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Abstract

For DSP applications with multiple sequential loops or
nested loops, loop fusion usually can be applied to increase
the instruction-level parallelism. Loop fusion, however, is
not always applicable because of the existence of fusion-
prevention dependencies among loops. In this paper, we
present an efficient loop fusion technique based on loop
dependency graph model, retiming, and multi-dimensional
retiming concepts. We show that any 1-level loop and
2-level nested loop can be legally fused by performing our
legalizing fusion technique. Polynomial-time algorithms
are developed to solve the loop fusion problem for both
1-level and 2-level loops. The experimental results show
that our loop fusion technique always significantly reduces
the schedule length.
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1 Introduction

DSP applications usually have strict timing require-
ment. For DSP processors with multiple functional units,
such as TI’'s TMS320C6x, loop optimization techniques
need to be employed to increase the parallelism and im-
prove the utilization of functional units. Loop fusion
is commonly used to improve the instruction-level paral-
lelism by combining and transforming multiple loops into
one loop[15, 11]. Many research works used loop fusion
to enhance data locality and increase parallelism[6, 3, 7,
13, 1, 14]. Loop fusion, however, is restricted by fusion-
prevention dependencies existing among loops. And most
of the existing techniques cannot fuse the loops with fusion-
prevention dependencies [4, 3, 11, 7, 13, 1]. The existing
techniques that can handle fusion-prevention dependencies
still have limitations. Therefore, efficient techniques for le-
galizing loop fusion are necessary for fully achieving the
benefits of the loop fusion.

We use an example to show the loops with fusion pre-
vention dependencies and how it can be transformed and
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fori=0, N

Ali0]=C[i-2,1];
Ali,1]=C[i-2.2]; Prologue
for i=o, N B[i,0]=A[i,0]+A[i,1]+C[i-1,0];
for j=0.M for j=0, M
Al jI=Cli-2j+1]; (a) Alj+2]=C[i-2,j+3];
endfor B[i,j+1]=Al[i,j+2]+Al[i j+1]+C[i-1,j+1]; Fused Loop Body
forj=0, M C[ijI=B[i jl+Ali,j+1]+Al[i j+2];
BIi,jJ=ALi,j+L1+Afi ] +Cli-L]; endfor
endfor
for j=0, M
C[i.j]=B[ij]+Alij+2]+A[i,j+1];
endfor
endfor endfor

B[i,M]=A[i,M]+A[i,M+1]+C[i-1,M];
C[i,M-1]=B[i, M-1]+A[i, M]+A[i,M+1]; Epilogue
C[i,M]=B[i, M]+A[i,M=1]+A[i,M=2];

(a) (b)
Figure 1: (a) The original 2-level loop with three inner
loops. (b) The fused loop.

then legally fused. The example shown in Figure 1(a)
contains three sequential loops enclosed in a shared outer-
most loop. In this simple example, we can find a fusion-
prevention dependency between loop a and b by observa-
tion. Note that B[i][j] is dependent on A[i][j + 1]. If we
directly fuse loop a and b into one loop, A[i][j + 1] will
not be available in iteration (Z,j). Similarly, we can not
directly fuse loop @ and ¢, because C[i][j] is dependent on
Ali][j+1] and A[i][j+2] which are not available in the same
iteration. Many previous works can not deal with fusion-
prevention dependencies, and thus can not fuse loop a, b
and ¢ into one loop. Some of them can only fuse loop b
and ¢ [4, 3, 11, 7, 13]. While using our technique, all the
fusion-prevention dependencies can be removed by a graph
transformation technique based on the multi-dimensional
retiming concept [9, 10], and the final code after fusing loop
a, b, and ¢ is shown in Figure 1(b). Assuming there are
four functional units, the schedule length of the fused loop
can be dramatically reduced from 9 to 4 control steps.
Manjikian and Abdelrahman proposed the “shift-and-
peel” loop transformation technique [6]. But it requires
uniform dependencies among the loops. Actually, the
“shift-and-peel” technique can be regarded as a special case
in our proposed loop fusion technique. Passos et. al. pro-
posed a nested loop fusion technique in [12], which targets
to achieve the fully parallel execution of the innermost loop
body on parallel architectures. However, the execution se-
quence of the nested loop can be changed and the code



size may become very large, which limits its application in
embedded systems [2].

In this paper, we present an efficient loop fusion tech-
nique based on graph transformation by using retiming and
multi-dimensional retiming concepts. By casting a retim-
ing view on the loop fusion problem, we derive loop fusion
theorems based on the understanding of the properties of
loops to be fused. We show that any 1-level, 2-level loop
can always be legally fused when appropriate transforma-
tion is applied. Several efficient legalizing fusion algorithms
are proposed to solve the loop fusion problem for both 1-
level and 2-level loops. Our contributions are as follows:

1. We develop an efficient graph transformation tech-
nique to legalize loop fusion for 1-level, 2-level loops
based on the loop dependency graph (LDG) model,
retiming, and multi-dimensional retiming concepts[5,
10].

2. We derive theorems to show the correctness of the
legalizing fusion process.

3. We prove that any 1-level, 2-level loops can be legally
fused using our legalizing fusion technique.

4. Polynomial-time algorithms are proposed to solve the
loop fusion problem.

The experimental results show that our loop fusion tech-
nique significantly reduces the schedule length with a rea-
sonable code size. For example, the schedule length of the
Livermore benchmark LL18 is reduced by more than 55%,
while the three sequential loops of LL18 cannot be fused
by most of the previous techniques[4, 3, 11, 7, 13]. With
all the experiments we did, the schedule length of the fused
loops using our LF_IP algorithm can be reduced by more
than 57%.

The rest of the paper is organized as follows: We intro-
duce the basic concepts and principles related to our loop
fusion technique in Section 2. The basic properties of the
various loop models, and the legalizing fusion algorithms
and theorems are presented in Section 3. The experimental
results are presented in Section 4. And finally, Section 5
concludes the paper.

2 Basic Concepts

In this section, we provide an overview of the basic con-
cepts and principles related to our legalizing fusion tech-
nique.

2.1 Loops and Loop Dependency Graph

Loop fusion is a loop optimization technique which com-
bines several sequential loops into one loop. In this paper,
we develop a legalizing fusion technique for 2-level nested
loops. The technique can also be applied to 1-level loop fu-
sion. The 2-level nested loops include “14+1” model loops
which contain several 1-level loops in one outermost loop,
and “0+2” model loops which contain several sequentially
executed 2-level loops, as shown in Figure 2(a) and 2(b),
respectively.

Shared outmost loop 2-level loop
1-level inner loop Loop Body
Loop Body
1-level inner loop 2-level loop
Loop Bod
00p Body Loop Body
(a) (b)

Figure 2: (a)“1+1” model. (b)“0+2” model.

Data dependency analysis is critical for loop fusion [15,
6, 8]. The fused loop should not violate any data de-
pendency between the original loops which can be repre-
sented by the loop dependency vector[12]. For two sequen-
tially executed n-level nested loops a and b , with iteration
(41,82, - -,in) € b and (j1,J2, - -, jn) € a, we say that there
is a loop dependency vector d= (11 —J1,%2—J2, -, on —Jn)
that represents the data dependency between these two loops
if a data value computed in (j1, j2, -, jn) € a is consumed
in (41,42, -+ ,in) € b.

To clearly show the data dependencies between loops,
we use a loop dependency graph (LDG) to model a nested
loop. A multi-dimensional loop dependency graph (MLDG)
G = (V, E,§) is a node-weighted and edge-weighted directed
graph, where V' is a set of nodes representing the loops
to be fused. E C V xV is a set of edges representing
dependencies between the loops. § is a function from E
to Z" representing the minimum loop dependency vector
between two loops. We use the minimum loop dependency
vector of an edge in our MLDG model instead of all the
loop dependency vectors as in [12] to improve the efficiency
of our technique. All the comparisons between two loop
dependency vectors are based on the lexicographic order
in this paper. For example, in the two-dimensional case,
a vector ¥ = (v1,v2) is smaller than a vector & = (u1,u2)
according to the lexicographic order if either v1 < w1 or
v1 = w1 and vy < Up.

1(2)=(02)
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Figure 3: (a)The LDG of the loop shown in Figure 1(a).
(b)The retimed LDG with retiming 7(a) = (0,2), #(b) =
(0,1), and 7(c) = (0, 0).



In a loop dependency graph, a fusion-prevention de-
pendency is represented by an edge e with edge weight
d(e) < (0,0,---,0). Fusion-prevention dependencies will
become reverse to the control flow after the loop fusion is
performed, making the fusion illegal [6, 8, 12]. The loop
dependency graph of the loop in Figure 1(a) is shown in
Figure 3(a). There are three nodes V = {a, b, c} in the loop
dependency graph which represent the three innermost
loops in the program. The loop dependency edges are E =
{e1:a—bea:a—c,es:b—c,ea:c—bes:¢c—al.
The loop dependency vectors are {(0,—1), (0,0)} between
nodes a and b, {(0,—-2),(0,—1)} between nodes a and c,
{(0,0)} between nodes b and ¢, {(1,0)} between nodes c
and b, and {(2,—1)} between nodes c and a. According
to our MLDG definition, d(e1) = (0,—1), d(e2) = (0, —2),
d(e3) = (0,0), 6(es) = (1,0), d(es) = (2,—1). The fusion-
prevention dependency edges are e; and es.

2.2 Multi-Dimensional Retiming

Leiserson [5] proposed the retiming technique. Passos
et. al. [10, 9] developed the multi-dimensional retiming
technique to optimize the multi-dimensional problems. In
this paper, we develop a graph transformation technique to
remove fusion-prevention dependencies based on the multi-
dimensional retiming technique.

For a multi-dimensional loop dependency graph G, a
multi-dimensional retiming  is a function from V to Z".
The retiming value 7(u) represents how many delays are
added into the edges v — v and subtracted from the edges
w — u, for u,v,w € V. Therefore, in the retimed MLDG
G", we have 0" (e) = d(e)+7(u) —7(v) for each edge e : u —
v. The summation of the edge weights in a cycle remains a
constant after retiming. Note that the retiming technique
preserves all the data dependencies of the original LDG.
The retiming value 7(u) means that a node u originally
executed in the iteration 7 is moved to the iteration i —#(u).
For a loop dependency graph, all the computations of loop
u are executed 7(u) iterations earlier. Some iterations of
the original loop are moved out of the loop body to become
prologue and epilogue. That is, the codes to be executed
before and after the loop body to complete the execution
of the whole loop. The number of copies of a node u in
prologue or epilogue can be computed from the retiming
value [16].

The normalized retiming value for node u is defined
as r(u) — min, r(u), where min, r(u) is the minimum re-
timing value of all nodes w in V [16]. From this defini-
tion, we know that the normalized retiming value for any
node u in V is larger than or equal to (0,0) in the two-
dimensional case. For example, the retiming values com-
puted by the legalizing fusion algorithm for nodes a, b and
¢ of the LDG in Figure 3(a) are (0, 0), (0, —1), and (0, —2)
respectively. The minimum retiming value min, r(u) is
(0,—2). We obtained the normalized retiming value by
subtracting the minimum retiming value (0, —2) from the
original retiming values of the three nodes. Thus, the
normalized retiming values are 7(a) = (0,0) — (0,—2) =
(0,2), #(b) = (0,-1) — (0,—-2) = (0,1), and 7(c) =

(0,—2) — (0,—2) = (0,0). We retime the three nodes of
the LDG in Figure 3(a) with the normalized retiming val-
ues 7(a) = (0,2), 7(b) = (0,1), and 7(c) = (0,0). The
retimed MLDG G" of the LDG in Figure 3(a) is shown in
Figure 3(b). After retiming, the weight of edge e1 becomes
67 (e1) = (0,—1)+(0,2)— (0,1) = (0,0). And the weight of
edge e2 becomes §" (e2) = (0, —2) + (0,2) — (0,0) = (0,0).
Therefore, all the fusion-prevention dependencies are re-
moved.

3 Legalizing Fusion Technique

The problem of legalizing fusion is to remove all
the fusion-prevention dependencies in a loop dependency
graph. We solve the problem with graph transformation
technique based on multi-dimensional retiming concept.
We found that all the fusion-prevention dependencies can
be removed provided a legal MLDG. In this section, we
first discuss the properties of the LDGs for various loop
models which provide necessary conditions for the correct-
ness of our legalizing fusion algorithms. Then, we propose
two legalizing fusion algorithms for “14+1” model loop and
extend them to deal with “0+1” and “0+2” model loops.

3.1 Basic Properties of Various Loop
Models

For “0+1” or “0+2” model loops, the corresponding
LDGs are directed acyclic graphs (DAGs). Therefore,
there always exists a retiming or multi-dimensional retim-
ing that can retime the negative weights to be non-negative
according to the basic retiming concept [5, 10, 9]. Thus, all
the fusion-prevention dependencies can be removed. Due
to the space limitation, we do not provide the proof of the
following lemma, but it can be easily proved by the basic
retiming principles.

Lemma 3.1 Any “0+1” and “0+2” model loop can be re-
timed so they can be legally fused after retiming.

In the “141” model, several 1-level loops are enclosed in-
side the shared outermost loop. There may exist some
loop-carried data dependencies in this case, which may
cause a dependency cycle in the corresponding LDG. For
a nested “1+41” model loop to be legally executed, each cy-
cle in the LDG must contain at least one edge e represent-
ing an outermost loop-carried dependencies by definition,
whose weight d(e) has positive value on the first dimen-
sion, i.e., d1(e) > 1. The property stated in Lemma 3.2
ensures the legality of “14+1” model loop and also provides
an important condition for applying our legalizing fusion
algorithms.

Lemma 3.2 A Loop Dependency Graph G = (V, E,d) of
a “1+1” model loop is a legal LDG if the value of the first
dimension of an edge weight d(e) satisfies that d1(e) > 0,
Ve € E, and for any cycle c = {v1 > va = -+ = v, —
v1}, the summation of the edge weight 6(c) satisfies that
d1(c) > 1, where d1(e) denotes the first element of the vec-
tor d(e).



3.2 Legalizing Fusion Algorithms for
“141” Model

In this subsection, we propose two legalizing fusion
algorithms, the Basic.LF algorithm, and the LF_IP
algorithm. The algorithms are developed to legalize
fusion for “14+1” model loops and also can be extended
to legalize fusion for “0+1” and “0+2” model loops.
The Basic_LF algorithm transforms the graph without
considering the critical path length of the fused loop.
The LFIP algorithm keeps the critical path length of
the fused loop to be minimal when transforming the graph.

The Basic_LF Algorithm

Algorithm 3.1 Basic Legalizing Fusion Algo-
rithm(Basic LF)

Require: A loop dependency graph G = (V, E, §)
Ensure: A retiming function r of the loop dependency
graph
/*remove all the edges e with d;(e) > 1 from E */
E' « E —{e|d(e) > (1, —-00)}
Counstruct the constraint graph G. = (Ve, E¢, w.), where
Ve « VU{v}, Ec + E'|JEs, here E; = { (vo —
v;) v €V}
for all edges e. € E' do
we(ee) < da2(ec)
/* In the LF_IP Algo.: wec(ec) < d2(ec) — 1 */
end for
for all edges e. € Es do
we(ee) < 0
end for
Call the Bellman-Ford algorithm to compute D(vo,v;),
the shortest distance from vo to each node v; € V
for all nodes v; € V do
r(vi) = (0, D(vo, vs))
end for
return r

In the Basic_LF algorithm, we first remove all the edges
e with d1(e) > 1 from the LDG and we obtain a directed
acyclic graph (DAG) G’'. Then, we construct a constraint
graph G. of the shortest path problem by adding a source
node vo and also the edges from v to all the other nodes
of G'. All the edges e belonging to the original LDG are
labeled with d2(e) in the constraint graph G.. The edges
added from the source node to all the other nodes of G’ are
labeled with 0. The construction of the constraint graph
G. does not create cycles. The Bellman-Ford algorithm
can be applied to compute the shortest distance from the
source node vg to each other node v;, which serves as the
second element of the retiming value of node v;. The first
element of the retiming value of node v; is set to be 0 in the
Basic_LF algorithm. Actually, we apply retiming only on
the second dimension. The graph transformation is then
similar to a one-dimensional retiming. The complexity of
the Basic_LF algorithm is O(|V||E|).

An example of the graph transformation process of the
Basic_LF algorithm is shown in Figure 4(a). The corre-

1@=(03)

1(b)=(0.1)

19=00) |0

4 @ r@=0.1) 4

(a) (b) (c)
Figure 4: (a)Example LDG. (b) The constraint graph of
the Basic_.LF Alg. (c) The retimed LDG by the Basic_LF
Alg.

sponding constraint graph is shown in Figure 4(b). The
normalized retiming values computed by the Basic_LF al-
gorithm are 7(a) = (0, 3), 7(b) = (0,1), 7(c) = (0,0), 7(d) =
(0,1). The retimed LDG is shown in Figure 4(c). There is
no fusion-prevention dependency in the retimed LDG.

Theorem 3.1 Given a legal LDG of a “1+1” model loop,
the Basic_LF algorithm can always transform the loops so
that they can be fused legally.

Proof 3.1 According to lemma 3.2, every legal loop depen-
dency graph G = (V, E,§) must satisfy that §1(e) > 0,Ve €
E, and d1(c) > 1, for each cycle ¢ in G. Therefore, after all
the edges e with d1(e) > 1 are removed, the obtained graph
G’ is a DAG. The construction of the constraint graph G
does not create cycles. Thus, G. is a DAG. Bellman-Ford
algorithm 1is applied to compute the single-source shortest
distance D(vo,v;) form vo to all the other nodes v;, which
is the second element of the retiming vector for node v;,
i.e., r2(v;).

For an edge e : v; — v; labeled with d2(e) in the con-
straint graph, Bellman-Ford algorithm computes the short-
est distance D(vo,v;) from vo to v; as the second element of
the retiming vector for node v;, i.e., r2(v;), and the short-
est distance D(vo,v;) from vo to v; as the second element
of the retiming vector for node vj, i.e., r2(v;). It follows
that,

r2(v;) < r2(vi) + d2(e) = da2(e) + r2(vi) — r2(v;) >0
According to the definition of retiming, we have
d3(e) = da(e) + ra(vi) — r2(v;) = d2(e) 2 0

In the Basic_LF algorithm, we only retime the second di-
mension, so 0i(e) = di1(e) > 0. Therefore, we have
d"(e) > (0,0), Ye € E, which means there is no fusion-
prevention dependency in the retimed graph.

The LF_IP Algorithm

The Basic_LF algorithm retimes the LDG so that each
edge e satisfies that 6" (e) > (0,0) in the retimed LDG G".
But the critical path[10] of the fused loop based on the



Basic_LF algorithm can be increased when the zero-weight
edge connecting the critical paths of two loops as shown in
Figure 5(a). To increase the instruction level parallelism
of the fused loop, we propose the LF _IP algorithm (Loop
Fusion Algorithm with Instruction-Level Parallelism). In
the LF_IP algorithm, the edge weight of the constructed
constraint graph is computed differently. In the Basic_LF
algorithm, the weight of the edges belonging to the orig-
inal LDG is computed as wc(e) = d2(e). In the LF_IP
algorithm, however, the weight of the edges belonging to
the original LDG is set as wc(e) = d2(e) — 1 in the con-
straint graph. This modification is important because it
guarantees that any edge e in the retimed LDG satisfies
that 6"(e) > (0,1). Therefore, the critical path of the
fused loop is the longest critical path of the original loops
as shown in Figure 5(b). In other words, the critical path
of the fused loop will not be increased.
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Figure 5: (a)The critical path of the fused loop by the
Basic_LF Alg. (b)The critical path of the fused loop by
the LF_IP Alg. (c)The constraint graph of the LF_IP Alg.
(d)The retimed LDG by the LF_IP Alg.

Theorem 3.2 Given a legal LDG of a “1+1” model loop,
LF_IP algorithm can always transform the loops so that
they can be legally fused and the critical path of the fused
loop is minimal, i.e., the longest critical path of the original
loops.

We use the same example LDG shown in Figure 4(a)
to show how the LF_IP algorithm works. The cor-
responding constraint graph for the LF_IP algorithm
is shown in Figure 5(c). The normalized retim-
ing values computed by the LF_IP algorithm are
7(a) = (0,5),7(b) = (0,2),7(c) = (0,0),7(d) = (0,0).
The retimed LDG is shown in Figure 5(d). Note that
the longest zero-weight path of the LDG in Figure 4(c)
isa -+ b — ¢ = d. While it just contains one node in
Figure 5(d).

Legalizing Fusion Algorithms for “0+1” Model and
“0+2” Model

Both the Basic_LF algorithm and the LF_IP algorithm
can be easily extended to deal with “0+1” and “0+2” model
loops. The loop dependency graphs of “0+1” and “0+2”
model loops are DAGs. Therefore, we don’t need to break
the cycles in a LDG as we do in the algorithms for “1+41”
model loops.

The LDG of a “0+1” model loop is an one-dimensional
graph. Thus, we can retime the LDG of a “0+1” model
loop such that the edge weight of the retimed LDG satisfies
that §"(e) > 0, or 6" (e) > 1, Ve.

For the “0+2” model loop, we consider the modifica-
tions on the legalizing fusion algorithms for “14+1” model
one by one. For the “0+42” Basic_LF algorithm, the first
dimension of the LDG is retimed to achieve the resultant
LDG with §"(e) > (0,0),Ve. The “0+2” LF_IP algorithm
is to retime the first dimension of the LDG of “0+2” model
loop such that the edge weight of the resultant LDG sat-
isfies " (e) > (0, 1), Ve.

4 Experiments

This section presents the experimental results of our al-
gorithms. We simulate a DSP processor with 4, 8 function
units and compare the schedule length of the original loop
and the fused loop. The standard list scheduling algorithm
is used in our experiments. All the loop dependency graphs
used in our experiments have fusion-prevention dependen-
cies. Most of the previous works cannot do the loop fusion
in this situation or cannot fuse all the loops into one loop
because of the fusion-prevention dependencies.

LL18 is the eighteenth kernel from the Livermore bench-
mark. LDG1, LDG2, and LDG3 refer to the examples pre-
sented in Figure 2, 8, and 17 in [12]. LDG4 is shown in
Figure 3(a). LDGS5 is shown in Figure 4(a). All these ex-
ample LDGs are from the 2-level nested loops. The nodes
of an LDG are obtained from the DSP benchmarks includ-
ing WDF (Wave Digital filter), IIR (Infinite Impulse Re-
sponse filter), DPCM (Differential Pulse-Code Modulation
device), and 2D (Two Dimensional filter).

Program|| Orig. [[Basic LF| % [LFIP| %
LDG1 9 5 44.4% 4 55.6%
LDG2 37 18 51.3% 17 54.1%
LDG3 41 22 46.3% 22 46.3%
LDG4 23 12 47.8% 8 65.2%
LDG5 29 13 55.2% 9 68.9%
LL18 9 5 44.4% 4 55.6%

| Average Improvement | 48.2% || - | 57.6% |

Table 1: Schedule length of the original loop and the fused
loop when there are 4 FUs

Program| Orig. |Basic.LF| % |LF_IP| %
LDG1 9 5 44.4% 3 66.7%
LDG2 36 10 72.2% 9 75.0%
LDG3 38 14 63.2% 11 71.1%
LDG4 23 12 47.8% 7 69.6%
LDG5 29 13 55.2% 7 75.9%
LL18 9 5 44.4% 4 55.6%

[ Average Improvement | 545% || - [ 68.9% |

Table 2: Schedule length of the original loop and the fused
loop when there are 8 FUs

Table 1 displays the schedule length of the original loop
and the fused loop when there are 4 function units in the



DSP processor. The second column shows the schedule
length of the original loop. The third column shows the
schedule length of the fused loop by the Basic_LF algo-
rithm. The fourth column shows the improvement of the
schedule length of the fused loop by the Basic_LF algo-
rithm. The fifth column shows the schedule length of the
fused loop by the LF_IP algorithm. The sixth column
shows the improvement of the schedule length of the fused
loop by the LF _IP algorithm. Table 2 displays the schedule
length of the original loop and the fused loop when there
are 8 function units in the DSP processor.

From Table 2, we find that the Basic_LF algorithm re-
duces the original schedule length by 54.5% on average
when there are 8 FUs. While the LF_IP algorithm reduces
the original schedule length by 68.9% on average when
there are 8 FUs. It means that a better performance can be
achieved by the LF_IP algorithm because the critical path
of the fused loop by the LF_IP algorithm is shorter. The
schedule length of the fused loop by the LF_IP algorithm
achieves the minimal critical path length when there are
enough function units. For example, the schedule length of
the fused loop of LDG3 is minimal when there are 8 FUs
as shown in Table 2.

5 Conclusion

In this paper, we presented an efficient loop fusion tech-
nique based on loop dependency graph model and multi-
dimensional retiming concept. We derive legalizing fu-
sion theorems to transform the loops to be legally fused.
Polynomial-time legalizing fusion algorithms were devel-
oped to solve the loop fusion problem for both 1-level
and 2-level loops. The experimental results showed that
our loop fusion technique always significantly reduced the
schedule length because we maximized the utilization of
the Functional Units by exploiting more instruction level
parallelism. Our future work will combine loop fusion with
other loop transform techniques such as loop distribution
and loop unrolling to further optimize the execution of the
loops.
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