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tIn this paper, we develop the te
hnique that 
om-bines loop distribution with maximum dire
t loop fusion(LD MDF), whi
h performs maximum loop distribution,followed by maximum dire
t loop fusion to optimize timingand 
ode size simultaneously. We illustrate using exam-ples that dependen
e 
y
le is not always a restri
tion forloop distribution for multi-level loops. We map the max-imum dire
t loop fusion problem to the graph partition-ing problem. A polynomial graph partitioning algorithmis developed to 
ompute the fusion partitions. We provethat our maximum dire
t loop fusion algorithm produ
esthe fewest number of resultant loop nests without violatingdependen
e 
onstraints. We also show that the resultant
ode size of the fused loops by the te
hnique of loop distri-bution with maximum dire
t loop fusion is always smallerthan the 
ode size of the original loops.Keywords: Loop Fusion, Loop Distribution, Code Size,Embedded DSP1 Introdu
tionLoop fusion, groups multiple distin
t loops into a sin-gle loop. Loop fusion 
an be used to redu
e the 
ost ofloop bound testing. Loop fusion 
an also be used to ex-ploit the instru
tion-level parallelism on the modern high-performan
e ar
hite
ture su
h as VLIW [1℄. Loop fusion
an enhan
e the data lo
ality by reusing the variables fromlo
al storage, thus it redu
es the number of memory refer-en
es and the power 
onsumption [7, 1℄.Dire
t loop fusion is to �nd the legal fusion partitionof the loop nodes so that the loop nodes inside one partition
an be fused dire
tly without transformation. Maximaldire
t loop fusion is to minimize the number of the fusionpartitions, thus the resultant number of the fused loops isminimized.Loop distribution separates independent statementsinside a single loop (or loop nest) into multiple loops (orloop nests) [7, 1, 2, 5℄. Loop distribution exposes paral-lelism by separating the statements that 
ould be paral-lelized, and the statements that must be exe
uted sequen-tially. Loop distribution 
an also be used to break up alarge loop that doesn't �t into the 
a
he [2, 7, 1℄.�This work is partially supported by TI University Pro-gram, NSF EIA-0103709, Texas ARP 009741-0028-2001 andNSF CCR-0309461, USA.

A lot of resear
h for loop transformation has beendone in loop fusion and loop distribution to improvethe instru
tion-level parallelism and enhan
e data lo
al-ity [7, 1, 5, 2℄. In [2℄, Kennedy and M
Kinley use loopfusion and distribution to enhan
e data lo
ality and max-imize parallelism separately, whi
h may not give the opti-mal results. M
Kinley et al. tried to use a 
ompound looptransformation algorithm that 
onsists of loop permuta-tion, fusion, distribution, and reversal to a
hieve the bestloop stru
ture for a loop nest in terms of the 
a
he line ref-eren
es. The above loop fusion te
hniques, however, do not
onsider resultant 
ode size of a transformed loop whi
h isanother 
riti
al 
on
ern for embedded system design [8℄.Timing and 
ode size are the two most important per-forman
e metri
s for embedded systems with very limitedon-
hip memory resour
es [8℄. Combining loop distributionand loop fusion 
an lead to an optimization solution withboth redu
ed exe
ution time and restri
ted 
ode size. Af-ter loop distribution is applied to 
reate the �nest possibleloop nests, dire
t loop fusion must be applied to exploitdata lo
ality or improve the parallelism. In this paper, wepropose the te
hnique of loop distribution with maximumdire
t loop fusion (LD MDF). The authors of [2℄ statedthat loop distribution preserves dependen
es if all state-ments involved in a data dependen
e 
y
le in the originalloop are pla
ed in the same loop. We illustrate using ex-amples that dependen
e 
y
le is not always a restri
tionfor loop distribution for multi-level loops. We map the di-re
t loop fusion problem to the graph partitioning problemand we develop a polynomial graph partitioning algorithmto get the fusion partitions. We prove that our maximumdire
t loop fusion te
hnique produ
es the fewest numberof resultant loop nests without violating dependen
e 
on-straints. We also show that the resultant 
ode size of thefused loop by the LD MDF te
hnique will be always smallerthan the 
ode size of the original loop.The rest of the paper is organized as follows: We in-trodu
e the basi
 
on
epts and prin
iples related to ourte
hnique in Se
tion 2. In Se
tion 3, we illustrate thatdependen
e 
y
le is not always a restri
tion for loop dis-tribution for multi-level loops using examples. We proposethe maximum dire
t loop fusion te
hnique in Se
tion 4.The basi
 idea of the te
hnique of loop distribution withmaximum dire
t loop fusion (LD MDF) is illustrated inSe
tion 5. Se
tion 6 presents the experimental results. Se
-tion 7 
on
ludes the paper.



2 Basi
 Con
eptsIn this se
tion, we provide an overview of the basi

on
epts and prin
iples related to our te
hnique, in
lud-ing multi-dimensional data 
ow graph (MDFG) and loopdependen
e graph (LDG).2.1 Data Flow Graph
for   i=0, N
        for    j=0, M
                 A[i,j]=(B[i−1,j]+C[i−1,j])/2;  
                 B[i,j]=A[i,j−1]*2;
                 C[i,j]=B[i,j]+3;     

endfor
         endfor (a) V 1

V 2

V 3

(1,0)

(0,1)

(0,0)

(1,0) (b)Figure 1: A two-level loop and its 
orresponding DFG.We use a multi-dimensional data 
ow graph(MDFG) to model the body of one nested loop. A MDFGG = (V;E; ~d; t) is a node-weighted and edge-weighted di-re
ted graph, where V is the set of 
omputation nodes,E � V � V is the set of edges representing dependen
es,~d is a fun
tion from E to Zn, representing the multi-dimensional delays between two nodes, where n is the num-ber of dimensions, and t is a fun
tion from V to positiveintegers, representing the 
omputation time of ea
h node.A two-level loop is shown in Figure 1(a) and its 
orrespond-ing data 
ow graph is shown in Figure 1(b).2.2 Loop Dependen
e GraphLoop dependen
e graph is a higher-level graphmodel 
ompared to the data 
ow graph. It is used tomodel the data dependen
es between multiple loops. Amulti-dimensional loop dependen
e graph (MLDG) G =(V; E; Æ; o) is a node-labeled and edge-weighted dire
tedgraph, where V is a set of nodes representing the loops.E � V �V is a set of edges representing data dependen
esbetween the loops. Æ is a fun
tion from E to Zn, rep-resenting the minimum data dependen
e ve
tor betweenthe 
omputations of two loops. o is a fun
tion from V topositive integers, representing the order of the exe
utionsequen
e.The loop dependen
e graph of the loop in Figure 2(a)is shown in Figure 2(b). In a loop dependen
e graph, afusion-preventing dependen
e is represented by an edge ewith edge weight Æ(e) < (0; 0). All the 
omparisons be-tween two loop dependen
e ve
tors are based on the lexi-
ographi
 order in this paper. A two-dimensional ve
tor~v is smaller than a two-dimensional ve
tor ~u a

ordingto the lexi
ographi
 order if either v1 < u1 or v1 = u1and v2 < u2. The fusion-preventing dependen
e edges aree1 : L1 ! L2 and e2 : L1 ! L3 in the LDG shown inFigure 2(b).

for i=0, N

        for j=0,M

                A[i,j]=C[i−2,j+1];

        endfor

        for j=0, M

                B[i,j]=A[i,j+1]+A[i,j]+C[i−1,j];

        endfor

        for j=0, M

                C[i,j]=B[i,j]+A[i,j+2]+A[i,j+1];

        endfor

endfor

 (L2)

 (L3)

 (L1)(a) L1

L3

L2

(0,−1)

(2,−1)

(1,0)

(0,−2)

(0,0)(b)Figure 2: (a) A two-level loop with three inner loops. (b)The 
orresponding loop dependen
e graph.3 Loop DistributionLoop distribution is an important part of our te
h-nique of loop distribution with maximum dire
t loop fusion(LD MDF). But loop distribution is not always appli
able.In the pro
ess of loop distribution, we must maintain allthe data dependen
es to ensure that we won't 
hange thesemanti
s of the original program. We show that depen-den
e 
y
le is not always a restri
tion for loop distributionfor multi-level loops by illustration examples.
for   i=0, N
        for    j=0, M
                 A[i,j]=(A[i,j]+B[i−1,j])/2;
                 B[i,j]=A[i,j]+5;
         endfor
endfor (a) for   i=0, N

        for    j=0, M
                 A[i,j]=(A[i,j]+B[i−1,j])/2;

        for    j=0, M
                 B[i,j]=A[i,j]+5;

          endfor
endfor

          endfor (b)Figure 3: An example loop that is legal to be distributed.The program shown in Figure 3(a) has a dependen
e
y
le in its 
orresponding data 
ow graph, but the state-ments involved in the dependen
e 
y
le 
an be distributed.The distributed loop shown in Figure 3(b) has the same se-manti
s as the original program shown in Figure 3(a) sin
ethe true data dependen
e in the loop in Figure 3(a) is main-tained to be a true data dependen
e in the distributed loopin Figure 3(b).
for   i=0, N
        for    j=0, M
                 A[i,j]=B[i,j−1]*2;
                 B[i,j]=A[i,j]+5;
         endfor
endfor (a) for   i=0, N

        for    j=0, M
                 A[i,j]=B[i,j−1]*2;

        for    j=0, M
                 B[i,j]=A[i,j]+5;

          endfor
endfor

          endfor (b)Figure 4: An example loop that is illegal to be distributed.The program shown in Figure 4(a) also has a depen-den
e 
y
le in its 
orresponding data 
ow graph. If wedistribute the statements involved in the dependen
e 
y-
le, then the semanti
s of the program is 
hanged. We 
ansee that the 
ode shown in Figure 4(b) 
omputes di�erentlyfrom the 
ode shown in Figure 4(a). A[i; j℄ is dependent on



B[i; j� 1℄, whi
h is a true data dependen
e in the originalprogram as shown in Figure 4(a). If we dire
tly distributethe loop shown in Figure 4(a), then this true data depen-den
e be
omes an anti-data dependen
e in the distributedloop as shown in Figure 4(b). In this 
ase, the statementsinvolved in the dependen
e 
y
le in the original loop 
annotbe distributed.In summary, if the summation of the edge weightsof the dependen
e 
y
le satis�es a 
ertain 
ondition, thenthe statements involved in the dependen
e 
y
le 
an bedistributed. The loop distribution theorems and the max-imum loop distribution algorithm have been presentedin [4℄.4 Dire
t Loop Fusion Te
hniqueDire
t loop fusion is to �nd the legal fusion partitionof the loop nodes so that the loop nodes inside one parti-tion 
an be fused dire
tly. To apply dire
t loop fusion, wepartition the loop nodes in the LDG into several partitionsso that loop nodes 
onne
ted by a fusion-preventing depen-den
e edge are partitioned into di�erent partitions. Max-imal loop fusion is to minimize the number of the fusionpartitions, thus the resultant number of the fused loops isminimized. We develop a polynomial graph partitioningalgorithm 4.1 and we prove that the total number of thepartitions got by our algorithm is minimal, i.e., the numberof the fused loops is minimal.A fusion partition is a partition of loop nodes V inthe loop dependen
e graph into di�erent partitions: ea
hpartition represents a set of loops to be fused. A fusionpartition is legal if and only if the following two 
onditionsare satis�ed:1. Pre
eden
e dependen
e 
onstraint: the relative orderof two nodes 
onne
ted by a pre
eden
e dependen
eedge 
annot 
hange.2. Fusion-preventing dependen
e 
onstraint: two nodes
onne
ted by a fusion-preventing dependen
e edgemust be put into di�erent partitions.4.1 Graph Partitioning AlgorithmWe formulate maximal fusion problem as a s
hedulingproblem, i.e., we are looking for a mapping P from the loopnodes V to the positive integers N so that the following two
onditions are satis�ed:1. Pre
eden
e dependen
e 
onstraint: e = u! v, u; v 2V , e is a pre
eden
e dependen
e edge, P (v) � P (u)(1)2. Fusion-preventing dependen
e 
onstraint: e = u! v,u; v 2 V , e is a fusion-preventing dependen
e edge,P (v) � P (u) + 1 (2)We 
ompute the partition number for ea
h loop nodein the loop dependen
e graph based on the two 
onditionsas stated above. More spe
i�
ally, we 
ompute the parti-tion number of ea
h node by using the shortest path al-gorithm after 
onstru
ting the 
onstraint graph based on

the two 
onditions of the legal loop partition. The basi
idea of the partition algorithm by using the shortest pathalgorithm is as follows:Given the input loop dependen
e graph, we distin-guish two kinds of edges, the fusion-preventing depen-den
e edges and the pre
eden
e dependen
e edges. We
onstru
t a 
onstraint graph based on the given loop de-penden
e graph and the two 
onditions 
oming from thepre
eden
e dependen
e edge and the fusion-preventing de-penden
e edge. Then we apply the shortest path algorithmon the 
onstraint graph to 
ompute the partition numberfor ea
h loop node.Algorithm 4.1 Graph Partitioning AlgorithmRequire: A LDG G = (V; E; Æ; o)Ensure: Partitions of loop nodes of the LDGRemove all the edges e with Æ1(e) � 1 from E, and geta graph G0 = (V;E0; Æ), where E0  E � fejÆ1(e) � 1gAdd one 
orresponding node Pi in the 
onstraint graphG
 for ea
h node vi in graph G0for all edges e0 2 E0 in graph G0 doif e0 is a fusion-preventing edge in the original loopdependen
e graph thenWe get a 
onstraint Pi � Pj � �1. So we add oneedge from Pj to Pi in the 
onstraint graph G
, whi
his weighted by �1.elseThe edge is a pre
eden
e edge, and we get a 
on-straint Pi�Pj � 0. So we add one edge from Pj toPi in the 
onstraint graph G
, whi
h is weighted by0.end ifend forAdd the sour
e node P0 in the 
onstraint graph G
, andalso the edges from P0 to all the other nodes Pi in the
onstraint graph G
. All these added edges from thesour
e node P0 to all the other nodes Pi are weightedwith 0/* Compute the shortest distan
e from the sour
e nodeto all the other nodes in the 
onstraint graph by usingthe shortest path algorithm */Call the Bellman-Ford algorithm to 
ompute D(P0; Pi),the shortest distan
e from P0 to ea
h node Pi 2 V
/* Compute the minimum shortest distan
e */for all nodes v 2 V
 doDmin  minPi (D(P0; Pi))end forfor all nodes v 2 V
 doP (Pi) D(P0; Pi) �Dmin + 1end forfor all nodes v 2 V in the original LDG doPut node vi in partition P (Pi)end forreturn PartitionsIn the algorithm, we �rst remove all the edges e withÆ1(e) � 1 from the LDG and we obtain a dire
ted a
y
li
graph (DAG) G0. Then we 
onstru
t the 
orresponding
onstraint graph G
 based on graph G0. For ea
h node



vi in graph G0, we have a 
orresponding node Pi in the
onstru
ted 
onstraint graph G
. The edges in the 
on-straint graph are 
onstru
ted based on the pre
eden
e de-penden
e 
onstraint and the fusion-preventing dependen
e
onstraint. For ea
h pre
eden
e edge e : vi ! vj in theoriginal loop dependen
e, the 
onstraint is Pi �Pj � 0, soan edge from Pj to Pi is added in the 
onstraint graph, andthe edge is weighted by 0. For ea
h fusion-preventing de-penden
e edge e : vi ! vj in the original loop dependen
e,the 
onstraint is Pi � Pj � �1, sin
e vj must be put intoa partition di�erent from the partition in whi
h vi is putinto, and the partition number of vj must be larger thanthe partition number of vi. So an edge from Pj to Pi isadded in the 
onstraint graph, and the edge is weighted by�1. Then, we add a sour
e node P0 and also the edges fromP0 to all the other nodes Pi. The added edges from thesour
e node P0 to all the other nodes Pi are all weightedby 0. The 
onstru
tion of the 
onstraint graph G
 doesnot 
reate 
y
les. The Bellman-Ford algorithm 
an be ap-plied to 
ompute the shortest distan
e D(P0; Pi) from thesour
e node P0 to ea
h other node Pi in the 
onstru
ted
onstraint graph.After we get the shortest distan
e from the sour
enode P0 to ea
h other node Pi, we 
an 
ompute the min-imum shortest distan
e minD of all the nodes in the 
on-straint graph, i.e., minD = minPi (D(P0; Pi)). Then forea
h node Pi, we 
ompute the partition number P (Pi) forPi by P (Pi) = D(P0; Pi) �minD + 1. In the algorithm,we get the partition number for every node, and the nodeswith the same partition number are put into the same fu-sion partition.The distributed loop of the example loop in Fig-ure 6(a) is shown in Figure 6(b), and its 
orrespondingLDG is shown in Figure 5(a). The 
onstru
ted 
onstraintgraph by our graph partitioning algorithm 4.1 is shownin Figure 5(b). After we run algorithm 4.1, the parti-tion number we got for the loop nodes in the LDG areas follows: P (L1) = 1;P (L2) = 1;P (L3) = 2;P (L4) =1;P (L5) = 2;P (L6) = 2. So the partition results arePartition1 = fL1; L2; L4g, and Partition2 = fL3; L5; L6gas shown in Figure 5(
). There are totally two fusion par-titions a

ording to this partitioning result, whi
h a
hievesthe maximal fusion, sin
e there are totally three fusion-preventing dependen
e edges in the original LDG. Thefused loop is shown in Figure 5(d).Theorem 4.1 Given a loop and its 
orresponding LDG,the partition 
omputed by algorithm 4.1 is a legal partition.And the total number of the partitions 
omputed by algo-rithm 4.1 is minimal.Proof 4.1 By 
ontradi
tion:A

ording to the properties of a legal loop, every legalloop dependen
e graph G = (V;E; Æ; o) must satisfy thatÆ1(e) � 0;8e 2 E, and Æ1(
) � 1, for ea
h 
y
le 
 in G.Therefore, in algorithm 4.1, after we remove all the edges ewith Æ1(e) � 1, the obtained graph G0 is a DAG. Then, we
onstru
t the 
onstraint graph G
 based on the graph G0.For ea
h node Li in graph G0, there is a 
orresponding nodePi in the 
orresponding 
onstraint graph. If the original
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) for   i=0, N
         for   j=0, M
                A[i,j]=A[i,j]*2+1;

                D[i,j]=B[i,j]*3;

                B[i,j]=B[i,j−1]*3;

         endfor
         for   j=0, M

                C[i,j]=(A[i,j+2]+B[i,j+1])/2;

                E[i,j]=C[i,j−2]+5;    

                F[i,j]=(C[i,j−1]+D[i,j+1])/2;    

         endfor
endfor (d)Figure 5: (a) The LDG of the distributed loop in Fig-ure 6(b). (b) The 
onstru
ted 
onstraint graph for parti-tioning by algorithm 4.1. (
) The graph partitioning result.(d)The fused loop by the LD MDF te
hnique.edge e : Li ! Lj in G0 is a pre
eden
e edge, then in the
onstraint graph, there is one edge e
 : Pj ! Pi, whi
h isweighted by 0. If the original edge e : Li ! Lj in G0 is afusion-preventing dependen
e edge, then in the 
onstraintgraph, there is one edge e
 : Pj ! Pi, whi
h is weighted by�1. And we also add a sour
e node V0 and also the edgesfrom node V0 to all the other nodes in the 
onstraint graph,and all the added edges from the sour
e node V0 to othernodes are weighted by 0 too.The 
onstru
tion of the 
onstraint graph G
 does not
reate 
y
les. Thus, G
 is a DAG. Bellman-Ford algorithmis applied to 
ompute the single-sour
e shortest distan
eD(P0; Pi) from P0 to all the other nodes Pi. Note thatthere must at least exist a node P so that D(P0; P ) = 0sin
e the 
onstraint graph is a DAG. Also, sin
e in the
onstraint graph, all the edges are weighted either by 0 orby �1, then 
omputed D(P0; Pi) values must be 
ontinuousintegers.In the algorithm 4.1, we 
ompute Dmin  minPi (D(P0; Pi)), whi
h is the minimum value of thelongest shortest path. Dmin is a negative value a

ord-ing to the 
onstru
tion of the 
onstraint graph. And the
omputed values for the nodes in the 
onstraint graph in-
lude 0; � � � ;Dmin, i.e., so there are totally �Dmin + 1distin
t 
omputed values for all the loop nodes. De�neKmax = �Dmin, then there are totally Kmax + 1 parti-



tions after running the algorithm.We here prove that the number of the partitions 
om-puted by algorithm 4.1 is minimal. Suppose that the num-ber of the partition is smaller than Kmax. Consider nodePm whose D(P0; Pm) = �Dmin. A

ording to the 
on-stru
tion of the 
onstraint graph, and the de�nition of theshortest path algorithm, there must exist a path with Kmaxnumber of edges with weight �1 from the sour
e node P0to Pm. The edge with weight �1 is 
orresponding to thefusion-preventing dependen
e edges in the original loop de-penden
e graph. Along this path, it is obvious that all thenodes in the original data 
ow graph asso
iated with theseKmax fusion-preventing dependen
e edges must be put into(Kmax + 1) di�erent partitions. This path from P0 to Pmby the shortest path algorithm has given us the lower boundof the number of partitions between v0 and vm. So it isimpossible to have the total number of the partitions lessthan (Kmax+1) by simply 
onsidering this path from v0 tovm.5 Loop Distribution with MaximumDire
t Loop FusionThe te
hnique of loop distribution with maximumdire
t loop fusion (LD MDF) 
ombines loop distributionwith maximum dire
t loop fusion to improve the timingperforman
e of the loops without the in
rease of the 
odesize. The basi
 idea and implementation of the LD MDFte
hnique are illustrated as follows:1. Apply maximum loop distribution on the given loopusing the maximum loop distribution algorithm pre-sented [4℄.2. Constru
t the 
orresponding loop dependen
e graphGL of the distributed loop.3. Apply the maximum dire
t loop fusion algorithm 4.1to 
ompute the fusion partitions.4. Get the fused loop Lf by fusing all the loop nodes inthe same fusion partition.The te
hnique of loop distribution with maximum di-re
t loop fusion �rst applies maximum loop distributionon a given loop using the maximum loop distribution al-gorithm proposed in [4℄. After we perform maximum loopdistribution on the given loop, we 
onstru
t the loop de-penden
e graph of the distributed loop. Then, we partitionthe loop nodes in the LDG of the distributed loop so thatthere is no fusion-preventing dependen
es existing betweenthe nodes inside one fusion. In other words, we partitionthe loop nodes in the LDG into several partitions so thatloop nodes 
onne
ted by a fusion-preventing dependen
eedge are partitioned into di�erent partitions. Thus, allthe loop nodes inside one fusion partition 
an be dire
tlyfused [2℄. After we get the fusion partitions, dire
t loopfusion is applied on ea
h fusion partition. We prove thatthe total number of the fusion partitions got by our graphpartitioning algorithm is minimum, i.e., our maximum di-re
t loop fusion algorithm produ
es the fewest number of

fused loops. A

ording to the implementation pro
edureof the LD MDF te
hnique, it is obviously that the num-ber of the fused loops by the LD MDF te
hnique is alwayssmaller than the number of the loops in the original pro-gram. Correspondingly, we 
an 
on
lude that the 
odesize of the fused loops by the LD MDF te
hnique is alwayssmaller than the 
ode size of the original loops as stated inCorollary 5.1.Corollary 5.1 Given a multi-level loop and its 
orre-sponding data 
ow graph, after we apply the te
hniqueof loop distribution with maximum dire
t loop fusion(LD MDF) to fuse the loops, the 
ode size of the trans-formed loop is always smaller than the 
ode size of theoriginal loop.
         endfor
endfor

for   i=0, N
         for   j=0, M
                A[i,j]=A[i,j]*2+1;
         endfor
         for   j=0, M
                B[i,j]=B[i,j−1]*3;
         endfor
         for   j=0, M
                C[i,j]=(A[i,j+1]+B[i,j+1])/2;
                D[i,j]=B[i,j]*3;
         endfor
         for   j=0, M

                E[i,j]=C[i,j−2]+5;    

                F[i,j]=(C[i,j−1]+D[i,j+1])/2;    (a)
for   i=0, N
         for   j=0, M
                A[i,j]=A[i,j]*2+1;
         endfor
         for   j=0, M
                B[i,j]=B[i,j−1]*3;
         endfor
         for   j=0, M
                C[i,j]=(A[i,j+2]+B[i,j+1])/2;
         endfor
         for   j=0, M
                D[i,j]=B[i,j]*3;
         endfor
         for   j=0, M

         endfor
         for   j=0, M
                 F[i,j]=(C[i,j−1]+D[i,j+1])/2;
         endfor

                E[i,j]=C[i,j−2]+5;    

endfor (b)Figure 6: (a) The original 2-level loop with six inner loops.(b)The distributed loop.For example, the 
ode shown in Figure 6(a) 
on-tains four sequential loops en
losed in one shared outer-most loop. To apply our LD MDF te
hnique, we �rstmaximumly distribute the loop using the maximum loopdistribution algorithm proposed in [4℄. The maximumlydistributed loop for the original program is shown in Fig-ure 6(b). After loop distribution, there are totally sixloops. Then, we partition the six loop nodes in the loopdependen
e graph as shown in Figure 5(a) into two fu-sion partitions as shown in Figure 5(
). We 
an see thatall the loop nodes 
onne
ted by fusion-preventing depen-den
es are partitioned into di�erent loop partitions. Sothe loop nodes inside one loop partition 
an be fused intoone loop dire
tly. Thus, the six loops 
an be fused intotwo loops without transformation. The fused loop by ourLD MDF te
hnique is shown in Figure 5(d), whi
h has twoinner loops. The number of the loops in the fused loop isless than the number of the loops in the original loop. The
ode size of the fused loop is 12 instru
tions, whi
h is alsosmaller than the 
ode size of the original loop, whi
h is16 instru
tions, sin
e the loop 
ontrol instru
tions are re-du
ed.6 ExperimentsIn our experiments, we performed the general legal-izing loop fusion te
hnique (ULF IP) presented in [3℄ and



the te
hnique of loop distribution with maximum dire
tloop fusion (LD MDF). All the test 
ases are extra
tedfrom real DSP appli
ations, most of them are extra
tedfrom the real �lters in
luding WDF (Wave Digital �lter),IIR (In�nite Impulse Response �lter), DPCM (Di�erentialPulse-Code Modulation devi
e), and 2D (Two Dimensional�lter). The VLIW ar
hite
ture is used as the test platform.We simulated a VLIW ar
hite
ture based DSP pro
essorwith eight fun
tional units. We 
ompare the timing per-forman
e and the 
ode size of the original loops, the fusedloops by the ULF IP te
hnique, and the fused loop by theLD MDF te
hnique. The experiments are performed on aDell PC with a P4 2:1G pro
essor and 512MB memoryrunning Red Hast Linux 9:0. Every experiment is �nishedwithin one minute.
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LD_MDF(b)Figure 7: (a)The Exe
ution Time of the original loopsand the fused loops by various te
hniques. (b) The CodeSize of the original loops and the fused loops by variouste
hniques.EX1 refers to the example loop shown in Figure 6(a).EX2, EX3, and EX4 refer to the DSP appli
ations pre-sented in [6℄ that have several loops, in
luding WDF(Wave Digital �lter), IIR (In�nite Impulse Response �l-ter), DPCM (Di�erential Pulse-Code Modulation devi
e),and 2D (Two Dimensional �lter). EX5 and EX6 refer tothe example loops presented in [3℄.In Figure 7(a), we 
ompare the exe
ution time of theoriginal loops and the fused loops by the ULF IP te
hniqueand the LD MDF te
hnique. The exe
ution time is de�nedto be the s
hedule length times the total iterations. Thes
hedule length is the number of time units to �nish oneiteration of the loop body. We assume that ea
h 
omputa-tion 
an be �nished in one time unit. For the sequentiallyexe
uted loops, the exe
ution time is the sum of the exe-
ution time of ea
h individual loop. N denotes the totalnumber of the iterations for the outermost loop, andM de-notes the total number of the iterations for the innermostloop in Figure 7(a). Figure 7(b) 
ompares the 
ode sizeof the original loops and the fused loops by the ULF IPte
hnique and the LD MDF te
hnique. We 
al
ulate the
ode size by the number of instru
tions.Although the ULF IP te
hnique proposed in [3℄ 
analways a
hieve a shorter exe
ution time than the LD MDFte
hnique, it in
reases the 
ode size. In many 
ases, thiste
hnique 
annot be applied be
ause of the memory 
on-straint. Compared to the ULF IP te
hnique, the LD MDFte
hnique takes advantage of both loop distribution andloop fusion, so it redu
es the original exe
ution time andalso avoids the 
ode-size expansion. The experimental re-sults showed that the timing performan
e of the fused loop

by our LD MDF te
hnique 
an be improved 25.3% on av-erage 
ompared to the original loops, and the 
ode size isredu
ed 10.0% on average 
ompared to the original loops.7 Con
lusionIn this paper, we developed the te
hnique of 
om-bining loop distribution with maximum dire
t loop fusion(LD MDF) to a
hieve a shorter exe
ution time with a re-du
tion of the 
ode size. we developed a polynomial graphpartitioning algorithm to 
ompute the fusion partitions.We prove that our maximum dire
t loop fusion te
hniqueprodu
es the fewest number of resultant loop nests with-out violating dependen
e 
onstraints. We also show thatthe resultant 
ode size of the fused loop by the LD MDFte
hnique will be always smaller than the 
ode size of theoriginal loop.Referen
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