
Complex expressionsWe will consider code generation for the followingexamples of complex expressions
� array references� function calls� mixed type expressions� boolean expressions
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Array referencesWhat about A[i,j]?First, we must agree to a storage schemerow-major orderlay out as sequence of consecutive rowsrightmost subscript varies fastestA[1,1],A[1,2],A[1,3],A[2,1],A[2,2],A[2,3]column-major orderlay out as sequence of consecutive columnsleftmost subscript varies fastestA[1,1],A[2,1],A[1,2],A[2,2],A[1,3],A[2,3]indirection vectors A[v[i],w[j]]vector of pointers to pointers to ... to valuesmuch more spacenot amenable to analysis
CPSC 434 Lecture 19, Page 2



Array referencesinteger A[1:10];� � �x = A[i]How do we compute the address of an array element?A[i]base+ (i� 1)� wwhere w is sizeof (element)in general: base+ (i� low)� wrow-major order, two dimensionsbase+((i1�low1)�(high2�low2+1)+i2�low2)�wcolumn-major order, two dimensionsbase+((i2�low2)�(high1�low1+1)+i1�low1)�wThis looks expensive!Aho, Sethi, and Ullman, x8.3, pp. 481-482CPSC 434 Lecture 19, Page 3



Array referencesTo minimize run-time costs, we need to know whatthey areOn a typical RISC machine� integer add | 1 cycle� integer loadi | 1 cycle� integer load | � 1 cycle (3{25 on i860)� integer mult | 16 to 32 or more cycles
We should implement mult with shift wheneverone argument is 2i and the other is unsignedElement sizes are always in this formOf course, integer multiply via shift & add is oftena winCPSC 434 Lecture 19, Page 4



Array addressingThe compiler should minimize the time spent in arrayaddressingSeveral optimizations� pre-evaluation of subexpressions� adopt a zero-based indexing scheme� re-factor expressions to compute false A[0,0]Consider refactoring A[i]1. base+ (i� low)� w2. i� w + base� low� wThe second form is better� compile-time evaluable (partially)� reference independentCPSC 434 Lecture 19, Page 5



Array addressingthe general address polynomial for row-major order((:::(i1n2 + i2)n3 + i3):::)nk + ik)� w+base�((:::((low1 � n2) + low2)n3 + low3):::)nk + lowk)where ni = highi� lowi + 1
For �xed-size arrays,� �nal term is compile-time evaluable� the ni terms are compile-time evaluable
Aho, Sethi, and Ullman, x8.3, pp. 481-482CPSC 434 Lecture 19, Page 6



Array referencesWhat about arrays as actual parameters?Example: int A[100]; foo( A );� Call-by-reference (c-b-r) | address of variable� Call-by-value (c-b-v) | value of variableWhole arrays� need dimension information | dope vectors� stu� in all the values in calling sequence� pass the address of dope vector as parameter� generate the complete address polynomialSome improvement is possible.� save ni and lowi� pre-compute terms on entry to procedure(if used)Restricting the language can eliminate this problemCPSC 434 Lecture 19, Page 7



Array referencesWhat does A[12] mean as an actual parameter?Example: foo( A[12] )If the corresponding formal is a scalar, it's easyExample: foo( int X ) f ... g� simply pass the value or the address� must know about arguments on both sides� language must force this interpretationWhat if the corresponding formal is an array?Example: foo( int X[100] ) f ... g� requires knowledge on both sides of call� meaning must be well-de�ned and understood� cross-procedural checking of conformability
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Array referencesWhat about variable-sized arrays?Local arrays dimensioned by actual parameters� same set of problems as parameter arrays� requires dope vectors (or equivalent)� di�erent access costs for textually similarreferencesThis presents a lot of opportunity for a goodoptimizer� common subexpressions in the addresspolynomial� contents of dope vector are �xed for aninvocation� should be able to recover much of the lostgroundCPSC 434 Lecture 19, Page 9



Function callsHow do we handle a function call in an expression?Example: a + foo(1)Treat it like a function call� set up the arguments� generate the call and return sequence� get the return value into a registerCautions� function may have side e�ects� evaluation order is suddenly important� register save-restore covers intermediate valuesExample: a + foo(a,b) + b
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Function callsHow do we handle an expression in a function call?Example: foo(a + 1)It has no address.� allocate space for the result| c-b-r ) treat as temporary| c-b-v ) take parameter slot� evaluate the expression (evaluation order)| may include other function calls� store the value (c-b-v or c-b-r)� store the address (c-b-r)� rede�nition in callee is lost to callerAnd, of course, the expression may containfunction calls : : :CPSC 434 Lecture 19, Page 11



Mixed type expressionsPLUSIDx MULTNUM4 NUM2.3e0
Mixed type expressions:� must have a clearly de�ned meaning� typically, convert to more general type� generate complicated, machine dependent code
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Mixed type expressionsPLUS??IDx NUM4
Behavior is de�ned by the languageMost Algol-like languages use a variant on this ruleif (Tx 6= T4) then1. convert x to Tresult2. convert 4 to Tresult3. add the converted values (Tresult)The relation between Ti and Tresult is speci�ed by aconversion table.
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Mixed type expressionsSample Conversion Table:PLUS int real double complexint int real double complexreal real real double complexdouble double double double complexcomplex complex complex complex complex
What about assignment?� evaluate to \natural" type� convert to type of lhs
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Mixed type expressionsThere are some good reasons for inserting typeinformation into each node in the AST.(or encoding it in the IR)
1. error detection and reporting2. cheaper to infer information once3. simpli�es later passes of compiler4. annotate each expression node with a type
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Mixed type expressions\Typing the tree"� usually done as part of context-sensitive analysis� classical languages have simple type systems� tree-attribution process| attribute grammars| ad-hoc tree walk� basis information embedded the source| declarations for variables| form of constantsHarder Problems:� inference without declarations� type systems that allow generated typesA great use for attribute grammarsCPSC 434 Lecture 19, Page 16



Boolean expressionsMost languages include boolean expressions.Sample Grammar<expr> ::= <expr> or <expr>j <expr> and <expr>j not <expr>j ( <expr> )j id <relop> idj truej false<relop> ::= <j �j =j 6=j �j >Used for logical values and to alter control 
owRelational versus logical operatorsCPSC 434 Lecture 19, Page 17



Boolean expressionsTwo schools of thought on representation:Numerical Values� assign numerical values to true and false� evaluate booleans like arithmetic expressions
Control Flow� represent boolean value by location in code� convert to numerical value when stored
Neither representation dominates the other.
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Boolean expressionsNumerical Values� assign a value to true (say 1)� assign a value to false (say 0)� use hardware | and, or, not, xor
Choose values that make the hardware work.
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Boolean expressionsNumerical ValuesSource Expression Generated Codeb or ( c and not d ) t1  not dt2  c and t1t3  b or t2a < b if (a<b) br L1t1  0br L2L1: t1  1L2: nop
A numerical representation handles logic well.
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Boolean expressionsControl Flow� use conditional branches and comparator� chain of branches to evaluate expression� code looks terribleControl 
ow representation works well forexpressions in conditional statements.
Clean up:� branch to next statement� branch to branch
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Boolean expressionsControl FlowSource Expression Generated Codea<b or ( c<d and e<f ) if a<b br LTbr L1L1: if c<d br L2br LFL2: if e<f br LTbr LFLF: code under falseor t1  falsebr LEXITLT: code under trueor t1  truebr LEXITThis works well when the expression's value istested but not preserved for later reuse.
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Boolean expressionsWhat about "short circuiting"Do the semantics require evaluating all terms of anexpression?� once value established, stop evaluating� ( true or <expr> ) is true� ( false and <expr> ) is false� save cycles in evaluation
Order of evaluation� if speci�ed, must be observed� if not, reorder by cost and short-circuit
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Boolean expressionsReality� either approach works fairly well� numerical code re
ects logical constructs� control 
ow code works well for relations� compiler can choose based on context
Control 
ow� accounting nightmare | tracking labels� backpatching is the right answer
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