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Outline 1



Why is register allocation difficult? Chaitin’s proof Splitting variables and flow-edges



2



Complexity of the spill problem Defining the problem Spill everywhere under SSA is not easier
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Tackle the coalescing problem Definition & existing techniques Coalescing is a difficult problem Advanced coalescing techniques
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Register allocation in practice
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Compilation



foo.c



foo.bin



Our interest Register allocation, the last step.
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Background information Program a = 3425; n = 0; while { a ! = 1 } { n ++; i f ( a mod 2 = 0 ) { a = a/2; } else { a = 3∗a +1; } } print n;



Florent Bouchez (LIP — ENS Lyon)



Register allocation



18 August 2008



4 / 32



Background information a ← 3425 n←0



Program, Control-flow graph



a 6= 1 ?



a = 3425; n = 0; while { a ! = 1 } { n ++; i f ( a mod 2 = 0 ) { a = a/2; } else { a = 3∗a +1; } } print n;
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n ←n+1 a even ? a ← a/2



a←3×a+1
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Background information a ← 3425 n←0



Program, Control-flow graph, Basic block



a 6= 1 ?



a = 3425; n = 0; while { a ! = 1 } { n ++; i f ( a mod 2 = 0 ) { a = a/2; } else { a = 3∗a +1; } } print n;



Florent Bouchez (LIP — ENS Lyon)



n ←n+1 a even ? a ← a/2



a←3×a+1



print n Register allocation



18 August 2008



4 / 32



What is register allocation? a ← 3425 n←0



Assign variables to memory locations Registers:



,



,



a 6= 1 ?



, ...



Memory: infinite



n ←n+1 a even ? a ← a/2



a←3×a+1



print n Florent Bouchez (LIP — ENS Lyon)
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What is register allocation? a ← 3425 n←0



Assign variables to memory locations Registers:



,



,



a 6= 1 ?



, ...



Memory: infinite



n ←n+1 a even ?



Rules of the game two variables alive à different registers



a ← a/2



a←3×a+1



not enough registers à spill to memory print n Florent Bouchez (LIP — ENS Lyon)
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Chaitin et al. model k j Live-in: k j g := mem[j+12] h := k-1 f := g+h e := mem[j+8] m := mem[j+16] b := mem[f] c := e+8 d := c k := m+4 j := b Live-out: d k j
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Chaitin et al. model k j Live-ranges



Interference graph k



g



g



h h



f



j



e m
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b



f



c



m b



c d
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Outline 1



Why is register allocation difficult? Chaitin’s proof Splitting variables and flow-edges



2



Complexity of the spill problem Defining the problem Spill everywhere under SSA is not easier



3



Tackle the coalescing problem Definition & existing techniques Coalescing is a difficult problem Advanced coalescing techniques
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Register allocation in practice
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Register allocation is NP-complete



Theorem (Chaitin et al. 1981) To every graph G corresponds a program whose interference graph is as difficult to color as G.
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Register allocation is NP-complete d c



b a Ba,b



a←0 b←1 x ←a+b
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Register allocation is NP-complete d c



b



Broot



a Ba,b



Ba



a←0 b←1 x ←a+b



Ba,c



switch



a←3 c←4 x ←a+c



return a + x
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Register allocation is NP-complete d c



b



Broot



a Ba,b



Ba



d



k -colorable ⇐⇒ k + 1-colorable



a←0 b←1 x ←a+b return a + x



Ba,c



Bb
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x



b switch



a←3 c←4 x ←a+c return b + x



Bb,d



Bc



b←6 d ←7 x ←b+d return c + x
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Bd



c←9 d ← 10 x ←c+d return d + x
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... but not under Static Single Assignment! SSA : at most one textual definition per variable
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... but not under Static Single Assignment! SSA : at most one textual definition per variable



Example (Normal code converted to SSA form) if (. . . )



if (. . . )



a←1



a1 ← 1



a←2



a3 ← φ(a1 , a2 ) · · · ← a3



··· ← a
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... but not under Static Single Assignment! SSA : at most one textual definition per variable SSA interference graph is chordal à easy to color!
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... but not under Static Single Assignment! SSA : at most one textual definition per variable SSA interference graph is chordal à easy to color! Coloring is: NP-complete for a general program Polynomial if this program is converted to SSA à Where did the complexity disappear?
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Multiplexing region problem: critical edges We showed the difficulty comes from the multiplexing regions.



Example (Critical edge) B



A
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C
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Multiplexing region problem: critical edges We showed the difficulty comes from the multiplexing regions.



Example (Critical edge) D x ←z



B x ←y A



C x ← φ(y , z)



SSA simplifies the multiplexing regions by splitting variables (only one definition) splitting control-flow edges (φ-functions) Florent Bouchez (LIP — ENS Lyon)
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So, what’s difficult?



We proved it is not the coloring part, but the minimization of: inserted blocks (edge splitting), inserted copies (variable splitting), inserted memory transfers (load and store). à problem of spilling à problem of coalescing
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Outline 1



Why is register allocation difficult? Chaitin’s proof Splitting variables and flow-edges



2



Complexity of the spill problem Defining the problem Spill everywhere under SSA is not easier



3



Tackle the coalescing problem Definition & existing techniques Coalescing is a difficult problem Advanced coalescing techniques



4



Register allocation in practice



Florent Bouchez (LIP — ENS Lyon)
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When is spilling required?



Problem Allocating enough variables to memory so that the rest of the variables fit in the registers. Depends on the coloring à difficult in general, but easy under SSA:
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When is spilling required?



Problem Allocating enough variables to memory so that the rest of the variables fit in the registers. Depends on the coloring à difficult in general, but easy under SSA:



Condition under SSA:



Maxlive ≤ R



R = number of registers Maxlive= maximum number of simultaneously alive variables
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What to do if Maxlive > R?



We don’t know what to spill (which variables?) We don’t know where to spill (which parts of variables?) à General case: load-store optimization. à Chaitin’s simplification: spill everywhere. (NP-complete for general graphs)



Question Is the spill everywhere problem easier under SSA?
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Is the spill easier under SSA?



0



Sp i



Ke p



lle



t



d



Our study for programs under SSA:



R



Maxlive



0



Polynomial for architectures with few registers



R



Maxlive



NP-complete to decrease Maxlive even by only 1! Complexity table
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The more realistic case with “holes” is even more difficult Spilled variables still need a register at the def and uses points.



Example kj



kj



g := mem[j+12] h := k−1 f := g+h



h f e



e := mem[j+8]



m



m := mem[j+16]



b



b := mem[f] c := e+8 d := c k’ := m+4 j’ := b+d



load j g := mem[j+12] h := k−1 f := g+h load j e := mem[j+8] load j m := mem[j+16] store m b := mem[f] c := e+8 d := c load m k’ := m+4 store k’ j’ := b+d



g



c d k’ j’



g h f e m b c d k’ j’



Complexity table Florent Bouchez (LIP — ENS Lyon)
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How to spill then?



Spill is difficult, hence heuristics are righteously used. Some good existing heuristics: Basic block technique (Belady) Integer Linear Programming (George & Appel)
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How to spill then?



Spill is difficult, hence heuristics are righteously used. Some good existing heuristics: Basic block technique (Belady) Integer Linear Programming (George & Appel)



Problem Easier to have all split points available: à uses the splitting technique a lot.
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Outline 1



Why is register allocation difficult? Chaitin’s proof Splitting variables and flow-edges



2



Complexity of the spill problem Defining the problem Spill everywhere under SSA is not easier



3



Tackle the coalescing problem Definition & existing techniques Coalescing is a difficult problem Advanced coalescing techniques



4



Register allocation in practice
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Why bother with coalescing? Goal of coalescing Removing the register-to-register copies [move a,b]



Numerous move due to: spilling techniques register constraints SSA destruction
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Why bother with coalescing? Goal of coalescing Removing the register-to-register copies [move a,b]



Example Numerous move due to: spilling techniques register constraints SSA destruction
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a ← ... b ← ... c ← f (a, b)
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a ← ... b ← ... move R0 ,a move R1 ,b call f move c,R0
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Why bother with coalescing? Goal of coalescing Removing the register-to-register copies [move a,b]



Example Numerous move due to:



if (. . . )



spilling techniques register constraints SSA destruction



a1 ← 1 move a3 ,a1



a2 ← 2 move a3 ,a2



a3 ← φ(a1 , a2 ) · · · ← a3 Florent Bouchez (LIP — ENS Lyon)
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Why bother with coalescing? Goal of coalescing Removing the register-to-register copies [move a,b]



Example Numerous move due to:



if (. . . )



spilling techniques register constraints SSA destruction Not a new problem, but never studied on it’s own.



a1 ← 1 move a3 ,a1



a2 ← 2 move a3 ,a2



a3 ← φ(a1 , a2 ) · · · ← a3 Florent Bouchez (LIP — ENS Lyon)
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Statement of the coalescing problem



Given an instruction [move a,b] Fact Giving the same color to both a and b saves the instruction. Idea Express this as an “affinity” between a and b in the interference graph to drive the coloring.
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Statement of the coalescing problem Problem G: k -colorable graph (interference graph), A: set of affinities (moves in the program). Coalesce (merge) as much (a, b) ∈ A so that G stays k -colorable.



Example a1



if (. . . )



a1 ← 1



a2



a2 ← 2 a3



a3 ← φ(a1 , a2 ) Florent Bouchez (LIP — ENS Lyon)
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Statement of the coalescing problem Problem G: k -colorable graph (interference graph), A: set of affinities (moves in the program). Coalesce (merge) as much (a, b) ∈ A so that G stays k -colorable.



Example a1



a1 ← 1 if (. . . )



a2



a2 ← 2 · · · ← a1 a3 a3 ← φ(a1 , a2 ) Florent Bouchez (LIP — ENS Lyon)
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Existing coalescing heuristics Biased coloring Conservative rules (Briggs & George) Optimistic coalescing (Park & Moon)
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Existing coalescing heuristics Biased coloring Conservative rules (Briggs & George) à incremental coalescing Optimistic coalescing (Park & Moon) à aggressive coalescing + de-coalescing
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Existing coalescing heuristics Biased coloring Conservative rules (Briggs & George) à incremental coalescing Optimistic coalescing (Park & Moon) à aggressive coalescing + de-coalescing Conservative
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Existing coalescing heuristics Biased coloring Conservative rules (Briggs & George) à incremental coalescing Optimistic coalescing (Park & Moon) à aggressive coalescing + de-coalescing Conservative



not k -colorable



incremental
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Existing coalescing heuristics Biased coloring Conservative rules (Briggs & George) à incremental coalescing Optimistic coalescing (Park & Moon) à aggressive coalescing + de-coalescing Conservative



not k -colorable



incremental
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Existing coalescing heuristics Biased coloring Conservative rules (Briggs & George) à incremental coalescing Optimistic coalescing (Park & Moon) à aggressive coalescing + de-coalescing Conservative



not k -colorable



incremental
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Existing coalescing heuristics Biased coloring Conservative rules (Briggs & George) à incremental coalescing Optimistic coalescing (Park & Moon) à aggressive coalescing + de-coalescing Conservative



not k -colorable



incremental
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Existing coalescing heuristics Biased coloring Conservative rules (Briggs & George) à incremental coalescing Optimistic coalescing (Park & Moon) à aggressive coalescing + de-coalescing Conservative



not k -colorable



incremental
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Existing coalescing heuristics Biased coloring Conservative rules (Briggs & George) à incremental coalescing Optimistic coalescing (Park & Moon) à aggressive coalescing + de-coalescing Conservative



not k -colorable



incremental
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Existing coalescing heuristics Biased coloring Conservative rules (Briggs & George) à incremental coalescing Optimistic coalescing (Park & Moon) à aggressive coalescing + de-coalescing Conservative



not k -colorable



incremental
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Existing coalescing heuristics Biased coloring Conservative rules (Briggs & George) à incremental coalescing Optimistic coalescing (Park & Moon) à aggressive coalescing + de-coalescing Conservative



not k -colorable



incremental
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Existing coalescing heuristics Biased coloring Conservative rules (Briggs & George) à incremental coalescing Optimistic coalescing (Park & Moon) à aggressive coalescing + de-coalescing Conservative



not k -colorable



incremental
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Existing coalescing heuristics Biased coloring Conservative rules (Briggs & George) à incremental coalescing Optimistic coalescing (Park & Moon) à aggressive coalescing + de-coalescing Conservative



not k -colorable



incremental



aggressive
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Existing coalescing heuristics Biased coloring Conservative rules (Briggs & George) à incremental coalescing Optimistic coalescing (Park & Moon) à aggressive coalescing + de-coalescing Conservative



not k -colorable



incremental



de-coalescing



aggressive



Florent Bouchez (LIP — ENS Lyon)



Register allocation



18 August 2008



21 / 32



Coalescing is Hard Conservative : NP-complete Aggressive NP-complete De-coalescing NP-complete Incremental (coalesce one affinity)



Conservative



NP-complete if G is arbitrary Polynomial if G is chordal (SSA)



not k -colorable



incremental



de-coalescing



aggressive
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Coalescing Challenge



Appel & George 2002 “Optimal spilling for CISC machines with few registers” à ‘Coalescing Challenge’ of 474 graphs ≈ 26.7 basic blocks per region & max ≈ 1090. ≈ 231 instructions & max ≈ 8300. ≈ 850 nodes & max ≈ 28000. Pentium (6 registers & register constraints)
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Coalescing Challenge Example
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Coalescing Challenge Example
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Existing solutions for the Coalescing Challenge



Briggs’s & George’s rules (conservative) Optimistic (Park & Moon) Hack’s optimal solutions (ILP)
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Existing solutions for the Coalescing Challenge



Briggs’s & George’s rules (conservative) Optimistic (Park & Moon) Hack’s optimal solutions (ILP)



Questions Are existing conservative rules good? Are optimistic-like coalescing better that incremental-like?



Florent Bouchez (LIP — ENS Lyon)



Register allocation



18 August 2008



23 / 32



Testing the quality of conservative rules Brute rule Idea merge the nodes then check if the graph is still greedily colorable. à classic conservative rules miss a lot of affinities!
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Testing the quality of conservative rules Brute rule Idea merge the nodes then check if the graph is still greedily colorable. à classic conservative rules miss a lot of affinities!



Our incremental conservative algorithm 1



quick check with Briggs’s & George rules



2



longer check with improved brute: extended with chordal algorithm and tuned for speed



à uses same framework as Chaitin: easy to implement!
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A better de-coalescing scheme to be compared to



Park&Moon’s optimistic De-coalesces affinities when out-of-colors. à relies on some “biased coloring”



Our optimistic De-coalesces affinities until the graphs gets greedily colorable again. à exploits the graph structure à allows the use of conservative rules afterwards
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Comparison of coalescing heuristics 160 1.0



Weight Time



140 120 100



0.6 80



Time (s)



Ratio vs Optimal



0.8



60



0.4



40 0.2 20 0.0



Briggs/George
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Optimistic



Our brute improved
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Time comparison: brute vs improved 105 104 103 Time (s)



102



Pure brute force y = C × x 2.03 Brute improved y = C 0 × x 1.85



101 100 10−1 10−2 10−3 10−4 101
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Outline 1



Why is register allocation difficult? Chaitin’s proof Splitting variables and flow-edges



2



Complexity of the spill problem Defining the problem Spill everywhere under SSA is not easier



3



Tackle the coalescing problem Definition & existing techniques Coalescing is a difficult problem Advanced coalescing techniques



4



Register allocation in practice
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Good ol’ “all-in-one” register allocation



Traditionally, in Iterated Register Coalescing (IRC), the algorithm mixes: spilling coalescing coloring Reasons are: spilling is highly dependent on the coloring coalescing helps the coloring coalescing not strong enough to remove many affinities



Pros Simple scheme, handles everything.



Cons Difficult to modify parts, as everything in entangled. Hence testing different heuristics is complicated. Florent Bouchez (LIP — ENS Lyon)
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Towards a simpler scheme: two-phases register allocation



1



Decrease register pressure to R (using as many splits as we want)



2



Color independently with a good coalescing



Since now: spilling only dependent on Maxlive whatever the coalescing, still Maxlive colors required our advanced coalescing techniques efficiently discards copies
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Towards a simpler scheme: two-phases register allocation



1



Decrease register pressure to R (using as many splits as we want)



2



Color independently with a good coalescing



What for? scheme still as simple as the original IRC improvements on spill or coalescing won’t affect the whole allocator easier for developpers to test different strategies
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Conclusion



SSA interference graphs are chordal à easy to color Complexity resides in minimizing variable splitting, flow-edge splitting, and spilling Improvements of coalescing heuristics to effectively remove register-to-register copies à two phases register allocation is now competitive: 1



independent spilling to reduce Maxlive to #registers



2



coloring while coalescing with our improved scheme
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Spill everywhere complexity Ω 
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Discrete Mathematics, Vol 57). North-Holland, 2004. [11] Kenneth Zadeck Kathleen Knobe. Register allocation using control trees. 1992. [12] Gary A. Kildall.










 








Register Allocation: What does the NP-completeness Proof of Chaitin 

Jun 18, 2006 - splitting), of course at some cost, but only the cost of a move in- struction ...... many moves to remove, with tricky structures, a conservative ap-.










 








Register Allocation: What Does the NP-completeness Proof of Chaitin 

time-consuming, can be good candidates today: processors used for compilation are now much ... NP-complete, except for a few particular cases that depend on the target architecture. This may be a folk ...... simulated thanks to the parallelism availa










 








Register allocation and spill complexity under SSA - Ã‰cole normale 

question is: can we solve the spilling problem under SSA, come back from SSA by ... a too high complexity in practice. ...... variables `a gauche et `a droite parmi 2(t + k) d'apr`es 6) donc infÃ©rieur `a n4(t+k). ..... moire lors de l'exÃ©cution des










 








Allocation 

d denotes the price of the gth good in the domestic country, and w g ...... Therefore, we subdivide the entire history of stock returns for each country into ...... A natural question is how different up- and down-volatility affect ...... Philippines










 








register 

If you wish, you may start shaving right away (if the shaver is charged, see section ... it will go. â€¢ Slowly close the housing by pushing it down until it locks. 5 ...










 








register 

chargé, les cinq témoins lumineux s'allument (un témoin représente 20% de la charge maximale) lorsque le rasoir est branché sur le secteur ou lorsqu'il est en marche. empty charge foil replace+cutt. Sur le modèle 8985 : le seul témoin lumineux de cha










 








Allocation BONUS 

1 justificatif de moins de 3 mois (factures EDF, France Télécom...). 2/ Photocopie du livret de famille complet. 3/ Avis d'imposition ou de non imposition 2016 sur ...










 








FLORENT FOUQUE 












 








FIFO REGISTER 

fabricated in Metal Oxide Semiconductor technology available in DIP packages. HCF40105B is a low power first-in-first-out (FIFO). "elastic" storage register that ...
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