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Summary: In this paper, we present the MorphoSys re-
configurable architecture, which combines a configurable
array of processing elements with a RISC processor core.
We provide a system-level model, describing the array
architecture and the inter-connection network. We give
severa examples of applications that can be mapped to the
MorphoSys architecture. We aso show that MorphoSys
achieves performance improvements of more than an order
of magnitude as compared to other implementations and
processors.

1. Introduction

Re-configurable computing systems are systems that
combine programmable hardware with programmable
processors. At one extreme of the computing spectrum, we
have genera-purpose processors that are programmed
entirely through software. At the other extreme are
application-specific ICs (Asics) that are custom designed
for particular applications. The former has wider
applicability, while the latter is speciadized but very
efficient. Re-configurable computing is a hybrid of the two
approaches. It involves configuration or customization of
hardware for a range of applications [4]. Conventionally,
the most common devices used for re-configurable
computing are field programmable gate arrays (FPGAS)
[1]. FPGAs dlow designers to manipulate gate-level
devices such as flip-flops, memory and other logic gates.
However, FPGAs have certain inherent disadvantages such
as bit-level operation and inefficient performance for
ordinary arithmetic or logic operations. Hence, many
researchers have focused on a more genera and higher
level modd of configurable computing systems. As a
result, the PADDI [5], rDPA [6], DPGA [7], MATRIX [§],
Garp [9], RaPiD [10,11], and Raw [12,13] are some of the
systems that have been developed as prototypes of re-

configurable computing systems. These are discussed
briefly in afollowing section.

Target applications: Over the last decade, configurable
computing systems have demonstrated significant potential
for a range of applications. Many of these tasks (e.g. rea-
time signal processing) are computation-intensive and have
high throughput requirements. Other applications are
inherently complex (e.g. rea-time speech recognition). In
general, conventional microprocessor-based architectures
fail to meet the performance needs for most of the
applications in the ream of image processing, image
understanding, signal processing, encryption, information-
mining, etc. Automatic target recognition, feature
extraction, surveillance, video compression are among
those applications that have shown performance
improvements of over an order of magnitude when
implemented on configurable systems [4]. Other target
applications for configurable systems are data parallel
computations, convolution, stream processing, template
matching, image filtering, etc.

Organization of paper: Section 2 provides definitions for
terms relevant to re-configurable computing. Then, we
present a brief review of previous research work in this
sphere. Section 4 introduces the system model for
MorphoSys, our prototype configurable computing system,
MorphoSys. The following section (Section 5) describes
the architecture of the basic cell of MorphoSys
programmable hardware. Next, we discuss the mapping of
aset of applications from image processing domains (video
compression and automatic target recognition). We provide
performance estimates for these applications and compare
them with other systems and processors. Section 7
describes the MorphoSys simulation environment and
graphical user interface. Finaly, we present some
conclusions from our research in Section 8.



2. Taxonomy

In this section, we provide definitions for parameters that
are typically used to characterize the design of a re-
configurable computing system.

(& Granularity (fine versus coarse): This refers to the
level of operation, i.e. bit-level versus word-level.
Bit-level operations correspond to fine-grain
granularity but coarse-grain granularity implies
word-level  operations. Depending upon the
granularity, the configurable component may be a
look-up table, agate or an ALU-multiplier.

(b) Depth of Programmability (single versus multiple):
Thisis defined as the number of configuration planes
resident in a re-configurable system. Some systems
may have only a single resident configuration plane.
This means that system functionality is limited to
that plane. On the other hand, a system may have
multiple configuration planes. In this case, different
tasks may be performed by choosing varying planes
for execution.

(c) Re-configurability (static versus dynamic): A
system may be frequently reconfigured for executing
different applications. Re-configuration is either
static (execution is interrupted) or dynamic (in
parallel with execution). Single context systems can
typically be reconfigured only statically. Multiple
context systems favor dynamic reconfiguration

(d) Interface (remote versus local): A configurable
system has remote interface if the system’s host
processor is not on the same chip/die as the
programmable hardware. The system has a loca
interface if the host processor and programmable
logic reside within the same chip.

(e) Computation model: For most configurable systems,
the computation model may be described as either
SIMD or MIMD. Some systems may follow the
VLIW modd.

3. Related Work

There has been considerable research effort to develop
prototypes for configurable computing. In this section, we
shall present the salient architectural features of each
system.

The Splash [2] and DECPeRLe-1 [3] computers were
among the first research efforts in configurable computing.
Splash consists of a linear array of processing elements
with limited routing resources. It is useful for linear

systalic applications. DECPeRLe-1 is organized as a two-
dimensional array of 16 FPGAs. The routing is more
extensive, with each FPGA aso having access to a column
and row bus. Both systems are fine-grained, with remote
interface, single configuration and static re-configurability.

Other research prototypes with fine-grain granularity
include DPGA [7] and Garp [9]. Systems with coarse-grain
granularity include PADDI [5], rDPA [6], MATRIX [§],
RaPiD [10] and Raw [12].

PADDI [5] has a set of concurrently executing 16-bit
functional units (EXUs). Each of these has an eight-word
instruction memory. The communication network between
EXUs uses crosshar switches for flexibility. Each EXU has
dedicated hardware for fast arithmetic operations. Memory
resources are distributed among the EXUs.

rDPA: The re-configurable data-path architecture (rDPA)
[6] aims for better performance for word-level operations
through data-paths wider than typical FPGA data-paths.
The rDPA consists of aregular array of identical data-path
units (DPUs). Each DPU consists of an ALU, a micro-
programmable control and four registers. There are two
levels of interconnection: local (mesh network of short
wires) and globa (long wires). The rDPA array is
dynamically re-configurable.

MATRIX: This architecture [8] aims to unify resources for
instruction storage and computation. The basic unit (BFU)
can serve either as amemory or a computation unit. The 8-
bit BFUs are organized in an array, where each BFU has a
256-word memory, ALU-multiply unit and reduction
control logic. The interconnection network has a hierarchy
of three levels (nearest neighbor, length four bypass
connection and global lines).

RaPiD: Thisisalinear array of functional units[10], which
is configured mostly to form alinear computation pipeline.
The identical array cells each have an integer multiplier,
three ALUs, six registers and three small local memories.
A typical array has 8 to 32 of these cells. It uses segmented
busesfor efficient utilization of interconnection resources.

Raw. The main idea of this approach [12] isto implement a
highly parallel architecture and fully expose low-level
details of the hardware architecture to the compiler. The
Re-configurable Architecture Workstation (Raw) is a set of
replicated tiles, wherein each tile contains a simple RISC
like processor, small amount of bit-level configurable logic
and some memory for instructions and data. Each Raw tile
has an associated programmable switch which connects the
tilesin awide-channel point-to-point interconnect.

DPGA: A fine-grain prototype system, the Dynamically
Programmable Gate Arrays (DPGA) [7] use traditional 4-
input lookup tables as the basic array element. Each cell



can store 4 context words. DPGA supports rapid run-time
reconfiguration. Small collections of array elements are
grouped as sub-arraysthat aretiled to form the entire array.
A sub-array has complete row and column connectivity.
Configurable crossbars are used for communication
between sub-arrays.

Garp: This fine-grained approach [9] has been designed to
fit into an ordinary processing environment, where a host
processor manages main thread of control while only
certain loops and subroutines use the re-configurable array
for speedup in performance. The host processor is
responsible for loading and execution of configurations on
the re-configurable array. The instruction set of the host
processor has been expanded to accommodate instructions
for this purpose. The array is composed of rows of blocks.
These blocks resemble CLBs of Xilinx 4000 series [25].
There are at least 24 columns of blocks, while number of
rows implementation specific. The blocks operate on 2-bit
data. There are vertical and horizontal block-to-block wires
for data movement within the array. Separate memory
buses move information (data as well as configuration) in
and out of the array.

4. MorphoSys System Model

Figure 1 shows the organization of the MorphoSys re-
configurable computing system. It is composed of a re-
configurable array, a control processor, a data buffer and a
DMA controller. It is coarse-grain (16-bit data-path), and
the main thread of control is managed by an on-chip host
processor. The programmable part is an 8 by 8 array of re-
configurable cells (Figure 2), with multiple context words,
operating in SIMD fashion. MorphoSys is targeted at
image processing applications. Automatic  target
recognition and video compression (block motion
estimation and discrete cosine transform) are some of the
important tasks for which we have performed simulations.
The system model and architecture details for the first
implementation of MorphoSys (M1 chip) are described
hereafter.

4.1 System Overview

Re-configurable Cell Array: The man component of
MorphoSys is the Re-configurable Cell (RC) Array (Figure
2). It has 64 re-configurable cells, arranged as an 8 by 8
array. Each cell has an ALU/multiplier and register file
(16-bit data-path). The RC Array functiondity and
interconnection network are configured through 32-bit
context words. The context words are stored in a Context
Memory in two blocks (one for rows and the other for
columns). Each block has eight sets of sixteen contexts.
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Figure 1. Block diagram of MorphoSys
(M 1chip)

Host/Control processor: The controlling component of
MorphoSys is a 32 bit RISC processor, called Tiny RISC.
This is largely based on the design and implementation in
[14]. Tiny RISC controls operation of the RC array, as well
as data transfer to and from the array. Severa new types of
instructions were added to the Tiny RISC instruction set to
enable it to perform these additional operations.
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Figure2: MorphoSys 8 x 8 Re-configurable Array

4.2 Program Flow

The MorphoSys system operates as follows. The Tiny
RISC processor loads the configuration data from Main
Memory into Context Memory through DMA Controller
(Figure 1). Next, it enables the Frame Buffer to be loaded
with image data from Main Memory. This data transfer is



aso done by the DMA wunit. At this point, both
configuration as well as data are ready. Now, Tiny RISC
issues instructions to RC Array for execution. These
instructions specify the particular context (among the
multiple contexts in Context Memory) to be executed. Tiny
RISC can aso enable sdective functioning of a
row/column, and can access data from selected RC outputs.

4.3 Features of MorphoSys

The RC Array follows theSPMD (Single Program Multiple
Data) model of computation. Each row/column is
configured by one context, which serves as an instruction
word. However, each of these cells operates on different
data. This model serves the target applications (i.e.
applications with large number of data-parallel operations)
for MorphoSys very well.

In brief, the important features of the MorphoSys
computation model are:

Coarse-level granularity: Each cel of the RC array
function is configured by the context word. The context
word specifies one of several instruction opcodes for the
RC array, and provides control bits for input multiplexers.
It also specifies constant values that are needed for
computations.

Considerable depth of programmability: The context
memory can store up to 16 contexts corresponding to a
specific row and 16 contexts corresponding to a specific
column. Our design provides the option of broadcasting
contexts across rows or columns.

Dynamic reconfiguration capability: This is achieved by
changing some portion of the context memory while the
RC array is executing contexts from a different portion. For
example, while the RC array is operating on the 16
contexts in row broadcast mode, the other 16 contexts for
column broadcast mode can be reloaded. Context |oads and
reloads are done through Tiny RISC instructions.

Laocal Interface: The control processor (Tiny RISC) and the
RC Array are on the same chip. This prevents 1/O
limitations from affecting performance. In addition, the
memory interface is through an on-chip DMA Controller,
for faster data transfers between external memory and the
Frame Buffer. It also helps in decreasing the configuration
loading time.

4.4 TinyRISC Instructions for MorphoSys

Several new instructions (Table 1) were introduced in the
Tiny RISC ingtruction set for effectively controlling the

MorphoSys RC Array operations. These instructions enable
data transfer between main memory (SDRAM) and frame
buffer, load configuration from main memory into context
memory, and control RC array execution.

Tablel: Modified Tiny RISC Ingtructions
for MorphoSysM 1 chip

CBCAST : Execute specific context inRC Array

DBCB : Execute RC context, read two operand
data into RC Array from Frame Buffer

LDCTXT: Load context into Context Memory
LDFB : Load datainto Frame Buffer from memory
RCRISC : Write data from RC Array to Tiny RISC

SBCB : Execute RC context, read one operand
datainto RC Array from Frame Buffer

STFB : Store data from Frame Buffer to memory

WFB : Write data from specific column of

RC Array into Frame Buffer

There are two categories of these instructions. DMA
instructions and RC ingtructions. The DMA instruction
fields specify load/store, memory address (indirect),
number of bytes/contextsto be transferred and frame buffer
or context memory address. The RC instruction fields
specify address of context to be executed, address of frame
buffer (if RC needs to read/write data) and broadcast mode
(row/column). The instructions are summarized in Table 1.

5. RC Array Architecture

In this section, we describe three major features of
MorphoSys. First, the architecture of each re-configurable
cell is detailed (Figure 3), with description of different
functional, storage and control components. Next, we
discuss the context memory, its organization, field
specification and broadcast mechanism. Finaly, we
describe the three-level hierarchical interconnection
network of the RC array.

5.1 Re-configurable Cell Architecture

The re-configurable cell (RC) array is the programmable
core of MorphoSys. It consists of 64 identicad Re-
configurable Cells (RC) arranged in a regular fashion to
form an 8x8 array (Figure 2). The basic configurable unit,
is the RC (Figure 3). Its functional model is similar to the
data-path of a conventional processor, but the control is
modeled after the configuration bits in FPGA chips. As
Figure 3 shows, the RC comprises an ALU-multiplier, a
shift unit, and two multiplexers for ALU inputs. There are
registers at the output and for feedback, and a register file
with four registers. A context word, loaded from Context
Memory and stored in the context register (Section 5.2),



defines the functionality of the ALU and direction/amount
of shift at the output. It provides control bits to input
multiplexers and determines which registers are written
after an operation. In addition, the context word (stored in
the context register) can aso specify an immediate value
(referred to as a constant).
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Figure 3 : Re-configurable Cell Architecture

ALU-Multiplier unit: The ALU has 16-bit inputs, and the

multiplier has 16 by 12 bit inputs, producing an output of

up to 28 bits. Externaly, the ALU-multiplier has four input

ports. Two ports, Port A and Port B are for data from
outputs of input multiplexers. The third input (12 bits)

takes a value from the constant field in the context register

(Figure 4). The fourth port takes its input from the output

register. The ALU has standard logic functions. Among its
arithmetic functions are addition, subtraction and afunction
to compute absolute value of difference of two numbers.

The ALU aso has some functions that take one operand
from port A, and the other from constant input port. The
unit is capable of doing a multiply-accumulate operation in
one cycle, wherein two data are multiplied and added to the
previous output value. The ALU adder has been designed
for 28 bit inputs. This prevents loss of precision during

multiply-accumulate  operation, even though each
multiplier output may be much more than 16 hits, i.e. a
maximum of 28 bits.

I nput multiplexers: The two input multiplexers select one
of severd inputs for the ALU. Mux A is a 16-to-1 mux,
whereas Mux B is an 8-to-1 mux (Figure 3). Mux A
provides inputs from the four nearest neighbors, and from
the other cells in the same row and column within the
quadrant. It also provides an express lane input (as
explained in sub-section on Interconnection network), array
data bus input, a feedback input, a cross-quadrant input and

four inputs for register file. Mux B provides four register
file outputs, array data bus input and inputs from three of
the nearest neighbors.

Registers. The register file is composed of four registers
(16-bit), which prove adequate for most applications. The
output register is 32 bits wide (to accommodate
intermediate results of multiply-accumulate instructions).
The shift unit is aso 32 bits wide and can perform logica
right or left shifts of 1 to 15 bits (Figure 3). A flag register
indicates sign of input operand at port A of ALU. It is zero
for positive operands and one for negative operands. A flag
is useful when the operation to be performed depends upon
the sign of the operand, as in the quantization step during
image compression. A feedback register is also available
in case an operand needs to be re-used, as in motion
estimation.

Custom hardware This is used to implement specia
functions, especidly bit-level function, for e.g. a one's
counter or a packing register (for merging binary data into
words).

5.2 Context Memory

The configuration information for the RC Array is stored in
the Context Memory. Also, each RC has a Context
Register, in which the current context word is stored. The
Context Memory is organized into two blocks with each
block having eight sets of sixteen contexts.

Context register: This register (32 bits), specifies the
context (i.e. the configuration control word) for the RC.
The Context Register is a part of each re-configurable cell,
whereas the Context Memory (SRAM) is separate from the
RC Array (Figure 1).

The different fields for the context word are defined in
Figure 4. The field ALU_OP specifies ALU function. The
control bits for Mux A and Mux B are specified in the
fields MUX_A and MUX_B. Other fields determine the
registersto which the result of an operation iswritten (REG
#), and the direction (RS LS) and amount of shift
(ALU_SFT) applied to output. One interesting feature is
that the context includes a 12 bit-field for the constant. If
the ALU-Multiplier functions do not need a constant, an
ALU-Multiplier sub-operation is defined. These sub-
operations are used to expand the functionality of the ALU
unit.

The context word also specifies whether a particular RC
writes to its row/column express lane (WR_Exp). Whether
or not the RC array will write out the result to Frame
Buffer, is also specified by the context data (WR_BUS).
(Figure 4)



The programmability of interconnection network is also
derived from the context word. Depending upon the
context, an RC can access the input of any other RC in its
column or row within the same quadrant, or else select an
input from its own register file. Functiond
programmability is achieved by configuring the
row/column ALUs to perform functions as specified in the
context word.
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Figure4: RC Context word definition

Context broadcast: The mgjor focus of the RC array is on
data-paralel applications, which exhibit a definite
regularity. Based on this idea of regularity and parallelism,
the context is broadcast to a row (column) of RCs. That
impliesthat al eight RCsin arow (column) share the same
context, and perform the same operations. For example, for
DCT computation, eight 1-D DCTs need to be computed,
across eight rows. This is easy to achieve with just eight
context words to program eight rows of 64 RCs.

Context memory organization: The context memory is
designed as an SRAM, with total memory of 256 (16X16)
32 bit words (Figure 1). The context may be broadcast
across rows or columns. Corresponding to that, sixteen
context sets/cells are needed (eight for row broadcast to
eight rows, and eight for column broadcast to eight
columns). The computation model for the RC supports
multiple contexts. In other words, there are multiple
context memory words for each of the above sixteen sets.
Based on studies of relevant applications, adepth of sixteen
for each context set has been found sufficient for most
applications studied for this project. Each context word is
32 hits, there are sixteen words in a context set, and there
are sixteen context sets, giving the above figures.

Dynamic reconfiguration: MorphoSys supports dynamic
re-configuration. This implies that while the RC Array is
executing a series of context words, another set of contexts
may be reloaded from main memory through the DMA
controller. The context depth alows the RC Array to
operate continuously even when portions of the Context
Memory need to be changed.

5.3 Interconnection Network

The RC interconnection network is comprised of three
hierarchical levels.

RC array mesh: The underlying network throughout the
array is a 2-D mesh. This provides nearest neighbor
connectivity. Each RC is connected to its North, South,
East and West neighbors (Figure 5).

Intra-quadrant (complete row/col) connectivity. The
second layer of connectivity is at the quadrant level (a
quadrant isa 4 by 4 RC group). In the current MorphoSys
specification, the RC array has four quadrants (Figure 2).
Within each quadrant, each cell has complete connectivity
in two dimensions, as shown in Figure 5. Each cell can
access the output of any other cell initsrow (column).
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Figure5: Connectivity within a quadrant

I nter-quadrant (express lane) connectivity: At the highest
or global level, there are buses for routing connections
between adjacent quadrants. These buses, aso caled
express lanes, run across rows aswell as columns. Figure 6
shows two express lanes going in each direction across a
row. These lanes can supply data from any one cell (out of
four) in a row (column) of a quadrant to other cells in
adjacent quadrant but in same row (column). This means
that up to four cells in a row (column) may access the
output value of any one of four cells in the same row
(column), but in an adjacent quadrant. The express lanes
greatly enhance globa connectivity. Even irregular
communication  patterns, that require  extensive
interconnections, can be handled efficiently. For e.g., an
eight-point butterfly is accomplished in only three cycles.
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Figure6: Expresslane connectivity (between two
groups of cellsin samerow but adjacent quadrants)




Data bus: A 128-bit data bus from Frame buffer to RC
array is linked to column elements of the array. It provides
two operands of eight bits to each of the eight column cells.
It is possible to load two operand data (port A and port B)
in an entire column in one cycle. Thus, only eight cycles
are required to load the entire RC array. The outputs of RC
elements of each column are written back to frame buffer
through Port A data bus.

Context bus: When a Tiny RISC instruction specifies that a
particular group of contexts (configuration words) be
executed, these contexts must be distributed to each RC
from the Context Memory. The context bus communicates
this context data to the Context Register in each RC in a
row (column). Each context word is 32 bits wide, and there
are eight rows (columns), hence the context busis 256 hits
wide. When the row (column) contexts are activated, the
same context word is broadcast to al RCs in a particular
row (column).

6. MorphoSys: Application Mapping

In this section, we shall consider the mapping of severa
relevant applications to the MorphoSys architecture. These
applications were chosen because of their computation-
intensive nature. Among the video compression
applications are motion estimation, DCT and quantization.
Automatic target recognition is an important military
application. We also provide performance estimates (based
on afirst order analysis) for each application.

6.1 Example: Motion Estimation

Motion estimation is widely adopted in video compression
to identify redundancy between frames. The most popular
technique for motion estimation is the block-matching
algorithm because of its simple hardware implementation
[15]. Block matching agorithm is also recommended by
several standard committees (e.g., MPEG and H.261
standards) [16]. Among severa possible searching
methods, the expense of full search block matching
(FSBM) is obvioudly greatest. FSBM, however, gives the
optimal solution and low control overhead and is found an
ideal candidate for VL SI implementation.

Typicdly, the mean absolute difference (MAD)
criterion is the one implemented in VLSI duetoits relative
accuracy and compactness of implementation in hardware

[16]. With the MAD criterion, the FSBM can be
formulated as follows:
N N
MAD(m,n)= & a |R(,j)—Si+m,j+n)|,
i=1 j=1

-p<=m, n<=q

where p and q are the maximum displacements, R(i, j) is
the reference block of sizeN x N pixels at coordinates (i, j),
and §(i+m, j+n) is the candidate block within a search area
of size (N+p+q)® pixels in the previous frame. The
displacement vector is represented by (m, n), and the
motion vector is determined by the least MAD(m, n) among
al the (p+qg+1)° possible displacements within the search
area. Table 2 shows the specification of avideo codec.

Table2: Specification of a Video Codec

Image Size 352 x 240 Pixels

Frame Rate 15 Frames/'s

Block size 8x8 Pixels
Max. Displacement -8£m,n£ 8| Pixes

Figure 7 shows the configuration of RC array for FSBM
computation. The operations of RC array are denoted row
by row. Initialy, one reference block and the search area
associated with it are loaded into one set of the frame
buffer, and then the RC array starts the matching process
for the reference block resident in the frame buffer. During
the computation, another reference block and the search
area associated with it are loaded into the other set of the
frame buffer so that the loading and computing time are
overlapped.
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Figure7: Configuration of RC Array for Full Search
Block Matching

For each reference block, three consecutive candidate
blocks are matched concurrently in the RC array. As
shown in Figure 7, each RC in first, fourth, and seventh



row performsP; = Sygigg | R(i, j) - S(i+m, j+n) |. The data
of the reference block is sent to the first row and passed to
the fourth row and seventh row through delay elements.
The eight partial sums (P;) generated by the first, fourth,
and seventh row are then passed to the second, third, and
eighth row respectively to perform MAD(m, n) = Sygjes P;.
Subsequently, three MAD values corresponding to three
candidate blocks are sent to Tiny RISC for comparison, and
the RC array starts the block matching of another three
candidate blocks.

Computation cost: Based on the computation model shown
above, it takes ten clock cycles to finish the matching of
three candidate blocks. There are (8+8+1)° = 289
candidate blocks in each search area, and it takes a total of
(102x10) 1020 cycles to finish the matching of the whole
search area. According to the specification of Table 2, the
image size is 352x240 pixels which consists of 44x30 =
1320 reference blocks. The total processing time of an
image frame is 1320x1020 = 1346400 cycles. The
anticipated clock rate of MorphoSys is 100 MHz, so the
computation time would be 1346400x10x10° » 13.5 ms.
Thisis much smaller than frame period of 1/15 s shown in
Table 2.

Performance Analysis:. MorphoSys performance is
compared with the ASIC architecture implemented in [15]
and Intel MMX instructions [24] using the criterion of the
number of cycles needed for matching one 8x8 reference
block againgt its search area of 8 pixels displacement. The
resultisshownin Table 3.

Table 3: Performance Comparison

System | MorphoSys | ASIC™ | MmXx 4
(8X8)
(cycles) 1020 581 28900

The processing cycles of MorphoSys are about two times
compared to ASIC design in [15], however, MorphoSys
provides the advantage of hardware reuse. The humber of
cycles needed for MMX is about 28 times more than the
cycles needed for MorphoSys, which shows the greater
effective computing power of MorphoSys.

6.2 Example: Discrete Cosine Transform

The Discrete cosine transform (DCT) [17] and inverse
discrete cosine transform (IDCT) form an integral part of
the JPEG [19] and MPEG [20] standards. MPEG encoders
use both DCT and IDCT, whereas IDCT is used in MPEG
decoders. Compression is achieved in MPEG through the
combination of DCT and quantization.

Fast algorithms for DCT: In the following analysis, we
consider one of severa fast DCT algorithms. This
adgorithm [18] for a fast 8-point 1-D DCT involves 16
multiplications and 26 additions, leading to 256
multiplications and 416 additions for a 2-D
implementation. The 1-D algorithm is first applied to rows
(columns) of input 8x8 image block, and then to columns
(rows). The eight row (column) DCTs may be computed in
pardlel, for high throughput.

Mapping to RC Array: The block size for DCT in most
image and video compression standards is 8x8. The RC
array also has a size of 8x8. Thus, each pixel of the image
block may be directly mapped to each RC. The input block
is loaded into the array, such that one pixel value is stored
in each RC. The next step is to perform eight 1-D DCTs
aong the rows (columns). In other words, row (column)
pardlel operations are required. The context for
configuration needs to be broadcast along columns (rows).
Under this condition, different RCs within a row (column)
of the array communicate using three-layer interconnection
network to compute outputs for 1-D DCT. The coefficients
needed for the computation are provided as constants in
context words. When 1-D DCT aong rows (columns) is
complete, the next step is to compute 1-D DCT aong
columns (rows). For column parallel operation, context
words are broadcast along rows. Once again, RCs within a
column communicate using the  threelayer
interconnections, to compute the results. As previously,
coefficients are provided through context words. At the
conclusion of this step, the 2-D DCT is complete.

Some points may be noted: first, al rows (columns)
perform the same computations, hence they can be
configured by a common context (thus enabling broadcast
of context word). Second, the RC array provides the option
of broadcasting context either across rows or across
columns, This allows computation of second 1-D DCT
without transposing the data. Elimination of the transpose
operation saves a considerable amount of cycles, and is
important for high performance.

Sequence of steps:

Loading the input data: The first step is to load the input
image pixel block into the RC array. This data block is
previously loaded into the frame buffer from external
memory. The data bus between the frame buffer and the
RC array iswide enough to load eight pixels at atime. The
entire block isloaded in eight cycles.

Row-column approach: Following the separability
property, the 2-D DCT is carried out in two steps. First, a
1-D DCT dong rows is computed. Next, we compute 1-D
DCT on the results adong columns (Figure 8). Each
sequence of 1-D DCT [18] involves:



i. Butterfly computation: Once the datais available, the
next step is to compute the intermediate variables.
The inter-quad connectivity layer of express lanes
enables completion in three cycles.

ii. Computation and re-arrangement. In the next few
steps, the actual computations pertaining to 1-D DCT
agorithm [2] ae peformed. For 1-D DCT
(row/column), the computation takes six cycles. An
extra cycle is used for re-arrangement of computed

results.
1-D DCT along rows 1-D DCT along
(10cycles) columns (10 cycles)
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Figure8: Computation of 2-D DCT across
rows/columns (without transposing)

Computation cost: The cost for computing 2-D DCT on an
8x8 block of the image is as follows: 8 cycles for data
input, 6 cycles for butterfly, and 12 cycles for both 1-D
DCT computations. 2 cycles are used for re-arrangement of
data. For 1024 by 768 pixel image, it would take 3.44 ms
@ 100 MHz to complete the 2-D DCT computation.

Performance analysis: MorphoSys requires 21 cycles to
complete 2-D DCT on 8x8 block of pixel data. Thisisin
contrast to 240 cycles required by Pentium MMX ™ [23] .
Even this number is achieved by using specid MMX
instructions in Pentium instruction set, assuming that all
data is present in the cache. MorphoSys takes 8 cycles to
load data and 8 for write-back while Pentium cache miss
pendty is 12 cycles. Notably, MorphoSys performance
scales linearly with the array size. For a 256 element RC
array, the throughput for 2-D DCT agorithm would
increase four times, giving an effective performance of 5
cycles per 8x8 block. The performance figures are summed
upinTable 4.

Table4: DCT Performance Comparison (cycles)

MorphoSys | MorphoSys | MorphoSys | Pentium
(8X 8) 2(8%X8 |[4(8x8) [|MmMX™
21 10 5 240

6.3 Example: Automatic Target
Recognition (ATR)

Automatic Target Recognition (ATR) is the machine
function of detecting, classifying, recognizing, and
identifying an object without the need of human
intervention. ATR is one of the most computation
intensive applications in existence. The ACS Surveillance
Chalenge has been quantified as the ability to search
40,000 sguare nautical miles per day with a resolution of
one meter [21]. The computation levels for this problem
when the targets are partially obscured reaches the
hundreds-of-teraflops range. By considering the number of
computations that must be carried out for real-time images,
it is obvious that a hardware, which provides great
computing power, is essentia for solving ATR problem. In
the previous sections, we have shown that MorphoSys with
8x8 RC array can perform FSBM motion estimation on a
352x240 pixelsimage at 70 frames per second. We believe
that MorphoSys has a great opportunity to provide the
computing power for ATR.

Currently, there are many agorithmic choices available
to implement an ATR system [22]. A simplified ATR
processing model used in this paper is shown in Figure 9
[23]. We assume that Synthetic Aperture Radar (SAR)
images generated by the radar imager in real time are used.
SAR images consist of 8-bits pixels and are input to a
focus-of attention processor to identify the regions of
interest (ROI). These ROI’s are thresholded to generated
binary images and the binary images are then matched

against binary target templates.
ROI Binary image
(128x128x8) (128 x 128)
@
Template
Matching
- Peak

UF —> Detection
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Figure9: A Simplified ATR Processing M odel

Before the thresholding, 64 pixels of ROI are loaded
into RC array. Each pixel is then compared with the
threshold value T and is set to a binary data based on the
following equation:

IfA;-T>0 A;€1
IfA;-T<0, A;€0,
bits pixelsin ROI

where A ; represents the 8-



The threshold value is assumed to be a pre-selected
constant and is put in the context at compiletime. Because
2's complement representation is used, the most significant
bit of the output register represents the result of the
thresholding. There is an 8-bits packing register in each
RC of the first column. These registers are used to collect
the thresholding results of the RCs in the same row. The
datain the packing registers are then sent back to the frame
buffer, and another 64 pixels of ROI are loaded to RC array
for thresholding.

After the thresholding, a 128x128 binary image is
generated and is stored in the frame buffer. This binary
image is then matching against the target template. Each
target consists of 72 templates at five degree rotations.
Each row of the 8x8 target template is packed as an 8-bits
number and eight templates are resident in the RC array
concurrently. The template matching is similar to the
FSBM described in the previous section. All of the
candidate blocks in the ROI are correlated with the target
template. One column of the RC array performs matching
of one target template and eight target templates can be

matched concurrently in the 8x8 RC array. Figure 10
illustrates the matching processin each RC.
8-hitstemplatedata  16-hits binary image data

i
-
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Result

Figure 10: Matching Processin Each RC

In order to perform bit-level template matching, two bytes
(16 bits) of image data are input to a RC. In the first step,
the 8 most significant bits of the image data are ANDed
with the template data and a special adder tree is used to
count the number of 1's of the ANDed output. The result
is passed to the peak detector. Then, the image data is
shifted left one bit and the process is repeated again to
perform the matching of the second block. After theimage
datais shifted eight times, new 16-bit datais loaded and the
RC Array starts another matching of eight consecutive
candidate blocks.

Performance analysis For performance anadysis, we
choose the system parameters that are implemented in [23].
The image size of ROI is 128x128 pixels, and the template
size is 8x8 hits. For 16 pairs of target templates, the

processing time is approximately 16 ms in MorphoSys
assuming a clock of 100 MHz. Thisis more than one order
of magnitude less than the 210 ms processing time for the
system implemented in [23], which uses Xilinx XC4010
FPGAs. The performancefiguresarelisted in Table 5.

Table5: ATR Performance Comparison (ms)

(MorphoSys @ 100 MHZz)
MorphoSys | MorphoSys | MorphoSys | Xilinx
(8X38) 2(8X 8) 4(8X 8) FPGA
16 8 4 210

7. Interactive Software Environment

The MorphoSys re-configurable system has been specified
in behavioral VHDL. We have coded a simple assembler-
like parser, mload, for context generation. This context is
then used as input for simulation. We have simulated
motion estimation algorithm, the discrete cosine transform,
and automatic target recognition among others.

A graphical user interface, mView, has been prepared for
programming and observing simulation behavior for
MorphoSys. This interface is based on Tcl/Tk [26]. It
operates in one of two modes. programming mode or
simulation mode. In the programming mode, the user sets
functions and interconnections corresponding to each
context (row/column broadcasting) for the application.
Then, mView generates a context file for representing the
user-specified application.

In the simulation mode, mView takes as input either a
context file, or a simulation output file. For either of these,
it provides a graphical display of the interconnections and
RC outputs at each cycle of the simulation. Use of mView
has been found to decrease the programming time, and also
increase debugging efficiency.

8. Conclusions

In this paper, we presented a new model of re-configurable
architecture in the form of MorphoSys, and mapped severa
applications to it. The results have shown that this
architectura model enables impressive performance for
several target applications. We plan to implement
MorphoSys on an actua chip for practical laboratory
evaluation. We conceive that MorphoSys may be the
precursor of a generation of general-purpose processors
that have a gspecidlized re-configurable component,
designed for image and signal processing applications.
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