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Abstract

FPGAs offer an excellent platform for usein rea-time video processing applications. There are several modes of
operation that can be used to implement image processing algorithms; streamed, offline or a hybrid of the two.
We discuss these and consider the suitability of the present types of languages for the implementation of image
processing algorithms on FPGAs. Examples of Hardware Description Languages, Language Extensions, and
Hardware compliers are discussed along with their strengths and weaknesses. We propose VERTIPH, a new
multiple-view visual language that is designed for image processing on FPGAs avoid these weaknesses. Three
views show different parts of the system; an overall architectura view, a computation view and a scheduling

VIEW.
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1 Introduction

With the continual growth in size and functionality of
FPGASs (Field Programmable Gate Array9 there has
been increasing interest in their use asimplementation
platforms for image processing applications
particularly real time video processing [1]. Dueto
their structure with a large array of pardlel logic and
registers FPGAs can exploit the data paralelism
found in images. They can either peforming al
required operations or performa subset of operations
to reduce data before passing processing to a standard
DSP or microprocessor. However the programming
model is different form norma software design. It
cannot be treaded as a single processor with a large
amount of memory. Instead an FPGA is a system with
a large number of simple processors which
competition for memory access. In designing an
appropriate algorithm for the FPGA you need to take
into account the limited memory bandwidth and the
related constraints that this imposes on the system.
There are three main processing models used in
designing image processing on FPGAs, offling,
stream and hybrid processing.

Offline processing is commonly used in hosted
system configurations. As aco-processor, the FPGA’s
role in the embedded system is to complement as host
computer by accelerating certain tasks. Offline
processing virtually eliminates al constraints with the
constraint on bandwidth is eliminated because random
access to shared memory is possible and desired pixel

values can be obtained over anumber of clock cycles.

In stream processing, data is serialy presented as a
one-dimensiona pixel stream by means of a suitable

access pattern [2]. Typically the access pattern is
raster order in which pixels are presented |eft to right
for each image row beginning with the top row.

Effectively, this converts the spatial distribution to a
tempora stream and is the mode often used for video
rate processing. Processing is performed “on-the-fly”
asthe datais streamed through the system. This type
of processing is more suited to the standaone
configuration where the FPGA is connected directly
to a video source that is producing a continuous
stream of data. A good example is as when the FPGA
isused as a“front end” in a smart camera processing
the image from a sensor before storing the result into
memory.

The strict time constraints involved with stream
processing are dependent on the video capture rate
and image size (for example PAL 25 frames per
second and a 768 by 576 colour image). At the
minimum clock rate, which is desirable for embedded
systems, stream processing constrains the design into
performing all of the required calculations for each
pixel at the pixel clock rate. If this cannot be managed
then some pixelsin the stream will be missed and so
will not be processed

Producing pixel outputs with high clock ratesfor non
trivial gpplications, such as lens distortion correction
[3, 4], is difficult because for each pixel complex
expressions must be evduated. These can introduce
significant propagation delay, which may easly
exceed a single pixel clock cycle. A pipelined
approach is thus needed that accepts an input pixel
value from the stream and outputs a processed pixel
value every clock cycle with several clock cycles of
latency, equal to the number of pipeline states,
between the input and output. This allows severa



pipdine stages each for the evaluation of complex
expressions and functions. Pipelining is an important
technique for exploiting the tempora parallelism
inherent in stream data.

In stream processing, memory bandwidth constraints
dictate that as much processing as possible is
performed on the data as it arrives. For some
operations the order that the pixels are required for
processing does not directly correspond to the raster
order in which they are input. This requires that the
image be partly or wholly buffered There are
complications associated with this but they may be
unavoidable: Buffering requires memory which is
limited on an FPGA. Frame buffering requires large
amounts of memory (such as for image warping),
typically off-chip memory and introduces additional
latency. Data is placed behind limited bandwidth and
serialized connections which can make it difficult to
retrieve desired pixel vaues when multiple accesses
are required such as for bilinear interpolation [ref
kims]|

Hybrid processing is a mixture of stream and offline
processing. For example, stream processing can be
used for image capture and display while offline
processing can be used in order to provide random
accessto aregion of interest in the captured image.

FPGAs alow increased performance by freeing the
implementation from the fixed architecture of
standard processors. However, they make the design
and implementation of the algorithm more difficult
for most image possessing practitioners as they are
not familiar with FPGA -related issues of concurrency,
pipeining, priming and bandwidth. Offen [5] has
stated that the classical serial architecture is so central
to modern computing that the architecture-algorithm
dudlity is firmly skewed towards this type of
architecture.

FPGAs, with their smal size, low power
consumption, large number of 1/O ports and large
number of computational logic blocks are idedl for
many embedded systems. Image processing witch can
support both spatial parallelism in the images with
multiple processor blocks and the pipelining of their
algorithms are a good fit for the structure of FPGA
devices.

2 Present Languages

Schematic entry is too lowlevel as a design tool for
image processing as it does not capture the
algorithmic nature of image processing functions
adequately. As the complexities of digital designs
increased Hardware description languages (HDL)
were developed allowing designs to be expressed at a
higher level of abstraction from schematic entry.
HDLs were designed to express both the temporal
behaviour and circuit structure of eectronic systems.
Verilog [6], and VHDL [7] are industry standard
HDLs .They can be thought of as the assemblers of

hardware programming, providing great flexibility at
severd levels from gate level through to Behaviourd.
As they offer similar functiondity, we will
concentrate on VHDL. The constructs that are
supported by VHDL are very closely related to
hardware and can be at a very low level making it a
poor choice for implementing complex image
processing algorithms. As a genera purpose language
there is no specific support for image pocessing
operations. While HLDs offer a great ded of
flexibility in terms of the control logic it is up to the
designer to construct any state machines required to
control the system. This can be advantageous,
allowing very efficient control over the execution
path. However this burdens the designer with
designing both the required logic and the state
machine to drive it. HDLSs are very powerful and
flexible but with this the high level algorithm can be
lost amongst the detail s requiredto programthem.

The need for more high level design tools has lead to
several different methodologies. One is to modify an
existing software programming language to add in the
constructs required for building hardware. Handel-C
takes this approach with the aim of making hardware
design more accessible for software engineers[8]. In
most  conventional ~ programming  languages,
statements are executed sequentially following the
order of assignment statements, and branches
specified by flowof-control statements (i | e-,
i f - statements, etc). In genera, they do not offer the
ability to run processes in paralel, although some
may support process threads. The lengths of data
types are defined by either the fixed architecture of

the processor (ANSI Q or by the language (Java).

These languages are not designed to be compiled into
hardware, so they lack hardware-oriented constructs
such as ways to define communication between
different processes, to creste RAMs and to assign I/0
pins.

There are five main areas in which conventional
programming languages need to be extended in order
to support hardware design. It should be possible:

- to specify that operations occur concurrently and
to specify thetiming or clock speed of processes

- to define communication between processes
running at different speeds

- to define data types in terms of their bit length as
thereisno fixed architectureto conformto

- to build architectura components such as RAMS,
ROMs, WOMSs, channels,

- to create low level structures such as wires along
with bit level operations such as bit concatenation.

Handel-C is a language that compiles agorithms
written in a high-level Glike language directly into
gatelevel netlists. It is based on a subset of ANSI-C
with syntax extensions for hardware design such as



variable data widths, parallel processing and channel
communication between parallel processing blocks.
The language is designed to allow software engineers
to express an algorithm without any knowledge of the
underlying hardware[8].

Assignment statements in Handel-C take exactly one
clock cycle. All other language statements, such as
control logic constructs, add zero additiona clock
cycles athough they can increase combinatoria
delays to the extent that the system clock cycle may
need to be lengthened [§].

Apart from theintroduction of architectural constructs
and hit level operations the only main differentiation
from ANS -C and Handd-C is the introduction of the
par congruct. All statementswithin a par block run
in parald. In Hande-C the default is sequentia
operation.

Handel-C provides a good level of abstraction from
hardware design. However, its textua nature makes it
difficult to understand the data flow in a paralel
design. As illustrated below there is almost no
difference in terms of textural representation between
sequential and paralel code. This is common to al
text based HDLs.

seq { )
a= atb;
b=c: Normal C flow the order
X =y of instruction flow goes
} y; down the flow
par { , .
a=at+b; All operationsrun in
b=c; parale so thereis no
X=y; order implied by the layout
}

Figurel: Logical flow of instructions

The increased level of abstraction from a hardware
definition to a high level language enables the
developer to concentrate on algorithm development.
With these approaches, the designer has less control
over the control flow (Handel-C builds an implied
state maching), but gains an increase in design
abstraction.

Another approach taken has been to move al of the
hardware design away from the designer and to a
hardware complier. Normally there is aneed to have
some compiler directives for data type lengths This
approach has been taken by SA-C[9, 10]and MATCH
[11]. SA-Cisaimed at image processing and makes
some changes to the normal C model. The language
does not include pointers but it does incorporate
common image processing functions such as array

summing for histograms, and window loops. The first
step in converting to hardware is to unroll loops.
Then, where possible, consecutive loops are
combined into one. Thisis followed by standard CSE
(common sub-expression elimination) and temporal

CSE (replacing a computation in one loop iteration

with a result computed in a previous iteration). It is
through the loop unrolling that paralelism is
exploited. In SA-C, if timing needs to be improved, a
further step of breaking up complex expressions into
pipelined sub-expressions can be invoked through
compiler options.

These systems take al control away from the
designer. They can achieve realtime operation using
an offline design model. However they can only
optimise an algorithm though pipelining the
sequential algorithm.

While image processing agorithms are inherently
paralel their implementation tends to be serial. A
filter is paralld in its design, but is normaly
implemented as loops. Most image processing
applications involve several steps which can each run
concurrently as pipelined processes. It is therefore
desirable to have a development tool which allows
this parallelism to be captured at an appropriate level
of abstraction.

When implementing algorithms on to FPGA we have
used the following design flow:

Developalgorithm

4
Mapalgorithm
to hardware <

v

Implement design | ¢
’i)nHandeICg <

h 4
Compile
design

v

Place & route
on target device

v
Verify
implementation o
ontargetdevice L

Speed / resource
optimisation

System
debug

Figure2: Image Processing on FPGA design flow

Thus when doing this we have spent most of the time
mapping an agorithm into a form suitable for FPGA
implementation, generally using a stream processing
model. The aim of thisis to make the implementation
as efficient as possible. We do this by course gain
pipdining (between operations), fine grain pipelining
(breaking up operations), combining operations into
one, utilisng look up tables, CORDIC functions and
redesigning a standard algorithm for one pass
implementation.

This high levdl design is then implemented on to
hardware usng a hardware language in our case
Handel-C. There is a large gap between our design
mapping and the hardware languages used to
implement the design. A high-level language for
expression of image processing algorithms in
hardware should aim to facilitate this. It should



- alow amixture of parallel and sequential design

make it clear to the designer what runsin parallel
and what forms part of apipeline

be able to detect when concurrent processes may
access a shared resource such as a RAM and
manage this accordingly, by informing the
designer and giving some suggestionsasto how to
resolvetheissue

be able to handle stream, offline and hybrid
processing models

have some of the common image processing
functions and datatypes as primitives. Examples
include row and pixel buffering, window filters,
and look up tables (LUT)

be intuitive and easy to use
provide multiple viewsonto the design

No present system incorporates these features, and
this paper isbased on providing a system which meats
theserequirements.

Visua design tools can ad in the specification and
development of image processing algorithms. There
have been a number of different visual image
processing languages for use on a serial computer

including Khoros [12] and OpShop [13] There are
also severa genera purpose visua languages which
can be used for image processing including LabView
[14] and Simulink [15]. Khoros, LabView and
Smulink now have extensionsthat allow them to be
used for FPGA design, although this was not their
original purpose. Khoros offers a high level view for
algorithm development, but it was not designed to
support the implementation of novel image processing
operations, and o it does not include lower level

design capahilities. Recently other IP based systems
such as Celoxica's PixelStreams [16] and Xilinx's
DSP block sets [17] have been developed to provide
faster development time for projects and provide
similar functionality to Khoros.

These languages all follow a form of the dataflow

paradigm where streams of data flow through a
network of nodes which performs a computation on
the tokens within the stream before passing the output
datato the next function block [18]. It has been noted
[19] that dataflow graphs (the natural visual
representation of this programming paradigm) are an
effective representation for problems in digital signal

processing (DSP), both becauseit is natural for many
DSP researchers and because it exposes paralelism in

the agorithm with limited constraints on evaluation
order.

3 VERTIPH

As discussed in sectiontwo textual languageslack the
ability to represent concurrency and complex
scheduling of operations. We believe that a visual
representation is better at representing the parallel
design of image processing algorithms than textural
languages. It will use multiple views of the algorithm
and resources required for data storage, @pture and
processing. A comparison of VERTIPH to other
HDLs and its required features was presented in[20].

At present there are three defined views of the
VERTIPH system; a top level architectural view, a
computational view and a scheduling and resource
view.

3.1 Architecture View

This view aimsto provide the designer with an overall
system view from which the other views can be used
to specify the low level tasks required to perform the
desired function. As image processing algorithms are
broken up into blocks which perform very specific
processing tasks they can be developed
independently using test images to make sure the
function is correct. An image processing algorithm is
normaly constructed by having severa blocks
operating one after another. This view isto aid in the
design of they algorithm at this high block level and
functions much like OpShop or Khoros.

The use of component blocks dlows for the
encapsulation of resources (such as frame buffers) and
for the logical grouping of related computational
processor. A frame buffer component will have both
an input stream and an output stream, and contained
within it will be two RAM banks. Other components
which communicate with this only see address and
data lines and the switching between memory banks
can be done within the component.

Processors which are logically related to each are dso
encapsulated. An example of this part of a colour
segmentation and tracking algorithm detailed in [21,
22] a bounding box is required. This has a data
structure to hold bounding boxes for the different
colour class, a processor which uses this with the
inputted current selected colour and a processor which
calculates the results for al the bounding boxes
detected. These are logicaly related and should
therefore be kept together. This idea of encapsulation

Frame Buffer Manager

am2

=

- - --p Control flow

<I. Bilinear Interpolation '._ Video Driver |
A

—p Dataflow

| Barrel Correction '::'_| Keyboardinterface|

Fiaure3: Architectural view of aBarrel distortion correction svstem showina: comoonents. control and data flows



borrows from object orientated software engineering.
However we do not advocate the used of inheritance
for image processing on hardware as most
components follow a hasa rather than the isa
relationship required for objects. For example afilter
has a data structure and an operator; however different
filters can have very different implementations.

A filter might be constructed like the one described
in [3] or it might be separable, offering less need for
row buffering and simpler arithmetic operators asthe
one used in [21, 22]. Encapsulation also alows
components to keep logicaly related processors
together in one place. This can simplify the sharing of
data and resources and it becomes clear which
processor can access them and for what purpose. This
can in turn make the scheduling of these processors
easier as the developer does not need to remember all
the parts of the system which are related to the
resource or data structure being used.

Recursive encapsulation can allow for very complex
IP blocks to be built. With one block and interfaces
representing a complex system of data structures,
resources, processes and their scheduled operations or
response to events. This also alows for a hierarchy of
state machines to be used, with each component
within a component having its own state machine
which may or may not then be controlled by a higher
level of the design.

The aim of this view isto allow logical separation of
operators and the encapsulation of dataand processors
related to that operation.

3.2 Datatypes

As we are having high level blocks with connections
between them, there is a need to check that the output
from one block is acceptable as an input to arother.
Thisleadsto the need for strict type checking and this
requires data types. For image processing there needs
to be types for both 16- and 32-bit colour, 8 and 16-
bit grey scale and any length integer and fixed point
numbers both signed and unsigned. As an FPGA isa
concurrent systems then there also needs to be an
indication on how the data is communicated. This
could be by a channel, register or as a wire (no
storage). Once this is done type checking can be
performed between connections to check they are of
the sametype.

Floating point numbers have not been included within
the system for several reasons. using 32- or 64-hit
IEEE standard 754 floating point numbers requires
large amounts of resources and are power intensive.
Image processing operations generally do not require
the dynamic range which floating point offers.
Although varying word length floating point numbers
can be selected, fixed point numbers offer better
overal noise performance when the probability
density function of the signas is uniform [23]. As
long as appropriate fixed point word lengths are

chosen amost al standard image processing
operations can be implemented (with some degree of
rounding error). Fixed point operations have a small
footprint in hardware and lead to lower power drain
making them the best choice fa most
applicationg23]. Below is the dialogue for specif ying
the size and range of fixed point numbers in
VERTIPH.

4 pata Type Editor - 0] x|
Data Type

187.3 | .
Step Size Range

'D_.1 28 -8.0:7.874

Another advantage to having strict type can be the
automatic aignment of types alow for easer
arithmetic manipulation. When adding twofixed point
numbers they need to be aligned and the resulting
register needs to be of the correct width. Often thisis
left up to the designer to do, Handel-C does smple
type checking, when the operands and result are not
of the same type they must be manualy cast to that
type. This can be done automatically in most cases.
When doing this, the order of operations becomes
important as performing operations in one order can
give a different sized result to another order. Below is
an example showing an operation with a
multiplication, addition and subtraction. Depending
on the order of operations the temporary registers can
be different although in this case the final result
register is the same size.

SA* U5 + U6-U4 SA*US5+U6 —U4

S v $
S10

S10
Key
S - signed
U- unsigned
9 - 9-hits
Figure4: Different temporary register sizes depending on
arithmetic order

S10

3.3 Operators

The man operator that needs to be added in
VERTIPH is a window filter. This is because it is
such acommon low-level image processing operator.
There are several forms that a window operator can
take in hardware [24] therefore a design wizard type
approach for constructing this operator has been
developed for VERTIPH.



34 Computation View

Developers who never design their own algorithms,
can assemble pre-defined library modules into a high-
level overview like the one shown inFigure 2. Smilar
to how other IP based systems such as Celoxica's
PixelStreams and Xilinx’s DSP block sets.

However, to alow the developer to design their own
operations and help with buffering, pipeline priming
and synchronisation, a lower level timing view is
needed. To accomplish this we have modified the
Gantt chart notation [25]. In this notation, time flows
from left to right, so in Figure 6 (a), operation x is
followed by operation y, which is followed by
operation z. In Figure 6(b), the operations occur
concurrently, and in Figure 6(c) they are pipelined
This representation is an abbreviation of Figure 6(d)
which explicitly shows the pardlel repeating
processes that feed data from one to the other, and
that each processis active in succeeding phases.

Of course, these basic types can be used together asis
shown in Figure 4 which is the pipeline for the barrel
distortion algorithm. This figure aso shows
VERTIPH's i f- and whil e- control structures
provided by the language which are based on the
control  structures used in  Nass-Shneiderman
diagrams[26]. This pipeline viewgraphically conveys
to the developer the time required to prime and flush

the pipeline.

Time >
Lx o v o 2 |
Concurrency
(€) (b)
Lo [ [ x|

Figure6: Process representations: (a) Sequential, (b)
Parallel, (c) Pipelined, (d) actua pipeline structure

Operations can be registered or unregistered with
unregistered operations needing feed to a register
before a clock cycle can finish. To save space on the
screen only the operation or register name is shown, a
operations key has the instructions for the block in a
Handel-C type syntax. This view shows the same
information as a textual language but the layout

While(true) |

if(videoScanX ==VisibleCols) |

XC*XC

-XC

+1

Sy+2y+1

Bl
NAVAAN)

elseif(video->Visible)

Register 1 |
modified &

! Unregistered : |

Operations key

by more +
than one i xedd | x

: Operation |
-""!"-“- -3
'I_]

proc_ess | squared = s<+2x1;
uaredj[sx I pdd= 1,
>\ e k2= (SX + sy *k;
| " twocyclehigh | Interpolated LUT: function
Kru2 + level function : undistorted X =mag*x;
” g\-- ! undistorted y =magy;
. l T
/E>/:/5Registered : Interpolated LUT I
e I i Operation : T T I R,
gby 1 [ — | | undistorted x ! Outputsto Bilinear
i another | | | | Interpolation
] | Block
| Proess Ty ! ! ! ! undistortedy | My ¥ teeemeeeemeeeeee
| | Clock cycle | | |

Figure5: Low level view of Barrel distortion block showing control functions, timing and operation representation



makes the structure of the algorithm easier to
visualise. For example it isimmediately obvious that
the x value must be offset by 3 before it is used in the
calculation of the undistorted x value.

The language should where possible automatically
generate structures to handle pipeline priming, stalling
and flushing and it should prompt the developer when
their design might be using values from a different
stage of the pipeline.

This view aims to improve the visualisation of the
concurrent aspects of the low level computations.
This is done though the use of control structures that
highlight clearly what parts of the code they control
through vertical bars.

3.5 Scheduling View

In an embedded image processing FPGA based
sysem there are a large number of processors
competing for access to a limited number of
resources. There are also processors which can only
run after certain events have occurred, such as an
external trigger or another processor finishing. These
competing and co-operative processors need to be
managed and scheduled. The encapsulation of
resources and the associated processes which act on
them allows the processes to be scheduled to takeinto
account this resource sharing. This also allows for
both global scheduling for processors and for local
scheduling within components.

To help the designer to avoid resource conflicts such
as two parallel processes accessing an externad RAM
at the same time, a resource usage view should be
incorporated. This should work like standard Gantt
software packages and identify when resources are
used more than once in a time period. It can then
suggest changes in the ordering of events. In the case
of a multi process design, this would involve either
modifying start conditions for processes (to ensure
they do not run together) or the use of semaphores to
block accessto theresource. For atime-critical design
such & stream processing from a video camera, the
blocking approach is not desirable as it can cause data
to belost, such as when writing from apixel stream to
a frame buffer. Fortunately, blanking periodsor pixel
buffering can often be used to alow changesin the
scheduling of competing processes. This view can
aso help in the scheduling of processes which run
only at specific times. This could be used such as
when a new frame is received, or for identifying
where caching of pixels would be more appropriate
than memory access, such as when a RAM access
occurs when another process is using it and no
rescheduling is possible.

) Vertica retrace X
Field retrace Vertical Blanking Field retrace
Frame,° Frame* Frame® Frame,"
|
Write to Ram0 ' Raml
frame buffer T T h T T h
‘,SNap banks

1 1 1 1 1 |
Reed from
frame buffer | Raml Ram0 r

T T T T T 1

| | L1 |
Write to | : . r
histogram Histogram0O Rest to 0 Histogram1

I I I I 1

1 | | [ |
Read from | ) ) t
histogram Hllstogra:nl | Hlstogra:no | |

Figure7: Timing of processes and resources used for a
streamed histogram function

For example this type of resource conflict can occur
when a histogram is being constructed and displayed.
It is desirable to construct the histogram while the
video stream is buffered into one RAM. At the same
time, in a different clock domain, both the last full
image and its histogram are being displayed. Keeping
one of these processes from trying to write to one
RAM while the other is reading can be accomplished
with a ssimple condition test. The problem occurs due
to the need to reset the histogram values in each bin
beforethe histogram construction algorithm is run, as
shown in Figure 7. While this requires a more
complex passing of control of resources from process
toprocess, it canaso leadtoerror.

When anumber of conditions have to be meet before
a process can execute, the nested logic can become
difficult to interpret. This is especialy true with
expressions which become true when several counter
or external events becometrue. It can be easier for the
designer to have a flag which is set when the
conditions are met. Such flags may be used to give
the conditions for the control structuressimilar to how
state machines and events are expressed in the ladder
logic used in Programmable Logic Controllers[27].

4 Discussion

This work has identified several existing languages
which are used for image processing on FPGAs, and
commented on both their benefits and limitations.

A new visual language VERTIPH has been presented.
This is based around making sequential, concurrent
and pipelined operations clear to the developer. It also
aims to break up the design into three partsto aid in
its implementation; A block level architectural view
similar to many other DSP block sat systems, a
computational view expressing the operations
required in each block and based on Nass-
Shneiderman diagrams, and a scheduling view to aid
in the devel opment of the complex state machines that



are required to respond to events and aid in avoiding
resource contention between processors. At present
the block level design view and data type
implementation is nearing completion, with therest of
it till to be implemented.

Thissystem isonly one of several approachesthat can
be taken when developing image processing systems
on FPGAs, it is not afinal solution but a step towards
better tools and methodologies that will make FPGAs
more usable and useful for image processing
applications
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