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2 Optimization 

Optimization 

ÁThe optimizer aims at: 

Åreducing the runtime 

Åreducing the code size 

ÁThese goals often conflict, since a larger program 

may in fact be faster 

ÁThe best optimizations achive both goals 

ÁAn optimizer may also have more esoteric aims: 

Åreducing energy consumption 

Åreducing chip area 



3 Optimization 

Optimizations for Space 

ÁWere historically important, because memory was 

small and expensive 

ÁWhen memory became large and cheap, 

optimizing compilers traded space for time 

ÁJava compilers do not optimize much, but JVM 

bytecodes are designed to be small 

ÁWhen Java is targeted at mobile devices, space 

optimizations are again important 



4 Optimization 

Optimizations for Speed 

ÁWere historically important to gain acceptance for 

the introduction of high-level languages 

ÁAre still important, since the software always 

strains the limits of the hardware 

ÁAre challenged by ever higher abstractions in 

programming languages and must constantly 

adapt to changing microprocessor architectures 

ÁJava compilers do not optimize much, since the 

JVM kicks in with the JIT compiler 



5 Optimization 

Opportunities for Optimization 

ÁAt the source code level 

ÁAt an intermediate low level  

ÁAt the binary machine code level 

ÁAt runtime (JIT compilers) 

ÁAt the hardware level 

 

ÁAn aggressive optimization requires many small 

contributions from all levels 
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Optimizers Must Undo Abstractions 

ÁVariables abstract away from registers, so the 

optimizer must find an efficient mapping 

ÁControl structures abstract away from gotos, so 

the optimizer must simplify a goto graph 

ÁData structures abstract away from memory, so 

the optimizer must find an efficient layout 

 ... 

ÁMethod invocations abstract away from 

procedure calls, so the optimizer must efficiently 

determine the intended implementation 
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Difficult Compromises 

ÁA high abstraction level makes the development 

time cheaper, but the runtime more expensive 

ÁAn optimizing compiler makes runtime more 

efficient, but compile time less efficient 

ÁOptimizations for speed and size may conflict 

 

ÁDifferent applications may require different 

choices at different times 
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Examples of Optimizations 

ÁStrength reduction 

ÁLoop unrolling 

ÁCommon subexpression elimination 

ÁLoop invariant code motion 

ÁInline expansion 

 

ÁThese may take place either at the source level or 

at the bytecode level 

ÁMost require information from static analyses 
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Strength Reduction 

ÁReplace expensive operations with cheap ones: 

 

 for (i = 0; i < a.length; i++)  

   a[i] = a[i] + i/4;  

 

 

 

 

 for (i = 0; i < a.length; i++)  

   a[i] += (i >> 2);  
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Loop Unrolling 

ÁUnfold a loop to save condition tests: 

 
 for (i = 0; i < 100; i++)  

   g(i);  

 

 

 

  

 for (i = 0; i < 100; i += 2) {  

   g(i);  

   g(i+1);  

 }  
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Common Subexpression Elimination 

ÁAvoid redundant computations: 

 

 double d = a * Math.sqrt(c);  

 double e = b * Math.sqrt(c);  

 

 

 

  

 double tmp = Math.sqrt(c);  

 double d = a * tmp;  

 double e = b * tmp;  



12 Optimization 

Loop Invariant Code Motion 

ÁMove constant valued expressions outside loops: 

 

 for (i = 0; i < a.length; i++)  

   b[i] = a[i] + c * d;  

 

 

 

  

 int tmp1 = a.length;  

 int tmp2 = c * d;  

 for (i = 0; i < tmp1; i++)  

   b[i] = a[i] + tmp2;  
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Inline Expansion 

ÁReplace method invocations with copies: 

 int pred(int x) {  

   if (x == 0) return x; else return x - 1;  

 }  

 int f(int y) {  

   return pred(y) + pred(0) + pred(y+1);  

 }  

 

 

 

 int f(int y) {  

   int tmp = 0;  

   if (y == 0) tmp += 0; else tmp += y - 1;  

   if (0 == 0) tmp += 0; else tmp += 0 - 1;  

   if (y+1 == 0) tmp += 0; else tmp += (y+1) - 1;  

   return tmp;  

 }  
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Collaborating Optimizations 

ÁOptimizations may enable other optimizations: 

 
 int f(int y) {  

   int tmp = 0;  

   if (y == 0) tmp += 0; else tmp += y - 1;  

   if (0 == 0) tmp += 0; else tmp += 0 - 1;  

   if (y+1 == 0) tmp += 0; else tmp += (y+1) - 1;  

   return tmp;  

 }  

 

 

 

 int f(int y) {  

   if (y == 0) return 0;  

   else if (y == - 1) return - 2;  

   else return y+y - 1;  

 }  
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Optimization in Joos 

public int foo(int a, int b, int c) {  

  c = a*b+c;  

  if (c<a) a = a+b*113;  

  while (b>0) {  

    a = a*c;  

    b = b - 1;  

  }  

  return a;  

}  

iload_1  

iload_2  

imul  

iload_3  

iadd  

dup  

istore_3  

pop  

iload_3  

iload_1  

if_icmplt true1  

iconst_0  

goto end2  

true1:  

iconst_1  

end2:  

ifeq false0  

iload_1  

iload_2  

imul  

iload_3  

iadd  

istore_3  

iload_3  

iload_1  

if_icmpge cond4  

iload_1  

iload_2  

bipush 113  

imul  

iadd  

istore_1  

goto cond4  

loop3:  

iload_1  

iload_3  

imul  

istore_1  

iinc 2 - 1 

cond4:  

iload_2  

ifgt loop3  

iload_1  

ireturn  

 

iload_1  

iload_2  

bipush 113  

imul  

iadd  

dup  

istore_1  

pop  

false0:  

goto cond4      

loop3:  

iload_1  

iload_3  

imul  

dup  

istore_1  

pop  

iload_2  

iconst_1  

isub  

dup  

istore_2  

pop  

cond4:  

iload_2  

iconst_0  

if_icmpgt true5  

iconst_0  

goto end6  

true5:  

iconst_1  

end6:  

ifne loop3  

iload_1  

ireturn  

52 bytecodes 

 27 bytecodes 
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Peephole Optimizations 

ÁMake local improvements in bytecode sequences 

ÁThe optimizers considers only finite windows of 

the sequence 

ÁWhen the pattern "clicks", the optimizer rewrites a 

part of the code using a template: 

 

       dup  

    istore 3                istore 3  

    pop  
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Peephole Transitions 

ÁLet P be a collection of peephole patterns  

ÁIt defines a transition relation on sequences of 

bytecodes: 

                               

            B1          B2  

 

 meaning that pÍP clicked at some position in the 

sequence B1 and produced the sequence B2 

p 
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Termination 

ÁA collection of peephole patterns must terminate 

ÁThis means that for the collection P, there must 

not exist an infinite sequence: 

 

             B0      B1      B2      B3        ... 

 

 for any B0 and piÍP     

p1 p2 p3 p4 
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Soundness (1/2) 

ÁEvery peephole pattern must preserve semantics 

ÁAssume the pattern p transforms a bytecode 

sequence B1 into the sequence B2 

ÁConsider now any bytecode context C  

ÁIf C[B1] emits the verifiable code E1, then C[B2] 

must emit some verifiable code E2 with the same 

semantics 
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Soundness (2/2) 

Á"C "B1: 

 

   C    C 

 

       B1        B2 

 

 

 

      E1       E2 

p 

emit emit 

º 
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A Peephole Pattern Language 

ÁIn OCaml weôll write peephole patterns as pattern 

matching functions over lists of instructions 

ÁEach pattern function returns an option  to signal 

whether it clicked 

ÁThe Joos compiler contains a driver for these 

peephole patterns 

ÁIt is enabled with the option - peephole   

ÁIt will try all patterns in an unspecified order until 

no pattern clicks anywhere 
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An Example Pattern 

let  dup_istore_pop ops is = match  is with  

  | Idup::  

    Iistore i0::  

    Ipop::  

    is' - > Some (Iistore i0::  

              is')  

  | _ - > None  

 

ÁThis pattern is relevant for code like: 

 x = a*b;  
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Pattern Syntax 

 

    (* operations - > Instruction.instruction list  

                  - > Instruction.instruction list option *)  

    let  pattern_name ops var = exp  

 

Áops is a record of handy operations 

Ávar is a variable bound to an instruction sequence  

ÁThe exp determines whether the pattern clicks 

ÅNone signals no rewrite 

ÅSome instructions specifies the new bytecodes 
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Pattern Types 

Conditional instructions share a common type: 
type condition = Eq | Ne | Lt | Le | Gt | Ge | Aeq | Ane  

 

Instructions are also implemented as a data type: 
type  instruction =  

  | Iaaload  

  | Iaastore  

  | Iaconst_null  

  | é 

 

Method signatures are wrapped in a record: 
type  signature = string  

type  method_signature = { method_sig      : signature;  

                method_nargs    : int;  

                method_nreturns : int }  
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Pattern Operations 

The operations record contains 6 handy 

operations with the following signatures: 
 

type operations =  

    { degree   : label - > int ;  

      target   : label - > instruction  list;  

      formals  : method_signature  - > int ;  

      returns  : method_signature  - > int ;  

      negate   : condition  - > condition ;  

      commute : condition  - > condition  }  

 

They can be accessed by dotting into the record: 
ops.degree , ops.target , é 
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Overall Peephole Structure 

 

open  Instruction  

 

é 

 

let dup_istore_pop  ops is = é 

let  goto_label  ops is = é 

let constant_iadd_residue  ops is = é 

let  goto_goto  ops is = é 

 

let mypatterns  = [  

  (" dup_istore_pop",dup_istore_pop );  

  (" goto_label",goto_label );  

  (" constant_iadd_residue",constant_iadd_residue );  

  (" goto_goto",goto_goto );  

]  

 

Remember to add new patterns to mypatterns  
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Overall Peephole Structure 

 

open  Instruction  

 

é 

 

let dup_istore_pop  ops is = é 

let  goto_label  ops is = é 

let constant_iadd_residue  ops is = é 

let  goto_goto  ops is = é 

 

let mypatterns  = [  

  (" dup_istore_pop",dup_istore_pop );  

  (" goto_label",goto_label );  

  (" constant_iadd_residue",constant_iadd_residue );  

  (" goto_goto",goto_goto );  

]  

 

Remember to add new patterns to mypatterns  
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More Pattern Examples (1/3) 

let  goto_label ops is = match  is with  

  | Igoto l1::  

    Ilabel l2::  

    is' when l1=l2 - > 

    Some (Ilabel l2::  

         is')  

  | _ - > None  

 

ÁThis pattern arises during optimization of nested 

control structures 
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More Pattern Examples (1/3) 

let  goto_label  ops is = match  is with  

  | Igoto  l1::  

    Ilabel  l2::  

    is' - > if  l1=l2  

           then  Some ( Ilabel  l2::  

                     is')  

           else  None 

  | _ - > None  

 

(with desugared when syntax) 
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More Pattern Examples (2/3) 

let  constant_iadd_residue ops is = match  is with  

  | Ildc_int i0::  

    Iiadd::  

    Ildc_int i1::  

    Iiadd::  

    is' - > Some (Ildc_int (Int32.add i0 i1)::  

             Iiadd::  

             is')  

  | _ - > None  

 

ÁThis pattern is relevant for code like: 

 a+5+7  
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More Pattern Examples (3/3) 

let  goto_goto ops is = match  is with  

  | Igoto l0::  

    is' - >  

    ( match  ops.target l0 with  

      | Igoto l1::  

        is'' - >  

      ( match  ops.target l1 with  

        | Igoto _ :: _  

        | Ilabel _ :: _ - > None  

        | _ - > Some (Igoto l1::  

                  is'))  

      | _ - > None)  

  | _ - > None  

ÁThis pattern arises during optimization of nested 

control structures 
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Proving Termination 

ÁWe want to avoid infinite sequences like: 

 

 B0      B1      B2      B3        ... 

 

ÁDefine an integer valued function m such that: 

 

Å" B: m(B) ² 0 

 

Å" pÍP: B1         B2  Ý m(B2) < m(B1) 

 

p1 p2 p3 p4 

p 
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Termination Function Example 

ÁFor our 4 example patterns we define: 

  m(B) = #dup  + #goto  + #iadd  + ??? 

 

ÁWhat gets smaller in the goto_goto  pattern? 
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Termination Function Example 

ÁFor our 4 example patterns we define: 

  m(B) = #dup  + #goto  + #iadd  + ??? 

 

ÁWhat gets smaller in the goto_goto  pattern? 

     

 

                     label  (l1) Í B 

                         l1 Ÿ l2 Ÿ l3 Ÿ ... Ÿ lk 

                                     li Í lj 

S 
goto goto goto goto 

k 
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A Non-Terminating Pattern 

let  bad_goto_goto  ops is = match  is with  

   | Igoto  l0::  

     is' - > 

     ( match ops.target  l0 with  

       | Igoto  l1::  

         _ - > Some ( Igoto  l1::  

                    is')  

       | _ - > None)  

   | _ - > None  
 

foo : goto  bar  

bar: goto  foo  
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Proving Soundness 

ÁA formal proof of soundness for a collection of 

patterns requires a full formal semantics of: 

Åbytecode sequences 

Åpeephole patterns 

Åbytecode contexts 

Åcode emission 

Åthe complete JVM 

 

ÁThe pitfall is usually the universal quantification of 

contexts: does this really always work? 


