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Abstract

This paper presents an approach for region-based
memory management for Mercury programs. First,
region analysis based on a points-to graph deter-
mines the different regions in the program. Second,
the liveness of the regions is computed. Finally, a
program transformation adds region annotations to
the program for the region-based memory manage-
ment. Some small Mercury programs are analysed
manually and discussed to show the promising ben-
efits of our approach.

While the approach is developed here mainly
for deterministic Mercury programs the paper
also discusses possible extensions to support non-
determinism, module-based region analysis, and
most noticeably the combination with compile-time
garbage collection in the context of Mercury pro-
grams.

1 Introduction

This report describes an algorithm that starts with
a Mercury logic program and ends up producing an
output program with region-based memory man-
agement (RBMM). The input Mercury program is
in normal form, has been optimized to have special-
ized forms of unification, and has goals reordered
so that input variables are ground before any op-
erations. The algorithm as described here is for
deterministic programs but it is designed with sup-
port for non-deterministic programs as well as for

*This work is supported by the project GOA/2003/08
and by FWO Vlaanderen.

combination with compile-time garbage collection
(CTGC) in mind. The algorithm is composed of
three phases. The first phase is a goal-independent
analysis of each procedure. This analysis detects
the region structure of memory used by a procedure
and represents this information in terms of region
points-to graph. The precision of splitting mem-
ory into different regions will have a large impact
on the quality of the whole algorithm. The second
phase uses the region points-to graph of each pro-
cedure to precisely detect the lifetime of regions.
The lifetime information is composed of the set of
live regions at each program point and the sets of
regions that a procedure creates and removes. The
third phase is the transformation of the input pro-
gram to a program with region support. Based on
the information about the lifetime of regions it in-
serts statements to create regions, remove regions,
and rename regions. The ability of the transfor-
mation to create regions right before they need to
be live and to remove regions right after they be-
come dead can theoretically reduce significantly the
memory consumption of programs.

The structure of the report is as follows. Sec-
tion 2 presents some basic notions of our approach.
Section 3 introduces the concept of region points-to
graph and the points-to analysis. Section 4 presents
the live region analysis. Section 5 is about the
transformation that adds annotations to programs.
Section 6 shows the detailed analyses of some small
Mercury programs. Finally, section 7 presents pos-
sible extensions of the approach and discuss the
benefits of combining region-based memory man-
agement and compile-time garbage collection.



2 THE BASIC APPROACH

2 The basic approach

In this section we give an overview of the working
context, what we want to achieve and the reasons
behind them.

2.1 Term representation

One basic point when we talk about memory man-
agement is how terms are represented in memory.
This aspect depends on a specific implementation
of a language. Therefore we introduce our view
of term representation when the heap memory is
organised in terms of regions in the context of Mel-
bourne Mercury Compiler. The way a term stored
in regions is controlled by two factors. The first
factor is the type of the term, which defines its
structure and the second is how a program is going
to use it. We explain this by the following example.
We define two types as follows:

- type list(T) — — — > [[;[T|list(T)].

- type ex — — — > foo(int).

Consider a variable L of type list(ex). There are
three structured components in the type list(ex):
the list backbone, the functor foo/1, and the inte-
ger value inside foo. The term bound to L (as any
other value of the type) can be stored finitely in
maximum three corresponding regions, one for the
list backbone, one for the functor foo/1, and the
other for the integer value. Assume L = [foo(1),
foo(2)] the memory representation of L using three
regions is shown in Figure 1. By allocating a term
in many different regions we can do the removal
of regions right after some parts of the term die.
Clearly the way we divided a term into different
regions here is based on its structure. Now assume
that the program never accesses the integer inside
foo/1. For example it can be a program that takes
out only the elements of L, without caring about
their content. Then in that case we may store the
term in only two regions, one for the list backbone
and the other for the foo/1 functor and its argu-
ment. This is shown in Figure 2. Please do not
get the impression of de-reference. The idea here is
different, we can and want to do that because the
program does not access the argument of foo/1 and
this representation is more economical. So when
it is the case, even if the argument of foo/1 is no
longer of primitive type it is still stored in the same
region of foo/1. To see why it is reasonable to do

[]/2 foo/1]

[1/2

] foo/l:|

(]

" foo int

Figure 1: Representation of term using the maxi-
mum number of regions.

[1/2 foo/1

[1/2

I foo/1:|

(]

" foo
1 -
2 -

Figure 2: Representation of term using fewer re-
gions.
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like that imagine a procedure that receives an input
variable of type list(ex), returns an output variable
of type ex. Certainly, it never touches the integer
in ex. For this procedure the input variable can be
stored in only two regions. In the calling context
where the input variable is constructed, there are
two situations. The caller constructs the variable in
either two or three regions (The situation where the
caller just puts it into one region can never happen
because of the way we do region points-to analy-
sis). If it is in two regions then obviously there will
no problem. When the input variable is in three
regions it is still safe for the called procedure to
regard only two regions because it never accesses
the other one. These two factors will be captured
by region points-to graph, which guides how terms
need to be stored. Generally they will be stored in
as many regions as needed but for some cases less
regions can be used.

2.2 Merging regions

When analysing a program, at the beginning we can
assume each variable appearing in the program is
in a different region (to be precise we have to say a
variable bound to a term that is stored in a region.
But for short, we will just say a variable is stored in
aregion). Then based on their types and behaviour
of the program we establish the relations between
their regions. One important point in RBMM is
which variables must be in the same region.

We want to allocate terms into different regions so
that we can do timely removal of them. But the
way a language is implemented has certain control
on this matter. In an obviously accepted way of
implementing computer languages, when an unin-
stantiated variable gets bound to a value, if that
value does not exist in the heap then new memory
will be allocated for it. But if that value is already
there then the variable will be made point to the
existing value.

In the context of RBMM, if the value exists then
it must be in some existing region and some vari-
able(s) is pointing to it. If the implementation of
a language makes the uninstantiated variable point
to the existing value, it forces the variable to be in
the same region of the existing value. According
to the above assumption, the uninstantiated vari-
able has been assigned to a region different from
the region of the existing value, therefore the effect

is like we “merge” the two regions. That is the ba-
sic reason of merging two regions of two variables
when we build the region points-to graph. In prin-
ciple, it means that if we want to (when we need
a finite representation of recursive data structures)
or have to (because of the accepted way computer
languages are implemented) put two variables into
the same region then we merge their regions into
one.

There is a good reason to allocate a term into re-
gions based on its structure. This is because pro-
grams likely treat values of the same structure in
a term the same. By putting values of the same
structure into the same region we can hopefully re-
move the region when a program no longer needs
that part of the term while the other parts are still
needed. We can think of a finer level of control,
where each value is monitored by its own memory
cells. But this approach soon becomes intractable.
Region is seemingly a reasonable level of abstrac-
tion.

3 Region points-to analysis

The goal of this analysis is to build the region
points-to graph for each procedure. The concept
of region points-to graph used here was introduced
for Java in [1]. Its details have been modified in
the context of Mercury therefore we discuss it again
here to make the paper self-contained and easier to
read. Region points-to graph, G = (N, E), con-
sists of a set of nodes (V) representing regions and
a set of directed edges (E) representing the refer-
ences between the regions. A node is named by the
variables that point to memory in the region cor-
responding to the node. From now on to avoid the
lengthy expressions we use the concepts of node and
of the region corresponding to a node interchange-
ably. An edge is labelled by a type selector [4],
which represents the structured relation between
variables in two regions. For example, if X is a
variable of type foo that is defined:

- type foo(T) — — — > {(T), Y is a variable of type
T and X = {(Y), then the points-to graph repre-
senting this is as in Figure 3. The points-to graph
is the graphical representation of the splitting of
the memory used by a procedure into regions.

The region points-to analysis is made up of two
analyses. One is a flow-insensitive intraprocedural
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(1, 1)

_—_— =

Figure 3: Points-to graph.

analysis that only deals with unifications, ignoring
procedure calls and the other is an interprocedu-
ral analysis that integrates points-to graphs of the
called procedures (callee) with that of the calling
procedure (caller). The interprocedural analysis re-
quires a fixpoint computation to calculate points-to
graphs for recursive procedures. There are two op-
erations used by the points-to analysis: unify and
edge, which are defined as follows. If an operation
is applied to a starting graph G = (N, E) and ends
up at a new graph G’ = (N, E’) then

e unify(n,m): unify nodes n and m in the

graph.
— N'=N—-{n,m}u{num}
— E' = {(n/,sel,m')|3(n,sel,m) € E:n C

n' Am Cm'}

e edge(n, sel,m): create an edge with label sel
from node n to node m.

— G'=(N,EU{(n,sel,m)}).

3.1 Intraprocedural analysis
To specify this analysis, assume that we are

analysing a procedure p with points-to graph G =
(N, E). The analysis works as follows.

1. At the beginning, each variable in p is assigned
to a separate node: X — nx, nx becomes a
node in N.

2. The unifications in the procedure are processed
one by one as follows:

o X =Y :unify(nx,ny),

e X ==Y : do nothing,

e X => f(X1,...,Xn): create references
from nx to each of nxi,...,nx, by
drawing edges as follows

— edge with label (f/n,1) from nx to
nxi

— edge with label (f/n,n) from nx to
Nxn,

e X <= f(X1,...,Xn): create references

from nx to each of nx1,...,nxn

— edge with label (f/n,1) from nx to
nxi

— edge with label (f/n,n) from nx to
Nxn-

3. The following rules are fired whenever applica-
ble

e R1:
after unify(n,n’)
if
m # m/'A
(n,sel,m), (n',sel,m’) € E
then
i fy(om, )
e R2:
after edge(n, sel, m)
if
m #£ m/'A
(n,sel,m’) e E
then

uni fy(m,m’)

e R3 : This rule is to deal with variables
that have recursive types.

after edge(nx, sel,ny)
if
(nz, ’rly) c E*N
ny # nzA
type(Y') = type(Z)
then
unify(ny,nz)
in which E* is the transitive closure of E

and type(X) returns the type of variable
X.

3.2 Interprocedural analysis

When interprocedural analysis is executed for a
procedure, the following assumptions are made:
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e The points-to graphs of the callees are avail-
able or are the current points-to graph in case
the procedure is recursive.

e For acall ¢(Y1,...,Yn), the formal declaration
of g/n is ¢(X1,..., Xn).

The interprocedural analysis is performed as fol-
lows.

1. Process each procedure call in the procedure,
for a call ¢(Y1,...,Yn): integrate the graph
of ¢/n, G. = (N, E,), into the graph of the
currently analysed procedure, G, = (N, E,.)
by building the partial & mapping from N, to
N,. as follows.

o — alnxi)=ny1

— a(nxn) =nyn
e In the graph G., start from each nx;, fol-

low each edge once and apply the follow-
ing rules when appropriate

— R4:
if
a(ne) = neA
(ne, sel,me) € EcA
(ny, sel,m.) € E.N\
a(me) = my. # my
then
unify(mramr’)
— R5:
if
a(ne) = npA
(ne, sel,me) € E.A
(n,, sel,m,) € E.N\
a(m,) undefined
then
a(me) =m,
— R6:
if
a(ne) = npA
(ne, sel,me) € E.A
Vp+ (npnsel,p) & By

if
a(ne) = neA
(ne, sel,me) € E.A
Vp : (ng, sel,p) & E A
a(m,) undefined
m, = FreshNode(G,)
then
a(me) =m,.,
edge(n,, sel,m;.)

e Record renaming of regions at this call
site.
— R8:
if
a(nx;) = nyA
oz(an) =ny;A
nx; = nx;N
Xi is an input variable of ¢/n
Xj is an output variable of ¢/n
then
rename(ny;, nyj, Gr).
— rename(p,q, G(N, E)): a help proce-
dure
First: record rename p to ¢
Then: follow G from p and ¢, each
time with the same selector, do ei-
ther of the followings.
(a) if (p, sel,m), (q, sel,n) € EAm #
n
then rename(m,n, G).

(b) if (p,sel,m) € EAp # mA An:
(¢,sel,n) € E
then edge(q, sel, m).

(c) if (q,sel,m) € EAq#mA An:
(p,sel,n) € E
then edge(p, sel,m).

(d) if (p,sel,p) € EN (g, sel,q) ¢ E
then edge(q, sel, q).

(e) if (q,sel,q) € EA(p,sel,p) € E
then edge(p, sel, p).

a(me) =m,
then

edge(n,, sel,m,.)
R7:

The reason of R8 is as follows. Consider a case
when the caller provides a callee with an input
region and expects the result of the callee in a
different region but the callee by its own puts
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its output into the input region. We have two
options here. We can either unify the input
region and the output region in the caller’s
points-to graph (because from the behaviour
of the callee we know that they are actually
the same) or keep the two regions separate in
the caller’s graph but let the callee inform the
caller about that fact. The first option is safe
but too conservative, causing less precision in
the case, for example, the two regions are the
same in only one branch of execution of the
callee but not in the other branches. Rule RS
realizes the second option, where the callee re-
names the input region to the one expected by
the caller. The effect of this rule can be seen
in the analysis and transformation of the pro-
gram Game of Life in Section 6.

2. The procedure will be analysed iteratively un-
til there is no change in its points-to graph.

4 Live region analysis

The goal of live region analysis is to detect live re-
gions at each program point and to compute the
information about which regions will be created
and removed by each procedure. These pieces of
information will be used to transform the original
program to the program with region-based memory
management. To define this analysis we assume the
definitions of program point and execution path for
Mercury as in Nancy’s thesis [4]. The set of live re-
gions at a program point is computed via the set
of live variables at the program point. So first we
define the concept of live variables at a program
point.

4.1 Live variables at a program point

A variable is live at a program point if:

e There exists an execution path containing the
program point that instantiates the variable
before the program point and uses it at or after
the program point

e OR it is an output variable that is instantiated
before the program point.

If we define pre_inst(pp, P) the set of variables in-
stantiated before the program point pp in the exe-
cution path P, post_use(pp, P) the set of variables

used at or after pp in the execution path P, out(p)
the set of output variables of a procedure p then
the set of live variables at a program point i is:

LV (i) ={V | 3P : (V € pre_inst(i, P)) AN (V €
out(p) V'V € post_use(i, P))}

We define two exceptional cases of the above for-
mula.

e If i = first(P) then LV(i) = set of input vari-
ables of p. first(P) returns the first program
point in P.

e Each execution path of a procedure is ex-
tended to one more program point called
“out”. LV(out) is the set of output variables
of a procedure.

4.2 Live regions at a program point

A region is live at a program point if it is reachable
from a live variable at the program point. The
set of regions that are reachable from a variable is
defined:

Reach(X) = {nx}U{m | 3(nx,m) € E*(X)},

in which E*(X), the transitive closure of E from X,
is defined:

E(X) ={(nx,n) |
I(nx, selp,n1),...,(ni—1,seli_1,n;) € E A sely €
TTiype(X), seli € TTyype((X, selp)), ..., seli—1 €
TTiype (X, selg @ sely o ... 0sel;_3))}.

The set of live regions at a program point i is de-
fined:

LR(i) = U(Reach(X)) VX € LV (3).

4.3 The analysis

This analysis computes the set of live regions (LR)
at each program point and for each procedure the
set of regions that the procedure may create, called
bornR and the set of regions that it may remove,
called deadR. We define several sets of regions,
which live region analysis will care about, for each
procedure p with its points-to graph G = (N, E):

e inputR(p) is the set of regions reachable from
input variables.
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e outputR(p) is the set of regions reachable from
output variables.

e bornR(p) = outputR(p) — input R(p) is the set
of output regions that the procedure or any of
the procedures it calls may create.

o deadR(p) = inputR(p) — output R(p) is the set
of input regions that the procedure or any of
the procedures it calls may remove.

e local R(p) = N — input(p) — output(p).

The analysis can be performed in two passes. The
first pass is to compute live variables (LV) at each
program point. The second pass computes live re-
gions (LR) at each program point. For a program
point that is a call to procedure ¢ we assume that
the called procedure, ¢, has been analysed so the
sets deadR(q) and bornR(q) have been computed.
These sets of ¢ (callee) may be updated by the rules
defined below when analysing p (caller). While
computing live regions the analysis will try to ap-
ply the rules when applicable. To specify the rules
we define some help functions:

e pp(l): return the program point of the literal
1,

e next(pp(l)): return the next program point of
lin an execution path. As each execution path
is already extended to one more final point if 1
is the last literal then next(pp(l)) = out.

The rules and their reasons are defined as follows.

e L1 :if aregion that is supposed to be removed
by the called procedure is still live after the
call then it is excluded from the deadR set of
the called procedure.

if
I=q(.. )N
r € LR(pp(1))A
r € LR(next(pp(l)))A

r=a(r’)A
r’ € deadR(q)
then

deadR(q) = deadR(q) — {r'}

e [2:if a region that is supposed to be created
by the called procedure has already been cre-
ated by the calling one then it is excluded from
the bornR set of the called procedure.

if
I=q(.. )N
r € LR(pp(l))A
r=a(’)A
r’ € bornR(q)
then
bornR(q) = bornR(q) — {r'}

5 Program transformation

The goal of program transformation is to introduce
”create” and "remove” statements based on region
liveness information. The transformation is exe-
cuted for each procedure. It follows each execution
path and applies the following transformation rules
when appropriate. In the specification of the rules
below assume we are analysing procedure p.

e T'1 :if an output region for a procedure call (q)
is not live and it is not created by the called
procedure (q), it is created before the call.

if
I=q(.. )N
R = apply_renaming(LR(pp(1))A
r & RA
r € LR(next(pp(l)))A
r=a(r’)A
r’ & bornR(q)
then

add ”create 7 before [

apply_renaming(LR): apply the renaming in-
formation, if available, at the call site to the
set of regions LR and return the renamed set
of regions.

e T2 :if a region is not live before a unification
(construction) but it is live after and is a local
region or a born region, the region is created
before the unification.

if
=X <=f(...)A
rs & LR(pp(1))A
rs € LR(next(pp(l)))A
(rs € local R(p) U bornR(p))A
Xes
then
add "create rg” before [
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e T3 : if a region is live before a procedure call
but it is not live after the call, and the pro-
cedure does not remove it then the caller will
remove that region.

if
I=q(.. )N
R = apply_renaming(LR(pp(1))A
T € RA

r & LR(next(pp(1)))A

(r € local R(p) U deadR(p))

Ar'(alr') =r A1’ & deadR(q))
then

add "remove r” before next(pp(l))

e T4 : if a region is live before a unification but
it is not live after and it is in the dead region
set or is a local region, then it is removed after
the unification.

if
l=unifA
r € LR(pp(1))A
r & LR(next(pp
(r € local R(p) U
then
add "remove r” before next(pp(l))

(D)A
deadR(p))

6 Analysis and transforma-
tion of some programs

All the programs have only one module and are
written explicitly in the normal form, with all uni-
fications already specialized, and goals reordered.
The analysis performed here does not consider the
combination with reuse (CTGC) and the extension
to deal with non-determinism.

6.1 Naive reverse

This program is the deterministic version of naive
reverse (nrev), where nrev predicate is declared
with mode (in, out) and append predicate with
mode (in, in, out).

append(X, Y, Z) :-
(
(1) X => 1,
2)Z2:=Y

1.2
(€1, 1)

€12
([ 1)

Figure 4: The points-to graph of append after the
intraprocedural analysis.

(3) X => [Xe | Xg],
(4) append(Xs, Y, Zs),

(5) Z <= [Xe | Zs]
).
nrev(L, R)
(
(1) L =>]
2)R <=1
(3) L => [H|T],
(4) nreV(T V),
(5) L1 <= [H],
(6) append(V, L1, R)

).

6.1.1 Region points-to analysis

The analysis for append:

At the beginning, each variable appears in append
is assigned to a different node. Therefore we have
the following nodes: nx, ny, nz, nxe, Nxs, NZs-

1. Intraprocedural analysis:
(1): do nothing.
(2): unify(ng,ny).
(3) edge(nX7 (H7 1)7 nXe)
edge(nx, ([],2),nxs) : type(X) =
so unify(nx,nxs) (R3).
(5): edge(nz, ([, 1), nx.)
edge(nz, ([.],2),nzs) : type(Z)
unify(ng,nzs) (R3).
The points-to graph of append after the in-
traprocedural analysis is shown in Figure 4.

type(Xs)

= type(Zs) so

2. Interprocedural analysis:

(4): This is the recursive call to append(Xs, Y,
Zs). So we assume the current points-to graph
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(1.2
1.1

(1.2
(1. 1)

A A

) a (10 .

o .2 A

Figure 5: The mapping from formal to actual re-
gions. The dash-dot arrows are mapping from the
call, the dash arrow is due to rule R5. The caller’s
graph is above and the callee’s graph is below.

of append and produce the mapping from re-
gions of formal parameters to those of actual
parameters.

alnx) =nxs, a(ny) = ny, a(ng) = nzs.
From rule R5 we have a(nx.) = nxe. The
mapping and the resulting graph after this step
is shown in Figure 5.

Fixpoint reached.

The analysis for nrev:
Nodes: ny, ng, ng, nr, Ny, npi.

1. Intraprocedural analysis:
(1): do nothing.
(2): do nothing.
(3): edge(ny, ([, 1),nn)
edge(nr, ([.],2),nr) : type(L) =
unify(ne,nr) (R3).
(5): edge(nri, ([.],1),nm)
The points-to graph of nrev after the intrapro-
cedural analysis is shown in Figure 6.

type(T) so

2. Interprocedural analysis:
(6): append(V, L1, R)
alnx) =ny, alny) =nr1, a(ng) = ng.
By applying the rules we have:
a(nxe) =ng (RH),

edge(nri, ([.],2),nr1) (R6),
edge(nv, ([.],2),nv) (R6),
edge(nR7 ([]7 2)7 nR) (R6)7
edge(nv, ([.],1),nmx) (R6),
edge(ngr, ([.],1),ng) (R6),

(1.2

SOSIC
oo

Figure 6: The points-to graph of nrev after the
intraprocedural analysis.

(1.2
([ 1)

(1.2
(1. 1)

y o

O,

ER

i

\
/
/

( > .9 (1.2)

o .2 )

Figure 7: The interprocedural analysis of nrev, at
program point (6). The dot arrows are references
due to rule R6.

\
\ .

LR

renaming nr to ng (R8, only the first action
happens, none of the cases in the second action
satisfied).
The resulting graph after this step is shown in
Figure 7.

(4): nrev(T, V)
a(ng) =np, a(ng) = ny.
alng) =ng (RH).
The resulting graph after this step is shown in
Figure 8.

Fixpoint reached.

6.1.2 Live region analysis

Live region analysis for append:
The deterministic version of append has 2 execu-



6 ANALYSIS AND TRANSFORMATION OF SOME PROGRAMS

1.2 1.2 m
(1.1) @ (01.1) < >
(1.1) (1.9 (1.2

/ ([Mﬂ |
‘\'\‘ /?\._,_._,____: _________________________
(1.2 | .2 m
| (1) (1. < >
(1 (1.0 (1.2

(1.2 m

Figure 8: The interprocedural analysis of nrev, at
program point (4).

tion paths:
e (1) (2) out
e (3) (4) () out
At the beginning, the sets of regions of append are:
e inputR(append) = {n{x xs}:NXe;N{y, 2,25} }
e output R(append) = {nxec,n{y,z, 75} }
e deadR(append) = {n{x xs}}
e bornR(append) = ¢
e local R(append) = ¢

The results of live variable and live region analyses
are summarized in the below tables for each
execution path.

PP LV LR

(1) {Xv Y} {n{X,Xs}a Nxe, n{Y,Z,Zs}}

(2) {Y} {nXey N{v,z,zs}

out | {Z} {nxe,nqv,z,25) }

pp LV | LR

(3) {X7 Y} {n{X,Xs}a Nxe, n{Y,Z,Zs}}
(4) {Xe,Xs,Y} {n{X,Xs}anXe7n{Y,Z,Zs}}
(5) {X€7ZS} {nan{Y,Z,Zs}

out {Z} {nXevn{Y,Z,Zs}}

10

No rules are applicable at program point (4) (the
only procedure call in append) in the live region
analysis for append.

The sets of dead and born regions after this
analysis.

deadR(append) = {n(x xs}},

bornR(append) = ¢.

Live region analysis for nrev:

Execution paths:

i e (1) (2) out

. (3) (4) (5) (6) out
Sets of regions:
e inputR(nrev) = {n;yry,nm}
e outputR(nrev) = {ng,ngr}
e deadR(nrev) = {n;pm}
e bornR(nrev) = {nr}
e localR(nrev) = {ny,nr1}

The results of live variable and live region analyses
for each execution path.

pp | LV | LR

(1) | AL} | {Anqry,mm}

@) | {& {}

out | {R} {nmg,ngr}

pp LV LR

(3) {L} {nqr,ry,nu}

(4) | {H,T} {n{L,T}anH}

(5) | {H,V} {nv,nu}

6) | {V.L1} | {nv,nr1,nu}

out {Rr} {nr;nm}
No rules are applicable at program point (4) and
(6).

The sets of dead and born regions are:
deadR(append) = {n{x x5},
bornR(append) = ¢,

deadR(nrev) = {n{r r}},
bornR(nrev) = {ng}.

6.1.3 Transformation

For append:

(1): rule T4 applied, so add “remove rx” before
(2). Note that no “remove rx” is added before
(5) because nx belongs to deadR(append), i.e. the
callee will remove it, not the caller.
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For nrev:

(1): add remove ry, before (2) (T4). Note that rg
is not removed even it is not live at (2), this is be-
cause ny does not belong to deadR(nrev).

(2): add create rg before (2) (T2).

(5): add create rp; before (5) (T2).

At (6) because the renaming, which has been
recorded at this call site in region points-to analy-
sis, renames ny1 to nr the rule T1 fails to apply,
preventing the transformation from creating region
TR-

The transformed program is as follows:

append(X, Y, Z) :-

(1) X=> [},
remove 7y,
(2)Z2:=Y

| (3) X => [Xe | Xs],
(4) append(Xs, Y, Zs),
(5) Z <= [Xe | Zs]

).

nrev(L, R) :-

WL =>],
remove 1,
create rg,
2)R <=
3 L=>[H|T),
(4) nrev(T, V),
create rr1,
(5) L1 <= [H],
(6) append(V, L1, R)
).

6.1.4 Comparison with the result of Hen-
ning and Kostis

The program nrev with region support created by
their prototype in [3] is shown below.

append(X,Y,Z) ¢(X0, R10, R11) :-
(

X = []’

7Z=Y

X = R10.[X0.Xe | R10.Xs],
append(Xs,Y,Zs) ¢(X0, R10, R11),

Z = RI11.[Xe | Zs]
).

nrev(L,R) ¢(X0)i(R9)o(R0) :-
(

L = []7

release R9,

new RO,

R =]

L = R9.[X0.H | R9.T],

nrev(T, V) ¢(X0)i(R9)o(R4),

new RO,

append(V, R0.[H], R) ¢(X0, R4, R0),
release R4

).

In this work the release of the region of the list
backbone of the first input list of append is per-
formed in nrev, a caller of append. This means that
the lifetime of the region here is longer than in our
result, where the removal happens inside append.
I speculate that this is because their region infer-
encer cannot do a better job. The impact of this
imprecision on memory use is not significant here
but it is the case in the ¢gsort example.

6.2 qsort

The analysis and transformation for gsort is done
with the assumption that values of primitive types
are also stored in the heap memory. The version
of gsort here is written for type list(int). split is
declared with mode (in, in, out, out) and gsort with
mode (in, in, out).

split(X, L, L1, L2) :-

J,
IE
[

=>

1<
2 <

~ ~—

2
3

—~

)

(4) L => [Le | L,

(

(5) X >=Le

- >

(6) split(X, Ls, L11, L2),
(7) L1 <= [Le | L11]

(8) split(X, Ls, L1, L21),
(9) L2 <= [Le | L21]
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)
).

gsort(L, A, S) :-
(

1)L =>,
2)S:=A

S~ o~

(3) L => [Le | Ls],
(4) split(Le, Ls, L1, L2),
(5) gsort(L2, A, S2),
(6) Al <= [Le | S2],
(7) gsort(L1, A1, S)
).

6.2.1 Region points-to analysis

The analysis for split:
Nodes: nx, NL, NLi, "L2, MLe, MLs, ML11, VL21-

1. Intraprocedural analysis:
(1), (2), (3): do nothing.
(4): edgenz. (1].1). nz.)
edge(nr, ([.],2),nLs) : type(L) = type(Ls) so
unify(ng,nps) (R3).
(5): do nothing.
(7) edge(nle ([]7 1)7 nLe)
edge(nri, ([.],2),nr11) : type(L1) = type(L11)
so unify(nri,nr11) (R3)
(9): edge(nrz, (1], 1),nr.)
edge(nra, ([.],2),nre21) : type(L2) = type(L21)
so unify(nrz,nr21) (R3)

2. Interprocedural analysis:
The interprocedural analysis for split does not
change the shape of the points-to graph pro-
duced by intraprocedural analysis.
(6): split(X, Ls, L11, L2)
a(nx) = nx, a(ny) = nrs, a(np1) = i,
a(nrpa) =nra.
By applying the rules we have:
a(nre) =nre (R5).
(8): split(X, Ls, L1, L21)
a(nx) = nx, a(ny) = nrs, a(np1) = nri,
Oé(an) =Mnro1-
By applying the rules we have:
a(nre) =nre (R5).

Fixpoint reached and the graph is shown in

Figure 9 (This is also the graph after intrapro-
cedural analysis).

(1.2
(1.1

(1.2

(1. 2)
(1

Figure 9: The points-to graph of split.
1.2

([ .] | 1)
(

®

Figure 10: The points-to graph of gsort after in-
traprocedural analysis.

The analysis for gsort:
Nodes: ny, na, ns, NLe, NLs, NL1, ML2, TS2, TLAT-

1. Intraprocedural analysis:
(1): do nothing.
(2): unify(ns,na)
(3) edge(nLa ([]7 1)7 nLe)
edge(nr, ([.],2),n1s) : type(L) = type(Ls) so
unify(nr,nrs) (R3)
(6): edge(nAla (H’ 1)7 nLe)
edge(nai, ([.],2),ns2) : type(Al) = type(S2)
so unify(nai,ns2) (R3)
The graph after this step is shown in Figure 10.

2. Interprocedural analysis:
(4): split(Le, Ls, L1, L2)
a(nx) = nre, a(ny) = nps, a(np) = nra,
a(npz) =nre.
By applying the rules we have:
a(nre) =nre (R5).
edge(nri, ([.],1),nLe) (R6).
edge(nri, ([.],2),nr1) (R6).
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Figure 11: The interprocedural analysis of gsort, at

program point (4). The dot arrows are references Figure 12: The interprocedural analysis of gsort, at
due to rule R6. program point (5). The dot arrows are references
due to rule R8 (renaming).

6.2.2 Live region analysis

edge(nre, ([],1),nre) (R6).
edge(nLZa ([]a 2)7”[2) (R6)
The graph after this step is shown in Fig-

Live region analysis for split:
Execution paths:

ure 11. e (1) (2) (3) out
(5): gsort(L2, A, S2) AL
a(np) =nr2, a(na) = na, a(ns) = nsa. e (4) (5) (6) (7) out
By applying the rules we have:
a(npe) =nre (RH). e (4) (8) (9) out
renaming n4 to mngy (RY): caus-
ing edge(na, ([],1),nre) (RS, c), At the beginning, the sets of regions of split are:

edge(nAa (Hv 2)3 nA) (R85 e)' . .
The graph after this step is shown in Fig- o inputR(split) = {nx,n{L.Ls},NLe}
ure 12. )
(7): gsort(L1, Al, S) e outputR(split) = {nre,n{r1,L11},"{L2,L21} }
a(ng) =nr1, a(ng) =nai, a(ng) = ns.
By applying the rules we have:
a(nre) =nre (RH).
renaming n4; to ns (R8, only the first action
ngglelnssf;ti:f(i):(f) of the cases in the second o local R(split) = ¢

This step does not change the shape of the The results of live variable and live region analyses
points-to graph of gsort. Fixpoint reached. for each execution path.

e deadR(split) = {nx,n{r s}

o bornR(split) = {n{r1,L11}, N{L2,L21} }
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pp | LV | LR a(nx) = npe, nre is live at (4) and at (5) also
(1) | {L,X} {nL,nre,nx} therefore deadR(split) = deadR(split) — {nx} =
(2) {} {} {nx,zr} —{nx} = {nc}.
(3) {L1} {nri,nre} The sets of dead and born regions after this
out | {L1,L2} | {np1,nLe,nr2} analysis are:

PP LV LR deadR(split) = {n¢r s},

(4) {L, X} {n{r,Lsy,nLesnx}  bornR(split) = {n(r1 r11y, n{r2 1213}

(5) {X, Le, Ls} {ngr,LsysnLe, nx} deadR(gsort) = {n{L Ls} )

(6) {X, Le, Ls} {ngr,nsysnLe, nx } bornR(gsort) =

(7) | {L11, Le, L2} | {n{r1,011}>NLes {12,021} }
out {L1, L2} {n{Ll,Lll}anLea”{L?,L21}} 6.2.3 Transformation

Py s
) {L.Ls}>TLe, TLX : add remove ry, after
(8) {Xa LeaLS} {n{L LS}’nLe’nX} ( ) | ( ( )

1)

(2): add create rp; before (2) (T2).
(9) | {L1, Le, L21} | {nqr1,111) nies n{z2,L21}} (3): add create rp2 before (3) (T2).
out {L1, L2} {ngr1,011), PLe, N{L2, 0213 For gsort:

At program point (6): no rules appl%ed (1): add remove 71, after (1) (T4).

At program point (8): no ruleg applied. At program point (5): rename n4 to ngs, i.e. the

The sets of dead and born regions are:

deadR(split) = {nx,n(z.10)}, call to gsort here puts S2 into the same region of

bornR(split) = A.

Lo-rn (sp.z ) = {ﬁ{Ll.’Llfl}’n{LZLt?l}}' At program point (7): rename n4; to ng, i.e. the
1ve region anatysis for qsort: call to gsort here puts S into the same region of Al

Execution paths:

The transformed program is as follows:
e (1) (2) out

e (3) (4) (5) (6) (7) out

split(X, L, L1, L2) =

At the beginning, the sets of regions of gsort are: (1) L => 1),
remove 1,
e inputR(gsort) = {n{L,Ls}aann{S,A}} create rr1,
(2) L1 <=1,

o outputR(gsort) = {nys ay,nre} create riq
deadR(gsort) = {n{r, s} } (3) L2 <= |]
bornR(gsort) = ¢ ;

(4) L => [Le | L],

e localR(gsort) = {np1,nr2,nya1,52} } E5) . .
>= Le
The results for live variable and live region analyses N
for each execution path. (6 ) split(X, Ls, L11, L2),
pp | LV | LR (7) L1 <= [Le | L11]
(1) {L7A} {n{L,Ls}7nLe7n{A,S}} :
2 | {4} {ngasynre} (8) split(X, Ls, L1, L21),
out | {S} {nga.sy,nLe} (9) 12 <= [Le | 121]
PP LV LR )
(3) {L, A} {ngr,LsysMLes N5} ).

(4) {A, Le, Ls} {nga,s1:nLe, NyL L5} }

(6) | {A, Le,L1,L2} | {nga,sy,nLe,nL1, N2} gsort(L, A, S) :-

(6) {Le,Ll, 52} {nLe,nLl,n{Al)sg}} (

(7) {L1, A1} {nr1,nLe, nyan,s2y} (1) L=>1,
out {5} {nga,sy;nLe} remove rp,,

At program point (4): rule L1 applied, (2)S:=A
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(3) L => [Le | Ls],

(4) split(Le, Ls, L1, L2),
(5) gsort(L2, A, S2),

(6) Al <= [Le | S2],

(7) gsort(L1, A1, S)

).

6.2.4 Comparison with the result of Hen-
ning and Kostis

The gsort program with region support generated
by their prototype in [3] is shown below.

split(X, L, L01, L02) ¢(X0, R17)o(R0, R1) :-
(

L = []7

L02 = [,

new RO,

new Rl

L = RI7.[X0.Le| R17.Ls],

(X >=Le

- >

split(X, Ls, LO11, L02) ¢(X0, R17)o(R0, R1),
LO1 = RO.[Le|LO11]

split(X,Ls,1.01,1.021) ¢(X0, R17)o(R0, R1),
L02 = R1.[Le|L021]
)

).

gsort(L,A,S) ¢(X0, R15)i(R14) :-
(

L= []7

release R14,

S=A

L = R14.[X0.Le | R14.Ls],

split(Le, Ls, L01, L02) ¢(X0, R14)o(R4, R6),

release R14,

gsort(L02, A, S02) ¢(X0, R15)i(R6),

gsort(L01, R15.[Le | S02], S) ¢(X0, R15)i(R4)
).

In this example, again, the removal of the region of
the input list backbone of split happens in the caller
of split, while it is actually dead inside. By being
able to removing it inside split before creating the

regions for the two sublists our transformed pro-
gram will use no more memory than what needed
to store the original list.

6.3 Game of Life

We assume a simplified, fake implementation of
nextgen in the discussion below. The only essen-
tial point of mextgen here is that its behaviour
causes output regions different from input ones. So
if our analysis is precise enough the input regions of
nextgen, as it is called in life, should be removed
by itself. The built-in ¢s, as any other built-ins,
is treated like deadR(is) and bornR(is) are empty.
Namely, it will only read from or write to regions,
never create or remove a region. nextgen is de-
clared with mode (in, out) and li fe with mode (in,
in, out).

nextgen(G, G1) :-
(1) G => gen(A),
(2) Alis A + 2,

(3) G1 <= gen(Al).

life(N, G, H) :-
(
(1) N=>0
- >
(2) H:=G
(3 NlisN-1,
(4) nextgen(G, G1),
(5) life(N1, G1, H)
).

6.3.1 Region points-to analysis

Analysis for nextgen:
Nodes: ng, ngi, na, Na1.

1. Intraprocedural analysis:
(1): edge(ng, (gen/1,1),n4).
(4): edge(nai, (gen/1,1),n41).
No interprocedural analysis
nextgen.
Fixpoint reached and the graph is shown in
Figure 13.

happens for

Analysis for life:
Nodes: ny, ng, ng, ny1, NG1-
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( )(gen/l, 1) @ (gen/, 1)( )

Figure 13: The points-to graph of nextgen.

OO
@) ()

Figure 14: The points-to graph of life after in-
traprocedural analysis.

1. Intraprocedural analysis:
(1): do nothing.
(2): unify(nu.na).
The graph after this step is shown in Figure 14.

2. Interprocedural analysis:
(4): nextgen(G, G1)
a(ng) = ng, a(ng1) = na-
R7: new node ml, edge(ng, (gen/1,1),ml),

alng) =ml.
R7: new node m2, edge(ngi, (gen/2,1),m2),
a(nar) = m2.

The graph after this step is shown in Figure 15.
(5): life(N1, G1, H)
a(ny) =nn1, alng) = nag, a(ng) =ngy.
R8: renaming(ngi,nm,Glife), causing re-
name ng1 to ng, m2 to ml.
At this point if we had chosen to unify ng; and
nyg in the caller’s graph instead of renaming,
the temporary values in /i fe would have been
put into the same region of the output and
not been able to be removed. This is because
ny has been unified with ng already, so after
this merging H, G and G1 are in the same re-
gion. This will prevent the call to nextgen(G,
G1) from removing the region of G. Fixpoint
reached and the graph is shown in Figure 16.

6.3.2 Live region analysis

Live region analysis for nextgen:
Execution paths: (1) (2) (3) (4) out.
At the beginning, the sets of regions of nextgen are:

@ (gen/1, 1) ( :

(gen'1, 1)
""""" ml ;

A I

O ONOE

Figure 15: The points-to graph of life after inter-
procedural analysis at program point (4). The new
nodes, edges, and o mappings are due to rule R7.
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Figure 16: The points-to graph of life after inter-
procedural analysis at program point (5).
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input R(nextgen) = {ng,na}

output R(nextgen) = {ngi,na1}

o deadR(nextgen) = {ng,na}

bornR(nextgen) = {ng1,n41}
e local R(nextgen) = ¢

The results for live variable and live region analy-
ses:

PP Lv LR

(1) | {G} | {ng,na}
(2) | {4} {na}
(3) | {A1} {na1}
out | {G1} | {ngi,na1}

No rules applied and the sets of dead and born re-
gions are unchanged.
Live region analysis for life:
Execution paths:
e (1) (2) out
e (3) (4) (5) out.

At the beginning, the sets of regions of life are:

e inputR(life) = {ny,ng, ml}

outputR(life) = {ng, m1}

deadR(life) = {nn}

bornR(life) = ¢

localR(life) = {nn1,nc1, m2}

The results for live variable and live region analyses
for each execution path:

PP LV LR

(1) | {N,G} | {nn,ng,ml}

2) | {6} {ng,m1}

out {H} {ng,ml1}

PP LV LR

(3) {N,G} {ny,ng,ml}

(4) | {G,N1} | {ng,ml,nn1}
(5) {Nl,Gl} {an,’l’Lg1,m2}
out {H} {ng,m1}

No rules applied.

6.3.3 Transformation

For nextgen:

(1): add remove r¢ after (1) (T4).

(2): add create r 41 before (2) (T2),

remove 74 after (2) (T4).

(3): add create r¢g; before (4) (T2).

For life:

(1): add remove ry after (1) (T4).

(3): add create ry; before (3) (T2),

remove ry after (3) (T4).

(5): rename ng; to ny and m2 to ml, i.e. the call
to life here puts H into the same regions of G1.
The transformed program is as follows:

nextgen(G, G1) :-

(1) G => gen(A),
remove g,
create 141,

(2) Alis A + 2,
remove 74,

create rg1,
(3) G1 <= gen(Al).

life(N, G, H) :-
(
(1) N => 0,
remove 7y
- >
(2) H:=G
create ry1,
(3) N1is N -1,
remove 7y,
(4) nextgen(G, G1),
(5) life(N1, G1, H)
).

7 Future extensions of the re-
gion analysis

The extensions of the above algorithm to sup-

port non-determinism, module-based analysis, and

combination with compile-time garbage collection
(CTGC) [4] can be developed tentatively as follows.

7.1 Non-determinism

To support non-determinism we will need to pre-
vent the regions that will be used when backtrack-
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ing from being removed. The sets of live regions
at program points are derived from the sets of live
variables. Therefore if we can compute the set of
variables that are live at a program point when the
program backtracks to that program point we will
be able to compute the set of regions needed when
backtracking. At the first sight, that set of variables
can be approximated by the backward use with 27¢
instantiation as defined in [4] and the other parts
of the algorithm can be intact. A variable X is
said to be in local backward use (lbu) w.r.t. a pro-
gram point (i) within a procedure definition if that
variable is instantiated at (i) and can be accessed
by the literals of the procedure after backtracking
has reentered the code prior to (i). The new set of
live variables at a program point will be defined as
follows.

LVa(i) = LV (i) U lbu(i).

7.2 Module-based region analysis

Mercury programs are composed of several mod-
ules. We assume that there are no circular calls
among the modules so that when analysing a Mer-
cury program each module can be analysed once.
So when we are analysing a module all the proce-
dures that are called from the module have been
analysed already. If we allow a caller to have con-
trol on region-related behaviour of a callee then all
the regions in deadR set of the callee can always
be removed and all regions in bornR set can always
be created by itself. We can change the analysis by
dropping the rule L1 and L2 in live region analy-
sis and enhancing the transformation to introduce
“keep” and “use” statements with the following two
additional rules.

T5: If a region, r, is supposed to be removed by
the called procedure but it is still live after the call
then the calling procedure will add “keep r” before
the call.

The effect of “keep r” is that it will prevent the
called procedure from really removing 7.

T6: If a region, r, is supposed to be created by
the called procedure but it has been created by the
calling one then the calling procedure will add “use
r” before the call.

The effect of “use r” is that the called procedure
will use the region r instead of creating it.

This means that the region removal and creation

are now conditional. Having this conditional re-
moval and creation makes the module-based re-
gion analysis rather simple. An analysed proce-
dure will be identified by deadR, bornR, and the
region points-to graph (nodes, edges, renaming, al-
pha mapping). In the region points-to analysis of
a procedure (caller) that calls the analysed one
(callee), the region points-to graph of the callee
will be used to produce the caller’s points-to graph.
The live region analysis takes place just to calcu-
late the live region information at each program
point of the caller. The transformation will use the
two additional rules to introduce “keep” and “use”
statements to make the behaviour of the callee suit
the requirements at the calling context. With this
organisation we will have to generate only one op-
timized version of a procedure with region support
but any callers can control its real behaviour to
meet their own needs. The drawback of this ap-
proach is that checking the conditions can be a
burden at runtime.

7.3 Combination with CTGC
7.3.1 The approach

CTGC tries to reuse dead memory, while RBMM
tries to remove the regions that contain them. So
if CTGC decides that the cells of X are reused to
construct Y then in the region points-to analysis
we should merge the regions of X and Y, i.e. unify
nx and ny. In the definition of the current region
points-to analysis, unifying two nodes can cause
other nodes to be merged so we need to prevent
those unwanted mergings of regions (which unnec-
essarily limit the chance of removal). More insights
need to be developed to make this complete, but it
is likely that by preventing any R rules to be trig-
gered when “unifying two nodes because of reuse”
in region points-to analysis and the current defini-
tion of Reach(i) using valid type selectors in live
region analysis can support the combination.

7.3.2 A motivational example

A motivational example of combining RBMM and
CTGC is shown below. The convert program is
taken from Chapter 11 in [4] with some modifica-
tions just to make the explanation shorter. convert
is declared with mode (in, out) and transforms a list
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1.2

l( tr,7) @D

@ (9/1,1)

Figure 17: The points-to graph of convert after re-
gion points-to analysis.

-

of type f to a list of type g.
- type f — — — > f(int, int).
- type g — — — > g(int).

convert(LO, L) :-
(

(1) Lo => ],
- >

@ L<=]

(3) L0 => [F | RO],
(4) F => {(A, C),
(5) G <= g(A),

(6) convert(RO R),
(7) =[G |R]

After region points-to analysis,
convert is shown in Figure 17.

The example will show the extended analysis with
two different reuse decisions:

the graph of

e reuse the cells of LO to construct L and the
cells of F' to construct G,

e only reuse the cells of L0 to construct L for the
reason that either the backend does not allow
reusing cells with different types or we subjec-
tively prohibit the reuse of non-matching ar-
ity because as reported in [4] the setting with
reuse of matching arity gives better result than
the other ones do (assume the analysis prefers
reusing L0 to construct L to reusing F).

1. Case 1: LO for L and F for G:
We will need to unify nyg and np, ng and

(1.2

Lo, RO\ ([1, D)
L,R

(12,2)

()

(12, 1)

(d/1,1)

Figure 18: The points-to graph of convert after uni-
fying n¢ro,roy and n¢r gy, nr and ng.

pp | LV | LR

(1) | {L0} | {n{L0,Rr0,L,R}> N{F,G}>NA;C}
2 | {}

out | {L} {n{ro,ro,L,R}, N{F,G} A}

pp LV LR

(3) {L0} {n¢r0,r0,L,R}, N{F,G}> A, NC }
(4) {F, RO} | {n{L0,r0,,R}> " {F,G}>"A,C }
(5) | {RO,A,C} | {n(ro,Rro,L,rR}, N{F,G},NA;C}
(6) | {RO,G} | {n{ro,Rro,L.rR}>N{F.G},NA;NC}
(7) {G, R} {n{ro.ro,L,rR}, N{F.G},NA}
out {L} {n¢ro0,r0,L,R}, N{F,G}, 1A}

Figure 19: Live region analysis results of convert
in Case 1.

nga, no rules will be applied after these actions.
The points-to graph after this is shown in Fig-
ure 18.

Live region analysis:
Execution paths: (1) (2) out,
(3) (4) (5) (6) (7) out.
At the beginning, the sets of regions of convert
are:

o inputR(convert) =
{n{Lo,Ro,L,R}7n{F,G}mA,nc}

e outputR(convert) =
{n{LO,RO,L,R}an{F,G}anA}

o deadR(convert) = {nc}

e bornR(convert) = ¢

e local R(convert) = ¢

The results for live variable and live region
analyses is shown in Figure 19. No rules
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applied and the sets of dead and born re-
gions are unchanged. Note that at “out” the
live variable set contains L of type list(g(int))
therefore n¢ is not reachable from L because
([J,1)e(f/2,2) is not a valid type selector of L.
The same situation happens at (7), where the
live variable set contains G of which (f/2,2) (12, 2)
is not a valid type selector, and R of which
([[],1)e(f/2,2) is not a valid type selector and (91.1)
the node n¢ is not reachable.
Transformation:

At (1), rule T4 applied and the transformed
program is as follows.

(2, LD

Figure 20: The points-to graph of convert after
unifying nyro,roy and nyr gry-
convert(LO0, L) :-

( PP ‘ LV | LR
(1) LO => ], (1) | {L0} | {n{ro,ro,L,R},nF 1A, NC}
remove r¢, 2 | { {}

- > out | {L} {n¢ro,r0.L,R}, NG, NA}
(2) L <= pp LV LR

; (3) {Lo} {n{LO,RO,L,R},nF7nA7nC}
(3) LO => [F | ROJ, (4) | {F, R0} {n{Lo,ro,L,R}>NF, 1A, NC}
(4) F => f(A, C), (5) | {RO,A,C} | {n{ro,ro,L,R}>NF;NANC}
(5) G <= g(A), (6) {RO,G} | {n{ro,R0,L,R},"F A, NC, NG}
(6) convert(RO, R), (7) {G,R} {n¢ro,r0,L,R}, NG, NA}
(7) L <= [G | R] out {L} {n(ro,ro,L,R}, NG A}

Figure 21: Live region analysis results of convert

We see that the transformed program can deal- 1 Case 2.
locate the memory for C, which is memory
leak in CTGC. The memory cells of the list
backbone and of part of the list’s elements are

reused by CTGC. The results for live variable and live region

lyses are shown in Figure 21.
2. Case 2: Only reuse L0 for L: ana i .
We will unify only nr and nr, no rules will be At (6): rule L2 applied. So bornR(convert)

applied after this action. The points-to graph = ¢, which means that the region ng needs to
.. N be created by the procedure that calls convert.
after this is shown in Figure 20.

. . . Look in detail at program point “out”, the
Live region analysis: . . . . ;
. live variable set contains L of type list(g(int)).
Execution paths: (1) (2) out, .
(3) (4) (5) (6) (7) out ng is not reachable from L because ([.],1]) e
] (f/2,2) is not a valid type selector of L. To
make ng not reachable from L one solution
is to keep the two edges with the same la-
e inputR(convert) = bel ([.], 1) separated when unifying 1{L0,R0}
{n{ro,ro,L,R},NF, A, NC} and nyp ry. That is, the points-to graph
will contain two separated edges both start-
ing from n{ro ro.r.Rry: (P{ro.roy, ([} 1), nr)
and (ngz gy, ([],1),na), but going to different
nodes. From L we should only follow the later
e bornR(convert) = {ng} edge, not the former one (because L € {L, R}).

e local R(convert) = ¢

At the beginning, the sets of regions of convert
are:

o outputR(convert) =
{n¢ro,ro,0,R}, NG A}
e deadR(convert) = {np,nc}



7 FUTURE EXTENSIONS OF THE REGION ANALYSIS 21

Therefore n¢ is reachable, but ng is not. The
same situation happens at (7), where the live
variable set contains G of type g(int) and R of
type list(g(int)) and the nodes n¢ and np are
not reachable.

Transformation:

At (1), rule T4 applied so rp and r¢ are re-
moved.

Note that at the program point “out” in the
execution path (1), no “create rg” is added,
even according to the live region analysis it
becomes live at this point. This is because at
(2), L is constructed, not G. The live region
analysis is not precise here but the transfor-
mation still ensures the correct solution. It is
probably possible to enhance the live region
analysis if we are able to distinguish the type
constructors of R used in each execution path.
In the execution path (1), L is constructed by
[], so ng and ny are not live at “out” in path
(1).

The transformed program is as follows.

convert(LO, L) :-

(1) 10 => [|
remove g,
remove ¢,

- >
@ L<=]
" (3) L0 => [F | RO,
(4) F => {(A, C),
(5) G <= g(A),
(6) convert(RO R),
(1) L <=[G | R]

)-

Here the transformed program will reuse the
memory of the input list backbone to create
the backbone of the output list and be able to
deallocate the memory cells used for F and C,
which otherwise are memory leaks.

7.3.3 Potential benefits of

RBMM and CTGC

combining

Without combination RBMM alone as described
above can already be interesting for several pro-
grams, such as gsort, where RBMM helps the pro-

gram run with no more memory than what is re-
quired to store the whole original list. With the
transformation based on region liveness informa-
tion described above, the lifetime of regions in the
output program is shorter when comparing with the
results achieved by the analyses of Henning (in the
context of functional programming - subset of SML
and logic programming - XSB Prolog) and Sigmund
(in the context of OOP - Java), which should cause
less memory consumption. It is worth pointing out
that our algorithm combines the good parts of [2]
and [1]. The good points of [2] are the ability to cre-
ate and remove regions across procedure borders.
The support of renaming regions helps increase the
precision of region points-to analysis. The advan-
tages of [1] are the powerfulness but simplicity of
the analysis and transformation, which should lead
to simple correctness proof. This is not at all the
case in [2] and [3], where not only is the correct-
ness of the region type system hard to be proved
but also the inference algorithm and its soundness
proof are not trivial.

The possibility of benefits of the combination of
RBMM and CTGC is when there are procedures
contain cells that die but cannot be reused locally
by CTGC. This is the case when some cells die
in a procedure and the procedure has no construc-
tion allowed to reuse them (due to there is nothing
to reuse for (Case 1), reuse decision or back-end
constraints (Case 2),...). In [4] some of the cells
that die unconditionally can be reused using cell
cache (when the size fits). For the benchmark Ray
Tracer, cell cache can increase the relative reduc-
tion from ~ 25% to ~ 50%, which means that,
at least for this medium program, there are quite
many cells put into the cache and reused later on.
Using cell cache has its own cost, such as maintain-
ing the cache and checking the cache before any
allocation, and may also harm locality. With the
region analysis above the unconditionally died cells
will be put into separate regions that can be re-
claimed therefore we may gain over CTGC alone:

e The cost of maintaining and using the cache,

e The cells that are put into the cache but not
reused. This information is not collected in
[4] for the Ray Tracer program. But if this
number is, on average, significant then it can
be a definite advantage of RBMM.
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e "Locality”. This gain is not conclusive for
RBMM. The experimental results from current
RBMM systems do not always support good
locality and faster code. This is reported as
a more experimental than theoretical research
problem [5].
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