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Abstract

Portable or embedded systems as well as submicronic technologies have made
the power consumption criterium crucial. Memory is known to be extremely
power consuming. Moreover multimedia applications are memory intensive ap-
plications. Therefore, we propose new techniques to optimize a behavioral de-
scription of multimedia applications before the hardware/software partitioning
(Codesign). These transformations are performed on “for” loops that consti-
tute the main parts which handle the arrays of the multimedia code. This
paper presents an optimal algorithm to reduce the use of temporary arrays by
loop fusion. Although the algorithm is not polynomial experiments have shown
that it is very efficient.

Keywords: Memory Optimization, Code Transformation, Codesign, Loop Fusion (Merging)

Résumé

Les systemes portables ou embarqués, ainsi que les technologies dites sub-
microniques, ont rendu le critre de consommation crucial. La mémoire est
connue pour étre une source tres importante de consommation. De plus, les
applications multimédia font un usage tres intensif de la mémoire. C’est pour-
quoi nous proposons de nouvelles techniques pour optimiser une description
comportementale d’application multimédia avant le partitionement matériel-
logiciel (Codesign). Ces transformations sont effectuées sur les boucles “for”
qui constituent la partie principale manipulant les tableaux dans le code mul-
timédia. Cet article présente un algorithme optimal pour réduire 'utilisation
de tableaux temporaires par fusion de boucles. Bien que cet algorithme ne soit
pas polynomial, les expérimentations ont montré qu’il est tres efficace.

Mots-clés: optimisation mémoire, transformation de code, conception conjointe (codesign), fusion de
boucles
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1 Introduction

Code transformations for the design of an integrated system can be performed at several levels. For instance,
Boolean functions minimization can be considered. At the Register Transfer Level, transformations are
performed on the control state charts by splitting or merging nodes. At every stage of the design we can
apply transformations used in software compilers [ASU86] [BGS94].

In this paper, we will focus on the design of data flow embedded systems. These systems use signals
and data stored in arrays such as images, video and sounds. This type of applications consumes memory
for multidimensional data storage. More than a half of the surface of integrated systems of this kind is
filled by memory. Memory is known to be power consuming. Therefore, this massive memory made power
consumption criteria control compulsory. Power optimization by memory optimization can be done in several
ways: the reduction of the size of the memory and improved data-movement strategies over the memory
hierarchy.

Once the Hardware-Software partitioning is done, the memory has already been divided. It is therefore
very important to make optimizations before this partitioning in order to deal with all the memory in
homogeneous vision. In this paper, we want to optimize both types of memories, the one that will be
included in hardware and the one controlled by software.

Methods and tools defined in this paper are specific to Codesign [CCH99] because in the case of software-
only compilation the memory is already instantiated in hardware and cannot be tuned. Moreover, the
memory is rarely shared in software; a memory cell is used for only one array cell (unless explicitly stated
when the designer uses the same name for two non-overlapping objects).

On the opposite, during silicon compilation the physical memory is optimized all along the design chain.
In-Place Mapping [De 98] can allow to share memory by overlapping arrays when possible, memory allocation
can select memory modules upon several criteria (size, number of ports) and assignment computes hardware
addresses for accessing arrays in memory [MCJM96] [PDN96] [PDN99]. The memory is instantiated on-
demand and specific modules can be used or even built specifically. This will be the main assumption for
memory optimization by code transformations.

All the optimizations undertaken during silicon compilation improve the design starting from a given de-
scription. However, a preprocessing source-to-source code transformation similar to the one used in software
compilation can be applied on the design in order to improve the efficiency, or enable, further optimizations.
The source-to-source transformations we propose are target independent code optimizations. We do not
consider specific modeling of the target except that it has, at least, two levels of memory [ACFS94]. These
transformations are good on general principles and are a complement to transformations that are designed for
a specific target platform on which more precise information, such as cache line size or number of registers,
can be used to drive loop transformations [Kul00] [MCT96].

The handling of arrays is done mainly through “for” loops in multimedia applications. These loops form
the critical part of the optimizations we want to apply at the Codesign stage. We propose to transform
the algorithmic description of a design by exploiting and adapting techniques similar to the ones used in
automatic parallelization [BGS94] [Wol95] so as to reduce the consumption in power due to memory by
enabling powerful optimizations. Further optimizations are to be applied later in the design flow, when more
architectural parameters are set for the design. However, the other steps and interactions between steps are
beyond the scope of this article.

In this paper, we will present a “for” loop transformation to optimize memory size. Loop fusion is
a program transformation that collapses several loops into one. Memory minimization by loop fusion is
obtained by reducing the size of temporary arrays. These arrays are produced and used in specific loops
and they are not used elsewhere in the code. An array written in a loop and read in another one must be
stored in memory between these operations. Once the production and consumption of values stored in the
array have been merged within the same loop body a scalar replacement [CK94] or in-place mapping [De 98]
techniques can be used to reduce the size of memory needed by the computation.

Figure 1 shows an exemple of such fusion. On Figure 1(a) the loop L1 produces values stored in array A
and the loop L2 consumes these values. If we merge these two loops then we obtain the code on Figure 1(b)
where the array A has been replaced by a scalar a thus reducing the size of needed memory for the application.



Li1: for i=1 to n

Ali] = ...
endfor L12: for i=1 to n
L2: for i=1 to n a= ...
.= £(A[LD) ...o= f(a)
endfor endfor
(a) source code (b) after fusion

Figure 1: Scalar replacement of array a after loop fusion

2 Memory Minimization by Loop Fusion

The algorithm we present in this section minimizes in an optimal way the size of the temporary arrays used
in data dominated applications such as multimedia ones. The size of the memory is approximated by the
maximum size of time overlapping arrays. This is based on the assumption that the memory will be shared
afterward by In-Place Mapping. Our Memory Cost function is defined as following:

Memory Cost = mazx Z Size(v),Vt
velive variables(t)

The loop fusion for maximal reuse proposed by McKinley and Kennedy [MK93] is a particular case of
our problem and has been proven NP-hard. However, we propose a very efficient algorithm that is very fast
in practice and solves our problem with an optimal solution. A survey on loop fusion complexity can be
found in [Dar99].

2.1 Modeling the Problem

We use a Data Flow Graph (DFG) (G = (V, E, A)) representation to model the problem. Graph nodes (V)
represent the loop nests and edges (E) represent data dependences between these loops. A is the set of all
arrays handled in the source code. Each array a € A has an associated weight size(a).
We assume that the reader is familiar with concept of data dependence [BGS94]. A data dependence
—

between two array references is represented by a hybrid distance/direction vector § = {4 ...d2} with the
most precise information derivable. The vector component represents the data dependence corresponding
left to right from the outermost loop to the innermost one enclosing the reference. Two nodes can be merged
if and only if none of the dependence are reversed in the fuse loop compared to the original code. An edge
that carries a dependency which prevents the fusion of its source node and its destination node is called a
fusion preventing edge (FPE) and is marked with a slash.

Each edge is labeled by the name of the array a € A that carries the dependence and is weighted by the
size of this array. An edge is labeled by only one array and if there are multiple array dependencies between
two loops then the graph becomes a multigraph with potentially multiple edges between to nodes.

Figure 2(b) represents the dependence graph computed from the source code on Figure 2(a). Loops L2
and L3 cannot be fused due to the dependence carried by a2. If the loops were merged the code would read
a2[i+1] (from L3) before its computation (from L2) within the same iteration.

Isolated statements are also considered as nodes. Dependences between code statements and loops are
preserved as we perform code reorganisation during the transformation. An isolated statement will be
represented in the graph as a regular node but all its incoming and outgoing edges will be marked as
fusion-preventing ones.

An array can be removed from the memory, or at least minimized in size, if we can fuse all the loops
that write into it with the loops that are reading its values. A removable array is marked with a star on the
representations.



L1: for i=1 to n

al[i]l = ...
endfor
L2: for i=1 to n

a2[i] = f2(a1l[il)
endfor
L3: for i=1 to n

a3[i] = £3(a2[i+1])
endfor
L4: for i=1 to n

a4[i] = f4(alli-11,a3[il)
endfor
L5: for i=1 to n

. = f5(a2[i],a3[i],a4[il)

endfor

(a) source code (b) dependence graph

Figure 2: Modeling dependences

2.2 Removable Arrays Detection

In order to remove an array from the program by merging the loops we need to merge all the nodes connected
by an edge which is labeled by this array in the DFG. Merging is not needed for an edge e = (u,v) labeled
by an array a if there exist a path from u to v that contains a FPE.

In order to detect all the arrays that could be removed by loop fusion we perform a transitive closure on
the DFG as can be seen on Figure 3.

Figure 3: Transitive closure of the DFG for removable array detection

Array a2 cannot be removed because there is a direct fusion preventing edge between loops L2 and L3.
The same situation occurs for array al where there is a path between L1 and L4 that goes through an FPE.
Removing the array al from the memory would require the fusion of loops L1, L2 and L4 and would create
a cycle between L124 and L3 in the dependence graph. Such a cycle is not allowed in order to preserve the
precedence constraints imposed by data dependencies.

Arrays a3 and a4 are marked with a star as they can be removed by merging loops L3, L4 and L5. We
call by extension starred edges an edge that carries a dependence on a removable array.



2.3 Conflicts Detection and Resolution

The previous step can detect if an array can be removed from the memory by loop fusion but the detection
is local and some problems can arise when we consider the removable arrays altogether. For instance, on
Figure 4(a) arrays a and b can be removed if we consider them separately. Unfortunately, removing both at
the same time is not feasible. The situation can be more complicated as can be seen on Figure 4(b) where
the fusion cannot be performed without creating a dependence cycle between loops (L1,L3,L6) and loops
(L2,L4,L5).

(a) direct conflict (b) conflict path

Figure 4: Conflict Between Potientialy Removable Array

In order to complete the fusion process we need to solve all possible conflicts by reducing the set of
starred arrays without compromising the global optimality. This resolution is done in two steps, the first one
identifies all possible conflicts in the graph and the second one solves all these conflicts in a global optimal
way.

2.3.1 Conflicts Detection

Problems arise when several potential removable arrays are located on a cycle of the graph while part of this
cycle contains a FPE.

Given p an elementary cycle of the graph with a given direction over this cycle. We denote u™ the set
of edges in the cycle oriented toward the cycle cover direction, p~ is the set of edges oriented the other way
round (see [GM84] for more details).

We can associate to y a vector g = (p1, 2, - .- pyp)) such as:

+1 ifuept
by =< —1 ifuep
0 fugutup

Note that —/_Z is also a vector associated to the cycle p with a different cover direction.

Proposition 1 In order to solve all possible problems that wog!d create an illegal fusion we need to detect
and cut all undirected elementary cycle u of the graph such as u is composed in the following way:

e all +1 (resp. —1) are starred edges
e at least one —1 (resp. +1) is an FPE

Proof



e Assume that we have a fused graph G that is illegal. We want to prove that this original (unfused)
graph was composed of, at least, one cycle such as described in Proposition 1. A fused graph G is
illegal if it contains an oriented dependence cycle ug. This dependence cycle is composed of FPE or
unstarred edges since all the starred edges have been fused. As there was no dependence cycle before
the fusion (the original graph is a DAG) the last edge e, that has been fused is starred and is oriented

=
in a direction that prevents the original graph from being cyclic. Thus, the vector u' associated with
the undirected cycle composed of u U es corresponds to the definition given in proposition 1.

e Now we want to prove that if there exists a non oriented cycle in the original graph that follows the
proposition 1 the graph resulting from the fusion of all the starred edges will produce an illegal fused
graph. Let us suppose that we have fused all but one starred edges from an undirected cycle p to

RN

produce a graph G'. The vector ' in G' has only one +1 (resp. —1) that corresponds to a starred

edge and at least one —1 (resp. +1) that corresponds to a FPE. If we fuse the last starred edge then

we produce a directed cycle in the resulting graph composed of all the edges, of which at least one was
—

an FPE, that were marked —1 (resp. +1) in 4'.

Cycle detection algorithm: we perform cycle detection by exploring the graph for each edge e = (u,v)
that is fusion preventing by looking for all cycles from u to v that follows the proposition 1. This implies
that we will look for all the cycles p for which ﬁ contains only starred edges in p*.

In order to speed up the exploration we use the property that we can stop the exploration on a path
as soon as we encounter an edge in u* that is not starred.

exploration(G = (V, E),k,u,v)
begin
mark[k] + true
forallt € V do
begin
if t =v and t # u then
C + CU{v € V|mark[v] = true}
else if e = (k,t) € E and e is starred and mark[t] = false
exploration(G,t,u,v)
else if e = (¢, k) € E and mark[t] = false
exploration(G,t,u,v)
end
mark[k] < false
end

for all e = (u,v) € V, exploration(C,u,u,v)

Figure 5: Graph exploration for problem detection between a node u and a node v

This algorithm is clearly not polynomial as it performs an exploration of the graph. However, this step
is very efficient in practice and it has never been time consuming during our experiments (see Section 3.)

We denote C' the set of all cycles detected during the exploration of the graph. The next step will solve
simultaneously all the dependency problems within these cycles.

2.3.2 Integer Linear Programming Resolution

In this section we present the ILP formulation [Sch86] for the problem of breaking all dependency cycles
detected in the previous step of the algorithm . Once all the cycles have been detected we have to solve the



global problem to decide which removable array will be taken out of the set.

The objective function of our ILP is thus to minimize the sum of the size of starred arrays that we have
to remove from the set of all possible starred arrays we found in section 2.2.

We associate a binary variable z, to each starred array a that could be removed but which has been
included in a cycle during the previous step. If this variable is set to 0 then the array will be considered for
removal by fusion otherwise the array will cease to be starred.

For each cycle u € C detected in section 2.3.1 we need to decide which array carried by the edges in ut
will not be starred anymore. Thus the sum of all the variables z, on a path must be greater than or equal
to 1 in order to remove at least one array.

min Z Si2€q * Tq (1)
acA
0<z,<1,Vae A (2)
Z T >1,Vuel (3)
agpt(c)

The ILP formulation given by (1), (2), (3) minimizes the size of the arrays that cannot be kept starred
due to dependence constraints in a graph.
If the graph is a multigraph then we introduce extra variables z,__; that represent all the arrays carried

by two or more dependences u X vand u ﬁ) v between two nodes v and v of the graph. The variable z,
replaces variables x, ...z in inequation 3 whenever the multi-edge appears in u*. A variable z,._; will be
set less or equal to each variable z, ...z, associated with the arrays of the multi-edge. If x4 is set to 1 (the
multi-edge is removed from a path) then all associated variables will also be set to 1 and all arrays will be
unstarred. Otherwise a variable z, can be set to 1 without interfering with other arrays on the multi-edge.

2.4 Graph Clustering and Fusion

All the edges that are still starred can now be fused. The only remaining step is to compute the clusters
that will make the transformed dependence graph nodes. We have to ensure that if two nodes u and v will
belong to the same cluster then all nodes that belong to a directed path from u to v will be also taken in the
cluster. This step can be performed efficiently by computing a modified transitive closure in which if there
is a path u = v, a path u — w and a path w — v then u, v and w will be in the same cluster.

Code generation can be performed by writing the code for each loop following the numbering given by a
simple order such as the height defined as follow:

h(z) = 0ifd=(z) =0
)=\ max {h(y),y — = € E} + 1 otherwise

Figure 6 represents the modified dependence graph and the code corresponding to the loop fusion. Arrays
a3 and a4 can be now replaced by scalars within the loop L’3.

3 Experimentations

We have implemented this algorithm and tested it using randomly generated graphs. We used the ILP solver
LP_SOLVE freely avalable from its ftp site [Ber]. Generated graphs were ranging from 10 to 500 nodes with
multiple dependencies and arrays. Although the cycle enumeration step is exponential in theory as well as
the ILP resolution we did not notice any graph for which the complete algorithm took more than 0.1 second
including cycle enumeration and ILP resolution. Tests were executed on a Pentium II 450MHz machine.

4 Future Work and Conclusion

We have presented in this paper an optimal algorithm to minimize the memory size needed by temporary
arrays in an application. This algorithm has a theoretical exponential complexity but is very efficient in



L1: for i=1 to n
alfi]l = ...
endfor
L2: for i=1 to n
a2[i]l = f2(al1[il)
endfor
L’3: for i=1 to n
a3[i]l = £3(a2[i+1])
a4[i]l = f4(al1l[i-11,a3[il)
f5(a2[i],
a3[il,a4[il)

endfor

(a) clustered dependence graph (b) modified code

Figure 6: Clustering and Code output

practice. Furthermore, real life problem size are small as the number of nodes in our graph represents the
number of loop nests in a program.

As it is a source to source compiler it can be easily integrated to an existing CAD tool-chain as a design
preprocessor that can be run prior to any other tool of the chain. Thus it will enable new optimizations
obtained using existing memory and power management techniques in CAD tools. The power and memory
interest of this automatic approach is on the one hand to reduce the design time by extracting optimizations
for the description and on the other hand to improve the development quality by a tool which will propose
interactive transformations that a designer could have missed.

We would like to combine the present work with our loop alignment techniques developped for memory
accesses optimization [FHM99]. Loop alignement can help to remove FPE from the original graph and can
also reduce the dependence distance for some arrays. Loop fusion combined with loop alignement improves
data locality within a loop nest. Once a loop has been aligned, improved in-place mapping and scalar
replacement results can be achieved over the data for both size and locality.

The algorithms and techniques presented here will be extended to deal with conditional execution (“if”)
in order to be able to model real-life applications. Therefore we want to use the Program Dependence Graph
defined in [FOWS87] by Ferrante et al. to take into account both data flow and control flow dependencies for
source to source loop transformations.
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