Craig Chambers 107 CSE 501

Optimizing Procedure Calls

Procedure calls can be costly

• direct costs of call, return, argument & result passing, stack frame maintainance • indirect cost of damage to intraprocedural analysis of caller and callee

Optimization techniques:

• hardware support • inlining • tail call optimization • interprocedural analysis • procedure specialization

Craig Chambers 108 CSE 501

Inlining

(A.k.a. procedure integration, unfolding, beta-reduction, ...)

Replace call with body of callee

• insert assignments for actual/formal mapping, return/result mapping • do copy propagation to eliminate copies • manage variable scoping correctly

• e.g. “mangle” names, or tag names with scopes, ...

Pros & Cons:

+ eliminate overhead of call/return sequence + eliminate overhead of passing arguments and returning results + can optimize callee in context of caller, and vice versa

− can increase compiled code space requirements − can slow down compilation

In what part of compiler to implement inlining?

front-end? back-end? linker?

Craig Chambers 109 CSE 501

What/where to inline?

Inline where highest benefit for the cost • most frequently executed call sites • call sites with small callees • call sites with callees that benefit most from optimization

Determined by:

• explicit programmer annotations

• annotate procedure or call site? • automatically

• get execution frequencies from static estimates or dynamic profiles

Craig Chambers 110 CSE 501

Program representation for inlining

Weighted call graph: directed multigraph

• nodes are procedures • edges are calls, weighted by invocation counts/frequency

Hard cases:

• calls to/from external routines • calls through pointers, function values, messages

            A

      B C

            E

D

            F

        G

25 25

60 50 100 5

1000 800 10

Craig Chambers 111 CSE 501

Inlining using a weighted call graph

What order to do inlining?

• top-down: local⇒ easy • bottom-up: avoids repeated work • highest-weight first: exploits profile data

What hazards to avoid?

• recursive calls • activation stack size explosion

Craig Chambers 112 CSE 501

Assessing costs and benefits of inlining

Strategy 1: superficial analysis

• examine source code of callee to estimate space costs − doesn’t account for recursive inlining,

post-inlining optimizations

Strategy 2: deep analysis, “optimal inlining” • perform inlining • perform post-inlining optimizations,

estimate benefits from optimizations performed • measure code space after optimizations • undo inlining if costs exceed benefits + better accounts for post-inlining effects − much more expensive in compile-time

Strategy 3: amortized version of strategy 2 [Dean & Chambers 94] • perform strategy 2: an “inlining trial” • record cost/benefit trade-offs in persistent database • reuse previous cost/benefit results for “similar” call sites + faster compiles than superficial approach, in Self compiler

Craig Chambers 113 CSE 501

Tail call optimization

Tail call: last thing before return is a call

• callee returns, then caller immediate returns

Can splice out one stack frame creation and tear-down, by jumping to callee rather than calling + callee reuses caller’s stack frame & return address − debugging?

If last operation is self-recursive call, turns recursion into loop ⇒ tail recursion elimination • works for mutually recursive tail calls, too e.g. FSM implementations

Craig Chambers 114 CSE 501

Interprocedural Analysis

Extend intraprocedural analyses to work across calls + avoid making conservative assumptions about:

• effect of callee • inputs to procedure + no (direct) code increase

− doesn’t eliminate direct costs of call − may not be as effective as inlining at cutting indirect costs

Craig Chambers 115 CSE 501

Interprocedural analysis algorithm #1: supergraph

Given call graph and CFG’s of procedures, create single CFG (“control flow supergraph”) by • connecting call sites to entry nodes of callees • connecting return nodes of callees back to calls

+ simple + intraprocedural analysis algorithms work on larger graph + decent effectiveness

(but not as good as inlining)

− speed? − separate compilation?

Craig Chambers 116 CSE 501

Interprocedural analysis algorithm #2: summaries

Compute summary info for each procedure

• can summarize effect/result of calling procedure for callers • can summarize effect/input of callers for procedure • can do both Store summaries in database Use summaries when compiling & optimizing procedures later

For simple summaries:

+ concise + compute, use summaries quickly + separate compilation practical

− less precise analysis

Craig Chambers 117 CSE 501

Examples of callee summaries MOD • the set of variables possibly modified by a call to a proc USE • the set of variables possibly read by a call to a proc

MOD-BEFORE-USE

• the set of variables definitely modified before use

Craig Chambers 118 CSE 501

Kinds of summaries

Flow-insensitive summaries can be computed

without regard to control flow + calculated in linear time − limited kinds of information (e.g. MAY only)

Flow-sensitive summaries must take control flow into account − may require iterative dfa + more precise info possible

Craig Chambers 119 CSE 501

Computing summaries

Summary of procedure may depend transitively on summary of callees, or callers, or both

If depends on callees, compute summaries bottom-up If depends on callers, compute summaries top-down If depends on both, ...?

What about recursion? What about program changes?