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Abstract that can be exploited by the runtime system are also de-

termined and/or controlled by the programming language.

In this paper, we present an energy-aware parameter- Unfortunately, to the best of our kpowledge, there has not
passing strategy called on-demand parameter-passing. Thédeen a study so far for evaluating different language features

objective of this strategy is to eliminate redundant actual from an energy consumption perspective.

parameter evaluations if the corresponding formal param- ~ Parameter-passing mechanisms are the ways in which
eter in a subroutine is not used during execution. This on- parameters are transmitted to and/or from called subpro-
demand parameter-passing is expected to be very succesgrams [9]. Typically, each programming language supports
ful in reducing energy consumption of large, multi-routine a limited set of parameter-passing mechanisms. In C, one of
embedded applications at the expense of a slight implementhe most popular languages in programming embedded sys-
tation complexity. tems, all parameter evaluations are done before the called
subprogram starts to execute. This early parameter evalua-

tion (i.e., early binding of formal parameters to actual pa-

. rameters), while it is preferable from the ease of implemen-

1. Introduction tation viewpoint, can lead to redundant computation if the
parameter in question is not used within the called subpro-

It is possible to attack the energy consumption problem 9ram.
from different angles. Throughout the years, circuit de-  In this paper, we present an energy-aware parameter-
signers developed numerous techniques to reduce energpassing mechanism that tries to eliminate this redundant
consumption (see [2] and the references therein). RecenfOmputation when it is detected. The proposed mechanism,
years have also witnessed several architectural and systerg@lledon-demand parameter-passigmputes value of an
level optimizations. Among these are energy-efficient man- actual parameter if and only if the corresponding formal pa-
agement of hardware components and use of low-powerr@meter is actually used in the subroutine. It achieves this
operating modes. On the software side, operating sys-PY using compiler’s help to postpone the computation of the
tem (OS) based studies targeted at reducing energy convalue of the actual parameter to the point (in the subroutine
sumption through runtime monitoring, scheduling, and volt- code) where the corresponding formal parameter is actu-
age/frequency scaling (e.g., [11]). More recently, com- ally used. It should be emphasized that our objective is not
piler researchers (e.g., [10]) proposed several compila-justto eliminate the computation of the value of the actual
tion techniques for optimizing energy behavior of applica- Parameter but also all other computations that lead to the
tions without impacting their performance severely. It is computation of that parameter value (if such computations
also possible to reduce energy consumption using algorith-are not used for anything else). Our on-demand parameter-
mic/application level optimizations [3]. passing mechanism is entirely transparent to the user and

We strongly believe that addressing ever increasing en-does not modify the meaning of the application irrespec-
ergy consumption problem of integrated circuits must span tive of whether 'ghere exists redundan; computation due to
muitiple areas. While advances in circuit, architecture, Parameter-passing or not. Our work is complementary to
0S, application, and compiler areas are promising, it might the studies in [4, 5, 12]. There is also work on hardware-
also be important to consider programming language Sup_based common case exploitation (e.g., [8]). In contrast, our
port for low power. This issue is very critical because approach is software oriented and targets unu_sed formal pa-
programming language defines the interface between algofameters rather than common case computations.
rithm/application and the underlying architecture/execution

environment. The types of optimizations that can be per- 2 Review of Parameter Passing Mechanisms
formed by the compiler and possible architectural hooks ~

Subroutines are the major programming language struc-
*This work was supported in part by NSF CAREER Award #0093082. tures for enabling control and data abstraction [9]. The in-
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terface of the subroutine to the rest of the application code is
indicated in itsheadesing subroutine name and its param-
eters. The parameters listed in the subprogram header are
calledformal parametersSubprogram call statements must
include the name of the subroutine and a list of parameters,
calledactual parametergp be bound to the formal param-
eters in the subprogram header. In a typical implementa-
tion, at the subroutine invocation time, the actual parame-
ters are computed and passed (copied) to formal parame-
ters using theparameter access pathAfter the execution

of the subroutine, depending on tharameter return path
used, the values of the formal parameters are copied back to
actual parameters. The parameter access path and param-
eter return path implementations depend on the parameter-
passing mechanism adopted and discussed below for the C

language.
In C, each subroutine parameter is passed using one
of two mechanisms: call-by-value (CBV) and call-by- Figure 1. An example control flow graph

referencgCBRY). In CBV (which is the default mechanism), (CFG).
when a parameter is passed, the value of the actual param-
eter is computed and copied to the formal parameter; that
is, the parameter access path involves a value copy opera-
tion. This increases the storage overhead as the actual andihere the parameter passed is not used in the subrou-
formal parameters occupy different locations. During the tine. This is particularly problematic if the computation
execution of the subroutine, all references to the formal pa-of the actual parameter involves an expensive expression
rameter uses only the location allocated for it; that is, the evaluation, an array element computation, or a subroutine
content of the location that holds the actual parameter iscall itself (which occur in many large applications). As
not modified. In fact, the said location remains unmodi- an example, consider the scenario that occuriViood
fied even after the subroutine returns. In a sense, there ifone of our applications), where an actual parameter is
no parameter return path. The CBV mechanism is an ex-u[2i+1][j+k]*2v , Whereu is a two-dimensional array
cellent parameter-passing method for the cases that requirandv is a scalar variable. In order to pass this parameter,
only one-way communication (i.e., from caller to callee).  the CBV mechanism first computes its value. It should be
In comparison, in the CBR mechanism, the actual pa- noted that this process includes (i) computing the values of
rameter and the formal parameter share the same location.subscript expressions, (ii) computing array index value us-
At subroutine invocation time, a pointer to the actual pa- ing these subscript expressions, (iii) computing the value of
rameter is passed to the subroutine. This parameter accesav, and (iv) executing the multiplication operation. After
path speeds up the subroutine invocation. However, duringcomputing the value of this actual parameter, the CBV al-
subroutine execution, each access to the formal parameter ifocates a memory location (for the formal parameter) and
slower as it requires a level of indirection. Also, CBR can then copies this value to that location. Surprisingly, in this
lead to subtle aliasing problems [9]. Since a pointer, not ac- case, the CBR mechanism is as costly as CBV. More specif-
tual value, is passed to the program, the parameter accessally, what CBR needs to do here is to compute the value
path and parameter return path are the same, and when thef the actual parameter using the same four steps mentioned
subroutine returns, the actual parameter mirrors the lateseibove and then store the resultin some location and pass the
update to the formal parameter. In C, programmers enforceaddress of this location (as a pointer) to the called subrou-
the CBR mechanism by passing the address of the actual patine. In fact, the overhead of the computation of the actual
rameter. It should also be mentioned that arrays are alwaysarameter above can even be much higher if referenaes to
passed using CBR as using CBV would incur a tremendousor v miss in the cache. If this parameter is not used in the
copy overhead during subroutine invocation time. called subroutine, both CBV and CBR waste energy as well
Comparing the overheads incurred by these mechanismsis execution cycles. This magnitude of this penalty is mul-
during parameter passing, we observe that CBR is moretiplied if the parameter-passing occurs within a nested loop.
efficient than CBV in terms of both time (it does not in- Our objective in this paper is to eliminate the energy and
volve memory copy) and space (it does not duplicate data).performance overhead incurred in such cases using some
It should be emphasized, however, that both these mechahelp from compiler.
nisms passes all parameters (i.e., values in CBV and point-
ers in CBR) at subroutine invocation time. .While this 3. On-Demand Parameter Passing
uniform treatment of parameters makes the implementa-

tion simpler, it may also cause some inefficiencies in casesg 1 Approach

INote that in reality C language does not implement CBR directly; it As noted in the previous section, early evaluation of an
mimics CBR by allowing to pass pointers as values in CBV. unused formal parameter can lead to performance and en-



ergy loss. In this section, we describe an energy-efficientlll , the on-demand parameter-passing strategy can save
on-demangbarameter-passing strategy. In this strategy, the energy. If the execution takes any other path, however, we
value of an actual parameter is not computed unless it isneed to compute the actual parameter. A straightforward
necessary. Note that this not only eliminates the computa-implementation would compute the values of actual param-
tion for the value of the parameter, but also all computations eter in six different places (one per each use). As will be
that lead to that value (and to nothing else). In develop- discussed later in this paper, a careful implementation can
ing such a strategy, we have two major objectives. First, reduce the number of these computations to three, one per
if the parameter is not used in the called subroutine, we path. It should be noted, however, that even these three
want to save energy as well as execution cycles. Secondgvaluations (i.e., one per path) present a code size over-
if the parameter is actually used in the subroutine, we wanthead over CBV or CBR parameter-passing strategies (as
to minimize any potential negative impact (of on-demand both CBV and CBR perform a single evaluation per param-
parameter-passing) on execution cycles. eter). Therefore, to be fair in comparison, this increase in

We discuss our parameter-passing strategy using the con¢©de size should also be accounted for.

trol flow graph (CFG) shown in Figure 1. Suppose that

this CFG belongs to a subroutine. It is assumed shat 3.2. Global Variables

y, z, andt are formal parameters and the corresponding

actual parameters are costly to compute from the energy |, this subsection, we show that global variables present
perspective. Therefore, if it is not necessary, we do notg gjfficulty for on-demand parameter-passing. Consider the
want to compute the actual parameter and perform pointerso|iowing subroutine fragment, assuming that it is called us-

(in CBR) or data value (in CBV) passing. We also assume ing foo(c[index]) , wherec is an array anindex is
that...x... in Figure 1 denotes the use of the formal pa- 5 global variable:

rameterx (and similarly for other variables). It is assumed
that these variables are not referenced in any other place in
the subroutine. In this CFG, CBV or CBR strategies would
compute the corresponding actual parameters and perform int y;
pointer/value passing before the execution of the subroutine

starts. Our energy-conscious strategy, on the other hand, if (..){
postpones computing the actual parameters until they are
actually needed. index++;

We start by observing that the CFG in Figure 1 has five &,":Xﬂ.
different potential execution paths from start to end (de- Ty
noted using , Il , Il IV, andVin the figure). However, else {
it can be seen that not all formal parameters are used in all
paths. Consequently, if we compute the value of an actual }
parameter before we start executing this subroutine and then }
execution takes a path which does not use the correspond-
ing formal parameter, we would be wasting both energy and It can be seen from this code fragment that a normal
execution cycles. Instead, we can compute the actual paparameter-passing mechanism (CBR or CBV) and our on-
rameter on-demand (i.e., only if it really needed). As an demand parameter-passing strategy might generate differ-
example, let us focus on the formal paraméteAs shown ent results depending on which value of the global variable
in the figure, this parameter is used only in p#th So, index is used. In on-demand parameter evaluation, the ac-
it might be wiser to compute the corresponding actual pa- tual parameter is computed just before the variabie ac-
rameter only along this path (e.g., just before the parametercessed in statemeptx+1 . Since computing the value of
is used). When we consider formal parametehowever, c[index] involvesindex which is modified within the
we see that this parameter is used as soon as the subrowsubroutine (using statemeinidex++ ) before the param-
tine is entered. Therefore, it needs to be computed wheneter computation is done, the valueinflex used in on-
the subroutine is entered, which means that it does not bendemand parameter-passing will be different from that used
efit from on-demand parameter passing. A similar scenarioin CBR or CBV. This problem is called ttgdobal variable
occurs when we focus on formal parameger This pa- problemin this paper and can be addressed at least in three
rameter is used at the very end of the subroutine where alldifferent ways:
paths merge. Consequently, the corresponding actual pa- e The value ofndex can be saved before the subroutine
rameter needs to be computed irrespective of the executiorstarts its execution. Then, in evaluating the actual parameter
path taken by the subroutine. Here, we have two options.(just beforey=x+1 ), this saved value (instead of the current
We can either compute that actual parameter as soon as thealue ofindex ) is used. In fact, this is the strategy adopted
subroutine is entered; or, we can postpone it and computeby some functional languages that use lazy evaluation [9].
just before it needs to be accessed (at the very end of thelhese languages record the entire execution environment of
subroutine). Our current implementation uses the latter al-the actual parameter in a data structure (catledure and
ternative for uniformity. Accesses to parametepresent  pass this data structure to the subroutine. When the subrou-
a more interesting scenario. This variable is accessed intine needs to access the formal parameter, the corresponding
all but two paths. So, if the execution takes péth or actual parameter is computed using this closure. While this

foo(int x)



strategy might be acceptable from the performance perspecas much as possible.

tive, it is not very useful from the energy viewpoint. This is Depending on the original parameter-passing mecha-

because copying the execution environment in a data strucnism used (CBV or CBR), we might need to perform

ture itself is a very energy-costly process (in some casesslightly different actions for addressing the multiple uses

it might even be costlier than computing the value of the problem. If the original mechanism is CBYV, the first use

actual parameter itself). computes the value and stores it in a new location, and the
¢ During compilation, the compiler can analyze the code remaining uses (on the same path) use that value. If, on

and detect whether the scenario illustrated above really oc-the other hand, the original mechanism is CBR, the first use

curs. If it does, then the compiler computes the actual pa-computes the value (if the actual parameter is an expres-

rameter when the subroutine is entered; that is, it does notsion), stores it in a location, and creates a pointer which is

use on-demand parameter-passing. In cases the compilesubsequently used by the remaining uses (on the same path)

is not able to detect for sure whether this scenario occursto access the parameter. In either case, the original seman-

it conservatively assumes that it does, and gives up on on+ics of parameter-passing is maintained.

demand parameter-passing.

e This s similar to the previous solution. The difference 3.4. Problem Formulation and Solution

is that when we detect that the scenario mentioned above oc-

curs, instead of dropping the on-demand parameter-passing o

from consideration, we find the first statement along the  To perform analyses on a program, it is often neces-

path that assigns a new value to the global variable and ex-sary to build a control flow graph (CFG). Each statement

ecute the actual parameter evaluation just before that statein the program is a node in the control flow graph; if a state-

ment. For example, in the code fragment given above, thisment can be followed by another statement in the program,

method performs the actual parameter computation just bethere is an edge from the former to the latter in the CFG

fore theindex++ statement. [1]. In this paper, the CFG nodes are individual statements,
It should be mentioned that Algol introduced a whereas in most data-flow analysis problem, a CFG nodes
parameter-passing strategy caltedl-by-namegCBN) [9]. contain a sequence of statements without branch. Note that

When parameters are passed by call-by-name, the actugFFG can contain one or more loops as well. In the follow-
parameter is, in effect, textually substituted for the cor- ing discussion, we use the termsde block andstatement
responding formal parameter in all its occurrences in the interchangeably. Each node in the CFG has a set of out-
subprogram. In a sense, CBN also implements lazy bind-€dges that lead teuccessor nodesnd in-edges that lead
ing. However, there is an important difference between our to predecessor node3he sefpred(b) represents all prede-
on-demand parameter-passing strategy and CBN. In CBN,Cessor nodes for statemeérand the setucc(b) denotes all

the semantics of parameter passing is different from that ofsuccessors df[1]. .

CBV and CBR. For example, in theaisprogram fragment ~ Data-flow analysis is used to collect data-flow informa-
given above, the CBN mechanism uses the new value oftion about program access patterns [1]. A data-flow analysis
index (i.e., the result of thindex++ statement) in com-  framework typically sets up and solves systems of equations
puting the value of the actual parameter (and it is legal to that relate information at various points in a program (i.e.,
do so). In fact, the whole idea behind CBN is to create suchin various points in the corresponding CFG). Each point of
flexibilities where, in computing the values of actual pa- interestin the code contributes a couple of equations to the
rameters, the effects of the statements in the called subrouoverall system of equations. In our context, data-flow equa-
tine can be taken into account. In contrast, our on-demandions are used to decide the points at which the actual pa-
parameter-passing strategy does not change the semanti¢@meter evaluations for a given formal parameter need to be
of CBV/CBR; it just tries to save energy and execution cy- performed. We define a function callédSE() such that
cles when it is not necessary to compute the value of anUSE(b,x) returns true if statement (basic block)uses

actual parameter and the computations leading to it. variablex; otherwise, it returns false. Using théSE()
function, we make the following definition:

3.3. Multiple Use of Formal Parameters
true, if USE(b,x)and

If a formal parameter is used multiple times along some dp € pred(b) \EV AL(p, x)
path, this creates some problems as well as some opportu-EV AL(b,x) = { true, if !USE(b,x)and
nities for optimization. To illustrate this issue, we consider Vp € pred(b) EV AL(p,x)
the uses of the parameteiin pathl of Figure 1. It is easy false, otherwise
to see that this parameter is used twice along this path. Ob- Q)

viously, computing the value of the corresponding actual In this formulation,p denotes a predecessor statement for
parameter twice would waste energy as well as executionb. For a given statememtand formal parameter where
cycles. This problem is called thaultiple uses problem  x is used inb, EV AL(b, x) returns true if and only if an

in this paper. To address this problem, our strategy is toactual parameter computation corresponding to the formal
compute the value of the actual parameter in the first use parametek needs to be performed to accesm b. Such a
save this value in some location, and in the second accesparameter evaluation would be required if and only if there
to X, use this saved value. Obviously, this strategy tries to exists at least a path (coming to stateminalong which
reuse the previously-computed values of actual parametershe actual parameter evaluation in question has not been



R P A
EVAL (R.X) =faise EVAL(P, X)=tue  EVAL (R.Y) =true
b

b
EVAL (b,X) =true EVAL (b,y) =faise
() (b)

Figure 2. Two different scenarios for EV AL()
computation.

performed yet. As an example, suppose that statement

has two predecessorg; andp,. Assume that a formal @ (b)
parametex is used inb andp,, but not used irp;; that . .
is, USE(b,x), USE(p1,x), USE(ps, x) return true, false, Figure 3. (a) An example CFG. (b) Inserting a

and true, respectively. Assuming that no statement along basic block for parameter evaluation.

the path starting from the beginning of the subrouting,to

and no statement along the path starting from the beginning

of the subroutine tg, use the parameter. In this case,

EV AL(p1,x) computes false anBV AL(p2, x) computes  eter has been computed earlier. Consequently, it does not
true. This indicates that the actual parameter evaluation haseed to be recomputed; instead, it can be used from the lo-
been performed along the path that containisut not along cation where it has been stored.

the path that contains . Since statemerstcan be accessed e USE(b, x) = false andEV AL(b, x) false: In this case,
throughp, or p», we need to (conservatively) perform the - the statement does not use and is not involved in the
evaluation of actual parameteriifsee Figure 2(a)); thatis,  computation of the value of the corresponding actual pa-
EV AL(b, x) will return true. Suppose now that another for- 3 meter.

mal parametey, is used by all these three statemenigi , e USE(b.x) = false andEV AL(b. x) true: This case
andp.. In this case, botiV AL(p1, y) and EV AL(ps, y) is the sarrse a)s the previous one gs f?ar as inserting the ac-

return true. Assuming that andp, are the only statements . - o
through whichb can be reachedzV AL(b, y) will return ét)ueetlfgr?rr]zrgneter evaluation code is concerned. No action is

false. Note that in this last scenario when execution reache It should be noted that th&V AL() function can be

b, itis guaranteed that the value of the actual parameter (cor-cOm ted in a sinale traversal over the CFG of the subrou-

responding toy) has been computed (see Figure 2(b)). -omputed in a single traversal ov ubrou
hould b d th ith h | h tine. The evaluation starts with the header statemeas-

It should be noted that although we also compute the s ming v A7,(h,x) = f) for each formal parameter. It

EV AL() function even for the statements thatttiaccess  an yisits the statements in the CFG one-by-one. A state-
the formal parameter in question, the meaning of this func- ent s visited if and only if all of its predecessors have al-
tion in such cases is different. Specifically, thé”AL() ready been visited and thel#V" AL() functions have been
function for such statements is used only for conveying the computed. These values are used in computing the value
value (of EV.AL()) from the previous statements (if any) of the B/ AL() function of the current statement using the
that use the formal parameter to the successor Stateme”@pression (1) given above. While it is possible to com-
that use it. In technical terms, suppose thials a state- ) i the1 AL () function of all variables simultaneously
ment that does not access the formal parametendp;, in a single traversal of the CFG, our currentimplementation
P2, ..., pi @re its predecessor statements. If there is at leastyertorms a separate traversal for each variable. This is a vi-

ani such thatl < i < kandEVAL(p;,x) is false, then 36 option as the number of formal parameters for a given

EV AL(V,x) is set to false; otherwise, it is true. subroutine is generally a small number.

It should be emphasized that, usifg’ AL(), we can We now give an example to explain how our approach
also place actual parameter evaluation code into the subroupandles a given formal parameter. Consider the CFG in

tine. More specifically, for a given statemeénand formal Figure 3(a), assuming tha, bs, bs, bs, bs, andbg are
parametex, we have four possibilities: . the only statements that use formal paramgteiVe start

e USE(b,x) = true andEV AL(b, x) true: Inthis case, by observing thaZV AL(b,x) should be true as there is
the actual parameter needs to be computed to access the fofo way that the value of the actual parameter might be re-
mal parameter. This means that there exists at least one patfuired before reachinly (along the path that leads ).
from the beginning of the subroutine towhich does not  Having computedsV AL (b;, x) as true, it is easy to see that
contain the actual parameter computation in question. EV AL(bs, x) should be false a is the only predecessor

e USE(b,x) = true andEV AL(b,x) false: This case tob,. Informally, what this means is that, since we compute
means that the statemeiheeds to access the formal pa- the value of the actual parametebin we do not need to re-
rameterx and the value of the corresponding actual param- compute it inb,. In a similar fashion, it can easily be seen



. ) performed in this new basic block and the statenbgulioes
'Nfolfléé?]%ZSC"{,'}SCZifd(fdr’;:eﬁop";f:ﬁef not perform that evaluation. In this way, we guarantee that
OUTPUT: The computedEV AL (b, x) function whenbs is reached, the actual parameter has already been
computed; s can just use the value.

for each nodé in CFG do The second method, callgith control,is based on the

b.processed— false;

endfor; idea of using a variable (or a set of variables) to determine at
B +— nodes in CFG without predecessor; runtime which path is being executed. For example, assume
while (B 20 B that we use a variabjeto determine which path (leading to
computeEV AL (b, x) using the expression (1); bs) is being executed: Withoqt Ioss' of generality, we can
b.processed— trt(le); assume that if path | is takenis assigned 1, otherwige
for eachs € succ(b) do ; ; .

it Vip € pred(s) p.processed = true then is set to zero. Under this method, whinis reached, we

if s.processed = true then can check the value qf, and dependmg on its value, we

B+«— BUs; perform actual parameter value evaluation or not. It should

o be noted that, as compared to the first method, this method

is expected to result in a smaller executable size (in gen-
eral); but, it might lead to a higher execution time due to

Figure 4. Algorithm to compute  EV AL(). comparsion operation.

4. Conclusions

thatEV AL(bs, %), EV AL(bs, %), EV AL(bg, x) should be
true, false, and false. The stateménpresents an interest- Embedded systems demand energy efficiency in order to
ing case. Since this statement can be reached through twenaximize the battery life. While previous work has concen-
different paths (shown as | and Il in the figure), in deciding trated on reducing energy consumption using circuit, archi-
whatEV AL(bs, x) should be, we need to consider both the tecture, and OS level techniques, in this work, we studied
paths. Ifbs is reached througby, we can see that no actual the possibility of modifying the parameter-passing mecha-
parameter computation (#3%) is necessary. If, however, it nism of the language with some help from compiler. Using
is reached through path |, we need to compute the value ofa set of five real-life applications and a custom simulator,
the actual parameter. Consequently, we conservatively dewe investigated the energy and performance impact of an
termine thatE'V AL(bs, x) is true; that is, the value of the on-demand parameter-passing strategy. In this strategy, the
actual parameter should be computed before the formal pavalue of an actual parameter is not computed if the corre-
rameter is accessed bg. sponding formal parameter is not used within the subrou-

Figure 4 gives the data-flow algorithm for computing the tine.
EV AL() function for each statement in a given subpro-
gram. The se in this algorithm holds the basic blocks References
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