323 CS 701 Fall 2003^©

Reading Assignment

• Readpages1-30 of“AutomaticProgram Optimization,” by Ron Cytron. (Linked from the class Web page.)

324 CS 701 Fall 2003^©

Optimistic Coalescing

Given R allocatable registers, Appel and George guarantee that no more than R live ranges are marked as register resident. Thisdoesn’talwaysguaranteethat an R coloring is possible. Consider the following program fragment:

x=0;
while (...) {
  y = x+1;
  print(x);
  z = y+1;
  print(y);
  x = z+1;
  print(z);
}

325 CS 701 Fall 2003^©

At any given point in the loop body only 2 variables are live, but 3 registersareneeded(x interfereswith y, y interfereswithz andz interferes withx). We know that we have enough registers to handle all live ranges marked as register-resident, but we may need to “shuffle” register allocations at certain points. Thus at one point x might be allocatedR1andat someotherpoint it might be placed in R2. Such shuffling implies register to register copies, so we’d like to minimize their added cost.

326 CS 701 Fall 2003^©

Appel and George suggest allowing changes in register assignments betweenprogrampoints.Thisisdone by creating multiple variable names fora liverange(x_1, x_2, x_3,...),onefor each program point. Variables are connected by assignments between points. Using coalescing, it is expected that most of the assignments will be optimized away.

Using our earlier example, we have the followingcodewitheachvariable expanded into 3 segments (one for each assignment). Copies of dead variables are removed to simplify the example:

327 CS 701 Fall 2003^©

x_3=0;
while (...) {
  x_1 = x_3;
  y_1 = x_1+1;
  print(x_1);
  y_2 = y_1;
  z_2 = y_2+1;
  print(y_2);
  z_3 = z_2;
  x_3 = z_3+1;
  print(z_3);
}

Now a 2 coloring is possible:

x_1: R1,y_1: R2

z_2: R1,y_2: R2

z_3: R1,x_3: R2

(and onlyx_1 = x_3 is retained).

328 CS 701 Fall 2003^©

AppelandGeorgefoundthat iterated coalescingwasn’teffective(toomany copies, most of which are useless). Instead they recommendOptimistic Coalescing. The idea is to first do Chaitin-stylerecklesscoalescingofall copies, evenifcolorabilityisimpaired. Then we do graph coloring register allocation,usingthe costofcopiesas the “spillcost.”Asweselectcolors, a coalesced node that can’t be colored is simply split back to the original source and target variables. Since we alwayslimitthenumberofliveranges to the numberofcolors, weknowthe live ranges must be colorable (with register to register copies sometimes needed).

329 CS 701 Fall 2003^©

Usingourearlierexample,weinitially mergex_1 and x_3, y_1 and y_2, z_2 and

z_3. We already know this can’t be

colored with two registers. All three pairs have the same costs, so we arbitrarily stackx_1-x_3, theny_1-y_2 and finallyz_2-z_3. Whenweunstack,z_2-z_3 getsR1,and

y_1-y_2 gets R2.x_1-x_3 must be split

back intox_1 and x_3. x_1 interferes withy_1-y_2 soit getsR1.x_3 interferes withz_2-z_3 soit getsR2,andcoloring is done.

x_1: R1,y_1: R2

z_2: R1,y_2: R2

z_3: R1,x_3: R2

330 CS 701 Fall 2003^©

Data Flow Frameworks

• Data Flow Graph:

Nodesofthegrapharebasicblocksor individual instructions. Arcs represent flow of control. Forward Analysis: Information flow is the same direction as control flow. Backward Analysis: Information flow is the opposite direction as control flow. Bi-directional Analysis: Information flow is in both directions. (Not too common.)

331 CS 701 Fall 2003^©

• Meet Lattice

Representsolutionspaceforthedata flow analysis.

• Meet operation (And, Or, Union, Intersection, etc.)

Combinesolutionsfrompredecessors or successors in the control flow graph.

⊥

T . . . . . .

332 CS 701 Fall 2003^©

• Transfer Function

Maps a solution at the top of a node to a solution at the end of the node (forward flow) or Mapsa solutionat the endof a node to a solution at the top of the node (backward flow).

333 CS 701 Fall 2003^©

Example: Available Expressions

This data flow analysis determines whether an expression that has been previously computed may be reused.

Available expression analysis is a forward flow problem—computed expression values flow forward to points of possible reuse.

The best solution is True—the expression may be reused.

The worst solution is False—the expression may not be reused.

334 CS 701 Fall 2003^©

The Meet Lattice is:

As initial values, at the top of the start node, nothing is available. Hence, for a given expression, AvailIn(b_0) = F

We choose an expression, and consider all the variables that contribute to its evaluation. Thusfore_1=a+b-c,a,b andc aree_1’s operands.

T (Expression is Available)

F (Expression is Not Available)

335 CS 701 Fall 2003^©

Thetransferfunctionfore_1 inblockb is defined as: If e_1 is computed in b after any assignments to e_1’s operands in b Then AvailOut(b) = T Elsifanyof e_1’s operandsarechanged after the last computation of e_1 or e_1’s operands are changed without any computation of e_1 Then AvailOut(b) = F Else AvailOut(b) = AvailIn(b)

The meet operation (to combine solutions) is:

AvailIn(b) =AND_p

∈ Pred(b)

AvailOut(p)

336 CS 701 Fall 2003^©

Example:e_1=v+w

v=9 y=v+w w=5 x=v+w

z=v+w

v=2 stop

F

F

F

F

T

T

T

F

337 CS 701 Fall 2003^©

Circularities Require Care

Sincedataflowvaluescandependon themselves(becauseof loops),careis requiredinassigninginitial“guesses” to unknown values. Consider

If the flow value on the loop backedge is initially set to false, it can never become true. (Why?) Instead we should use True, the identity for the AND operation.

z=v+w

T

T

338 CS 701 Fall 2003^©

v=9 y=v+w w=5 x=v+w

z=v+w

v=2 stop

F

F

F

F

T

T

T

F

F F

F

F

T T T

T T F