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Previous Best Combining Code
void combine4(vec_ptr v, int *dest) 
{ 
  int i; 
  int length = vec_length(v); 
  int *data = get_vec_start(v); 
  int sum = 0; 
  for (i = 0; i < length; i++) 
    sum += data[i]; 
  *dest = sum; 
} 
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General Forms of Combining
void abstract_combine4(vec_ptr v, data_t *dest) 
{ 
  int i; 
  int length = vec_length(v); 
  data_t *data = get_vec_start(v); 
  data_t t = IDENT; 
  for (i = 0; i < length; i++) 
    t = t OP data[i]; 
  *dest = t; 
} 
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Machine Independent Opt. Results
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Pointer Code
void combine4p(vec_ptr v, int *dest) 
{ 
  int length = vec_length(v); 
  int *data = get_vec_start(v); 
  int *dend = data+length; 
  int sum = 0; 
  while (data < dend) { 
    sum += *data; 
    data++; 
  } 
  *dest = sum; 
} 
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Pointer vs. Array Code Inner Loops

.L24:  # Loop: 
 addl (%eax,%edx,4),%ecx  # sum += data[i] 
 incl %edx  # i++ 
 cmpl %esi,%edx  # i:length 
 jl .L24  # if < goto Loop 

.L30:  # Loop: 
 addl (%eax),%ecx  #  sum += *data 
 addl $4,%eax  #  data ++ 
 cmpl %edx,%eax  #  data:dend 
 jb .L30  #  if < goto Loop 
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CPU Capabilities of Pentium III
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Translation Example

.L24:  # Loop: 
 imull (%eax,%edx,4),%ecx  # t *= data[i] 
 incl %edx  # i++ 
 cmpl %esi,%edx  # i:length 
 jl .L24  # if < goto Loop 

.L24: 

 imull (%eax,%edx,4),%ecx 

 incl %edx 
 cmpl %esi,%edx 
 jl .L24 

load (%eax,%edx.0,4)  t.1 
imull t.1, %ecx.0     %ecx.1 
incl %edx.0   %edx.1 
cmpl %esi, %edx.1     cc.1 
jl-taken cc.1 
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Translation Example #1

  Split into two operations
   load reads from memory to generate temporary result t.1 
  Multiply operation just operates on registers

  Operands
  Registers %eax does not change in loop.  Values will be 

retrieved from register file during decoding
  Register %ecx changes on every iteration.  Uniquely identify 

different versions as %ecx.0, %ecx.1, %ecx.2, …
»  Register renaming
»  Values passed directly from producer to consumers

 imull (%eax,%edx,4),%ecx load (%eax,%edx.0,4)  t.1 
imull t.1, %ecx.0     %ecx.1 
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Translation Example #2

  Register %edx changes on each iteration.  Rename as %edx.
0, %edx.1, %edx.2, …

 incl %edx incl %edx.0         %edx.1 
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Translation Example #3
 cmpl %esi,%edx cmpl %esi, %edx.1   cc.1 
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Translation Example #4

  Instruction control unit determines destination of jump
  Predicts whether will be taken and target
  Starts fetching instruction at predicted destination
  Execution unit simply checks whether or not prediction was 

OK
  If not, it signals instruction control

  Instruction control then “invalidates” any operations generated 
from misfetched instructions

  Begins fetching and decoding instructions at correct target

 jl .L24 jl-taken cc.1 
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Visualizing Operations
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Visualizing Operations (cont.)
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3 Iterations of Combining Product
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4 Iterations of Combining Sum

4 integer ops
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Combining Sum: Resource Constraints
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Loop Unrolling
void combine5(vec_ptr v, int *dest) 
{ 
  int length = vec_length(v); 
  int limit = length-2; 
  int *data = get_vec_start(v); 
  int sum = 0; 
  int i; 
  /* Combine 3 elements at a time */ 
  for (i = 0; i < limit; i+=3) { 
    sum += data[i] + data[i+2] 
           + data[i+1]; 
  } 
  /* Finish any remaining elements */ 
  for (; i < length; i++) { 
    sum += data[i]; 
  } 
  *dest = sum; 
} 
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Visualizing Unrolled Loop
  Loads can pipeline, 

since donʼt have 
dependencies

  Only one set of loop 
control operations

load (%eax,%edx.0,4)   t.1a 
iaddl t.1a, %ecx.0c    %ecx.1a 
load 4(%eax,%edx.0,4)  t.1b 
iaddl t.1b, %ecx.1a    %ecx.1b 
load 8(%eax,%edx.0,4)  t.1c 
iaddl t.1c, %ecx.1b    %ecx.1c 
iaddl $3,%edx.0        %edx.1 
cmpl %esi, %edx.1      cc.1 
jl-taken cc.1 
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Executing with Loop Unrolling

  Predicted Performance
  Can complete iteration in 3 cycles
  Should give CPE of 1.0

  Measured Performance
  CPE of 1.33
  One iteration every 4 cycles
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Effect of Unrolling

   Only helps integer sum for our examples
  Other cases constrained by functional unit latencies

  Effect is nonlinear with degree of unrolling
  Many subtle effects determine exact scheduling of operations
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Parallel Loop Unrolling
void combine6(vec_ptr v, int *dest) 
{ 
  int length = vec_length(v); 
  int limit = length-1; 
  int *data = get_vec_start(v); 
  int x0 = 1; 
  int x1 = 1; 
  int i; 
  /* Combine 2 elements at a time */ 
  for (i = 0; i < limit; i+=2) { 
    x0 *= data[i]; 
    x1 *= data[i+1]; 
  } 
  /* Finish any remaining elements */ 
  for (; i < length; i++) { 
    x0 *= data[i]; 
  } 
  *dest = x0 * x1; 
} 



– 26 –

Dual Product Computation
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Requirements for Parallel Computation
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Visualizing Parallel Loop
  Two multiplies within 

loop no longer have 
data depency

  Allows them to 
pipeline

load (%eax,%edx.0,4)   t.1a 
imull t.1a, %ecx.0     %ecx.1 
load 4(%eax,%edx.0,4)  t.1b 
imull t.1b, %ebx.0     %ebx.1 
iaddl $2,%edx.0        %edx.1 
cmpl %esi, %edx.1      cc.1 
jl-taken cc.1 
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Executing with Parallel Loop

  Predicted Performance
  Can keep 4-cycle 

multiplier busy performing 
two simultaneous 
multiplications

  Gives CPE of 2.0
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Optimization Results for Combining
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Parallel Unrolling: Method #2
void combine6aa(vec_ptr v, int *dest) 
{ 
  int length = vec_length(v); 
  int limit = length-1; 
  int *data = get_vec_start(v); 
  int x = 1; 
  int i; 
  /* Combine 2 elements at a time */ 
  for (i = 0; i < limit; i+=2) { 
    x *= (data[i] * data[i+1]); 
  } 
  /* Finish any remaining elements */ 
  for (; i < length; i++) { 
    x *= data[i]; 
  } 
  *dest = x; 
} 
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Method #2 Computation
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Understanding 
Parallelism

  CPE = 4.00
  All multiplies perfomed in sequence

  /* Combine 2 elements at a time */ 
  for (i = 0; i < limit; i+=2) { 
    x = x * (data[i] * data[i+1]); 
  } 

  /* Combine 2 elements at a time */ 
  for (i = 0; i < limit; i+=2) { 
    x = (x * data[i]) * data[i+1]; 
  } 

  CPE = 2.50
  Multiplies overlap
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Limitations of Parallel Execution
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Register Spilling Example
.L165: 

 imull (%eax),%ecx 
 movl -4(%ebp),%edi 
 imull 4(%eax),%edi 
 movl %edi,-4(%ebp) 
 movl -8(%ebp),%edi 
 imull 8(%eax),%edi 
 movl %edi,-8(%ebp) 
 movl -12(%ebp),%edi 
 imull 12(%eax),%edi 
 movl %edi,-12(%ebp) 
 movl -16(%ebp),%edi 
 imull 16(%eax),%edi 
 movl %edi,-16(%ebp) 
… 
 addl $32,%eax 
 addl $8,%edx 
 cmpl -32(%ebp),%edx 
 jl .L165 
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Summary: Results for Pentium III

  Biggest gain doing basic optimizations
  But, last little bit helps
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Results for Alpha Processor

  Overall trends very similar to those for Pentium III.
  Even though very different architecture and compiler
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Results for Pentium 4

  Higher latencies (int * = 14, fp + = 5.0, fp * = 7.0)
  Clock runs at 2.0 GHz
  Not an improvement over 1.0 GHz P3 for integer *

  Avoids FP multiplication anomaly



– 39 –

What About Branches?

 80489f3:  movl   $0x1,%ecx 
 80489f8:  xorl   %edx,%edx 
 80489fa:  cmpl   %esi,%edx 
 80489fc:  jnl    8048a25 
 80489fe:  movl   %esi,%esi 
 8048a00:  imull  (%eax,%edx,4),%ecx 

Executing

Fetching &
Decoding
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Branch Outcomes
  When encounter conditional branch, cannot determine where to 

continue fetching
  Branch Taken: Transfer control to branch target
  Branch Not-Taken: Continue with next instruction in sequence

  Cannot resolve until outcome determined by branch/integer unit

 80489f3:  movl   $0x1,%ecx 
 80489f8:  xorl   %edx,%edx 
 80489fa:  cmpl   %esi,%edx 
 80489fc:  jnl    8048a25 
 80489fe:  movl   %esi,%esi 
 8048a00:  imull  (%eax,%edx,4),%ecx 

 8048a25:  cmpl   %edi,%edx 
 8048a27:  jl     8048a20 
 8048a29:  movl   0xc(%ebp),%eax 
 8048a2c:  leal   0xffffffe8(%ebp),%esp 
 8048a2f:  movl   %ecx,(%eax) 

Branch Taken

Branch Not-Taken
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Branch Prediction

 80489f3:  movl   $0x1,%ecx 
 80489f8:  xorl   %edx,%edx 
 80489fa:  cmpl   %esi,%edx 
 80489fc:  jnl    8048a25 
 . . . 

 8048a25:  cmpl   %edi,%edx 
 8048a27:  jl     8048a20 
 8048a29:  movl   0xc(%ebp),%eax 
 8048a2c:  leal   0xffffffe8(%ebp),%esp 
 8048a2f:  movl   %ecx,(%eax) 

Predict Taken

Execute
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Branch Prediction Through Loop
 80488b1:  movl   (%ecx,%edx,4),%eax 
 80488b4:  addl   %eax,(%edi) 
 80488b6:  incl   %edx 
 80488b7:  cmpl   %esi,%edx 
 80488b9:  jl     80488b1 

 80488b1:  movl   (%ecx,%edx,4),%eax 
 80488b4:  addl   %eax,(%edi) 
 80488b6:  incl   %edx 
 80488b7:  cmpl   %esi,%edx 
 80488b9:  jl     80488b1 

 80488b1:  movl   (%ecx,%edx,4),%eax 
 80488b4:  addl   %eax,(%edi) 
 80488b6:  incl   %edx 
 80488b7:  cmpl   %esi,%edx 
 80488b9:  jl     80488b1 

i = 98

i = 99

i = 100

Predict Taken (OK)

Predict Not Taken
(Oops)

 80488b1:  movl   (%ecx,%edx,4),%eax 
 80488b4:  addl   %eax,(%edi) 
 80488b6:  incl   %edx 
 80488b7:  cmpl   %esi,%edx 
 80488b9:  jl     80488b1 

i = 101

Assume vector length = 100

Read 
invalid 
location

Executed

Fetched
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Branch Misprediction Invalidation
 80488b1:  movl   (%ecx,%edx,4),%eax 
 80488b4:  addl   %eax,(%edi) 
 80488b6:  incl   %edx 
 80488b7:  cmpl   %esi,%edx 
 80488b9:  jl     80488b1 

 80488b1:  movl   (%ecx,%edx,4),%eax 
 80488b4:  addl   %eax,(%edi) 
 80488b6:  incl   %edx 
 80488b7:  cmpl   %esi,%edx 
 80488b9:  jl     80488b1 

 80488b1:  movl   (%ecx,%edx,4),%eax 
 80488b4:  addl   %eax,(%edi) 
 80488b6:  incl   %edx 
 80488b7:  cmpl   %esi,%edx 
 80488b9:  jl     80488b1 

i = 98

i = 99

i = 100

Predict Taken (OK)

Predict Not Taken (Oops)

 80488b1:  movl   (%ecx,%edx,4),%eax 
 80488b4:  addl   %eax,(%edi) 
 80488b6:  incl   %edx i = 101

Invalidate

Assume vector length = 100
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Branch Misprediction Recovery
 80488b1:  movl   (%ecx,%edx,4),%eax 
 80488b4:  addl   %eax,(%edi) 
 80488b6:  incl   %edx 
 80488b7:  cmpl   %esi,%edx 
 80488b9:  jl     80488b1 

 80488b1:  movl   (%ecx,%edx,4),%eax 
 80488b4:  addl   %eax,(%edi) 
 80488b6:  incl   %edx 
 80488b7:  cmpl   %esi,%edx 
 80488b9:  jl     80488b1 
 80488bb:  leal   0xffffffe8(%ebp),%esp 
 80488be:  popl   %ebx 
 80488bf:  popl   %esi 
 80488c0:  popl   %edi 

i = 98

i = 99

Predict Taken (OK)

Definitely not taken

Assume vector length = 100
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Avoiding Branches

int max(int x, int y) 
{ 
  return (x < y) ? y : x; 
} 

  movl 12(%ebp),
%edx  # Get y 
 movl 8(%ebp),%eax  # rval=x 
 cmpl %edx,%eax  # rval:y 
 jge L11  # skip when >= 
 movl %edx,%eax  # rval=y 
L11: 
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Avoiding Branches with Bit Tricks
  In style of Lab #1
  Use masking rather than conditionals

  Compiler still uses conditional
  16 cycles when predict correctly
  32 cycles when mispredict

int bmax(int x, int y) 
{ 
  int mask = -(x>y); 
  return (mask & x) | (~mask & y); 
} 

 xorl %edx,%edx  # mask = 0 
 movl 8(%ebp),%eax 
 movl 12(%ebp),%ecx 
 cmpl %ecx,%eax 
 jle L13  # skip if x<=y 
 movl $-1,%edx  # mask = -1 
L13: 
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Avoiding Branches with Bit Tricks
  Force compiler to generate desired code

   volatile declaration forces value to be written to memory
  Compiler must therefore generate code to compute t 
  Simplest way is setg/movzbl combination

  Not very elegant!
  A hack to get control over compiler

  22 clock cycles on all data
  Better than misprediction

int bvmax(int x, int y) 
{ 
    volatile int t = (x>y); 
    int mask = -t; 
    return (mask & x) |  
           (~mask & y); 
} 

 movl 8(%ebp),%ecx  # Get x 
 movl 12(%ebp),%edx  # Get y 
 cmpl %edx,%ecx  # x:y 
 setg %al  # (x>y) 
 movzbl %al,%eax  # Zero extend 
 movl %eax,-4(%ebp)  # Save as t 
 movl -4(%ebp),%eax  # Retrieve t 



– 48 –

Conditional Move
  Added with P6 microarchitecture (PentiumPro onward)
   cmovXXl %edx, %eax 

  If condition XX holds, copy %edx to %eax 
  Doesnʼt involve any branching
  Handled as operation within Execution Unit

  Performance
  14 cycles on all data

  Make sure gcc is compiled for P6 arch and above

 movl 8(%ebp),%edx  # Get x 
 movl 12(%ebp),%eax  # rval=y 
 cmpl %edx, %eax  # rval:x 
  cmovll %edx,%eax  # If <, rval=x 
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Machine-Dependent Opt. Summary
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Role of Programmer


