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Abstract. In this paper we describe a multi-module, multi-port memory design procedure that satisfies area and/or
energy constraints for embedded applications. Our procedure consists of application of loop transformations and
reordering of array accesses to reduce the memory bandwidth followed by memory allocation and assignment
procedures based on ILP models and heuristic-based algorithms. The specific problems include determination of
(a) the memory configuration with minimum area, given the energy bound, (b) the memory configuration with
minimum energy, given the area bound, (c) array allocation such that the energy consumption is minimum for a
given memory configuration (number of modules, size and number of ports per module). The results obtained by
the heuristics match well with those obtained by the ILP methods.
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1. Introduction

Minimization of energy is one of the most important performance metrics in the design of
portable systems. Traditionally, the main focus has been to reduce the energy consumption
in the datapath components. However, in systems that involve multidimensional streams of
signals such as images or video sequences, the majority of the area and energy cost is not due
to the data-path or controllers but due to the global communication and memory interactions
[4]. This is due to the fact that energy consumed in memory transfers is significantly larger
than that due to data-path operations. This implies that with proper design, reduction in the
memory related energy budget can far exceed the reduction due to voltage scaling and other
energy saving transformations.

In some applications, assuming that the on-chip memory is a single module, single port
memory, is restrictive. In fact, some applications demand data parallel access capabilities,
which are necessary to complete the computations within a cycle budget. Such capabilities
can only be supported by multi-port, multi-module memories.

In this paper we describe a multi-module, multi-port memory design and exploration
procedure for embedded systems. First, we apply loop transformations and reorder the array
accesses to reduce the memory bandwidth. Next, we determine the memory configuration
and the allocation of arrays to the different memory modules such that the energy and/or
area constraints are satisfied. Given high-level code, area and energy models, and the system
constraints of area and energy, our aim is to find the best memory configuration (and array
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assignment). We develop ILP-based models and heuristics to address the following three
problems:

• Determine the memory configuration (and array assignment) with minimum area,
given the energy bound.

• Determine the memory configuration (and array assignment) with minimum energy,
given the area bound.

• Determine the allocation of arrays onto a fixed memory configuration (number of
modules, size and number of ports per module is given) such that the energy con-
sumption is minimum.

The heuristic-based algorithms are very efficient since they look at a small subset of con-
figurations. The results obtained by our heuristics match very well with those obtained by
the ILP models. In addition, we exploit the fact that arrays with overlappings can share
memory modules.

The rest of the paper is organized as follows. Section 2 describes related work. Section 3
describes the storage bandwidth optimization procedure followed by the area and energy
models and the area-energy tradeoffs. Section 4 describes (i) how to find the best memory
configuration and array assignment given area/energy bound and (ii) energy-efficient array
assignment given the memory configuration. Section 5 demonstrates application of our
methodology on a large benchmark, namely, the Binary Tree Predictive Coder. Section 6
concludes the paper.

2. Related Work

There has been extensive work done in the area of memory organization and optimization.
For a comprehensive treatment, please refer to [14]. In this section we briefly describe the
work in allocation of variables (scalar and array) and memory bandwidth reduction since
they are closely related to the contents of this paper. We start with the work that has been done
in the area of binding variables to registers, register files and memories. Register allocation
of scalar variables is typically done by graph coloring the register compatibility graph.
When the individual registers are replaced by a memory module, the number of allowed
simultaneous accesses is limited to the number of available ports in memory. The method
in [2] is a 0-1 LP formulation to allocate multiport memories by first assigning variables to
registers and then merging registers to form a multiport memory module. Ahmad and Chen
[1] extends the approach in [2] and determines the minimum number of multiport memory
modules and also minimizes the interconnection.

In [11], memory allocation is done during high-level synthesis resulting in more effi-
cient utilization of multiport memory. The scheduling algorithm minimizes the number of
memory ports by evenly distributing data transfers over all the control steps. Most existing
allocation methods group the variables (or registers) to form memory modules and then
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determines the interconnection between the modules and the functional units. Clearly, the
cost of interconnection depends on the variable grouping. The method in [9] assumes that
interconnect cost is dominant and tries to minimize the cost of interconnection first and
then group the variables to form memory modules.

A memory binding procedure for control flow intensive applications has been proposed
in [8]. The algorithm starts with the initial assignment where each array is housed in a
separate module. It then groups two arrays based on minimizing the cost of the grouping
(in terms of performance) using a greedy algorithm. The method in [13] chooses a mem-
ory configuration by varying the number of modules and studying the tradeoffs between
area and delay for different array assignments in each configuration. The approach in [3]
is different from others in that it starts with the dynamic execution profile and finds the
optimal multi-banked SRAM architecture to fit the profile. The automated search tech-
nique based on recursive partitioning uses a comprehensive cost function, which considers
both the energy due to access, and the overhead associated with increasing the number of
banks.

Issues regarding packing the array variables in memory have been addressed in [7, 15].
The procedure in [15] packs the array variables vertically (arrays in the same module) and
horizontally (arrays with different bit ranges are packed to the same physical word) using
simulated annealing. The procedure in [7] decomposes the problem into three subproblems:
port mapping, bitwidth mapping and word mapping, and solves the subproblems using
exhaustive search and even linear approximation algorithms.

More recently, there have been several research efforts at reducing the memory bandwidth.
This problem is very important since it translates into reducing the area and power of the
memory components. Most of the existing methods try to minimize the number of simulta-
neous data accesses without taking into account which data is being accessed. However, real
life applications consist of data with distinctive access patterns and locality. By customizing
the local memory architecture to match the diverse access patterns and locality, the main
memory bandwidth can be reduced significantly. A double cache architecture consisting of
a temporal cache and a spatial cache that uses dynamic prediction to route the data to one
of the two caches has been proposed in [5]. A similar architecture that allocates the variable
statically thereby avoiding the overhead of dynamic prediction has been proposed in [6].

The approach presented in this paper is most closely related to that in [4, 17]. There the
first step is that of storage cycle budget distribution where the minimal memory bandwidth
required to meet the real-time constraints is derived. This is followed by the memory
allocation and assignment step where a memory architecture is designed based on the
constraints of the first step. The method in [4] constructively generates a partial memory
access ordering where the cost function takes into account size, access frequencies, etc. The
result is an extended conflict graph (ECG): the nodes represent arrays, the edges represent
compatibility between arrays, and the edges are annotated with the number of read/write
ports needed by a memory which stores the arrays representing the nodes they connect.
Since many possible orderings are possible for a given ECG, the memory allocation and
assignment step systematically chooses the number and type of memories and assigns every
basic group to one of the allocated memories based on a cost function that involves power
consumption and chip area.
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3. Background

3.1. Storage Bandwidth Optimization

The goal of Storage Bandwidth Optimization is to minimize the required memory bandwidth
within the given cycle budget, by adding ordering constraints to the flow graph [ 4, 17]. The
resulting memory architecture has a smaller number of memories and fewer memory.

3.1.1. Definitions

We explain the terms conflict graph, extended conflict graph, self-conflict, and hyper-edges
and their implications with the help of the example in Figure 1. Here the arrow indicates
the design flow.

Conflict Graph: A conflict graph consists of a set of nodes that correspond to the arrays.
There is an edge between two nodes whenever the corresponding arrays are in conflict.

Extended Conflict Graph (ECG): This is a conflict graph that contains additional infor-
mation regarding read, write and read/write ports, and also self-conflict and hyper edges (as
will be described next).

Self-Conflict Edges: These edges are due to the same array being accessed more than
once in the same cycle. In Figure 1(a), array E has a self-conflict in the initial ADOC in
cycle 4. Since there are two simultaneous accesses to E, the memory should have at least 2
ports. It is important to reduce the number of self-conflict edges since fewer the number of
self-conflict edges, fewer the number of modules or ports.

Hyper Edges: If multiple arrays are accessed in the same cycle, then the corresponding
nodes are linked by a hyper-edge. In Figure 1(a), there is a hyper-edge between arrays A, B,
C, and D in cycle 8 implying that if all four arrays are stored in the same memory module,
it should have at least four ports (3 read ports and 1 write port).

If there are self-conflict and hyper-edges in an ECG, the conflicting arrays then have to
be assigned to either different memories or to a multiport memory. In such cases, if only
single port modules are available, then the number of modules is equal to the chromatic
number of the ECG. If multiport modules are available, then the number of ports should be
larger than the chromatic number of the ECG.

Figure 1 clearly illustrates the effect of SBO on the memory bandwidth. After application
of SBO, the number of self-conflict edges is reduced from 1 to 0, the number of hyper-edges
is reduced from 1 to 0, and the chromatic number is reduced from 4 to 2. Thus if we assign
all arrays to the same memory module, the number of ports is reduced from four ports (1
write port, 2 read ports, and 1 read/write port) to two ports (2 read/write ports).

3.1.2. Proposed Technique

Loop transformation procedures have been shown to significantly reduce the number of
accesses and the size of on-chip/off-chip memory in single port, single module memories.
Loop transformations can also be used to design area/power-efficient multi-port, multi-
module memories as is described below. The proposed method uses a combination of loop
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Figure 1. Example illustrating effect of application of the SBO technique, (a) Initial and (b) Final code, ADOC,
Conflict Graph, and Memory Architecture.

transformations and reordering of the array accesses to reduce the number of self-conflict
edges, hyper-edges and chromatic number.

[Proposed SBO Procedure]
1. Loop Unrolling.

[helps to reduce the cycle budget]
2. Loop Peeling/Loop Normalization/Loop Fusion.

[facilitates array reordering]
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3. Array Reordering Scheme & Scalar Replacement
[helps to reduce the number of self-conflict edges, hyper-edges and the
chromatic number]

We explain the procedure with a set of examples.

Step 1: Loop unrolling can be used to reduce the cycle budget when the datapath consists of
multiple computation units. In Example 1, if the initial cycle count is 100 and there are
two computation units, then loop unrolling by a factor of 2 will drop the cycle count to
50. However, this results in introduction of self-conflicting edges, which can be removed
by the application of additional loop transformations in Step 2.

Step 2: Loop fusion (in conjunction with loop peeling and loop normalization) is used to
facilitate the array reordering scheme in Step 3. Loop peeling and loop normalization
are used to normalize the iteration space before invoking loop fusion. While loop fusion
may increase the cycle count, it facilitates reordering of array accesses. For instance,
in Example 2, after application of loop fusion, the cycle count increases from 175(=
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Figure 2. Example illustrating array reordering scheme for arrays executed in the same loop.

50 + 50 + 75) to 200 (= 50 + 50 + 50 + 50). However after array reordering, the cycle
count drops to 150(= 50 + 50 + 50).

Step 3: Array reordering scheme is used to reduce the number of self-conflict edges, the
number of hyper-edges and the chromatic number. Scalar replacement is an integral part
of this scheme. The proposed algorithm is greedy and consists of two main steps. The
first step is to identify a set of groupings referred to as patterns that would cover all the
arrays. The next step is to reorder the array accesses such that the arrays that are accessed
in the same cycle match one of the identified patterns. We describe this with the help of
the example in Figure 2.

In order to identify the patterns, we first count the number of accesses to each array. For
instance, in the example in Figure 2(a), the access count for array A is 3, for array B is 3,
for array C is 3 and for array D is 2. Since two arrays can be accessed in the same cycle
(we assume that there are two computation units), each pattern consists of two arrays. The
first pattern that we choose consists of arrays A and B since their access counts are large.
Once the pattern {A,B} has been identified, we choose the next pattern consisting of arrays
C and D. Note that {A,C} and {B,D} or {B,C} and {A,D} also form valid pattern sets.

Once the patterns {A, B} and {C, D} are identified, the procedure to reorder the arrays
accesses is invoked. The procedure is a one-pass greedy algorithm which reorders the ac-
cesses such that there is minimal increase in the number of cycles and the data dependencies
are not violated. The basic idea is to distribute the arrays (that were assigned in the same
cycle) over multiple cycles if they do not match an identified pattern, and then assign arrays
to the empty slots such that the arrays in the same cycle match one of the patterns. For
instance, is there is an empty slot next to array P , and Q, R are the candidate arrays, then
we choose array Q if {P, Q} is an identified pattern. Note that scalar replacement is used to
distribute the array accesses over multiple cycles. In order to ensure that data dependencies
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are not violated, we index the arrays in the order in which they are accessed. For instance,
the first time array A is accessed, we refer to it by Al, the next time by A2 and so on, and
while reordering, we make sure that A2 is not accessed before A1.

We next describe how the arrays are reordered in the example in Figure 2(a). Cycle 1
consists of accesses to arrays Al and Bl. Since {A, B} is a pattern, we do not make any
changes in the access order. Cycle 2 consists of accesses to arrays B2 and C l. Since {B, C}
is not a pattern, we assign C l in cycle 2 and B2 in cycle 3. The next cycle consists of
accesses to arrays C2 and Dl. Since {C, D} is a pattern, we can either assign C2 and Dl
in cycle 4, or split the two arrays and assign Dl to cycle 2 and C2 to cycle 4. If we assign
C2 and Dl in cycle 4, then while reordering the accesses in the next cycle, array D2 cannot
be packed with C l in cycle 2(because it may violate dependence constraints) resulting in
larger number of cycles. So we choose to assign C2 in cycle 4 and Dl in cycle 2. The next
set of accesses are to arrays D2 and A2. These are split and A2 is assigned to cycle 3 (since
{A, B} is a pattern) and D2 is assigned in cycle 4 (since {C, D} is a pattern). The accesses
in cycle 5, that is, accesses to C3 and A3 are split; A3 is assigned in cycle 5 and C3 is
assigned in cycle 6. Finally B3 is assigned in cycle 5 since {A,B} is a pattern. The arrays
are de-indexed and the final conflict graphs and source codes are generated. The simpler
conflict graph translates to a better memory configuration (see Figure 2(b)). The notation
A/C means that arrays A and C can share the same memory module.

Figure 3(a) gives an example where the array reordering scheme is applied across loops.
In order to generate the patterns, we now count the number of accesses per array across
all loops. For instance, the array access count for array A, B, C and D are 4, 4, 3 and
3 respectively and the corresponding patterns are {A, B} and {C, D}. The array access

Figure 3. Example illustrating array reordering scheme for arrays executed in different loops.
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Figure 4. (a) Initial and (b) Final configuration for ADOC, conflict graph, and memory architecture.

ordering is done for each loop separately. Figure 3(b) shows the reordered accesses and the
corresponding conflict graph.

In the rest of this paper, we use the following example to illustrate the memory assignment
and allocation procedure. Figures 4 describe the initial and final (after application of SBO)
configurations. In Figure 4(a), there are hyper-edges between nodes (A, B, C, D) and nodes
(B, C, G), there is a self-conflict edge on node B, and the chromatic number is 4. After the
application of loop fusion and array reordering scheme, the hyper-edges and self-conflict
edges have been eliminated and the chromatic number reduced to 2 (see Figure 4(b)). The
final memory architecture consists of two single port memory modules.

3.2. Area and Energy Models

In order to compare the different memory configurations, it is necessary to develop good
area and energy models. The area model that we developed is based on Mulder’s model
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[12] and modified according to the data points in [17] for 1.2 µm CMOS technology. Given
the bit width, word length and R/W/RW port-information, we can calculate the area for a
multi-port module as follows.

A = TF∗bits∗(1 + α∗ p1)∗sqrt(words)∗PF∗K; [unit:mm2]
where PF = [1 + 0.25∗(p1 + p2 − 2)]; p1 = R + W ; p2 = RW ;
A: Area.
TF: technology scaling factor (min-geometry[µ]/2)2.

PF: empirical factor for the number of ports in SRAM.
words: the number of words.
bits: the width of a word in bits.
p1 the total number of single-end ports.
p2: the total number of ports.
α: 0.1
K : 3.9174e-2

We also developed an energy model that is a modified version of the model in [10] for
multi-port on-chip memory architectures. Given the bit/word length of arrays, read/write
accesses, the clock frequency, and the number of ports, we can calculate the energy con-
sumption using this model.

E = (Eread + Ewrite)∗ports∗1e6; [unit : u J ]
where
Cread=(9707+108∗words+1126∗bits+6∗words∗bits)∗1e-15;
Cwrite = (7994 + 117∗words + 759∗bits + 9∗words∗bits)∗1e-15;
Eread = 0.5∗Vdd2∗Cread∗Raccess; (Here Vdd = 5V).
Ewrite = 0.5∗Vdd2∗Cwrite∗Waccess;
E : energy.
Eread: energy due to read.
Ewrite: energy due to write.
Raccess: number of read accesses.
Waccess: number of write accesses.
words: the number of words.
bits: the width of a word in bits.
ports: the total number of ports.

Both the area and the energy models do not take into account the effect of routing,
control, etc. Clearly, availability of such information will make the model more accurate
and improve the quality of the solution.

3.3. Area-Energy Tradeoffs

Since small memory modules consume less energy, assigning individual arrays to separate
memory modules results in the smallest energy consumption. However this configuration
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Figure 5. Area and energy values for different memory configurations for the example in Figure 4(b).

results in a large area. Figure 5(a) describes this configuration for the example in Figure 4(b).
Assigning arrays with the same bit width to the same module is very area-efficient as
shown in Figure 5(d). The energy consumption of this configuration is however larger than
Figure 5(a), as is expected. Configurations that illustrate the area-energy tradeoffs are shown
in Figure 5(b) and (c).

Grouping all the arrays in to a single memory module results in both large energy con-
sumption and area as shown in Figure 5(e). This is because the resulting module has two
ports and grouping arrays with different bit widths results in loss of memory.

4. Choosing Best Memory Configuration and Array Assignment

In this section, we describe the ILP-based models and heuristics to solve the following three
problems:

Problem 1: Given the energy bound, find the memory configuration with minimum area.
Problem 2: Given the area bound, find the memory configuration with minimum energy.
Problem 3: Given the memory configuration (number of modules, size and the number of

ports per module), map the arrays to given single-/multi-port memory modules such that
the energy consumption is minimum.

4.1. Problem 1: Find the Memory Configuration with Minimum Area,
Given the Energy Bound

4.1.1. ILP Model

The ILP model is used to find the number of modules and the size of each module such
that the area is minimum and the energy constraint is satisfied. This translates to finding
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Figure 6. Example illustrating the ILP model. (a) conflict graph, (b) area and energy costs of the allowed
groupings, (c) ILP formulation.

which arrays are housed in each module. We refer to the set of arrays that are assigned
in each module as an array grouping. The first step in the procedure is to identify the
permissible array groupings. The arrays in an array grouping are assigned to the same
module. For instance, for the example in Figure 6, groupings corresponding to the edges
and hyper edges, i.e., {AB},{BC},{CD}, {BD},{BCD}, and those that include the ECG-
based groupings, i.e., {ABC}, {ABD},{ACD},{ABCD}, are not allowed. The permissible
array groupings are {A}, {B}, {C}, {D}, {AC}, and {AD}.

The next step is to derive the ILP model. Let xi be a {0,1} integer which assumes a value
1 if array grouping i is chosen. Let Si be the area cost of array grouping i. Then the objective
is to minimize �i Si xi (where i = 1, N ), given the energy bound, where N is the number of
permissible groupings. The constraint equations consist of (i) array constraint that ensures
that an array can be assigned to only one of the modules, (ii) 0-1 constraint that ensures that
xi is either 0 or 1, and (iii) energy constraint that ensures that the energy of the assignment
satisfies the energy bound and (iv) the integer constraint.

For Ebound = 0.45 uJ, the ILP solver finds three array groupings, ×2, ×4 and ×5 to be
equal to 1. Thus the final assignments has three memory modules with {D} in one module,
{B} in one module and {A} and {C} in another module. The area of this assignment is
10.24 mm2 and the energy is 0.41 uJ, which is less than the energy bound. To incorporate
into this ILP model, we need to only change the area and energy costs of the allowed
groupings. If two arrays P: (n p × bp) and Q: (nq × bq ) are in the same grouping, then the
area cost is a function of N = max{n p, nq} and B = max{bp, bq}, where ni is the number
of words in array i and bi is the bitwidth in array i . The energy cost is calculated for a
memory of size N × B. Note that if is not considered, the area cost would be a function of
N ′ = n p + nq and B = max{bp, bq}.
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<ILP Model>
S: cost of area, T : cost of energy, Ybound: energy bound, N : number of possibilities, Na :

number of arrays.

(i) Objective function:

min :
N∑

i=1

Si xi ;

(ii) Array constraint:

∀1 ≤ i ≤ N , xi ≤ 1;

(iii) 0-1 constraint:

∀1 ≤ j ≤ Na,

N∑

i=1

xi = 1;

(iv) Energy constraint

N∑

i=1

Ti xi ≤ Ybound;

(v) Integer Constraint:

∀1 ≤ i ≤ N , intxi ;

4.1.2. Heuristic Algorithm

The proposed algorithm iteratively finds the memory configuration with minimum area
given the energy bound by either grouping arrays or splitting already grouped arrays based
on whether the energy bound is closer to the minimum area configuration or the minimum
energy configuration. Let U correspond to the configuration with maximum energy (ob-
tained by assigning arrays with same bit width to the same memory module) and minimum
area, and L correspond to the configuration with minimum energy (obtained by assigning
each array to a separate module) and maximum area. Let X be the desired configuration
and E(X ) the given energy bound.

The algorithm in Figure 7 decides whether to group arrays or split already grouped arrays
based on the value of E(X ) with respect to E(L) and E(U ). If E(X ) is closer to E(L) (than
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Figure 7. Problem 1. Heuristic-based algorithm.

E(U )), we group arrays. On the other hand, if E(X ) is closer to E(U ), we split already
grouped arrays. To help in deciding which arrays should be grouped or split, the arrays in
the candidate set R are prioritized. If E(X ) is very close to E(L), then arrays with lower
energy value (lower area value if their energy values are equal) are given higher priority for
grouping. If E(X ) is close to E(L) but not very close, then arrays with higher energy value
(lower area value if their energy values are equal) are given higher priority for grouping. If
E(X ) is very close to E(U ), then arrays with lower energy value (higher area value if their
energy values are equal) are given higher priority for splitting. If E(X ) is close to E(L)
but not very close, then arrays with higher energy value (higher area value if their energy
values are equal) are given higher priority for splitting.

After a successful grouping (energy < E(X )), candidate set R and configuration L are
updated. Similarly after a successful split (energy > E(X )), set R and configuration U
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Figure 8. Min-area memory configuration for the given energy bound (E(X ) = 2.5 uJ).

are updated. If the grouping is unsuccessful (energy > E(X )), we evaluate the following
possible configurations and pick the one which is the closest to the energy bound: (i)
configuration A obtained by splitting the second most recently merged group in the current
configuration, (ii) previous configuration B, and (iii) configuration C obtained by fusing
arrays in B with the lowest priority in set R. Similarly, if the splitting is unsuccessful (energy
is a lot less than E(X )), we evaluate the following configurations and pick the one which is
the closest to the energy bound: (i) current configuration A, (ii) configuration B obtained
by fusing the second most recently split group in A, and (iii) configuration C obtained by
splitting arrays in previous configuration with the lowest priority in set R. The procedure
is iterative and continues until the set R is empty. The proposed algorithm for finding the
minimum area memory configuration, given energy bound, is shown in Figure 8.

The inputs are E(X ), E(U ), E(L), and the priority sets R1 and R2. While the arrays
in R1 and R2 are both ordered primarily with respect to energy, smaller arrays are given
higher priority in R1 and larger arrays are given higher priority in R2.

We illustrate this algorithm with the example in Figure 4 for an energy bound, E(X ) =
2.5 uJ. U corresponds to the following grouping {(A, E), (C, D, G), (B, F)} and has an
energy of E(U ) = 3.2275 uJ. L corresponds to the grouping {A, B, C, D, E, F, G} and
has an energy of E(L) = 1.8289 uJ. The value of d1 is E(U ) − E(X ) = 0.7275 and the
value of d2 is E(X ) − E(L) = 0.6711. Since d1 >= d2 and d2/(d1 + d2) >= 1/4,
we first fuse arrays B, F (with high priority) in set R. The energy for this configuration
{(B F), C, E, G, A, D} is 2.7739 uJ, which is larger than E(X ).
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So we go back to the previous solution and remove array B. Now R = {F, C, E, G, A, D}.
Array F can not get fused with any arrays in set R because of bitwidth mismatch and it is
removed from set R. Next, we fuse arrays C and G since they are of the same bit width.
The energy for the configuration {B, F, (CG), E, A, D} is 1.9634 uJ, which is smaller
than E(X ). We update the value of E(L) to 1.9634 uJ and replace the arrays C and G in
set R with a new array CG. The priority lists are also updated. Now R = {CG, E, A, D}.
The process is repeated. The final configuration is {B, F, (CG D), (E A)} with an energy
of 2.2825 uJ < 2.5 uJ. Figure 7 describes the algorithm trace for this example.

4.1.3. Results

We simulate the example in Figure 4 for different energy bounds. The results are given in
Figure 9. Note that the results obtained by our heuristic match exactly with those obtained
by the ILP method. For large examples (see Section 4), there are differences in the results
obtained by the two methods.

Figure 10 shows the reduction in area in the memory configuration if arrays are taken
into account. The average reduction is ∼32.71% which is significant.

In [16], we showed the use of loop transformations to systematically reduce array conflicts
so that the resulting memory architecture contains fewer memory modules and fewer mem-
ory ports. Figure 11 demonstrates how area is reduced as a result of loop transformations
and considerations. For instance, for energy bound of 2.5 uJ, the area if loop transforma-
tions and are considered, is 16.51 mm2 compared to 32.4 mm2, otherwise. The reduction
in memory size is on the average 34.4% for the examples considered in Figure 11.

Figure 9. Problem 1. Minimum area memory configuration, given different energy bounds for the examples in
Figure 4(b).

Figure 10. Problem 1. Results illustrating the % reduction in memory size if is taken into consideration.
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Figure 11. Problem 1. Results illustrating the % reduction in memory size if loop transformation as well as array
are taken into consideration.

4.2. Problem 2: Find the Memory Configuration with Minimum Energy,
Given the Area Bound

The formulation of this problem (both ILP and heuristic) is very similar to that of Problem 1
and we will not discuss it here. For the example in Figure 4(b), we quote the results obtained
by the heuristic and the ILP formulations for different area bounds in Figure 12. The results
obtained by the heuristic match very well with those obtained by the ILP method.

Figure 13 shows the reduction in energy in the memory configuration if is taken into
account. The average reduction is ∼24.31% which is significant. Figure 14 demonstrates
how energy is reduced as a result of loop transformations and considerations. For instance,
for area bound of 31.5 mm2, the energy if loop transformations and considered, is 1.8288 uJ
compared to 2.6388 uJ, otherwise. The reduction in energy consumption due to the reduction
of memory size is on the average 25.6% for the examples considered in Figure 14.

Figure 12. Problem 2. Minimum energy memory configuration, given different area bounds for the example in
Figure 4(b).

Figure 13. Problem 2. Results illustrating the % reduction in energy consumption if is taken into consideration.
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Figure 14. Problem 2. Results illustrating the % reduction in memory size if loop transformation as well as array
are taken into consideration.

4.3. Problem 3: Map the Arrays to Given Single-/Multi-Port Memory Modules Such
That the Energy Consumption is Minimum, Given the Memory Configuration
(Number of Modules, Size and the Number of Ports per Module)

The proposed ILP and heuristic based algorithms try to assign frequently accessed arrays to
modules that are small in size and/or have few ports. This is because the energy consumption
is a function of the size of the memory, number of ports and the number of accesses.
Specifically,

Energy = (Eread + Ewrite)∗ports,
=(Cread ∗ Raccess + Cwrite ∗ Waccess) ∗ ports
= ports ∗ Cread ∗ ( Raccess + Ratio ∗ Waccess)
= Cr ∗ y
where, Cr = ports∗Cread, y = Raccess+Ratio∗Waccess,
Ratio = Cwrite/Cread ∼= 1.2.

Thus the parameter Cr is a function of the size and the number of ports, and the parameter
y is a function of the number of accesses. Note that while the ratio Cwrite/Cread does not
vary with memory size, Cread is a function of the memory size (number of words and bit
width).

4.3.1. ILP Model

We develop a simple ILP model based on the ball-hole assignment problem. Let xij be an
{0,1} integer value, which assumes a value of 1 if array i is assigned to module j and is
0 otherwise. Our objective is to (i) minimize the energy consumption which is a function
of Cr and y. Our constraint equations consist of (ii) array constraint that ensures an array
(ball) can be assigned to only one of the modules (holes), (iii) edge constraint that ensures
that the ECG edge constraints and the number of ports match, and (iv) size constraint that
ensures that the sum of the sizes of the assigned arrays is less than or equal to the module
size, and (v) the integer constraint. The ILP model can be formulated as follows.

<ILP Model>
C : cost of energy.
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Na : number of arrays; Nm : number of modules.
V : set of arrays; E : set of edges; H : set of hyper edges.
N p: number of ports.
W : word size of array; Z : word size of module.

(i) Objective function:

min :
Na∑

i=1

Nm∑

j=1

(yi ∗ Cr j )xij;

where yi is a function of the number of accesses of array i and Cr j is a function of
the size and the number of ports of module j .

(ii) Array constraint:

∀1 ≤ i ≤ Na,

Nm∑

j=1

xij = 1;

(iii) Edge constraint:

ECG = (V ; E ; H )

∀(vs, vt ) ∈ E, ∀1 ≤ j ≤ Nm, xs j + xt j ≤ N p j ;

∀(∨1, ∨2, . . . ∨m) ∈ H, ∀1 ≤ j ≤ Nm,

m∑

p=1

x∨p j ≤ N p j ;

(iv) Size constraint:

∀1 ≤ j ≤ Nm,

Na∑

i=1

Wi xij ≤ Z j ;

(v) Integer constraint:

∀1 ≤ i ≤ Na, ∀1 ≤ j ≤ Nm, xij ∈ {0, 1};

4.3.2. Heuristic Algorithm

The heuristic algorithm operates on R, a set of arrays that are prioritized based on the value
of y, and S, a set of modules that are prioritized based on the value of Cr. The algorithm
is greedy and tries to assign an array with a high value of y to a module with a low value
of Cr. An assignment is valid only if (i) there is enough space in the module to house that
array and (ii) the limitations imposed by the conflict graph matches the number of available
ports. For instance, if array A has conflict with an array that has already been housed in the
high priority module, M , and if M has a single port, then A cannot be assigned to M . If,
on the other hand, M has two ports, then A can be assigned to M . Finally, if the bitwidth
of the array, ba, is larger than that of the module, bm, then multiple memory words (i.e.
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Figure 15. Example illustrating the algorithm of array assignment.

�(ba/bm)	 words) have to be dedicated for each array entry. If ba < bm, then the memory
is under-utilized. A solution is not feasible if the number of arrays connected by the largest
hyper edge is larger than the total number of ports.

We explain the algorithm with the help of the example in Figure 15. Arrays A, B, C, D
have to be housed in two memory modules M1(word size 60, 2ports) and M2(word size
50, 1port). Since three arrays (A, B, and C) are connected by the hyper edge and there
are 3 ports (2 in M1, 1 in M2), a memory assignment is possible with the given memory
configuration. The arrays in set R are prioritized based on the value of y. Thus priority of
A > priority of D and R = {A, D, C, B}.

The modules in set S are prioritized based on the value of Cr and S = {M2, M1}.
First array A is assigned to M2. The next higher priority array, array D, can be assigned
to M2 since there is no edge in ECG between A and D, and the space of M2 is enough
to house array D. The next higher priority array is array C. Array C cannot be assigned
to M2 because M2 does not have enough space and so it is assigned to M1 instead.
Finally, array B is assigned to M1. Even though there is an edge between B and C , there
is no conflict, since M1 is a dual port memory. The final assignment is also shown in
Figure 15.

Algorithm: Array Assignment (given memory configuration)

(i) R = the set of arrays to be assigned. List the priority of arrays in set R based on the
value of y. Higher value of y has higher priority, where y is related to the number of
memory accesses.

(ii) S = the set of modules. List the priority of modules in set S based on the value of
Cr. Smaller value of Cr has higher priority, where Cr is related to the size and the
number of ports.
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Figure 16. Results of array assignment for different memory configurations for the example in Figure 4(b).

Figure 17. Extended conflict graph (ECG) for BTPC. All conflict, including the self-conflicts (boldface lines)
and hyper edges (dashed lines), are propagated to arrays.

(iii) Repeat till set R is empty.

– Assign the array with higher priority in set R to a module with higher priority in
set S only (a) there is enough space to house the corresponding and (b) it satisfies
the extended conflict graph (ECG) constraints.
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Figure 18. Minimize area, given energy bound (= 29,000 uJ). Example illustrating the best configuration (a)
without lifetime consideration and (b) with lifetime consideration.

Figure 19. Minimum area memory configuration given energy bound for the BTPC example.
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Figure 20. Minimum energy memory configuration given area bound for the BTPC example.

Figure 21. Results of array assignment for different memory configurations for the BTPC example.

– Remove the visited array from set R.
– Update the size of the visited module.

4.3.3. Results

In Figure 16, we show the array assignment for different memory configurations for the
example in Figure 4. For these examples, the results of the final assignment are the same as
that obtained by the heuristics.

5. Case Study: Binary Tree Predictive Coder (BTPC)

Binary Tree Predictive Coding (BTPC) is a general-purpose image coding method for
lossless or lossy compression of photographs/graphics. In this section, we illustrate our
procedures with the help of this example. To generate the ILP results, we have used LP Solve
version 3.0 in Sun Ultra 10 with Solaris 2.5 to run the BTPC examples. Each configuration
took 0.5 to 7 minutes (depending on how close the bound is to upper bound or lower bound).
The ECG given in [4] is used and shown in Figure 17.

In the ILP formulation, the number of the allowed permissible array groupings is 4,127.
The lower bound of energy is 15494.22 uJ and the upper bound of area is 345.07 mm2. For
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Figure 22. Minimize area, given energy bound. Results illustrating the % reduction in area for the BTPC
application if life-time is considered.

energy bound of 29,000 uJ, the ILP solver finds the array groupings, ×4, ×8, ×1549, ×146,

×218, ×2499 to be equal to 1. Thus the final assignment has 6 memory modules with the
configuration:{(O),(NP),(BCQ), (GM),(EIJ),(ADFHKL)}.

The minimum area of this assignment without lifetime consideration is 240.43 mm2

and the minimum area of this assignment with lifetime consideration is 191.46 mm2 (see
Figure 18). Thus there is a 20.37% memory size reduction if we consider the of arrays.
The final configuration with lifetime consideration is {(B/E/I/K/M),(G/J/L/Q),(D/F/H),
(C/N/P),(A/O)}.

Figure 19 shows the minimum area obtained from ILP and heuristics for the BTPC
example for different energy bounds. Similarly, Figure 20 shows the minimum energy
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obtained from ILP and heuristics for the same example for different area bounds. Figure 21
shows the array assignment for different given memory configurations.

Figure 22 shows that the area is reduced significantly (average ∼22.68% reduction in
area) if life-time of arrays is taken into account. Figure 23 shows that the energy is reduced
significantly (average ∼13.36% reduction in energy due to a decrease in memory size if
life-time of arrays is taken into account.

Figure 23. Minimize energy, given area bound. Results illustrating the % reduction in energy for the BTPC
application if life-time is considered.
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6. Conclusion

In this paper, we have developed a memory design and exploration technique for multi-
module, multi-port memories. We have established that loop transformations and reordering
of array accesses simplifies the conflict graph and results in a more efficient memory.
Next, we have developed ILP and heuristic-based procedures for memory allocation and
assignment that satisfy area and/or energy constraints.

The heuristic algorithms are based on a thorough understanding of the area-energy trade-
offs. While grouping with the same bit width causes a reduction in the area, it results in
an increase in the energy. Similarly, splitting already grouped arrays causes a reduction in
the energy but results in an increase in the area. A study of these tradeoffs helped reduce
the search space during the memory exploration phase. The ILP models generate optimal
solutions and have been used to evaluate the goodness of the heuristics. In all the examples,
the results obtained by the heuristics were quite close with those obtained using the ILP
models.

Our memory exploration procedures for multiple module memories rely heavily on the
energy and area models. The better the model, the better the quality of the final solution. The
current energy model considers only the switching component—that is, does not consider
the leakage component. However, in deep submicron technology, the leakage component
can be as significant, and thus its effect cannot be ignored. The effect of the leakage power
on the procedures developed here remain to be investigated.
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