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ABSTRACT

Dual data-memory banks are found in more and more
embedded processors for high-performance media or
DSP applications. It offers better performance by pro-
viding potentially doubled memory bandwidth. How-
ever, making effective use of dual memory banks re-
mains difficult. And there’s little research work that
has been done to study variable partitioning problem
model.

In this paper, we present a new graph model for tack-
ling the variable partitioning problem, namely, vari-
able independence graph, which shows the most pre-
cise information for variable partitioning compared to
the previous graph models for this problem. We also
present algorithms for variable partitioning. The ex-
periment results show constant improvements on sched-
ule length by using the variable independence graph for
variable partitioning.
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1. INTRODUCTION

It’s well known that high-performance media and DSP
applications require strict real-time processing, while
the growing gap of speed between memory and CPU
becomes bottleneck for such real-time systems. To re-
duce this speed gap, embedded systems need to utilize
on-chip memories. Since the size of on-chip memory
is very limited, the technique of variable mapping and
scheduling becomes one of the most important factors
in performance optimization.

To improve the overall performance, Harvard architec-
ture provides simultaneous accesses to separate mem-
ory modules for instructions and data. Some of the
most advanced DSPs are even equipped with on-chip
dual data-memory banks accessible in parallel, such as
Motorola 56000 [1] and Analog Devices ADSP-2106x
series [2]. Since data can be partitioned and allocated
to separate data-memory banks, and can be accessed si-
multaneously, the dual data-memory bank architecture
actually offers potentially higher memory bandwidth,
and thus potentially higher performance. This archi-
tectural feature is very attractive for high-performance
media applications. In fact, many DSP routines, such
as FIR filters, require the convolution of two data ar-
rays as a kernel operation. Processors with dual mem-
ory banks can achieve higher memory bandwidth for
this kind of application.

One major problem arises for processors with dual mem-
ory banks is how to map the array variables to two
memory banks appropriately to use the high memory
bandwidth capacity efficiently. For example, for a typ-
ical array operation such as

for (i=0; i<N; i++) y += A[i] * B[N-il;

it must ensure that arrays A and B are placed in differ-
ent memory banks, so that the entire loop body can be
encoded into a single multiply-accumulate instruction.
Many existing C compilers cannot work well in a dual
memory bank architecture. Instead, all program vari-



ables are assigned to just one bank. It’s obvious that
this strategy will result in a performance loss, since the
potential instruction-level parallelism is not exploited.
Consequently, variable partitioning technique plays an
important role in this architecture. But there’s little
research work that has been done to study the models
and properties of the variable partitioning problem.

A variable partitioning technique for dual memory bank
DSPs has been described in [3]. The problem is trans-
formed to a partition problem of interference graph
(IG) [4] [5]- Nodes of interference graph represent vari-
ables in the program. the graph edges are used to re-
flect the potential parallelism between variables. The
total access times of two variables of an edge is used
as priority in partitioning. It’s claimed that the best
partitioning is achieved when the total weight of the
edges between two partitions is maximal. The prob-
lem of this method is that the information in interfer-
ence graph is not sophisticated enough to reveal the
potential parallelism exists in the program. For exam-
ple, interference graph can only be applied to directed
acyclic graph (DAG). It does not consider the inter-
iteration data dependencies in the program. The other
problem of interference graph is that it does not iden-
tify the fact that some potential parallelism of memory
accesses are actually impossible to be implemented in a
schedule. So an appropriate priority metric need to be
chosen to favor some parallel memory access requests
in variable partitioning.

We present a new graph model for variable partitioning
problem. We name it as variable independence graph.
This graph reflects all the potentially parallel mem-
ory accessed that may actually occur in scheduling. It
also gives a priority metric for different kind of parallel
access demand. The graph is constructed from data
flow graph of the program. So it is able to deal with
the data flow graph with cycles and delays. It aims to
convey the information of potential parallelism as pre-
cisely as possible before the actual scheduling starts. A
new variable partitioning algorithm and an algorithm
for graph construction are also presented. The exper-
iment results on a variety of filter applications show
that constant improvements are achieved on schedule
lengths.

The structure of this paper is as follows. Section 2 in-
troduces variable partition problem. Section 3 presents
an incremental definition of our graph model. The
algorithms for graph model construction and variable
partitioning are illustrated in Section 4. Section 5 com-
pares the experiment results on different graph models,
and also discussed the retiming effect on variable par-
titioning. And finally, conclusions are given in Section
6.

2. PROBLEM DESCRIPTION

For a processor equipped with multiple ALUs and mul-
tiple memory modules, the variable partition problem
is to map the variables of a program to different mem-
ory modules, so that, memory operations access the
different memory modules can be preceded in paral-
lel. It is obvious that some partition result allow more
parallel memory accesses to be implemented in schedul-
ing. And it may help a scheduler to produce a shorter
schedule.

DEFINITION 2.1. For a multiple memory modular ar-
chitecture, Variable Partitioning Problem is to parti-
tion the variables into disjoint sets, with respect to mul-
tiple memory modules. So that variables in different
memory modules can be accessed simultaneously. And

mazimal memory access parallelism can be actually achieved

by a scheduler.

By taking a further step to look inside the Variable Par-
tition Problem, we can find that there are two aspects
of this problem need to be addressed and resolved.

Part 1 - To identify all potential parallelism for vari-
able accesses.

The potential parallelism of memory operations in dual
memory bank processors help the scheduler to pro-
duce shorter schedules. The more they exist, the more
chances that can be taken in scheduling.

Part 2 — To mazimize the realizable parallelism for a
given program.

The potential parallelism in memory operations are to
be implemented by a scheduler. And some memory op-
erations may have more opportunities to be scheduled
in the same control step than others. To maximize the
realizable parallelism for a given program, we need to
choose some appropriate priority besides the number
of edges across different partitions. In a graph model,
this part of the problem can be translated into a graph
problem.

We will see that the variable partition problem is diffi-
cult, since variables may present contrary requests for
assigning a variable when they appear in different code
segments. And it should be noted that the implemen-
tation of parallel memory accesses based on a certain
variable partition can only be determined in a dedi-
cated scheduler. So an appropriate graph model is very
important in providing correct information for variable
partitioning. In the next section, we will take an incre-
mental approach to introduce Variable Independence
Graph. We will also present algorithms of the Variable
Partitioning Problem for a dual memory bank architec-
ture.



3. DEFINITIONS AND PROPERTIES
Many media and DSP application programs can be rep-
resented by a Data Flow Graph (DFG). It reflects the
data dependencies of both ALU operations and mem-
ory operations inside iteration or between iterations.

DEFINITION 3.1. A Data Flow Graph (DFG) is a di-
rected weighted graph Gp = (V, E,d,t,S) where V is a
set of computation nodes that represent ALU operations
and memory operations (load or store), E is the edge
set which defines the precedence relations from nodes in
V to nodes in V, d(e) represents the number of delays
for an edge e, t(e) represents the computation time of a
node v, S(e) represents the variable accessed by a node
v on edge e (u— v).

An edge e from u to v with d(e) delays means that the
computation of node v at iteration 7 depends on the
computation of node u at iteration i — d(e). An edge
without delay represents precedence relation within an
iteration. A static schedule must obey the precedence
relations defined by the subgraph consisting of edges
without delays in a DFG.

In the DFG of our definition, memory operations are
represented by pseudo-computation nodes which com-
putation time is 0. An edge ending at or starting from
a pseudo-node represents a memory access. Particu-
larly, an edge ending at a pseudo-node represents a
Store; an edge starting from a pseudo-node represents
a Load. An edge label S(e) indicates the name of a
variable that is accessed by edge e. An edge with de-
lays reflects precedence relationship between different
iterations. An edge without delay indicates precedence
relationship within an iteration. A static schedule must
obey the precedence relations defined by the subgraph
consisting of edges without delays in a DFG.

The DFG directly shows the input variables for an ALU
operation. And it’s easy to see that memory opera-
tion nodes that are not precedent to each other are
candidates for potential parallel accesses. It can also
be observed that potential parallelism may come from
memory operations in different iterations.

The idea here is to extract and translate these infor-
mation into independence relationship for the nodes in
our a graph model. The objective of the graph con-
struction is to expose the independence relationships
to the most extent, which means, a large pool of po-
tential parallelisms are conveyed for the variable parti-
tioning problem. And thus a scheduler can get maximal
chances to exploit the memory access parallelism.

Before we go into the graph construction details, we
define a Variable Independence Graph(VIG) to denote
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Figure 1: Comparison of Interference Graph

and VIG-1.

the independence relationship among the variables for
a given DFG.

DEFINITION 3.2. A Variable Independence Graph (VIG)

18 an undirected weighted graph Gv = (V, E,w) where
V is a node set represents variables, E is an edge set
that indicates there is no dependence between the two
nodes of a edge e(u,v), i.e., there is potential paral-
lelism between them. w(e) represents the force or extent
of independence between the two nodes of edge e(u,v).

For the clarity reason in further definitions, we need to
define the term access set as follows:

DEFINITION 3.3. Given a DFG Gp = (V, E,d,t,S),
the Access Set of variable X, ACCESS(X), is the set
of memory operation nodes that access X.

Now we are ready to build up the first version of vari-
able independence graph. By intuition, if there is a
node in the access set of a memory operation is not
precedent to another memory operation, these two op-
erations have potential parallelism. So there should be
a independence edge between them.

DEFINITION 3.4. The First Build: VIG-1 For any
two different variables X; and X;, if there exists a pair
of sibling nodes from ACCESS(X;) and ACCESS(X;),
there is an independence edge (X, X;).

For a DFG with cycles and edge delays, we handle
the case by cutting the edge with delays, so trans-
form a DFG with cycles to a DAG. The example in
Figure 1 shows the different constructions of a Inter-
ference Graph and a VIG-1. Since node 1 consumes



the variable B from the last iteration, A and B can be
accessed in parallel. And so maximize the benefit of
multiple memory banks bandwidth. In VIG-1, the ac-
cess sets of the variables are ACCESS(A) = {0} and
ACCESS(B) = {3,4}. Node 0 and node 4 are sib-
ling nodes. So there should be an independence edge
(A, B). It denotes that node 0 and node 4 can be exe-
cuted in parallel. Compared to the interference graph
for this example, the inter-iteration dependencies in
DFG are not considered, the variable A and B may be
allocated to the same memory module. The benefit of
multiple memory modules bandwidth is wasted.

The intuition in this first build of model is to iden-
tify memory operations that are not dependent to each
other. But not all the independent pairs of variables
are useful for variable partitioning. Memory access
parallelism is eventually implemented by a scheduler.
However, some memory accesses may never be able to
appear in the same control step in a schedule. Further-
more, these useless edges may lead to a sub-optimal
partitioning, since they also affect the number of edges
between the different variable partitions. To exclude
these harmful edges in a VIG-1, we consider the pos-
sibility that two operations may be scheduled to one
control step in a further build of the graph model. And
we need to introduce the following definition of mobility
window (MW) before proceeding to the second version
of VIG.

DEFINITION 3.5. Given a DFG Gp =(V, E,d,t,S),
The Mobility Window of some node v in DFG, MW (v),
is a series of control steps starting from the position
of v scheduled by ASAP scheduling, ending with that
scheduled by ALAP scheduling.

PROPERTY 3.1. Two operation nodes are possible to
be scheduled to the same control step if and only if their
mobility windows overlap.

This property extends our VIG-1 to the second con-
struction of Variable Independence Graph.

DEFINITION 3.6. The Second Build: VIG-2 For any
two different variables X; and X, if there exists a pair
of sibling nodes from ACCESS(X;) and ACCESS(Xj;),
and MW (u) A MW (v) # 0, there is an independence
edge (Xi, X;).

The definition of VIG-2 ensures that only the poten-
tial parallelisms that are possible to be implemented in
some schedules are considered in variable partitioning.
In the example shown in Figure 2, the mobility win-
dows of A and B are MW (A) = {3} and MW (B) =
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Figure 2: Comparison of Interference Graph
and VIG-2.

(a) Data Flow Graph

Figure 3: Comparison of Interference Graph
and VIG-Best.

{3}, and those of C and D are MW (C) = {2} and
MW (D) = {2}. So, only the edges (A, B) and (C, D)
are useful for variable partitioning. All the other edges
cannot be actually implemented by a scheduler. Fur-
thermore, these edges may lead to an inferior parti-
tion result. For example, Partition1 = {A, B} and
Partitions = {C,D} is also a legal partition result
based on Interference Graph.

VIG-2 gives more detail information for variable parti-
tioning, but a further look into VIG-2 shows that not
all the memory operations pairs connected by an inde-
pendence edge have the same opportunity to be imple-
mented as parallel operations in a schedule. Some of
them have much better opportunities than others. So
they should enjoy higher priority in variable partition-
ing. We calculate the probability of each independence
edge, and make it a priority metric. This priority infor-
mation completes the last construction of our Variable
Independence Graph.

(c) Variable Independence Graph



DEFINITION 3.7. The Third Build: VIG-Best For any
two different variables X; and Xj, if there exists a
pair of sibling nodes u and v from ACCESS(X;) and
ACCESS(X;), and MW (u) AMW (v) # 0, there is an
independence edge (X;, X;) in Variable Independence
Graph. For every pair of nodes uw and v, there is a
probability that v and v may appear in the same control
step within their mobility windows. And the edge weight
w(X;,X;) is the sum of the probabilities for all pairs
of sibling nodes of ACCESS(X;) and ACCESS(Xj).

The example in Figure 3 shows that independence edge
(A, B) have higher priority than edge (4, C) and (B, C).
So variables A and B need to be allocated to different
variable partitions. While the interference graph can-
not provide this information for partitioning, a sub-
optimal partition result may be produced.

Based on the previous definition of Variable Indepen-
dence Graph, we are able to define the Variable Parti-
tion Problem formally.

DEFINITION 3.8. Variable Partition Problem is to par-
tition the variables into disjoint sets, and to map the
sets to the memory modules. such that the total weight
of the edges of a given Variable Independence Graph
that cross the different variable partitions is mazimal.

DEFINITION 3.9. A wariable partition is a set of nodes
of Variable Independence Graph that are allocated to
the same memory module.

Particularly, we define the Variable Partition Problem
for dual memory banks DSP as follows:

PROPERTY 3.2. An optimal variable partitioning for
dual memory banks DSP is achieved if the nodes of
Variable Independence Graph are divided into two dis-
joint node sets X and Y, such that the sum of the edge
weights between these two node set is marimum.

4. ALGORITHM OF VARIABLE PAR-
TITIONING

Variable partitioning problem on dual memory banks
architecture is NP-completes. Partitioning on the vari-
able independence graph can be reduced to Max Cut
problem. In this section, we present two algorithms.
The first one is the algorithm for constructing a vari-
able independence graph. The second one is variable
partition algorithm. We assume that the list schedul-
ing with longest path length as a weight function is
used through this paper.

Algorithm 1 Procedure of Variable Independence
Graph Construction — VIG-Best
Input: A DFG Gp with variable names X; and n ver-
tices (vo, V1,02, ..., Un—1)
Output: A Variable Independence Graph Gv
Construct DAG G4 of DFG Gp;
Gy ¢ all the memory operation nodes of DFG;
for all Memory operation node v; that access vari-
able X; do
Compute ACCESS(X;);
Compute MW (v;);
end for
for all Memory operation node v; in ACCESS(X;)
do
for all Memory
ACCESS(X;) do
if v; and wv; are sibling,
MW (v;) # 0 then
if There’s no edge (X;, X;) in Gy then
Add edge (X;, X;);
end if
Add edge weight w(X;, X;) « w(Xs, X;)+
probability of v; and v; appear in the same
control step;
end if
end for
end for
return Gy;
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Figure 4: DFG of IIR filter.



Algorithm 2 Procedure of Variable Partitioning on
Dual Memory Banks

Input: A Variable Independence Graph Gy with m
vertices (vo, V1,02, .., Um—1)
Output: Variable Partitions P; and P»
Py @, Py 0;
Randomly select a node;
Assign the node to a randomly selected set Py or Ps;
Mark the partitioned node;
Part(v;) < partition name;
Part(v;) < Part(v;) + vi;
while There are nodes that is not partitioned do
for all Unmarked node v; in Gy do
W1 < the edge weight gain when v; is placed in
Py
Ws < the edge weight gain when v; is placed in
Pz;
W (v;) < max {W1, Wa};
Part(v;) < partition name;
if Edge weight gain WG < W (v;) then
WG  W(v;);
Get the next node to be partitioned u < v;;
end if
end for
Mark node wu;
WG + 0;
Part(u) « Part(u) + u;
end while
return P; and Ps;

Figure 5: (a) Interference Graph of IIR filter;
(b) Variable Independence Graph of IIR filter.

Applications 1 Mem | IG | VIG-Best
IIR Filter 17 | 17 12
Differential Equation 21| 21 11
All-pole filter 29 | 29 25
4-stage Lattice Filter 44 | 33 23
Elliptical Filter 35| 35 28

Table 1: Schedules based on different models.

Algorithm 1 constructs an Variable Independence Graph
from a DFG. The DFG with cycles and delays is trans-
formed to DAG by breaking the edges with delay. It
stores the access set and mobility window information
for every memory operation nodes in DFG. By check-
ing the access set condition, we can identify all pairs of
variables that may be accessed in parallel. By check-
ing the mobility windows, we exclude the edges of the
nodes that cannot be scheduled in the same control
step. The priority of an independence edge is the sum-
mation of all the parallel probabilities of the memory
operations that access the same pair of variables. So
the potential parallelism used for variable partitioning
can never be lost or under-estimated. Our construction
of Variable Independence Graph can handle cycles in
data dependence graph, while these cycles result in in-
formation loss in Interference Graph.

Algorithm 2 uses greedy strategy to partition the nodes
of the input Variable Independence Graph into two dis-
joint sets P; and P». The first node is assigned to either
of the node sets. We always choose the next partitioned
node as a node that creates the largest edge weight
gains between two node sets. We can always break a
tie by choosing randomly in any case.

5. DISCUSSION
5.1 Comparison of Graph Models

In this section, we show by experiments that variable
partitioning based on Variable Independence Graph model
indeed helps a scheduler to produce a shorter schedule.
We use list scheduling with the longest path length as
priority function. And the schedules are produced in a
simulated architecture with two ALU operation units
and two memory banks.

The experiments are done on a variety of filter applica-
tions usually used in DSP. For every filter application,
we build two different graph models for the variable
partitioning, the Interference Graph and the Variable
Independence Graph. Because of the space limitation,
we only show the DFG and graph models for IIR filter
in Figure 4 and Figure 5. Variable partitioning will
produce different results from the two graph models.
List scheduling is used to produce schedules based on
different partition results. A schedule produced with-
out variable partitioning is also shown to be compared



DFG and Variable Independence
Graph before retiming.

Figure 6:

with the schedule lengths with variable partitioning.
The schedule results are listed in Table 1.

The first column is the schedule length of one iteration
without variable partitioning. That is, all the vari-
ables are just assigned to the same memory module.
The schedules in this column do not take the advan-
tage of higher memory bandwidth at all. The data
in this table show that these schedules are always the
longest ones. The second column in this table repre-
sents the schedule lengths based on partitioning result
of Interference Graph. The experiments show that In-
terference Graph cannot help to improve the sched-
ule length in most of our applications. The reason is
that when there’re data dependency cycles, Interfer-
ence Graph is not able to identify the potential paral-
lelism relationships within the cycles. Cycles with de-
lays are frequently seen in many multimedia and DSP
applications. In some cases, the Interference Graph
cannot partition the variables at all, since all the vari-
ables in the program are included in some connected
cycles. So the result is the same as that without vari-
able partitioning.

In all the experimental cases, the partitioning results
based on Variable Independence Graph model help the
scheduler produce much shorter schedules than those
produced from Interference Graph. This result con-
firms the efficiency of exploiting the dual memory bank
bandwidth by using Variable Independence Graph model
in variable partitioning.

5.2 Retiming effect on Variable Partition-
ing

The retiming moves the delay on DFG edges, and changes

the inter-iteration dependencies [6] [7]. It may affect
the independence relationship for variables, and so the
variable partitioning result. A new Variable Indepen-

Figure 7: DFG and Variable Independence
Graph after retiming.

dence Graph may need to be constructed after retim-
ing. The DFG and Variable Independence Graph of an
example before retiming is shown in Figure 6. The re-
timing effect on this example is illustrated in Figure 7.
Figure 8 shows the reorganized iterations after retim-
ing. It’s interesting to see that in the third iteration
retiming all the loads are possible to be executed in par-
allel if there are enough number of memory modules.
This new arrangement actually increases the potential
memory access parallelism.

6. CONCLUSION

There are several successful embedded processors ex-
plore higher memory access bandwidth by implement-
ing dual memory banks. Some research works have
been done on variable partitioning. But no one shows
that it can exploit the advantage of this architecture
efficiently. The graph model usually used on this prob-
lem is Interference Graph. We show that there is im-
perfection in this graph model. To tackle the variable
partitioning problem more effectively, we present a new
graph model, namely Variable Independence Graph, to
describe the potential memory access parallelism be-
tween variables. And a Variable Independence Graph
model is incrementally built to expose all the poten-

tially parallel accesses may actually occur later in schedul-

ing. The experiment results show that the variable
independence graph is superior to the previous graph
models for variable partitioning problem.



Figure 8: Reorganized iterations after retiming.
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