1Data TypesIn Text: Chapter 5

2OutlinenWhat is a type?nPrimitivesnStringsnOrdinalsnArraysnRecordsnSetsnPointers

3Data TypesnTwo components:nSet of objects in the type (domain of values)nSet of applicable operationsnMay be determined:nStatically (at compile time)nDynamically (at run time)nA language�s data types may be:nBuilt-innProgrammer-definednA declaration explicitly associates anidentifier with a type (and thusrepresentation)

4Design Issues for All Data TypesnHow is the domain of values specified?nWhat operations are defined and how arethey specified?nWhat is the syntax of references tovariables?

5Primitive Data TypesnA primitive type is one that is not defined interms of other data typesnTypical primitives include:nBooleannCharacternIntegral type(s)nFixed point type(s)nFloating point type(s)

6BooleannUsed for logical decisions/conditionsnCould be implemented as a bit, but usually asa bytenAdvantage: readability

7IntegernAlmost always an exact reflection of thehardware, so the mapping is trivialnThere may be as many as eight differentinteger types in a languagenEach such integer type usually maps to adifferent representation supported by themachine

8Fixed Point (Decimal) TypesnOriginated with business applications(money)nStore a fixed number of decimal digits(coded)nAdvantage: accuracynDisadvantages: limited range, wastesmemory

9Floating Point TypesnModel real numbers, but only as approximationsnIn any particular numeric domain, the model numbers are theset of exactly representable numbersnLanguages for scientific use support at least two floating-point types; sometimes morenUsually exactly like the hardware, but not always; somelanguages allow accuracy specs in code (e.g., Ada): type Speed is digits 7 range 0.0..1000.0; type Voltage is delta 0.1 range -12.0..24.0;nSee book for representation (p. 199)

10Character String TypesnValues are sequences of charactersnDesign issues:nIs it a primitive type or just a special kind ofarray?nIs the length of objects fixed or variable?nOperations:nAssignmentnComparison (=, >, etc.)nConcatenationnSubstring referencenPattern matching

11 Examples of String SupportnPascalnNot primitive; assignment and comparison only (of packedarrays)nAda, FORTRAN 77, FORTRAN 90 and BASICnSomewhat primitivenAssignment, comparison, concatenation, substringreferencenFORTRAN has an intrinsic for pattern matchingnExamples (in Ada)nN := N1 & N2 (catenation)nN(2..4) (substring reference)nC (and C++ for some people)nNot primitivenUse char arrays and a library of functions that provideoperations

12 Other String ExamplesnSNOBOL4 (a string manipulation language)nPrimitivenMany operations, including elaborate patternmatchingnPerlnPatterns are defined in terms of regularexpressionsnA very powerful facility!n/[A-Za-z][A-Za-z\d]*/nJava and C++ (with std library)nString class (not array of char)

13String Length OptionsnFixed (static) length (fixed size determined atallocation)nFORTRAN 77, Ada, COBOLnA FORTRAN 90 example:CHARACTER (LEN = 15) NAME;nLimited dynamic length (fixed maximum size atallocation, but actual contents may be less)nC and C++ char arrays: actual length is indicated by a nullcharacternDynamic length (may grow and shrink afterallocation)nSNOBOL4, Perl

14Evaluation of String TypesnSupporting strings is an aid to readability andwritabilitynAs a primitive type with fixed length, they areinexpensive to provide�why not have them?nDynamic length is nice, but is it worth the expense?nImplementation:nStatic length�compile-time descriptornLimited dynamic length�may need a run-timedescriptor for length (but not in C and C++)nDynamic length�need run-time descriptor;allocation/deallocation is the biggestimplementation problem

15User-Defined Ordinal TypesnAn ordinal type is one in which therange of possible values can be easilyassociated with the set of positiveintegersnTwo common kinds:nEnumeration typesnSubrange types

16Enumeration TypesnThe user enumerates all of the possible values,which are symbolic constantsnDesign Issue: Should a symbolic constant be allowedto be in more than one type definition?nExamples:nPascal�cannot reuse constants; they can be used for arraysubscripts, for variables, case selectors; no input oroutput; can be comparednAda�constants can be reused (overloaded literals); can beused as in Pascal; input and output supportednC and C++�like Pascal, except they can be input and outputas integersnJava does not include an enumeration type

17Subrange TypesnAn ordered, contiguous subsequence of anotherordinal typenDesign Issue: How can they be used?nExamples:nPascal�subrange types behave as their parent types; canbe used as for variables and array indicestype pos = 0 .. MAXINT;nAda�subtypes are not new types, just constrained existingtypes (so they are compatible); can be used as in Pascal,plus case constants subtype Pos_Type is Integer range 0 ..Integer’Last;

18Evaluation of Ordinal TypesnAid readability and writeabilitynImprove reliability�restricted ranges adderror detection abilitiynImplementation of user-defined ordinaltypes:nEnumeration types are implemented as integersnSubrange types are the parent types; code maybe inserted (by the compiler) to restrictassignments to subrange variables

19ArraysnAn array is an aggregate of homogeneousdata elements in which an individualelement is identified by its positionnDesign Issues:nWhat types are legal for subscripts?nAre subscript values range checked?nWhen are subscript ranges bound?nWhen does allocation take place?nWhat is the maximum number of subscripts?nCan array objects be initialized?nAre any kind of slices allowed?

20Array IndexingnIndexing is a mapping from indices toelementsnSyntaxnFORTRAN, PL/I, Ada use parenthesesnMost others use brackets

21Array Subscript TypesnWhat type(s) are allowed for definingarray subscripts?nFORTRAN, C�int onlynPascal�any ordinal type (int, boolean,char, enum)nAda�int or enum (including booleanand char)nJava - integer types only

22Four Categories of ArraysnFour categories, based on subscriptbinding and storage binding:nStaticnFixed stack-dynamicnStack-dynamicnHeap-dynamic

23Static ArraysnRange of subscripts and storagebindings are staticnExamples: FORTRAN 77, global arrays inC++, some arrays in AdanAdvantage:nExecution efficiency (no allocation ordeallocation)nDisadvantages:nSize must be known at compile timenBindings are fixed for entire program

24Fixed Stack-Dynamic ArraysnRange of subscripts is statically bound, butstorage is bound at elaboration timenExamples: Pascal locals, C/C++ locals that arenot staticnAdvantages:nSpace efficiencynSupports recursionnDisadvantage:nMust know size at compile time

25Stack-Dynamic ArraysnRange and storage are dynamic, but fixedfrom then on for the variable�s lifetimenExamples: Ada locals in a procedure or blocknAdvantage:nFlexibility�size need not be known untilthe array is about to be usednDisadvantage:nOnce created, array size is fixed forlifetime

26Heap-Dynamic ArraysnSubscript range and storage bindingsare dynamic and not fixednExamples: FORTRAN 90, APL, PerlnAdvantage:nUltimate in flexibilitynDisadvantages:nMore space requirednRun-time overhead

27Number of Array SubscriptsnFORTRAN I allowed up to threenFORTRAN 77 allows up to sevennC, C++, and Java allow just one, butelements can be arraysnOthers�no limit

28Array InitializationnUsually just a list of values that are put in the array in theorder in which the array elements are stored in memorynExamples:nFORTRAN�uses the DATA statement, or put the values in / .../ on the declarationnC and C++�put the values in braces; can let the compiler countthem (int stuff [] = {2, 4, 6, 8};)nAda�positions for the values can be specified: SCORE : array (1..14, 1..2) := (1 => (24, 10), 2 => (10, 7), 3 =>(12, 30), others => (0, 0));nPascal and Modula-2 do not allow array initialization

29Array OperationsnAPL has lots (see book p. 216-217)nAdanAssignment; RHS can be an aggregate,array name, or slice (LHS can also be aslice)nCatenation for single-dimensioned arraysnEquality/inequality operators (= and /=)nFORTRAN 90nIntrinsics (subprograms) for a widevariety of array operations (e.g., matrixmultiplication, vector dot product)

30Array SlicesnA slice is some substructure of an array;nothing more than a referencingmechanismn Slice Examples:nFORTRAN 90 INTEGER MAT (1 : 4, 1 : 4) MAT(1 : 4, 1)�the first column MAT(2, 1 : 4)�the second rownAda�single-dimensioned array slice: LIST(4..10)

31Implementation of ArraysnAccess function maps subscriptexpressions to an address in the arraynRow major (by rows) or column majororder (by columns)

32Associative ArraysnAn associative array is an unorderedcollection of data elements that areindexed by an equal number of valuescalled keysnDesign Issues:nWhat is the form of references toelements?nIs the size static or dynamic?

33Perl Associative ArraysnNames begin with %nLiterals are delimited by parentheses %hi_temps = ("Monday" => 77, "Tuesday" => 79,�);nSubscripting is done using braces andkeys $hi_temps{"Wednesday"} = 83;nElements can be removed with delete delete $hi_temps{"Tuesday"};

34RecordsnA record is a possibly heterogeneousaggregate of data elements in whichthe individual elements are identifiedby namesnDesign Issues:nWhat is the form of references?nWhat unit operations are defined?

35Record Definition SyntaxnCOBOL uses level numbers to shownested records; others use recursivedefinitionsIn C:typedef struct { int field1; float field2; . . .} MyRecord;In Ada:type MyRecord is record field1 : Integer; field2 : Float; . . .end record;

36Record Field ReferencesnCOBOL: field_name OF record_name_1 OF ... OF record_name_nnOthers (dot notation): record_name_1.record_name_2. ... .record_name_n.field_namenFully qualified references must include all recordnamesnElliptical references allow leaving out recordnames as long as the reference is unambiguousnPascal and Modula-2 provide a with clause toabbreviate references

37Record OperationsnAssignmentnPascal, Ada, and C++ allow it if the types are identicalnIn Ada, the RHS can be an aggregatenInitializationnAllowed in Ada, using an aggregatenComparisonnIn Ada, = and /=; one operand can be an aggregatenMOVE CORRESPONDINGnIn COBOL - it moves all fields in the source record to fieldswith the same names in the destination record

38Comparing Records and ArraysnAccess to array elements is slowerthan access to record fields, becausesubscripts are dynamic (field namesare static)nDynamic subscripts could be used withrecord field access, but it woulddisallow type checking and be muchslower

39UnionsnA union is a type whose variables areallowed to store different type valuesat different times during executionnDesign Issues for unions:nWhat kind of type checking, if any, must bedone?nShould unions be integrated with records?

40 Union ExamplesnFORTRAN�with EQUIVALENCEnAlgol 68�discriminated unionsnUse a hidden tag to maintain the currenttypenTag is implicitly set by assignmentnReferences are legal only in conformityclauses (see p. 231)nThis runtime type selection is a safemethod of accessing union objects

41More Union ExamplesnPascal�both discriminated andnondiscriminated unions type intreal = record tagg : Boolean of true : (blint : integer); false : (blreal : real); end;

42Union Type-Checking ProblemsnProblem with Pascal�s design: type checkingis ineffectivenReasons:nUser can create inconsistent unions (because thetag can be individually assigned) var blurb : intreal; x : real; blurb.tagg := true; { it is an integer } blurb.blint := 47; { ok } blurb.tagg := false { it is a real x := blurb.blreal; { oops! }nAlso, the tag is optional!

43Ada Discriminated UnionsnReasons they are safer than Pascal &Modula-2:nTag must be presentnAll assignments to the union must includethe tag value�tag cannot be assigned byitselfnIt is impossible for the user to create aninconsistent union

44Free UnionsnC and C++ have free unions (no tags)nNot part of their recordsnNo type checking of referencesnJava has neither records nor unions

45Evaluation of UnionsnUsefulnPotentially unsafe in most languagesnAda, Algol 68 provide safe versions

46SetsnA set is a type whose variables canstore unordered collections of distinctvalues from some ordinal typenDesign Issue:nWhat is the maximum number of elementsin the base type of a set?

47Set ExamplesnPascal�no maximum size in thelanguage definition (not portable,poor writability if max is too small)nOperations: union (+), intersection (*),difference (-), =, <>, superset (>=), subset(<=), in

48Set Examples (cont.)nModula-2 and Modula-3nAdditional operations: INCL, EXCL, /(symmetric set difference (elements inone but not both operands))nAda�does not include sets, but definesin as set membership operator for allenumeration types and subrangeexpressionsnJava includes a class for set operations

49Evaluation of SetsnIf a language does not have sets, theymust be simulated, either withenumerated types or with arraysnArrays are more flexible than sets, buthave much slower operationsnSet implementation:nUsually stored as bit strings and uselogical operations for the set operations

50PointersnA pointer type is a type in which therange of values consists of memoryaddresses and a special value, nil (ornull)n Uses:nAddressing flexibilitynDynamic storage management

51Pointer Design IssuesnWhat is the scope and lifetime of pointervariables?nWhat is the lifetime of heap-dynamicvariables?nAre pointers restricted to pointing at aparticular type?nAre pointers used for dynamic storagemanagement, indirect addressing, or both?nShould a language support pointer types,reference types, or both?

52Fundamental Pointer OperationsnAssignment of an address to a pointernReferences (explicit versus implicitdereferencing)

53Problems with PointersnDangling pointersnMemory leaksnDouble-deallocation/heap corruptingnAliasing

54Dangling PointersnA pointer points to a heap-dynamicvariable that has been deallocatednCreating one:nAllocate a heap-dynamic variable and seta pointer to point at itnSet a second pointer to the value of thefirst pointernDeallocate the heap-dynamic variableusing the first pointer

55Memory LeaksnLost heap-dynamic variables (garbage):nA heap-dynamic variable that is no longerreferenced by any program pointern Creating one:nPointer p1 is set to point to a newly createdheap-dynamic variablenp1 is later set to point to another newly createdheap-dynamic variablenThe process of losing heap-dynamic variables iscalled memory leakage

56Double DeallocationnWhen a heap-dynamic object isexplicitly deallocated twicenUsually corrupts the data structure(s)the run-time system uses to maintainfree memory blocks (the heap)nA special case of dangling pointers

57AliasingnWhen two pointers refer to the sameaddressnPointers need not be in the same programunitnChanges made through one pointer affectthe behavior of code referencing the otherpointernWhen unintended, may causeunpredictability, loss of locality of reasoning

58Pointer ExamplesnPascal: used for dynamic storagemanagement onlynExplicit dereferencingnDangling pointers and memory leaks are possiblenAda: a little better than Pascal andModula-2nImplicit dereferencingnAll pointers are initialized to nullnSimilar dangling pointer and memory leakproblems for typical implementations

59Pointer Examples (cont.)nC and C++: for both dynamic storagemanagement and addressingnExplicit dereferencing and address-of operatornCan do address arithmetic in restricted formsnDomain type need not be fixed (void * )nC++ reference typesnConstant pointers that are implicitlydereferencednTypically used for parametersnAdvantages of both pass-by-reference and pass-by-value

60Pointer Examples (cont.)nFORTRAN 90 PointersnCan point to heap and non-heap variablesnImplicit dereferencingnSpecial assignment operator for non-dereferenced referencesnJava�only referencesnNo pointer arithmeticnCan only point at objects (which are all on theheap)nNo explicit deallocator (garbage collection isused)nMeans there can be no dangling referencesnDereferencing is always implicit

61Evaluation of PointersnDangling pointers and dangling objectsare problems, as is heap managementnPointers are like goto’s�they widenthe range of cells that can be accessedby a variable, but also complicatereasoning and open up new problemsnPointers services are necessary�so wecan’t design a language without them