6.826—Principles of Computer Systems 1999

3. Introduction to Spec

This handout explains what the Spec language is for, how to use it effectively, and how it differs
from a programming language like C, Pascal, Clu, Java, or Scheme. Spec is very different from
these languages, but it is also much simpler. Its meaning is clearer and Spec programs are more
succinct and less burdened with trivial details. The handout also introduces the mairctons

that are likely to be unfamiliar to a programmer. You will probably find it worthwhile to read it
over more than once, until those constructs are familiar.

Spec is a language for writing precise descriptions of digital systems, both sequential and
concurrent. In Spec you can write something that differs from a practical implementation (for
instance, one written in C) only in minor details of syntax. This sort of thing is usually called a
program. Or you can write a very high level description of the behavior of a system, usually
called a specification. A good specification is almost always quite different from a good
program. You can use Spec to write either one, but not the same style of Spec. The flexibility of
the language means that you need to know the purpose of your Spec in order to write it well.

Most people know a lot more about writing programs than about writing specs, so this
introduction emphasizes how Spec differs from a programming language and how to use it to
write good specs. It does not attempt to be either complete or precise, but other handouts fill
these needs. THgpec Reference Manuglandout 4) describes the language completely; it gives
the syntax of Spec precisely and the semantics inforn#dthynic Semantics of Spétandout 9)
describes precisely the meaning of an atomic command; here ‘precisely’ means that you should
be able to get an unambiguous answer to any question. The section “Non-Atomic Semantics of
Spec” in handout 17 on formal concurrency describes the meaning of a non-atomic command.

Spec’s notation for commands, that is, for changing the state, is derived from Edsger Dijkstra
guarded commands (E. Dijkstra Discipline of ProgrammingPrentice-Hall, 1976) as extended
by Greg Nelson (G. Nelson, A generalization of Dijkstra’s calcé@y TOPLASL], 4, Oct.

1989, pp 517-561). The notation for expressions is derived from mathematics.

This handout starts with a discussion of specifications and how to write them, with many small
exanples of Spec. Then there is an outline of the Spec language, followed by three extended
examples of specs and implementations. At the end are two handytearepage summaries,

one of the language and one of the official POCS strategy for writing specs and implementations.
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What is a specification for?

The purpose of a specification is to communicate precisely all the estmtiabout the
behavior of a system. The important words in this sentence are:

communicate  The spec should tell both the client and the implementer what each needs

to know.

precisely We should be able to prove theorems or compile machine instructions
based on the spec.

essential Unnecessary requirements in the spec may confuse the client or make it
more expensive to implement the system.

behavior We need to know exactly what we mean by the behavior of the system.

Communication

Spec mediates communication between the client of the system and its implementer. One way to
view the specification is as a contract between these parties:

The client agrees to depend only on the system behavior expressed in the spec; in return it
can count on the implementation to provide a system that actually does behave as the spec
says it should.

The implementer agrees to provide a system that behaves according to the spec; in return it is
free to arrange the internals of the system however it likes, and it does not have to deliver
anything not laid down in the spec.

Usually the implementer of a spec is a programmer, and the client is another programmer.
Usually the implementer of a program is a compiler or a computer, and the client is a
progranmer.

Behavior

What do we mean by behavior? In real life a spec defines not only the functional behavior of the
system, but also its performance, cost, reliability, availability, size, weight, etc. In this course we
will deal with these matters informally if at all. The Spec language doesn’t help much with them.

Spec is concerned only with the possible state transitions of the system, on the theory that the
possible state transitions tell the complete story of the functional behavior of a digital system. So
we make the following definitions:

A stateis the values of a set of names (for instare®,color=red ).

A historyis a sequence of states such that each pair of adjacent states is a transition of the
system (for instancer1; x=2; x=5 is the history if the initial state is1 and the
transitions are “ik=1 thenx:=x+1 "and“ifx=2 thenx:=2*x+1 .

A behavioris a set of histories (a non-deterministic system can have more than one history).
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How can we specify a behavior?

One way to do this is to just write down all the histories in the behavior. For example, if the state
just consists of a single integer, we might write

111111111111111111
121111111111111111

121212121212121212
12345123123456780910
The example reveals two problems with this approach:

The sequences are long, and there are a lot of them, so it takes a lot of space to write them
down. In fact, in most cases of interest the sequences are infinite, so we can'’t actually write
them down.

It isn't too clear from looking at such a set of sequences what is really going on.

Another description of this set of sequences from which these examples are drawn is “18
integers, each one eitheor one more than the preceding one.” This is concise and
understandable, but it is not formal enough either for mathematical reasoning or for directions to
a computer.

Precise

In Spec the set of sequences can be described in many ways, for example, by the expression
{s:SEQInt| s.size=18

A(ALLi: Int| 0 <=iAi< s.size ==>
s()=1V(i>0ANs()=s(-1)+1))}

Here the expression {n} s very close to the usual mathematical notation for defining a set.
Read it as “The set all s which are sequences of integers suchdbat = 18 and ...". Spec
sequences are indexed fromThe(ALL ... ) is a universally quantified predicate, anrc

stands for implication, since Spec uses the more familiéor ‘then’ in a guarded command.
Throughout Spec the * symbol separates a declaration of some new names and their types from
the scope in which they are meaningful.

Alternatively, here is a state machine that generates the sequences we want as the successive
values of the variablie. We specify the transitions of the machine by starting with primitive
assignment commanasd putting them together with a few kinds of compound commands.
Each command specifies a set of possible transitions.
VAR, j|
<«<i=1;j:=1>>;
DO<<j<18=>BEGINi:=1[i:=i+1END;j:=j+1>>0D

Here there is a good deal of new notation, in addition to the familiar semicolons, assignments,
and plus signs.
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VAR, j | introduces the local variablesandj with arbitrary values. Becausebinds
more tightly than , the scope of the variables is the rest of the example.

The<<..>>  brackets delimit the atomic actions or transitions of the state machine. All
the changes inside these brackets happen as one transition of the state machine.

j<18=>.. is a transition that can only happen wherg . Read it as “if <18
then .. ". Thej<18 is called gguard If the guard is false, we say that the entire
commandails.

i=1[i=i+1 is anon-deterministid¢ransition which can either seto 1 or
increment it. Rea@ as ‘or’.

TheBEGIN ... END  brackets are just brackets for commands, like { ... } in C. They are there
because> binds more tightly than thg operator inside the brackets; without them the
meaningwould be “either set to 1 if j<18 or increment andj unconditionally”.

Finally, theDO ... OD  brackets mean: repeat the transition as long as possible.
Eventuallyj becomedas and the guard becomes false, so the command insid®the
obDfails and can no longer happen.

The expression approach is better when it works naturally, as this example suggests, so Spec has
lots of facilities for describing values: sequences, sets, and functions as well as integers and
booleans. Usually, however, the sequences we want are too complicated to be conveniently
described by an expression; a state machine can describe them much more easily.

State machines can be written in many different ways. When each transition involves only

simple expressions and changes only a single integer or boolean state variable, we think of the
state machine as a program, since we can easily make a computer exhibit this behavior. When
there are transitions that change many variables, non-deterministic transitions, big values like
sequences or functions, or expressions with quantifiers, we think of the state machine as a
specification, since it may be much easier to understand and reason about it, but difficult to make
a computer exhibit this behavior. In other words, large atomic actions, non-determinism, and
expressions that compute sequences or functions are hard to implement. It may take a good deal
of ingenuity to find an implementation that has the same behavior but uses only the small,
deterministic atomic actions and simple expressions that are easy for the computer.

Essential

The hardest thing for most people to learn about writing specs & $ip&C is not a programi

spec defines the behavior of a system, but unlike a program it need not, and usually should not,
give any practical method for producing this behavior. Furthermore, it should pin down the
behavior of the system only enough to meet the client’s needs. Details in the spec that the client
doesn’'t need can only make trouble for the implementer.

The example we just saw is too artificial to illustrate this point. To learn more about the
difference between a spec and an implementation consider the following:
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VAR eps := 10**-8

APROC SquareRootO(x: Real) -> Real =
<<VARY : Real | Abs(x - y*y) < eps => RET y >>

(Spec as described in the reference manual doesn't lRagg a@ata type, but we’ll add it for the
purpose of this example.)

The combination o¥ARand=> is a very common Spec idiom; read it as “choogesach that

Abs(x - y*y) < eps and dorRET y”. Why is this the meaning? TheRmakes a choice of any

Real as the value of, but the entire transition on the second line cannot occur unless the guard
is true. The result is that the choice is restricted to a value that satisfies the guard.

What can we learn from this example? First, the resulityedreRoot0(x)  is not determined by

the value ok; any result whose square is withigs of x is possible. This is whgquareRoot0

is written as a procedure rather than a function; the result of a function has to be determined by
the arguments and the current state, so that the value of ansephi&ef(x) = f(x) will be

true . In other wordsSquareRoot0 is non-deterministic.

Why did we write it that way? First of all, there might not be Rewy (that is, any floating-point
number of the kind used to represraal ) whose square exactly equals Second, we may not

want to pay for an implementation that gives the closest possible answer. Instead, we may settle
for a less accurate answer in the hope of getting the answer faster.

You have to make sure you know what you are doing, though. This spec allows a negative result,
which is perhaps not what we really wanted. We could have written:

APROC SquareRoot1(x: Real) -> Real =
<<VARY:Real |y >= 0/ Abs(x - y*y) <eps => RET y >>

to rule that out. Also, the spec produces no resuk if , which means thetquareRoot1(-1)
will fail (see the section on commands for a discussion of failure); probably we would prefer a
total function that raises an exception:

APROC SquareRoot2(x: Real) -> Real RAISES {undefined} =
<< x>=0=>VARYy:Real|y>=0NAbs(x-y*y)<eps=>RETy
[*] RAISE undefined >>

The[*] s ‘else’; it does its second operand iff the first one fails. Exceptions in Spec are much
like exceptions ircLu. An exception is contagious: once started RAGE it causes any

containing expression or command to yield the same exception, until it runs into an exception
handler (not shown here). TRaISES clause of a routine declaration must list all the exceptions
that the procedure body can generate, eith&A$ES or by invoking another routine.

An implementation of this spec would look quite different from the spec itself. Instead of the
existential quantifier implied by thear y, it would have an algorithm for finding for
instance, Newton’s method. In the algorithm you would only see operations that have obvious

1 We could accommodate this fact of life by specifying the closest floating-point number. This would still be non-
deterministic in the case that two such numbers are equally close, so if we wanted a deterministic spec we would
have to give a rule for choosing one of them, for instance, the smaller.
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implementations in terms of the load, store, arithmetic, and test instructions of a computer.
Probably the implementation would be deterministic.

Another way to write these specs is as functions that return the set of possible answers. Thus

FUNC SquareRoots1(x: Real) -> SET Real =
RET {y : Real | y >= 0 \ Abs(x - y*y) < eps}

Note hat the form inside thig.}  set constructor is the same as the guard oREfeTo get a
single result you can use the setisose method:SquareRoots1(2).choose .2

In the next section we give an outline of the Spec language. Following that are three extended
examples of specs and implementations for fairly realistic systems. At the end is a one-page
summary of the language.

2 := squareRoots1(x).choose (using the function) is almost the same asSquareRoot1(x) (using the
procedure). The difference is that becattsmse is a function it always returns the same element (even though we
don’t know in advance which one) when given the same set, and hencSquaesRoots1 is given the same

argument. The procedure, on the other hand, is non-deterministic and can return different values on successive calls
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An outline of the Spec language

The Spec language has two main parts:

* An expressiordescribes how to compute a result (a value or an exception) as a function of
other values: either literal constants or the current values of state variables.

* A commandiescribes possible transitions of the state variables. Another way of saying this
is that a command is a relation on states: it allows a transitiorsfrdms2 iff it relatess1 to
s2.

Both are based on tistate which in Spec is a mapping from names to values. The names are
called state variables or simply variables: in the sequence example above thapgjre

Actually a command relates statetdcomesan outcome is either a state (a normal outcome)
or a state together with an exception (an exceptional outcome).

There are two kinds of commands:

» An atomiccommand describes a set of possible transitions, or equivalently, a set of pairs of
states. For instance, the commanrd:=i+ 1 >> describes the transitions - i=2,
i=2 —i=3 , etc. (Actually, many transitions are summarized=by- i=2 , for instance(=1,
i=1) - (=2, j=1) and (i=1, j=15) - (i=2, j=15) ). If a command allows more than one
transition from a given state we say it is non-deterministic. For instance, on page 3 the
commandEGINi:=1[i:=i+1END allows the transitions2 -i=1 and
i=2 -i=3.

» A non-atomiccommand describes a set of sequences of states (by contrast with the set of
pairs for an atomic command). More on this below.

A sequential program, in which we are only interested in the initial and final states, can be
described by an atomic command.

The meaning of an expression, which is a function from states to values (or exceptions), is much
simpler than the meaning of an atomic command, which is a relatiwedre states, for two
reasons:

* The expression yields a single value rather than an entire state.

¢ The expression yields at most one value, whereas a non-deterministic command can yield
many final states.

A atomic command is still simple, much simpler than a non-atomic command, because:

» Taken in isolation, the meaning of a non-atomic command is a relation between an initial
state and a history. Again, many histories can stem from a single initial state.

* The meaning of the composition of two non-atomic commands is not any simple
combination of their relations, such as the union, because the commands can interact if they
share any variables that change.

Handout 3. Introduction to Spec 7

6.826—Principles of Computer Systems 1999

These considerations lead us to describe the meaning of a non-atomic command by breaking it
down into its atomic subcommands and connecting these up with a new state variable called a

program counter. The details are somewhat complicated; they are sketched in the discussion of
atomicity below, and described in handout 17 on formal concurrency.

The moral of all this is that you should use the simpler parts of the language as much as possible:
expressions rather than atomic commands, and atomic commands rather than non-atomic ones.
To encourage this style, Spec has a lot of syntax and built-in types and functions that make it
easy to write expressions clearly and concisely. You can write many things in a single Spec
expression that would require a number of C statements, or even a loop. Of course, an
implementation with a lot of concurrency will necessarily have more non-atomic commands, but
this complication should be put off as long as possible.

Organizing the program

In addition to the expressions and commands that are the core of the language, Spec has four
other mechanisms that are useful for organizing your program and making it easier to
understand.

A routineis a named computation with parameters, in other words, an abstraction of the
computation. Parameters are passed by value. There are four kinds of routine:

A function(defined withFUNQ is an abstraction of an expression.

An atomic procedurddefined withAPROQ is an abstraction of an atomic command.
A general procedure (defined wiiROQ is an abstraction of a non-atomic command.
A thread(defined withTHREAD is the way to introduce concurrency.

« Atypeis a highly stylized assertion about the set of values that a name or expression can
assume. A type is also a convenient way to group and name a collection of routines, called its
methodsthat operate on values in that set.

An exceptionis a way to report an unusual outcome.

A moduleis a way to structure the name space into aléwekhierarchy. An identifierr
declared in a module has the name.i throughout the program. élassis a module that
can be instantiated many times to create many objects.

A Spec program is some global declarations of variables, routines, types, and exceptions, plus a
set of modules each of which declares some variables, routines, types, and exceptions.

The next two sections describe things about Spec’s expressions and commands that may be new
to you. It doesn’t answer every question about Spec; for those answers, read the reference
manual and the handouts on Spec semantics. There is a one-page summary at the end of this
handout.
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Expressions, types, and functions

Expressions are for computing functions of the state. A Spec expression is a constant, a variable,
or an invocation of a function on an argument that is some sub-expression. The values of these
expressions are the constant, the current value of the variable, or the value of the function at the
value of the argument. There are no side-effects; those are the province of commands. There is
quite a bit of syntactic sugar for function invocations. An expression may be undefined in a state;
if a simple command evaluates an undefined expression, the command fails (see below).

A Spec type defines two things:
A set of values; we say that a vahesthe type if it's in the set. The sets are not disjoint.

A set of functions called thmethod<of the type. There is convenient syntax for
invoking methodnon a values of the type.

Spec is strongly typed. This means that you are supposed to declare the types of your variables,
just as you do in Pascal otu. In return the language defines a type for every exprésaiwh

ensures that the value of the expression always has that type. In particular, the value of a variable
always has the declared type. You should think of a type declaration as a stylized comment that
has a precise meaning and could be checked mechanically.

If Foo is a type, you can omit it in a declaration of the identifigrsoo1, foo' etc. Thus
VAR intl, bool2, char" | ...
is short for

VAR intl: Int, bool2: Bool, char": Char | ...

Spec has the usual types: , Nat (non-negativent ), Bool , functions, sets, records, tuples, and
variable-length arrays called sequences. A sequence is a function whose d¢main.js

n-1} for somen. In addition to the usual functions like' and"v* , Spec also has some less

usual operations on these types, which are valuable when you want to suppress implementation
detail: constructors and combinations.

You can make a type with fewer values ussugHTHATFor example,

TYPE T = Int SUCHTHAT (\iz Int | 0 <= i \i<=4)
has the value s¢t, 1, 2, 3, 4} . Here the) ...) is a lambda expression that defines a
function fromint to Bool , and a value has tygef it's anint and the function maps it tae .

Section 5 of the reference manual describes expressions and lists all the built-or@péocat

should read the list, which also gives their precedence and has pointers to explanations of their
meaning. Section 4 describes the types. Section 9 defines the built-in methods for sequences,
sets, and functions; you should read it over so that you know the vocabulary.
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Constructors

Constructors for functions, sets, and sequences make it easy to toss large values around. For
instance, you can describe a database as a fudbtivpom names to data records with two

fields:
TYPE DB = (String -> Entry)
TYPE Entry = [salary: Int, birthdate: Int]
VAR db := DB{}

Heredb is initialized using a function constructor whose value is a function undefined
everywhere. The type can be omitted in a variable declaration when the variable is initialized; it
is taken to be the type of the initializing expression. The type can also be omitted when it is the
upper case version of the variable nab®in this example.

Now you can make an entry with
db := db{ "Smith" -> Entry{salary := 23000, birthdate := 1955} }
using another function constructor. The value of the constructor is a function that is the same as
db except at the argumergmith” , where it has the valusntry{...} , which is a record
constructorThe assignment could also be written
db("Smith") := Entry{salary := 23000, birthdate := 1955}
which changes the value of thie function at'smith*  without changing it anywhere else. This
is actually a shorthand for the previous assignment. You can omit the field names if you like, so
that
db("Smith") := Entry{23000, 1955}
has the same meaning as the previous assignment. Obviously this shorthand is less readable and
more error-prone, so use it with discretion. Another way to write this assignment is
db("'Smith").salary := 23000; db("Smith").birthdate := 1955

The set of names in the database can be expressed by a set constructor. It is just

{n: String | db!n},
in other words, the set of all the strings for whichdihéunction is defined (" is the ‘is-
defined’ operator; that igix is true ifff is defined ak). Read this “the set of stringssuch that
db!n ”. You can also write it agb.dom , the domain ofib; section 9 of the reference manual
defines lots of useful built in methods for functions, sets, and sequences. It's important to realize
that you can freely use large (possibly infinite) values such at thenction. You are writing a
specification, and you don't need to worry about whether the compiler is clever enough to turn
an expensive-looking manipulation of a large object into a cheap incremental update. That's the
implementer’s problem (so you may have to worry about whether she is clever enough).

If we wanted the set of lengths of the names, we would write

{n: String | db!n | n.size}
This three part set constructor contairifand only if there exists amsuch thatibin and
i=nsize . So{n: String | db!n} is short for{n: String | db!n | n} . You can
introduce more than one name, in which case the third part defaults to the last name. For
example, if we represent a directed graph by a function on pairs of nodes thatretunben
there’s an edge from the first to the second, then

{n1: Node, n2: Node | graph(nl, n2) | n2}
is the set of nodes that are the target of an edge, anghthe ‘tould be omitted.

3 Note that a value may have many types, but a variable or an expression has exactly one type: for a variable, it's the

declared type, and for a complex expression it's the result type of the top-level function in the expression.
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{f :IN openFiles | f.modified}
to get the set of all opemodified files. This is equivalent to
{f: File | f IN openFiles /\ f.modified}
because i§ is aSET T, thenIN's is a type whose values are thigin s; in fact, it's the type
T SUCHTHAT (\t|tIN's) . This form also works for sequences, where the second operand
of :IN provides the ordering. Sosdfis a sequence of integegs;IN s | x > 0} is the
positive ones{x:INs|x>0]|x *x} is the squares of the positive ones, gnol s
| x*x} is the squares of all the integers, because an omitted predicate defewdts4o

To get sequences that are more complicated you can use sequence genera@oneitiHILE.
{i:=1BYi+1WHILEi<=5true|i}
is{1,2,3,4,5} ; the second and third parts could be omitted. This is just like the “for”
construction in C. An omittedHILE defaults tarue , and an omitted defaults to an arbitrary
choice for the initial value. If you write several generators, each variable gets a new value for
each value produced, but the second and later variables are initialized first. So to get the sums of
successive pairs of elementssofvrite
{x := s BY x.tail WHILE x.size > 1| | x(0) + x(1)}
To get the sequence of partial sums ofvrite (eliding| | sum
{x:IN's, sum := 0 BY sum + x}
Takinglast of this would give the sum of the elements oT o get a sequence whose elements
are reversed from those @fwrite
{X:IN s, rev :={} BY {x} + rev}.last
To get the sequengge), f2(e), ..., fn(e)}
{i:IN1 .. n,iter:=e BY f(iter)}
This uses the operator;j .. |

at the end)

, write
is the sequende i+1, ..., j-1, j}

Combinations

A combination is a way to combine the elements of a sequence or set into a single value using an
infix operator, which must be associative, must have an identity, and must be commutative if it is
applied to a set. You write “operatosequence or set”. Thus

+: (SEQ String){"He", "I", "I0"} = "He" + "I + "lo" = "Hello"
because on sequences is concatenation, and

+:{lIN1..4]|*™2}=1+4+9+16=30

Existential and universal quantifiers make it easy to describe properties without explaining how
to test for them in a practical way. For instance, a predicate that isff the sequence is
sorted is

(ALLi:IN1 .. s.size-1 | s(i-1) <= s(i))
This is a common idiom; read it as

“foralli in1.. s.size-1 , s(i-1) <= s(i) "

This could also be written

(ALL i :IN (s.dom - {0}) | s(i-1) <= s(i))
sinces.dom is the domain of the functian which is the non-negative integers.size

4 In the sequence form s is not a type but a special construct; treating it as a type would throw away the
essential ordering information.
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Because a universal quantification is just the conjunction of its predicate for all the values of the
bound variables, it is simply a combination usingas the operator:
(ALL i| Predicate(i)) = \: {i | Predicate(i)}
Similarly, an existential quantification is just a similar disjunction, hence a combination/using
as the operator:
(EXISTS i | Predicate(i)) = V : {i | Predicate(i)}
Spec has the redundasiiL andeEXISTS notations because they are familiar.

If you want to get your hands on a value that satisfies an existential quantifier, you can construct
the set of such values and usedhsse method to pick out one of them:

{i | Predicate(i)}.choose
This is deterministicchoose always returns the same value given the same set (a necessary
property for it to be a function). It is undefined if the set is empty, which is the case in the
example if na satisfiesPredicate

ThevArRcommand described in the next section on commands is another form of existential
quantification that lets you get your hands on the value, but it is non-deterministic.

Functions

Like everything (except types), functions are ordinary values in Spec. Given a function, you can
use a function constructor to make another one that is the same except at a particular argument,
as in theDB example above. Another examplé{is>0} , which is the same asexcept that it
is 0 atx. If you have never seen a construction like this one, think about it for a minute. Suppose
you had to implement it. i is represented as a table of (argument, result) pairs, the
implementation will be easy. fis represented by code that computes the result, the
implementation is less obvious, but you can make a new piece of code that says

(y:Int] ((y=x)=>0[Tf(y)))

Here'v is ‘lambda’, and the subexpressigg = x) => 0 [*] f(y) ) is a conditional,
modeled on the conditional commands we saw in the first section; its valife/isx and
fly) otherwise, so we have changeplist ato, as desired. If the else clauge(y) is

omitted, the condition is undefinedyif# x . Of course in a running program you probably
wouldn’t want to construct new functions very often, so a piece of Spec that is intended to be
close to a practical implementation must use function constructors carefully.

Functions can return functions as results. ThAus->C is the type of a function that takesan
and returns a function of tye>C, which in turn takes B and returns &. If f has this type,
thenf(a) has types->C, andf(a)(b)  has typec. Compare this witli, B)->C , the type of a
function which takes am and aB and returns a. If g has this typeg(a) doesn't type-check,
andg(a, b) has typec. Obviouslyf andg are closely related, but they are not the same.

You can define your own functions either by lambda expressions like the one above, or more
generally by funtton declarations like this one

FUNC NewF(y: Int) -> Int = RET ((y =x) => 0 [*] f(y) )
The value of thislewF is the same as the value of the lambda expression. To avoid some
redundancy in the language, the meaning of the function is defined by a command irRevhich
sub-commands specify the value of the function. The command might be syntactically non-
deterministic (for instance, it might containRor [] ), but it must specify at most one result
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value for any argument value; if it specifies no result values for an argument or more than one
value, the function is undefined there. If you need a full-blown command in a function
constructor, you can write it witbaAMBDANstead of :

(LAMBDA (y: Int) -=> Int = RET ((y =x) => 0 [*] f(y) ))

You can compose two functions with theperator, writing*g . This means to apply first

and theny. It is often useful wheh is a sequence (remember th&E® T is a function fromo,

1, ..., size-1} to T), since the result is a sequence with every eleméntrafpped by. So:
(0..4)*{\i: Int | i} = (SEQ Int){0, 1, 4, 9, 16}

since0 ..4={0, 1, 2, 3, 4} becausent has a method with the obvious meaning:

i.j= {i, i+1, ..., j-1, j} . In the section on constructors we saw another way to
write

(0 .. 4) *{\i: Int | i*i},
as

{iiINO.. 4]}

This is more convenient when the mapping function is defined by an expression, as it is here, but
it's less convenient if the mapping function already has a name. Then it's shorter and clearer to

write
(0 .. 4) * factorial

rather than
{i:INO..4||factorial(i)}.

Methods

Methods are a convenient way of packaging up some functions with a type so that the functions
can be applied to values of that type concisely and without mentioning the type itself. Look at the

definitions in section 9 of th8pec Reference Manuyathich give methods for the built-in types
SEQT, SET T, andT->U. If s is aSEQ T, s.head iS Sequence[T].Head(s) , which is just(0)
(which is undefined i§ is empty). You can see that it's shorter to wgitead .5

You can define your own methods by uswgH. For instance, consider
TYPE Complex = [re: Real, im: Real] WITH {"+":=Add, mag:=Mag}

Add andMag are ordinary Spec functions that you must define, but you can now invoke them on a

¢ which isComplex by writingc + ¢ andc.mag , which meamdd(c, ¢ andMag(c) . You

can use existing operator symbols or make up your own; see section 3 of the reference manual

for lexical rules. You can also writmplex."+" andComplex.mag to denote the functionsid
andMmag; this may be convenient@omplex was declared in a different module. Usikugl as a
method does not make it private, hidden, static, local, or anything funny like that.

When you nestviTH the methods pile up in the obvious way. Thus

TYPE MoreComplex = Complex WITH {"-":=Sub, mag:=Mag2}
has an additional method , the same+" asComplex , and a diferentmag. Many people call
this ‘inheritance’ and ‘overriding’.

5 Of courses(0) is shorter still, but that's an accident; there is no similar alternatiweetéor
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Commands

Commands are for changing the state. Spec has a few simple commands, and seven operators for
combining commands into bigger ones. The main simple commands are assignment and routine
invocation. There are also simple commands to raise an exception, to return a function result, and
to SKIP, that is, do nothing. If a simple command evaluates an undefined expression, it fails (see
below).

The operators on commands are:

¢ A conditional operatopredicate => command , read “ifpredicate  thencommand’. The

predicate is called guard

e Choice operatorg1[Jc2 andcl[*]c2 ,read ‘or and ‘else’.

e Sequencing operatorst ; c2  andcl EXCEPT handler . Thehandler is a special form of
conditional commandsxception => command

Variable introductionVvAR id: T | command
doesn't fail”.

, read “chooseé of typeT such thatommand

¢ Loops:DO command OD.

Section 6 of the reference manual describes commaArtm®ic Semantics of Spgives a precise
account of their semantics. It explains that the meaning of a commarelasien between a

state and an outcome (a state plus an optional exception), that is, a set of possible state-to-
outcome transitions.

Conditionals and choice

The figure below (copied from Nelson’s paper) illustrates conditionals and choice with some
very simple examples. Here is how thegriu

The command

P=>Q
means to d@if P is true. IfP is false this command fails; ather words, it has no outcome.
More precisely, it is a state in which is false or undefined, this command does not relate
any outcome.

What good is such a command? One possibility isrthétl be true some time in the future, and
then the command will have an outcome and allow a transition. Of course this can only happen
in a concurrent program, where there is something else going on that can makeEven if
there’s no concurrency, there might be an alternative to this command. For instance, it might
appear in the larger command
P =>Q

0 pP=>q
in which you read] as ‘or’. This fails only if each af andP' is false or undefined. If both are
true (as in theo state in the south-west corner of the figure), it means to do eithey' ; the
choice is non-deterministic. i is ~P then they are never both false, andl i§ defined this
command is equivalent to
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Xy xy xy xy if y=0 initially, x=1 afterwards, iy >3 initially, x=2 afterwards, and otherwiseis
00— 00 00— 00 unchanged. If you think of it relationallyt [[c2 ~ has all the transitions of (there are none if
01— o1 o1 - 01 c1 fails, several if it is non-deterministic) as well as all the transitions .dBoth failure and

non-determinism can arise from deep inside a complex command, not just froreetgp-or
10— 10 10 10 VAR

B
1 11 1 11 The precedence rules for commands are
SKIP x=0=>SKIP EXCEPT binds tightest
(partial) ; next
=>| next (for the right operand; the left side is an expression or delimitedrpy
1] bind least tightly.

Xy Xy Xy Xy
00 00 00 00 These rules minimize the need for parentheses, which are written around commands in the ugly
01 >> o1 01\ 01 form BEGIN ... END  or the slightly prettier fornF ... FI ; the two forms have the same

meaning, but as a matter of style, the latter should only be used around guarded commands. So,
10 : 10 10\ 10 for example,
11 11 11 11 P=>Q;R

is the same as

y:=1 y=0=>y:=1 P => BEGIN Q; R END
(partial) and means to do followed byR if P is true. To guard onl@ with P you must write

IFP=>Q[* SKIPFI;R
which means to dQif P is true, and then to dd The[*] SKIP  ensures that the command

X W X X before the;" does not fail, which would prevertfrom getting done. Without thg skip
00 00 00 00 isi
E : that is in
01 01 01 01 IFP=>QFI;R
10 10 10 10 if P is false ther ... FI fails, so there is no possible outcome from wifican be done and
» \ 1 11 ;: 11 the whole thing fails. Thus P =>QFI; R has the same meaningras> BEGIN Q; REND
which is a bit surprising.
x =0 => SKIP SKIP Sequencing
Dy:0:>y;:1 []y:0:>y;:]_ ) . . .
(partial, non-deterministic) (non-deterministic) Acl;c2 command means just what you think it does: éitstthenc2. The command

cl;c2 gets you from statel to states2 if there is an intermediate statesuch that1 gets you
from sl tos andc2 gets you froms to s2. In other words, its relation is the composition of the

Combining commands . . . . X e
relations forcl andc2; sometimes’ is called ‘sequential composition’.df produces an

P=>Q exception, the composite command ighazsind produces that exception.
e . . .
in which you readq] as ‘else’. On the other handpifs undefined the two commands differ, A CLEXCEPT ex=>c2 command is just like1;c2 ~except that it treats the exceptienthe
because the first one fails (since neither guard can be evaluated), while the secand does other way around: i1 produces the exceptien then it goes on tee, but ifc1 produces a
normal outcome (or any other exception), the composite command igaaaad produces that
Bothci[lc2 andcl[®c2 fail only if bothcl andc2 fail. If you think of a Spec program outcome.
operationally (that is, as executing one command after another), this means that if the execution _ _ _
makes some choice that leads to failure later on, it must ‘back-track’ and try the other Variable introduction

alternatives until it finds a set of choices that succeed. For instance, no matterisyladiter . . . . .
y=0=>x=x-1x<y=>x:=1 VARGgives you more dramatic non-determinism tflanThe most common use is in the idiom

y>0=>x:=3 ;X<y=>x:=2 . VARX:T|P(X)=>Q . .
[ SKIP which is read “choose someof typeT such thab(x) , and dog'. It fails if there is nox for
whichP(x) is true and) succeeds. If you just write
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VARX:T|Q
thenvARacts like ordinary variable declaration, giving an arbitrary initial value to

Variable introduction is an alternative to existential quantification that lets you get your hands on
the bound variable. For instance, you can write

IF VAR n:Int, x: Int, y: Int, z: Int |
(n>2 A X**n + y**n = z**n) =>out :=n

[*] out:=0

Fl

which is read: choose integers, y, z suchthah>2 andx"+y "=z ", and assign to
out ; if there are no such integers, assigo out .6 The command before tit¢  succeeds iff
(EXISTS n: Int, x: Int, y: Int, z: Int | n > 2 \ X**n + y**n = z**n),
but if we wrote that in a guard there would be no way teseto one of then's that exist. We
could also write
VAR s := {n:Int, x: Int, y: Int, z: Int
| n>2AX*n +y**n = z*n
[ (n, %y, 2)}
to construct the set of all solutions to the equation. Then {f
(n, X, y,2) with the desired property.

, s.choose Yyields a tuple

You can us&/ARto describe all the transitions to a state that has an arbitrary relaticghe
current stateVAR s' | R(s, ') =>s:=s' if there is only one state variable

The precedence ¢fis higher tha] , which means that you can string together diffevest
commands with] or[¥ , but if you want several alternatives withinaRyou have to use
BEGIN...END  OFIF ... FI . Thus
VAR x: T|P(x) =>Q
I R=>S
is parsed the way it is indented and is the same as
BEGIN VAR x: T | P(x) => Q END
[ BEGINR=>SEND
but you must write the brackets in
VAR x: T |
IFP(X) =>Q
IR(X)=>S
FI

which might be formatted more concisely as
VAR X: T |
IF PX) =>Q
0 RX =>SFI
or even
VAR X: T|IFP(x) => Q[ R(x) => S FI

You are supposed to indent your programs to make it clear how they are parsed.

6 A correctness proof for an implementation of this spec defied the best efforts of mathematicians between Fermat's
time and 1993.
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Loops

You can always write a recursive routine, but often a loop is clearer . In Spec yoD .useD
for this. These are brackets, and the command inside is repeated as long as it succeeds. When it
fails, the repetition is over and tbe ... oD is complete. The most common form is

DO P =>Q OD
which is read “whiler is true dog’. After this commandpP must be false. If the command inside
theDO ...OD succeeds forever, the outcome is a looping exception that cannot be handled.
Note that this is not the same as a failure, which simply means no outcome at all.

For example, you can zero all the elements of a sequenith
VARi:=0|DOi<s.size=>s():=0;i-:=10D
or the simpler form (which also avoids fixing the order of the assignments)
DO VAR i | s(i) # 0 => s(i) := 0 OD
This is another common idiom: keep choosing a@s long as you can find one that satisfies
some predicate. Sineeis only defined for betweerd ands.size-1 , the guarded command
fails for any other choice of. The loop terminates, since t® :=0 definitely reduces the
number ofi ’s for which the guard is true. But although this is a good example of a loop, it is bad
style; you should have used a sequence method or function composition:
s := Sill(0, s.size)
or
s:={x:INs||O}
(a sequence just likeexcept that every element is mapped)iaemembering that Spec makes
it easy to throw around big things. Don’t write a loop when a constructor will do, because the
loop is more complicated to think about. Even if you are writing an implementation, you still
shouldn’t use a loop here, because it's quite clear how to write C code for the constructor.

To zero all the elements sfthat satisfy some predicate/ou can write
DO VAR i: Int | (s(i) # 0 A P(s(i))) => s(i) := 0 OD

Again, you can avoid the loop by using a sequence constructor and a conditional expression
s:={X:INs||(PX)=>0[x)}

Atomicity

Each<<..>> command is atomic. It defines a single transition, which includes moving the
program counter (which is part of the state) from before to after the command. If a command is
not inside<<...>> , it is atomic only if there’s no reasonable way to split it3¥pP, HAVOCRET,
RAISE. Here are the reasonable ways to split up the other commands:

« An assignment has one internal program counter value, between evaluating the right hand
side expression and changing the left hand side variable.

« A guarded command likewise has one, between evaluating the predicate and the rest of the
command.

« Aninvocation has one after evaluating the arguments and before the body of the routine, and
another after the body of the routine and before the next transition of the invoking command.

Note that evaluating an expression is always atomic.
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Modules and names

Spec’s modules are very conventional. Mostly they are for organizing the name space of a large
program into a twdevel hierarchymodule.id . It's good practice to declare everything except a
few names of global significance inside a module. You can also dedHBess, just likeVARS.

MODULE foo EXPORT |, j, Fact =
CONSTc:=1
VAR i:=0
j=1
FUNC Fact(n: Int) -> Int =
IF n<=1=>RET1

[*] RET n * Fact(n - 1)
FI

END foo

You can declare an identifier outside of a module, in which case you can refer toiét as
everywhere; this is short falobal.id , SOGlobal behaves much like an extra module. If you
declared at the top level in modulg id is short form.id inside ofm If you include it inms
EXPORTClause, you can refer to it msd everywhere. All these names are ingiabal state

and are shared among all the atomic actions of the program. By contrast, names introduced by a
declaration inside a routine are in theal state and are accessible only within their scope.

The purpose of thexPoORTclause is to define the external interface of a module. This is
important because modutemplements moduls iff T's behavior at its external interface is a
subset of's behavior at its external interface.

The other feature of modules is that they can be parameterized by types in the sameistyle as
clusters. The memory systems modules in handout 5 are examples of this.

You can also declare a class, which is a module that can be instantiated many tiroes. The
class produces a globabj type that has as its methods the exported identifiers of the class plus
anew procedure that returns a new, initialized instance of the class. It also produg@scta

module that contains the declaration of ¢ type, the code for the methods, and a state
variable indexed bpbj that holds the state records of the objects. For example:

CLASS Stat EXPORT add, mean, variance, reset =
VAR n Int:=0

sum Int:=0

sumsq Int:=0

PROC add(i: Int) = n + := 1; sum + :=i; sumsq + := i**2
FUNC mean() -> Int = RET sum/n

FUNC variance() -> Int = RET sumsg/n — self. mean**2
PROC reset() = n := 0; sum := 0; sumsq := 0

END Stat

Then you can write
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VAR s: Stat | s := s.new(); s.add(x); s.add(y); print(s.variance)
In abstraction functions and invariants we also wetite  for field n in obj 's state.

Section 7 of the reference manual deals with modules. Section 8 summarizes all the uses of
names and the scope rules. Section 9 gives several modules used to define abstract data types.

This completes the language summary; for more details and greater precision consult the
reference manual. The rest of this handout consists of three extended examples of specifications
and implementations written in Spec: topological sort, editor buffers, and a simple window
system.

Example: Topological sort

Suppose we have a directed graph whesevertexes are labeled by the integersn
represented in the standard way by a relatigvl, v2) s true ifv2 is a successor of , that
is, if there is an edge from1 tov2. We want a topological sort of the vertexes, that is, a
sequence that is a permutatioroofn  in whichv2 followsvi whenever2 is a successor of
vl. Of course this possible only if the graph is acyclic.

MODULE TopologicalSort EXPORT V, G, Q, TopSort =

TYPEV=INO..n
G =(V,V)->Bool
Q=SEQV

% Vertex
% Graph

PROC TopSort(g) -> Q RAISES {cyclic} =
IF VAR Q| qIN (0..n).perms /A IsTSorted(q, g) => RET q
[*] RAISE cyclic % g must be cyclic
Fl

FUNC IsTSorted(q, g) -> Bool =

% Not tsorted ifv2 precedes1 in g but is also a child
RET ~ (EXISTS v1 :IN g.dom, v2 :IN g.dom | v2 < v1 A g(q(v1), q(v2))

END TopologicalSort

Note that this solution checks for a cyclic graph. It allows any topologically sorted result that is a
permutation of the vertexes, becausevhRr g in TopSort allows anyy that satisfies the two
conditions. Thewerms method on sets and sequences is defined in section 9 of the reference
manual; thelom method gives the domain of a functianpSort is a procedure, not a function,
because its result is non-deterministic; we discussed this point earlier when studying

SquareRoot . Like that one, this spec has no internal state, since the module Ws& Ho

doesn’t need one, because it does all its work on the input argument.

The following implementation is from Cormen, Leiserson, and Rivest. It adds vertexes to the
front of the output sequence as depth-first search returns fromg/isiem. Thus, a child is

added before its parents and therefore appears after them in the result. Unvisited vertexes are
white , nodes being visited ageey , and fully visited nodes atgack . Note that all the
descendants oftaack node must belack . Thegrey state is used to detect cycles: visiting a
grey node means that there is a cycle containing that node.
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This module has state, but you can see that it's just for convenience in programming, since it is
reset each tim&opSort is called.
MODULE TopSortimpl

EXPORT V, G, Q, TopSort = % implementsTopSort

TYPE Color = ENUM|[white, grey, black] % plus the spec’s types

VAR out : Q

color: V -> Color % every vertex starts white

PROC TopSort(g) -> Q RAISES {cyclic} = VAR i:=0 |
out := {}; color := {* -> white}
DO VAR v | color(v) = white => Visit(v, g) OD;
RET out

% visit every unvisited vertex

PROCVisit(v, g) RAISES {cyclic} =
color(v) := grey;
DO VAR V' | g(v, V') /\ color(v') # black =>
IF  color(v') = white => Visit(V', g)
[*] RAISE cyclic
Fl
OD;
color(v) := black; out := {v} + out

% pick an successor not done

% grey — partly visited

% addv to front ofout

The implementation is as non-deterministic as the spec: depending on the order in which
TopSort choosew andvisit chooses' , any topologically sorted sequence can result. We
could get a deterministic implementation in many ways, for example by taking the smallest node
in each case (thein method on sets is defined in section 9 of the reference manual):

VAR v :={vO0 | color(v0) = white}.min in TopSort

VAR V' :={v0 | g(v, v0) /\ color(v') # black }.min in Visit
An implementation in C would do something like this; the details would depend on the
representation af.

Example: Editor buffers

A text editor usually haslauffer abstraction. A buffer is a mutable sequenceofTo get

started, suppose that= Char and a buffer has two operations,
Get() to get character

Replace to replace a subsequence of the buffer by a subsequence of an argumerg®ftype
C, where the subsequences are defined by starting position and size.

We can make this specification precise as a Spec class.
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CLASS Buffer EXPORT B, C, X, Get, Replace =

TYPEX = Nat % indeX in buffer

C =Char

B=SEQC % Buffer contents
VAR b:B:={} % Note: initially empty

FUNC Get(x) -> C = RET b(x) % Note: defined ifD<=x<b.size

PROC Replace(from: X, size: X, b": B, from". X, size": X) =
% Note: fails if it touche€'s that aren’t there.
VAR b1, b2, b3 | b =bl + b2 + b3 /A bl.size = from N\ b2.size = size =>
b := bl + b'.seg(from’, size’) + b3

END Buffer

We can implement a buffer as a sorted arrgyi@fescalled a ‘piece table’. Each piece contains
asSEQ ¢, and the whole buffer is the concatenation of all the pieces We use binary search to find
a piece, so the cost Gt is at most logarithmic in the number of piedsplace may require
inserting a piece in the piece table, so its cost is at most linear in the number of jmieces.
particular, neither depends on the numbet'sfAlso, eaclReplace increases the size of the

array of pieces by at most two.

A piece is & (in C it would be a pointer tos) together with the sum of the length of all the
previous pieces, that is, the indexsirifer.b  of the firstC that it represents; the index is there
so that the binary search can work. There are internal routin&s(x) , which uses binary
search to find the piece containing andsplit(x)  , which returns the index of a piece that
starts ak, if necessary creating it by splitting an existing pieeplace callsSplit twice to
isolate the substring being removed, and then replaces it with a single piece. The time for
Replace is linear inpt.size  because on the average halpofis moved wherspiit  or

Replace inserts a piece, and in half@f, p.x is adjusted iize' # size

7 By using a tree of pieces rather than an array, we could make the Reglade logarithmic as well, but to
keep things simple we won't do that. S&8Impl in handout 7 for more on this point.
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CLASS Buflmpl  EXPORT B,C,X, Get, Replace = % implementBuffer

TYPE % Types as iBuffer , plus
N =X % iNdex in piece table
P =[b,x] % Piecex is pos inBuffer.b
PT =SEQP % Piece Table

VAR pt :=PT{}

ABSTRACTION FUNCTION buffer.b =+ : {p :IN pt | | p.b}
% buffer.b s the concatenation of the contents of the piecgs in

INVARIANT (ALL n :IN pt.dom | pt(n).b # {}
Npt(n).x =+ :{i:IN O .. n-1 || pt(i).b.size})

% no pieces are empty, ardis the position of the piece Buffer.b , as promised.

FUNC Get(x) -> C = VAR p := pt(Locate(x)) | RET p.b(x - p.x)

PROC Replace(from: X, size: X, b": B, from": X, size": X) =
VAR nl := Split(from); n2 := Split(from + size),
new := P{b := b".seg(from’, size"), x := from} |
pt:= pt.sub(0, n1- 1)
+ NonNull(new)
+ pt.sub(n2, pt.size - 1) * AdjustX(size' - size )

PROC Split(x) -> N =
% Makept(n)  start atx, sopt(Split(x)).x = x. Fails ifx > b.size .
% If pt=abcd|efg|hi , thenSplit(4) iSRET1 andSplit(5) is pt:=abcd|e|fg|hi; RET 2

IF pt={} Ax=0=>RETO

[*] VAR n := Locate(x), p := pt(n), b1, b2 |

p.b=bl+b2 A\ p.x+blsize = x =>
VAR fragl := p{b := b1}, frag2 := p{b := b2, x := x} |
pt:= pt.sub(0, n-1)
+ NonNull(fragl) + NonNull(frag2)
+ pt.sub(n + 1, pt.size - 1);
RET (b1={}=>n[n+1)

Fl
FUNC Locate(x) -> N =VAR nl:=0, n2 := pt.size - 1|
% Use binary search to find the piece containinyieldsO if pt={},
% pt.size-1 if pt#{} \ x>=b.size ; never fails. The loop invariant is
% pt={} V n2 >=nl A\ pt(nl).x <= x \ (x < pt(n2).x V x >= pt.last.x )
% The loop terminates becaus2- n1 > 1 ==>nl <n<n2 ,son2—-nl decreases.

DOn2-n1>1=>

VAR n :=(n1+n2)/2 | IF pt(n).x<=x=>nl:=n[*]n2:=nFl
OD; RET (x < pt(n2).x => n1 [*] n2)

FUNC NonNull(p) -> PT = RET (p.b # {} => PT{p} [*] {})
FUNC AdjustX(dx: Int) -> (P -> P) = RET (\ p | p{x + := dx})
END Buflmpl

If subsequences were represented by their starting and ending positions, there would be lots of
extreme cases to worry about.
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Suppose we now want eactin the buffer to have not only a character code but also some
additional properties, for instance the font, size, underliningcetcandReplace remain the
same. In addition, we need a third exported methag that applies to each character in a
subsequence of the buffemap functionC -> C . Such a function might make all this italic,
for example, or increase the font size by 10%.
PROC Apply(map: C->C, from: X, size: X) =
b:= b.sub(0, from-1)
+ b.seg(from, size) * map
+ b.sub(from + size, b.size-1)

Here is an implementation fapply that takes time linear in the number of pieces. It works by
changing the representation to addaa function to each piece, andApply composing thenap
argument with thenap of each affected piece. We need a new versi@eothat applies the
propermap function, to go with the new representation.

TYPEP =[b, x, map: C->C] % X is pos inBuffer.b

ABSTRACTION FUNCTION buffer.b =+ :{p :IN pt | | p.b * p.map}
% buffer.b  is the concatenation of the piecepiwith theirmaps applied.
% This is the same AF we had before, except for the additibp.ofap.

FUNC Get(x) -> C = VAR p := pt(Locate(x)) | RET p.map(p.b(x - p.x))
PROC Apply(map: C->C, from: X, size: X) =
VAR n1 := Split(from), n2 := Split(from + size) |
pt:= pt.sub(0,nl-1)
+ pt.sub(nl, n2 - 1) * (\ p | p{map := p.map * map})
+ pt.sub(n2, pt.size - 1)

Note that we wrotsplit
need to adehap := (\c | c)

so that it keeps the samap in both parts of a split piece. We also
to the constructor farew in Replace .

This implementation was used in the Bravo editor for the Alto, the first what-you-see-is-what-
you-get editor. It is still used in Microsoft Word.

Example: Windows

A window (the kind on your computer screen, not the kind in your house) is a map from points to
colors. There can be lots of windows on the screen; they are ordered, and closer ones block the
view of more distant ones. Each window has its own coordinate system; when they are arranged
on the screen, an offset says where each window’s origin falls in screen coordinates.

MODULE Window EXPORT Get, Paint =

TYPEI = Int
Coord = Nat
Intensity = IN O .. 255
P = [x: Coord, y: Coord] WITH {"-":=PSub} % Point
C =[r: Intensity, g: Intensity, b: Intensity] % Color
w =P->C % Window
FUNC PSub(pl, p2) -> P = RET P{x := pl.x - p2.X, y := plL.y - p2.y}
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The shape of the window is determined by the points where it is defined; obviously it need not be
rectangular in this very general system. We have given a poifita€thod that computes the
vector distance between two points.

A ‘window system’ consists of a sequenceéwpfoffset: P] pairs; we call a paira The

sequence defines the ordering of the windows (closer windows come first in the sequence); it is
indexed by ‘window numbefvN Theoffset  gives the screen coordinate of the window's

(0,0) point, which we think of as its upper left corner. There are two main operations:

Paint(wn, p, c) to set the value af in windowwn, andGet(p) to read the value @fin the

topmost window where it is defined (that is, the first one in the sequence). The idea is that what
you see (the result @fet) is the result of painting the windows from last to first, offsetting each
one by itsoffset  component and using the color that is painted later to completely overwrite
one painted earlier. Of course real window systems have other operations to change the shape of
windows, add, delete, and move them, change their order, and so forth, as well as ways for the
window system to suggest that newly exposed parts of windows be repainted, but we won'’t
consider any of these complications.

First we give the spec for a window system initialized wigtmpty windows. It is customary to
call the coordinate system useddsy the screen coordinates. Theffset  field gives the
screen coordinate that correspond®t0} inv.w. Thev.c(p) method below gives the value
of v’s window at the point correspondingdafter adjusting by’s offset. The states is just the
sequence of's. For simplicity we initialize them all with the same offgext 53 , which is not
too realistic.

Get finds the smallesivNthat is defined at and uses that window’s color@tThis corresponds
to painting the windows from last (biggeeh to first with opaque paint, which is what we
wanted.Paint uses window rather than screen coordinates.

The state (th®AR) is a single sequence of windows.

TYPEWN = INO..n-1 % Window Number
\Y, = [w, offset: P] % window on the screen
WITH {c:=(\v, p | v.w(p - v.offset))} % C of a screen poimt
VAR ws ={i:INO..n-1| | V{{}, P{10,5}}} % the Window System

FUNC Get(p) -> C = VAR wn := {wn' | V.cl(ws(wn"), p)}.min | RET ws(wn).c(p)
PROC Paint(wn, p, c) = ws(wn).w(p) :=c
END Window

Now we give an implementation that only keeps track of the visible color of each point (that is, it
just keeps the pixels on the screen, not all the pixels in windows that are covered up by other
windows). We only keep enough state to haredie andPaint .

The state is on@ithat represents the screen, plusxgsed variable that keeps track of which
window is exposed at each point, and the offsets of the windows. This is sufficient to implement
Get andPaint ; to deal with erasing points from windows we would need to keep more
information about what other windows are defined at each point, sextlhatd would have a

typeP -> SETWN . Alternatively, we could keep track for each window of where it is defined.
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Real window systems usually do this, and represeioted as a set of visible regions of the
various windows. They also usually have a ‘background’ window that covers the whole screen,
so that every point on the screen has some color defined; we have omitted this detail from the
spec and the implementation.

We need a history variablgdthat contains the part of all the windows. The abstraction
function just combinesHandoffset  to makews. The important properties of the
implementation are contained in the invariant, from which it's cleacGitateturns the answer
specified bywindow.Get . Another way to do it is to have a history variakse that is equal to

ws. This makes the abstraction function very simple, but then we need an invariant that says
offset(wn) = wsH(n).offset . This is perfectly correct, but it's usually better to put as little
stuff in history variables as possible.

MODULE Winimpl EXPORT Get, Paint =

VAR w = W % no points defined
exposed: P->WN:={} % whichwn shows ap
offset := {i:IN0..n-1]|P(5, 10)} %
wH = {i:INO..n-1 || W{} % history variable

ABSTRACTION FUNCTION ws = (\ wn | V{w := wH(wn), offset := offset(wn)})

INVARIANT
(ALLp| w!p =exposed!p
N(w!lp ==> {wn|V.cl(ws(wn), p)}.min = exposed(p)
Aw(p) = ws(exposed(p)).c(p) ) )

The invariant says that each visible point comes from some wirdpsged tells the topmost

window that defines it, and its color is the color of the point in that window. Note that for
convenience the invariant uses the abstraction function; of course we could have avoided this by
expanding it in line, but there is no reason to do so, since the abstraction function is a perfectly
good function.

FUNC Get(p) -> C = RET w(p)

PROC Paint(wn, p, c) =
VAR pO | p = pO0 - offset(wn) => % the screen coordinate
IF wn <= exposed(p0) => w(p0) := c; exposed(p0) := wn [*] SKIP FI;
wH(wn)(p) :=c¢c % update the history var

END Winimpl
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implication, 3
infinite, 3
Int ,8
invocation, 12
lambda expression, 8
local, 3, 17
loop, 16
meaning

of an atomic command, 6

of an expression, 6
method, 7, 11, 16
module, 7, 17
name, 6
name space, 17
Nelson, 1
non-atomic command, 6
non-atomic semantics, 6
non-deterministic, 4, 5, 6, 13, 15
normal outcome, 6, 14
oD 4, 16
operator, 12
or, 4,13
organizing your program, 7
outcome, 6
parameterized, 17
precedence, 14, 15
precisely, 2
predicate, 3, 10, 12
PROC7
procedure, 7
program, 2, 4, 7
program counter, 6
quantifier, 3, 4, 10
RAISE, 5
RAISES, 5
record constructor, 8

1999

relation, 6

repetition, 16

RET, 4

routine, 7

seq, 11

SEQ3
sequence, 8, 16
sequential program, 6
set, 3, 8

set constructor, 9

set of sequences sfates, 6
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state transition, 2
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Operators(85, §9)

Op Pr Type x opy is
. 9 Any x’'sy field/method
IS 8 Any doesx havetypey?
AS 8 Any xwithtypey
** 8 Int xY
* 7 Int Xy
set X C Y (intersection)
func  composition
relation composition
7 Int x/ 'y rounded to O
/17 Int mod: X —(X/ y)*y
+ 6 Int X +y
set x E Y (union)
func  overlay
seq concatenation
- 6 Int X -y
Set set difference
seq multiset diff
! 6 func x definedaty
't 6 func x!y Ux(y) notex
5 1Int seg{x, x+1,..., vy}
= 4 Any X =y
# 4 Anhy x 'ty
= 4 s X =y as multisets
<= 4 Int X £y
set X |y (subset)
seq x aprefix of y
<<= 4 sq X asub-seq of y
IN 4 set/seq x T 'y (memben)
~ 3 Bool notX (unary)
/\ 2 Bool x Uy (@and)
\/ 1 Bool x Uy
==> 0 Bool ximpliesy

Operators associate to the left.

Expression forms (§ 5)

f(e) func
op : sq set/seq
(ALL X | pred) Bool
(EXI STS x | pred) Bool
(pred=>e;[*] &) Any
Constructors (8 5)

{e1, .., en} et
{i:Nat | i<3] i**2}

f{e; -> ey} func
f{* -> e}

(\i:lnt] i<3)

{e, .., en} seq
{i :INO.. 5] 1**2}
{i:=0BYi+1 WHI LEi <6]||i**2}
(e, -, €n) tuple
r{fq. =eq .,fn =€} record
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Methods (8 9)
set Ops.* + - <= I N op:
si ze number of members
choose some member of s
seq S as some sequence
pred s.predx)=(x1 s)
f max/ m n some max/min by f ;
max/ mn somemax/min by <=
Set/seq  perns set of all permsof sq
fsort S( sorted (q stably) by f 1
sort S(q sorted (q stably) by <=
func Ops * + ! 11
dom rng domain, range
i nv inverse
restrict domantosets;
rel r(x,y)=(f(x)=y)
predicate set s ={x| pred(x)}
relation Ops. * andfunc +

i nv inverse

setF fO)={yl rx,y)}

func f (x) = set F(x). choose
graph i sPath isq, apathing?

cl osure transtive closure of g
seq Ops. +- ..<= <<= N,0p:, func* !
g";fgemd si ze number of elements
funcabove head g(o)

tail {9@),..,9(q. si ze- 1)}

remh removehead =t ai |

| ast d(qg. size-1)

rem {9(0),..,9(q. si ze-2)}

sub {96 2,96 2}

seg {q(i1),-},i . elements

fill i » copiesof x;

| exLE g lexicaly <= qq by f 5"

fsorter pemsortsq stablybyf;

count number of x,’sin g

set gasaset,=q.rng

tuple tuple with q’ s values
Jple seq seq with t u’svalues

dom rng domain, range

function invocation
sq() op sq@) ...
pred(x1) U..Upred(x,)
pred(x1) U..Upred(x,)
e,ifpred dsee;

Types (8 4)
Any, Nul | , Bool , I nt
Nat , Char, Stri ng

SET T, IN s

T, -> T,

APROC T, -> T,
PROC T,-> T,
SEQ T

(To, ..., T
[fl: T4, ..,fn: Tn]

(T + ...+ Tp)
T WTH{m: =f4, ..}
T SUCHTHAT pred

1999

, basic

Set
func
procs

Seq

tuple

record

union

add methods
limit values

Commands (86) Pr

SKI P, HAVCC,
RET e, RAI SE ex
p(e)

Xx:=e, x:=p(e),
(X4, L) =e
c1 EXCEPT ex=>c»
Ci1 ; C2
VAR n: T | c
C1 [] C»

C1 [*] C»

<< ¢ >>
BEA N ¢ END
IF c FI

DO ¢ OD

3
2
1
pred => c 1
0
0

simple

invocation
assignment

handle ex
sequential
new var n

if (guarded cmd)
Or (ND choice)
dse

atomic ¢
brackets

loop until fail

Command operators associate to the left,
but EXCEPT associates to the right.

Modules (8 7)
MODULE/ CLASS V.

[ToWTH{m: Ty;-
EXPORT ng, ...=
TYPE T, = SET T,
T; = ENUN[ Ny,
CONST n: T :=¢e€
VAR n. T:=¢e
EXCEPTI ON ex =
FUNC f(nl: Ty, .

>Tig, o}, 2

]

{exy, .} +exo+ ..
)->T=c

APRCC, PRCC, THREAD similarly

END M

with these members
of i ?swherei <3

f except=e,atarge;
= e at every arg
lambda (also LAVBDA)
of e’sin this order
{0,1, 4,9, 16, 25}
same

of e’sin this order

r exceptf,=e; ...

Naming conventions (except in‘Operators')

¢ command op operator

e expression p  proccedure

ex exception Pr  precedence

f function, field g  sequence

g graph r record, relation
i I nt s st

m  method T type

n name X Any

z; i thextraargument of a method, or

one of several like non-terminasin arule
§  asection of the Spec reference manual
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How to Write a Spec

Figure out what the stateis.

Choose the state to make the spec ssmple and clear, not to match the code.
Describethe actions.

What they do to the state.

What they return.

Helpful hints

Notation is important, because it helps you to think about what’s going on.
Invent a suitable vocabulary.

Lessis more. Less state is better. Fewer actions are better.

More non-determinism is better, because it allows more implementations.
In distributed systems, replace the separate nodes with non-determinism in the spec.

Pass the coffee-stain test: people should want to read the spec.

I’msorry | wrote you such a long letter; | didn’t have time to write a short one.  Pascal

How to Design an | mplementation

Write the spec first.
Dream up theidea of theimplementation.
Embody the key idea in the abstraction function.
Check that each implementation action simulates some spec actions.
Add invariants to make this easier. Each action must maintain them.
Change the implementation (or the spec, or the abstraction function) until this works.
Make the implementation correct first, then efficient.
More efficiency means more complicated invariants.
Y ou might need to change the spec to get an efficient implementation.

Measure first before making anything faster.

An efficient programis an exercisein logical brinkmanship. — Dijkstra
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