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I11. PRELIMINARIES

A program consists of a collection of control flow graphs,
goe of which, (... represents the program'’s main proce-
dure. Exch flow graph G, of procedure p is a directed graph
“-ﬂsﬂ N and edge set E, C Np x N;. Edges = —
s represent statements and model the nondeterministic
ng structure of G;,. Each flow graph G, has a stan

end node e,. The set of all immediate predeces-
pode y of G, 1s pred(y)={z |z = y € E, }. Lel
be the set of call-sites of procedure p. For a call-
CS,. ProcName(cs) denotes the procedures called

al, a monotonic intraprocedural data-flow analysis
\a tuple DFA = (L, A, F,e,Gp, M), where L is
semilattice with meet operation A, F C L — L
me function space associated with L. ¢ € L are
w facts” associated with start node s, and M :
a map from G,'s edges to data-flow functions,

or problems the semilattice L is a powerset 27

'D. Bi-distributive bitvector problems require
pns in function space F distribute over both set

miersecio

stic data flow analysis(PDFA) problem is a fu-
where DFA is a bi-distributive bitvector prob-
ssents runtime information obtained by pro-
denote the number of times a node £

d true at program point . A PDFA
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4 1s may or will not hold during the exe-
cution of a program. In contrary probabilistic dats flow
analysis (PDFA) computes probabilities of data flow facts
(cf. [5. 91). For our procedure cloning algorithm we em-
ploy a PDFA framework to calculate probabilities of argu-
ment types (e.g., contiguous and non-contiguous) for a pro-
cedure call. To reduce problem-space we only consider
those variables which are directly or indirectly involved a
call-sites (e.g., actual arguments) since other vanables do
not affect the copy-in/copy-out argument transfer mecha-
nism of Fortran 90. More formally, the set of variables is
denoted by {ey,-.., v}, and the sct of rypes is given by
T = {t1s..- yIn}. A powerset 27 is used to represent pos-
sible type bindings for variables, where

D= (dle,ee U i)

withd'"*! denoting that variable v; € V has type f; E_T

gach n:a'd: yE N,.Tp[r] € 2P comprises the type bindings
all variables in node y.

form the sequel we define two (local) functions TKill and

TDefs from the set of edges E;, to the power sel of D. Fung-
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tion TKill(z — y) computes the set of data-flow facts df™*

wil
i i :—};r.Adﬂl-ﬁn\vf:aﬂd}. is mem-
e Tfﬂlﬁ;nfﬁ iff variable v; is assigned a new Lype
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type hindings for variables is given in Figure 4
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Fig 4 Bqeations for “Type propagaion

al)
Jue of elf) € 2
For node 5,. Tp(sy) is assigned the value
where elf) 1: s function which maps the signature of the

clone 0 a binding for variables.
Based :Pﬂm runtime information, the PDFA frame-

work | 5] calculates probabilities of occurrences for argument
types of a procedure. For all program points ¥ € N expected
frequencies E(y. J}' '\ of data facts and expected frequen-
cies Elg, A) of nodes are calculated. In more detail, the
ity of type {; for variable v; that may reach point

y is given as follows,

Eyd) .
Plydy") = { ~FaT i E(yA) # Oand
: 0, otherwise.

B Clone Selector
M.

i on selector uses the most promising cloning can-
cloning at call-site cs. A cloning candidate

‘actual argument types at ¢s. Lel Clars(es) =
. } € V be the variables that are taken as ac-
__ ) -nll-sim cs. The possible actual argument
¥ call-site ¢s are given by the m-th cross-product over
the type domain ! |

' %!‘:""J!"".. .

] . _:ME’H* Under the assumption that oceur-
rences of argument types are independent of each other,
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the source of call-site cs = r — y.

ne a threshold h in o range between zero and
those of actual arguments are taken for
at are greater than the threshold 1o the power of

: h“wdﬂumfmmumn SETnAn-
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rocedure Interprocedural Framework
1 worklist /= uan.ﬁH

Analysed = W,
while Worklist # ¢
NewProcs =
foreach Proc in Worklist
NewProcs := NewProcs U
Cloning( ProcName: Procsima,, )
Analysed := Analysed U { Proc |,
end for
Worklist 1= (Worklist U NewProcs) - Aty
end while )
end procedure

Fig. 5. Interprocedural Framework

m = |CVars(cs)|. This threshold parameterizes the cloniy
algorithm, A threshold of zero enables all possible
ment types at call-site ¢s and we can expect expanential y
growth. In contrary a threshold of one allows only few uy,
ment types with the probability of one. More formally, g
set of cloning candidates is given below,

Cand(cs) = {f|P{cs,ﬂ > th™}.

If set Cand(cs) is empty, we choose default argument type
We can cither take the most likely ones or the dummy lype
that the programmer has originally taken for the called pro

cedure.

C. Interprocedural Cloning Algorithm

The interprocedural cloning algorithm propagates ap
ment types lu_lha'ul]m as described in Figure 5.
) Clones which have to be analyzed are stored in 1 Worl
dTmnTnl:: anl:ﬁ.# stores signatures which comprise prost
i : n.t::i corresponding dummmy argument types. #
beﬁmandm ok méﬂlﬂﬂﬁliﬂll mﬂu or clones which s
s it - AL %
e e
mﬂ:‘“ that ﬂlﬂ“l!numlm dummy arguments of
analyzed and s Il signatures which have already b
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Note that function stype returns

able v and is either im;;peng:lid by &md ity
-_::-r an instrumentation is to be implemented to mm
information. Furthermore, the called clone is denoted by
ProcName(cs) paramMapycs, Where ProcName(es) deter
mines the procedure of call-site cs and ParamMap maps the
actual argument types to the dummy arguments of the clone.
In the last step of the loop body cloning candidates are con-
verted to dummy argument types and added to result set New-
Clones.

V. EXPERIMENTS

In Table I we show the pu’l‘urmmmeu!' a kernel which per-
forms a S-point stencil on a one-dimensional array. The ker-
nel was measured on a single veclor processor (8 (H*IM]
of an NEC SX-5 withNECPSWSXcu_mﬂﬂ'mdguln
gle processor (250 MHz) of an SGI Origin 2000 with MIP-
Spro Fortran 90 compiler (version 7.3.1) The kernel per-
forms 1000 ume-steps, Wht::c:? each '{::‘“;: subroutins
is called 10 perform the § opcre suluu'n:
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TABLE I: Optimizing the transfer of array sect
¢ competanonal keme | performing umm.m‘ e
double precision mmays with asue ranging from 1K up 1o

& POMNCT 10 a0 WTRY section 5y passed 1 an explic shape dum
with an sssemed dumsny shape sy 15 called (s Figure | (a))

sions is caused by the overhead of copying the actual array
section oa eatry 1o the procedure as well as upon exil from
the procedure.

Although the experiments shown in Table | indicate a sig-
nificant performance improvement for the case where ex-
plicit shape arrays are substituted by assumed shape arrays,
sach & transformation may also cause certain overheads with
some Fortran compilers. When computing linear adresses for
acoesses to assumed arrays, a Fortran compiler has to take the
information about the transferred actual array section (i.e. the
siride) into account. The stride information is usually passed
in addtion to the address of the actual array by means of a
section descriptor in the array's dope vector. The stride of the
actual ammay section has 10 be incorporated into the address
tramslation mechanism. In of non-contiguous actual ar-
ray section, additional multiplications may have to be per-
formed during computation of linear addresses. Moreover, if
the siride of the transferred array section is sufficiently large
additional cache misses may be caused. As a consequence,
certain overheads may be introduced for accessing elements
of assumed shape arrays. Fortunatley, most Fortran 90 com-
pilers can handlc assumed shape arrays which are associated
with stride | array sections as efficiently as explicit shape
=rays.
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'm V1. RELATED WORK
Procedare cloning has been introduced by Cooper (3] in

the context of interprocedural constants. Hall [8] and Cooper,
Hall. and Keanedy [4] describe a procedure cloning algo-
rithm which is based on three phases. In the first phase all
: ing posstby —*dh)'ﬂlﬂltﬂjnl cloning vec-

a8 a vector of information rep-

jons by means of proc

b iteration 8 proced e
P clements were used. The second row of the table refers to the timing, r\

my armay, while the last row shows the clapsed times where a cloned varmat o, ™
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.edure cloning. The numbers in the table mhm‘-
unmpmnnnnhnﬁmmlnpmm-umh .

b\

restrict cloning to profitable ones. Furthermore, & .
procedure call is replaced by a call to the cloned P“:&
Our call-site transformation replaces the original .y .
sequence of guarded calls to the most profitable Proceg,
clones.

Probabilistic data-flow frameworks have beea
by Ramalingam [9] with the description of a genen 5
flow framework which computes the probability tha ; &
flow fact holds or does not hold for finite bi-disnig,
subset problems. The framework is based on the explg,
control-flow graph introduced by Reps, Horwitz, Sagn (10
and on Markov chains. However, execution history u »
taken into account. We have modified the equation syse;
presented in [5] in order to utilize execution hisiory. b&
way we achieve significantly better results.

VII. CONCLUSION AND FUTURE WORK

We have presented a novel interprocedural clomng %
rithm that utilizes runtime information. In this way » &
distinguish between profitable and non-profitable proce™
clones with a high accuracy. A parameterizable e
controls program growth. For a given threshold e
Pmmwmtdm“mw”mw
e e o 1

WORK, ‘our cloni i on .
aitq-mtﬁngih'lmplmuf.miﬁ.ﬂwﬂ |
by several clone calls. Although our cloning slgr™”






