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Abstract. The CELL architecture has one Power Processor Element
(PPE) core, and eight Synergistic ProcessorElement (SPE) cores that
have a distinct instruction set architecture of their own. The PPE core
accessesmemory via a traditional caching mechanism, but each SPE
core can only accessmemory via a small 256K software-controlled local
store. The PPE cache and SPE local stores are connected to each other
and main memory via a high bandwidth bus. Software is responsible for
all data transfers to and from the SPE local stores. To hide the high
latency of DMA transfers, data may be prefetched into SPE local stores
using loop blocking transformations and static bu�ers. We �nd that the
performance of an application can vary depending on the size of the
bu�ers used, and whether a single-, double-, or triple-bu�er scheme is
used. Constrained by the limited spaceavailable for data bu�ers in the
SPE local store, we want to choose the optimal bu�ering scheme for a
given spacebudget. Also, we want to be able to determine the optimal
bu�er size for a given scheme, such that using a larger bu�er size results
in negligible performance improvement. We develop a model to automat-
ically infer these parameters for static bu�ering, taking into account the
DMA latency and transfer rates, and the amount of computation in the
application loop being targeted. We test the accuracy of our prediction
model using a research protot ype compiler developed on top of the IBM
XL compiler infrastructure.

1 In tro duction

The design of computing systemsis trending towards the use of multiple pro-
cessingunits working collaboratively to executea given application, with com-
munication interfaces that enable high bandwidth data transfers between the
processorand memory elements of the system.The CELL architecture[4] is one
exampleof such a system,primarily designedto acceleratethe execution of me-
dia and streaming applications. It includes two kinds of processingcoreson the
samechip: a general-purposePower ProcessorElement (PPE) corethat supports
the Power instruction set architecture, and eight Synergistic ProcessorElement
(SPE) coresthat are basedon a new SIMD processordesign[3].

1.1 CELL Arc hitecture

Figure 1 showsthe elements of the CELL architecture and the on-chip data paths
that are relevant to the discussionin this paper. The PPE includes the Power
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Fig. 1. The CELL Architecture

Execution Unit (PXU) that accessesmain memory via its L1 and L2 caches.
Each SPE includes a Synergistic ProcessorUnit (SPU), a Local Store (LS), and
a Memory Flow Controller (MF C). Load/store instructions executedon an SPU
can only load from and store to locations in the LS of that SPE. If an SPU needs
to accessmain memory or the LS of another SPE, it must executecode that will
issuea DMA command to its MFC explicitly instructing the MFC to transfer
data to or from its LS. All the SPE local stores, the PPE's L2 cache, and the
Memory Interface Controller (MIC) that provides accessto the o�-c hip main
memory, are inter-connectedvia a high bandwidth (16 Bytes/cycle on each link)
Element InterconnectBus (EIB). It is possiblefor a DMA transaction on the EIB
that involvesthe LS of oneSPE to be initiated by another SPU or by the PXU.
However, the code transformations discussedin this paper only involve DMA
transactions betweenmain memory and an SPE LS that have beeninitiated by
the corresponding SPU.

The hardware architecture maintains coherencebetweencopiesof data in the
main memory, data in the PPE caches,and data being transferred on the EIB.
However, the hardware doesnot keeptrack of copiesof data residing in an LS,
and software is responsible for coherenceof this data. Each LS is a small 256KB
memory that is completely managedin software. It contains both the code and
data used in SPU execution. The latency of DMA operations between an LS
and main memory is quite high, approximately in the order of 100-200SPU
cycles[11].However, for consecutive DMA operations, it is possible to overlap
the latency for the secondoperation with the DMA transfer of the �rst, as the
MFC can processand queuemultiple DMA requestsbefore they are issuedto
the EIB.

1.2 DMA Bu�ering

The examplecode in Figure 2(a) shows a loop that iterates N times, and in each
iteration it loads the i th element of array A, multiplies this value by a scalar
S, and stores the result in the i th element of array B. If this code is targeted
to executeon an SPE, the elements of A and B must be located in the LS for
the SPU to be able to operate on them. However, A and B maybe allocated in
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for (i=0; i<N; i++) {
    DMA get A[i] to tA;
    tB = tA * S;
    DMA put tB to B[i];
}

/* S, tA, and tB reside in LS */

(b) Naive Buffering

/* A and B are in main memory */
/* S is a scalar residing in LS */

for (i=0; i<N; i++) {
    B[i] = A[i] * S;
}

(a) Example Code

    n = min(ii+bf, N);
    DMA get A[ii:n] to tA;
    for (i=ii; i<n; i++) {
        tB[i] = tA[i] * S;
    }
    DMA put tB to B[ii:n];
}

for (ii=0; ii<N; ii+=bf) {

(c) Single Buffering

n = min(bf, N);

t = (t+1) % 2;

for (ii=0; ii<N; ii+=bf) {
    n = min(ii+bf, N);
    m = min(ii+2*bf, N);
    DMA get A[ii+bf:m] to tA[t], tag=t;
    t = (t+1) % 2;
    DMA wait, tag=t;

    for (i=ii; i<n; i++) {
        tB[t][i] = tA[t][i] * S;
    }

    DMA put tB[t] to B[ii:n], tag=t;
}
DMA wait, tag=t;

t=0;

DMA get A[0:n] to tA[t], tag=t;

/* Uses non-blocking DMA */

(d) Double Buffering

/* Decides buffer 1 or buffer 2 */

Fig. 2. Example to Illustrate DMA Bu�ering

main memory, perhaps becausethey are also being accessedby other cores,or
becausethey are too large to �t in the limited LS space.In this case,the code is
modi�ed to include DMA operations to getelements of A into a temporary bu�er
tA in the LS, and put elements of B from a temporary bu�er tB in the LS to
main memory, as illustrated in Figure 2(b). Sincethe latency of DMA transfers
is high, it is more e�cien t to transfer multiple array elements in a single DMA
operation, e�ectiv ely pre-fetching data for computation. Figure 2(c) shows how
the examplecode is transformed to do this by blocking the loop using a blocking
factor of bf, bu�ers tA and tB of size equivalent to bf array elements instead
of a single array element, and one DMA get and one DMA put operation per
iteration of the outer blocked loop.

The problem with the code in Figure 2(c) is that it allows no overlap be-
tween DMA transfer time and SPU computation time. Each instance of the
inner blocked loop must wait for the preceding DMA get operation to com-
plete before the inner loop can execute.This restriction can be overcomeusing
a double-bu�er scheme, as illustrated in Figure 2(d). Instead of using one bf-
element bu�er for each array data stream, the code usestwo such bu�ers for
each data stream. Before the SPU starts computing with the data fetched in one
bu�er, it initiates a DMA transfer using the other bu�er to get data that will be
usedin the next iteration of the outer blocked loop. This transformation requires
that there be no loop-carried 
o w dependenciesamongthe iterations within one
instance of the inner blocked loop. The DMA operations usedare non-blocking
versions, and they are tagged with an integer identifying the LS bu�er being
usedin the DMA transfer. The SPU can continue executionof the inner blocked
loop while a DMA transfer is in progress.To wait for speci�c DMA operation(s)
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to complete, the code calls a DMA wait function with the tag corresponding to
a previously issuedDMA operation passedas a parameter.

The double-bu�er scheme can be extended to use k bu�ers for each data
stream to increasethe amount of DMA that is overlapped with the computation
in one instance of the inner blocked loop.

1.3 Problem Description

Execution time of a loop blocked for DMA bu�ering varies with the amount
of DMA overlapped with computation. For a k-bu�er scheme, the amount of
DMA overlap increasesboth with the value of k, and with the sizeof the bu�ers
used. In the SPE, all the bu�ers occupy spacein the LS, which is only 256KB
in size.This limited LS spaceis a prime resource,sinceit is being usedfor both
code and data, and the available spacelimits the applicabilit y of optimizations
that increasecode sizeor require more spaceto bu�er data. Due to the LS size
constraint, a restricted amount of spaceis available for DMA bu�ering.

The problem we addressin this paper is that given a budget for the amount
of spaceto be usedfor DMA bu�ering, determine the bu�ering schemethat will
result in the best execution time performance.Sincethe total bu�er sizeis �xed,
performance of a k-bu�er scheme needsto be compared with the performance
of a (k + 1)-bu�er schemethat usesindividual bu�ers of a sizesmaller than the
bu�ers usedin the k-bu�er scheme.Oncethe optimal bu�ering schemeis known,
it may be the casethat all possibleDMA overlap is attained using a bu�er size
smaller than the maximum bu�er sizeallowed by the total bu�er spacebudget.
Note that there is a limit to how much performancecan be improved using DMA
overlap before the application becomescomputation-bound. Thus, we want to
determine both the optimal bu�ering scheme and the smallest bu�er size that
maximize performance,when constrained by the total bu�er spaceavailable.

We �nd that the performanceof DMA bu�ering dependson several factors,
including the set-up time for each DMA operation, the DMA transfer time,
the amount of computation in the loop, the number of bu�ers being used, and
the size of each individual bu�er. We develop a model to relate each of these
factors to the execution time, and use this model to predict the relative merit
of using di�eren t bu�ering schemesand di�eren t bu�er sizes.Also, we obtain
performance numbers for a small set of applications running on a CELL chip
usingsingle-,double-, and triple-bu�er, and various bu�er sizes.We correlate the
experimental data with our model. Our experiments are restricted to consider
only the innermost loop in a loop nest, where this loop operateson a number of
array data streams,hasa large iteration count, hasno loop-carried dependences,
and has no conditional brancheswithin the loop body.

In Section 2, we develop the model used to predict performancefor a given
bu�ering scheme.In Section3, we describe how the model can be usedto deter-
mine the optimal bu�ering schemeand bu�er size in a compiler transformation
for static bu�ering. In Section 4, we describe the experiments we performed to
validate our model against actual performancedata. We discussrelated work in
Section 5, and conclude in Section 6.
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2 Mo deling Bu�ering Schemes

2.1 Assumptions

We assumethat a loop is a candidate for DMA bu�ering optimization if it
satis�es the following conditions:

{ The loop operateson array data streams. The bu�ering optimizations con-
sidered are not interesting for scalar data, or data accessedthrough unpre-
dictable indirect references.

{ There are no loop-carried dependencesbetweenaccessesto elements of the
array data streams.This enablesthe loop to be transformed for any k-bu�er
scheme since the DMA get and put operations can be freely moved out of
the inner blocked loop.

{ There is no conditional branch statement within the loop body. This is im-
portant to be able to accurately gauge the amount of computation in the
loop body, which is one of the factors that determinesrelative performance
of di�eren t bu�ering schemes.

{ Elements in the array data streams that are accessedin consecutive loop
iterations are contiguous in memory, or not spacedtoo far apart. This is to
ensurethat when bu�ers are usedto DMA contiguous memory locations in a
single operation, the majorit y of the data being transferred is in fact useful.

{ DMA bu�ers are assignedsuch that each bu�er is only usedfor a singlearray
data stream, and no bu�er is usedin both DMA get and put operations.This
is a conservative assumption to ensurethat a DMA operation on one bu�er
doesnot have to wait for a DMA operation on another bu�er to complete.

{ The loop iteration count is large enoughthat any prologue or epiloguegen-
erated when the loop is blocked has a negligible impact on performance.

{ The array data streamsare aligned on 128-byte boundaries,and this align-
ment is known at compile-time. If this is not the case, then code has to
be generated to explicitly check alignment at runtime, and to issue DMA
operations such that misaligned data is correctly handled. This changesthe
DMA set-up time, which is one of the factors usedto determine the relative
performanceof di�eren t bu�ering schemes.

2.2 Latency of DMA Op erations

We approximate the latency of one DMA operation with the formula S + D � b,
where S is the set-up time for one DMA operation, D is the transfer time for
one byte, and b is the number of bytes transferred by this DMA operation.

When two non-blocking DMA operations for b1 and b2 bytes are issued in
sequence,the set-up of the secondDMA operation can be overlapped with the
data transfer of the �rst, asillustrated in Figure 3. When the set-up of the second
DMA operation (S2) is lessthan or equalto the set-upof the �rst DMA operation
(S1), it can be completely overlapped. In this case,the combined latency of the
two DMA operations will be S1 + D � (b1 + b2). For di�eren t values of S1 and
S2, the amount of overlap of set-up time with transfer time will be di�eren t.
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In the CELL architecture, the value of S is di�eren t for DMA get and put
operations[11]. The DMA get operation has a higher value of S becauseit in-
cludes the main memory accesstime to retrieve data, whereasa DMA put can
complete before data is actually written to its main memory location.

In general, a sequenceof n DMA transfers will have latency S + D � (b1 +
::: + bn ), where S is a function of S1; :::; Sn .

2.3 Latency for Single-Bu�er

Figure 4 illustrates the execution sequencefor the code in Figure 2(c). Ignoring
the prologue and epilogue,and clubbing together consecutive DMA operations,
each iteration of the outer blocked loop comprisesof a DMA put corresponding
to the previous iteration, a DMA get to fetch data for the current iteration, and
the computation of one instanceof the entire inner blocked loop. Note that non-
blocking DMA operations can be used, with a DMA wait inserted just before
the inner blocked loop. Thus, the latency of one iteration of the outer blocked
loop is the latency of both the DMA transfers plus the computation latency
of the inner blocked loop. Let N be the iteration count of the original loop,
and assumethe loop has beenblocked using a blocking factor of bf . Let D 1 be
the DMA transfer time for one byte, b be the number of bytes transferred in
all DMA operations corresponding to one iteration of the outer blocked loop,
and S be the composite set-up time for the sequenceof non-blocking DMA
operations corresponding to one iteration of the outer blocked loop. Also, let C
be the computation time for one iteration of the inner blocked loop. The value
for C is expressedas (Cinner + Couter =bf ), whereCinner is the compute time for
each iteration of the inner blocked loop, and Couter is the overhead for issuing
DMA requestsin an iteration of the outer blocked loop. This overheadprimarily
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includes the function call and runtime checking overheadin compiler-generated
code for DMA transfer requests,and it gets amortized over bf iterations of the
inner blocked loop. In practice, we expect Couter to be small, and bf to be large,
so that C can be approximated by Cinner . The total latency of the entire loop
is given by: ((S + D1 � b� bf ) + C � bf ) � (N=bf ) = (S=bf + D 1 � b+ C) � N
For simplicit y, let D = D1 � b be the DMA transfer time for all data accessedin
oneiteration of the inner blocked loop. Thus, latency for single-bu�er is (S=bf +
D + C) � N .

2.4 Latency for Double-Bu�er

In the following discussion,the terms N , bf , C, S, and D have the samemeaning
as in the single-bu�er casediscussedearlier. For clarit y, the following examples
refer to DMA for one pair of bu�ers. However, the discussionalso applies to
examplesusing a set of double bu�ers, with S corresponding to the set-up delay
for a composite sequenceof non-blocking DMA operations issuedfor each set.

Case 1: DMA-Bound Figure 5 illustrates the casewhen double-bu�er is used
and the application is DMA-b ound. In this case,there is no delay betweenany
two successive DMA operations. The sequenceof DMA operations and compu-
tations alternate betweenusing the �rst bu�er and the secondbu�er. The �rst
and secondDMA operations are issuedsuccessively beforeany computation be-
gins. The third DMA operation is issuedonly after the �rst computation of the
inner blocked loop �nishes. If there is to be no delay between the secondand
third DMA operations, then the time to complete the �rst computation (point
B in the �gure) must be lessthan or equal to the time to complete the �rst two
DMA operations (point A in the �gure). This translates to the condition:
(S + D � bf + C � bf ) � (2 � D � bf ), or D � (C + S=bf)
When this condition holds, the execution pattern repeats throughout the loop
and the application is DMA-b ound. The latency for the entire loop is approxi-
mated by the time taken by all the consecutive DMA operations, i.e. S + D � N .
When N is large, this can be simpli�ed to D � N .

Case 2: Computation-Bound Figure 6 illustrates the case when double-
bu�er is usedand the application is computation-bound. In this case,there is no
delay waiting for DMA to complete between any two successive computations
of the inner blocked loop. The sequenceof DMA operations and computations
alternate between using the �rst bu�er and the secondbu�er. The �rst and
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secondDMA operations are issuedsuccessively before any computation begins.
The third DMA operation is issuedonly after the �rst computation of the inner
blocked loop �nishes. If there is to be no delay between the secondand third
computations, then the time to complete the third DMA operation (point B
in the �gure) must be lessthan or equal to the time to complete the �rst two
computations (point A in the �gure). This translates to the condition:
(S + D � bf + C � bf + S+ D � bf ) � (S+ D � bf + 2� C � bf ), or D � (C � S=bf)
When this condition holds, the execution pattern repeats throughout the loop,
and the application is computation-bound. The latency for the entire loop is
approximated by the time taken by all the consecutive computations, i.e. C � N ,
when N is large.

Case 3: Incomplete Ov erlap A loop that is neither DMA-b ound nor computation-
bound hasincompleteoverlap of DMA operationswith computation. We analyze
this caseby splitting it into two sub-cases:when C � D < (C + S=bf), and when
(C � S=bf) < D < C. The total latency of the loop in both casesis the same:
(S=bf + D + C) � N=2.

Case A: When C � D < (C+ S=bf): Figure 7 illustrates this case.Here, the
set-up of the third DMA operation is not fully overlapped with the secondDMA
transfer. Also, there is a delay betweenthe �rst and secondcomputation, waiting
for the secondDMA transfer to complete. The secondcomputation �nishes at
point B in the �gure, and it can only start after the secondDMA transfer has
completed.From the beginning (point A in the �gure), the latency for the second
computation to �nish is S + 2 � D � bf + C � bf . From a DMA point of view,
the earliest that the fourth DMA operation can start is after the third DMA
transfer reachespoint C. The third DMA transfer can start only after the �rst
computation �nishes. The latency from point A in this caseis S+ D � bf + C� bf +
D � bf . The two latenciesfrom A to B and A to C are the same,which meansthat
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the fourth DMA starts at the samepoint that the secondcomputation �nishes,
and the executionrepeatsthe pattern illustrated in the �gure. The delay between
the secondand third DMA operations is S + D � bf + C � bf � 2 � D � bf =
S+ (C � D) � bf . The total latency of the loop is the latency of all DMA transfers
plus the extra delays due to incomplete overlap that occur after every two DMA
operations. This latency is given by:
N � D + (S + (C � D) � bf ) � N=bf=2 = (S=bf + D + C) � N=2.

Case B: When (C � S=bf) < D < C: Figure 8 illustrates this case.Here,
the set-up of the third DMA operation is not overlapped with the secondDMA
transfer. Also, there is no delay between the �rst and secondcomputation, but
there is a delay betweenthe secondand third computation, waiting for the third
DMA transfer to complete. The data for the fourth computation will be ready
at point B in the �gure, made available only after the �rst DMA transfer, the
�rst two computations, and the fourth DMA transfer have completed. From the
beginning (point A in the �gure), the latency for the fourth DMA transfer to
complete is S + D � bf + 2 � C � bf + S + D � bf . From a computation point
of view, the third computation will �nish at point C in the �gure, and it can
start only after the third DMA transfer completes.The third DMA can start
only after the �rst computation �nishes. The latency from point A in this case
is S + D � bf + C � bf + S + D � bf + C � bf . The two latenciesfrom A to B and
A to C are the same,which meansthat the fourth DMA completesat the same
point that the third computation �nishes, and the execution repeats the pattern
illustrated in the �gure. The delay between the secondand third computations
is S + D � bf � C � bf = S + (D � C) � bf . The total latency of the loop is the
latency of all computations plus the extra delays due to incomplete overlap that
occur after every two computations. This latency is given by:
N � C + (S + (D � C) � bf ) � N=bf=2 = (S=bf + D + C) � N=2.

2.5 Latency for k-Bu�er

Case 1: DMA-Bound Analogous to the caseof double-bu�er, we can derive
the condition for a k-bu�ered loop to be DMA-b ound, i.e. if the �rst computation
�nishes and starts up the (k + 1)th DMA operation in time lessthan or equal to
the time it takesto transfer data for k DMA operations. This condition evaluates
to D � (C + S=bf)=(k � 1). The initial pattern repeatsthroughout the loop when
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D > C. Thus, the loop is DMA-b ound when D � max(C; (C + S=bf)=(k � 1)).
The latency of the entire loop is approximated by D � N .

Case 2: Computation-Bound Analogous to the caseof double-bu�er, we
can derive the condition for a k-bu�ered loop to be computation-bound, i.e. if
the DMA transfer corresponding to the (k + 1)th computation �nishes in time
less than or equal to the time it takes to complete the �rst k computations
occuring consecutively one after another, without any intervening delays due to
DMA waits. This condition evaluates to D � (k � 1) � C � S=bf. The initial
pattern repeats throughout the loop execution when D < C. Thus, the loop is
computation-bound when D � min (C; (k � 1) � C � S=bf). The latency of the
entire loop is approximated by C � N .

Case 3: Incomplete Ov erlap Analogous to the caseof double-bu�er, the
latency of a k-bu�ered loop that is neither DMA-b ound nor computation-bound
is (S=bf + C + D) � N=k. We do not discussdetails of this casehere.

3 Compiler Analysis

In this section, we describe how the latency formulae derived in Section 2 can
be applied to determine the optimal bu�ering schemeand bu�er size for a loop
with limited amount of memory available for bu�er space.We expect that the
algorithm describedherewill beusedin a compiler that automatically transforms
code for DMA bu�ering. In the following discussion,we restrict the choice of
bu�ering schemesto single-, double-, or triple-bu�er.

Assume that the amount of memory available for bu�ering is speci�ed in
terms of the largest block factor (say B) that can be used when transforming
the loop for a single-bu�er scheme1. Then the maximum block factor for double-
bu�er is B/2, and for triple-bu�er is B/3.

The performance of a loop will be optimal if it is computation-bound or
DMA-b ound. Therefore, a DMA-b ound double-bu�ered loop (latency D � N ) or
a computation-bound double-bu�ered loop (latency C� N ) shouldbe better than
a single-bu�ered loop (latency (S=B + D + C) � N . When the double-bu�ered
loop has incomplete overlap, its latency will be (S=B=2 + D + C) � N=2. In this
case,the di�erence between the latencies of double-bu�er and single-bu�er is
(D + C) � N=2 > 0. So double-bu�er should always outperform single-bu�er.

The algorithm in Figure 9 shows how to choosebetween double-bu�er and
triple-bu�er. When the sameperformancecan be achieved by di�eren t bu�ering
schemes,the schemewith lessnumber of bu�ers is preferred. When D > C, the
double-bu�er schemebecomesDMA-b ound when D � C + S=B=2, which is the
same as S=(D � C) � B =2. In this case,we choose the double-bu�er scheme
since it is DMA-b ound and optimal. Similarly, when D < C, the double-bu�er
schemebecomescomputation-bound for D � C � S=B=2, which is the sameas

1 Therefore, in the caseof single-bu�er, the actual size of an individual bu�er will be
B times the size of an array element.
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Algorithm: bool  Choose_Double_Buffer (C, D, S, B) {

    float C: the computation per iteration;
    float D: the DMA transfer time per iteration;

    int B: buffer space constraint in terms of the maximum 

    if (D > C) {

            return TRUE;
    } else if (D < C) {

            return TRUE;
    }

    return FALSE;
}

    float S: the set-up latency for DMA;

              block factor used in a single-buffering scheme;

        if (S/(D-C) <= B/2)

        if (S/(C-D) <= B/2)

Fig. 9. Algorithm to ChooseBetween Double- and Triple-Bu�er Schemes

S=(C � D) � B =2, and we choosethe double-bu�er scheme.In all other cases,we
choosethe triple-bu�er schemesinceit can provide a greater amount of overlap.

Oncethe loop becomesDMA-b ound or computation-bound, performancewill
not improve with increasing bu�er sizes.In such cases,memory resourcescan
be saved by choosing the smallestbu�er sizethat is optimal. The memory space
saved can then be used by other components contending for it, e.g. more local
memory can be assignedto the outer blocked loops to increasedata re-use,or
the size of code bu�ers can be increasedto reduce the frequency of swapping
code partitions to and from the SPE LS. Based on the conditions derived in
Section 2 for the execution to be DMA-b ound or computation-bound, the block
factor for double-bu�er neednot be larger than S=abs(D � C). The block factor
for DMA-b ound triple-bu�er need not be larger than S=(2 � D � C), and for
computation-bound triple-bu�er neednot be larger than S=(2 � C � D).

4 Exp erimen ts

To verify how precise our analysis models are, we performed experiments on
a CELL blade. The clock rate for the PPU and SPU in the blade is 3.2GHz.
All our experiments were run using a single SPE. We use the IBM XL CELL
single-sourcecompiler [2] to automatically apply single-, double-, and triple-
bu�er schemesto a set of test applications. This compiler usesOpenMP di-
rectives to decide what parts of the code will execute on the SPE(s), and it
automatically handlesDMA transfers for all data in an SPE LS.

Weadapteda simplestreamingbenchmark to obtain a setof test kernelswith
varying amount of computation in the loop. Currently , wereport results for 4 test
cases:t1, t2, t3, and t4. The amount of computation in the kernel loop increases
from t1 to t4. Each test casehasonly oneOpenMP parallel loop that hasa very
large iteration count (15 million), and is invoked multiple times. The four test
casesusethe samedata types,and have the samedata accesspattern: two reads
and one write. Performanceis measuredin terms of throughput (MB/s).
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Fig. 10. Performance of Applications with Varying Bu�er Schemesand Bu�er Sizes

To apply our formula, we have to determine the valuesof D, S, and C. For D
and S, we ran code that only performs a large number of DMA operations, and
inferred the valuesof D and S using linear regressionanalysison the performance
results of this code. To determine C for each test case,we useda pro�ling tool
called Paraver [5] to instrument code and measurethe amount of computation
time for each iteration of the outer blocked loop. This wasdonefor each test case
using a single-bu�er schemeand a large block factor to amortize the overhead.
The constant valuesthat were determined are S=130ns,D 1=0.0877nsper byte,
Couter =300ns (for all test cases),Cinner =0.51ns(t1), 1.73ns(t2), 2.83ns(t3), and
3.93ns(t4).All of thesebenchmarks needto transfer 24bytes of data per iteration
of the inner blocked loop, so the D per iteration is 2.112ns.

The performance of single-bu�er (1b), double-bu�er (2b), and triple-bu�er
(3b) for the 4 test casesis shown in Figure 10. The x-axis is the block factor,
and the y-axis is the performance.Here, di�eren t bu�er schemesare compared
when they use the sameblock factor. We notice that 2b and 3b have a similar
performancecurve, while the performanceof 1b is much lower. We also observe
that the performanceof 2b and 3b becomes
at when the block factor becomes
large enough. t1 and t2 reach almost the same peak performance. Since their
valuesof Cinner aresmaller than the valueof D per iteration, they shouldbecome
DMA-b ound. On other hand, the values of Cinner in t3 and t4 are larger than
the value of D, and they becomecomputation-bound. Their peak performance
is determined by the amount of computation, Cinner . The overall performance
trend conforms to our model. In Figure 11, we compare the performance of
di�eren t bu�ering schemeswith a �xed amount of spaceavailable for bu�ering.
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Fig. 11. Comparison of Bu�ering SchemesUsing a Fixed SpaceConstraint

The x-axis is the block factor of the 1b scheme. Within the same available
space,the corresponding block factor for 2b should be half, and one-third for
3b. For large block factors, the performance trend conforms to our analysis.
However, for small block factors, in all 4 test cases,1b outperforms 2b and
3b. This is contradictory to the analysis presented earlier. In the analysis in
Section 2, we assumedC could be approximated by Cinner . However, when the
block factor is small and the overhead of issuing a DMA request is high, the
Couter =bf component of C dominates. In this case,the di�erence between the
latencies of the whole loop for 1b and 2b evaluates to (D + Cinner ) � N=2 �
Couter � N=B (as opposedto (D + C) � N=2, derived in Section3), which may or
may not be positive. With �xed space,1b can usea larger block factor than 2b
and 3b, thus issuing fewer DMA requestsand paying the Couter overheadfewer
times. This results in higher performance for 1b, as observed. We performed
experiments to manually code the 1b, 2b, and 3b versionsof our test cases,and
determined that the Couter overhead can be made small enough such that the
Couter =bf component of C is always negligible. It is possible to do this in the
compiler, but we do not have this implemented yet.

In Section3, we discusshow to choosethe block factor soasto avoid wasting
memory resources.Figure 12 shows the actual and the predicted performance
of double-bu�er when using di�eren t block sizes.Overall, the prediction is quite
precisein terms of the shape of the performancecurve. The relative performance
of each test caseis correctly predicted. However, the absoluteperformanceof all
test casesis over-estimated by about 15%. The values of S and D need to be
determined just once, and precise values for these constants can be obtained
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Fig. 12. Actual and Predicted Performance for Double-Bu�er

empirically on a given machine. However, the value of C is application-speci�c,
and may needto be estimated by the compiler. The in-order, statically scheduled
SPU architecture enablesa high degreeof accuracyin compiler estimation. How-
ever, compiler optimizations that occur after the DMA bu�ering transformation
can signi�can tly a�ect the code generated.Therefore, it may be necessaryto use
an extra compiler passto feedback the estimated value of C to the DMA bu�er-
ing optimization. To investigate the sensitivity of our prediction to the value of
C, we alsoplot in Figure 12 the performancepredicted using a value of C that is
10%lessand 10%more than the value determined by pro�ling. We observe that
the variation in predicted performanceis 6% on average,and 15% maximum.

5 Related Work

In [11], the performanceof DMA on a CELL chip is studied, and the latenciesof
DMA operations for di�eren t workload characteristicsaredetermined.The useof
loop stripmining and unrolling to optimize network communications is studied in
[7]. This work focuseson determining the minimum sizefor stripmining to avoid
performance degradation. In [12], the dependenciesand communication time
between tasks in a parallel execution are modeled with the aim of identifying
possible computation-communication overlap. In our work, we optimize both
performanceand local memory usage.

In [1], remote accessesin UPC programs are optimized in the compiler by
coalescingsmall accessesinto one large access,and by using one-way communi-
cation supported in the underlying network layer. The work in [8] also discusses
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optimization of remote accessesin UPC programs, using runtime synchroniza-
tion and scheduling. In [10], a stream programming model is used to inform
the compiler of the high-level program structure. The compiler then usesthis
information to optimize scheduling and bu�ering for execution on the Imagine
stream processor.A compiler-basedloop optimization targeted to improve the
communication-computation overlap is described in [9]. The technique of com-
munication pipelining for distributed memory systemsis discussedin [6][13].

6 Conclusion

We have developed a model to predict the performance of di�eren t bu�ering
schemesand the optimal bu�er size for DMA bu�ering in the CELL SPE local
stores. We compare the predicted and actual performance for a set of kernels
with varying amounts of computation in the loop, and observe a high degreeof
correlation betweenthe two. In this work, we have consideredthe useof a single
SPE, but we plan to extend our model to multiple SPEs in future work.
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