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Power consumption has become a critical concern in VLSI design, especially for portable
applications. Multiplier is a fundamental operation which is executed in most clock cycle. Multiplier
also has a large area, long latency and consumes a huge power. This paper presents the design
technique considering at architecture, logic and circuits level such as optimization in the depth of
Wallace tree addition, using modified Booth’s algorithm to reduce the number of partial products,
input swapping and pre-calculated signed-extension. The simulation results of the post-layout of
multiplier implemented on 0.18 micron process technology show that the multiplier using our design
techniques has the lowest energy consumption and also giving the best energy delay product.
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1. Introduction

Multiplication is a basic arithmetic operation
that is fundamental to digital signal processing.
Whereas it consumes a huge power because the
multiplier has been involved in most time slots
during the execution of DSP algorithms such as
the FIR filter, Discrete Fourier Transform
(DFT), DCT or Linear Predictive Coding
(LPC).

However, multiplier has a large area, long
latency and consumes relative high power
compared to other circuit components.
Therefore, both low-power and low latency
multiplier design have been an important part in
energy efficient VLSI system design. The
techniques can be applied at technology,
physical, circuit and logic levels to achieve an
energy efficiency. In this paper, we address at
the structure, logic and circuits implementation
of the multiplier. The main contribution of this
work is to present the design techniques of
power reduction for a parallel multiplier which
has been used in CADRE-s digital signal
processor proposed in [1]. '
The complex systems for mobile phones and
portable applications are expected to support the
requirements of modemn features such as
multimedia, high quality games and so on. The
parallel or tree multiplier with a high
performance carry save adder (CSA) tree has

been justified for these applications[2-3].
Therefore, this research work focuses on using a
coherent technique at architecture, logic and
circuits level to implement a parallel tree
multiplier.

The remain of this paper is organized as
follows. In section2, the power awareness of
CMOS circuits is discussed. The parallel
multiplier architecture is described in section3
while the power saving techniques, input
swapping, sign-extension and reduction in
addition are presented in section4. The
simulation and comparison of this multiplier has
been analysed in section5. Finally, the
conclusion is drawp in section6.

2. Power Awareness in CMOS

In digital CMOS circuit, there are three major
sources of power dissipation as shown in the
equation 1[1]:
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The switching or dynamic component of power
consumption is- the product of the load
capacitance (Cp), clock frequency (f.x), and
activity factor, 0o, is used to denote the
average fraction of clock cycles in which a low-
to-high transition occurs and the power supply
V%pp. The second term is the power dissipated



due to the direct-path short circuit current, Igc,
which occurs during switching when both
NMOS and PMOS transistor are active. The last
term is the power caused by the leakage current,
Licakage; Which arises from substrate injection and
sub-threshold effects. The leakage -current
becomes a significant problem when the
fabrication technology is scaled down or when
there are significant periods of idle time.

Since the switching event in CMOS circuit
dominates the most power, it is extremely
important to reduce this source of power
dissipation. Firstly, C_ could be minimized
through the choice of logic style and logic
topology. Secondly, the multiplier could ignore
the power dissipates according to f. by using
the asynchronous circuit design where it is a
clock-less systeri[4]. Finally, reducing the
supply voltage (Vpp) can yield more than an
order of magnitude saving which is shown
clearly from the equation.

In this paper, we are focusing only on parallel
tree multiplier which the multiplication can be
done in one clock-cycle. This leads to treat it as
a combinational logic and asynchronous circuit
technique is not concerned in this paper.
Meanwhile, reducing a supply voltage will be
ignored because there is a trade-off between
performance and power when voltage has been
scaling. This paper is therefore discussed only
minimized load capacitance.
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Figure 1 Parallel Multiplier Architecture

3. Parallel Multiplier Architecture

Multiplier composes of two main components:
partial product generator (PPG) and the addition
of those partial products (PPs) as shown in
Figure 1. In order to reduce the number of PPs,

modified Booth’s algorithm has been used in
this design, whilst the partial product addition
employs the Wallace tree to produce the final
partial sum (PS) and partial carry (PC). Finally,
the result of multiplication is generated by the
sum of PS and PC.

For a K x K multiplier, K partial products are
produced and a K-input CSA tree is used to
reduce them to two operands for the final
addition. However, the number of partial
products and logic depth of the CSA tree can be
reduced when Booth’s algorithm is applied. The
modified Booth’s algorithm[5] (radix-4 Booth’s
recoding) considers multiplier bits in pairs and
treats the pair as a signed two’s complement
number. The higher radix leads to fewer partial
products (PP) but requires more complex
hardware and a longer time for encoding. With a
radix-4 modified Booth’s algorithm, the number
of PPs can be reduced by half, whereas the PP
generator has been built using pass-transistor
multiplexer.

3.1 Partial Product Addition

In the partial product addition, several methods
such as the ripple carry adder (RCA), the CSA,
the CSA tree, the Wallace tree[6] and Dadda’s
strategy(7] are all candidates for the addition
scheme in the parallel multiplier. Both
Wallace’s and Dadda’s strategies are based on
compression techniques which were first
introduced by Weinberger[8]. The differences
between Wallace and Dadda are that the
Wallace tree tries to combine the partial product
bits at the earliest opportunity, whilst Dadda’s
scheme combines them as late as possible and
keeps the criticgl path (level) of the tree
minimal. So Dadda’s structure is simpler but
has a wider CPA at the end compared to the
Wallace tree. However, combining the partial
product bits as soon as possible makes the
Wallace tree scheme faster than Dadda.

Multi-operand addition schemes based on
Wallace tree has been widely employed because
of its performance. The 4-2 compressor is
therefore  popular in  many  digital
multiplications. . However, the compressor
differs from Dadda’s counter in that it is not
necessary to have the pattern of M outputs
drawn from 2™ inputs. An N:M compressor in
essence is a variation of the Dadda counter that
employs a separate path between compressor
units in order to generate M final outputs using



N>2M input bits. 4-2 compressor is based on 5:3
counter using 3 bits to represent the 5 binary
input bits resulting from the following equations
2-4:

PS=P1 & P2 ® P3 & P4 & Cin +4(2)
PC=Cin (P1® P2 ® P3 ® P4) +

P3/(P1 P2 © P3 © P4) ...(3)
Cout =P1(P2 & P4) + P2 /(P2 ® P4) )
3.2 Final Addition

Four-bit carry-look-ahead tree unit is used to
form the 40-bit carry-look-ahead tree by 10
blocks of these 4-bit units where the delay time
is shorter than a conventional carry-look-ahead.
The carry propagates from the bottom (C) bit to
the top carry bit (C,) of the 4-input unit within
3tmux and used 12¢n. for the delay carry-chain
of the 40-bit carry-look-ahead tree. Therefore
the delay of a W-bit CLA-tree implemented by
4-bit unit is ((W/4)+2)t,ux as shown in Figure2
for an 8-bit adder where the multiplexer
generating the sum is shown only for the LSB in
each 4-bit unit.
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Figure 2 The structure of 4-bit CLA tree block

The adder as shown in Figure 2 has been used
to form the final product by adding partial sum
(PS and partial carry (PC).

4. Power Saving Techniques

4.1 Input Swapping

The switching activities of the functional blocks
dominate a large portion of power consumption
in a parallel multiplier where all activities inside
each block depending on the data. One of two
inputs data is sent to Radix-4 modified Booth’s
encoding block where the multiplier is decoded
to generate the partial products. It can be viewed
as a digit-set conversion with the 2 bits denoting
the number O to 3 converted to the set of {-2,2}.
Effectively two bits are treated as a signed two’s
complement number.

In the multiplication process, the control bits for
the input with the smaller effective dynamic
range should be used for the Booth’s encoding
to increase the chance of neighbouring partial
products being ‘0’. This could result less
activities.

However, this scheme has a trade-off according
to an additional block as shown in Figure 3 to
determine when the inputs should be swapped.
It uses to detect the dynamic ranges of the input
data. This block makes a decision whether the
two input data paths should be exchanged or
remain unchanged.
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Figure 3 Additional block for input swapping

The simulation result of a 16-bit additional
block shows that it takes about 1.4ns to generate
the select signal for switching the inputs of the
multiplier while the power dissipates at about
9mW (where the data is fetched every 1.5ns).
Therefore, these performance and power
consumption information of the input swapping
technique has. to be considered at the
architectural level before adopting in the design.

4.2 Sign Extension
Most DSPs have a 16x16 multiplier located in
the 40-bit datapath. So the sign-extension is



required to produce the 40-bit result. The eight
PPs as shown in Figure 4 are the output of the
PPG which produces eight 16 bit PPs (which is
the same as the multiplicand length). However,
the output is expected by a general DSP to be in
40-bit format. So each PP has to be sign-
extended to 40 bits prior to their addition. If we
represent logic 1-bit as a one cell, the area
inside the red border shown in Figure4 is used
to compute the sign-extension. The energy
saving approach in the multiplier is to reduce
the logic for the sign-extended bits by using a
pre-calculated sign extension, as shown in
Figure 5, over a group of 4 PPs. This pre-
calculated number assumes that all partial
products negative and thus have a sign bit of
one. Thus we can save the large amount of the
logic for the sign-extended calculation.
9
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allows the addition hardware of the sign-bit part
to be reduced.

4.3 Reduction in Wallace Tree

The Wallace tree has been applied in the
addition of multiplier instead of the well-known
Dadda’s strategy as the partial products
combining takes place as late as possible.
Therefore, Wallace’s method is faster than
Dadda’s. The addition of the PPs is usually done
in 3 levels of compressors as shown in Figure
6(a). At the top level, two groups of
compressors compress a group of 4 PPs to two
outputs. In the second stage, two groups sum the
four outputs from the top level in 3-2
compressors, with 4-2 compressors used at the
final level. If the multiplier bits require a -a or -
2a, then the multiplicand bits are inverted and
+1 is input to the addition tree to form the two’s
complement input to the second stage. In this

1 multiplier design, we propose to save the sign

bits from Booth’s encoding and add it up later in
the final addition. Consequences, the second
level compressors can be omitted as the sign
bits are forwarded directly to the 4-input adder,
as shown in Figure 6(b).
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Figure 5 Pre-calculated sign extension

In Figure 5, the assumed sign extension for PP1
to PP3 are shown and when added yield the sign
extension constant shown along the top line. If
the real PP has a most significant bit (msb)
equal to one, no adjustment is necessary. In
contrast, when the real MSB is zero, adjustment
is required equivalent to all the ‘one’ bits in the
extension being flipped back to zero. This is
achieved by adding a Px (x = 1 to 3) in the bit
position shown; it should be noted that the ‘0’s
in the sign extension constant (0XFFFFCB)
makes it less likely that the carry chain will
extend across all bits in the extension constant.
With this technique, the constant number
required can be computed before the
multiplication takes place in the hardware. This
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Figure 6 Wallace Tree Structure

A significant reduction in logic arises from
losing the second level compressors and this



both improves performance and saves
considerable circuitry as can be seen in Figure

6(b).

As a result of using this tree structure topology,
the number of stages traversed by each input is
approximately the same for all inputs. This
leads to a balanced delay tree and results in less
switching activity due to input skew.

5. Simulation Results

The design is implemented on a 0.18um CMOS
process having 6-metal layers and runs from
1.8V. The results presented here in this section
are the results of simulating the layout using
Nanosim eda tool and the test inputs are the
random number. The multiplier can produce a
PS and PC every 1.5ns in the worst case of
random inputs and consumes an average power
of only 10.8mW in the PPG & PP addition
(excluded the input swapping and final
addition). Then later, the completed multiplier
(included input swapping) has been simulated to
produce the final result using a data fetching
rate at 200MHz. A comparison against other
designs is difficult because of the differences in
term of process technology and bit width.

However, selecting some other low energy
designs that have been reported such as the
16x16 multiplier (32-b output) on a 0.09um
process technology running from 1.2V[9], the
4x4 wave pipeline on a 0.18pum process running
from 1.8V[10], a 16x16 pass transistor
multiplier (32-bit output) on a 0.8um running
from 3.3V[11] and a 16x16 multiplier (40-bit
output) on a 0.13um process running from
1.2V[12]. To get some idea of the relative
merits of this multiplier, all results have been
scaled to a 0.18um geometry running from
1.8V. Whilst scaling does not take into account
all effects, the results do give an indication of
the energy efficiency of the different
multipliers.

Table 1 shows the second lowest energy
consumption (PDP) and energy delay product
(EDP) of the multiplier described ‘here
(including the time to add and the adder energy)
compared to others reported; it demonstrates a
good compromise between performance and
power for the 0.18um. process used. The power
delay product can be useful for comparisons in
which absolute energy values are not known

whilst the energy delay product is normally used
when the circuit-speed is important for an
energy efficiency comparison.

Types Scaled | Speed | Energy | Energy-

Power | (MHz) | (PDP) Delay
to (pJ) Product

0.18um (EDP)
@1.8V (pJxns)

(mW)
This 26.08 200 130.4 652.0
Multiplier

[9] 49.50 500 99.0 198.0
[10] 74.48 167 446.8 | 2,681.3
[11] 11.34 44 257.0 | 5,855.5
[12] 201.9 435 464.4 | 1,068.0

Table 1 Comparison of EDP of multiplier

6. Conclusion

In this paper, the design techniques for energy
efficient multiplier have been described. As a
result, this multiplier can operate with energy
efficiency when running the simulation using
the random number as the test inputs. It shows
that the design techniques of power reduction at
the architectural, logic and circuits level
proposed in this paper can make a good
contribution.
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Abstract: Energy efficient computing in a DSP has become
an important research issue in order to have a longer battery
operating time to support the modern portable devices. The
energy efficient functional unit has been designed and
implemented for an in-house asynchornous DSP named,
Configurable Asynchronous DSP for Reduced Energy
(CADRE). CADRE-successor (CADRE-s) has been
implemented as a full custom design and simulations are
presented to successfully demonstrate the energy-efficiency
of the FU. The results show that the FU designed can
achieve an energy improvement by a factor of 5 in the
multiply accumulator units and a factor of nearly 2 for the
overall system compared with the original CADRE system.
This demonstrates the importance that energy efficient logic,
circuit and layout techniques contribute to a design.

1. Introduction

An asynchronous parallel architecture, named CADRE
(Configurable Asynchronous DSP for Reduced Energy)[1]
was designed in the School of Computer Science,
University of Manchester and expected to use in portable
applications. CADRE expanded instructions to give a
flexible VLIW capability including a large register file,
instruction buffer and four functional units. It has been
design based on the sign magnitude number representation
and asynchronous circuit design. Even though CADRE had
an efficient architecture for DSP processors, it required a
large amount of power as demonstrated in[1,2].

CADRE was implemented by exploiting four-way
parallelism, as this appeared to be optimal for power
reduction[3]. This was based on the premise area can be
traded for increased speed because silicon area is rapidly
becoming less expensive. As well-known, arithmetic
operations, such as multiply, add and multiply-accumulate
are frequently performed and consumed hungry power.
From the previous work using random plus speed data, a
large percentage of power was found to be dissipated in the
Multiply Accumulator Units (MAC units) amounting to
about 50% of the overall power consumption.

Therefore, the functional unit (FU) has been re-designed
and re-implemented to demonstrate the energy saving
improvement possible. To reduce the- power consumption in
the new FU, the major dominant components, the multiplier
and adder, are designed and implemented with coherent low
power techniques. The new four-way parallel asynchronous
DSP which has been designed, implemented and tested is
called CADRE-s (CADRE successor) and will be referred
to as CADRE-s throughout in this paper.

This paper is organized as follows. In Section II we
describe the CADRE-s Top-Level Architecture. Coherent

low power techniques using in the new FU is illustrated in
Section III. The implementation is shown in Section I'V.
Finally, Section V concludes this paper.

2. CADRE-s Top-level Architecture

The top-level architecture for CADRE-s has been
designed to demonstrate the energy efficiency of the
functional unit and the other advantageous features of
CADRE-s such as four-way parallelism and configurable
memories. In this top-level architecture, the 32x64 bit
configuration memory has been attached to each FU and it
stores the opcode. In contrast with the original CADRE, the
operands of each FU in the current architecture are fetched
directly from on-chip RAMs (OPA and OPB). The new
system consists of four FUs connected together with a
global bus named the Global Interface Functional Unit
(GIFU), whilst each pair of FUs are connected locally via
the bus named Local Interface Functional Unit (LIFU). The
output data from each FU is stored in another on-chip
RAM. Two RAMs are used for the top level control. One is
the top-level 14-bit instruction and is stored in a program
memory. The second one is the address RAM which
effectively performs the function of a 16-bit program
counter (PC).

CADRE-s employs a scan path structure for
downloading instructions/data and uploading results as
shown in Figurel. There are five separate serial scan paths
in the design, one is for the address and program memories
and the others used for the operand, configuration and
result memories. This makes the system fully testable as
internal states cany controlled and monitored.
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Figure] CADRE-s Data Organization

2.1 MIMD with VLIW encoding
In CADRE-s, each FU has its own operands,
configurable and result memories. Hence, each FU can



execute independently. It differs from the FU that has been
used in an asynchronous superscalar[4]. It has shared
memories and registers. A special mechanism for the
instruction dispatch unit is therefore required. Because
CADRE-s contains four FUs which work independently,
the instruction is relatively long. To minimize the length,
the instruction has been divided into two parts. One part is
stored in the configuration memory and the other part in the
top level instruction memory. The configuration memory
contains the FU opcode, input/output selection, and the
shift condition whilst the top level instruction contains four
enable signals plus four accumulator write enable control
signals and a common 6-bit address for the configuration
memory. Storing the 6-bit address of configuration memory
not only reduces the number of instruction bits but the
instruction can be compressed. This means that the
instructions can be recalled when the same instructions but
different data are required. Most DSP algorithms can take
advantage of this feature to reduce the size of the program.

2. 2 Five Stage Asyn¢hronous Pipeline

The CADRE-s pipelined processing unit is organized
using self-timing techniques. An asynchronous pipeline
operates at a variable rate determined by current conditions,
unlike a single clock system, where the whole pipeline will
be clocked at a rate determined by the worst-case delay in
the slowest stage. Although, a multi-clocked system has
been proposed in [5-6] to allow a variable rate operation,
this method is limited by the number of the various clock
cycles which are generated by the clock generator. In a
clockless system, the next instruction can start as soon as
the previous result is generated. Therefore, the self-timed
system is able to operate at the average-case performance
rather than worst-case.

3. Low Power Design Techniques

Two novel techniques have been employed in the
implementation. The first is to build the functional units
(FU) using pass transmission gate (PTG) logic; such logic
promises significantly lower power than conventional
CMOS whilst delivering high performance. The second
unusual technique employed it that the whole system is
clock-free. Clockless (or asynchronous) logic is used to
eliminate clock generation, buffering and distribution — a
major power user — at the system level. Each functional unit
is responsible for its own timing; data is passed in and out
using handshake signals. This means that a functional unit
which is not in use dissipates almost no power. It also
allows the implementation of ‘unusual’ DSP functions —
such as Hamming distance calculation or signal clipping —
in an energy efficient manner. If evaluation in one unit is
slow the whole system will adapt on a cycle-by-cycle basis.
The final advantage of asynchronous logic here i$ that it
adapts automatically as the supply voltage is changed; a
reduced input voltage gives slower processing but much
greater energy efficiency. o

4. Implementation
CADRE-s is implemented on a 0.18um CMOS process
having 6-metal layers and runs from 1.8V. The tests

described seek to demonstrate the energy efficiency of the
FU designed by the coherent low energy design techniques
described in the previous section. The kernel benchmarks
are translated into binary codes by the CADRE assembler.
A Verilog module then rearranges this binary code into the
format for serially shifting into CADRE-s. The CADRE-s
die, shown in Figure2, measures 4.5 x 3.9mm and contains
over 230,000 transistors plus 14 RAM memories of 2k x 16
bits plus a further 4 RAM memories of 64 x 32 bits. The
results show that the FU designed can achieve an energy
improvement by a factor of 5 in the multiply accumulator
units and a factor of nearly 2 for the overall system
compared with the original CADRE system.

Figure 2 CADRE-s Die Poto

5. Conclusion
CARE-successor (CADRE-s) has been implemented as
a full custom design and simulations are presented to
successfully demonstrate the energy-efficiency of the FU.
This demonstrates the importance that energy efficient
logic, circuit and layout techniques contribute to a design.
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Abstract—Partial reconfigurable FPGAs can dynamically
modified their logic and interconnect configuration at runtime
without affecting each other. Finding the available empty space
for incoming tasks at runtime is the most time consuming process
in the online placement aJgorithm. The primary goal of such an
algorithm is speed and memory usage. This paper presents the
survey of three finding free resources algorithms by presenting
their data structure and method. A comparison of time
complexity for each algorithm is also presented here.
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L. INTRODUCTION

The flexibility of reprogrammability in FPGA (Field
Programmable Gate Arrays) is a great advantage of this device.
We can make the use of their reprogrammability in one of two
ways: Compile-Time Reconfiguration (CTR) or Run-Time
Reconfiguration (RTR). The FPGA configuration can be
changed during the operation execution when the RTR system
is applied. The configuration can be fully or partially
reprogrammed.

A FPGA consists of a rectangular grid of Configurable
Logic Blocks (CLBs) and interconnection between the cells.
FPGA allows multiple tasks to be executed in parallel by
hardware. For such systems an application is divided into
smaller tasks, called hardware tasks. When the system requests
its execution each of them is placed on the FPGA. After a task
finishes execution, the system deletes it and its area can be
reclaimed and reused by other tasks.

The task placement may be subdivided into two categories:
offline and online. In the offline placement, the configuration
order and location of tasks are known when the application is
compiled.

On the other hand, in the online placement, all tasks are
known at runtime and can be placed anywhere on the chip. The
configuration of hardware tasks on the FPGA must be done on
the fly. So the system searches available resources for a new
task on a case-by-case basis, which is time-consuming.

Because requested tasks are known only at runtime, the
system's management must face with two problems: where to
place a new arrival task for execution [1], [2], [3] and how to
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provide communication among the modules running on the
FPGA [4], [5].

This paper presents three approaches to solving the
problem of finding the free space for arrival tasks on the
FPGAs. The first is Staircase algorithm [1], which works by
first finding all the maximal staircases and the extracting the
maximum empty rectangles from them. The second, enhanced
Scan Line algorithm [2] uses 2D FPGA surface model with
encoding information. MKE points are defined to utilize the
scanning process while looking for the maximum free
rectangles. The third, Flow Scan algorithm [3] scans the
maximum empty rectangles from the task edges.

In section 2, we describe the detail of these three
algorithms. Then, we show the comparison of time complexity
in section 3. Finally, we conclude this paper in section 4.

II.  EXISTING ALGORITHMS FOR FINDING EMPTY SPACE

The free FPGA space is usually recorded as a set of
rectangles because most of the hardware tasks can be fitted in a
rectangular shape. There are two types of rectangles: the non-
overlapping rectangles and the maximum rectangles. In the
non-overlapping, algorithm has a shorter execution time but
more task rejection rate than the maximum rectangles.

In this section we describe the algorithm for finding all
maximum empty rectangles by using the same sample as
shown in figure«f” As an example, FPGA consists of 10x10
cells with two placed tasks running. Maximum Empty
Rectangle (MER) is denoted by the tuple (x, y, w, h), where (x,
y) is the coordinates of its lower left corner, and (w, h) is its
width and height. There are 6 maximum empty rectangles in
total: (1, 1, 10, 1), (1, 1, 1, 10), (5, 1, 6,4), (5, 1, 1, 10), (1, 7, 5,
4),(1,9, 10, 2).

A. Staircase algorithm

This algorithm uses a 2D array with X number of columns
and Y number of rows. This array is called area matrix. Each
cell in the array represents a CLB in the FPGA. Bottom left
cell is addressed.(1, 1) and top right cell is addressed (X, Y).

If a CLB is used by a task, the cell is called an occupied
cell, which is represented by a negative number. Otherwise it is
called an empty cell, which is represented by a positive



number. Figure 2 shows the area matrix of a FPGA with two
tasks placed on it. A positive number gives number of
contiguous empty cells above and including that cell in that
column and a negative number gives the remaining width of
the task.
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Figure 1. Example FPGA configuration with two placed tasks.

This algorithm scans the area matrix on a row-by-row basis
from top to bottom and make staircase at the empty locations.
We check only the maximal staircases for extracting maximum
empty rectangles. A staircase is maximal if it cannot be
extended down or to its right. Only the top horizontal boundary
of already placed tasks and the bottom-most row will be
scanned as shown in figure 2. In each scanned row, scanning is
done from the left side to the right side. If the left boundary of
a task is encountered, the occupied cells can be skipped. This
gives considerable savings in runtime.

Figure 2. Modeling FPGA area matrix, the origin point of maximal staircase
(circles) and the scanning row (block arrows)

In order to construct a staircase, there is only one stair in
the staircase at the first leftmost positive entry of each scanned
row. The height of that stair is given by positive integer stored
at that location. A staircase at point (x+1, y) can be easily
constructed from a staircase at point (x, y). Let (x, y’) be the
top right most point on the stair containing column x and (x+1,
y”’) be the coordinate of topmost empty cell on the column
x+1. There are three possible cases to construct a staircase:

y" > y' A new stair is added to staircase and y" becomes
top-left corner of the new stair

y" =y" Width of the rightmost stair is extended by one.

y" < y' All the stairs with height greater than that y" are
deleted and the last one is replaced with new highest stair,
which has height equal to y".

B. Enhanced Scan Line Algorithm

This algorithm also use 2D array but add one extra column
to the right edge of the FPGA array, and assign value 0 to cells
on that column. The occupied cell is represented by value 0 and
the empty cell is represented by a positive number. A positive
number in a cell gives number of contiguous empty cells at the
left hand side and including that cell in that row.

Before scanning the free space with this algorithm, we have
to find the Key Element, which is an empty cell with an
occupied cell as its right hand neighbor, or an empty cell on the
right edge of FPGA area. Next, we select the Scan Line. The
Scan Line contains one or more Key Elements. Then we find
the Valley Point to create a segment and choose the largest Key
Element as the MKE.

The algorithm chooses the maximum value of MKEs in
each column. Next, the scanning moves the tops and bottoms
of multiple MKEs simultaneously. If they overlap with each
other, then the subsequent steps of scanning these MKEs will
be identical, and we only need to continue the scanning process
for one of the MKE:s to avoid any redundant scanning process.
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Figure 3. Modeling FPGA area matrix, MKE:s (circles), Key Elements that
are not maximal (diamond) and Valley Point (dotted cell) on column 5.

C. Flow Scan Algorithm

This algorithm uses linked list structure to store runtime
information about the free space as in figure XXX. There are 4
different linked lists: general edge linked list (GELL), in-edge
and out-edge linked lists (IELL and OELL), and rectangular
well linked list (RWLL).

height =0 height=6 | | beight=3
OBL I “wono [ 7] xra [ ] xsi0
height = 0 height= 1 heghi-4| [begn-6| [Bbegi=s | [begu-10
GELL  |—] inedge =0 | in-edge=1 || inedge=1 [+] inedge =0 |-+] inedge=0 || in-edge =1
outedge=1| |outedge=0| |outedge=0| [outedge=1| |ouedge=1]| |outedge=0
height =1 beight=4 | _| height=10
EL M xie [7] xswo [7] xow

Because the linked lists is sorted when inserting or deleting
task, the algorithm scans from the lowest height to the highest
height of the GELL, which is the edge of FPGA. When the
scanning flow reaches an out-edge, the out-edge processing is
called. Only one new FRW is created. Its bottom has the same
height as the out-edge.

When the scanning flow reaches an in-edge, the in-edge
processing happens. The search for overlapped FRWs will
start. If there is an overlapped FRW with an in-edge in the X
direction, a maximum free rectangle is created by adding the
height of the in-edge as a top line of the FRW and at most two
new RWs can be created in case of the left side of FRW < the
left side of in-edge or the right side of FRW > the right side of

in-edge. No FRW will be generated if the height of the in-edge
is the same as the top of FPGA.

III.  COMPARISON OF TIME COMPLEXITY

The following sections provide comparisons of time of the
previously described scanning algorithms.

An FPGA has x number of columns and y number of rows.

In the staircase algorithm, let n be the number of rows in
FPGA which lie immediately above top boundary of some
tasks. A staircase needs to be constructed at every column in a
row. So, time complexity is O(xn). The worst case performance
of staircase algorithm is O(xy).

For the scan line algorithm, it takes time O(y) to find all the
MKEs of a Scan Line. If there are n scan lines, then the time
complexity is O(ny). The worst case time complexity of scan
line algorithm is O(xy), which is the same as the staircase
algorithm.

On the other hand, only the task edges are processed. Let n
be the number of placed task. The time complexity is O(n). The
worst case for the flow scan algorithm is when all edges of n
placed tasks are located on different height. This makes the
worst case complexity of flow scan algorithm is O(y).

IV. CONCLUSION

In this article we provide descriptions of three algorithms
for finding the maximum free rectangles on the partially
reconfigurable FPGAs. We have presented a comparison of
theses algorithms, highlighting their features and differences.
Lastly since the use of online placement is important in the
reconfigurable system, there are still many challenges that need
to be met.
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I. INTRODUCTION

Partially reconfigurable FPGA (Field Programmable Gate
Array) allows their logic and interconnection between the cells
modified at runtime without affecting each other. For such
system an application is divided into smaller tasks called
hardware tasks. Hardware tasks run concurrently on the FPGA.
When a task finishes execution, the system removes it from the
FPGA and its area can be relocated and reused by incoming
tasks. Online partial reconfiguration allows the sequence of
tasks to be performed unpredictably because the FPGA
controller can make a decision online. Partially reconfigurable
FPGA can also support the concept of dynamically dataflow
reconfigurable coprocessor architecture.

In the offline placement, the sequence of request tasks is
known in advance. In contrast with this method, the flow of
tasks is known at runtime. We call this environment online
placement. Various optimization algorithms have been applied
to obtain good quality placements. The system needs to handle
each task on a case-by-case basis. The placement time is an
overhead on total execution time of the application. Finding
and maintaining empty space on the FPGA is the most time
consuming part of a placement algorithm. Thus a fast algorithm
is required to efficiently manage free space for fast task
placement.

There are three approaches for maintaining the empty space
on the FPGA device: as a list of non-overlapping rectangles, a
list of maximum empty rectangles, or a list of vertices, each
with its pros and cons. Management a list of maximum empty
rectangles is to fit more tasks on a given area than a list of non-
overlapping rectangles. But it is often time consuming to
maintain a complete set of maximum empty rectangles. In this
paper, we implement an efficient algorithm for finding the
complete set of maximum empty rectangles called Flow Scan
algorithm [1].
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The literature review of free space management in FPGA is
explained in section 2. This paper details the flow scan
algorithm in section 3. Then we discuss the problems found in
the implement phase in section 4. In section 5, we present the
simulation result and compare with the algorithm reported in
[1]. Finally, we conclude this paper in section 6.

II. RELATED WORK

In the dynamic reconfigurable system, low area utilization
[6,7] is the result of resource fragmentation in FPGA. An
efficient algorithm to find empty space on the FPGA could
help the defragment and task relocation. In this research area,
we define MER as Maximal Empty Rectangle that means the
empty rectangle that cannot be covered fully by any other
empty rectangle.

Finding empty space is the basic fundamental problem in
computational geometry. Jin Cui, et. al. in [8] proposed an
efficient algorithm for finding the complete set of MERs in
FPGA. Their works gave a better result compared to Scan
Line Algorithm (SLA). However, in [9] showed that
maintaining empty space as maximal rectangles leads to better
utilization of resources. Therefore, Handa, et. al. in [1]
reported a good quality results of their algorithms using
maintaining maximal rectangles.

III. FLOW SCAN ALGORITHM
o~

A. Definitions[3]

The lower Y coordinate of each placed task and top of
FPGA are defined as in-edge while the out-edge is used for the
higher Y coordinate and the bottom of the task. The direction
of scan flow is from in-edge to out-edge.

Rectangular well (RW) is defined as temporally rectangles
without top lines during the scanning process. Formed
rectangular well (FRW) is any RW that can only be expanded
upwards. Only FRW is recorded and temporal RW will be
removed when there are several RWs with the same X
coordinate crated during the scanning process. Maximum free
rectangular is defined as rectangle that top, bottom, left and
right edge cannot be expanded.



B. Data Structure

The flow scan algorithm uses linked list to store the runtime
information. Figure 2 shows the linked lists, representing the
situation as depicted in figure 1.
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Figure 1. FPGA surface with two placed tasks.

height=0 height=3 | | height=10
x=7,10 [7] x=1,5 X=0,10
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out-edge =1 out-edge=0| |out-edge=1| |out-edge=1| |out-edge=0
height =0 N height = 5 height=7
X=0,10 X=7,10 X=135

Figure 2. Linked lists.

For each placed task, its lower Y coordinate is defined as
in-edge and its higher Y coordinate is defined as out-edge. The
bottom and top of FPGA are defined as out-edge and in-edge
by default respectively.

A rectangular well (RW) corresponds to the temporary
rectangle without a top line, which created during the scanning
process. For any RW that can be only expanded upwards is
defined as formed rectangular well (FRW).

A maximum empty rectangle is a rectangle whose top,
bottom, left and right cannot be expanded. In this paper, it is
abbreviated as (left, right, bottom, top).

There are two scanning process in the flow scan algorithm:
in-edge processing and out-edge processing.

The out-edge processing happens when the scanning flow
leaves an out-edge. Only one new FRW is created. Its bottom
has the same height of the out-edge. - ,

When reaching an in-edge; the in-edge processing is called.
The search for overlapped FRWs will start. If a FRW is
overlapped with an in-edge in the X direction, a maximum
empty rectangle is created by adding the height of the in-edge

as the top line of new FRW. And, then, if the height of the in-
edge is not the full height of FPGA, at most two new RWs can
be created for the non-overlapping area within the FRW.

IV. PROBLEMS FOUND WHILE IMPLEMENTING

In this section, we discuss about the problems, which found
at the implement phase.

The first problem is to find overlapped FRWs with an in-
edge. This problem solved by comparing the X coordinates
between FRW and in-edge. The overlapped FRW occurs if the
right side of FRW is greater than the left side of in-edge or the
left side of FRW is less than the right side of in-edge. Figure 3
shows the overlapped and non-overlapped FRWs.

in-edge

| overlapped FRW | | overlapped FRW |

non-ovetlapped FRW ’

| non-ovetlapped FRW

Figure 3. Example of overlapped and non-overlapped FRWs

Next problem is how to find the bottom of new FRW. In
the out-edge processing, we can easily use the height of the
edge as the bottom of new FRW. Meanwhile in the in-edge
processing, new FRW is only created when it has overlapped
FRWs. So we use the bottom of overlapped FRWs (dot cells)
as the bottom of new FRW as shown in figure 4 (b).

Similar to the previous problem, what is the X coordinates
of new FRW? In the in-edge processing, when it has
overlapped FRWs and the non-overlapped part is on the left
hand side, we use the left of overlapped FRW as the left of new
FRW and the left of in-edge as the right of new FRW. If the
non-overlapped part is on the left hand side, we use the right of
in-edge as the left of new FRW and the left of overlapped FRW
as the right of new FRW.

On the other hand, in the out-edge processing, the left and
right of new FRW come from the leftmost of current FRW
which the right of current FRW is equal to the left of out-edge
and the rightmost of current FRW which the left of current
FRW is equal #§ the right of out-edge as depicted in figure 4

(a).
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Figure 4. FPGA surface with placed task.

Finally, when the FRW is created, the important thing is to
verify that the new one is not duplicated or overlapped with the
current in lists. Also, when the maximum empty rectangle is
recorded in the in-edge processing, we have to check that the
bottom and the top is not the same height.

V. SIMULATION RESULT

The algorithm was implemented in C, and evaluated under
Ubuntu 8.04 running on Intel Core 2 Duo 2.0 CPU 1.8 GHz
with 2 GB main memory. We integrated with the simple online
placement algorithm. The placement algorithm uses first fit
policy to find the free space for incoming tasks from a
complete set of maximum empty rectangles generated by the
scanning process.

In order to compare with the original paper (1), we use the
same simulation test. We start from 100x100 configurable
logic units of FPGA. 1000 tasks were generated randomly by
using the output of the previous scanning. Due to the
simulation is not considered on the task rejection rate. One of
the maximum empty rectangles is. selected randomly and the
size of the new task is randomly generated within the selected
maximum empty rectangle. The arrival time is assigned

between [5..25] time units. The task life time has 3 ranges:
Taso, Tsoo and Ty For Taso the task life time is randomly
chosen from the time interval [5..250]. For Tsq the [251..500]
is used and for Tg the [SO1..1000] is used.

Because the CPU clock speed is too fast, then we use gprof
program to calculate the amount of time spent in each routine.
First, we compiled the algorithm with 'gcc -pg <source.c> -0
<program>'. Next we ran the simulation and see the execution
profile by using 'gprof <program>'. Figure 5 shows the result
of gprof program.

Flat profile:

Each sample counts as 8.81 seconds.
% cumulative self self total
time seconds

seconds calls us/call us/call name

56.6€ 8.81 8.81 16959 8.59 8.59 get overlap list
58.6€ 8.62 6.81 15341 0.65 8.97 remove_task

8.6 8.62 6.68 41715 0.68 8.80 create frw

6.86 8.62 6.68 24648 8.88 6.8 record maximum_rectangle
6.68 8.62 8.66 15968 8.68 8.86 out_edge processing
8.6 8.62 8.68 7376 6.e8 1.36 in_edge processing
e.ee 8.82 6.88 5600 e.ee 8.86 randoa_int

8.08 8.82 9.688 2662 8.688 8.80 insert_edge

8.86 8.62 6.e8 2082 6.68 8.8 insert gell

8.68 8.62 8.68 1982 8.68 8.6 remove edge

8.68 8.82 8.88 1967 8.60 5.88 fs_algoritha

8.ee 8.62 6.688 1666 6.e0 8.60 create_task

6.66 8.82 6.88 1066 6.88 8.80 find_position

6.08 8.62 6.68 1660 6.68 5.88 insert_task

6.88 8.62 0.e8 1 8.680 e.68 initial

Figure 5. Screen shot of gprof program

The algorithm is executed every time when a new task
arrives or one is removed. In our simulation with 10000 tasks,
the algorithm is invoked approximately 19000 times. As shown
in the figure 6, the average number of microseconds spent in
this algorithm per call is presented.

In the flow scan algorithm, only the task edges are
processed. The worst case is when all edges of n placed tasks
located on different heights. The worst case time complexity of
flow scan algorithm is O(2n).

Execution time
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Figure 6. Execution time



VI. CONCLUSION

In this paper, we describe the scanning algorithm called

flow scan algorithm. The problems and their solution are
presented. Lastly we simulate the test to evaluate performance
compare with the original paper.
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