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bright

dark

bright

dark

(a) (b)

Figure 5-1. Vertical edges in simulated digital image, (a) Intensity profile of a vertical line
through a white stripe on a dark background, (b) Intensity profile of a vertical line through a

dark stripe on a white background.

Figure 5-2. Derivative of scan-line through house image, (a) Dashed line indicates the
horizontal scan-line plotted in this figure, (b) Intensity profile of the scan-line, plotted as a
function of horizontal pixel location. The abrupt change in intensity levels at around pixel

locations 50 and 90 are the sharp edges from both sides of the chimney, (c) Numerical
derivative of this intensity profile, obtained using central first differences. This signal can be
obtained by convolving the intensity profile with [10-1], and the sharp peaks used to gauge

the location of the edges.
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vertical edges. The transposition of this kernel gives an approximation to the
gradient in the orthogonal direction, and produces a response to horizontal
edges:

1

0

- 1

An example of how these gradient kernels operate is shown in Figure 5-
2. In this example, a scan-line from a row of an image is plotted in 5-2b, and
the gradient of this signal (which in one dimension is simply the first
derivative) is shown in Figure 5-2c. Note that the gradient exhibits distinct
peaks where the edges in this particular scan-line occur. Edge detection
could then be achieved by thresholding - that is, if |^/*(/)/9/| > T, mark that
location as an edge pixel. Extending the central first difference gradient
kernel to a 3x3 (or larger) size has the desirable result of reducing the effects
of noise (due to single outlier pixels), and leads to the Prewitt edge
enhancement kernel:

1
1
1

0
0
0

-1
-1
-1

Gy =
1
0

-1

1
0

-1

1
0

-1

Gx approximates a horizontal gradient and emphasizes vertical edges,
while Gy approximates a vertical gradient and emphasizes horizontal edges.
The more widely used Sobel kernels are weighted versions of the Prewitt
kernels:

G =

1
2
1

0
0
0

-1
- 2
-1

Gy =

1 2 1

0 0 0

-1 - 2 -1

The Sobel edge enhancement filter has the advantage of providing
differencing (which gives the edge response) and smoothing (which reduces
noise) concurrently. This is a major benefit, because image differentiation
acts as a high-pass filter that amplifies high-frequency noise. The Sobel
kernel limits this undesirable behavior by summing three spatially separate
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discrete approximations to the derivative, and weighting the central one
more than the other two. Convolving these spatial masks with an image, in
the manner described in 4.1, provides finite-differences approximations of
the orthogonal gradient vectors Gx and Gy. The magnitude of the gradient,
denoted by V/ is then calculated by

V/ = ^{dfldxf + {df/dyf = JO] + G\

A commonly used approximation to the above expression uses the
absolute value of the gradients Gx and Gy:

This approximation, although less accurate, finds extensive use in
embedded implementations because the square root operation is extremely
expensive. Many DSPs, the TI C6x included, have specialized instructions
for obtaining the absolute value of a number, and thus this gradient
magnitude approximation becomes that much more appealing for a DSP-
based implementation. Figure 5-3 shows how to apply the Sobel filter to an
image. The process is exactly the same for the Prewitt filter, except that one
substitutes different convolution kernels. The input image is passed through
both Sobel kernels, producing two images consisting of the vertical and
horizontal edge responses, as shown in 5-3b and 5-3c. The gradient image V/
is then formed by combining the two responses using either of the two
aforementioned formulas (in this case the square root of the sum of the
squares of both responses is used). Edge detection is then accomplished by
extending the one-dimension thresholding scheme to two dimensions:

p +G2
y>Tor

where T may be user-specified or determined through some other means (see
5.2.2 for techniques for automatically determining the value of 7).
Algorithm 5-1 describes a Sobel-based edge detection algorithm, which we
shall port to the DSP at the end of 5.1.2.2.
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m!
5

(c) (d)

Figure 5-3. 2D edge enhancement using the Sobel filters. Edge response images are scaled
and contrast-stretched for 8-bit dynamic range, (a) House input image, (b) Gx image, the
vertical edge response, (c) Gy image, the horizontal edge response, (d) Combined edge

image, sqrt(Gx* Gx + Gy* Gy).

10 20
(c)

edge

30

edge

Figure 5-4. Using the second-order derivative as an edge detector, (a) A fictionalized profile,
with edges at locations 10 and 20. (b) Numerical lst-order derivative, obtained by convolving

the profile with [1 0 -1]. (c) The second-order derivative, obtained by convolving the lst-
order derivative with [1 0-1]. The zero-crossings, highlighted by the arrows, give the location

of both edges.
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(b)

Figure 5-5. The effect of choosing different thresholds for use with
sobel_edge_detec t_f ixed on the house image, (a) Binary image returned using a

threshold of 50, clearly exhibiting the presence of noisy edges within the interior of the house.
(b) A much cleaner binary edge image, obtained with a threshold value of 100.

threshold value described by Pratt4. This technique uses an RMS estimate of
the noise in the input to generate a threshold value. In 5.2.5.1, we enhance
the Sobel edge detector in Listing 5-1 with additional functionality for
automatically determining an appropriate threshold.

Until now, all of the MATLAB code presented has been in the form of
functions residing in M-files. A MATLAB GUI application, modeled after
edgedemo, can be found in the C h a p 5 \ e d g e \ S o b e l D e m o directory on
the CD-ROM. This application was built with the MATLAB R14 GUIDE
user-interface designer tool5. The motivation behind developing and
explaining this application is not to wax poetic about developing GUIs in
MATLAB (although this functionality is extremely well done and quite
powerful), but to introduce a starting point for an image processing front-end
that will eventually be augmented with the capability of communicating with
a TI DSP using Real-Time Data Exchange (RTDX) technology. Figure 5-6
is a screen-shot of the application. The user imports an image into the
application, enters the threshold value used to binarize the processed image,
and finally calls s o b e l _ e d g e _ d e t e c t _ f i x e d to run Sobel edge
detection on the image and display the output. If the input image is a color
image, it is converted to gray-scale prior to edge-detection. All code that
implements the described functionality does not rely on anything from the
Image Processing Toolbox, which is important for two reasons:

1. If the toolbox is not available, obviously an application using such
functionality would not be very useful!

2. For Release 13 users, a MATLAB application that uses toolbox functions
cannot be compiled via mcc (the MATLAB compiler6), to a native
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application that can be run on a machine without MATLAB installed.
With Release 14 of MATLAB, this restriction has been lifted.

Since this application has no dependencies on the Image Processing
Toolbox, it does not use imshow, which for all intents and purposes can be
replaced with the built-in MATLAB image function. The application uses a
MEX-file, impor t_g raysca l e_ image .d l l , in lieu of the MATLAB
imread function. This DLL serves as a gentle introduction to the topic
MEX-file creation, which is covered extensively in Appendix A. Like most
interpreted languages, MATLAB supports the idea of a plug-in architecture,
where the developer can implement their own custom commands and hook
them into the language. In the MATLAB environment, this facility is
provided via such MEX-files. The MATLAB statement

I = import_grayscale_image(>some_file.bmp');

is roughly equivalent to

I = imread(* some_file.bmp');

except that import_grayscale_image automatically converts RGB
color images to grayscale (8 bpp) and only supports a few color formats.

> Sobei Edge Detect Demo

File

Load

Threshold: 175

Figure 5-6. The MATLAB SobelEdge demo application.
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versions of MATLAB should recreate the dialog shown in Figure 5-6 using
the older version of GUIDE.

If the MATLAB compiler (mcc) is available, this GUI application can be
compiled to a native executable which can be run like any other program,
outside of the MATLAB environment and even on computers that do not
have MATLAB installed. These PCs will still need the MATLAB runtime
redistributables, however - consult the MATLAB documentation for further
details. The Release 14 command to compile SobelDemo.m and create a
Windows executable SobelDemo. exe is

mcc -m SobelDemo

Under MATLAB R13 the correct command is

mcc -h -B sgl SobelDemo

5,1.2 An Interactive Edge Detection Application with
MATLAB, Link for Code Composer Studio, and RTDX

Previous embedded DSP applications in this book either used CCStudio
file I/O facilities (accessed via various menu options within the IDE) to feed
data to and from the DSP, or image data was hard-coded into an array at
compile-time by placing the actual pixel values in C header files. Obviously,
both of these methodologies do not lend themselves to enabling any sort of
interactive prototyping or proof-of-concept type applications. To that end, TI
provides a technology called Real-Time Data Exchange (RTDX)8'9. With
RTDX, developers gain continuous and real-time visibility into applications
running on the DSP. Data can be transferred from applications running on a
host PC down to an embedded target DSP, and vice-versa.

Figure 5-7 illustrates just how RTDX fits into the loop. In our
application, the host client is a MATLAB application that hooks up to
CCStudio, also running on the host. CCStudio in turn links up with the
target, where the DSP is executing a program. This figure brings out a key
point with respect to RTDX, namely that the CCStudio application must be
running on the host in order for RTDX to function. In Chapter 6, another TI
technology, HPI, is used to accomplish much the same thing except that the
services of the CCStudio IDE will no longer be required. Also note that
RTDX data transfer pipes are half-duplex in that they are unidirectional in
nature. Two-way (or full-duplex) data transfer can be implemented using
two separate RTDX pipes and configuring them appropriately.
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Figure 5-7 also shows a Component Object Model (COM) interface
between the host client application and CCStudio. COM is a Microsoft
Windows technology for building applications from binary software
components enabling a "plug-in" architecture. It is COM that serves as the
underpinnings of the Internet Explorer (IE) web browser, so that various
software vendors can develop components that seamlessly integrate into the
browser. As such, utilizing COM on the host for RTDX is a natural choice as
it enables developers to use RTDX services from within a myriad of
contexts: custom C/C++ applications (a route taken in 5.2.5.2), Visual Basic,
or even Excel (by using Visual Basic for Application, or VBA, to bring data

Target

RTDX
Target
Library

User
Interface

Target
Application

JTAG Interface

Figure 5-7. Interplay between RTDX and various components on the host and target devices.
Figure reprinted courtesy of Texas Instruments.
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1
;

I
C2000

MATiAB and Simulink*

Link for Code Composer Studio

Code Composer Studio

T T
| C5000 | | C6000 | |

;

1
OMAP

Algorithm Exploration ond
Model-Based Design

SoFrv/ore Verification ond
Debugging

Embedded Software

Figure 5-8. Using Link for Code Composer Studio to communicate with an embedded DSP
target from within MATLAB. The Link for Code Composer Studio Development Tools
includes a set of functions and structures that call upon various TI host utility libraries to

shuttle data between CCStudio and MATLAB. Figure reprinted courtesy of The MathWorks.

in from an RTDX pipe into an Excel worksheet). In this case the host client
application takes the form of a MATLAB program, but how does MATLAB
initiate the connection to RTDX over COM?

MATLAB offers built-in support so that it can act as a COM client, or
alternatively one could develop a MEX-file in C/C++ that uses the TI RTDX
COM object directly and provides a MATLAB interface to it. However, The
MathWorks has already developed the Link for Code Composer Studio10 to
facilitate precisely this sort of communication with a TI DSP development
platform, and which encapsulates the TI COM object in a fashion amenable
to MATLAB developers. Figure 5-8 shows where this toolbox resides within
the hierarchy of a host-target MATLAB application.

This product provides a suite of MATLAB functions for communicating
with CCStudio, transferring information back and forth via RTDX, and
extracting information about data and functions residing on the target. The
product is at the core of the host application presented in this section, for
without it communication between the host and target becomes a painful
process. Unfortunately we will get a feel for this pain in 5.2.5.2 when we
implement a subset of this functionality, without the services of MATLAB
in a C/C++ Visual Studio application. While it is theoretically possible to
implement a MEX-file that provides a MATLAB wrapper around the TI
COM objects, implementing and debugging such a beast is not for the faint
of heart. In addition to the RTDX communication functionality featured
here, the Link for Code Composer Studio also provides a wealth of
additional tools for instrumenting DSP code and running hardware-in-the-
loop or processor-in-the-loop simulations.
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4. The act of saving the DSP/BIOS configuration in step 3 also results in
the creation of a linker command file, which should never be hand-
modified by the user, as any such changes will be overwritten by the
DSP/BIOS configuration tool should the configuration change in the
future. Anything that can be done by manually altering the linker
command file can be accomplished in one form or another through the
DSP/BIOS configuration tool. The newly generated linker command file
must also be added to the project.

There is no longer any need to explicitly link to the runtime-support
library ( r t s 6 4 0 0 . 1 i b for the C6416 DSK or r t s 6 7 0 1 . 1 i b for the
C6701 EVM) for DSP/BIOS projects. In addition, it is no longer required to
call DSK6416_init (for C6416 DSK projects) or evm_ini t for C6x
EVM projects), as the OS now takes care of properly initializing the
development board.

Estimated Oata Size: 13272$ Esl Mi*. Slack Size (MAUsJ. 640 ; SDRAM properties

j£ System

<J Global Sellings

B # MEM • Memory Section Manager

# I SRAM

# • SDRAM

© SYS - System Settings

$. HOOK • Module Hook Manager

•-JB Instrumentation

•L$ Scheduling

•3^ Synch/onization

0 Input/Output

'4(tt CSL • Chip Support Libraty

i
comment External Board Memofy
base 0x80000000
ten 0x01000000
cieate a heap in this memory False
heap $i2e 0x00008000
enter a user defined heap ide... False
heap identifier label segment_name
space code/data

SDRAM Ptoperties

Genetal)

I
|0x80000CO0

lea |0x01000000

f" cieale a heap in this memoiy

space

I :

|code/data

Cancel | *& | Hetp |

Figure 5-10. Using the DSP/BIOS configuration utility to set up the memory map for the
C6416 DSK. In this example the SDRAM external memory section is configured.
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5.1.2.2 C6416 DSK Target

Chapter 5

The C6416 DSK Sobel project is located in the
Chap5\edge\SobelFixedRTDX\ Target\C6416DSK directory. In
general, RTDX works more reliably on this development platform, as
compared to the C6701 EVM. Prior to using RTDX in a project, it must be
correctly configured, with one of the main settings being the maximum size
of the buffers used internally by the RTDX system. The online tutorial states
that to change the buffer size a copy of the r t d x b u f .c file should be
modified and explicitly linked into the project. When using DSP/BIOS, this
inconvenience is avoided and the DSP/BIOS configuration tool should be
used instead. There is a separate RTDX section from within DSP/BIOS,
under the "Input/Output" tree. Expanding this tree, and right-clicking on the
RTDX icon, exposes a dialog where various RTDX settings are made. This
dialog is shown in Figure 5-11.

. .
Estimated Data Size: 132729 EsL Min. Stack Sire (MAUs):

'&'j£ System
:+; l.gj Instrumentation
ffi 0 Scheduling

it; i& Synchronization

B ( f | Input/Output .,; ••;/ .;. '".";

4 j i RTDX • Red-Time Data Exchange Settings

S - I f i HST - Host Channel Managet

£ ^ PIP-Buffeied Pipe Manager

•I- SIO • Stream Input and Output Me

JH 610 • General Input/Output Mana

• S3 $$ Device D fivers

Etl "40 CSL - Chip Support Library

" i RTDX - Real-Time Data Exchange Settings properties

Property
Enable Real-Time Data Excha...
RTDX Mode
RTDX Data Segment {.rtdx data)
RTDX Buffer Size (MAUsj
RTDX Intetrupl Ma$k

Value
True
JTAG
ISRAM
131072
0x00000000

RTDX - Real-Time Data Exchange Settings Propei

F" Enable Real-Time Data Exchange {RTDX]

RTDX Mode fjTAG

RTDX Data Segment (.rtdx.data): [ ISRAM

RTDX Buffef Size (MAUs): [131072

RTDX Interrupt Mask: 0x00000000

I""" QK [ Cancel j

Figure 5-11. Configuring RTDX for the C6416 DSK target project, using the DSP/BIOS
configuration tool.
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Ediiwted Data Siw. 68329 E$t Min. Stack S«e [MAUs): 523 !pioces$ingT$kpiopertie»

'£ jjQf System

FS I j 5 Instrumentation

3 qjf Scheduling
: S <$ CLK-Clock Manager

. §) PRO • Periodic Function Manager

\ B % HWI - Hardware Interrupt Service Routine Managei

63 i& SV/I • Software Interrupt Manager

-: Q TSK- Task Manage)

B 0 IDL'tdte Function Manager
SB t£ Synchronization
Q - g Input/Output
ffl 4 * CSL • Chip Support Library

iValue

T ask function argument 0
Task function argument 1
Task function argument 2
Task function argument 3
Task function argument 4
Task function argument 5
Task function argument 6
Task function argument 7
Automated alocate stack
Manua%i aBocated stack
Stack size IMAUs)
Stack Memory Segment
Priditji 1
E n v i onr nerrf pointe* 0x00000000
DoctX ihut ctown system whfc this lask k U l running Taie
Allocate Task Name on Target Fdse

processing! *k Propeme*

<add comments he*e>
pt OC6S$lH2Lt ̂ S k

o
0
0
0
0
0
0
0
True
mi
1024
IDRAM

Function | Advanced I

"ask function: j_fxoces5ing_task

Ta«k function aroumentO: (5

a$klunctionargurr»nt1: j0

Tarfc function argument t |o"

ask function argument 3:

Task (unction argument 7; JO

Cancel Hdp |

Figure 5-12. Using DSP/BIOS to add a new task to a project. The other tabs in the task
properties dialog have settings for a variety of other options, such as the location of the task's

stack and its size and the task priority.

has transferred half of the processed edge image rows, TSK_sleep is called
to suspend the task for 1000 clock ticks, thereby giving the client the
opportunity to read the data the target has already written and flush the
RTDX buffers. If there was another lower-priority task waiting to run, the
DSP/BIOS scheduler would allow this task to execute during
p r o c e s s i n g T s k ' s suspension. Such determinism is in stark contrast to
general-purpose non-real-time operating systems like Windows or Linux. In
those operating systems, the scheduler is typically of a "round-robin" nature,
and the scheduler's charter is to guarantee fairness so that no process is
starved of CPU time, as opposed to a hard real-time system like DSP/BIOS
where the overriding goal is to ensure deterministic behavior.
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(a)

Figure 5-13. Blood-vessel segmentation of retinal image (images courtesy Adam Hoover of
Clemson University and Michael Goldbaum of UC San Diego), (a) Green channel of an RGB
retina image, (b) Segmented image, produced using the method reported in [16], that shows

just the blood vessels.

cooo

4000

3000

2000

1000

A
/ i

background 1

I
1

) 50 100 150
bin

foreground

\r

200 250

(a) (b) (c)

Figure 5-14. Segmentation of an image with a strong bimodal distribution, (a) Unprocessed
coins image, (b) Bimodal histogram, with the two strong peaks representing the background

gray-level values and foreground gray-level values, respectively. The threshold value Tj
serves to separate the two portions of the image, (c) Result of thresholding the image using a

value of Ti=180.

5.2.1 Thresholding

Image thresholding, the process whereby all pixels in an image less than
some value T are set to zero, or alternatively all pixels greater than some
value T are set to zero, has previously been encountered numerous times in
this book. Gray-level thresholding is the simplest possible segmentation
process, and formed an important part of the Sobel edge-detector that was
the focus of 4.1. The general idea behind using a threshold to separate
objects from a background is conceptually simple - consider the histogram
of an image with light objects on a dark background, as shown in Figure 5-
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sheet is white), which is easily determined through inspection of the
histogram. This method is known as p-tile-thresholding.
Alternative techniques relying on histogram shape analysis are used when
such knowledge is not available. One method that has been shown to work
well under a large variety of image contrast conditions is the iterative isodata
clustering algorithm of Ridler and Calvard[1?1. The histogram is initially
segmented into two sections starting with an initial threshold value T° such
as 2bpp'1, or half the dynamic range. The algorithm then proceeds as follows:

(a) (b)

(c) (d)

Figure 5-15. Segmentation of an image with a trimodal distribution, (a) Unprocessed
bottlecaps image, (b) Trimodal histogram, with the two strong peaks representing both objects
and a third corresponding to the background. The two threshold values Tx and T2 can be used

to separate out both object types from the background, (c) Binary image resulting from
thresholding the image using a value of Tj=125 and T2=175, that is all pixels outside the

range [T rT2] are set to zero and the remaining non-zero pixels set to logical value of 1. (d)
Result of thresholding the image using a value of T2=175, all pixels less than this gray-level

intensity are set to zero and the remaining pixels set to logical value of 1.
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Algorithm 5-2 (continued)
{isodata algorithm)

while (ii<N) and (TM*Ti)
{center of mass above current T)
sumhi = prod = 0
forQj = Ti...MP)

sumhi += H[jj]
prod+=GJ)(HLJj])

end
mf = prod / sumhi {sample mean of foreground gray-levels)
{center of mass below current T)
sumlo = prod = 0
forQj = O.. .T r l)

sumlo += H[jj]
prod+=GJ)(HLJJ])

end
mb = prod / sumhi {sample mean of background gray-levels)
T M = T |
Ti = round( (mft-mb)/2 );
i i+=l

end

Most threshold detection algorithms based on histogram shape analysis
benefit from applying a smoothing filter to the histogram. Smoothing the
histogram removes small fluctuations from the signal that tend to inject
noise into the algorithm, and Algorithm 5-2 accomplishes this by computing
a running average of the raw histogram. If H is a histogram with b = 2bpp

bins then

i

H\i] = —
K

smoothes the histogram and in effect, low-pass filters the one-dimensional
signal H. In fact, the above expression describes a convolution in one-
dimension of H and a box filter of length K, or in other words a weighted
average or FIR filter. Figure 5-16 illustrates this algorithm's effectiveness on
a few different images, and in 5.2.5.1 we shall incorporate the isodata
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threshold detection routine into the Sobel Edge Detector to increase its
practicality.

The triangle algorithm, attributed to Zack[18], is particularly effective
when the image histogram exhibits a long tail with the foreground objects
forming a rather weak peak, in comparison to a larger peak consisting of the
background pixels. Conceptually, the triangle algorithm works in the
following fashion, and is illustrated in diagrammatic form in Figure 5-17:

1. Fit a line between the peak of the histogram at bin bmax and the end of
the longer tail of the histogram at bin bmin

2. Calculate the perpendicular distance db between this line and every
point in the histogram between bmin and bmax

3. Set as the threshold the maximum dbi found

6000

4000

2000

(a) (b) (c)

Figure 5-16. Examples of image segmentation using the isodata threshold detection
algorithm. Top image is the raw, unprocessed image; middle plot is the histogram of this

image; and bottom image is the binary segmented image. Images a and b courtesy of
Professor Perona, Computational Vision at Caltech, http://www.vision.caltech.edu. (a) T =

120. (b)T=177. (c)T=143.
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segmentation occurs by processing each subimage separately, with respect to
its local threshold. An example is shown in Figure 5-20.

While conceptually simple, adaptive thresholding in reality is not as
straightforward as one might expect. For starters, great care must be taken to
choose subimages of sufficient size, so that each histogram contains enough
information to make a decent estimate of a meaningful threshold value. It
still may be the case that for some of the subimages a threshold cannot be
found (e.g. background portions of the image that are more or less constant)
- in this event, one strategy may be to interpolate from surrounding sub-

2500

Figure 5-18. Effect of uneven illumination on image histograms, (a) Test image with
completely uniform illumination, (b) Histogram of test image, which could be easily

segmented using a variety of automatic threshold detectors, (c) Test image with an uneven
illumination field, (d) Histogram of test image with uneven illumination. The two peaks

corresponding to the background and foreground have now blurred into one another, which
would cause problems for image segmentation algorithms relying on a single, global

threshold value.
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images. Chow and Kaneko describe a variation on the basic adaptive
threshold algorithm whereby a thresholding "surface" is formed by
interpolating from the various thresholds found within each subimage19.
With this method, it is conceivable that each pixel in the original image takes
on a different threshold value, and it has found widespread use in medical
imaging.

(b) (c)

Figure 5-19. Compensating for uneven illumination in retinal image processing (images
courtesy Adam Hoover of Clemson University), (a) Due to the imaging process, the

illumination across the image is uneven, obscuring some of the structures, (b) Intensity
adjustment field, obtained by segmenting the blood vessels using the method reported in [16],

and computing the average local blood vessel pixel intensity, (c) Corrected image.

(c)

Figure 5-20. Adaptive versus global thresholding, (a) Original coins image, with a fair
amount of shadow contributing to uneven lighting, (b) Result of thresholding using a single
threshold determined via application of the isodata algorithm (Algorithm 5-2). (c) Binary

segmented image obtained using adaptive thresholding, with each subimage processed using a
separate invocation of the isodata algorithm. While the segmentation is not perfect, compared

to the image on its left it is far better.
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