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ABSTRACT

A compiler optimizing transformation called complete inlin-
ing to inline and eliminate recursive calls is presented. The
complete inlining can eliminate the recursive calls that can-
not be eliminated by tail-recursion elimination. It can inline
the recursive calls completely which the existing procedure
inlining can only inline partially.

Categories and Subject Descriptors

D.3.4 [Programming Languages|: Processors—Optimiza-
tion; D.3.3 [Programming Languages]: Language Con-
structs and Features—Recursion

General Terms

Procedure Inlining, Tail-Recursion Elimination

Keywords
Complete Inlining, Full Control Flow Graph, Call Graph

1. INTRODUCTION

Procedure inlining or integration is a program transfor-
mation to inline the code of the called procedure to replace
the call in the calling procedure [1, 2, 3]. There are basically
two benefits of procedure inlining: (1) It eliminates the cost
of procedure calls. If the call site is executed frequently, the
run-time saving by inlining can be significant. (2) Inlining
can bring more opportunities for other compiler optimiza-
tion and parallelization, because the data flow, control flow
and memory use information of the called procedures are
fully exposed in the calling procedures [4]. The cost of the
procedure inline is the increased code size of the program.
There are lots of work focusing on the profitability of inlining
to avoid code explosion.

The existing inlining algorithms and implementations are
effective for inlining non-recursive procedure calls [1, 2, 3, 4].
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If the increased code size is permissible, the current inlining
can inline and eliminate all non-recursive calls in a program.
For the procedures called recursively, however, the current
inlining can inline the recursive calls for a limited number of
times, but it cannot eliminate them. Consider the program
in Figure 1. The code of X can be inlined to replace the call
of X in the main program, but it brings another call of X.
Many compilers such as GCC [3] would inline the call of X
several times and then stop inlining. It is in effect unrolling
the loop caused by the recursive calls several times. Because
the current inlining can inline recursive calls, but cannot
eliminate them from the code, we call it partial inlining.
Tail-recursion elimination is a compiler optimization to
eliminate recursive tail-calls [5, 6]. A tail-call is a call right
before the procedure returns. A tail-call is recursive if it is to
call the procedure itself. When the recursive call is not the
last instruction before the return, it cannot be eliminated
by the tail-recursion elimination. The recursive call of X

program main
real a(n,n)
doi=1,n

subroutine X(b, j, k, m)
real b(m,m)
if (k+1 < m) then

do j=1, n, 2 -
a(i,j) = a(i-1,j)+... k=k+2
enddo 1: call X(b,j,k,m)
1 =19 k=k -2
1: call X(a, i, 1, n) zl(lc.ili) _
enddo Jox) =
end
end

Figure 1: Motivating Example

in procedure X in Figure 1 cannot be eliminated by tail-
recursion elimination, because it is not a tail-call.

In this paper, we present a new compiler optimizing trans-
formation to allow compilers to eliminate the recursive calls
that can be eliminated. Figure 2(a) shows the program after
our transformation inlines and eliminates all the calls of X
in the program of Figure 1. In particular, the call of X in
the main program is completely inlined because the recur-
sive call of X in the code of X is eliminated. To distinguish
from the current inlining which cannot eliminate recursive
calls, we call our transformation complete inlining. To the
best of our knowledge, there is no prior work that provides
such transformation.

After the complete inlining of the program in Figure 1, in-
duction variable analysis [7, 8, 9] can find that variable ! in
the inlined program is an induction variable which carries



only even integer values. By using this information, data
dependence analysis can find that there are no data depen-
dence cycles between the two statements of updating array
a and the do loop i can be distributed. Furthermore, each of
the distributed do loops does not carry any data dependence
from one iteration to another and, thus, can be parallelized
to parallel doall loop [10]. Also, since there is no depen-
dence between the two doall loops, they can be executed in
any order and put into a parallel section. Figure 2(b) shows
the parallelized code after all these optimizations.

program main
real a(n,n)
par section
doall i =1, n
do j=1, n, 2
a(i,j)=ai-1,i)+...

program main
real a(n,n)
doi=1, n
do j=1,n, 2
a(i,j)=a(i-1,j)+...

enddo
inid; enddoall
1: ve X =0 doili ; =1, n
cl: ve.X =vcX +1 . —X —o
f (1+1 < n) then A
1=1+2 cl: ve.X =vcX +1
if (1+1 < n) then
goto cl
= 1=1+2
rp: 1=1-2
i goto cl
endif
i = rp: 1=1-2
a(i,1) = ... .
= endif
ve_X =veX -1 °
a(i,1) = ...

i >
if (vc_X > 0) then vo X = ve X - 1

t
enggfo P if (ve_X > 0) then
dd. goto rp
enzn ° endif
enddoall
par section

(a) Completely Inlined
program

end
(b) Parallelized Program

Figure 2: Completely Inlined and Parallelized Code

The organization for the rest of the paper is as follows.
Section 2 describes the full control flow graph that is nec-
essary to understand the analysis in this paper. Section 3
describes what kinds of recursive calls can be eliminated and
how to find them from the call graph. Section 4 presents the
algorithm of complete inlining to inline and eliminate recur-
sive calls. Section 5 discusses the related work and concludes
the paper.

2. FULL CONTROL FLOW GRAPH

Inlining and eliminating recursive calls is to transform the
code to complete the computation of the original program
without using new stack frames in the user stack. Tail-
recursion elimination can be regarded as a special case. In
general, we basically need to deal with two issues: (1) how
to expand the stack frame of the calling procedure to ac-
commodate the local variables of inlined procedures and (2)
how to realize the control flow of recursive calls without us-
ing return addresses normally saved in the stack frames of
the procedures called. In this paper, we focus on the sec-
ond issue and assume that all parameters of procedures are
of call-by-reference as in FORTRAN and there are no local
variables in procedures.

To understand what kinds of recursive calls can be in-
lined and eliminated and how to inline them, we need to

understand the control flow of the whole program when it
is running. In this section, we define the full control flow
graph of the whole program to be used in the analysis in
this paper.

Procedure call and return present special control flows
in the execution of the whole program. Call instruction is
an unconditional jump (goto) to the first instruction of the
called procedure with the return address saved in the stack
frame of the calling procedure. Return instruction is another
unconditional jump back to the return address saved by the
corresponding call instruction. Therefore, the control flow
of the whole program can be represented by the full control
flow graph defined as follows.

Assume that there are n procedures in a program named
Py,---,P,. CFG; = (Niy, E;) (1 <4 <) is the control flow
graph of P;, where:

e N, is the set of the basic blocks.

e en; € N; and ex; € N; are the entry and ezit nodes of
the procedure, respectively.

e Each call site in P; is a separate basic block by itself.
The call site in P; at location k which calls procedure
Pj is denoted as cs; x,; € N;.

e F; is the set of edges of control flow among the basic
blocks in ;.

To find the full control flow graph of the program, we
first replace each call site cs; x,; with two basic blocks called
call location and return point, denoted as cl; x,; and p; k. j,
respectively. We make the predecessors of cs; x,; the prede-
cessors of cl; x,; and the successor of cs; k,; the successor of
rpik,;. Finally, we create new edges from cl; i, ; to en; called
call edge and from ex; to rp; x,; called return edge. There is
no edge from cl;j x,; to rp;k,;. The formal definition of full
control flow graph can be found in [11].

3. ELIMINATABLE RECURSIVE CALLS

To eliminate recursive calls through inlining, the inlined
code should realize the full control flow of the whole program
without using the return addresses saved dynamically in the
stack. Hence, we define a call site to be completely inlinable
as follows:

DEFINITION 1. A call site to a procedure called recursively
is completely inlinable if the full control flow of the procedure
calls tnvolved can be realized without using a stack to save
the orders of the calls.

Not all call sites to procedures called recursively are com-
pletely inlinable.

Figure 3 shows a Fortran program with main procedure M
and procedure P. b1, -- b4 are the basic blocks in procedure
P. Figure 4 shows its full control flow graph.

There are three edges from exit node exp: one to the re-
turn point rpa,i,p in M and the other two to the return
points, rpp1,p and Tpp,2,p in procedure P itself. According
to the semantics of procedure call and return, the targets of
the branch at the end of exp are determined by the order
of the calls of P in the first-call-last-return fashion. While
the call of P by M is known to be the first call, the order
of the calls from the two call sites from P are not known
until the run time. Therefore, the branch at the end of exp



subroutine P(...)
bl
if (...) then
call P(...)
b2
program M else
1: call P(...) b3
end if (...) then
call P(...)
b4
endif
endif
end

e

N

Figure 3: Example 1
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Figure 4: Full Control Flow Graph of Example 1

cannot be implemented without using a stack to save the
order of the calls from P at run-time. According to Defini-
tion 1, the call site of P in M is not completely inlinable.
Note that there are two back edges' to enp, (clp,1,p,enp)
and (clp,2,p,enp), in the full control flow graph in Figure 4
because enp dominates? clp1,p and clpy p. Each of them
forms a natural loop® with enp as its header. In general,
if the entry node of a procedure is the header of more than
one natural loops in the full control flow graph, any call site
to call the procedure is not completely inlinable. This is be-
cause the branch at the end of the corresponding exit node
cannot be implemented without using a stack.

Figure 5 shows another example where the call site in M
to procedure P is not completely inlinable either. Figure 6
shows the full control flow graph of the program. This time,
the branch at the end of eng is determined by the order
of the two calls in P at run-time in the first-call-last-return
fashion. It cannot be implemented without saving the order
of the calls in a stack. Note that the natural loop with
header enp

{enp,bl,clp1,Q,clp2,q,enq,bd, clo1,p}

contains two edges to eng. We can clone procedure () and
make two procedures of @), but then enp would become the

EA] edge (a,b) is a back edge if and only if b dominates a
12].

2Node b dominates node a if and only if every path from the
start node (node enys in our case) to a goes through b [12].
3Given a back edge (a,b) in a directed graph, a natural loop
with header b is all the nodes in the graph that can reach b
without going through b. Node b is the header of the natural
loop [12].

header of two natural loops, making the implementation of
the branch at the end of exp impossible without using a
stack. Therefore, the call site of P in M is not completely
inlinable.

program M
1: call P(...)
end

subroutine Q(...)

b ti P(C...
subroutine P( ) b4

b1 X
if (...) then 1 if (ii';(the?
1: call QC...) . ca te
b5
b2
endif
else d
2: call QC...) en
b3
endif

end

Figure 5: Example 2
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Figure 6: Full Control Flow Graph of Example 2

The situation will be completely different if the entry node
of the procedure called recursively is the header of an only
natural loop and any other entry node in the natural loop
has only one incoming edge. Figure 7 shows such as a pro-
gram. Figure 8 shows its full control flow graph. There
are two edges from exit node exp: one is to rpa,i,x cor-
responding to the call edge (cla,1,x,enx) and the other to
rpy,1,x corresponding to the call edge (cly,1,x,enx). Note
that (cly,1,x,enx) is the only back edge to enx. The non-
back call edge ((cla,1,x,enx) in our case) is always first
traversed before the back edge. Therefore, its correspond-
ing return edge ((exx,rpm,1,x) in our case) should be tra-
versed last after all the traversals of the other return edge
((exx,rpy,1,x) in our case).

program M
bl
1: call X(...) subroutine Y(...)
end b3
if (...) then
subroutine X(...) 1: call X(...)
b2 b4
if (...) then endif
1: call Y(...) end
endif
end

Figure 7: Example 3



Figure 8: Full Control Flow Graph of Example 3

As can be seen from the full control flow graph of example
3 in Figure 8, the recursive call causes two loops in the full
control flow graph. The first is the natural loop with the
entry node of the procedure called recursively as its header.
In Figure 8, it is the natural loop

{enx7 b2,clx1,y,eny, b3, Cly,lyx}

with header enx. The second loop is the dual loop of the
first loop. In Figure 8, it is

{exx,rpya x,bd,exy,rpx 1y}

with erx as its header (in the sense of post-dominance).
The number of trips of the first natural loop is determined
by the conditionals in b2 and b3 in the loop at run-time. It is
reflected in the number of times enx is visited. The control
flow of the back edge ((cly,1,x,enz) in our case) can be
simply realized by a jump instruction. The number of trips
of the dual loop can only be controlled by the branch at the
end of exx. The number of visits of ex x should equal to that
of enx. To control the dual loop and implement the branch
at the end of ex,, we can introduce a special variable called
vex (visit-count) to record the number of times the entry
node enx is visited. In the code of clar,1,x, we insert the
code to initialize vex to zero: veg < 0. In the code of enx,
we insert the code to increment it: vex <« vex +1. Since the
call of X by M is known to be the first one, its corresponding
return to rpar,1,x should be the last one. Since there is only
one destination for other returns, namely to rpa,1,x, the
control of the branch at the end of exx can be realized by
the following code:

vex «— vex — 1
if (vex > 0) then
goto rpy,1,x
else
goto Tpa,1,x
endif

Note that the entry node of procedure Y, eny, has only
one incoming edge. Hence, its exit node, exy, has only one
destination. It is easy to implement it by simply inlining
Y in X. Therefore, the call of X in M of this example is
completely inlinable.

We can see that a call site of a procedure called recursively
can be completely inlined if and only if the entry node of
the procedure called is the header of an only natural loop in
the full control flow graph and any other entry node in the

natural loop has only one incoming edge. Such a natural
loop is called a simple loop in this paper.

We have been using full control flow graph to understand
the actual control flow of the whole program and why and
how a call site to the header of a simple loop in the full con-
trol flow graph can be completely inlined. The full control
flow graph of the whole program can be very large. Using
the full control flow graph to find the completely inlinable
call sites would be expensive. Fortunately, we do not have
to use the full control flow graph for this purpose.

.
ARSI VR

Figure 9: Call Graphs

The traditional call graph [5, 10] is a multi-graph where
each node represents a procedure in the program and each
edge, say (P, Q), represents a call site in procedure P which
invokes procedure Q. Figures 9(a), 9(b) and 9(c) show the
call graphs of the programs in Figures 3, 5 and 7, respec-
tively. In essence, the call graph provides the flow-insensitive
information about call sites in the whole program. We can
similarly define a simple loop in a call graph to be a natu-
ral loop whose header is not the header of any other natural
loop and each of its other nodes has only one incoming edge.
We can prove that the entry node of a procedure in the full
control flow graph is the header of a simple loop if and only
if the corresponding node of the procedure is the header of
a simple loop in the control flow graph. Therefore, any call
site corresponding to a non-back edge to the header of a
simple loop in the call graph is completely inlinable. In Fig-
ure 9(a), the two natural loops involving P are not simple
loops, because they share P as their headers. The natural
loop {P,Q} with header P in Figure 9(b) is not a simple
loop either, because @ has two incoming edges. The call
site of P in M in either program is not completely inlinable.
The natural loop {X, Y} in Figure 9(c) is a simple loop with
header X. The call site of X in M is completely inlinable.

4. COMPLETE INLINING

The loops caused by recursive calls may be nested. In
the call graph of Figure 9(d) (whose code is not shown and
can be found in [11]), the simple loop {Q} is nested in the
natural loop {P, Q}. After the call site (P, Q) is completely
inlined by using the algorithm to be described in this sec-
tion, the call site (Q, Q) is eliminated. The simple loop {Q}
will be collapsed to a single node @, and the outer natural
loop (P, @) becomes a simple loop. Compilers can find such
nested loops in the call graph and perform complete inlining
from the outermost loop to the innermost one.

Figure 10 shows the inlining algorithm to completely in-
line call site (m,n1) in procedure m where ni is the header
of a simple loop L = (n1,--- ,np) in the call graph. Let the



procedure inline(m,ny, - --np);
//linine the simple loop (n1,---np)
// at call site (m,n1) in m
begin
remove call site (m,n1);
insert code for the call location:
venl := 0
... //code to pass arguments
insert code for entry of ni:
ennl: vcenl := venl + 1
fork=1top—1do
inline the code of ny as usual;
endfor
inline the code of n, and do
replace the call site (np,n1) in np with:
... //code to pass arguments
goto en.nl
rp: ... //code to return parameters
enddo
insert code for exit of n:
vcnl := vcnl-1
if (venl > 0) then
goto rp
endif
... //code to return parameters
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Figure 10: Inlining Algorithm

call site (m,n1) in procedure m be represented by ¢Sm,1,n,
using the notation in Section 2. The call site is to be re-
placed by the codes for its call location and return point:
clm,1,n; and rpm,1,n,. Since n; is the header of a simple
loop, a visit-count variable, vcnl, needs to be introduced
to control the exit branch of ni as described in Section 3.
The first instruction for clp,1,5, is to initialize vc_n1 to zero.
It is followed by the code to bind the arguments to the for-
mal parameters for ¢sm,1,n, . The last instruction of clm,1,n,
is supposed to be a jump to the entry of ni according to
the full control flow graph described in Section 2. But, since
we are going to inline the body of n1 at the current point,
the jump instruction is not necessary. The code to be in-
serted for clm,1,n, are lines (3)-(4) in the procedure inline().
Next, the algorithm inserts the code for the entry node of
n1 which is the increment of ve_nl with address label en_n1
as shown at line (6). After this, the algorithm inlines the
body of n1 and the bodies of na,--- ,np—1 using the tradi-
tional inlining technique (copy the code, pass or change the
parameter names to be the argument names, etc) as shown
in lines (7)-(9). Lines (10)-(15) are to inline n, in ny_;
and eliminate the recursive call site (np,m1) in np. In par-
ticular, the call site (np,n1), denoted as csn, 1,0y, is to be
replaced by the call location clnp,l,n1 and the return point
TPnp,1,ny - The code to be inserted for clnp,l,n1 is to pass the
arguments to the parameters for CSnyp,1,ny and then jump to
en_nl. The code for TPny,1,n1 is the instructions to return
the parameters to the arguments for the call site. It has
address label rp as the target for the jump instruction from
the exit node of ni. Lines (16)-(21) are to insert the code
for the exit node of ni. In particular, the code to be inserted

is to decrement vc_nl1 and make a conditional branch to the
return point rpn,,1,,,, namely rp, as described in Section 3.
The conditional branch to the return point rpm,1,n, is not
necessary, because ni is inlined here at the right position.
Finally, we need to insert the code to return the parameters
to the arguments for csm,1,,, at this position (line (21)).

To implement the binding of the arguments to the call-
by-reference parameters at a call site for inlining, we first
keep the names of all the parameters and adopt the binding
abstraction used in the Program Summary Graph [13]. That
is, the argument and the corresponding parameter are used
and defined, respectively, at the call location, and defined
and used, respectively, at the return point. Therefore, for
each argument A bound to parameter X at a call site, there
is an assignment X := A in the code of the call location
and an assignment A := X in the code of the return point.
Consider the program in Figure 11(a). Figure 11(b) shows
its completely inlined program using the inlining algorithm
in Figure 10. Note that the names of parameters a and b
are used in the main program. At the call site in the main
program in Figure 11(a), ¢ and d are bound to a and b,
respectively. But, at the call site in X, b and a are bound
to a and b, respectively. Note that we need to use variable
tmp in the assignments at the call location and the return
point of the call site in X. After the inlining is completed,
we can eliminate all the parameters by substituting them
with the arguments of the call site inlined. Figure 11(c)
shows the code after all a and b are substituted with ¢ and
d, respectively.

However, if the recursive call uses the same parameters of
the procedure as its arguments as in Figure 1, the binding
assignments can be eliminated. All the parameters can be
eliminated as shown in Figure 2(a) .

5. CONCLUSION AND RELATED WORK

We have presented a novel compiler optimizing transfor-
mation called complete inlining to inline and eliminate re-
cursive calls in programs to either eliminate the cost of pro-
cedure calls or to facilitate further compiler analysis and
optimization for high-performance and parallelization. Our
transformation inlines and eliminates the recursive calls that
cannot be eliminated either by tail-recursion elimination [5,
6] or the current inlining [1, 2, 3].

After recursive calls are inlined and eliminated, all data
flow, control flow and memory use information of the pro-
cedures are fully exposed. This opens the door for further
compiler analysis and optimization including induction vari-
able analysis [7, 8, 9]. While some interprocedural induc-
tion variables can be discovered by interprocedural induc-
tion variable analysis [14], the induction variable analysis
after the recursive calls are completely inlined is less costly.
The induction variable analysis after the complete inlining
can discover the induction variables in nested loops which
may be difficult to find by using interprocedural induction
variable analysis [14].

This work builds on the concept of the full control flow
of the whole program. The full control flow graph (FCFG)
defined in this paper is related to various full program rep-
resentations such as Program Summary Graph (PSG) [13],
Full Program Representation Graph (FPR) [15] and Ex-
tended Full Program Representation Graph (EFPR) [14].
The full control flow graph can be regarded as the complete
representation of all control flows in the whole program, al-



program main

c=5
d=2 program main
vcX = 0 c=5
a=c d=2
b=4d veX =0
program main enP: vcX = vcX + 1 enP: vcX = veX + 1
c=5 a=a-b c=c-d
d=2 if (a > b) then if (¢ > d) then
call X(c,d) tmp = a tmp = ¢
print *, c,d a=>o c=d
end b = tmp d = tmp
goto enP goto enP
subroutine X(a,b) rp: tmp = a rp: tmp = ¢
a=a-b a=> c=d
if (a > b) then b = tmp d = tmp
call X(b,a) b=2%a d=2=%*c
b=2=%a endif endif
endif veX = veX - 1 veX = veX - 1
end if (vcX > 0) then if (vcX > 0) then
goto rp goto rp
(a) Original Code endif endif
c=a print *, c,d
d="> end
print *, c,d
end

(b) Inlined Code

(c) Final code

Figure 11: Example 4

though it may not be realized without using stacks. The
other graphs reflect certain abstractions of the full control
flow graph for the analyses for which they are intended [13,
15, 14].
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