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Abstract. For data intensive applications like Digital Signal Processing,
Image Processing, and Pattern Recognition, memory reads and writes
constitute a large portion of the total design execution time. With the
advent of on-chip memories, a rich hierarchy of physical memories is
now available on a Reconﬁgurable Computer (RC). An intelligent usage
of these memories can lead to a signiﬁcant improvement in the latency
of the overall design. This paper presents an automated heuristic-based
memory mapping framework for RCs. We use a Tabu search guided
heuristic, Rectangle Carving, to map a single data structure onto several instances of a memory type on the RC. We also introduce control
logic to resolve potential memory access conﬂicts and to make the details
of memory mapping transparent to the accessing logic.

1

Introduction

FPGAs have been the focus of attention because of the quick turn-around design
time. Most designers utilize FPGAs as a prototyping platform where the focus
is on functionality. However, with the increasing pressure on time to market, the
tremendous increase in the density and complexity of programmable devices, and
the ﬂexibility oﬀered by such devices, FPGAs have become a viable alternative
to ASIC implementations in many situations. Thus, the performance of designs
mapped to FPGA-based platforms has become equally important.
Contemporary FPGA architectures provide a large number of fast physical
memories on the device. Xilinx Virtex BlockRAMs [1], Altera FLEX 10K Embedded Array Blocks [2], and Altera APEX E Embedded System Blocks [3] are
some of the examples.
With many variations in properties of physical memories, the mapping of data
structures in the design is a non-trivial task. Physical memories have multiple
ports through which the storage space can be accessed in parallel. There are
multiple conﬁgurations possible for each port that can be used to minimize
wastage of storage space. Also, diﬀerent types of memories present on a RC
provide diﬀerent read and write latencies. A memory mapper should take all
these factors into account.
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The rest of the paper has been arranged as follows. Section 2 discusses some
related research. Section 3 describes various features of an RC architecture and
the model for input design. Section 4 describes what constitutes mapping of
data structures and gives a formal deﬁnition of the mapping problem. It also
presents details about Tabu Search adapted for the problem. Section 5 presents
the heuristic algorithm used to perform the actual mapping. Section 6 describes
control logic generation for memory mapping. Various constraints in mapping
are presented in Section 7 and the components of the cost function for tabu
search in Section 8. We present the results in Section 9.

2

Related Work

As outlined in [4], the process of mapping data structures to physical memory can
be divided into two steps: (i) translating the storage requirements into logical
memories (LMs), i.e. forming the data structures needed by the design, and (ii)
mapping the LMs onto the physical memories of the hardware; i.e. assigning the
data structures to the memory banks.
In memory synthesis for ASICs, the problem is that of mapping various data
structures onto a predeﬁned set of library components. The optimization goals
include minimizing the number of diﬀerent physical memory components used,
thus minimizing the overall area; and placing the chosen components so as to
minimize routing requirements and signal delay. An ILP approach has been used
in [5,6] to group registers to form multi-port memory modules. [7] concentrates
on minimizing the area while ﬁnding a legal packing of the logical segments into
the physical segments.
However, in the case of RCs, the resources available are already ﬁxed. The
goal is to optimize performance while satisfying the constraints posed by the
RC. [8] and [9] consider single and dual ported memories in FPGAs, but not
both at the same time.
In [10], an ILP formulation considers all instances simultaneously and gives
optimal mapping. However, as the problem size increases, it takes a long time to
converge. In [11], mapping is done in two stages (global and detailed) to simplify
the ILP formulation. However, if an LM is bigger than an instance, it is split in
some predeﬁned manner during the ﬁrst stage. This may prevent the mapper to
ﬁnd the optimal solution.

3
3.1

Problem Formulation
Reconﬁgurable Platform Description

A generic RC has a set of programmable devices (FPGAs), a set of physical
memories, and an interconnection network for communication between various
FPGAs and memory banks.
The various physical memories on a RC can be grouped into diﬀerent clusters, called memory types, on the basis of similarities in some of their invariant
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attributes: A ﬁxed connection already exists between instances of a memory
type and its local pe. Read and Write Latencies are the number of clock cycles
required to perform corresponding operations on that memory type. Num ports is
the number of ports available on each instance of this memory type. The storage
space can be accessed through any of these ports in parallel. Max storage bits
is the maximum number of bits of data that can be stored in an instance of
this memory type. Conﬁguration of a port is the way in which storage space is
accessed through that port. It is speciﬁed by (width,depth) pair. Each word has
#width bits and there are a total of #depth words. Num conﬁgurations is the
number of diﬀerent ways in which a port of an instance of this memory type can
be conﬁgured. Num instances gives the total number of elements of this memory
type which are available on the RC. A signal from local pe needs to traverse
through pins trav number of pins to access the memory. It represents the proximity of the memory bank to the logic area and is predominant in determining
the maximum clock frequency.
3.2

Input Design Description

An LM is modeled as a rectangle; the number of words is represented by the
depth of the rectangle while the width represents the number of bits in each
word. Each rectangle has a weight, speciﬁed by a pair of integers (num reads,
num writes) . The higher the weight of an LM, the greater the inﬂuence of the
LM on the overall design latency.

4

Tabu Search Formulation

Tabu Search (TS) [12], is a general purpose meta-heuristic for solving combinatorial optimization problems. This paper uses Tabu Search to perform memory
mapping.
We view an LM as a complete rectangle. If split, the complete rectangle can
be decomposed into sub-rectangles. A mapped sub-rectangle is speciﬁed by a
tuple of 6 values as shows below:
sub rectangle = {phy mem num, port num, depth, width, start depth, start width}

Physical mem num speciﬁes the physical instance to which this sub-rectangle
has been mapped. Port num speciﬁes which port of that physical instance will
be used to access this sub-rectangle. depth and width are the dimensions of the
sub-rectangle indicating how much of the LM has been mapped to this port.
Start depth and start width specify the position of the top-left corner of the subrectangle with respect to the complete rectangle. Together, the last four parameters exactly specify which part of the LM is mapped through this sub-rectangle.
This information is helpful in automating the initialization of physical instances
on the RC. We deﬁne the mapping of an LM to be a set of sub-rectangles, one
corresponding to each part into which the memory task has been split.
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For a mapping to be valid, we require that all its sub-rectangles be mapped
to physical instances of the same memory type. We further require that no two
sub-rectangles share the same port. If diﬀerent parts of an LM are mapped to two
physical memories whose local pes are not the same, the address and data bus
will need to be routed to both PEs. This can greatly deteriorate the quality of
the solution. Even if the local pe is the same, memories might diﬀer in read/write
latencies. Thus, diﬀerent parts of the same LM will be available to the logic in
diﬀerent clock cycles. Furthermore, if two sub-rectangles contain diﬀerent bits
of the same word of an LM and get mapped to the same port, more than one
read will be required to access the word completely. Our assumption excludes
such scenarios without deteriorating the solution.
4.1

Problem Deﬁnition

Given
– Set L = {l : logical memory}. L speciﬁes the input design.
– Set T = {t : memory type}.
– Set P = {pm : physical mem instances|∀pm : ∃1 t ∈ T }. T and P are part
of the target architecture.
– If logic partitioning information is available, the target architecture speciﬁcation will also have num f pgas and set I = {if1 f2 |0 ≤ f1 , f2 < num f pgas}.
Each element of I speciﬁes the number of interconnect pins available between
the corresponding FPGA pair.
The objective is to produce another set
M = {m : memory mapping | ∀l ∈ L, ∃1 l ↔ m} such that
{∀pm ∈ P, satisf ies(Constraintspm)} and {∀i ∈ I, satisf ies(Constraintsi )}
4.2

Memory Mapping Adaption for Tabu Search

The TS operates on an array (of size #LM) of mappings.
– Neighborhood Moves: Since the neighborhood space is very large and
totally random, we randomly choose a small number of LMs. We heuristically
re-map the chosen LMs while mappings for the remaining LMs are retained.
– Tabu Attributes: We consider two attributes for each LM re-mapped during an iteration of TS: from bank and to bank are memory types to which
the LM was mapped before and after the move. Any move which contemplates to undo a recently made move (by moving the LM to the from bank
or from the to bank ) will be tabued for the next few iterations, called the
tabu tenure. Tabu status can be over-ridden if the contemplated solution is
better than the best encountered so far (aspiration criterion).
– Residence and Transition Frequency: These are long-term memories of
the TS. Residence Frequency stores the total number of iterations for which
a LM was mapped to a bank type. It indicates the suitability of mapping the
LM to that bank type. Transition Frequency holds the number of times a
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LM was re-mapped from one bank type to another. LMs with high transition
frequency generally are smaller in size and their re-mapping causes localized
search. Suitably rewarding or penalizing high residence and/or transition
frequency can lead to search intensiﬁcation or diversiﬁcation respectively.
– Restart: This is a form of medium term memory. After a ﬁxed number of
iterations, an average cost of all the solutions explored in the current region
is compared with the best cost found so far. If the average cost is signiﬁcantly
higher, chances of ﬁnding a new best solution in this region are very small.
All memories are reset at restart, and search is restarted with a new random
solution.

5

Heuristic: Rectangle Carving

At every iteration, Tabu Search decides which LMs are to be re-mapped and
onto which memory type. However, the new mapping for an LM on its memory
type is found by a heuristic called Rectangle Carving (Figures 1 and 2). The
algorithm reads in an LM as a rectangle. It maintains a list of sub-rectangles
which are to be mapped. As part of a sub-rectangle is mapped, new ones are
carved out of its unmapped part and added to the list. The algorithm continues
until all sub-rectangles have been mapped.

Algorithm: Map LM
Input:
M : Logical Memory
B : Bank Type
Output:
S : Solution, a set of mapping to ports
begin
C, R, N : Rectangle
L :List of Rectangles to map
P :Physical Port
U, FORCE :Bool
R ← Rectangle(M.depth, M.width);
S ← ∅;
L ← [R];
/*initialize L with the rectangle corresponding to M */
while (L = ∅) loop
R ← L.ﬁrst();
P ← random port(B);
U ← port usable(P, M);
FORCE ← (max fails reached);
C ← carve rectangle(R, P, FORCE);
if (FORCE or (is valid(C) and U) ) then
gen new subrect (R, C, L);
L ← L − [R];
S ← S ∪ {C};
end if
end while
end

Fig. 1. Algorithm Map LM

Algorithm: Carve Rectangle
Input:
R :Rectangle to map
P :Physical Port
FORCE :Bool
/*indicates if mapping to be done forcefully*/
Output:
C :Rectangle
/* Carved from R, can be mapped onto P */
begin
F itness :Array of fitness, of size #configs
N :A subset of Port Configurations
N ← {n|n ∈ Conf igurations of P
∧n.width ≥ P.curr conf ig.width}
for each(n ∈ N ) loop
get assignable rect(R, P, n);
F itnessn ← func(assignable depth,
assignable width, R);
save best assignable rectangle();
end for
if (BestF itness > 0) then
C ← Rectangle(best assignable depth,
best assignable width);
P.curr conf ig ← best conf ig;
else
/* Failed to carve out a rectangle */
if (FORCE ) then
/* Forcefully assign R to C */
C ← R;
else
/* Try in future iterations */
C ← N ULL;
end if
end if
end

Fig. 2. Algorithm Carve Rectangle

In each iteration, the algorithm tries to map the ﬁrst sub-rectangle in the list.
It randomly picks one of the ports of an instance of a given bank. port usable
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Fig. 3. Rectangle Carving Process
performs a check to see if this port has already been assigned to some other
sub-rectangle.
Carve rectangle considers a subset of conﬁgurations of the selected port
and calculates a ﬁtness of mapping the rectangle to each conﬁguration. The
ﬁtness depends upon how much of the rectangle can be mapped, whether the
rectangle has to be split, and how much storage space would be wasted. We
consider only those conﬁgurations which have width larger than that required
by the already mapped sub-rectangle, if any.
If the carved-out rectangle is smaller than the given rectangle, at most two
new sub-rectangles, shown in Figure 3, are created out of the unmapped parts.
While splitting, we intuitively try to keep all bits of a word in the same rectangle, i.e. depth-wise splitting is preferred over width-wise splitting. The port’s
conﬁguration is updated to accommodate the new as well as any old rectangles
mapped
to this port. The overall complexity
of mapping an LM to mem type t


is O #P ortst × (#LM + #conf igt ) .

6
6.1

Control Logic
Arbitration

If more than one compute task access a physical port, arbitration logic is required
to serialize any parallel accesses. Also, if several LMs are sharing the same port,
tasks accessing either of them will have to be arbitered. If an LM is split across
ports, all compute tasks accessing at least one of these ports will have to be
arbitered. All ports whose accessors need to be arbitered are combined together
to form a logical port for arbitration purpose. A scalable arbiter logic for RCs
is presented in [13]. Handshake signals (Request/Acknowledge) are introduced
between the arbiter and all corresponding arbitered tasks.
6.2

Address Translation and Enable Logic

An address translation mechanism is required to handle the mismatch between
the logical address coming from the task and the physical address location where
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that word is placed. If multiple LMs are sharing a port, then only one LM can
be placed starting at physical address location 0 of the port. All other LMs will
be placed at an oﬀset.
One address translation unit (Figure 4a) is required for each LM-port pair.
Logical starting addr is the address of the ﬁrst word of the sub-rectangle of the
LM mapped to this port. Physical starting addr is the address of the physical
location where the sub-rectangle is mapped. The diﬀerence between the two
is added as lm port oﬀset to the logical address to obtain the actual physical
address. Note that the oﬀset value can also be negative. The translated address
is given to the input of a tri-state buﬀer, output of which goes directly to the
address port. The enable of this tri-state is controlled by the lm port enable
signal. To assert it, at least one task should be accessing the LM. This is checked
by ORing the acknowledge signals generated by the arbiter for tasks accessing
the LM. In addition, the logical address coming from the task should be in the
range which has been mapped to this port.

6.3

Putting It Together

As shown in Figure 4b, each compute task has address/data ports for each LM
it accesses. We assume that when a task is not accessing a particular LM, its
corresonding ports are tri-stated. In the case of simultaneous accesses to an LM,
the arbiter ensures that only one of the accessing tasks drives the input. If this
address is valid for the port and the tri-state logic is enabled, the translated
address is sent to the address port. The data bus is directly connected between
all accessing tasks and the data port.
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Constraints

Architectural constraints are dictated by the RC onto which the design has to
be mapped.
– Physical Memory Sizes: The mapper should ensure that the sum of bits
consumed by all LMs assigned to a physical instance does not exceed the
maximum capacity of that instance.
– Interconnect Constraints: The mapper should ensure that there are enough pins available between each FPGA pair for routing all the address,
data, and arbitration signals.
– Mapping Constraints: Mapping Constraints are a reﬂection of the limitations in the ways in which an LM can be mapped. We require that two
sub-rectangles of the same LM should not be mapped to the same port.
Design Constraints should be looked upon as broad guidelines being provided
by the user based on design requirements. Sharing of ports between LMs can
lead to better utilization of storage capacity. It also leads to address and data
bus sharing between various logical memories. However, the number of compute
tasks which need to be arbitered might increase. This will introduce additional
delay in memory access, extra arbitration signals to be routed and a bigger area
requirement for the arbiter. The user can specify a Latency Constraint in the
form of an upper limit of the overall read/write latency of the design.

8

Cost Function and Estimation

Tabu Search evaluates a solution by calculating a cost of the current solution.
The overall cost function is a weighted sum of the following factors:
– Latency: The total number of clock cycles required to perform all read and
write operations.
– Arbitration Cost: The number of tasks which need to be arbitered at any
logical port is equal to the sum of number of tasks accessing the LMs. Arbiters
of diﬀerent sizes are pre-synthesized and their areas used while evaluating a
solution.
– Clock Frequency: Any signal which needs to be routed across chips becomes the bottleneck in operating at high frequency. We take the maximum
number of pins traversed by any signal in the design to be an indication of
maximum operating clock frequency of the design.
– Blocks Processed: Processing multiple sets of data without reconﬁguring
the device involves introducing a counter for address oﬀset. This is done by
packing multiple sets of data in the same memory space. Unused memory
instances of the same type can be grouped with used instances to pack more
sets of data.
– Address Translation and Enable Logic: The size of the logical address
bus as well as that of the oﬀset is known. Thus the total area required can
be estimated.
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Design
Name

#LM Total Exec
Words Time
(sec)
DCT1
15
112
17.9
FFT
12
80
15.0
DCT2
10
48
15.4
Laplace
14
509
17.0
MeanValue 13
1200
17.4
LUD
13
1343
17.4
Rand100
100
3513
142

Table 1. Memory Mapping Results

Des Num Num ILP Heu. %
Num LM Ports Cost Cost Diﬀ.
1
8
18
422 422 0.0
2
18
39
770 777 0.9
3
32
63 1292 1319 2.0
4
27
29 1302 1381 5.7
5
27
37 1327 1411 5.9
6
39
95 1584 1622 2.3
7
42
77 1841 1872 1.6
8
49
99 1997 2280 12.4
9
18
52 3139 3143 0.1
10
32
60 4702 4931 4.6

Table 2. ILP versus Heuristic Results

– Address and Data Bus Routing: Since only one LM can be accessed
through a logical port at a time, sharing of the address and data buses
between LMs is done. For each logical port, the maximum address and data
width required is calculated based on the biggest and widest memory present
in it.

9

Results

Table 1 shows results of memory mapping for some benchmark examples. The
target architecture is assumed to have one FPGA. There are 3 instances of onchip memories of size 4096 bits each, with 5 conﬁgurations varying in width from
1 to 16 and a read/write latency of 1 clock cycle each. There is one instance of
oﬀ-chip memory having 2K words, 16-bit wide, single-ported with read latency
of 3 and write latency of 1. The total number of words in all LMs is given in
Column 3. The last column shows the execution time of the heuristic approach
on a SUN Sparc station running at 336MHz with 1344MB of RAM.
Table 2 presents comparison between ILP [10] and heuristic approaches. Designs are characterized by the number of LMs and target architectures by the
total number of ports available over all instances of physical memories. As expected, the ILP approach gives better results in terms of lower cost function.
However, in many cases, even though a solution was found, the ILP approach
did not converge while the heuristic execution time was very small (52 seconds
for the largest design). On average, the cost of the heuristic solution is within
3.5% of the ILP cost.
Figure 5 shows diﬀerent runs of the mapper for the same set of designs and
target architectures. Each graph displays two sets of data, one for which sharing of port between LMs was permitted and the other in which it was not.
In the portsharing case, bigger logical ports are formed, leading to sharing of
address and data pins between various LMs. This also enabled the mapper to
ﬁnd a constraint satisfying solution very quickly. In fact, for the last 3 designs,
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no-portsharing constraint prevented the mapper from ﬁnding a constraint satisfying solution. We also observe that in each case where a solution was found,
portsharing gives lower read/write latencies; this is expected as more LMs are
packed into faster physical memories.
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Fig. 5. Read/Write Latency and Pins Utilized
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