter - push buttons,

clzeck bores and radio button groups.

Push Button control Generally, a push button control is repr-esented as a r-ect-

angle on the screen and serves as a t-r-igger for some action to take place. It can be

enabled or disabled. When enabled, clicking on the push button causes some pre-

defined action to be invoked. Since virtually any action can be associated with the

clicking of a push button, only its enabling mechanism is specified:

PushButton
enabled : Boolean

Check Box control A check box control is used to toggle a boolean value whose

purpose is application-specific. It is always associated with a text label. The check

box takes on different appearances depending on the value of the variable to which

the control is associaied. A check box control allows the value of the variable to be

toggled by clicking on the control with the mouse. Like a push button control, a

check box control can be enabled or disabled:

CheckBox
label : STRING
selected : Boolean
enabled : Boolean

Radio Button Group control A radio button

as a check box control, except it always appears in

has almost the same functionality

a group with other radio buttons.
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Only one radio button in a group can be selected at any time. A radio button itself
is not considered to be a control since its behaviour and appearance are defined in
terms of other radio buttons in the same group. Moleover, a group should always

have more than one ladio button:

RadioButton
label : STRING
selected : Boolean

RadioButtonGroup
rbuttons : P RadioButton
enabled : Boolean

-, rb : rbuttons ø

rb.selected : Yes

ffrbuttons ) 7

5.L.2 Composite Controls

The following composite controls ale discussed in this chapter - scroll bar, tert ed,it,

list bor and combo bor.

Scroll Bar control A scroll bar control is used to graphically depict the value

of some application-specific variable within a range of possible values. It has four

components - a track,, a thumb, and two push button controls. The maximum and

minimum values are visually represented by the end points of the track, and the

position of the thumb within the track represents the variable's current value. Push

button controls are located at either end of the tlack which, when clicked or held

down, will advance the thumb towalds the respective end of the track. By changing

the position of the thumb, the user can change the value of the variable to which

the thumb position is dependent. The mapping between the thumb position and the

actual value in the range position depends on the resolution of the traclc. That is,

each step of thumb movement may be mapped to a single or a subr-ange of values.

As an example, a scroll bal may be used to control the scrolling of a document. In
this case, the control's range would be defined by the line count of the document where

the minimum value is 0 and the maximum value is the line count of the document. The
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position of the thumb would indicate visually the subset of the document information

that is currently visible. Similally, a scroll bar control may be used to rnanage a

speaker-'s volume. The minimum value of the ïange would replesent no activation of

the speakers, while the maximum value would lepresent the loudest volume that the

speakers can achieve. The thumb would indicate the current volume with resoecr ro

its lange.

ScrollBar
rninbutton : PushButton
n¿axbutton : PushButton
thumb : VScreenfuegion
rangemin : N
rangemar : N
rangeposn : N
enabled : Boolean

rangemin 1 rangeposn 1 rangemat
rni,nbutton. enabled : maxbutton. enabled
rangernin ) rangemar I

enabled : No

: enabled

To specify the dependency between the thumb position and the current value in the

range requires specifications for the visual aspects of the scroll bar control. These

will be provided in the next section.

Text Edit control A text edit control allows for the entry of text on a single line,

or spanning over several lines. If the text being manipulated contains more lines than

can be displayed, then a scroll bar will be provided as part of the text edit control.
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TertUdit
height : N1

tert : seqSTRING
aisibletext : seq STRING
uscrollbar : ScrollBar
enabled : Boolean

uisibletert in tert
ffuisibletext S height

ffaisibleter¡ : fftert è
as crollbar € ØlS crollB ar)

ffuisi,bletert < fftert +
(uscrollbar.enabled : enabled A
ascrollbar.rangemin : 1 A
uscrollbar.rangernar : fftert A
ascrollbar.rangeposn € dom tert A
t ert (a s crollb ar . ran g e p o sn) - h ea d (u is i.bl et ert))

In the specification for TertÛdit, tert refers to the sequence of text lines that can be

displayed and uisi,bletert contains the subsequen ce of text which is currently visible

on the screen. The variable height limits the number of lines that can be visible. The

invariants assert the following: i) uisibletert is a subsequence of tert whose cardinality

is limited by height; ii) if all of, teù is visible, then no scroll bar is necessary (indicated

by an empty set of scroll bars in the specification); and iii) the scroll bar's range and

thumb position control the visibility of text, when aisibletert is a proper subsequence

of. tert. It is assumed here that the scroll bar's range is from 1 to the length of tert.

List Box control A list box control is a scrollable list that presents lines of text for

browsing or selection by the user. A line is selected by clicking on it with the mouse.

This control might be used, for example, to select one or more file names from a list

of files for deletion. Depending on the characteristics and intended purpose of the

control, several selections may be made at one time, or the user may be restricted to

selecting at most one item. Each item that can appear in a list box control may be

represented formally as:

Listltern
tert: STRING
selected : Boolean
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Like a TertÛdit control, the list box contains a sequence of text items, a subsequence

of which may be visible at any time. If only a subset is visible, a scroll bar can be

used to move throueh the items.

ListBor
height : N1

i,terns : seq Listltem
uisi,bleitems : seq Listltem
selecteditems : F Listltem
uscrollbar : ScrollBur
multi,ple : Boolean
enabled : Boolean

aisi,blei,tems in iten¿s

ffuisibleitems t height

ffuisibleiten'¿s -- ffitems è
uscrollbar e ØlS crollB arl

ffuisiblei,tems 1 ffitems +
(uscrollbar.enabled : enabled A
uscrollbar.rangem'in : 1 A
uscrollbar.rangenlar : fiitems A
uscrollbar.rangeposn e dom iterns A
it em s (a s crollb ar . ran g eqt o s n) : h e a d (a is ibt eit ern s))

selecteditems : {¿ : ran items I i,.selected : Yes}
multi,ple: No è

ffselecteditems 1I
ffitems: 0 +

enabled : No

The invariants in ListÛor are similar to those for the TertEdit control with the ad-

dition of the following: i) selecteditems must contain only those list items that ar-e

selected; ii) if multiple items cannot be selected, then selectedi,tems contains ar most

one item; and iii) the list box is disabled if there are no items to list.

Combo Box controls A combo box control combines a list box control with a

text edit control. Generally, when a ïow in the list box is selected, the text that is
associated with the selected list item appears in the text edit region. Since each list
item can contain at most one line of text (as specified earlier in List9or), the height

of the TertUdit region within a combo box is always one. Information appearing

in the text edit palt may be static and unchangeable, or the user may be able to
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alter it directly. This behaviour-is set by the boolean variable stati,c in the following

specification. As with all other controls, a combo box contlol can be enabled or

disabled. There are two flavours of combo boxes; the "simple" type displays a list box

at all times, and the "drop down" type displays a list box only when its appearance

is requested by the user. This is accomplished by clicking on a special "drop down"

push button control associated with a drop down combo box. The specification for

the simple combo box control follows:

ComboBorSimple
tertfi,eld : TertEdit
pickli,st : Li,stBor
static : Boolean
enøbled : Boolean

tertfi,eld.height : 7

Tti,cklist.multiple : No
tertfi,eld.enabled : picl,list.enabled : enabled
(static : Yes A ff(picklist.selecteditems): 0) +

head(teúfi,eld.tert) e ØISTRINGI A

ff(pickli,st.selecteditem.s) : 1 +
(-li : picklist.selecteditems ø

head (tertf.eld. text) : li.tert)

The invariants in ComboBoxsimple assert the following: i) the text edit control per-

mits only one line of text; ii) at most one list box control item can be selecied; iii)
if the simple combo box control is enabled or disabled, the associated text edit and

list box controls must also be enabled or disabled; iv) if lhe static property is true

and no items are selected, the text displayed is the empty string; and v) if an item is
selected from the list box control, the text field displays the text for that item.

A drop down combo box control does not have a static list box - instead, it may

be displayed or removed as desired. This control would be used if the functionality of

a simple combo box is desired but the scr-een space necessaly to permanentiy display

a list box is not available. Clicking the push button control attached to this control

causes a list box to appear if one did not previously exist, or causes the list box that
currently exists to vanish:
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ComboBorDrop
tertfi,eld : TertÛdit
pickli,st : ListBor
static : Boolean
dropbutton : PushButton
enabled : Boolean

tertfi,eld.height : I
dropbutton.enabled : textf,eld.enabled : enabled
picklist ( ØlListBorl +

(picklist.enabled : enabled A
picklist.rnultiple : 1/o A
(static : Yes A ff(yticklist.selecteditems): 0) +

head(tertfield.tert) € ØISTRINGI A

S(picklist.selectediterns) : 1 +
(-li : picklist.selecteditems ø

head (tentfi eld.tert) : li.tert))

5.1.3 Scrollable Region Control

A scrollable regi'on control is a special type of composite control that enables the

user of the GUI to view and navigate through a large amount of visual information.

Typically, this information cannot be displayed on the screen at one time because

of space restrictions. Navigation through ihis information is accomplished by using

scroll bar controls attached to the scrollable region control. This method of displaying

information would be used, for example, in a word processing system where the entire

document is too large to be displayed on the screen at one time.

It is assumed that all visual information associated with this control is available

in a different coordinate frame called work area in which only a portion, called a

work region, is presented to the user. It is the mapping of this work region to a

virtual screen region, and hence to virtual scr-een pixels, that actually allows work

area information to become visible to the user. Manipulation of the associated scroll

bars simply changes the position of the work region within the work area.

In addition to the mapping and navigation, the size of the work region may be

changed. Characteristics of the mapping between the two coordinate frames may also

be controlled through a zooming factor associated with the control.

It is necessary to first introduce specifications for the work area coordinate svstem.

ôU



its pixels, a region in the fi'ame, and the associated operations. Next, a zooming

function wili be specified which will map information between the coordinate frames.

Finally, the scroll region control itself will be specified.

'Work Area

In this section, the work pixel and work region types are specified. These specifications

are derived from the simple pixel and simple region types discussed earlier. Even

though it is a straightforwar-d task to delive the new types, they have to be written

explicitly because each schema and function introduced in this section defines a new

type or operation. For brevity, the informal descriptions are ignored.

A work area has a finite size that is limited by two global variables:

workXrnat, : N1

workYmar : N1

and a pixel within a work area is defined within these limits:

WorkPirel
Ptuel

marX
marY

workXmax
workYmar

The coordinate frame in which work pixels are defined must be different from that
used in the definition of virtual screen pixels. The following asserts these facts:

V wp : WorkPi,rel; usp : VScreenPirel c

wp.cfi,d I asp.cfid

The variable cfid used in the specifications above are in scope through the declar-ation

of Pirel in both WorkPirel and VScreenPixel.

Once again, severa.l axioms defined on pixels can be redefined to operate on work
pixels:

Pi.relFromWorkPixel:: (À WorkPixel o 0pirel)
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- WPAbove - :

-WPBelow - :

- WPLeftOf - :

- WPRightOf -
WPHAdjacent-
WPVAdjacent-

V rp,wpl: WorkPi.rel ø

Tlp WPAbove urpl (*
P i r el Fr o m W o rk P i, r el ( w l,t)

up WPBelow urpl (à
P i r el Fr o m W o rk P i r el ( w p)

up WPLeftOf wh e
P i r eI Fr o m W o rk P ir el ( w p)

'up WPRightOf wp1 ë
P ir el Fr o m W o rk P ir el (w p)

WPHAdjacent(up, wpt) ë
P H Adja cen t(PirelFrornWo rkPirel (wp), Pi,relFrornW o rkPirel( rp, ) )

WPVAdjacent(up, wpt) e
PVAdj a cen t( P i,r elFromW o rk P ixel (wp), Pir el Fro m W ork p ir el (rpr))

WPlsSquare- : F(F WorkPirel)

Y pwp : P WorkPirel ø WPlsSquare(pwp) e
(- f : WorkPirel >-> Pirel ø

dom/ - çtwp A
(V rp : dom/ c

f @Ð: PirelFromWorlcPirel(wp)) n
P lsSq ua re(ran /))

A work region is a rectangular subset of the work area. It is defined in a manner

similar to the definition of Vscreen&esion:

WorkRegi,on

SirnpleRegion
wrid: ID
wtopleft: WorkPirel
wbotright : WorkPirel

topleft : PirelFromW orkPirel (wtopleft)
botright : PirelFromW orkPirel (wbotright)

Several functions and relations follow which are derived from those defined on the

Simple&egion type:

WorkPi,rel +-+ W orkPirel
WorkPirel <-+ WorkPfuel
WorkPirel <-+ WorkPfuel
: WorkPirel <--+ WorkPfuel
: WorkPirel <--+ WorkPirel
: WorkPí,rel <-+ WorkPfuel

PAbove PirelFromWorkPirel(rpr) n

PBelow PirelFromWorkPirel(rpr) ¡

P LeftOf PirelFromW orkPi,rel (rpr) ¡

P RightOf PirelFromWorkPirel(rpr) ¡
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SRFTowWR:: (À Workfuegion ø 0sirnpte\egi,on)

AIlWRPoints : Workfuesion -++ P WorkPi.rel

: WorkÀegion; wp : WorkPirel ø

wp € AllwilPoints(wr) +
P ir el Fro m W o rk P ir el (, p) e All S R P o int s (S R Fr o m W R (wr))

W&Height : WorkÀegion --+ N

WRWidth: Workheqion ---+ N

Y wr : Workfuegion ø

W&Heisht(wr) : S RHeisht(SRFromWR(wr)) A
W Rwidth(wr) : S Rwidth (S RFromW R(wr))

- WRAbove -: Workfuegion <--+ Work&egion

- WRBelow -: Workfuegion <--+ Worl,Regi.on

- WRLeftOf -: Workilegion <--+ WorkRegi.on

- WRRightOf - : Work&egion ç+ Worl,Region

V wr,wr1 : Work&egion ø

t¿r WRAboyë wr1 e SRFTomWR(wr) SRAbove SRFTomWR(wr) n
tr.'r wRBelow wrl_ë sÈFromw&(wr) sRBelow sLFromw\(wr) n
tor wRleftof wr1 e sÈFromwù(wr) sRleftof sLFrornw\(wr) n
'ur wRRightof wr1 e sVFromwï(wr) sRRightof sLFromwil(wr)

OpOnWorl,Region
A,WorkRegion
OpOnSimpleRegion

EnlargeWR
OpOnWork&egion
wpi,rel? : WorkPirel
di,rection? : directi,on

l pirel : Pi,rel e
pirel : Pi,relFromWorkPirel (wpirel? ) A
Enl ar g e S impl e Reg i o nlp i,r el f p tu el?)
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ShrinkWR
OpOnWork&egion
wpixel? : VScreenPi,rel
di,rection? : direction

l pi,rel : Pirel ø

pixel : PirelFromWorkPixel(wpfuel?) A
Shr ink S impl e Reg i o nlp ir el I p ir elTl

MoueWR
OpOnWorkfuegion
wpirel? : VScreenPirel
directi,on? : direction

lpirel : Pirel; neu)r) netoy : N ø

pirel : PirelFrornWorkPfuel(wpirelT) A
M o u eS i,mple Regi, o nlp ir el I p irel?l

Zooming Operations

The mapping between work pixels and virtual screen pixels can take three forms: i)
each work pixel maps to exactly one virtual screen pixel (a one-to-one mapping); ii)
each work pixel maps to a gloup of viltual screen pixels enabling one to zoom in on

the image contained within the work area, or iii) a group of work pixels maps to one

virtual screen pixel, enabling one to zoom out an image.

The mapping process for each of these three alternatives operates on the same

premise: the work area contains an image represented by work pixels bounded by

a work region; these work pixels may be transformed through a zooming process to

create an instance of Si,mplefuegion, and finally the Simplehegion is mapped directly

to a virtual screen region. The transitional mapping is necessary because in zooming a

set of pixels may be created with coordinate values larger than those that are allowed

by the coor-dinate frame occupied by work region. The final mapping will crop this

transitional image to fit into a virtual screen region.

The zooming process is controlled by a zoorn factor such that a positive value

implies the zooming in operation where each work region pixel is mapped to a square

Sroup of pixels in the transitional Simplehegionhavinga dimension equal to the value

of. zoom factor. A negative value implies that the zooming out operation is performed



where one pixel is the transitional region maps to a square group of wolk pixels in

the original work alea having dimension equal to the value of zoom factor. A zero

value of zoom factor implies a one-to-one mapping. Obviously, relative positioning

of pixels in the original wolk region and in the transforme d Simptefuegion mrst be

maintained.

First, a function calìed ScreenView is specified, which maps a Sirnple\egion Lo a

VScreenReoion:

ScreenView : SimpleAegion -++ Vscreenhegion

Vsr : Si,mplefuegion; usr : Vscreenfuegion ø

Screen
(a

View(sr): osr (*
f : AllSîPoints(sr) >--> AllVSïPoints(usr) ø

(Y p, pt : dom/ o

P H Adjacen t(p, pr) <+ VS P H Adjacent(/(p), /(pr) ) n
PVAdja cen t(p, pr) <+ VS PvAdjacent (/ (p ), / (p, ) ) ) )

The function ScreenView asserts that the simple pixels and the virtual screen pixels

are associated using a bijective mapping such that the adjacency relationships between

every pair of pixels in the simple region are maintained between the respective pixels

in the virtual scïeen region. All pixels in the simple region and virtual screen region

participate in the mapping.

Next, zooming functions are specified which map a work region to a simple region.

Since thele are three cases to consider as outlined above, three separate functions will
be provided. All three functions will then be combined to create one generai purpose

zooming function.

First, the "zooming in" function can be specified as follows:



ZoomIn : Workhegion x Z --++ Vscreen&egion

V wr : Workfuegion; zoomfactor : Z; usr : Vscreen&egion ø

Zoomln(wr, zoomfactor) : asr ë
(zoomfactor ) 0 A
(- sr : SimpleAegion; pset : F(P Piret) ø

ScreenView(sr) : usr A
l)pset : AllS7Points(sr) A

)pset : Ø A
(Vps : pset ø

PlsSquare(ps) 
^#pt : Sqr(zoomfactor)) A

(- f : AllwïPoints(wr) >-> pset ø

(V rp,wp1 : domf o

(1, sry, sr2: Simplefuegion ø

AllSilPoinús(sq): f (wp) A
AIISRP oints(sr2) : f (wpr) ¡
'up WPAbove wp1(* sry SRAbove sr2 A
up WPBelow wp, (* sr1 SRBelow sr2 Â
,u.'p WPLeftO'n wp1(* sry SRLeftOf sr2 A
up WPRightO'n wp1ê srr SRRightOf 

"'r)))))

The specification for the Zoomln function is written to establish a mapping between

the work pixels and the simple pixels. Bvery work pixel is mapped to a squar.e r-egion

of simple pixels whose dimension is equal to zoomfactor. There exists a bijection

between the work pixels and the square sets of simple pixels such that adjacency

relationships between every pair of work pixels is preserved between the r.espective

square sets of simple pixels. By the property of bijection, the mapping becomes

one-to-one. The other two cases can be specified in a similar manner:
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ZoomOut : Workfueg'ion x Z -++ VscreenAegion

Y wr : Workfuegion; zoomfactor : Z; usr : Vscreenhegion ø

ZoomOut(wr, zoomfactor) - usr ê
(zoornfactor < 0 A
(l sr : Si,mple&egion; wpset : F(F WorkPi,rel) ø

ScreenView(sr) : usr A
l)wpset : AllW&Points(wr) A

)wpset : Ø A
(V wps : wpset ø

WPlsSquare(ups) n
#rpt : Sqr(zoomfactor)) A

(- f : wpset >+ AllSïPoints(sr) ø

(V p., p, : lan / o

(1, ury, ur2: Work&egion ø

AllWtPoints(wr1) : /- (p) n
AllWïPoints(wr2) : /- (p1 ) A
p PAbove p1ë wrl WRAbove wr2 A
p PBelow pt # wrt WRBelow wr2 A
p PLeftOf pt ë wrt WRLeftOf wr2 A
p PRightOf pt ë wrt WRRightOf ,"r)))))

A one-to-one mapping between wolk area pixeis and virtual screen pixels is specified

by the following:

NoZoorn : Workfuegion x Z -++ VscreenAegion

V wr : Workfuegi,on; zoomfactor : Z1 usr : Vscreenhegion
NoZoom(wr, zoomfactor) : usr ë

(zoomfactor : 0 Â
(! sr : Si,rnytlehegion e

ScreenView(sr) : usr A
(1f : AllWLPoints(wr) >--> AllSLPoints(sr) ø

(Y p, pt: ran/ o

()t wp, wp1 : WorlePirel e

Í(rp): p A
f @pr): pt 

^p PAbove h # wqt WPAbove uh A
p PBelow h ë wp WPBelow uh A
p PLeftOf h ë wp WpleftOf wpt A
p PRightOf h ë wp WPRightOf ,pr)))))

A generalized zoom function can be written be combining the Zoomln, ZoomOut and

NoZoorn functions:
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Zoom : Work&egion x Z --¡-> Vscreenfuegion

V wr : Workhegi,on; zoomfactor : Z; usr : Vscreenfuegion
Zoom(wr,zoomfactor) : rrr =+

(Zoornln(wr, zoomfactor) : usr V
ZoornOut(wr, zoornfactor) : usr V
NoZoorn(wr,, zoomfactor) - usr)

Finally, the specification for a scloll region control can be given, which uses the

Zoom function to relate information in the work area to the viltual scr-een. It includes

a zooming factor, the work region within the work area, and the virtual scïeen r.egion.

It also provides scloll bars to allow the user to maneuver thlough the work area. The

scroll bars may be disabled if the entile work area can be mapped to the virtual screen

region.

ScrollRegion
aiewportVSR : VScreenfuegion
uieuportW& : Worlthegion
hscrollbar : ScrollBar
uscrollbar : ScrollBar
zoomfactor : Z
enabled : Boolean

Zoom(aiewportWï, zoomfactor) : ui,ewportVSR
WïWidth(uiewportWt) : workXrnar ë hscrollbar €
WHUeight(ui,ewqtortWï) : worlcYmar ë uscrollbar €
hscrollbar f Ø[ScrollBar] +

(hscrollbar.rangern,in : 1 A
hscrollbar.r'o.ng en'¿l.r : workXmar A
hscrollbar.rangeposn : uiewportwï.wtopleft .r A
hscrollbar.enabled : enabled)

ascrollbar ( ØlScrollBarl +
(uscrollbar.rangemin : 1 A
uscrollbar.rangemar : workYmar A
ascrollbar.rangeposn : uiewportwï.wtopleft .y A
us crollbar. enabled : enabled)

ØlScrollBar]
ØlSuollBarl

The variables aiewportvsï and aiewportWV represent the virtual screen region and

the work region respectively.
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5.1,.4 Menus

In a GUI environment, a rnenu provides a variety of selections ot Tnenu iterns from

which the user can choose a path of execution. There are a number of differ-ent menu

types to choose from, depending on the desired characteristics of the menu. The

first, a popup rnenlt) may temporarily appear anywhere on the screen, and is simply

a list of currently available options that may be selected. It disappears wiren the

user- no longer requires it, or when an option is selected. The second type, a Tn,enu

bar,, appean's as a horizontal list of high level descriptions of actions that may be

selected. It usually appears fixed under the caption bar of a window. Gener-ally, only

the main window of an application will have a menu bar associated with it. The

third type, a drop down menu, is similar to a popup menu except that its menu items

may invoke additional drop down menus, so that several drop down menus may be

active simultaneously. The initial drop down menu can only be created by selecting

a specific type of menu item from a menu bar. Consequently, drop down menus are

actually components of the menu bar control.

Menu items may perform four broad types of actions when selected. They are: i)
to initiate the display of a new drop down menu; ii) to toggle an application specific

value; iii) to initiate the display of a window; or iv) to invoke some application

specific behaviour, such as shutting down the application. Points one and two will be

discussed in detail in this section. Point thlee will be discussed in Chapter 7 where

multiple windows in a display ale discussed. Point four is beyond the scope of this

thesis. The characteristics of each type of menu item vary; however, all types have

two properties in common - a text label and a means of enabling or disablins the

item. Specifications of the menu item types follow:

InuokeWindowMenultem
label : STRING
enabled : Boolean
windowid : ID

The variable windowid refers to a unique identifier for the window to be displayed

when the menu item is selected.
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Inu oli e Dro p D own M enultem
label : STRING
enabled : Boolean
ddmid: ID

The variable ddmid refers to an identifier for

when the menu item is selected.

the drop down menu to be displayed

ErecCommandMenultem
Iabel : STRING
enabled : Boolean

ToggleValueMenultem
label : STRING
enabled : Boolean
appluar : Boolean

The variable appluar is an application-specific boolean variable that may be toggled.

These menu item types can be combined into one schema type using Hall's style.

This is useful for clarity of the specifications and provides a means by which the

object-oriented "isa" r'elationship can be expressed. First, using schema disjunction,

a new intermediate schema type is created:

Item ? InuolceWi,ndowMenultern V InuokeDropDownMenultem V
Erec C ornm an d M enu It em V To g gleValu e M enu It em

Next, a global identifier is required, with a value describing each menu item type:

MenultemType ::: IsalnaokeWindowMenultern 
I

I s a Inu ok e D rop D ownM enu It em 
I

Is aExecC ommandM enultem 
I

I s a To g gle Valu e M enultem

Finally, an abstract menu item can be specified by the following:

Menultem
rniid: ID
Itern
type: MenultemType

tape
type
type

type

IsalnuokeWindowMenultern A InaokeWindowMenultem V
IsalnaokeDropDownMenultem A InuokeDrop DownMenultem V
IsaUrecCommandMenultem A ErecCommandMenultem v
I s a To g gl e Valu e M enu I t e m A To g gl e Valu e M enu It e m

60



An abstract menu contains a non-empty series of unique menu items which appear

in a specific order:

MIenu
menuitems : ID -++ Menultern
disporder : seqID

dommenuitems: {m
domrnenui,tems: ran

ffmenuitems ) 0

: Menultem | * e ran rnenuitems ø m.m,i,idj
di,sporder

In the specification Menu,, the variable rnenuiterns refels to a set of menu items

uniquely identified by the domain. The variable disporder denotes the order in which

the menu items appear.

Popup Menu control A popup menu contains no menu item capable of invoking

a drop down menu. It is a window control, and so may be disabled:

PoytupMenu
Menu
enabled : Boolean

V rn : ran menu'items o
m.type f IsalnaokeDrop D ownM enultern

MenuFrornPopupMenu, :: (À PopupMenu e 0Menu)

Drop Down Menus and the Menu Bar control A single drop down menu is

identical to a popup menu except that there are no restlictions on its menu item

types. However, if a menu item exists that can invoke another drop down menu, the

two menus must be different. This plevents a dlop down menu from invoking itself:

DropDownMenu
ddmid: ID
Menu

Y m : ran menu'items e
m.type : IsalnuokeDropDownMenultem +

rn.ddmid i ddmid

MenuFromDropDownMenu :: (À DropDownMenu o 0 Menu)
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If several drop down menus are active at some point in time, they must have been

invoked in a sequence. The behaviour of these menus as a group is specified as follows:

DropDownMenusSeq
rnenus : ID -++ DropDownMenu
disporder : seqID

dommenus : {ddm : DropDownMenu I ddm € r.an n-¿enus ø ddrn.ddmid\
ffmenus ) 0

dol¡a menu.s : ran disporder
Vi:1 ..(ffmenus - 1) o

(1 rni : ran((disporder Ç menus)(i)).menui,tems ø

mi.type : IsalnuokeDropDownMenultem A
mi.ddmid : ((disporder Ç menus)(Z + t)).ddmid)

A menu bar, contains a sequence of menu items, none of which can toggle values.

Since a sequence of drop down menus must be initially invoked from selection of a
menu bar item, a property of type DroqtDownMenusSeq is included in the MenuBar

schema type:

MenuBar
Menu
enabled : Boolean
dropdownrnenus : Drop D ownM enusS eq

V rn : ran menuitems ø

m.type t' IsaToggleValueMenultem

MenuFromMenuBar -: (ì MenuBar o 7Menu)

5.1.5 Summary of Control Types

For notational convenience, it is desirable to create a general specification for a window

control. Since there are many kinds of window contr-ols, this specification must be

expressed in a hierarchical style. Following Hall's styie, this representation can be

done in Z by using schema disjunction and schema inclusion.

First, a transitional schema type called Control is created as the disiunction of all

window control schema types:

Control = PushButton V CheclcBor V RadioButtonGroup V ScrollBar V
TertUdit V Li,stBor y ComboBorsimple y ComboBorDrop y
Scrollfuegion Y PopugtMenu V MenuBar
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Next, an identifier is specified whose valid values represent a "tag" for each of the
window control tvpes:

ControlType ::: IsaPushButton I IsaCheckBor I Isafiad,ioButtonGroup
IsascrollBar I IsaTertUdit I IsaListBor I IsacomboBorsi,mple
[sacomboBo:rDrop I Isascrolthegion I IsaPopupMenu I IsaMenuBar

Finally, a windowcontrol schema type can be specified as follows:

WindowControl
wcid : ID
Control
type : ControlType

type - IsaPushButton A PushButton V
type: IsaCheckBor A CheckBor V
type - Isa&adioButtonGroup A RadioButtonGroup V
type - IsaScrollBar A ScrollBar V
type : IsaTertEdit A TertEd,it y
type : IsaListBor A ListBor V
type : IsaComboBoxSimple A CornboBorsimple V
type - IsaComboBorDrop A ComboBoxDrop V
type - IsaScrollRegi,on A Scroll&egi,on V
type : IsaPopupMenu A PopupMenu V
type: IsaMenuBar A MenuBar

5.2 Visual Representation of Controls

Thus far, visual characteristics of window controls have not been addressed. This
has been done deliberately so that the true functionality of various window controls
could be specified first, without being distracted by their visual representations. In
this section, a separate function is provided for each control that specifies how the
control is mapped to the screen. The relative placement of the components of each

control is also specified.

String and Push Button control The screen space occupied by a string and by a
push button control are given by the following functions for which only the signatures
are provided:

StringVSR : STRING -++ Vscreenùegion
PushButtonVSR : PushButton -# Vscreenfueoion

63



Check Box control A check box control is represented as a box with the associ-

ated text displayed directly to its right. Although the box's appear-ance may differ

depending on the value of the boolean variable to which it is associated, such intrinsic

details are not necessary at this specification level:

CheckBorVSR : CheckBor -t+ VScreenheoion

V cb : CheckBox; asr : VScreenfueg'ion ø

CheckBorVSR(cb) : usr è
()bor : VScreen&egion ø

åoz VSRLeftOf StrinsVSî(cb.tabel) A
,usr VS RContains StringVS R( cb.Iabel) t
usr VSRContains óoz)

The CheckBorVSR function asserts that a check box control is contained within a

rectangular virtual screen region; contained within this region ale two smaller regions,

with one appearing directly to the left of the other. The region at the left contains

the box, and the other contains the text flom the check box label.

Radio Button Group control A radio button is represented as a circle with its
text label immediately to the right:

Radi.oButtonVSï : RadioButton -t+ Vscreenfuesion

V rb : Radi,oButton; usr : VScreenfuegion ø

RadioButtonVS&(rb) : Tssy )
(- circle : VScreenùegion o

circle VSRLeftOf StringVS R(rb.label) A
usr VSRContains Stri,ngVS&(rb.label) A
osr VSRContains circle)

Radio buttons in a group cannot overlap and must be contained within the virtual
screen region mapped to the radio button group as a whole:

Ra di o B utt o n G r o up V S R : Ra di o B utt o n G r o up -+-> V S cr een Re g i, o n

V rg : Radi,oÛuttonGroup; asr : Vscreenfuegion ø

RadioButtonGroupVSî(rg) - asr +
(V rb,rb1 : rg.rbuttons ø

usr VSRContains RadioButtonVSÙ(rb) A
rbfrfu+

- ( Radio B utt onv S R(rb)V SROverl a ps

Ra di o B utt o n V S R(rb 7)))



Scroll Bar control A scroll bar control may appear horizontally or vertically on

the screen' The orientation determines the visual relationship between components

of the control. The difficult aspect of formally specifying the visual char-acteristics

of this control lies in the positioning of the thumb within the track according to the

range position value of the control. This has been accomplished by considering the

thlee cases separately: i) the thumb is at the "low" end of the track indicating the

range value is equal to the minimum Ìange value; ii) the thumb is at the "high" end

of the track; or iii) the thumb is at some point between the endpoints. In order to

reduce the size of the specification, the desired orientation of the scroll bar control is

passed (indicated by lineorienl in the following specification) wiih the scroll bar.itself
to the function ScrollBarVSR:

oð



ScrollBarVSR : (ScrollBar x I'ineorient) -++ VScreenfuegion

Vsó : ScrollBar; ori: lineorient; usr : VScreenfuegion ø

ScrollBarVSï(sb, ori) : usr )
('usr VSRContains PushButtonVSî(sb.rninbutton) A

usr VSRContains PushButtonVSï(sb.marbutton) A

usr VSRContains sb.thurnb A
S a m eS h a p eVS R ( Pzså, B utt o n V S R( sb . mi,nb utt o n),

P ush B utt o n V S R( sb . rn arb utt o n)) A
(l trackrninside : VScreenfuegion ø

(usr VSRContains trackrninside A,

VS RA dj a ce n t L i n e ( ( Pz sh B utt o n V S R( sb . minb utt o n)) ^
(trackrninside) ^ (sb.thumb)^
(PushButtonVSï(sb.marbutton)), ori)) =+

sb.rangeposn : sb.rangemar) A
(1 trackmarsi,de : VScreenfuegi,on c

(osr VSRContains trackmarside A
VS RA dj a ce n t L i n e ( ( Pz sh B utt o n V S R(sb . mi,nb utt o n)) ^

(sb.thumb) ^ (trackmarside)^
(PushButtonVSR(sb.marbutton)), ori)) +

sb.rangeposn : sb.rangemin) A
(1 trackminside, trackmarside : VScreen&egion ø

( usr VS RContains traclcmi,nsi,de A
øsr VSRContains trackrnarsi,de A

VS RA dj a ce n t L i n e ( ( Pz sh B utt o n V S R ( sb . mi,nb utt o n)) ^
(trackminsi,de) ^ (sb.thumb)^
(trackmarside)^
(PushButtonVSR(sb.marbutton)), ori)) +

# ( AllV S R P o ints (tro, ckminsi, d e)) div

# ( AIIV S R P o ints (trackm arside)) :
(sb.rangeposn - sb.rangemin * 1)div

(sb.rangemar - sb.rangemin + 1)))

The definition of the function ScrollBarVSR has four main parts. The first asserts

that the virtual screen region bounding the entire control contains two push button

controls and a thumb, and that the two push buttons have the same size. Each of the

next three sections deals with one of the three cases for thumb positioning. Taking

the final case fol illustration, the specification asselts that the virtual screen region

bounding the entire control must also contain two virtual screen regions corlesponding

to the two visible sections of the track bisected by the thumb. The "minimum" push

button, a portion of the track, the thumb, the second portion of the track, and the

"maximum" push button must appear either side by side in order from ieft to right,



or stacked from top to bottom, depending on the orientation passed to the function.

Finally, the areas of the two visible track segments must have the same ratio as the

value of the current range position within the range. This ensures that the thumb is

positioned appropriately.

Text Edit control A text edit control contains a vertical list of stlings, with a

scroll bar, if required, appearing to the right of the text area:

TertEditVSR : TertUdit -++ VScreenheoion

V te : TertEdit; usr : VScreenÃegion ø

TextUditVSï(te) : usr è
(1teúarea : VScreen&egion ø

(Vi : 1 .. #te.uisibletert ø

t ertarea VS RCo n ta i ns String V S R(te . uisibl et ert (i)) A
i < ftte.uisibletert +

Stri,n 9 V S R(t e. uisibl eterú ( i ) ) VS RA b ove

StrinsVSil(te.aisi,bletert (i, ¡ 1 )) ) A
osr VSRContains tertarea A
te.usuollbar f ØlSuollBarl +

( osr VS RCo nta i ns S crollB arV S R(t e . a s crollb ar,, u ertical) A

t ert are a VS R L eft Of S cr oll B ar V S R(t e . u s crollb ar,, u erti cal)))

List Box control A list box control has the same visual char-acteristics as a rextr

edit control:

ListBorVSR : ListBor -++ VScreenfueoion

V lb : Li,stBor; asr : VScreenfueg'ion e

ListBorVSR(lb): usr è
(llistarea : VScreenfueg'ion o

(Vi : 1 .. #Ib.uisibleitems o

Ii st ar e a VS R Co n t a i n s Strin g V S R((lb . ui s ibl eit erns (i)) . t ert) A
i < #lb.uisibleiterns +

Str in s V S R((lb . aisibl eit e m s (i)) . terú ) VS R A b ove
StringVS&((lb.ai,sibleitems (i + 1 ) ). úe*) ) n

usr VSRContains listarea A
lb.uscrollbar ( ØlScrollBarl +

('usr VS RCo n ta i n s S crollB arV S R(lb . us crollb ar, u ertical) r\
Ii st ar e a VS R Left Of S croll B ar V S R (lb . a s crollb ar, u erti, cal)))

Combo Box controls A simple combo box control appears as a text edit control

with a list box control appearing below it:
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ComboBorSirnpleVSï : ComboBorSi,mple -t+ VScreen&egion

V cbs : ComboBorSimple; asr : VScreenhegion ø

ComboÛoxSimpleVSî(cbs) - psy )
( osr VS R Co n ta i ns TentU di,tV S R(cb s . tertfi el d) A
usr VSRContains Li,stBoxVSÈ(cbs.picklist) A

VS R A dj a ce n t L i n e ( ( Teú E ditV S R ( cb s . t e rtf, el d,)) ^
( List B o rV S R( cb s . p i cklist)), a erti cal))

A drop down combo box control has a list box component that may appear any-

where on the screen, or may not be visible at all. Thus, the control must be mapped

to one virtual screen region that contains the text edit control and push button, and

a second virtual screen reqion that contains the list box control if it is visible:

ComboBorDropVSî : CornboBorDrop -++ P VScreenhegi,on

V cbd : ComboBorDrop;pusr : P VScreen&egion ø

ComboBorDropVSt(cbd) : pusr è
(l'usr : VScreenfuegion ø

t'sr VS RCon ta i n s Tert E ditV S R(cb d . tertf. el d) A
'usr VS RContains PushButtonVSt(cbd. dropbutton) A
VS RAdj a ce n t L i n e ( ( Tert E dit V S R ( cb d . t ertf, el d,)) ^

( P u sh B utt o n V S R ( cb d . dro pb utt o n)), h o r i z o nt al)
cbd.pickli,st e ØlLi,stBorl +

pusr : {usr} Â

cbd.picklist Ç ØfLi,stBor] +
pasr : { usr} U {ListBorVSR(cbd.pickli,st)})

Scroll Region control The scroll legion control appeaÌs as a screen alea with

scroll bals to the right, below, or both as required:

ScrollfuegionVSR : Scrollfuegion -++ VScreenfuegion

V sr : Scroll&egion; usr : VScreenfuegion ø

Scroll&egionVSî(sr) - usr è
(osr VSRContains sr.uiewportvsî A

sr.hscrollbar Ç ØlScrollBarl +
(osr VS RContains ScrollBarVSR(sr.hscrollbar, horizontal) A
VS RAdjacent Li n e ( ( sr. uiewportVS R)^

( S cro ll B ar V S R( s r . h s cr ollb ar, h o ri z o nt al)), h o ri, z o nt al)) n
sr.uscrollbar ( ØlScrollBarl +

( osr VS RCo n ta i n s S croll B arV S R(sr . as crollb ar, u erti cal) A.

vsR13r"",¿i;',:;;gåi,î":,'"::i,i::)i,rcot)),uerticat)))
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Popup Menu control A popup menu appears as a iist of strings, one per menu

item, whose ordering is defined by the disporder property. Note that relational com-

oosition is used in the followins definition to or-der the menu items:

PopupMenuVSR : PopupMenu --è VScreenfuegion

V pum : PopupMenu; usr : VScreenfuegi,on ø

PopupMenuVSï(pum) : ,"" =+
((V z : I . . ff(purn.di,sporder) ø

osrVSRContains
Strin g V S R(((p um . disp o r d er i p um . rn enuit ems) (i)) . I ab el)) A

: I . . ft(pum.disporder) - 1 e

S tr in g V S R (((p "* . disp o r d er Ç p um . rn enuit em s) (i)) . I ab el)
VSRAbove

Stri,ngVSR(((p"*. disporder Ç pum.rnenuiterns)(i + 1))./øåel)))

Menu Bar control Visual aspects of a drop down menu and a sequence of drop

down menus must be specified first, since drop down menus are components of a menu

bar control. The specification for a single drop down menu is identical to that for a

popup menu control:

DropDownMenuVSî : DropDownlVlenu -++ VScreen&eqion

V ddm; DropDownMenul usr : VScreenfuegion ø

DropD ownM enuVS R(ddrn) : asr +
((V ¿ : L . ff(ddrn.di,sporder) ø

osrVSRContains
Stri,n g V S R((( d drn . di s p o rd er i d dm . m enuit ern s) (i)) . I ab el)) n

(Vi : 1 .. ff(ddm.di,sporder)- 1 o

Strin g V S R((( d drn . dis p o r d er i d dm . m enuit em s) (i)) . I ab el)
VSRAbove

StrinsVS7(((ddrn. disporder i ddm.menuitems) ( ; + 1)). /øbel)))

A set of drop down menus maps to a set of virtual screen regions. The screen regions

in this set cannot overlap:

DropDownMenusSeqVSR : DropDownMenusSeq -++ P VScreenfuegi,on

V ddms : DropDownMenusSeq; pusr : P VScreenfuegi,on ø

DropDownMenusSeqVSï(ddms) : pasr )
((V ddm, ddrnl : ran ddms.menus ø

ddm I ddml è
- (Drop D ownM enuvS R(ddm)VS ROverla ps

Drop D ownM enuvS R(ddm1))) n
pDSr : DropDownMenuTS,B(ran ddms.menusl)



Visually, a menu bar consists of a sequence of

regions to which any drop down menus invoked

labels in a horizontal line, plus

from the menu bar are mapped:

MenuBarVSR : Menu9ar -++ P VScreenfueqion

V mb : MenuBar; pasr : P VScreenfueg'ion ø

MenuBarVSR(mb) - pusr è
(l usrseq : seqVScreenfuegion; barusr : VScreenhegion ø

pDSr : {barusr}l)
Drop D o wn M enus S eqV S R(rnb . drop d ownm enus) A

(Vz : 1 . . #(*b.disporder) ø

asrseq(i)V S RConta ins

Str in g V S R(((mb . di,sp o rd er Ç mb . m enui,t ern s) (i,)) . I ab el) [,
barusr VSRContains usrseq(z)) A

(Vi : 1 .. #(*b.disporder)- 1 e

VSRAdjacentLine((t'srseq(i)) ^ (asrseq(i + 1)), horizontal)))

5.2.L Summarr¡ of Visual Characteristics

Making use of the axioms and the Wi,ndowControltype defined earlier', one axrom can

be specified that will return the set of virtual screen pixels to which a given window

control maps. This function is very important in controlling the placement of window

controls, as will be discussed in Chapter 6.
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WindowControlPoints : WindowControl -++ P VscreenPirel

V wc : WindowControl; pasp : P VScreenPirel ø

WindowControlPoints(wc) : pasp è
(wc.type : IsaPushButton è

pusp : AllVSÈPoints(PushButtonVSR(wc.0 PushButton)) A
wc.type : IsaCheckBox è

pusp - AllVSíPoints(CheckBorVSÈ(wc.0 CheckBoz)) n
wc.type : Isa&adioButtonGroup è

pusp -
AllV S R P o ints ( Ra di o B utt o n G ro up V S R(w c. 0 Ra di, o B utt on G ro up))

wc.type : IsaScrollBar )
/

'o 

o t o 
oi W o P o int s ( S *ou B ar V S R (w c. 0 S c r oll B ar, h o ri z o nt at)) v

pusp:
All V S R P o i,nt s ( S uoll B ar V S R(w c . 0 S c ro ll B ar, u e rti c al))) A

wc.type: IsaTertUdit +
p u sp - AllV S RP oints ( TertÛ ditV S R(w c. 0 Tert E dit)) A

wc.type : IsaLi,stBox )
pusp : AllVSRPoints(ListBorVSR(wc.0 ListBor)) A

wc.type : IsaComboBorSirnple +
pusp -

AIIVS RP oints (C ombo B orSimpleVS R(w c.0 C ombo B orsirnple))
wc.tygte : IsaComboBorDrop +

pusp :
U( AU V S R P o int s I C o mb o B o x D r o p V S R ( w c . 0 C o mb o B o r D r o qt)l )

wc.type : IsaScrollÀegi,on +
pusft - AllVSRPoints(ScrollfuegionVSR(wc.0 ScrollAegion)) A

wc.tgpe : IsaPopupMenu è
pasp - AllVSîPoints(PopupMenuVS&(wc.0 P opupMenu)) A

wc.type: IsaMenuBar è
p u s p - U( AII V S R P o i,nt s I M enu B ar V S R (w c . 0 M enu B ar)l))

Note that for those controls mapping to mole than one virtual screen region, the

generalized un'ion (u) and relational image (([) operators are required.

5.3 Behavioural Abstraction of, Controls

In this section, the representational and visual aspects of the various controls are

combined with the mouse specifications. Almost all operations defined on window

controls make use of mouse actions either to initiate the action or to control its effect.

Each control may use a different mouse button for its actions, and the mouse button
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to be used for each control is specified globally. The GUI developer or user is free to

choose any of the three mouse buttons for each control:

B utt o nFo r P ushB utt on : B utt o n P o siti, on
B utton Fo r Ch eck B o x : B utt on P o siti, on
B utton Fo r Ra di o B utt o n : B uttonP o sitio n
B uttonFor S crollB ar : ButtonP o sition
B utto n For L istB or : B utt o n P o si,ti,on

ButtonForMenus : ButtonPosition

The operations discussed in this section are not exhaustive. Many operations

defined for primitive controls can be reused for defining similal operations on com-

posite controls in a straightforward manner. Unless a composite control's operation

requires additional behaviour, the operation will be omitted from the specifications.

For example, the operation of selecting an item from a list box will be specified as a

list box operation, but the operation of selecting a list box item from a combo box

control will be omitted since it adds no additional behaviour.

Operations on a window control can be performed only if the control is enabled.

The operations must leave the control enabled and preserve the value of the identifier

and the control type:

OpOnWi,ndowControl
A,WindowControl

wcidt : wci,d

typet : type
enabled':enabled:Yes

Push Button Control A
cursor over its virtual scleen

button control may be held

the cursor is positioned over

push button control can be selected by moving the mouse

region and clicking the mouse button. Similarly, a push

down by the user if the mouse button is held down and

the control's virtual screen region:

ButtonlsPushed
OpOnWi,ndowControl

type : IsaPushButton
M o u seC I i c k O bj ect ( Pz sh B utt o n V S R (0 P u sh B utt o n),

B utt o n Fo r P ush B utt o n, m o us en o w)
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ButtonlsHeldDoun
OpOnWindowControl

type : IsaPushButton
M o u se H ol d Dow n O bject( P ush B utt o nV S R(0 P ushB utt o n),

B utt o n Fo r P ush B utt o n,, m o us en ow)

Check Box control A check box control can be toggled by clicking on the virtual

screen reqion of the control with the mouse button:

ToggleCheckBor
OpOnWindowControl

type : IsaCheckBor
MouseClickO bject ( CheckB orVS R(0 CheckB or),

B utt o n Fo r Ch eck B o r, m o us enow)
selected' : Toggle(selected)
label' : label

Radio Button Group control A radio button in a ladio button gloup control is

selected by clicking on its virtual scleen region with the mouse button. The radio

button previously selected becomes unselected and the ladio button on which the

mouse clicks becomes selected:

SelectRadioButton
OpOnWi,ndowControl
rb? : RadioButton

type : IsaÃadio ButtonGroup
rb? e rbuttons
rb?.selected : No
MouseClickO bject( Aø dio ButtonV S R(rb?),

B utt o n Fo r Ra di o B utt o n ., m o u s en o w)
1, rb : RadioButton ø

rb e rbuttons A
rb.selected : Yes A,

rbuttonst : rbuttons \ {ró?, rå}U
{0t rbt : RadioButton 

I

rbl.selected : Yes A rfu.label :
{Qt rb, : RadioButton 

I

rb2.selected : No A rb2.label :

rb?.label c rfu)]U

rb.label c rb2)j
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The radio button that is to be selected is passed as an input to the operation. It
must be a valid button in the group and should not be selected in the initial state.

The specification also ensures that in the final state the radio button passed as input

is selected and the others are not selected.

Scroll Bar control The thumb of a scroll bar control may be moved in several

ways: i) by dragging the thumb to a new position; ii) by clicking on either.the "max"

push button or the "min" push button to move the thumb slowly; or iii) by holding

down either push button to move the thumb rapidly. The specification for the first

operation takes the new Ìange position as input, and asserts that the thumb was

dragged to the new position with the mouse. In the final state, the thumb of the

scroll bar control has this new position. The dependency between the range value

and the thumb position is enforced by the ScrollBarVSR specification:

MoueThurnb
OpOnWindowControl
rangeposn? : N

type : IsaScrollBar
rangeposn' : rangeposnT
(thumb', n'¿ousenow) : Mou." D ra g-n-D r op(thumb, ButtonForS crollB ar)
minbutton' : minbutton
matbuttont : marbutton
rangemin' : rangemin
rangerna:t' : Tangernar

The push button at either end of the scroll bar control may be clicked to change

the range position slowly. The new range value is taken as input and it must be

one greater than or less than the cur-L-ent value. The operation ensures that the new

position is achieved by clicking the appropriate end button:

74



PressScrollButton
OpOnWindowControl
rangeposn?:N

type - IsaScrollBar
Abs(rangeposn - rangeposnT) :7
rangeptosnT 1 rangeposn )

(minbutton' : (p ButtonlsPushefi 
|

0 PushButtoTlt - minbutton ø 0 PushButton!) A
marbuttont - maxbutton)

rangeposn? > rangeposn è
(rnarbutton' : (p ButtonlsPushefi 

|

0 PushButtoTll : marbutton ø 0 PushButtonl) A
minbuttont : minbutton)

rangeposn' : rangeposn?
rangemin' : rangemin
rangemar' : Tangern(i,r

In the PressScrollButton specification, the range value may either increase or decrease

depending on the input value. Each case is specified in separate predicates since a

different push button must be clicked for each case. If the input range position is

less than the current position, then the "min" push button has been ciicked and the

"max" push button is ignored. The act of clicking the push button is specified using

the p' expression where the initial and final states of the ButtonlsPushed opelation

corresponds to the states of the "min" push button control in the initial and final

states of WindowControl. A similar method is used for increasing the range position

value by clicking the "max" push button control.

A scroll bar control's range value may be moved in larger increments by holding

down the push button at either end. The specification for this operation is similar to

that defined above, except that the new r-ange position is unrestricted:
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HoldScrollButton
OpOnWindowControl
rangeposn? : N

type - IsaScrollBar
rangeposn? < rangeposn +

(rninbutton' : (l.t ButtonlsíeldDownl 
I

0 PushButtonll : minbutton ø 0 PushButton'-t) A
rnarbutton' - rnarbutton)

rangeposnT ) rangeposn è
(marbutton' : (lt ButtonlsUeldDownl 

I

0 PushButtoTll : marbutton ø 0 PushButtont) A
minb uttont : rninbutt on)

rangeposn' : rangeposn?
rangemin' : ro.ngemin
rangernar' : rangernL,r

In summaly, the range position of a scroll bar control may be changed in three different

ways:

ChangefuangePosn = MoaeThumb V PressScrollButton Y HoldscrollButton

Text Edit control A new line of text may be added to a text edit control at a
given line, or a given line of text may be deleted. For these operations, state change

in the aisibletert and uscrollbar prope.-ties are not restricted since their values are

calculated in the TertÛdit schema for all bindings. The specifications for adding a

new line of text follow:

AddNewTertLi,ne
OpOnWindowControl
str? : STRING
lineposn? : N1

type : IsaTertUdit
lineposn? 1 fftert
tertt: {z:1..lineposn?. -1}1 tert^ (súr?)^

{i : lineposr?. .. fftert} I tert
hei,ght' : height

In AddNewTeúLine, the binary infix operator '] represents seqze nce ertraction. Given

asetof indiceslandasequenceof elementsE, I 'l Ereturnsasequenceof elements

from E having indices in 1, in the same order as in 1. Its function in the above
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specification is to extlact two subsequences frorn text, where the division between

subsequences occurs at the element indicated by lineposn?. The symbol ^ denotes

sequence concatenation in Z. If & and ,52 are two sequences, S, ^ S, contains the

elements of ^91, in order, followed by the elements of ^92, in order.

A line of text may be deleted from a text edit control as specified by the following:

DeleteTextLine 

-OpOnWindowControl
lineposn? : N1

type : IsaTertUdi.t
Iineposn? 1 fftert
tert': {i:1..lineposn? -1}1 tert^

{i : lineposn? + L . . fttert} I tert
height' : hei,ght

Changing a text line can be specified as a composition of the text iine deletion oper-

ation followed by the text line addition operation:

ChangeTertLine = DeleteTertLi,ne E AddNewTertLi.ne

List Box control Clicking on an item in a list box control causes the item to become

selected if it was not already selected, or unselected if it was previously selected. The

item to be selected or unselected by the user must appeaÌ on the screen since it must

be clicked by the mouse. The uisibleitems and selecteditems properties ar-e calculated

by the ListBor schema for all bindings, so their values need not be restricted for the

state change implied by the operation:

Toggleltem
OpOnWindowControl
Ii? : Listltem

type - IsaListBor
(li?) in uisibleiterns
M o u secl icko bj ect ( súr ing v s R(li? . tert),, B utt on For L istB o r,, m o us enow)
raniternst: ran items \ {/z?}U

{(p.li. : Listltem 
1

Ii.tert : Ii?.tert A li.selected : Toggle(ti?.selected))\
heightt : height
uscrollbar' : uscrollbar
multiple' : rnulti,ple
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Combo Box controls If a drop down combo box control's push button is clicked

with the mouse, its list box will appear if it is not currently visible, or disappear if it
is currently visible:

ComboBorToggleList
OpOnWindowControl

type : IsaCornbo B orDrop
dropbutton' : (p ButtonlsPushefi 

|

0 PushButtor4 - dropbutton o 0 PushButtoni) A
pi,cklist e ØlListBorl +

picklist' f ØlListBorl
picklist Ç Ø[ListBor] +

picklist € ØlListBorl
tertf"eld' : tertfr,eld
statict : static

Text may be changed within a text edit region for either type of combo box control,

provided it is not static and no items are selected from the list box. If text is entered

into the text field of a drop down combo box, the list box is automatically removed.

ChangeCornboBorTert
OpOnWindowControl
Iineposn? : N1

str? : STRING

type - IsaComboBoxSimple Y type : IsaCornboBorDrop
stati,c: /y'o

ff picklist. selectedi,tems : 0

tertfi,eld' : (p, ChangeTertLiner | 0TextUdih -- tertfield o 0TertEditÐ A
type : IsaComboBorDrop è

picklist' e Ø[ListBorl
type - IsaCornboBorSirnple +

picklistt : pickli,st
stati,c' : stat'ic
type : IsaComboBorDrop ë dropbutton' : dropbutton

Scroll Region control A scroll region control may be enlarged, shrunk or moved

when the window in which it is contained is scaled or moved (as discussed in Chap-

ter 6). It cannot be scaled or moved directly with the mouse. It is to be noted that

enlalging a scroll region control exposes more information from the work area, shrink-
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ing it causes a portion of the previously displayed information to disappear- from view,

and moving it exposes the same wor-k area information as before the move:

EnlargeScrollRegi,on
OpOnWi,ndowControl
direction? : directior¿

type : IsaScrollfuegion
uiewportVSt' : (p Enlargevsh I directionTl: direction? A

0 VScreen&egionl : aiewportvsfu ø 0VScreenfuegioní)
All W R P o int s (ui eup o rt W R) C AII W R P o int s (u i e w p o rt W R' )
zoomfactort : zoomfactor

ShrinkScrollReoion
OpOnWindowControl
direction? : direction

type - IsaScroll&egion
ui,ewportVSï' -- 0t ShrinkVSh I direction?1: direction? A

0 VScreenfuegionl : uiewportvsfl ø 0 VScreenfuegioni)
All W R P o i,nt s (u i ewp o rt W R' ) C AU W R P o i,nt s (ai ewp o rt W R)
zoomfactor' : zoomfactor

MoueScrollRegion
OpOnWindowControl
directi,on? : direction

type : IsaScroll&egion
uiewportVSt' : (p MoueVSh I di,recti,on?1 : directi,on? A

0 VScreenfuegionl : uiewportvs| q 0 VScreengegioni)
All W R P o i,nt s (u i ewp o rt W R) : All W R P o ints (ui e w p o rt W R' )
zoornfactor' : zoornfactor

Generic menu item operations Of the four menu item types discussed earlier,

three exhibit a behaviour when selected that can be modeled independent of the

application using the menu item. The fourth menu item type, namely that which

indicates the execution of some application-specific action, has an application depen-

dent behaviour when selected, and hence is beyond the scope of this thesis. After the

selection operation on the three menu item types is specified, they will be promoted

to define menu operations. First, every operation on a menu item must ensure that

the menu item remain enabled and its type and identifier are unchanged:



OpOnMenultem
L,MenuItern

enabled':enabled:Yes
miid' : miid
typel : type

A menu item can be selected by pointing to its

clicking on it with the mouse button indicated

text label with the mouse cur-sor and

by the variable ButtonForMenus:

SelectMenultem- : P Menultem

Y rni : Menultem ø

SelectM en u ltem( nzi) <+

M o usec I ic k o bj ect ( súr in g v s R(mi . lab el), B utto nFo r M enus, m o us en o w\

A menu item can be toggled by changing the boolean variable apytluar specified in

Menultem:

ToggleMenultem
OpOnMenuItem

type - IsaToggleValueMenultem
Select M e n u ltem(0 M enult em)
appluar' : Toggle(appluar)

At this stage, only the selection action for menu items that display windows or

menus when selected is specified. The operations for creating new menus and selecting

a window will be specified in Chapter 7.

NewWindowID : Menultem -+-> ID

V mi : IVIenultem o

NewWindowlD (mi) : mi.windowid A
mi,.type : IsalnaokeWindowMenultem A
Select Men u ltem( nzi)

NewMenuID : Menultern -++ ID

V mi : Menultern o

NewMenuID(mi) : mi. ddmid A
mi.type : IsalnuokeDrop D ownMenultem
SelectMenultem(nzz)
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Generic menu operations Operations on

items, but cannot add or remove menu items.

items cannot be changed. This is asserted by

menus can change the states of its menu

As well, the displayed ordel of the menu

the followinq schema:

OpOnMenu
A,Menu

dommenuitems' : dom menuitems
disporder' : disporder

Toggling a menu item contained within a

moting the ToggleMenultem schema operation

MToggleMenultern
OpOnMenu
mi,id? : ID

menuitemst : rnenuiterns
0MenuItem

simple menu can be specified by pro-

using Hall's style:

{miid? - (p ToggleMenultem 
I

menuitems (miid? ) ø 0 M enultenn' )\

In the MToggleMenultem operation, all menu items from the initial state r-emain

unaffected except for the menu item indicated by the miid? input. For this menu

item the ToggleMenultern state transition is applied where the initial state of the

menu item is used as input. The result of this promoted operation is used as the final

state value for the menu item.

Simple functions are provided next for menu items that invoke a new window or

a new menu when selected:

MNewWindowID : Menu x ID -+ ID
V m : Menu; mi,i,d : ID ø

M N ew Wi,n d o w I D (rn, mii d) : N ew Win d o w I D (m . m enuit ems (mii d))

MNewMenuID : Menu x ID -t+ ID

V m : Menu; rniid : ID a

M N ew M enu I D (m, mi,i, d) : N ew W in d o w I D (m. rn enu,it ems (rnii d))

These three simple menu operations can now be reused to create operations for

each of the three menu tvpes.
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Popup Menu control Toggling within a popup menu can be specified as follows:

PToggleMenuItern
OpOnWi,ndowControl
miid? : ID

type - IsaPopupMenu
MenuFromPopupMenu(0 PopupMenu') - (¡-t MToggleMenultem 

I

0 Menu : MenuFromPopupMenu(0 PopupMenu) ø 0 Menu')

Again, the full specifications for creating a new window when a menu item is

selected will be deferred until Chapter 7. For now, only a promoted version of the

more generic function is specified.

PNewWindowID : Wi,ndowControl x ID -++ ID

V wc : WindowControl; miid : ID ø

PNewWi,ndowID(wc,, miid) : MNewWindowID(wc.0 Menu, miid) A
wc.type : IsaPopupMenu

Menu Bar control Operations must fir'st be specified for a drop down menu and

for drop down menu sequences since they are components of the menu bar control.

Operations on a drop down menu cannot alter the menu's identifier, as asserted

by the following:

OpOnDropDownMenu
A,DropDownMenu

OpOnMenu
ddmid' : ddmi,d,

The next three specifications are straightforward promotions of the operations defined

on Menu:

DToggleMenultem
OpOnDropDownMenu
miid? : ID

MenuFromDropDownMenu(O DropDownMenu') : (¡1, MToggleMenultem 
I

0 Menu : MenuFromDropDownMenu(0 DropDownMenu) o 0 Menu,)

DNewWindowID : DropDownMenu x ID -++ ID

V ddm: DropDownMenu; miid: ID o

D N ew Window I D (d drn, mi.i. d) : M N ew Wi.n d ow I D ( d dm. 0 M enu, miid)
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DNewMenuID : DropDownMenu x ID -++ ID

V ddm: DropDownMenu; miid: ID ø

D N ew M enul D ( d drn, rnii d) : M N ew M enu I D ( ddm. 0 M enu, rnii, d)

Since drop down menus may appear in groups as indicated by lhe DropDown-

MenusSeq schema type, the operations just defined for a single drop down menu must

be redefined within the larger context of multiple active drop down menus. The action

of creating a new drop down menu can also be fuliy specified at this point.

A1l operations perfolmed on a sequence of drop down menus exhibit a common

trait: if a menu item is selected from drop down menu ,i, any drop down menus

dependent on drop down menu i are removed. To capture this, primitive operations on

a DropDownMenusSeq type will be defined first, and then using schema composition

this additional behaviour will be added.

There are no restrictions on changing the state of a DropDownMenusSeq schema

type:

Op OnDrop D ownM enusS eq = L Dro p D ownM enusS eq

Given a drop down menu indicated by

this menu indicated with the miid? input,

ddmi,d? input, and a menu item fr-om

menu item can be toggled:

the

the

DDMToggleMenusltem\
OpOnDropDownMenusSeq
ddmi,d? : ID
mi,i,d? : ID

ddrnid? e dom rnenus
rnenlts' : rnenl.Ls Ø {ddmi,d? * (p DToggleMenultem 

I

0 DropDownMenu : menus(ddrnid?) ø 0 DropDownMenu,)j
disporder' : disporder

Given the same input as above, the window identifier for the window to be dis-

played is provided as output:
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DDMNewWindowID0
OpOnDropDownMenusSeq
ddmid? : ID
mii,d? : ID
windowi,d!: ID

ddmid? € dom rnenus
win d o w i dl : D N ew W in d o w I D (rn enu s ( d drni, d? ), mii d7 )
ïnenu,s' : nLenLLs

di,sporder' : disporder

A new drop down menu will be displayed if the correct menu item type is selected

from another drop down menu in the group. This menu item must be contained

within the last drop down menu in the sequence of menus. The new menu will be

added to the end of the sequence, thus becoming dependent on the menu whose item

was selected. The menu identifier, menu item identifier and the new drop down menu

are passed to this operation as input:

DDMNewMenu\
OpOnDropDownMenusSeq
newddm? : DropDownMenu
ddmid? : ID
miid? : ID

newddm?.ddmid f dom rnenus
newddm? . ddrni,d : DNewMenuID (menus(ddmi,d?), miid?)
n'¿en'.rs' : n'¿enlts U {newddm?.ddmid ,-. newddm?}
disporder' : disporder ^ (newddmT.ddtnid)

Removal of trailing drop down menus requires manipulation of the disporderprop-

ertv:

Rem o u e Tr ailin g D ro p D o w n M enu s

OpOnDropDownMenusSeq
ddrnid? : ID

3ri:1..ffdisporderc
((di,sporderi menus)(i.)).ddmid : ddmid? A

ffdispordert : i A
(Vj:7..io

disporder' (j ) : di,sporder (j ))
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These opelations can be composed into three new operations, ensuring that the

drop down menu on which each opelation is applied, represented by the input d,d,mid,?,

is always the last menu in the sequence of drop down menus:

DDMToggleMenusItem ?
Rem o u e Trailin g D r o p D o w n M enu s Ç D D M To g gl e M enus It e m0

DDMNewWindowID =
Rem o u e Trailin g Drop D o wn M enu s i D D M N ew Win d o w I D 0

DDMNewMenu a
Remo u eTrailing Drop D ownM enus i D D M N ew M enuT

Finally, selection of menu items on a menu bar can be specified. Selection of

a menu bar menu item can invoke a window, perform some operation, or. invoke a

drop down menu. Since drop down menus are part of MenuBør, operations defined

on DropDownMenusSeq can be used to specify the operations within the menu bar

context.

As with the other menu types, complete specifications fol invocation of a window

are deferred:

MBNewWindowID : WindowControl x ID -+ ID
V wc : WindowControl; miid : ID ø

M B N ewWind o w I D (w c, mi,i, d) : M N ewWind o w I D (w c. 0 M enu,, mii d,)
wc.type : IsaMenuBar

The operation for invoking the initial drop down menu accepts the new drop down

menu as input, and ensures that the menu item selected must invoke a dr-op down

menu with a matchins identifier:

MBNewDropDownMenu
OpOnWindowControl
newddm? : DropDownMenu
mi,i,d? : ID

type : IsaMenuBar
newddm? . ddmid : MNewWindowID (0 Menu, miid?)
l ddrns : DropDownMenusSeq o

ddms.n-Lenus : {newddm?.ddmid -> newddm?} A
ddms.disporder : (newddm?.ddmid) A
dropdownmenLLs' : ddms

menu'iternst : menuitems
d'isporder' : disporder



Operations defined on DropDownMenusSeq can be used to create operations on

MenuBar:

MB-DDMToggleMenultem
OpOnWindowControl
miid? : ID
ddmid? : ID

type - IsaMenuBar
dropdownmenrls' : (p, DDMToggleMenusItern 

I

0 DropDownMenusSeq : dropdownrnenus ø 0 Drop DownMenusSeq')
menuitemst : menuitems
disporder' : disporder

MB-DDMNewWindowID
OpOnWindowControl
mi,id? : ID
ddmid? : ID
windowid!: ID

type: IsaMenuBar
dropdownmennst : (¡t DDMNewWindowID 

I

0 DropDownMenusSeq : dropdownrnenus ø 0 DropDownMenusSeq')
menuitemst : menuitems
disporder' : disporder

MB-DDMNewMenu
OpOnWindowControl
miid? : ID
ddmi,d? : ID
newddm? : DropDownMenu

type - IsaMenuBar
dropdownmenust : (p, DDMNewMenu 

I

0 DropDownMenusSeq : dropdownrnenus ø 0 DropDownMenusS eq')
menuitemst : menuitems
disporder' : d'isporder

5"4 Summarv

In this chapter, a variety of window controls were defined including a multitude of

operations, many using the mouse. These specifications are suficiently generic to be

incorporated as part of the specifications for a large GUl-based system.
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Chapter 6

Windows

A window is the primary mechanism in a GUI through which application information

and controls are grouped and presented to the user. The collection and the respective

semantics of the controls within a window are dependent on the application and are

selected by the application designer. This chaptel contains detailed specifications for

windows, including their behaviour, visual characteristics and operations that can be

performed on them.

6.1- The .Window

In general, a window has a caption explaining its role or puïpose in the application

domain. Every window has a set of controls which enable the user to interact with

the window. At any one time, at most one of these controls can have operations

performed on it. Such a control is said to haue focus. It may also be possible that

none of the controls have focus at a given time. There aïe two types of windows -

modal and modeless. A modal window must be closed before another window can

be selected by the user, whereas a modeless windo\M can become inactive and placed

into the background temporarily. A window also has a unique identifier. These

characteristics are specified in the followins schema:
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Window
wid: ID
caption: STRING
controls : ID -++ WindowControl
focuscontrol: ID
modal : Boolean

I wc € ran controls ø wc.wcidj

6"2 Visual Characteristics of Windows

This section describes the relationship between the visual characteristics of controls

in a window and that of the window itself. Generally, the following constraints are

imposed on the placement of controls within a window: i) except for the control

having focus, no two controls can overlap each other; ii) each window has a group

of pixels contained in the moue handle. A window can be moved by dragging one of

the pixels in its move handle to a new position. For each window, the pixels forming

its move handle can be computed based on the size of the window; iii) similar to the

move handle, there exists eight groups of distinct pixels which enable scaling of the

window. Each such group of pixels is known as a scale handle, and the precise pixels

contained within the scales handles can also be computed based on the size of the

window; iv) the handles of a window can neither overlap among themselves, nor with

any of the controls not having focus; and v) the control having focus in a window, if
one exists, can overlap with any other control or any handle.

These restrictions are specified below. For ease of understanding, each restriction

is specified independently as a global function on a window.

Control positioning Unfocused controls in a window cannot overlap. This is
asserted by the following function that returns the set of virtual screen pixels to

which all unfocused controls maÐ:

dom contr7ls : {wc
focuscontrol € dom

: WindowControl
controls U ØlIDl
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UnfocusedControlPoi,nts : Window -t+ F VScreenPirel

Y w : Window; pusp : P VScreenPirel ø

UnfocusedControlPoints('u) : pusp è
(p r tp : l) ( Win d o w C o ntrol P o ints lr an w . co ntr o I s\

{w . controls (w .focus control)}l) A
(Y wcid,, wcidl : dom u. controls \ {w.focuscontrol} ø

wcid I wcidl è
W i,n d o w C o ntr ol P o int s (w . co ntr ol s (w ci d)) )

Win d o w C o ntr o I P o ints (w . co ntrols (w ci d1)) : Ø))

In the UnfocusedControlPoints function, the predicate

pasp - l)(WindowControlPoinús(ran w.controls\
{ w . co ntrols (w . f o cu s co ntr ol)}l)

computes the set of all pixels to which all controls in the window, except fol the

control having focus, are mapped. The expt-ession

t an w . controls \ {w . co ntrols (w . f o cus co ntrol)}

computes the set of all controls in the window excluding the control having focus.

The function WindowControlPoints is then applied successively to each element of

this set. The result is a set of pixel grorlps, one group per control. The application

of the lJ operation to this set results in a simple set of distinct virtual scïeen pixels.

The function FocusedControlPoinús given below returns the virtual screen pixels

occupied by the control having focus in a window. Note that this function returns

an empty set of pixels if no control has focus, otherwise it returns the set of pixels to

which the control maos:

FocusedControlPoints : Window -t+ P VScreenPirel

V w : Wi,ndow; pusp : P VScreenPi,rel o

FocusedControlPoints(u) : pusp è
(w.focuscontrol e ØlIDl +

pusp-ØA
w.focuscontrol Ç ØlIDl +

p D sp - W i,n d o w C o ntr ol P o int s (w . co ntrol s (w . f o cu s co ntr o l)))

Typically, a window itself occupies a virtual screen region. This view of a win-

dow as a distinct virtual screen region greatly helps in understanding the rest of the

specifications in this chapter. Since the schemas Wi,ndow and Vscreenfuegi,on refer to
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different types inZ,the following function is required to support this view; this func-

tion is assumed to be understood by the reader and hence is not further elaborated:

I WtndorVSR: Window ---+ Vscreen\egion

Note that WindowVSR is a total function; this means that every window can be

mapped to a virtual screen region.

Move Handle A window's move handle pixels are contained in a horizontal region

that in turn contains the window caption text as a subset. This is asserted by the

followins:

MoaeiløndlePirels : Window -++ P VScreenPirel

V w : Window; p1)sp : P VScreenPirel ø

MoueHandlePirels(w) : pusp è
(1asr : VScreenfueg'ion e

WindowVSR(tr) VSRContains usr A
pusp : AllVSíPoints(asr) A

usr VS RContains StringVSR(w. capti,on))

Scale Handle The eight scale handles are contained within the border pixels of a

window. The set of pixels comprising a window can be thought of as being contained

in a virtual screen region surrounded by foul borders (of equal thickness) on the four

sides. The relationship between the border pixels, the window pixels and the virtual

screen region inside a window can be specified. Given

I borderuidúä: N1

as a global variable, the function WindowBorderPoints given below identifies the

border pixels of a window:

Wi,ndowBorderPoints : Window -++ P VScreenPirel

V w : Window; pasp : P VScreenPirel ø

WindouBorderPoints(r) : pasp è
(1 inusr,bigusr : Vscreenhegion o

bigasr : WindowvSï(w) n
inasr.topleft.r : b'igusr.topleft.r * borderwidth A
i,nasr.topleft.U : bigusr.topleft.y I borderwidth A
inusr.botright.r : b,igasr.botright.r - borderwidth A
inusr.botright.y : bigasr.botright.y - borderwidth A
p 1) sp : All V S R P o int s (b i g a s r) \ AllV S R P o ints (inu sr))



The WindowBorderPointsfiinction asserts that there is a smaller virtual screen region

contained within the window's virtual screen r-egion, such that the top left corner pixel

and the bottom right corner pixel of the smaller region have coordinate values offset

exactly borderwidtå pixels from the largel region's top left and bottom right corner

pixels.

Handles for scaling a window towalds the top, bottom, left or right sides are

located along the top, bottom and side borders of the window, however-, they do not

occupy all border points along each side. Handles for moving in the four diagonal

directions are located in the colner border positions of the window and along each of

the two nealest side borders for some distance from the colner of the window. The

top left scale handle, for example, is located along the left portion of the top border

and along the top portion of the left border. As such, none of the eight scale handles

share pixels, and they collectively occupy all window border pixels. The distance that

a corner scale handle extends into the side border points is indicated by the following

elobai variable:

I cornerdisúøzce : N1

Given a window and the

for the side scale handles

direction of a scale handle, the set of virtual screen pixels

can be identified as follows:
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sidescaleilandlePirels : window x directi,on -++ p vscreenpirel

V w : Wi,ndow; dir : di,rection; pasp : F Vscreenpixel ø

SideScaleHandlePirels(w, dir) : pusp +
(let t o gtl eft n s p : - N e ar V S creen P ir el ( W in d, o w B o rd, er p o int s (w)) ;

b otri ghta s p : : Far v s cr een p ir el ( win d o w B o r d, e r p o ints ( u)) ø

dir : Top è pasp - {asp : Vscreenpirel 
I

usp € WindowBorderPoints(r) n
to\tleftusp.r * cornerdistance 1 usp.r 1

botrightusp.r - cornerdistance A
toytleftusp.y 1 usp.y 1 topteftusp.y I borderwid,th ø

dir : Right è pasp - {rtp : Vscreenpixel 
I

usp € WindowBorderPoi,nts(r) n
botrightusp.r - borderwidth 1 usp.r 1 botrightasp.r
topleftasp.y * cornerdistance 1 usp.y 1

botri,ghtusp.y - cornerdi,stance o usp] Â
dir : Bottom ) pasp - {asp : Vscreenpirel 

I

usp € WindowBorderPoints(r) n
topleftusp.r * cornerdistance 1 usp.r 1

botrightusgt.r - cornerdistance A
botrightusp.y - borderwidth 1 usp.y 1

botrightusp.y o aspj A
dir : Left + pvsp : {usp : Vscreenpirel 

I

usp € WindowBorderPoints(r) n
topleftasp.r 1 usp.r 1 topleftusp.r I borderwid,th A
topleftusp.! * cornerdistance 1 asp.y I

botrightasp.y - cornerdistance n aspj)

uspj t

The set of virtual screen pixels for the corner scale handles can be identified as follows:
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cornerScaleUandlePirels : window x direction -++ P vscreenpi,rel

V w : Window; di,r : directiory pDSp : F VscreenPirel ø

CornerScaleHandlePi,rels(w, di,r) : pusp è
(let t o pl efta s p : - N ear V S creen P ir el ( Win d o w B o rd. er P o int s (w)) ;

dir

dir

botrightusp :- FarVScreenPirel(WindowBorderPoints(tr)) o
: Topîight + pusp : {usp : VScreenPirel 

I

asp € WindowBorderPoints(r) n
(FarVScreenPirel(SideScaleUandlePixels(w, Top))).r + i <

usp.x 1 botri,ghtusTt.x A
(NearVScreenPirel(SideScaleUandlePirels(w, Right))).y - I <

asp.y 1 topleftasp.y o usp] A
: TopLeft è pusp : {usp : VscreenPixel 

I

usp € WindowBorderPoints(r) n
topleftusp.r 1 usp.r I

(NearVSueenPirel(SideScaleUandlePirels(w, Top))).r - 1 A
topleftusp.y 1 usp.y 1

(NearVScreenPirel(SideS caleUandlePirels(w, Left))).y - I u uspj
: Bottom&ight + pusp - {usp : VscreenPirel 

I

usp € WindowBorderPoints(r) n
(FarVScreenPirel(SideScaleúandlePirels(w, Bottom)))." + t <

asp.r 1 botrightasp.r A
(FarVScreenPirel(SideScaleUandlePirels(w, Right))).a + t <

usp.y 1 topleftasp.y o usp] A
: BottomLelt + pusp - {usyt : VscreenPirel 

I

asp € WindowBorderPoints(r) n
topleftusp.r 1 usp.r 1

(NearVSueenPfuel(Si.deScaleHandlePirels(w,, Bottom))).2 - 1 A
(FarVScreenPirel(SideScaleUandlePirels(w, Left))).A + I <

asp.y 1 botrightusp.y o usp\)

dir

The general function for returning scale handle pixels for any of the eight directions

can be specified as follows:

ScaleHandlePirels : Window x di,rection -+ P Vscreenpi,rel

Y w : Window; dir : direction; pusp : P VscreenPirel ø

ScaleUandlePircls(w, dir) - pusp è
(SideScaleHandlePixels(w,, dir) : pasp y
CornerScaleilandlePirels(w, dir) : pusp)

Overlapping Components of a window cannot overlap, with the exception of the

control that has focus. This control may overlap any part of the window, or any

other window as well. This property is asserted by the following function which
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returns the viltual screen pixels to which a window maps in addition to specifying

this overlapping restriction:

AllWindowPoi,nts : Window -++ P VScreenPirel

V w : Window; pasp : P VScreenPirel ø

AllWindowPoints(w) : pusp )
(){ U nf o cu s ed C o ntr ol P o int s (w), M o u e H an dl e P ir el s (w),

l)(ScaleHandlePtuelsl{dir : direction ø (w,, dir)}D)} : ø n
p a sp : AllV S R P o ints ( Win d o u V S R(w)) U Fo cu s ed C o ntr ol P o ints (w))

The AllWi,ndowPoints function ensules that the set of pixels to which all unfocused

controls map, the set of pixels to which the move handle maps, and the set of pixels

to which each of the eight scale handles maps do not intersect. Since there are eight

distinct directions, the set of all scale handle pixels groups is first computed using

the relational image operation ((D) o" the set of ordered pairs containing all possible

directions as the first element and the window as the second element. The generalized

union operation (U) i. then applied to the set of pixel groups to return the set of ail

pixels comprising the window's scale handles.

6.3 Operations On A Window

In this section, two main categories of window operations are discussed. The first is

concerned with manipulating the controls associated with a window, which include

operations to manage the focus of controls. The second categoly includes operations

that scale and move a window.

Any operation performed on a window preserves the window identifier, the caption

text, and the vaiue of the modal property. The states for any controls associated with

a window may be altered by an operation, however controls cannot be added to or

removed from the window. These restrictions can be specified by the foilowing:

OpOnWindow
A,Wóndow

caption' : capti,on

dorn controls' : dom controls
modal' : modal
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As with control operations, ali

indicated by a global identifier:

window operations use a specific mouse button, as

I ButtonForWindouOps : ButtonPosition

Manipulation of Controls The control that is cullently being manipulated by

the user with the mouse becomes the focused control in the window. When focus is

switched, two separate events occur: the control originally having focus loses focus

and the control to which focus moves receives focus. These two events can be soecified

separately, and then combined to specify the switching operation.

To give focus to a control, its identifier must be assigned to the window's focus-

control property:

GiaeFocus

OpOnWi,ndow
wcid? : ID

wcid? € dom controls \
focuscontrol' : wcid?
controls' : controls

{focuscontrol}

Removing focus from a control is less str-aightforward. When a drop down combo

box control loses focus, its floating list box component must vanish. Similarly, drop

down menus associated with a menu bar control must disappear from view. All other'

control types have no special properties when focus is removed from them. The

removal of focus from a control implies that no control will have focus in the final

state. The foliowing operation specifies the removal of focus from the control which

had focus in the initial state:



RemoaeFocus

OpOnWindow

(controls(focuscontrol)).typ" : IsaCornboBorDrop +
controls' -- controls Ø {focuscontrol r--+ (p, OpOnWindowControl 

I

0 WindowControl : controls(focuscontrol) A
picklist' e ØlListBor) A

dropbutton' : dropbutton A
tertf,eld' : tertf,eld A
static' : static A
enabled' : enabled ø ?WindowControl')j A

(controls(focuscontrol)).typ" : IsaMenuBar )
controls' : controls Ø {focuscontrol v-+ (¡1. OpOnWindowControl 

I

0 WindowControl : controls(focuscontrol) A
menu'iternst : menuitems A

di,sporder' : disporder A

dropdownmenus' e ØlDropDownMenusSeql ø 0 WindowControl')j A
( c o ntro I s (f o cu s co ntrol)) . ty p 

" f I s a C o mb o B o r D ro 7t A
( controls (f o cus co ntrol)) . tap 

" f Is aM enuB ar è
controls' : controls A

focuscontrol' e ølIDl

As an illustration, if a drop down combo box control has focus removed, this operation

has the effect of assigning an "empty" value to the picklist property through the

expression pickli,st' € ØlListBorl.

Switching focus is accomplished by removing focus from the control cullently

having focus and giving it to anothel control. This operation can be specified by using

schema composition of the RernoueFocus and GiueFocus schema operations with the

additional criteria that the control receiving focus did not originally have focus. This

restriction is added to the schema composition by use of schema conjunction:

SwitchFocus = [OpOnWindow; wcid? : ID I wcid? f focuscontrol] A
(RernoueFocus ; GiueFocus)

Most operations defined on controls in Chapter 5 can be promoted to window

operations in a straightforward manner. However, focus management must be added

to these specifications. Since the plomotion technique is similar for all controls, the

ButtonlsPushed operations will be promoted to illustrate the technique. Using Hall's

style, an operation that specifies the state change of a window control can be promoted

to specify the state change of a window provided that the initiai window control state



is included as a part of the initial state of the given window. In its simplest form,

with focus management not included, this can be specifred as follows:

WButtonIsPushed\
OpOnWi,ndow
wcid? : ID

wcid? : focuscontrol
controls' : controls Ø {wci,d? r-+

0WindowControll
(p, ButtonlsPushefu 

|: controls(wcid?) ø 0 WindowControll)

The addition of focus management requires that focus changes to the control on which

the operation is performed just prior to the operation being performed. This can be

specified as follows:

WButtonlsPushed 2 SwitchFocus 3 WButtonIsPushed\

Scaling and Moving a 'Window A window can be scaled or moved. When a

window is enlarged, a number of its associated scrollable regions may be enlarged as

well. Similarly, when a window is shrunk, some of its scrollable regions may shrink.

When a window is moved, all controls must be moved along with the window, and so

their scleen pixels must move by the same offsets as the window. In all of these cases)

the properties of all controls in the window remain unchanged and no control has

focus after these operations are performed. First, the basic operations are specified:



EnlargeWindow0
OpOnWindou

1usp,1)sp1 : VScreenPi,:rel; usrrusrl:. VScreenfuegion ø

{rtp} : AllvsÈPoints(usr) n {usp1} : AllVSHPoints(asry) A

asp € ScaleHandlePirels(O Window, direction?) A

uspl € ScaleHandlePirels(0 Window', direction?) A

(usr1, ffLousenou) : MouseDrag-n-Drop(zsr, ButtonForWindowOps) A

WindowVSÈ(0Window') :
(p. EnlargevsR | 0VSueenfueg'ion : WindowVSR(?Window) n

uspirel? - uspt s 0VScreenhegion')
direction? e {L"ft, Right, TopLeft, Top&i,ght} +

ff ( M o u e H an dle Pir els (0 Win do w' )) > ff ( M oa e H andle P ir els (0 Win d ow))
lids:P ID ø

ids Ç domcontrols A
(V i,d : i,ds ø

(controls(id)).type : IsaScrollÃegion A

controls'(i,d) : (tt EnlargeScroll&egion 
I

0 WindowControl : controls(id) ø 0 WindowControl'))
controls' : controls

This schema asserts the following: i) the window is enlarged by the dlag and drop

action taking place on a one-pixel region in the handle given by direction ?. The actual

enlargement of the window is performed by the EnlargeVSï operation applied against

the window's virtual screen region; ii) since the move handle is located as a horizontal

bar across the top of the window, any enlarging in the left or right direction will also

enlarge the move handle; and iii) a subset of the scroll region controls associated with

the window may also be enlarged.

The shrink operation is specified in a similar manner:



ShrinkWi,ndow0
OpOnWi,ndow

- uspruspl : VScreenPixel; usr,,asr1 : VScreenÃegion ø

{rrp} : AllVSLPoints(usr) A {usp1} : AllVSRPoints(usry) A

usp e ScaleHandlePirels(0 Window, directi'on?) A

uspl € ScaleUandlePirels(0Window' , direction?) A

(usr1, rnousenou) : Mou."Drag-n-D rop( T.'sr, ButtonForWindouOps) A

WindowVSR(0Window') :
(p Shri,nkVSR | 0VScreenfuegion : WindowVSR(1Window) A

uspi,rel? - uspt ø 0VScreen&egion')
di,rectionT € {Left, Ri,ght,, TopLeft, Top&ight} +

fi (M oa eH andlePirels (0 Wi.ndow' )) < # ( M ou e H andlePirels (0 Window))
lids:P ID ø

ids Ç domcontrols A
(V i,d : ids ø

(controls(i,d)).type : IsaScrollhegion A
controls'(id) : (p ShrinkScrollhegion 

I

0 WindowControl : controls(id) ø 0 WindowControl'))
controls' : controls

The window move operation is accomplished by dragging a pixel in the move

handle to a new position on the scÌeen. The window will move such that the relative

position of the pixel in the window will remain the same before and after the move.

All pixels in the window will be remapped to the new position. The move operation

can be asserted by the following:
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MoaeWindow0
OpOnWindow

1t.;p : VScreenPirel ø

usp e MoaeilandlePi,rels(0 Window) t
(Win d o w V S R(0 Win do w' ), rn o us eno w) :

M o u se D ra g-n-D rop ( Win do wV S R(0 W indo w), B utto n Fo rWin do w Op s)
WindowVSR(0 Window') :

(p, MoueVSR | 0VScreenfuegion : WindowVSR(îWindow) A
uspirel? - usp ø 0VScreenhegion')

ff ( M ou e H an dl e P ir els (0 Win d ow' )) : ff ( M o a e H andl e P ir els (0 Win d o w))
(Iet rrn o u e - -- ( N e ar V S cr e en P ir el ( All Win d o w P o int s (0 W in d o w' ) ) ) . r -

( N ear V S cr een P ix el ( AII Win d o w P o int s (0 Win d o w ))) . r ;

y m o u e : -- ( F ar V S c r e en P ir el ( AII W in d o w P o int s (0 W i n d o w' ))) . y -
( Far V S creen P ir el ( All W in d o w P o int s (0 Win d o w))) . y ø

(V usp : AllWi,ndowPoints(?Wi,ndow) ø

(!, uspl : AllWi,ndowPoints(ïWindow') ø

usp1.r - usp.l: : rmoae A

uspt.U - DSp.A : ymoae)))
controls' : controls

The operations to enlarge, shrink and move a window assume that no control

currently has focus. To include this assumption as part of the specification, ai1 three

operation are composed with the RemoaeFocus operation.

EnlargeWindow 2 RemoaeFocus Ç EnlargeWi,ndow}
ShrinkWindow ? RemoueFocus i Shri,nkWindowj
MoueWindow ? RemoueFocus Z MoueWindowj

The window is an

contlols. In the next

GUI specifications in

important component of a GUI

chapter', the window type will be

this thesis.

since it gathels togethel all

used to complete the basic
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Chapter Y

The Ðïspl*y

A disytlay is an abstract model of the physical screen on which windows and their

components appear and on which the mouse cursor moves. Many windows can appear-

simultaneously on a display, and they may overlap or even hide one another. A
detailed specification of a display that permits overlapping and occlusion of windows

requires a three-dimensional model. That is, a depth parameter must be added to

each overlapping or occluding window that shows the relative ordering of windows in

the display. For simplicity, such a detailed specification is not covered in this thesis,

and readers are referred to [12] for further details.

In order to precisely specify the lelationship between windows in a display, a

global binary operator, namely -WOverlaps- is introduced here; only the signature of

-WOverlaps- is given for brevity:

| -WOverlaps- : Window <-+ Windou

7 "L Structure

A display contains a numbel of distinct windows. These windows may overlap with

each other, except for the acti,ue window which must not be obscured. The active

window is the one which contains a control currently having focus; it is dynamic in

the sense that another window can be made active by the user provided that the

active window is not modal. Only one window can be active on a display.
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Di.splay
windows : ID -++ Window
points : VScreenPirel -t+ seq ID
actiuewindow : ID

dolm windows : {w : tan windows ø w.wid}
actiuewindoto € dom windows
V s : lan poi,nts ø

JL^ _ J¿l-^- ^'1TÐ - 7¡1r-t. o)

U{"' ranpoints ø rans} : dom windows
V asp : dornpoints ø

(Vz : 1 .. ff(poi,nts(usp)) ø

asp e AllWindowPoints(windows(points(usp)(z))) n
usp.r 1 di,splayXmar A
usp.y 1 displayYrnar) n

(Vi : 1 .. ft(points(osp)) - 1 e
wi.ndows (points (asp) (i ) ) WOverl aps wi,ndous (points (asp) (i + 1 ) ) ) A

head(poi,nts('usp)) : actiuewindow

In the schema Display,, the valiable windows indicates the set of windows on the

display. The variable actiuewindow ,-efers to the window in this group on which

operations are currently being performed. An interesting part of this specification is

the way in which multiple pixel mapping is specified. Each virtual screen pixel on the

display is associated with a sequence of window identifiers. This sequence represents,

from front to back, the order of the windows that map to the pixel. All windows in
ihe display participate in this mapping.

7.2 Operations on a Display

Operations that can be performed on a display fall into three categories: i) the op-

eration to change the active window; ii) operations that promote window operations

to display operations; and iii) menu operations to invoke new windows. Fol all oper-

ations, the pixels in the display remain unchanged:

OpOnDi,splay
LDisplay

dompoints': dom points

As with control and window operations, the mouse button used for display operations
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is indicated by a global identifier:

I ButtonForWindowselection : ButtonPositi,on

Changing the Active Window A window becomes

clicked, double clicked ol the mouse button is held down

that the currently active window is not modal. If this is

can become inactivated only by the application itself:

active in a display when it is

over a portion of it, provided

the case, the modal window

ChangeActiueWindow
OpOnDisplay
wid? : ID

wid? e dollawindo?rs \ { actiuewindow}
(windows(actiuewindow)).rnodal : N o

let usr :: WindowVS&(windows(wid?)) a

( M o useCl ickO bject( us r, B utto n Fo r Wi,n do w S el ecti o n, m o us en ow) Y

M o use H old Down O bject(usr, B utt o n Fo rWin d o w S el ecti on, rno us en o u
M o u se D bl Cl ickO bject ( asr, B utt o n Fo rWind o w S el ection, rn o us en o w))

acti,uewi,ndow' : wid?
windows' : windows

)v

Promoted Window Operations There are many window operations, and all are

promoted in the same manner. Due to space limitations, only promotion of the

WButtonlsPushed schema operation is illustrated here. Given a window identifier

corresponding to the active window in the display and a push button control identifier

corresponding to the control having focus in the window, a push button control can

be pushed as asserted by the following schema:

DButtonlsPushed
OpOnDisplay
wi,d? : ID
wci,d? : ID

wi,d? : acti,uewindow
w ci,d? : (windows (wi,d? )). f ocus control
w'indows' -- windows Ø {wid? r-+ (¡1, WButtonlsPushed 

I

0Window -- windows(wid?) c 0Window')j
actia ewindou)' : actiuewindow
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Menu Control Operations In Chapter'5, a menu item type was defined that could

change the active window of an application when selected. Partial specifications were

provided for selection of this menu item type in a popup menu) a drop down menu and

a menu bar. Operations fol the selection of this menu item type for each of the menu

types can now be elaborated further. First, the operations as defined previously must

be promoted to window operations. This is performed as illustrated in Chapter 6.

Then, the window operations ar..e promoted to display operations. This will connect

the window identifiel associated with the menu item that has been selected to the

identifier of the new active window in the display.

The promoted window opelations for each of the menu types follow:

WPNewWi.ndowID0
OpOnWi,ndow
wcid? : ID
miid? : ID
windowid!: ID

wcid? : focuscontrol
windowidl : P NewWi,ndowlD (controls(wcid?), miid?)
controls' : controls

WMBNewWindowID0
OpOnWindow
wcid? : ID
miid? : ID
wi,ndowi,d!: ID

wcid? : focuscontrol
w in d o wi d! : M B N ew Win d o w I D ( co ntrols (w ci, d? ), rni,i d? )
controls' : controls

WMB-DDMNewWindowlD0
OpOnWi,ndow
wcid? : ID
miid? : ID
windowid!: ID

wcid? : focuscontrol
controlst : controls Ø {wcid? * (p MB-DDMNewWi.ndowID 

I

0 Wi,ndowControl : controls(wcid?) o

0 WindowControl')\
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WP NewWindowID = Swi,tchFocus i WPNewWindowID\
WMBNewWindowID = SwitchFocus Ç WMBNewWindowID\
WMB -DDMNewWi,ndowID = SwitchFocus 3 WMB -DDMNewWindowID\

The window operations can now be promoted to display opelations. Given the

identifier for the popup menu) the identifier for the menu item selected from the popup

menu, and the window to display as input, the operations must ensure that the newly

active window corresponds to that indicated by the menu item. This window may or

may not be already contained in the set of windows associated with the display; if it
is not, it is added to the set:

D N ew Win d o w From P op up M enu
OpOnDisplay
window? : Window
wcid? : ID
rniid? : ID

window? .wi,d I (windows(actiuewindow)).wid A
windows' : w'indows @ {actiuewindow r--+ (¡t WPNewWindowID 

I

0 Wi,ndow : windows(actiaewi,ndow) n
windowi,d! : window?.wid ø 0Window')\U
{windowT.wid ¡--+ window?}

actiuewindolt)' : window?.wid

Activating a window from a menu bar selection and from a drop down menu

selection is specified in a similar way:

D N ew Wi,n d o w Frorn M enu B ar
OpOnDisplay
window? : Window
wcid? : ID
miid? : ID

window? .wid I (windows(act'iuewi,ndow)).wi.d A
windows' : windows Ø {acti,uewindow e (¡t WMBNewWindowID 

I

0 Window : windows(actiaewi,ndow) n
windowid! : window?.wid c 0Window')jU
{window?.wid -> windowT}

actiuewindoly' : window? "wid
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D N ewWin do u Fro m D ro p D o wnM enu

OpOnDisplay
wi,ndowT : Window
wci,d? : ID
miid? : ID

window?. .uid I @indows(actiuewi'ndow)).wid A,

windows, -- windows Ð {acti,uewindow * (tt wMB-DDMNewWindowID
0Window : windows(actiuewi,ndow) t',

wi,ndowidt : w'indow?.wid ø 0Windou')\U

{window?.wi'd ++ windowl.}
actiaewindou)' : windou? 'wid

106



Chapter I

,& Sirnple Ðiagrarnmi*g Tool

In this chapter, the specifications fol a simple diaglamming tool are described. These

specifications can be reused for any diagramming tool including ihe CAStr tool to
which this thesis is targeted. A diagramming tool has several characteristics: i) a

diagram is composed of three kinds of visible objects, namely symbols, connect'ions

and text blocks; ii) the creation, deietion, modification and movement of these objects

are all performed using the mouse and other GUI controls; iii) the tool must be able to

display an entire diagram. If it is too large to be displayed at one time, then scrolling

facilities must be provided so that the usel can navigate through the diagram; and iv)
several restrictions on the placement of objects within the diagram may be imposed

to ensure that the diagram follows a simpie format. For example, a connection object

must be placed between two symbols, and it cannot overlap with any other symbol

or connection. The specifications defined up to this point in the thesis can be used

as a framework around which a simple diagramming tool can be specified.

This chapter is organized as follows: first, diagram objects and a simple diagr-am

type will be defined. The second section details the visual aspects and restrictions

placed on the positioning of the objects within a diagram, culminating in the specifi-

cation of an axiom that determines the validity of a simple diagram. Operations on

individual diagram objects are specified in the third section, and in the fourth section,

these operations are used in part to create operations on a diagram as a whole. In
the final section, the simple diaglam itself is linked together with the scroll region

control specified in Chapter 5, and the full set of operations that can be performed

by the user with the mouse on the diagram through the control is specified.
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8.1- Ðiagrarn Objects and a Sirnple Ðiagraffr

There are three kinds of objects in a simple diagram. The first object, the tert block,

can be used almost anywhele in a diagram to provide a narrative or a description.

The second object type, the symbol,, has a shape associated with it that can be used

to convey its meaning in ihe diagram. Since the meaning of a shape depends on the

domain in which the diagr-amming tool is used, this ploperty is not elaborated in this

chapter. A text block label is also associated with a symbol to provide a description.

The third type of diagram object, l,he connection, can be placed between symbols. It

has a shape attribute that represents the visual appearance of the connection. For

example, the connection may appear as a single dilected line, ol as an undirected

line. It also has a text block label associated with it that indicates the purpose of the

connection.

A text block is compr-ised of one or more lines of text, and can be specified as

follows:

TextBlock
cfid : ID
lines : seq STRING

fflines > 0

The variable cfid indicates the coordinate frame identifier to which the text block

object belongs. This ploperty will be used later to group objects togethel in a diagram

and to provide a means by which the objects map to virtual screen pixels.

Symbols and connections have shapes which are assumed to belong to a basic type

as stated below:

[oBJECTSHAPEI

A symbol has

used to label the

a shape and a text block associated with it. The text block can be

symbol:

Symbol
cfid : ID
shape: OBJECTSHAPE
tert : TertBlock

tert.cf,d : crtd
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The predicate in the above specification ensures that the text block component of the

symbol has the same coordinate frame identifier as the symbol.

A connection also has a shape and an associated text block. Connections are

defined as a series of connected line segmentsl this is represented as a sequence of

distinct pixels where evely pail of adjacent pixels indicates the end points in one line

segment. There must be a minimum of two distinct points to establish a connection

between two symbols:

Connection
cf.d : ID
shape: OBJECTSHAPE
tert : TertBlock
points : seqWorkPirel

h ea d (p o ints) I I ast (p o ints)

ff Ttoints : ff (ran points)

ffpoints 2 2

V wp : WorkPirel o

(top) in points è
wp.cfi,d : crtd

tert.cfid : cfrd

The predicates in Connection assert that: i) the connection starts and terminates at

two different points; ii) ihere are at least two points associated with a connection,

representing the end points on one line segment; iii) all pixels in the connection belong

to the same coordinate frame as the connection object; and iv) the text block belongs

to the same coordinate frame as the connection.

Using Hall's style, a single DiagrarnObjectiype can be specified as follows:

PObject = SAmbolY Connecti'onY TertBlock
PObjectType ::: IsaSAmbol I IsaConnecti'on I IsaTextBlock

Di,agrarnObject
doid: ID
PObject
type: PObjectType

type - IsaSymbol A Syrnbol V

type - IsaConnection h Connection V

type - IsaTertBlock A TertBlock
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A sirnple di,agram can now be specified

of diagram objects, all defined within the

in non-visual terms. It consists of a number

same coordinate frame:

SimpleDiagram
cfid : ID
diagramobjects : ID -++ DiagramObject

dol:l diagramobjects :
{do : DiagramObject I do e tan diagramobjects ø do.doid,)

Y do : ran di,agrarnobjects ø

do.cfi,d: crtd

8.2 Semantics of a Simple Diagram

The semantics of a diagram created using a diagramming tool include the semantics of

each diagram object in the diagram, the semantic relationships between the diagram

objects, and any constraints on the visual characteristics of these diagram objects on

the display. Bach of these issues are addressed in this section.

8.2.L Diagram Object Pixel Mappings

In this section, the visual characteristics of the three diagram objects are specified.

Unlike the specifications for windows and controls discussed in the previous chap-

ters, the visual aspects of diagram objects describe the mapping of these objects to

work pixels, rather than to virtual scleen pixels. There are two reasons for this; first,
mapping of work pixels to virtual screen pixels has already been specified in the pre-

vious chapters. Therefore, it is not difficult to derive the mapping of a diagram object

to a set of virtual scr-een pixels when the object appears on the screen. Second, even

when a diagram object is occluded from the display, the constlaints on its placement

are still valid as long as the object exists in the work area and hence the diasram.

fmage Points A text block consists of a sequence of words or strings. Hence, it is
appropriate to extend the mapping of a string as such:

I StringlmagePoints : STRING -t+ P Workpirel

Note that this function is not complete since it depends on STRING, which is assumed

to be a basic type in this thesis.
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A text block may contain a number of lines of text, represented as a sequence of

strings, none of which may overlap:

TeúBlocklmagePoints : TertBlock --+> P WorkPirel

V tb : TertBlock: wps : P WorkPi:rel ø

TextBlocklrnagePoints(tl)) : wps è
(U{/ 

' STRING | (/) in tb.lines ø StrinslmasePoi,nts(¿)} C wps lr
(V l,h : STRING ø

U,lrlr C ran tb.lines A
StringlmagePoints(l) A Stri,nglmagePoints(h) : Ø))

The set of work pixels containing a symbol's image must also contain the symbol's

text label since the label is part of the image. Although the shape of a symbol

determines the exact pixels included in this set, this level of detail is not included in
these specifications. The pixels to which a symbol maps can be specified as foliows:

SymbollmagePoints : Symbol -++ P WorkPirel

V s: Symbol; wps:P WorkPixel ø

SyrnbollrnagePoi,nts(s) : ,pt +
TertBlocklmagePoints (s.tert) C wps

A connection's image must contain the text label, as well as the pixels to which

each of its line segments map. The image points for a single line segment can be

viewed as a set of z pixels located between the two end points, where n is equal in
value to the change in r or the change in y, whichever is greater. At this level of

specification' the connection's shape is not considered in determining a connection's

image points:

Li'neSegmentlmagePoints : workPirel x worlcPixel --+> p workpirel

V wpfrom, wpto : WorkPixel; wps : F WorkPirel s
LineSegmentlrnagePoints(wpfrom, wpto) : wps +

(= wr : Workilegion ø

{wr.wtopleft, wr.wbotright} : {wpfrom,, wpto} A
ups ç AllW&Points(wr) A

# rp t : mar ({ WRH ei,sht (wr), W RWidth(wr)}))

The set of pixels to which a connection maps includes the set of pixels to which each

of the individual line segments map. As well, line segments in a connection cannot

CIOSS:
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ConnectionlrnagePoints : Connection -++ P WorkPirel

Y c : Connection; wps : P WorkPinel ø

ConnectionlmagePoinús(c) : wps è
(TertBlocklmagePoints(c.tert) Ç wps A
(V i,j : L . ffc.poi.nts - 7 ø

LineSegmentlmagePoints(c.7toi,nts(i), c.points(i t i)) C wps A
Linesewe,tlmai;::;:!;:;"äa'ì!lhiåí,'::;::;,i),f 

,,,:Ø))

Finally, the set of work pixels to which a diagram object maps, in gener-al, can be

specified as follows:

DOImagePo'ints : Di,agrarnObject -++ P WorkPirel

V do : DiagrarnObject; wps : P WorkPinel ø

DOlmagePoints(do) : ups +
(do.type : IsaTertBlock +

ups : TertBloclclrnagePoints(do.0 TertBlock) A
do.type: IsaSyrnbol +

wps : SyrnbollmagePoints(do.0 Symbol) n
do.type : IsaConnection è

u p s : C o nn ecti o n I rn a g e P o int s ( d o . 0 C o nn ecti, o n))

Edge Points The pixels that correspond to a diagram object's contour or outer

edge can be determined by the following axiom:

DOÛdgePoints : DiagramObject ---+ P WorkPiret

V do : DiagramObject; pwp : P WorkPirel ø

DOUdgePoints(do) : pup +
(prp C DOlmagePoints(do) A
(Vrp:pwpe

(l wpneighbour : WorkPirel o

wpneighbour ( DOlrnagePoints(do) n
(WP HAdjacent(,u.rp, wpneighbour) V
WPVAdjacent( u.rp, wpnei,ghbou") ) ) ) )

The function DOUdgePoi,nts retulns the set of pixels to which a diagram object maps

where each point in the set has a neighbouring pixel that is not part of the image.

Bounding Regions The boundi,ng regi,on of a diagram object can be defined as

the smallest work region that coniains all of the object's image points. It is mainly
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used in diagram object operations that require the use of the mouse, since it is easier

to manipulate a diagram object through the object's bounding region than dir-ectly

through its image pixels. Specifications to determine the bounding regions for each

of the diagram object types follow. Each of these axioms follows the same structur-e:

TertBlockWorkùegion : TertBlock -++ Workfuegion

V tb : TertBlock; wr : WorltAegion ø

TertBlockWork&egion(tb) : ,, +
(TeúBlocklmagePoints(tb) c AltWRpoints(wr) A

- (l ury : Workhegion ø

#(AllWRP oints(wr1)) < #(AllWRP oints (wr)) A
Tert B I o ck I m a g e P o int s (tl,) ç AII W R P o int s (w r1)))

SymbolWorkilegion : Symbol -++ Workhegion

V s : Symbol; wr : Workfuegion a

SymbolWorkfuegi.on(s) : r, +
(SymbollrnagePoints(s) c AllWRpoints(wr) A

- (1wr1 : WorkÃegion ø

#(AllW RP oints (wr1)) < # ( AUW RP o i.nts (wr))
S y mb ollm a g e P oints (s) C AUW R P o ints (wr)))

C onnectionW orlc&esion : C onnection -++ WorkRegion

V c: Connecti,on; wr : WorltAegion o

ConnectionWorkÃegion(c) : wr è
(Connecti,onlmagePoi,nts(c) c AIIWR7oints(wr) A
- (-,nry : Workfuegion ø

#(AllW RP oints (wr1)) < #(AllWRP oints (wr)) A
C onnectionlmag eP o inús ( c) Ç AIIWRP oints (wr1)))

In general, the smallest work region containing a diagram object is specified as:

DOWorkfueg'ion : DiagrarnObject -++ Work4egi,on

V do : DiagramObject; wr : Workfuegion o

DOWork&egion(do) - wr )
(do.type : IsaTertBlock +

wr : TertBlockW ork&egion(do.0 TertBlock)
do.type : IsaSAmbol +

wr : SambolWorkùegion(do.0Syrnbol) A
do.type : IsaConnection è

wr : C o nn ectionW ork Reg i o n ( do . 0 C o nnection))
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8.2.2 Relationships Between Diagram Objects

The relationships between diagram objects are specified based on the set of work

pixels to which each object is mapped.

Theimagesof twodiagramobjects ouerlapif theintelsectionof theirimagepixel
sets is non-emotv:

- DOOverlapsDO -: DiagrarnObject <--+ DiagramObject

V d,o1, do2: DiagramObject ø

doi DOOverlapsDO do2 e
DOImagePoónts(do1) A DOImagePoints(doz) * Ø

Two diagram objects touch one another if, graphically, their edge points overlap.

Note that this is a special case of overlapping:

- DOTouchesDO -: DiagrarnObject <-> DiagramObject

V d,o1, do2 : DiagramObject o
do1 DOTouchesDO do2 ë

DOEdgePoi,nts(do1) o DOEdsePoints(dor) # Ø

A connection can be attached to a symbol with either its "to" end point or with
its "from" end point touching the symbol. A connection's end point is attached to

a symbol if the point is also one of the symbol's edge points. First, an axiom for

each end point connection is provided, followed by a generalized, axiom indicating a

connection of either end point to a svmbol.

- CFrom EndAttachedToS - : DiagramObject <-+ DiagramObject

V c : DiagramObject; s : DiagrarnObject ø

c CFromEndAttachedToS s <+

(c.type : IsaConnection A
s.type : IsaSymbol A
head (c.poi,nts) e D O Ed7 eP oints (s))

- CToEndAttachedToS - : Di,agrarnObject <-+ D,iagramObject

V c: DiagrarnObject; s : DiagramObject ø

c CToEndAttachedToS s <+

(c.type : IsaConnecti,on A
s.type: IsaSyrnbol A
last(c. points) e D O Edg eP oi,nts (s))
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- CAttachedToS - : DiagramObject <-> DiagramObject

V c: DiagramObject; s : DiagrarnObject ø

c CAttachedToS s <+

(c CToEndAttachedToS s V c CFromEndAttachedToS s)

Two symbols are connected to each other if they shale a common connection. Thele

are two types of connections defined - dilected and undirected. The directed connec-

tion can be specified as follows:

- CConnectsFromSToS -: DiagramObject <-+ (DiagramObject x DiagramObject)

V d.o1,, d,o2, d,q : Di,agramObject ø

dor CConnectsFromSToS (do2, dos) e
(- do, DOOverlapsDO dos A

do1 CFromEndAttachedToS doz A
do1 CToEndAttachedToS do3)

The undirected connection is specified as:

- CConnectsSS - : DiagrarnObject <--+ (DiagramObject x DiagramObject)

V do1, do2, d,os : DiagramObject e

do1 CConnectsSS (do2,dq) e
(- do, DOOverlapsDO do3 A

do1 CAttachedToS do2 A

do1 C\ttachedToS do3)

The simple diagram can be validated using the relationships between diagram

objects that were just specified. The requirements for a valid diagram include the

following rules:

ø Symbols and text blocks cannot overlap.

o All connections must be defined between exactly two existing, but not neces-

sarily distinct symbols.

e Connections cannot overlao svmbols.

These requirements are formally specified below:
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Va lidSi m pleDiagra m - : P SirnpleDi,agram

8.3

V sd : SirnpleDiagro.rn @

ValidSim pleDiagra m (sd) <+

(V do, do1 : ran sd.di,agramobjects ø

dofdolA
do.type : dot.type : IsaSAmbol Y

do.type : dot.type : IsaTertBlock +
- do DOOverlapsDO doy A

do.type : IsaConnection è
((1, 

"t, 
s2 i râr sd.diagramobjects ø

do CConnectsSS (s1, s2)) A
(Vs : ran sd.diagrarnobjects ø

s.type : IsaSymbol A

- do DOOverlapsDO s)))

Diagram Object Operations

There are a number of operations that can be performed on diagram objects. These

include enlarging, shrinking or moving a symbol, moving text blocks, or changing end

points of a connection. At this stage of specification, mouse actions are not included

in the specifi.cations. A numbel of other operations such as adding text to a symbol

or connection label are not specified for brevity. Scaling of text blocks, and scaling

and moving connections are not defined operations for this simple tool, and so are

not specified.

Operations on a diagram object cannot change its identifier, type or coordinate

frame:

OpOnDiagramObject
LDi,agramObject

doi,d' : doid
typet : type
cfi.d"' : cf,d,

Move Handles and Scale Handles The moving and scaling of symbols and mov-

ing of text blocks are performed through the manipulation of the move handles and

scale handles of the diagram objects. These handles perform a similar function in

this context as in the window context discussed in Chapter 6. Scale handles for a
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symbol appear as squares in each of the four corners of the bounding region, and

at the midway point of each of the four sides of the region. The dimension of these

square handles is given by the following global identifier-:

I scalehandlesi,ze : l\1

The work pixels in a scale handle for a symbol can be computed by the following

axiom:
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SymbolScaleHandlePirels : Symbol x direction -++ P WorkPirel

Y s : Syrnbol; dir : directi,on; pwp : P WorkPirel ø

SymbolScaleUandlePirels(s, dir) : pwp +
(1 handlewr : Work&egi,on; handlexrnid, handleymid,

symrmi,d,symyrnid : N1 o

pwp : AllWÈPoints(handlewr) t
WPlsSquare(pwp) n
#PrP : Sqr(scalehandlesize) A
s y mrmi d : (( S y mb o I W o rk Reg i o n ( s)) . b otri g ht . r -

(SymbolWorkÀesion(s)).topleft.r * 1) div 2 n
symymid : ((SyrnbolWorkùegion (s)). botright.y -

(SymbolWork&esion(s)).topleft.y * 1) div 2 A
handlermid :

(handlewr.botright.r - handlewr.topleft.r * 1) div 2 Â
handleumid :

(handlewr.ltotright.y - hand,lewr.topleft .y + I)div 2 A
dir : Top è

(handlerrnid : sAmrmi,d A
handleymid : handlewr.topleft.y) A

dir : Bottorn è
(handlerrnid : symrrnid A
handleymid : handlewr.botright.y) A

dir : Left +
(handleyrnid : sAmArnid A
handlermid : handlewr.topleft.r) A

dir: Right +
(handleymid: sAmUmid A
handlermid : handlewr.botright.r) n

di,r: TopLeft +
(handlermid : handlewr.topleft.r A
handleyrnid, : handlewr.topleft.y) A

dir : Topfuight +
(handlermi,d : handlewr.botri,ght.r A
handleymid : handlewr.topleft.y) A

dir : BottomLeft +
(handlerrnid : handlewr.topleft .r A
handleymid : handlewr.botright.y) A

dir : Bottomfuight +
(handlerrnid : handlewr.botright.r ¡
handleymid : h,andlewr . botright . y))

The move handle for a symbol is composed of all pixels in the bounding region

except those in the scale handles:
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SymbolMoueHandlePirels : Symbol -++ P WorkPirel

Vs:Symbolø
S ymb olM o u e H an dl e P ir el s (s) :

o"*J,Iî::,izf;#:;i#;:i::"ril;))directione(s,dir)]|)

The lelational image operation in Z is used in the specification above to compute

the scale handle pixels for all scale handles of the given symbol. The set given by

{dir : direction ø (s, dir)} denotes a set of eight or-dered pairs, where the first element

in each pair is the symbol under consideration, and the second element is a direction.

Since a text block has no scale handles, its move handle is composed of the set of

pixels inside its bounding region:

TertBlockMoueHandlePi,rels : TertBlock -++ P WorkPirel

V tb : TentBlock o

Tert Bl o ck M o u e H an dl eP ir els (tb) :
AllW R P o ints ( TertBl o ckW orkfueg io n (tb))

Text Block Operations Moving a text block is accomplished by moving its bound-

ing Workfuegion:

MoueTertBlock
OpOnDiagramObject
wpi,rel? : WorkPi,rel
direction? : directi,on

type - IsaTertBlock
DOWork&egion(0 Di,agrarnObject') : 0t MoueWR 

I

0 Workhegion : DOWorkfuegion(0 DiagramObject) o 0 Workfuegion')

I'ines' : lines

Symbol Operations To enlarge, shrink or move a symbol, the work region that

contains the symbol is scaied or moved:
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EnlargeSymbol
OpOnDi,agramObject
wpi,rel? : WorlcPirel
di,rection? : direction

type - IsaSymbol
DOWorkRegi,on(0 DiagramObject') : 0t EnlargeWt 

I

0 WorkAegion : DOWorkAegion(O DiagramObject) ø 0 Workfuegi,on')

tertt : tert

ShrinkSymbol
OpOnDiagramObject
upixel? : WorkPixel

type - IsaSymbol
D O W o rk Reg i o n (0 D i a g ram Ob j ect' ) : 0t Shri,nkW R 

I

0 Workfueg'ion : DOWorkhegi,on(0 DiagrarnObject) ø 0 Work&egi,on')
tettt : tert

MoueSymbol
OpOnDiagramObject
wpirel? : WorkPirel

type - IsaSymbol
DOWork&egion(ïDiagramObject') : 0t MoueWR 

I

0 Workhegion : DOWorkÃegi.on(0 DiagramObject) o 0 Workfuegi,on')
tertt : tert

Connection Operations Either end point of a line segment in a connection can

be changed, as assetted by the following:

Chang e C o nn ecti o n P o int
OpOnDi,agrarnObject
wnirel? : WorkPirel

type - IsaConnection
lz:No

points(i) f wpirel? A

pointst - poi,nts O {i t- wpfuel?}
shape' : shape

tertt : text

Changing either of a connection's end points is a special case of the ChangeConnec-

ti,onPoint operation:
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Ch an g e C o nn e cti o n Fro m En d

OpOnDiagrarnObject
wnfuel? : WorkPixel

Chang e C onn ecti o n P o int
head(points') : wpirel?

Chan g e C onn ecti on To En d

OpOnDi.agramObject
wnirel? : WorkPirel

C h an g e C o nn ecti, o n P o int
last(points') : wpixel?

8.4 Diagram Operations

number of operations on a simple diagram are specified in this section, including:

o Adding a text block to a diagram, removing a text block from a diaglam, moving

a text block, and moving multiple text blocks.

e Adding a symbol to a diagram, removing a symbol from a diagram, enlarging,

shrinking and moving a symbol, and moving multiple symbols.

o Connecting and disconnecting two symbols.

Operations on a simple diagram preserve its coordinate frame:

OpOnSimpleDiagram
A,SimpleDiagram

cfi,d' : cf,d

Text Block Operations A text block may be added to or removed from a simple

diagram by simply manipulating the di,agramobjecús property of the simple diagram:

AddTertBlock
OpOnSirnpleDi,agram
newtertblock? : DiagramObj ect

newtertbl ock? .type : IsaTertBlock
newtertblock?.doid f dom di,agramobjects
diagramobjectst : diagrarnobjects @ {newtertblock?.doid ¡--+ newtertblock?}
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RernoueTertBloclt
OpOnSi,mpleDi,agram
tertblockid? : ID

( di, a g ram ob j ects (t e rtb I o cki d? )) . ty p e : I s a Te rt B I o ck
dorn diagramobjectst : dom diagramobjecfs \ {textblockid?}

Moving one oÌ more text bloclçs within a simple diagram is a straightforward pÌomo-

iion of the MoueTertBlock operation:

DMoueTextBlock
OpOnSimpleDiagram
tertblockid? : ID
wpfuel? : WorkPirel
di,rection? : di,rection

diagramobjects' : diagramobjects @ {tertblockid,? ,-
0 D i a g r am Obj ect - di a g r am ob j ects (t ertbl o cki d? )

(p, MoueTertBlock 
,

e 0 DiagrarnObject')j

To move multiple text blocks, the

to move them, and the work pixel

to the operation. Each text biock

identifiers for the text blocks, the direction in which

to use for the move operations are provided as input

is then moved using the MoueTertBlock operation.

DMoueTertBlocks
OpOnSimpleDiagram
wpirel? : WorkPi,rel
textblockids? : P ID
directi,on? : directi,on

tertblockids? C dom di.agrarnobj ects
V id : dom diagramobjects c

id e tertblockids? +
di,agramobjects'(id) : (¡t MoueTertBlock 

I

0 DiagrarnObject : diagramobjects(id) ø 0 DiagramObject,) rt
id Ç tertblockids? +

diagramobjects' (id) : d,iagramobj ects(id)
dorln diagramobjects' : dom diagramobjects

Symbol Operations Adding a new symbol to the picture is similar to adding a

new text block:
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AddSymbol
OpOnSimpleDi,agrarn
newsymbol? : Di,agramObject

newsymbol? .type : IsaSymbol
newsymbol?. doid f dom diagrarnobjects
di,agramobjects' : diagramobjects Ø {newsyrnbol? . doid ++ newsymbolT}

A symbol can be

connections to it:

removed only if it ah-eady exists in the pictule and there ar-e

RernoaeSymbol
OpOnSirnpleDiagram
syrnbolid? : ID

(diagrarnobj ects (symbolid? )).type : IsaSymbol

- (l c : ran di,agramobjects ø

c CAtta c h e dT oS di, a gram obj ects (sy mb oli d? ))
dom diagrarnobjectst : dom diagramobjecús \ {symbolid?}

When a symbol is scaled, the connections to the symbol must change their end points

to remain attached to the svmbol:

llo
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DEnlargeSymbol
OpOnSimpleDi,agrarn
symbolid? : ID
wpirel? : WorkPixel
di,rection? : di,rection

let enlargedsymbol :: (p EnlargeSyrnbol 
I

0 Diagramobject : diagramobjects(symbolid?) ø 0 Diagrarnobject') ø

(- connections : ID -++ DiagramObject ø

connections C diagramobjects A
(V cid : dom connections ø

diagramobjects(cid) CAttachedToS diagramobjects(symbolid?) A
connections(cid) CAttachedToS enlargedsymbol n
(l wpirel : WorkPirel ø

'wp ir el € D O lrn ag e P oi,nts (enlarg edsy rnb ol) A
(connections(cid) : (¡.r, ChangeConnectionToEnd 

I

0 DiagramObject : diagrarnobjects(cid) A
wpirel? - wpirel o 0DiagrarnObject') V

connections(cid) : (p, ChangeConnectionFromEnd 
I

0 DiagramObject : diagramobjects(cid) A
wyti,rel? - wpirel o 0DiagramObject')))) n

diagramobjectst : diagramobjectsØ

{sg mb oli.d? r- enl arg edsy mb ol} Ø connecti, o ns)

In DEnlargeSymbol, the symbol to enlarge is indicated by lhe symbolzd? input. The

enlargedsymbol vaúable contains this symbol's final state after enlarging has taken

place through the EnlargeSymbol operation. The connections that were attached to

the symbol in the initial state are transformed through the application of ChangeCon-

nectionToEnd, ChangeConnecti,onFron¿End, or both. These connections are indicated

by the function connections. Finally, the enlarged symbol and the modified connec-

tions must be updated in the set of diagram objects in the final state of the diasram.

The shrink and move operations of a symbol can be expressed in a similaï manner:
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DShri,nkSymbol
OpOnSimpleDiagram
symbolid? : ID
wpixel? : WorkPixel
direction? : direction

Iet shrunksymbol :: (p ShrinkSyrnbol 
I

0 DiagramObject - diagramobjects(symbolid?) ø 0 DiagramObject') ø

(1cf : ID -++ DiagramObject ø

dom c/ C dom diagramobjects A
(V cid : dom c/ o

di a g ram o b j e ct s ( ci d) C Atta c h ed To S di a g ram ob j ects ( s y rnb oli d7 ) A
cf (cid) CAttachedToS shrunksymbol A
(2 wpirel : WorkPirel ø

wpirel € DO Imag eP oints(shrunksymbol) A

(cf (cid): (¡.r, ChangeConnectionToÐnd 
I

0 DiagramObject : di,agramobjects(cid) A
wpirel? - wpirel ø 0Di,agramObject') Y

:f (cid) : (¡.r, ChangeConnectionFromEnd 
I

0 DiagramObject : diagrarnobjects(ci,d) A
wpirel? - wpirel ø 0DiagrarnObject')))) n

diagramobj ects' : di,agram obj ects Ø

{symbolid? ++ shrunksymbol} O c/)
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DMoueSymbol
OpOnSimpleDiagram
syrnbolid? : ID
wpfuel? : WorkPirel
directi,on? : direction

let rnouedsymbol :: (p MoaeSymbol 
I

0 DiagramObject : diagramobjects(symbolid?) ø 0 DiagrarnObject,) ø

(1cf : ID -++ DiagramObject ø

dom c/ C dom di,agramobjects A
(Y cid : dom c/ o

diagramobjects(cid) CAttachedToS diagramobjects(symbolid?) A
cf (cid) CAttachedToS rnouedsymbol ¡
(l wpirel : WorkPirel ø

wytirel € DOImagePoints(moaedsymbol) A
(cf (cid) : (p, ChangeConnectionToÛnd 

I

0 DiagramObject : diagramobjects( cid) A
wpirel? - wpfuel e ïDiagramObject') V

cf (cid) : (p, ChangeConnectionFromUnd 
I

0 DiagrarnObject : diagramobjects(cid) A
wpirel? - wpirel o 0DiagrarnObject')))) n

diagramobj ects' : diagrarnobj ects Ø

{symbolid? r--+ moaedsyrnbol} O c/)

As with text blocks, many symbols can be moved at one time throush the repeated

application of the MoueSyrnbol operation:

DMoueSyrnbols
OpOnSimpleDiagrarn
wpirel? : WorkPirel
syrnbolids? : P ID
direction? : directi,on

symbolids? C dom di,agramobjects
V id : dom diagramobjects ø

id € symbolids? +
diagramobjects'(i,d) : (¡1, MoueSymbol 

I

0 DiagramObject : diagramobjects(id) ø 0 DiagramObject,) n
id ( symbolids? +

di,agramobj ects' (i,d) : diagramobj ects (id)
dom di,agrarnobjects' : dom diagramobjects

Connection Operations Two symbols can be connected by creating a new con-

nection between them:
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AddConnection
OpOnSirnpleDiagram
syrnboltoid? : ID
symbolfromid? : ID
newconnection? : DiagramObject

{ s y rnb olt o i, d?, s y rnb olfro mi d? } C dom di a g ram ob j ect s

neu connection? ( r an diagramobj ects
n eu c o nn e cti o n? CConn ectsS S

( di a gram obj ects (sy mb olt o i d? ), di a g ram obj ects ( sy mb otfro mi d? ))
di,agramobj ects' : diagrarnobj ects Ø

{new connection? . doid è neu)connecti,on? )

A connection may be '-emoved by removing it from the set of diagram objects:

RemoaeConnection
OpOnSirnpleDiagram
connectioni,d? : ID

( di, a g r am obj ects ( c o nn ecti o ni d? )) . ty p e : I s a C o nn ecti o n
doln diagramobjectst : dom diagrarnobjecús \ {connectionid?}

The end point for any line segment within a connection can be changed as follows:

DChangeConnect'ion
OpOnSimpleDi,agram
connectionid? : ID
wytirel? : WorkPirel

diagramobj ects' : di,agramobj ects Ø

{ co nn ecti, o ni d? -> ( ¡-t Ch an g e C o nn ecti o n P o int 
I

0 D i a g r am ob j e ct : di a g ram ob j ect s ( c o nn ecti o ni d? ) o 0 D i, a g rarn obj ect' )j

8.4.L A Simple Diagramming Tool

Diagram objects have been defined in terms of work pixels because they are mapped

to the display through the use of a scroll legion control. It is through this control

that operations on a diagram must occul in a simple diagramming tool. Given a

scroll region control, a diagram is associated with the control if the coordinate frame

identifier for the diagram is equal to the coordinate frame identifier for the work area

associated with the control. This can be specified as follows:
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S cr oll Re g i o n P i ctur e : Win d o w C o ntro I -++ S i,mpl e D i a g ram

V wc : WindowControl; sp : SirnpleDi.agram ø

Scroll&egionPicture(uc) : sp +
(wc.type : IsaScrollhegion A

wc.aiewportWÈ.cfid : sp. cfrd)

Since a simple diagram is mapped to the work area component of a scroll region

control, the functions defined on the control can be used to navigate thlough the

diagram and zoom the image.

8.4.2 Operations of a Diagramming Tool

Operations performed on diagram objects within a diagramming tool must be defined

in terms of operations on the object's image contained within the diagram's scroll

region control. Hence, they are really scroll region control operations. A mouse must

be used to manipulate a diagram object through this control.

To indicate to the tool that an object is to be included in the next operation, the

user must click a mouse button while the cursor rests within the bounding region of

the object. Once selected, the usel can then manipulate the object with the mouse

or invoke some action. The mouse buttons used for these purposes are indicated by

global identifiers:

ButtonForObj ectS election : ButtonP o sition
B utt o n Fo r Ob j ect M anip ul ati o n : B utt o n P o s iti o n

The bounding region of a diagram object is mapped to viltual screen pixels using

the Zoom function defined on the scroli region control in which the diagram object's

work area resides. Clicking on a diagram object does not change the state of associated

scroll region control:
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CIi ck O n D i a g rarn O b j ect

OpOnWindouControl
doid? : ID

type : IsaScrollÀegion
let p o : : ( S croll Reg i o n P i ctur e (0 W in d o w C o ntr ol)) . di a g r am ob j e ct s ( d o i, d? )

M o useC I ickO bj ect ( Z o orn ( D O W o rkÀegi on (p o), z oornf a ct o r),
Butt on Fo r Obj ectS electio n,, rno us en o w )

aiewportVStt : aieuportVSï
aiewportWRt : uiewportWî
zoomfactor' : zoomfactor

Several diagram objects can be selected at one time by clicking on them sequentially:

Cli. ck O n D i a g r am Ob j ects

OpOnWindowControl
doids? :F ID

type : IsaScroll&egion
V doi,d : doids? o

Cli ck On D iag ram Obj ectld oi, d I d oi d?)

The diagramming tool has several global variables affecting its functionality:

defaultsize : OBJECTSHAPE ---+ Nr

snayttogrid : Boolean
gri,dsi,ze : N1

The defaults'izefiinction ensures that new symbols added to the diaglam have a default

size. For example, a diaglam may have a symbol that is square. When a square

symbol is added to the diagram, it must have some initial size. In a diagramming

tool, the default size of a symbol could likely be modified by the user'. Given a

shape, the defaultsize function returns a positive natural number that represents the

cardinality of the symbol's image point set.

The snaptogri,d global variable is a boolean variable that controls the positioning

of new symbols, and scaling and movement of existing symbols and text blocks by

making them "snap" to a location that is evenly divisible by some number, represented

by gri,dsize. For example, in the diagramming tool there may be a requirement that

symbols must be located at each horizontal and vertical centimetre. In this case,

when a symbol is moved or scaled, valid locations will only be defined for every one
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centimeter along each axis. While not critical to a diagramming tool, this feature is

common in many drawing tools. A relation follows for checking the positioning of the

picture objects based on these settings:

PositionValid- : F Di,agramObject

V do : DiagramObject ø PositionValid(do) +>

snaptogrid: Yes è
((DOWorkfuegion(do)).wtopleft.¿ mod gri,dsize : 0 A
(DOWorkÃegion(do)).wtopleft.y mod gridsi,ze : 0)

Text Block Operations Next, a specification for adding a new text block to the

diagram is given. Thele ale four steps involved in this specification: i) clicking on a

location in the scroll region control's wor-k area defines the position of the new text

block; in this specification, a one-pixel region is defined, located where the user has

clicked, whose address represents the top left corner of the new text block's virtual

screen region; ii) adding the text block to the simple diagram using lhe AddTertBlock

schema operation; and iii) ensuling that the position of the text block agrees with

the snaptogrid and gridsize setting. This operation can be specified as follows:

MouseAddTertBlock
OpOnWindowControl
newtertblock? : DiagramObject

type - IsaScrollfuegion
l usr : VScreenfuegion o

aiewportVSR VSRContains trsr A
#(AUVSRPoints(usr)) : 1 n
M o u seC I i c kO bject( usr, B utt o n Fo r Obj ect M ani,p ulation, rn o us en o w) A
( Z oom(D O W orkRegi,on (newtertblockT), zoom,factor)). rtopleft :

asr.rtopleft
S cr oll Re g i o n P i ctur e (0 Win d o w C o ntr o I' ) : ( ¡t A d d Tert Bl o ck 

I

0 S i,mp I e D i a g r am : S croll Reg i o n P i, cture (0 Win d o w C o ntr ol) ø

0 Si.mpleDiagram')
Posit io n Va I i d (n ewt ertbl o ck? )

Removing a text block from a diagram is considerably easier to specify than adding

a nevr' text block. The text block must be first selected by the usel with the mouse,

and then removed from the diagram using lhe RemoaeTertBlock operation defined

previously. This operation is specified in two phases; the first details the removal of a
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text block from the diagram, and the second ensures that the text block has actually

been selected before the operation is performed:

M o us e Rern o o e Tert B I o clcj
OpOnWi,ndowControl
doid? : ID

type : IsaScrollfuegion
S cr oll Reg i o n P i ctur e (0 Win d o w C o ntrolt ) : ( ¡1, Rern o u e T ert Bl o ck 

I

0 S i,mpl e D i o, g r arn : S cr oll Reg i o n P i cture (0 W in d o w C o ntr ol) A
tertblockid? : doid? o 0SimpleDiagram')

M o u s e Rem o u e T ert Bl o ck = C li ck O n D i, a g rarn Ob j e ct Ç M o u s e Rern o u e Tert Bl o ck 0

A text block is moved in a simple diagram by selecting a pixel in the set of pixels

corresponding to the text block's mouehandle with the mouse, and dragging the text

block to a new position. The MouseDrag-n-Drop function, and the DMoueTeúBlock

operation are used for this purpose. The location to which a text block is moved is

also constrained by the snaptogrid and gridsi,ze settings:

MouseMoueTeúBlock\
OpOnWi,ndowControl
doid? : ID
wpirel? : WorkPirel
di,rection? : direction

type - IsaScrollfuegi.on
let dobefore ::

(S uollùegionPicture(O Window C ontrol)). diagramobj ects (doid7);
d,oafter ::

(S uoll&egionPicture (0 WindowC ontrol' )). di,agrarnobj ects (doid?) o

(- wr, wr1 : Worltfuegion; wp, upt : WorkPixel o

{rp} : AIIWRPoints(wr) A {rpr} : AIIWRPoints(wr1) A
wyt € TertBloclcMoueHandlePirels(dobefore.0 TertBlock) A
uh €. TertBlockMoaeUandlePirels(doafter.0 TertBlock) A
(Z o orn (wr1, z o o mf a cto r), rn o us enow) -

M ouse D ra g -n -D r op (Z o om (wr, z o ornf a cto r),
B utto n Fo r Obj ectM anipul ati on) A

. Scroll&egionPicture(0 WindowControl') : (p, DMoueTextBlock 
I

0 S irnpl e D i a g r an'L : S croll Reg i o n P i ctur e (0 Win d o w C o ntrol) A
tertblockid? : doid,? o 0SirnpleDiagram') A

PositionVa lid (doafter))

M o u s e M o u e Text BI o ck = Cli, ck O n D i a g ram Ob j ect i M o u s e M o u e Tert B I o ck\
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Symbol Operations Adding a symbol

a new text block, except that the size of

default size:

to a diagram is almost identical to adding

the new symbol must be the appropriate

MouseAddSymbol
OpOnWindowControl
newsymbol? : DiagramObject

type - IsaScrollfuegion
l usr : VScreenfuegion ø

ui.ewytortVSR VSRContains usr A
#(AUVSRPoi,nts(usr)) : t n
M o usec I i ck o bj ect ( r,sr, B utt o n Fo r obj ect M anip ulati o n, m ous en o w) A
(Z oom(D OW orkfuegion(newsymbol?),, zoomfactor)). rtopleft :

asr.rtopleft
Scroll&egionPicture(0 WindowControl') : (p, Add,Synrbol,

0 S i,mpl e D i o, g ra,rn : S cro II Reg i o n P i cture (0 W in d o w C o ntr ol) ø

0 SimpleDiagrarn')

ff ( D O Irn a g e P o int s (n ew sy mb ol? )) : d 
"f 

ou\s i z e (n ew s y rnb ol? . sh ap e)
Posit io nVa I id (n ew sy mb ol? )

Specifications for removing and moving a symbol are almost identical to those for

the corresponding text block operations:

MouseRemoueSymbol0
OpOnWindowControl
doid? : ID

type - IsaScrollfuegion
S cr oll Reg i o n P i cture (0 W in d o w C o ntrolt ) : ( p, Rem o u e S y mb ol 

I

0 S impl e D i, a g r 
',rn 

: S croll Reg i o n P i cture (0 Win d o w C o ntrol) A
symbolid? : doid,? c 0Si,mpleDiagrarnt)

MouseÀemoueSymbol = Cli,ckonDiagramobject Ç MousehemoaeSymbolT
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MouseMoueSymbol0
OpOnWindowControl
doid? : ID
wpixel? : WorkPirel
direction? : direction

type - IsaScrollfuegion
let dobefore ::

( S croll Reg i on P i cture (0 Win do w C ontrol)) . di a g rarn obj ects ( d o id?) ;

doafter :-
(S crollRegi,onPi,cture(0 Wi,ndowC ontrol' )) . di,agrarnobj ects (doid? ) ø

(3usrbefore,usrafter : VScreenfuegion; wpirel : WorkPirel ø

asrbefore : Zoom(DOWorkfuegi,on(dobefore)., zoomfactor) A,

asrafter : Zoom(DOWorkfuegion(doafter), zoomfactor) n
(asrafter, mousenow) :

M o u se D ra g-n -D ro p ('u s rb ef o r e, B utt o n Fo r Obj ect M anip ul ati o n) A

S cr oll Reg i o n P i ctur e (0 W in d o w C o ntr ol' ) : ( ¡1, D IVI o u e S y mb ol 
I

0 S i,mpl e D i a g r arn : S cr oll Re g i o n P i ctur e (0 W i.n d o w C o ntr ol) A
symboli,d? : doid? ø 0SimpleDiagram') A

PositionVa lid (doafter))

MouseMoueSymbol = Cli,ckOnDiagramObject Ç MouseMoueSymbol\

Enlarging and shrinking a symbol is accomplished by selecting a pixel in the set

of pixels corresponding to the symbol's scalehandle with the mouse, and dragging the

side or corner of the symbol's bounding region to make it larger or smaller. In the

specifications, the pixel being dragged is defined as being contained within a one-

pixel virtual screen region which is dragged to a new location. The final location

of this pixel within the handle is the location used by the DEnlargeSymbol or the

DShri,nkSymbol operation to enlarge or shrink the symbol:
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MouseEnlargeSymbol0
OpOnWi,ndowControl
doid? : ID
wpirel? : WorlcPirel
direction? : di,rection

type - IsaScrollfuegion
Iet dobefore ::

(S uollfuegion P i cture (0 Win d o w C o ntrol)) . di, a g ramobj ects (do ód? ) ;

d,oafter::
( S uollfuegionP icture (0 Window C ontrol' )). di,agramobj ects (doód? ) ø

DOIrnagePoi,nts(dobefore) c D OlrnageP oints(doafter) A
(1 wr, wr1 : Workfuegi'on; wP, wPt : WorkPfuel ø

{rp} : AltWLPoints(wr) A {rpt} : AllwLPoints(wr1) rt'

wp € SymbolscaleHandlePixels(dobefore.0 Symbol, directi,on?) A

u h € S y rnb ol S cal e H an dl e P ir el s ( d o aft er . 0 S y rnb ol, directi, o n?' ) A
(Zoom(wr1, zoomfactor), mousenou) -

MouseD rag -n-Drop(Zoom(wr , zoomfactor),
Butt o n Fo r Obj ectM anip ulati on) A

S cr oll Reg i' o n P i cture (0 W i'n d o w C o ntrol' ) : ( ¡t D Enl arg e S y rnb o I 
I

0 S i,mpte Diagram : S crollfuegi on Pi' cture (0 Win do w C ontrol) A,

symboli,d? : doid? ø 0SimpleDi'agram') A'

Positio nVa I id ( d o aft er))

M o u s e Enl ar g e S y mb ol = Cli ck O n D i a g r am Ob j ect i M o u s e Enl ar g e S y mb ol0

1t/lr d:t



MouseShrinkSymbol0
OpOnWindowControl
doid? : ID
wpirel? : WorkPi,rel
direction? : directi,on

type - IsaScroll&egion
Iet dobefore ::

(S uoll Reg i o n P i cture (0 Win d o w C o ntrol)) . di a g ram obj ects ( d o i d? ) ;

d"oafter ::
(S crollRegionPicture (0 Window C ontrol' )). diagrarnobj ects (do id?) ø

D OlmagePoints(dobefore) C DOImagePoints(doafter) n
() wr, wr1 : WorkÀegion; up, upt : WorkPirel ø

{rp} : AllWLPoints(wr) A {rpt} : AllWLPoints(wry) A
wp € SymbolScaleUandlePi,rels(dobefore.0 Symbol, directionT) A
wh € SymbolScaleUandlePirels(doafter.0 Syrnbol, direction?) A
(Z oom(wr1, zoomfactor), mousenow) :

M o use D ra g -n -D r op ( Z o om (wr, z o o rnf acto r),
B utto n Fo r Obj ect M anipulation) A

S c r oll Reg i, o n P i ctur e (0 W in d o w C o ntrol' ) : ( ¡r D Shr ink S y mb ol 
I

0 S i,rnpl e D i, a g rz,m : S cr oll Reg i, o n P i ctur e (0 W in d o w C o ntr ol)
symboli,d? : doid? ø 0SirnpleDiagrarn') A

PositionVa lid (doafter))

M o us e Shri,nk S y mb ol = Cli ck O n D i a g r arn Ob j ect Ç M o us e Shrink S y rnb ol 0

Connection Operations Establishing a connection between two symbols requires

that the symbols must first be selected by the user:

MouseAddConnection
OpOnWi,ndowControl
syrnboltoid? : ID
syrnbolfromid? : ID
newconnection? : DiagramObject

type : IsaScrollfuegion
let syrnbol'ids :: {symboltoid?, symbolfromid?} ø

Cli ck O n D i, a g r am Obj ectslsy mb oli ds I d o i, d s?l
S cr oll Reg i o n P i ctur e (0 Win d o w C o ntrol' ) : ( p. A d d C o nn e cti, o n 

I

0 S imp I e D i, e g ran-L : S cr oll Re g i o n P i cture (0 W i,n d o w C o ntr ol)
0 Si,mpleDiagram')

Removing a connection is straightforward:
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M ous e Rem o u e C o nn ecti on\
OpOnWindowControl
doid? : ID

type - IsaScrollAegion
S cr oll Reg i o n P i ctur e (0 Win d o w C o ntr ol' ) : ( p, Rern o a e C o nn ecti, o n 

I

0 S impl e D i 0, g r arn : S cr oll Reg i o n P i ctur e (0 W in d o w C o ntrol)
connectionid? : doid? ø 0SirnpleDiagram')

IVI ous e Remou e C onnection = ClickOnDiagramObj ect Ç M ous e RemoueC onnection\

Diagram Object Operations To make a diagram more presentable, the user of

the tool might want to select a number of symbols or text blocks in the diagr-am

and ali,gn them along a selected side. This would move all selected objects such that

their respective bounding legions would align along the one side. This operation

can be defined in the top, bottom, left and right directions. For simplicity, only the

specifications for "align top" are plesented hele. In this operation, all selected objects

are moved so that the top sides of their bounding regions have equal y coordinate

values; equal to the g coordinate value of some selected object whose bounding legion

has the lowest y coordinate value. Since this operation can move both symbols and

text blocks, for convenience one "move" operation is defined on picture objects using

two operations specified earlier:

MoaePictureObjects = DMoueSymbols i DMoueTextBlocks

M o us e Alig n Obj ects To p0
OpOnWindowControl
doids? :P ID

type - IsaScrollfuegion
let rniny -: mi,n({po : DiagramObject I po.doid € doidsT ø

(D OW o rkÃes io n (r) o)) . wto pl eft . yj) ;

symids -- {po : DiagrarnObject 
I

tbids
po.doid e doids? n

{po : DiagramObject 
I

[saSyrnbol ø

po.doid € doids? A po.type: IsaTertÛloclt
S croll&egi, o n Pi cture (0 Win dow C o ntrol' ) :

(¡1, MoaePictureObj ects 
I

po.doi,dj;

ø po.doidj ø

0 S impl e D i o, g rarn : S cro Il Reg i, o n P i, ctur e (0 W i,n d o w C o ntrol)
symboli,ds? : symids A
tertblockids? : tbids o 0Si,mpleDi,agram')
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M o u s e Ali g n Ob j ect s To p = CIi ck O n D i a g r am Ob j ects i IVI o us e Ali g n Obj ects To p 0

The operalion MouseAlignObjectsTop aligns only symbols and their text block, and

not connections to the symbols. The specification paltitions the set of diagram object

identifiels that are to participate in this operation, given by doids?, into two sets,

symids and tbids. Each of these sets ale then used as input into the MouePi,ctureOb-

7ecús operation.

8.5 Summarv

In this chapter, specifications for simple diagram object types were provided. These

objects were then grouped together to create a simple diagram and visual chalacteris-

tics and constraints in object positioning were then outlined. A number of operations

on diagram objects, and on a simple diagram followed. Specifications were given that

linked together a simple diagr-am with a scroll region control, allowing manipulation

and display of the simple diagram through a GUI window control. Finally, operations

on this tool were specified which make use of the mouse and mouse operations. In

the next chapter, these specifications will be expanded upon in a very simple way to

create the full set of formal specifications for a specific diagramming tool - a tool used

for object-oriented software design.
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Chapten I
A Specialized Ðiagrarnrmirrg Tool

A special purpose diagramming tool can be developed using the specifications for a
simple diagramming tool provided in the last chapter and enriching the semantics for

diagram objects using application-dependênt information. To illustrate this concept,

a simple tool for object-oriented design is specified in this chapter. The informal

semantics of diagram objects ale borrowed from [1].

Since the pulpose of this chapter is to merely illustrate the enrichment of the

specifications from the previous chapter towards a specialized application, the entire

domain of object-orientation is not specified here. Consequently, this chapter includes

only a few of the concepts described in [1].

To start with, specifications fol a class are described. A symbol for a class in an

object-oriented diagram has a specific shape (represented as a cloud in [1]):

I ClassShape : OBJECTSHAPE

A class has a number of attributes, two of which are represented visually: a class

name, and a cardinali,ty indicating the permitted number of instances of the class.

The remaining attributes, which describe interface, implementation and visibility

information, are not represented visually in this notation.

A class can have three types of cardinality:

ClassCardinality ::: Zerolnstance I Onelnstance I Nlnstances

A class symbol is represented by a schema derived from DiagramObject with an addi-

tional attribute that represents cardinality. The shape of this symbol must be specific

to class symbols and the label must contain at least two lines - one for the class name

and another for an indication of the cardinality:
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ClassSyrnbol
DiagramObject
cardinality : ClassC ardinality

type : IsaSymbol
shape: ClassShape

fftert.lines ) 2

DOFrornClassSymbol :: (À ClassSymbol ø 0 DiagramObject)

A connection indicating inheritance between classes has a specific shape and a

non-empty label. Like class symbols, this connection is also derived fi'om the Dia-

gramObj ecú schema type.

I InheritsConnect'ionshape : OBJECTSHAPE

InheritsConnection
DiagramObject

tyyte - IsaConnecti,on
shape : Inherits C onnectionShape

fftert.li,nes ) 0

D O Frornlnherits C onnection :: ( À Inherits C onnection ø 0 DiagramObj ect)

An object-oriented diagram representing a class hierarchy consists of class sym-

bols, inheritance connections and text blocks for any documentation purposes. This

specialized diagram type is derived from SimpleDiagram:

OODiagram
SimpleDi,agram,
classsymbols : P ClassSyrnbol
i,nh eri,ts co nnections : P Inh erits C onn ectio n

tertblocks : P Di.agramObject

ran diagramobjects :
D O Frorn Class Symb ol I cl as s symbols I U
D O Fro m I nh erit s C o nn e cti, o n linh er it s co nn ecti o n sl U
tertbloclçs

V do : tertblocks q

do.type : IsaTextBlock
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Based on the specific semantics for class symbols and inherits connections, one

can produce a validation relationship that ensures the validity of the class hierarchy.

First, a connection relationship is defined between the inherits connection and two

distinct class symbols. This must be a directed connection:

- lnhConnectsClasses -: InheritsConnectioz <-> (ClassSyrnbol x ClassSymbot)

Y ic : InheritsConnection; cs1, cs2 '. ClassSyrnbol ø

ic InhConnectsClasses (cs1, cs2) e
( D O Fro rn I nh erit s C o nn ecti o n (i c) CCo n n ects F ro m S ToS

( D O Fro m Cl as s S y mb o I ( c s1), D O Fr o m Cl a s s S y mb o t ( c s2)) A
cs1 f cs2)

A valid class hierarchy diagram must adhere to the placement restrictions defined on

a simple diagram as well as ensuring that the inherits connections are placed logically.

For this simple example, multiple inherits connections cannot be defined between two

class symbols. In addition, no cycles are permitted in the inheritance hierarchv.

ValidOODiagram- : P OODi,agram

V ood: OODi,aoram o

ValidOODiagram (ood) +
(Va lidS i m ple D iagra m (ood.0 SirnpleDiagram) A

- (1, ic1,ic2 : ood.inheritsconnections;
cs1,, cs2 : ood.classsymbols ø

ic1 f ic2 A, cs1 f cs2 A
(ici InhConnectsClasses (cs1, cs2) A
ic2 InhConnectsClasses (cs1, cs2))

V
(ic1 InhConnectsClasses (cs2, cs1) A
ic2 InhConnectsClasses (cs2, cs1))

V
(ic1 lnhConnectsClasses (cs1, cs2) A
ic2 InhConnectsClasses (cs2, cs1))

V

(zc1 lnhConnectsClasses (cs2, cs1) A
ic2 InhConnectsClasses (cs1, cs2))) A

- (! c/øsss€g : seq ClassSyrnbol o

ran classseq C ood.classsymbols A

ff(tail(classseq)) : ffclassseq - I A
head(classseq) : last(classseq) A
(Vi:1..ffclassseqo

(1ic : ood.i,nheritsconnections c

¿c lnhConnectsClasses (classseq(i,
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Chapter 10

Filefiner-ment

In this chapter, the refinement of specifications towards implementation is discussed.

The specifications described in plevious chaptels represent an abstract model of a

system whose implementation as a genuine product typically requires several levels of

refinement. However, the theme of this thesis is to investigate the behaviour of a GUI

and not its final implementation. As a result, this chapter discusses the refinement of

the GUI specifications towards a prototype which illustrates that the specifications

can be transformed into a final product.

1_0. tr- Design and Implernentation Frorn Forrnal Spec-
ifications

Formal specifications are abstract and are not biased towards any particular design

and/or implementation. Even though model-based specifications do describe an ab-

stract model of a system, such a model does not include any design or implementation

details. However, it might provide hints to the designer about the appropriate design

or implementation model. This is one of the advantages of model-based specifications

over axiomatic or algebraic specifications.

Refinement of a model-based specification may be carried out through several

levels. Each level of refinement adds new design details into the specification such

as data structures, algorithms and environmental considerations. Lower levels of

refinement add details concerning implementation such as specific syntactic structures

in the chosen programming language, constraints regarding expected efficiency and

anticipated expectations. The final level of refinement will generally have a close
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match with the chosen programming language, enabling an easy and partially verified

impiementation.

There are two well known techniques of refinement for model-based specifications

- data refinement and operational decomposition. These two techniques are not com-

plements of each other; rather', both ale used at various stages of refinement. In data

refinement, the abstr-act data types in the higher level specifications are transformed

into more concrete data types in the lowel level specifications. For example, a "set"

data type can be transformed into a list or array at the lower level. During opera-

tional decomposition, an operation or a function in the higher level specifications is

decomposed into one or moïe opelations or functions in the lower level. Both types

of refinement techniques requir-e proof obligations to ensule that the lower level spec-

ifications are consistent with the higher level specifications. More about these two

techniques can be found in [10, 14, 16].

LO.2 Sirnple Prototype of a GUX

Since complete refinement and proof obligations of the GUI specifications are beyond

the scope of this thesis, only a simple prototype of the GUI has been implemented.

Typically, many window controls are implemented as part of a GUI subsystem, and

so most development time will be concentrated on building the simple or specialized

diagramming tool from these components. The prototype was developed on a PC

running Microsoft Windows using Borland C++ with Application Frameworks. Bor-

land C** provides rich class libraries fol developing Windows-based applications,

and so was selected to quickly implement the prototype. The development time for

the prototype was much shorter than the time taken for the formal design of the GUI,

since the specifications for the GUI address many low level details such as pixels and

mappings.

Though many of the abstract data types (schema structures) of the GUI specifi-

cation have direct mappings to the classes in the Borland libraries, their behaviours

are not identical. The specifications wele developed with the CASE tool as the tar-

get and with the concept of reuse as the partial benefit. Thus, the specifications

address the expected behaviours of the window controls under the CASE tool cur-
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rently being developed, and do not address an existing implementation such as that in

the Borland libraries. Based on the author's experience, the specifications are easily

implementable, and these implementations are consistent with the rest of the class

library. Some of the stluctures such as combo boxes ale not fully supported in the

class libraries. Ther-e ale no direct implementations for certain push button actions in

the specifications. Rather, these were implemented using timers defined in Windows.
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Chapter 11

Conclu.sron

A graphical user interface (GUI) plays a major role in any CASE tool, and hence

must be easy to understand and manipulate. Design and implementation of such a

GUI is therefore not a trivial task.

This thesis is a contribution to the development of an abstract GUI, targeted

towards the primary interface of a CASE tool for object-oriented design. Though

there are several GUI toolkits available, this GUI was developed from sclatch in

order to provide a foundation for the development of the CASE tool. Therefore,

the GUI is expected to behave in a manner amenable towards its manipulation in

ihe CAStr tool. This necessitated the investigation of the behaviours of individual

components in the GUI and its high level behaviour delived from those components.

Thus, the focus of this thesis was to provide a behavioural study of a GUI for the

CASE tool being targeted.

Formal specifications are used in this thesis to describe the behaviour of the GUI.

Recently, formal specification techniques have been introduced into the software de-

velopment process for behavioural study, design, derivation and verification, and for

maintenance. In this thesis, the Z notation is used to develop an abstract model of the

GUL Z's modular apploach enabled the author to specify the GUI's components in

a fairly independent manner, and aggregate them for the final abstract model of the

GUL Moreover, the specifications for the components were written in such a way that

they can be reused in othel applications. Hence, they provide a toolkit of plimitive

GUI types and operationç.

The specifications in this thesis address the structure and behaviour of pixels,
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window controls, the mouse, the scr-een address space, the work area address space

(where application dependent information is stored), the mapping between these two

address spaces and finally the behaviour of all controls united along with the mouse.

Both simple and specialized diagramming tools are specified in the latel chapters.

The thesis ended with a discussion about the deveiopment of a prototype of the GUI,

derived from the specifications.

Continuation of wolk plesented in this thesis can be car-ried out in several ways.

Fol example, a detailed design can be delived from the specifications using refinement

techniques that are outlined in [10]. This requires proof obligations on the par-t of

the designer. Altelnatively, some propelties of the window controls can be stated and

ploved using the specifications in this thesis. As an example, the property "moving a

window within the screen does not change the contents of the window" can be easily

proved from the specifications. Such proofs ale beyond the scope of this thesis and

are left as continuing work.
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Appendix A

7" Notatrons

This appendix

referred to [16]

Def,nitions

1:

Logic

;

+
€
Vd,ø7t

1døp
1rd o 1t

(, (,:, ), )

includes only those notations of Z used in this thesis; readels a'.-e

for a complete set of Z notations.

given set brackets for given types

abbreviation definition

free type definition

logical negation

Iogical conjunction

logical disjunction

logical implication

logical equivalence

universal quantification (d is declaration, p is predicate)

existential quantification (d is declaration, p is pledicate)

unique existential quantification (d is declaration, p is predicate)

logical operators
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Sets

€

.f
F

Ø,{}

ç
C

{}
0
X

P

n

n

U

J+
TT

Relations

e

Functi,ons

H

dom

Ì-an

9

/llr
\l/

set membelship

set non-membership

empty set

subset

pr-opel subset

set brackets

tuple brackets

Cartesian product

powel set

set intersection

set union

set difference

generalized intersection

generalized union

^^-l:.^^l;+-,LCLI \- TIId,TT UJ

binary relation

maplet

domain of a relation

range of a relation

folwald lelational composition

relational image

relational inverse

partial function

total function

bijective function

--+

---+

Ð

r49



rþ),1 *

O

Numbers

N

N1

Z

function application

functional overriding

set of natulal numbers

set of non-zero natural numbels

set of integers

addition

subtlaction

multiplication

division

numbel range

sequence as a type

sequence

sequence concatenation

first element of a sequence

all but the head element of a sequence

last element of a sequence

all but the last element of a sequence

contiguous subsequence

sequence extraction

sequence filtering

ìF

div

Sequences

seq

!
head

tail

Iast

front

in

1

I

Schema Notation
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sê[dlp]

The former denotes vertical notation of a schema and the latter denotes it horizontal

version.

component selection in a schema

binding

after state decoration

renaming schema components (rename b to a)

schema conjunction

schema disjunction

schema negation

schema composition

lambda-expression

mu-expression

decoration of input variable

decoration of output variable

Ariornatic NotatiotL

A

I tll
lal0l

?

\

u

?

I
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Appendíx B

Frelinnïnary F\-tnctions and Data
Types

It is assumed that STRING and ID are two basic types representing chalacter strings

and object identifiers respectively:

ISTRING,ID)

Z does not have a boolean type. However, some of the specifications in this thesis

use a boolean type which is defined below:

Boolean ::: Yes I No

A toggli,ng function on a boolean variable is defined next:

Toggle : Boolean ---+ Boolean

Vb:Booleanø
b : Yes + Toggle(b) : No ¡
b:No+Toggle(b):Y"t

The following functions specify two simple arithmetic operations used within the

specifications. ,5gr represents the square of a natural number and Aós is used to

retrieve the absolute value of an integer:

,Sqr:N--+N

Vo:N e

Sqr(o)

Abs : Z ---+

:o+o

Z

Vz:Zø
z<0+
z)0è

Abs(z) : -z
Abs(z) : 2
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