Handout 31Massachusetts Institute of TechnologyDepartment of Electrical Engineering and Computer Science6.826 � Principles of Computer SystemsHandout 3September 13, 1993_____________________________________________________________________________________________Introduction to SpecSpec is a language for writing precise descriptions of digital systems, both sequential andconcurrent. In Spec you can write something that differs from a practical implementation (forinstance, one written in C) only in minor details of syntax. This sort of thing is usually called aprogram. Or you can write a very high level description of the behavior of a system, usually calleda specification. A good specification is almost always quite different from a good program. Youcan use Spec to write either one, but not the same style of Spec. The flexibility of the languagemeans 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 introductionemphasizes how Spec differs from a programming language and how to use it to write good specs.It makes no attempt to be either complete or precise, but other handouts fill these needs. The �SpecReference Manual� describes the language completely; it gives the syntax of Spec precisely and thesemantics informally. �Atomic Semantics of Spec� describes precisely the meaning of an atomiccommand. �Non-Atomic Semantics of Spec� describes the meaning of a non-atomic command.Here �precisely� means that you should be able to get an unambiguous answer to any question.What is a specification for?The purpose of a specification is to communicate precisely all the essential facts about the behaviorof a system. The important words in this sentence are:communicateThe spec should tell both the client and the implementer what each needsto know.behaviorWe need to know exactly what we mean by the behavior of the system.preciselyWe should be able to prove theorems or compile machine instructionsbased on the spec.essentialUnnecessary requirements in the spec may confuse the client or make itmore expensive to implement the system.CommunicationSpec mediates communication between the client of the system and its implementer. One way toview the specification is as a contract between these parties:

Handout 32The client agrees to depend only on the system behavior expressed in the spec; in return it cancount on the implementation to provide a system that actually does behave as the spec says itshould.The implementer agrees to provide a system that behaves according to the spec; in return it isfree to arrange the internals of the system however it likes, and it does not have to deliveranything not laid down in the spec.Usually the implementer of a spec is a programmer, and the client is another programmer. Usuallythe implementer of a program is a compiler or a computer, and the client is a programmer.BehaviorWhat do we mean by behavior? In real life a spec defines not only the functional behavior of thesystem, but also its performance, cost, reliability, availability, size, weight, etc. In this course wewill deal with these matters informally if at all. The Spec language is not specifically intended tohelp with them.Spec is concerned only with the possible state transitions of the system, on the theory that thepossible state transitions tell the complete story of the functional behavior of a digital system. Sowe make the following definitionsa state is the values of a set of names,a history is a sequence of states such that each pair of adjacent states is a transition of thesystem,a behavior is a set of histories.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 statejust consists of a single integer, we might write 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1... 1 2 1 2 1 2 1 2 1 2 1 2 1 2 1 2 1 2.... 1 2 3 4 5 1 2 3 1 2 3 4 5 6 7 8 9 10The 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 themdown. In many cases of interest the sequences are infinite, so we can�t actually write themdown.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 is �18 integers, each one either 1 or one more than thepreceding one.� This is concise and understandable, but it is not precise enough either formathematical reasoning or for directions to a computer.

Handout 33PreciseIn Spec the set of sequences can be described in many ways, for example, by the expression{s: SEQ Int | s.size = 18 /\ (ALL i: Int | 0 <= i /\ i < 17 ==> ( s(i+1) = 1 \/ s(i+1) = s(i) + 1 )) }Here the expression in {...} is very close to the usual mathematical notation for defining a set.Read it as �The set of all s which are sequences of integers such that s.size = 18 and ... Specsequences are indexed from 0. The (ALL ...) is a universally quantified predicate, and ==> standsfor implication, since Spec uses the more familiar => for �then�.Alternatively, here is a state machine that generates the sequences we want as the successive valuesof the variable i. We call these values the behavior of the machine, and we specify the transitionsof the machine by starting with primitive assignment commands and putting them together with afew kinds of compound commands. Each command specifies a set of possible transitions.VAR i, j |<< i := 1; j := 1 >> ;DO << j <= 18 => BEGIN i := 1 [] i := i + 1 END; j := j + 1 >> ODHere there is a good deal of new notation, in addition to the semicolons, assignments, and plussigns with which you are already familiar.VAR i, j | introduces the local variables i and j with arbitrary values. Because ; bindsmore 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.j <= 18 => ... is a transition that can only happen when j <= 18. Read it as �if j <= 18then ...�. The j <= 18 is called a guard. The BEGIN ... END brackets are there because=> binds more tightly than the [] operator inside the brackets; without them the meaningwould be �either set i to 1 if j <= 18 or increment i and j unconditionally�.i := 1 [] i := i + 1 is a non-deterministic transition which can either set i to 1 orincrement it. Read [] as �or�.Finally, the DO ... OD brackets mean: repeat the ... transition as long as possible.Eventually j becomes 18 and the guard becomes false, so the transition inside the DO ... ODcan no longer happen. We say that command fails.The expression approach is better when it works naturally, as this example suggests, so Spec haslots of facilities for describing values: sequences, sets, and functions as well as integers andbooleans. Usually, however, the sequences we want are too complicated to be convenientlydescribed by an expression; they can be described much more easily by a state machine.State machines can be written in many different ways. When each transition involves only simpleexpressions and changes only a single integer or boolean state variable, we think of the statemachine as a program, since we can easily make a computer exhibit this behavior. When there aretransitions that change many variables, non-deterministic transitions, big values like sequences orfunctions, or expressions with quantifiers, we think of the state machine as a specification, since it

Handout 34may be much easier to understand and reason about it, but difficult to make a computer exhibit thisbehavior. In other words, large atomic actions, non-determinism, and expressions that computesequences or functions are hard to implement. It may take a good deal of ingenuity to find animplementation that has the same behavior but uses only the small, deterministic atomic actions andsimple expressions that are easy for the computer.EssentialThe hardest thing for most people to learn about writing specs is that a spec is not a program. Aspec 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 thebehavior of the system only enough to meet the client�s needs. Details in the spec that aren�t neededby the client can only make trouble for the implementer.The example we just saw is too artificial to illustrate this point. To learn more about the differencebetween a spec and an implementation consider the following:VAR eps := 10**-8APROC SquareRoot(x: Real) -> Real =<< VAR y : Real | Abs(x - y*y) < eps => RET y >>(Spec as described in the reference manual doesn�t have a Real data type, but we�ll add it for thepurpose of this example.)The combination of VAR and => is a very common Spec idiom; read it as �choose a y such thatAbs(x - y*y) < eps and do RET y. Why? The VAR makes a choice of any Real as the value ofy, but the entire transition on the second line cannot occur unless the guard is true. The result isthat the choice is restricted to a value that satisfies the guard.What can we learn from this example? First of all, the result of SquareRoot(x) is not determinedby the value of x; any result whose square is within eps of x is possible. This is why SquareRootis written as a procedure rather than a function; the result of a function has to be determined by thearguments and the current state, so that the value of an expression like f(x) = f(x) will be true.In other words, SquareRoot is non-deterministic.Why did we write it that way? First of all, there might not be any Real (that is, any floating-pointnumber of the kind used to represent Real) whose square exactly equals x.1 Second, we may notwant to pay for an implementation that gives the closest possible answer. Instead, we may prefer toleave the implementation some freedom to return a less accurate answer in the hope of getting itfaster.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: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 wouldhave to give a rule for choosing one of them, for instance, the smaller.

Handout 35APROC SquareRoot1(x: Real) -> Real =<< VAR y : Real | y >= 0 /\ Abs(x - y*y) < eps => RET y >>to rule that out. Also, the spec produces no result if x < 0, which means that SquareRoot(-1)will fail (see the section on commands for a discussion of failure); probably we would prefer a totalfunction that raises an exception:EXCEPTION undefinedAPROC SquareRoot2(x: Real) -> Real RAISES {undefined} =<< x >= 0 => VAR y : Real | y >= 0 /\ Abs(x - y*y) < eps => RET y [*] RAISE undefined >>Exceptions in Spec are much like exceptions in CLU. An exception is contagious: once started by aRAISE it causes any containing expression or command to yield the same exception, until it runsinto an exception handler (not shown in this example). The RAISES clause of a routine declarationmust list all the exceptions that can be generated in the procedure body, either by RAISES or byinvoking another routine.An implementation of this spec would look quite different from the spec itself. Instead of theexistential quantifier implied by the VAR y, it would have an algorithm for finding y, for instance,Newton�s method. In the algorithm you would only see operations that have obviousimplementations in terms of the load, store, arithmetic, and test instructions of a computer.Probably the implementation would be deterministic.An outline of the Spec languageThe Spec language has two main parts:An expression describes how to compute a value as a function of other values: either literalconstants or the current values of state variables.A command describes possible transitions of the state variables. Another way of sayingthis is that a command is a relation on states: it allows a transition from s1 to s2 iff it relatess1 to s2.Both are based on the state, which in Spec is a mapping from names to values. The names arecalled state variables or simply variables: in the example above they are i and j.There are two kinds of commands:An atomic command describes a set of possible transitions. For instance, the command<<˚i˚:=˚i˚+˚1 >> describes the transitions i=1fii=2, i=2fii=3, etc. (Actually, manytransitions are summarized by i=1fii=2, for instance, (i=1, j=1)fi(i=2, j=1) and(i=1, j=15)fi(i=2, j=15)). If a command allows more than one transition from a givenstate we say it is non-deterministic. For instance, in the example the command,<<˚i˚:=˚1˚[]˚i˚:=˚i˚+˚1˚>> allows the transitions i=2fii=1 and i=2fii=3.A non-atomic command describes a set of sequences of states. More on this below.

Handout 36A sequential program, in which we are only interested in the initial and final states, can bedescribed by an atomic command.The meaning of an expression, which is a function from states to values, is much simpler than themeaning of an atomic command, which is a relation between 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 yieldmany final states.A atomic command is in turn much simpler than a non-atomic command, because:Taken in isolation, the meaning of a non-atomic command is a relation between an initialstate 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 simplecombination of their relations, such as the union, because the commands can interact if theyshare any variables that change.These considerations lead us to describe the meaning of a non-atomic command by breaking itdown into its atomic subcommands and connecting these up with a new state variable called aprogram counter. The details are somewhat complicated; they are sketched in the discussion ofatomicity below, and described in �Non-Atomic Semantics of Spec�.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. Toencourage this style, Spec has a lot of syntax and built-in types and functions that make it easy towrite expressions clearly and concisely. Of course, an implementation with a lot of concurrencywill necessarily have more non-atomic commands, but this complication should be put off as longas possible.Organizing the programIn addition to the expressions and commands that are the core of the language, Spec has three othermechanisms that are useful for organizing your program and making it easier to understand.A routine is a named computation with parameters, in other words, an abstraction of thecomputation. There are four kinds of routine:A function (defined with FUNC) is an abstraction of an expression.An atomic procedure (defined with APROC) is an abstraction of an atomiccommand.A general procedure (defined with PROC) is an abstraction of a non-atomiccommand.A thread (defined with THREAD) is the way to introduce concurrency.

Handout 37A type is a highly stylized assertion about the set of values that a name can assume. A typeis also a convenient way to group and name a collection of functions, called its methods,that operate on values in that set.A module is a way to structure the name space into a two-level hierarchy. An identifier ideclared in a module m has the name m.i throughout the program.A Spec program is a set of modules, each of which declares some types, variables and routines,plus some global declarations of types, variables, and routines.The next two sections describe things about Spec�s expressions and commands that may be new toyou.Expressions, types, and functionsAn Spec expression is a function of the state. It is either a constant or variable, or an invocation ofa function on an argument which is some sub-expression. Its value is the constant, the currentvalue 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 functioninvocations.A Spec type defines two things:A set of values; we say that a value has the type if it�s in the set. The sets are not disjoint.A set of functions called the methods of the type. There is convenient syntax for invoking amethod on a value 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 or CLU. In return the language defines a type for every expression andensures that the value of the expression always has that type. In particular, the value of a variablealways has the declared type. You should think of a type declaration as a stylized comment whichhas a precise meaning and could be checked mechanically.If Foo is a type, you can omit it in a declaration of the identifiers foo, foo1, foo’ etc. ThusVAR int1, bool2, char’’ | ...is short forVAR int1: Int, bool2: Bool, char’’: Char | ...Spec has the usual types: Int, Bool, functions, sets, and variable-length arrays called sequences.In addition to the usual functions like "+" and "\/", it also has some less-usual operations onthese types, which are valuable when you want to suppress implementation detail: constructors andcombinations.Section 5 of the reference manual describes expressions and lists all the built-in operators; read thelist. Section 4 gives the rules for types. Section 9 defines the built-in operations for sequences,sets, and functions.

Handout 38ConstructorsConstructors for functions, sets, and sequences make it easy to toss large values around. Forinstance, you can describe a data base as a function db from names to various data:TYPE DB = (String -> Entry)TYPE Entry = [salary: Int, birthdate: Int]VAR db := {* -> }Note that db is initialized using a function constructor whose value is a function undefinedeverywhere. Recall that the type can be omitted in a variable declaration when it is the upper caseversion of the variable name, DB in this example.Now you can make an entry withdb := db{ "Smith" -> Entry{salary := 23000, birthdate := 1955} }using another function constructor. The value of the constructor is a function that is the same as dbexcept at the argument "Smith", where it has the value Entry{...}, which is a recordconstructor. The assignment could also be writtendb("Smith") := Entry{salary := 23000, birthdate := 1955}which changes the value of the db function at "Smith" without changing it anywhere else. This isactually a shorthand for the previous assignment.The set of names in the data base can be expressed by a set constructor. It is just{n: String | db!n},in other words, the set of all the strings for which the db function is defined (because f!x is true ifff is defined at x). It�s important to realize that you can freely toss around large (possibly infinite)values such as the db function. You are writing a specification, and you don�t need to worry aboutwhether the compiler is clever enough to turn an expensive-looking manipulation of a large objectinto a cheap incremental update. That�s the implementer�s problem.Read section 9 of the reference manual for the definitions of many useful operations on sets,sequences, and functions.CombinationsA combination is a way to combine the elements of a set into a single value using an infix operator,which must be commutative and associative and have an identity. You write the operator followedby the body of the set constructor, all inside parentheses. Thus(+ i: Int | 0<i /\ i<5 | i**2) = 1 + 4 + 9 + 16 = 30.Existential and universal quantifiers make it easy to describe properties without explaining how totest for them in a practical way. For instance, a predicate that is true iff the sequence s is sorted is(ALL i: Int | 0 <= i /\ i < s.size-1 ==> s(i) <= s(i+1))This is a common idiom; read it as �for all i such that 0 £ i < s.size — 1, s(i)˚£˚s(i+1)�.The ==> symbol is logical implication.The VAR command described in the next section is a form of existential quantification that lets youget your hands on the variable.

Handout 39Because a universal quantification is just the conjunction of its predicate for all the values of thebound variables, it is simply a combination using /\ as the operator:(ALL i | Predicate(i)) = (/\ i | Predicate(i))Similarly, an existential quantification is just a similar disjunction, hence a combination using \/ asthe operator:(EXISTS i | Predicate(i)) = (\/ i | Predicate(i))We have kept the redundant ALL and EXISTS notations because they are familiar.FunctionsLike everything else, functions are ordinary values in Spec. Given a function, you can use aconstructor to make another one that is the same except at a particular argument, as in the previousexample, or as in f{x -> 0}, which is the same as f except that it is 0 at x. If you have never seena construction like this one, think about it for a minute. Suppose you had to implement it. If f isrepresented as a table of (argument, result) pairs, the implementation will be easy. If f isrepresented by code that computes the result, the implementation is less obvious, but you can makea new piece of code which saysFUNC newF(y) -> Int = RET ( (y = x) => 0 [*] f(y) )Of course you wouldn�t want to do this very often, so a practical implementation will have to treatfunction constructors with kid gloves.Functions can return functions as results. Thus A->B->C is the type of a function that takes an Aand returns a function of type B->C, which in turn takes a B and returns a C. If f has this type, thenf(a) has type B->C, and f(a)(b) has type C. Compare this with (A, B)->C, the type of afunction which takes an A and a B and returns a C. If g has this type, g(a) doesn�t type-check, andg(a, b) has type C. Obviously f and g are closely related, but they are not the same.You can define your own functions in the style of newF above. To avoid some redundancy in thelanguage, a function is defined by a command in which RET sub-commands specify the value ofthe function. The command might be non-deterministic, but it must specify zero or one values forany argument; if zero, the function is undefined at that point.MethodsMethods are a convenient way of packaging up some functions with a type so that they can beapplied to values of that type concisely and without mentioning the type itself. Look at thedefinitions in section 9 of the Spec reference manual, which give methods for the built-in typesSEQ˚T and SET˚T. If s is a SEQ˚T, s.head is Sequence[T].Head(s), which is just s(0) unless sis empty, in which case it�s the exception bounds. You can see that it�s a lot shorter to writes.head.2You can define your own methods by using WITH. For instance, considerTYPE Complex = [re: Int, im: Int] WITH {"+":= Add, mag:=Mag}Add and Mag are ordinary Spec functions that you must define, but you can now invoke them on ac which is Complex by writing c + c’ and c.mag, which mean Add(c, c’) and Mag(c). You2 Of course, s[0] is shorter still, but that�s an accident; there is no similar alternative for s.tail.

Handout 310can use existing operator symbols or make up your own. You can also write Complex."+" andComplex.mag to denote the functions Add and Mag; this may be convenient if Complex wasdeclared in a different module. Using Add as a method does not make it private, hidden, static,local, or anything funny like that.When you nest WITH the methods pile up in the obvious way. ThusTYPE MoreComplex = Complex WITH {"-":=Sub, mag:=Mag2}has an additional method "-", the same "+" as Complex, and a different mag.CommandsSpec has a few simple primitive commands, and seven operators for combining commands intobigger ones. The main primitive commands are assignment and routine invocation. There are alsocommands to raise an exception and return a function result, and to SKIP, that is, do nothing.The operators on commands areA conditional operator: predicate => command, read �if predicate then command�. Thepredicate is called a guard.Choice operators: c1 [] c2 and c1 [*] c2, read �or� and �else�.Sequencing operators: c1 ; c2 and c1 EXCEPT handler. The handler is a special form ofconditional command: exception => command.Variable introduction: VAR id | command, read �choose id such that command�.Loops: DO command OD.Section 6 of the reference manual describes commands. �Atomic Semantics of Spec� gives aprecise account of their semantics.Conditionals and choiceThe figure illustrates conditionals and choice with some very simple examples. Here is how theywork:The commandP => Qmeans to do Q if P is true. If P is false this command fails; in other words, it has no outcome. Moreprecisely, if s is a state in which P is false (or undefined), this command does not relate s to anyoutcome.What good is such a command? One possibility is that P will be true some time in the future, andthen the command will have an outcome and allow a transition. Of course this can only happen in aconcurrent program where there is something else happening that can make P true. Anotherpossibility is that there�s an alternative to this command. For instance, it might appear in the largercommand P => Q[] P’ => Q’

Handout 311xy00011011xy00011011xy00011011xy00011011x = 0 � (partial)xy00011011xy00011011y := 1xy00011011xy00011011y = 0 � y := 1(partial)xy00011011xy00011011 x = 0 � SKIP ˚˚˚y = 0 � y := 1(partial, non-deterministic)xy00011011xy00011011SKIP˚˚˚y = 0 � y := 1(non-deterministic)SKIPSKIPCombining commandsin which you read [] as �or�. This fails only if each of P and P’ is false or undefined. If both aretrue, it means to do either Q or Q’; the choice is non-deterministic. If P’ is ~ P then they are neverboth false, and if P is defined this command is equivalent to P => Q[*] Q’in which you read [*] as �else�. On the other hand, if P is undefined the two commands aredifferent, because the first one fails (since neither guard can be evaluated), while the second doesQ’. A command with [*] as its connective can only fail if the second operand of [*] fails.The precedence rules for commands are set up to minimize the need for parentheses, which arewritten around commands in the ugly form BEGIN ... END. So, for example,P => Q; R

Handout 312is the same asP => BEGIN Q; R ENDand means to do Q followed by R if P is true. To guard only Q with P you must writeBEGIN P => Q [*] SKIP END; Rwhich means to do Q if P is true, and then to do R. The [*] SKIP ensures that the command beforethe �;� does not fail, which would prevent R from getting done. Without the [*] SKIP, that is inBEGIN P => Q END; Rif P is false the BEGIN ... END fails, so there is no possible outcome from which R can be doneand the whole thing fails. Thus BEGIN P => Q END; R has the same meaning as P => BEGIN Q;R END.Inside an atomic command you can use <<...>> brackets instead of BEGIN ... END; they look alittle nicer.SequencingA c1 ; c2 command means just what you think it does: first c1, then c2. This command gets youfrom state s1 to state s2 if there is an intermediate state s such that c1 gets you from s1 to s and c2gets you from s to s2. If c1 produces an exception, the composite command ignores c2 andproduces that exception.A c1 EXCEPT exception => c2 command is just like c1 ; c2 except that it treats exceptionsthe other way around: if c1 produces an exception then it goes on to c2, but if c1 produces anormal outcome, the composite command ignores c2 and produces that outcome.Variable introductionWith VAR you get more dramatic non-determinism than with []. The most common use is in theidiomVAR x: T | P(x) => Qwhich is read �choose some x of type T such that P(x), and do Q�. It fails if there is no such x forwhich Q succeeds.Variable introduction is an alternative to existential quantification that lets you get your hands onthe bound variable. For instance, you can writeVAR n: Int, x: Int, y: Int, z: Int | n > 2 /\ x**n + y**n = z**n => out := n[*] out := 0which is read: choose integers n, x, y, z such that n > 2 and xn + yn = zn, and assign n toout; if there are no such integers, assign 0 to out.3 This command 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 to set out to one of the ns that exist.You can use VAR to describe all the transitions to a state that has an arbitrary relation R to the currentstate:3 An implementation of this spec defied the best efforts of mathematicians between Fermat�s time and 1993.

Handout 313VAR s’ | R(s, s’) => s := s’if there is only one state variable s.The precedence of | is higher than [], which means that you can string together different VARcommands and separate them with [] or [*], but if you want several alternatives within a VAR youhave to use BEGIN ... END. ThusVAR x: T | P(x) => Q[]R => Sis parsed the way it is indented and is the same asBEGIN VAR x: T | P(x) => Q END[]BEGIN R => S ENDbut you must write the BEGIN ... END inVAR x: T |BEGINP(x) => Q[]R(x) => SENDwhich might be formatted more concisely asVAR x: T | BEGINP(x) => Q[]R(x) => S ENDor evenVAR x: T | BEGIN P(x) => Q [] R(x) => S ENDYou are supposed to indent your programs to make it clear how they are parsed.LoopsOf course you can always write a recursive routine, but often it�s clearer to write a loop. In Specyou use DO ... OD for this. These are brackets, and the command inside is repeated as long as itsucceeds. When if fails, the repetition is done and the DO ... OD is complete. The most commonform isDO P => Q ODwhich is read �while P is true do Q�. After this command P must be false.For example, you can zero all the elements of a sequence s withVAR i := 0 | DO i < s.size => s(i) := 0; i := i + 1 ODor the simpler formDO VAR i | s(i) # 0 => s(i) := 0 ODThis is another common idiom: keep choosing an i as long as you can find one that satisfies somepredicate. Since s is only defined for i between 0 and s.size, the guarded command fails for anyother choice of i. The loop terminates, since the s(i) := 0 definitely reduces the number of i�sfor which the guard is true. But this is terrible style; you should have used a sequence method orconstructor:s := s.fill(0, s.size)ors := s{x | 0}

Handout 314(a sequence in which every element of s is mapped to 0), remembering that Spec makes it easy tothrow around big things. Don�t write a loop when a constructor will do, because the loop is muchmore complicated to think about. Even if you are writing an implementation, you still shouldn�t usea loop here, because it�s perfectly obvious how to translate the constructor into C code.To zero all the elements of s that satisfy some predicate P you can writeDO VAR i: Int | (s(i) # 0 /\ P(s(i))) => s(i) := 0 ODAgain, you can avoid the loop by using a mapping constructor and an if-then-else expression:s := s{ x | (P(x) => 0 [*] x) }AtomicityEach <<...>> command is atomic; It defines a single transition, and when it executes the programcounter moves from before it to after it. If a command is not inside <<...>>, it is still atomic if it issimple enough: SKIP, HAVOC, RET, RAISE. An assignment has one internal program counter value,between evaluating the right hand side expression and changing the left hand side variable. Aguarded command likewise has one, between evaluating the predicate and the rest of the command.An invocation has one after evaluating the arguments and before the body of the routine, andanother after the body of the routine and before the disposition of the result.Modules and namesSpec�s modules are very conventional. Mostly they are for organizing the name space of a largeprogram into a two-level hierarchy: module.id. It�s good practice to declare everything except afew names of global significance inside a module:MODULE fooVAR i := 0 j := 1FUNC Fact(n: Int) -> Int =n <= 1 => RET 1[*]RET n * Fact(n - 1)END fooYou can declare an identifier id outside of a module, in which case you can refer to it as ideverywhere; this is short for GLOBAL.id, so GLOBAL behaves much like an extra module. If youdeclare id at the top level in module m, you can refer to it as m.id everywhere, and id is short form.id inside of m. All these names are in the global state and are shared among all the atomic actionsof the program. By contrast, names introduced by a declaration inside a routine are in the localstate and are accessible only within their scope.The other feature of modules is that they can be parameterized by types in the same style as CLUclusters. The early handouts on memory systems give some examples of this.Section 7 of the reference manual deals with modules. Section 8 summarizes all the uses of namesand the scope rules. Section 9 gives several examples of modules used to define abstract datatypes.

Handout 315Changes from previous versions of SpecIf you read the handouts or problems from previous versions of the course, it might be useful toknow about a few changes to Spec.Since 1992The square bracket notation s[i] for an element of a sequence has been replaced by ordinaryfunction invocation s(i), reflecting the fact that a sequence is just a special kind of function. Butyou may well find the old notation lingering in this year�s handouts.A thread no longer loops automatically. Now when the body finishes (if it does) the thread makesno more transitions. There isn�t any way defined to test for this, but you can make one up if youneed it.The other change is backward-compatible:You can combine the elements of a set using any operator that is associative, commutative,and has an identity. Thus (+ i: Int | 0<i /\ i<5 | i) = 1+2+3+4 = 10.Since 1991References have been removed, along with the new method for making new references and thememory component of the state for defining their semantics. Instead of REF T, use indexes into aSEQ T.All the operators on sequences are specified to be undefined if they would have to touch an elementof the sequence that is out of range. This gets rid of a lot of boring tests.The FORK construct for introducing concurrency has been removed in favor of a new THREADconstruct.The other changes are backward-compatible:It�s now optional to write RECORD before a record type. There is more pictorial syntax forunion types: (T1 + T2) instead of UNION[T1, T2]. You can drop the [] around thearguments of SEQ and SET.The constructor {a, b, c} works for sequences as well as sets, and {} works for functionsand sequences as well as sets.

Handout 316Index! 8-> 4<< ... >> 3==> 3, 8=> 3, 10[*] 11[] 3, 10{* -> } 8algorithm 5ALL 3, 8APROC 4, 6arbitrary relation 12array 7assignment 3, 8, 10atomic actions 3atomic command 5atomic procedure 6BEGIN 3, 11behavior 1, 2, 3Bool 7choice 10choose 4, 12client 1command 3, 5, 10communicate 1conditional 10constant 7constructor 8, 13contract 1declare 7defined 8DO 3, 13else 11END 11, 12essential 1EXCEPT 12exception 5, 12existential quantifier 5expression 3, 5, 7fail 3, 10, 12FUNC 6, 9function 6, 7, 8, 9function constructor 8functional behavior 2global 14guard 3, 10handler 5hierarchy 14history 2, 6if 3, 10implementer 1implication 3infinite 2Int 7invocation 10local 3, 14loop 13mapping 14meaning of an atomic command 6meaning of an expression 6memory 15method 7, 9, 13module 7, 14name 5name space 14new 15non-atomic command 5Non-Atomic Semantics of Spec 6non-deterministic 3, 4, 5, 11, 12normal outcome 12OD 3, 13operator 10or 3, 11organizing your program 6parameterized 14precedence 11, 13precisely 1predicate 3, 8, 10PROC 6procedure 6program 2, 3, 6, 7program counter 6quantifier 3, 8quantifiers 3RAISE 5RAISES 5RECORD 15record constructor 8REF 15relation 6repetition 13RET 4routine 6SEQ 3, 15sequence 7, 13sequential program 6set 3, 7set constructor 8set of sequences of states 5side-effect 7spec 2Spec type 7specification 1, 3state 2, 5state transition 2state variable 5strongly typed 7such that 3, 8terminates 13then 10then 3transition 2, 5two-level hierarchy 7type 7undefined 8, 9universal quantifier 3value 5VAR 3, 4, 12variable 5, 7Variable introduction 12WITH 9