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Abstract—Multimedia signal processing software typically have to for (Ii =Dy Iy < (bi/+1); I += t1)
process large amounts of data. The algorithms often involve the handling for (Io=boj To < (bp"+1); Ip #= t2)
of data arrays in the form of nested loops. Experiments show that
for this kind of applications data transfer (memory access) operations .
consume much more power than data-path operations. Our objective is cx D7
to reduce memory access related power consumption by reducing the
number of data transfers between processor and memory, or between a

for (Iy= bu; In< (bu'+1); In += tw)
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higher (closer to processor) level of memory and a memory at a lower fy=IH+é=[1, I, .. 1,] " ™ e ¢ .oyl
level using source program transformation. In this paper, we propose a
source-to-source transformation method to improve register usage for g By e By
multi-dimensional arrays in nested loops. Significant improvement is or

demonstrated through some benchmark programs. =160 AD - 100
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Power consumption has become an increasingly important CIQ%_ 1
factor in embedded system designs. One of the reasons is the pgp
liferation of battery powered portable hand-held devices. Moreover,
high power dissipation also means costly packaging and cooling
requirements and lower reliability. Consequently, power-efficiency Multiple-index subscripted variable is illustrated in Fig. 1. The array

o

a critical concern when designing an embedded system. referencer[f(I)] has N dimensions inside a loop nest with a depth
Our specific target of power reduction is multimedia applicationsf M. In each dimension, a subscript expressfq(lf) 1<n<N)

This kind of applications is data-intensive and access large amountgah have maximal\/ loop index variabled,,, (1 < m < M). That

data. Power consumption of these applications is largely contributisdto say, the subscript value of theh dimension of the array is

by data transfer and memory access operations [8], [9], [14], [1L@letermined by more than one loop index variables. When it is the

[11]. In contrast, data-path operations consume much less powrse, the array referenaeis said to be a multiple-index subscripted

Hence, reducing data memory access will lead to a reduction of powariable.

consumed by the application. A multiple-index subscripted variable generates temporal reuse
Generally, in a program data are stored as arrays and are ofifeit accesses the same datum in different iterations; this kind of

manipulated inside (nested) loops. Without any optimization to thariables is exploitable in improving register allocation. Those that

source code, redundant access to the arrays often exist and shéaildo generate temporal reuses will not be considered during register

therefore be minimized. Our approach to this problem is to perforallocation. Whether multiple-index subscripted variable can generate

high-level source-to-source transformations so that temporally reugethporal reuse is determined by both its subscript expressions and

data can be stored in registers instead. However, temporal reuse tbenboundary values of the loop nest. This is explained in more detail

happen in various forms. In order to select and perform suitakile the section IlI-A.

high-level transformations for different kinds of temporal reuse Temporal reuse generated by a multiple-index subscripted variable

automatically, a systematic method is required. This paper proposeseferred to self-temporal reuse. However, this is different from the

such a method that improves the register allocation of subscripteelf-temporal reuse described in [15]. In [15] the self-temporal reuse

array variables under normal compilation conditions, with compilersf an array reference is generated by invariant loop index variable

which use coloring-based register allocators. The major contributionly, whereas, the self-temporal reuse here is generated by multiple

of our work is that multiple-index subscripted variables are explorddop indices. Fig. 2 gives an example of the two cases. Both reference

in our method. In contrast, the previous works [7], [6], [12], [13]x[¢] in Fig. 2(a) and reference(i + j] in Fig. 2(b) generate temporal

[5] restrict array references to be single-index subscripts. This limitsusesz[i] is invariant to loop index. With the same value of,

the maximum exploitation of temporal reuse. x[i] accesses the same datum throughout the entire jodp this

example,z[i] has 10 instances fromz[0] to z[9]. Every instance

is accessed 0 times which is the boundary value of logp In
Subscripted variable is array reference inside a loop nest (ecgntrastz[i + j] does not have any invariant loop. Its subscript is a

z[#][4])- Multiple-index subscripted variable means that an arrdynction of both loop indicesg andj. The temporal reuse generated

reference can have more than one loop index variables in eachbgfz[i 4+ j] results from both loop indices and j. For example,

its dimensions (e.gz[: + j][j] and z[2i — j]). A general form of =z[i + j] accesses the instanegl] twice for ¢ = 1 j = 0) and

General form of multiple-index subscripted variable X’ in a nest

Il. MULTIPLE-INDEX SUBSCRIPTEDVARIABLE



for (i

for (j oo p 1<o;101;+;)++) « Whenrank(H) > M — p, this situation should not exist in a
cee = x[A] L. correctly written program. There is no reuse in this case.
@ o When rank(H) < M — p, the reference might generates
temporal reuses with its loop indices. It should be noticed that,
for (1 = 0; 1 < 10; i++) these temporal reuses are exploitable only when they occur

within the loop bound# andb'.

When it is found that a reference hasnk(H) < M — p, the
distance vectoshould be computed using Equation 1. Distance vector
Fig. 2. Examples of two kinds of self-temporal reuse measures the distance between multiple accesses to a datum in terms
of loop iterations. Itsﬂpﬂinciple is}rLat self-temporal reuse occurs when

any two instancesg[f(z)] andz[f ()], of an array reference[f(I)]
(i = 0 j = 1). Furthermorex[i + j] accesses each instance wittccess the same datum at different iteratioasid j (i # j).

for (3 = 0; § < 10; J++)
.= x[1+7] .

(b)

different number of timesz[0] is accessed once foi & j = 0), o - -

whereasg[9] is accessed0 times for different value combinations of L f@) = () andi

i andj. This example shows that multiple-index subscripted variable iH+é=jH+¢C

generates self-temporal reuse in a different way from loop invariant . .

reference. Therefore, the self-temporal reuse described in this paper (i—j)H =0

complements the original concept in [15]. In a more general case d= i—7

like Fig. 1, the situation will be more complicated. This requires a . .

systematic approach to detect and exploit multiple-index subscripted .dH =0 (1)
variable.

The distance vectors farf¢] in Fig. 2(a) andc[i+j] in Fig. 2(b) are
[0,1] and [1, —1] respectively. From the distance vectoradf + j],
it can be seen that there is a coupling effect between the values of
Conceptually, the exploitation method is simple. It tries to minithe two loop indices. That is to say, whenever loop indéxcreases
mize memory access by replacing the frequently used multiple-indiey 1, loop index; should decrease by 1. This coupling effect of the
subscripted variables to temporary scalar variables. This data transfadices generates temporal reuses for exploitation.
mation is called scalar replacement [5]. To enable this transformaticgw,
an systematic approach is developed. The flow of the overall approach

is shown in Fig. 3. The steps in the approach are discussed in thé-00p interchange is a loop transformation that permutes the loops
following sub-sections. inside a loop nest [2], [3]. It is performs before unroll-and-jam in

the approach. Loop interchange itself is not helpful to reveal reuses
from multiple loop indices. Instead, it is performed for loop invariant
references. Loop invariant reference is exploitable only when its
(ijnvariant loop is the innermost loop. Although this paper is to exploit
multiple-index subscripted variable, the occurrence of loop invariant
reference makes loop interchange necessary.

To determine whether loop interchange is necessary, the method
A. Detection Process does the followings. It finds out all the invariant loops, which are

Given a program, the compiler should find out not only th!eegal to shift to _the innermost loop, ir_1 a loop nest. Then _it selects

qne of the invariant loops. By assuming that loop as the innermost

multiple-index subscripted variables but also their ability of general i tes th t of loitabl The i ant |
ing temporal reuses. This process starts from the subscript express RE 't computes the amount of exploftable reuses. The nvariant loop
%t generates maximum number of reuses will be chosen to be the

of an array reference. The subscript expressions can be written in | s . . -
form of a matrix called access matri&] (defined in Fig. 1) innermost loop if it is not yet the innermost. If invariant loop does

For a loop invariant reference, the access matix,contains one not exist in the loop nest, no loop interchange and related tests will

or more rows of zeros, meaning a loop index is not in any subscrl%? performed.
expression of the reference. This evidence of temporal reusesCis Unroll-And-Jam
obvious to detect. In contrast, the situation for a more general formUnroII-and-jam is a kind of loop transformation technique that
of array reference including multiple-index subscripted variable [§rolls a loop body several times [6], [13]. It can be used in
not that direct. For a general form of array reference, its ability Qfnjunction with scalar replacement to improve register allocation [5],
generating temporal reuses can be found by comparing the rank ofsii§ce it reveals the reuses carried by the loop indices. As mention in
access matrix with the depth of the loop nest it resides. For a multiplgsction ll-A, the distance vector of reuse generated by multiplex-
index subscripted variable, the rank of its access matrix is compuigglex subscripted variables reveals coupling effects between loop
by applying Echelon reduction [3]. This rank is used to compakggices. Thus, when applying unroll-and-jam, multiple loops should
with the loop nest's depth less the number of invariant loops, sing@ ynrolled to expose this kind of reuses. Although unrolling multiple
a multiple-index subscripted variable can also be a loop invaria||abpS does not cause any legality problem, jamming the unrolled loop
reference. Assuming the number of loops invariant to a muItipI@,—ody into the innermost loop is not always legal. For an outer loop,
index subscripted variable is, the results of the comparison areypro||-and-jam is allowed when the outer loop can be interchange to
shown below. the innermost loop.

o When rank(H) = M — p, there is no temporal reuse is The most important problem in unroll-and-jam is to determine the

generated by the multiple indices. unrolling vector of the loop nest. For loop nest with depgth the

I1l. METHOD

Loop Interchange And Related Tests

‘ detection H loop interchange H unroll-and-jam H scalar replacement ‘

Fig. 3. The flow of the approach exploiting Multiple-index subscripte:
variable



for (i = 0; i < 9; i += 3) for (i = 0; 1 < 9; i += 3)

For every loop carrying legal temporal reuses, its unrolling factor v is initialized to the corresponding

. for (j = 0; 3 < 9; j += 3) %3 = x[i];
t,, . The minimal ratio R™ is initialized to 1. The optimum unrolling factor v**' s initialized to t. ( x4 = x[i + 1];
= x[i + 3] i for (j = 0; 3 < 9; j += 3)
= x[i + 3 + 1] {
. . = x[i + 3 + 2] x0 = x3;
Assuming there are L loops carrying legal temporal reuses, Crit3 e g
form=1,to L = x[i+ 3 + 2] x2 = x[i + 3 + 2];
= + j + 31 x3 = x[i1 + j + 31;
for v, =1, to v - + 3+ = x[i+ 3+ al;
= + 3+ x0 ;
= b3

compute the number of reuses, Ne.

compute the number of registers, Nr.

if (Nr < the number of registers available)
break; }

endif. fol(j = 0; j < 10; j++)

compute the total number of memory accesses ,Na.

compute the number of memory access ratio R.

if (R < R || (R==R™) && ( (v, X VyouX v, x v, ) < (W x vy Lx V") ))) )
Rop{=R‘ for(j = 0; J < 10; Jj++)

Optimal unrolling vector is assigned with the current unrolling vector. - = % [9H+]]

=x[1i + 9] ..;
x[i + 101 .;
x[i + 111 .;

W
%
N

.= x[9+3] . }

+ 91 ..;
10] ..;
+ 11] ..;

e b b
+

[
X %%

endif
(a) Unroll-and-jam (b)scalar replacement

endfor
endfor

Fig. 5. Scalar replacement in round robin fashion after unroll-and-jam
Fig. 4. lterative algorithm of searching optimal unrolling vector

unrolling vector is defined a§ = [v1 v2 ... vm ... vm]. With D Scalar Replacement

the understandings of the multiple-index subscripted variables, we

develop a parameter estimation model to determine the unrolling

vector for loop nests containing multiple-index subscripted variables.Scalar replacement replaces subscripted variables (array refer-
This estimation model has taken into account the distance vectorseotes) by temporary scalar variables to effect reuse [5]. Scalar
the reuses, the boundaries and the incremental step size of the legglacement is the last transformation in the method, which is

nest, and the number of available registers. In our model the extenghedformed after unroll-and-jam. This transformation increases the

code size from unroll-and-jam is not considered, since this is nisgister usage for most normal compiler with coloring-based reg-

purpose of this paper. However, further consideration on extendéter allocators and is the most effective way of reducing memory

code size should be incorporable into our method without mugiperands [14]. Register operand also has shorter running times due
modification. to elimination of potential stalls and cache misses.

1) Parametc_ar_s To Estimatéefhe optimal u_nrolling vector notonly  \yhen applying scalar replacement, there are few things to con-
revgals a s_lgmflca_n_t amount of reduction In memory access but algger. Firstly, legality should always be taken into account. Scalar
avoids register spilling. To find such an optimal unrolling vector fofgpjacement is performed on variables having true dependence (read-
a given loop nest, measurements are needed. The measurements fgke,rite) or input dependence (read-after-read). When the reuse
both the effect of scalar replacement and the effect of unroll-and-jgm e dependence, it should be ensure that there is no data up-

into account. The details are listed below. _ date between the 'write’ and the read’ of the datum. When the
« The total number of reuses exposed by unroll-and-jaf, reuse is input dependence, scalar replacement will not cause any
Reuse is the 'read’ after the first access. legality problem. For multiple-index subscripted variables, the reuse

« The number of scalar variables required by scalar replacemegénerated by multiple loop indices is self-temporal reuse, which is
Nr. The number of registers required cannot be greater thafvays input dependence. Hence, there is no legality problem during
the number of available registers. This is a condition to prevesgalar replacement. Secondly, when performing scalar replacement
register spilling. after unroll-and-jam, the temporary scalar variables are used in round

« The total number of memory accesses after the optimizatiobin fashion. For example, the code in Fig. 2(b) is optimized and
Na. This computes the total number of memory accesses aftfown in Fig. 5. In Fig. 5(a) unroll-and-jam is performed to expose
scalar replacement in round robin fashion. the temporal reuses generated by the multiple-index subscripted array

« The ratio of the memory accesses after and before the optimizaferencer[i+ j]. Both loopi and loop; are unrolled by an unrolling
tion, R. This parameter reflects the effect of optimization. Thigactor of 3. The temporal reuses are the references having the same
is the objective to minimize. subscripts, which are then reduced by scalar replacement as shown

2) Unrolling Vector: The algorithm for selecting an optimizedin Fig. 5(b). Scalar replacement is applied in round robin fashion by

unrolling vector based on the parameter estimations is presentednimoducing temporary variables), x1, 3 andz4. The assignments
Fig. 4. In Fig. 4, the first step is to do some initialization work folof 3 to 0 and x4 to z1 clear the data inc3 and z4, thus z3

the iterative searching of the optimal unrolling vector. It initializesand z4 can be loaded with new values. To enable the round robin
both the temporary unrolling vector (for searching) and the defadétshion,z3 andx4 are initialized in the outer loop. In the outer loop,
optimal unrolling vector to the original incremental step size vectdhere is no data passing betwee® and x4, since the distance of

i. During the search, it performs the parameters estimation for evewo array references carried by logps 1, which is less than the
possible unrolling vector. The unrolling vector leading to minimaihcremental step siz& Hence, the round robin fashion is not applied
memory accesses under the register restriction will be chosen. If tharehe outer loop. This example shows that scalar replacement in the
is more than one such unrolling vector, the one with smaller codeund robin fashion greatly reduces the number of array references.
size will win. If no unrolling vector satisfies the register restrictionThis is because the data with lifetime across iterations are passed
the original incremental step size is the optimal unrolling vector. through scalar variables.



TABLE | TABLE Il
BENCHMARK FROM HLSYNTH95/MEMORY COMPARISON OF ACCESS RATIOS FOROMPRESSION UNDER
10-REGISTER RESTRICTION

Benchmark | Description
Compression| An image compression scheme [vIv2] | Estimated R | Practical R
Laplace A Laplace algorithm to perform edge 22] 0.6370 0.6520
enhancement 23] 0.6040 0.6201
LowPass A low-pass filter to an image B2 0.6040 0.6201
SOR A Successive Over-Relaxation (SOR)
algorithm TABLE Il
Wavelet The Daubechies 4-Coefficient Wavelet
filter EXPLOITATION RATE UNDER 10-REGISTER RESTRICTION
Prog. Opt.v Reg. Rideal Rprac Expl.
Used Rate
E. Complexity (%)
. . . ) Comp. | 2 3] 8 0.4041 | 0.6201 | 66
The alg(_)r_lthm has to first detect the_ dlstange v_ectors in a I_oopl Capl. T3] 9 02041 1 06081 | 29
nest. Specifically, the process of searching multiple-index subscriptedTTowp. | [T 3] 9 0.2041 0.6081 | 49
variable is found inD(n) time, n is the number of subscripted array [ SOR | [2 3] 10 0.7534 | 0.8653 | 55
references. After the detection process, the algorithm performs the Wave. | 6 10 0.5208 | 0.5833 | 87

test for loop interchange. This test is usually fast and requirg¥/)
time, M is the depth of the loop nest. Following loop interchange,

the algorithm searches the loop index space for optimal unrolliploited in a program using (2).

vector based on the parameter estimations. This process requires time o 1— Rprac
O(MK), M is the depth of a loop nest, anH is the number EzploitationRate = 1= Rigews
of iterations in a loop. In practice, the algorithm runs surprisingI%h

fast. This might be due to the acceptable complexity of practicgb
applications.

x 100% @)

ereR,rqc iS the practical memory access ratio after and before the

timization. R;4cq: IS the ideal memory access ratio. The ideal case
happens when there are sufficient registers to store all the data having

IV. PERFORMANCEEVALUATION temporal reuses. The ideal access ratio is inherent to computations

Our proposed method is applied to five benchmark pr(’fEnd does not depend on the way a program written.

grams taken from the High-level Synthesis Design RepositorgEvaluation is performed on the benchmarks underlifieegister

((HLSynth95/memory) [1] listed in Table 1. All the programs involve' StrICtIOI’]: The resqlts are shqwn in Table Ill. The second column in
array accesses inside nested loops. the table is the optimal unrolling vector selected by the procedure.

Performance of our method is measured in terms of The thir_d _colgmn is the numbgr of registers actually used during
. the, optimization. The results in the last column show that the

1) the accuracy of t_he measurements. This ensures that the Opt'@l&]loitation rate varies from 49% to 87% for different benchmarks.
unrolling vector is found correctly. . This is because the exploitation rate is determined by the data
2) the percentage of temporal reuses exploited. dependences in a particular program and the number of available
A. Accuracy registers. Low exploitation rate can be due to data dependences
. preventing transformations and/or limited number of registers. The

Accuracy refers to the reliability of the measurements for 8ag 1o columns in Table 11l show that significant improvements to

unrolling vector. Measurements provide an estimation of the practi(&ha intensive applications have been achieved by our method
situation. Accurate measurements should be close enough to the

practical situation during unroll-and-jam. To see how close our V. CONCLUSION

measurements are to the practical situation, we compare the estimategh automated method for reducing the number of memory access
access ratiaz with the practical access ratiié from the execution py transforming the source code of a data intensive program is
of the transformed program in a simulator [4]. proposed in this paper. This method has the advantage that the
The estimation is restricted by the number of available registegploration space is broadened compared with previous works by
For the sake of evaluation, the number of registers is arbitrarily setdgnsidering temporal reuse generated by multi-index subscripts. Sec-
10. However, the principle can be applied to other values dependiggd, this approach performs a sequence of high-level compiler tech-
on the number of registers in a particular processor. For each prograjigues to exploit maximum amount of temporal reuses under register
we follow the procedure in section Il to perform loop interchanggestriction. Third, the measurements designed in our approach give
(if any), unroll-and-jam and scalar replacement. For the unroll-angn accurate estimation of the practical effect. Experimental results on
jam, the program is transformed for each possible unrolling vectef:number of benchmarks confirm that significant improvements can
By executing the transformed program in the simulator, we hayg achieved for data intensive programs using our method.
the practical access ratio. Experiments show that estimated access
ratio matches the practical access ratio with a high accuracy. For REFERENCES
example, Table Il shows the experimental results of the benchmark] 1995 high-level synthesis design repository.
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