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6.14 Select one of the following parallel bus protocols, then, perform an Internet search for
information on transfer rate, addressing , DMA and interrupt control (if applicable}, and
plug-and-play capability (if applicable). Then give timing diagrams for a typical
transfer of data (e.g., a write operation). The protocols are STD 32, VME, SCSI,
ATAPI, Micro Channel, or any other parallel bus in use by the industry and not
described in this book.
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7.1

Introduction

In the previous chapters, we introduced general-purpose processors, custom single-purpose
processors, siandard single-purpose processors, memory, and techniques for interfacing
processors and memory. In this chapter, we apply this knowledge to design a simple digital
camera, In particular, we will examine the trade-offs of using general-purpose versus
single-purpose processors to implement the necessary camera functionality. We will see that
choosing a good partitioning of functionality among the different processor types is essential
to building a good desigr. This in turn requires a unified view of different processor types, as
this book has thus far stressed. '

We begin with a general introduction to digital cameras and their inner workings. We
then develop the camera's specifications, which describe the desired behavior as well as
constraints on design meirics like performance, size, and power. We explore several
allernative implementations of the digital camera and compare their design metrics.

7.2

Introduction to a Simple Digital Camera -

A digital camera is a popular consumer electronic device that can capture images, or “take
pictures,” and store them in a digital format. A digital camera does not contain filn, but rather
one or more TCs possessing processors and memories. Digital cameras were not possible over
a decade ago, because small-enough ICs could not process fast encugh or store enough bits to
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be feasible. The advent of systems-on-a-chip and high-capacity flash memory has made such
cartieras possible.

User’'s Perspective

From a user’s point of view, a simple digital camera works as follows. The user turns on the
digital camera, points the camera lens to the scene to be photographed, and clicks the
“shutter” button, The user can repeat these steps until up to N images are stored internaily in
the camera. Here, N is a constant that depends on the model of the camera, which in turn
depends on the amount of memory in the camera and the number of bits used per image. The
user may also attach the digital camera to a PC, say, by using a serial cable, to download the
photos to a hard disk for permanent storage.

Designer’s Perspective

From a designer’s point of view, a simple digital camera performs two key tasks. The first
task is that of processing images and storing them in internal memory. The second task is that
of uploading the images serially to an attached PC.

The task of processing and storing images is initiated when the user presses the shutter
bution. At this point, the image is captured and converted to digital form by 2 charge-coupled
device (CCD). Then, the image is processed and stored in internal memory. The task of
uploading the image is initiated when the user attaches the digital camera to 2 PC and uses
special software to command the digital camera to transmit the archived images serially. Let
us look at these actions in more detail.

. A CCD is a special sensor that captures an image. A CCD is a light-sensitive silicon
solid-state device composed of many small cells. The light falling on a cell is converted into a
small amount of electric charge, which is then measured by the CCD electronics and stored as
a number, The number vsually ranges from 0, meaning no light, to 256 or 65,535, meaning
very intense Tight per pixel, Figure 7.1 illustrates the internals of a CCD. On. the periphery, a
CCD is composed of a mechanical shutter. This is a screen that normally blocks the light from
falling on the light sensitive surface. When activated, the screen opens momentarily and
allows light to hit the light sensitive surface, charging the cells with electrical energy that is
proportional to the amount of light passed in. The screen typically sits behind an optical lens
that focuses the scene observed through the viewfinder onto the light sensitive surface of the
CCD. A CCD also has intemal circuitry that measures the electric charge of each cell,
converts it to a digilal value, and provides an interface for outputting the data.

Due to manufacturing errors, the light-sensitive cells of a CCD may always measure the
light intensity to be slightly above or below the actual value. This error, called the zero-bias
etror, is typically the same across columns but different across rows. For this reason, some of
the left most ¢olumns of a CCD’s light-sensitive cells are blocked by a strip of black paint.
The actual mtensrty registered by these blocked cells should be zero. Therefore, a reading of
other than'Zero would indicate the zero-bias error for that row. Figure 7.1 shows the covered
cells. This becomes clearer as we give an example in the next paragraphs.
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Figure 7.1: Internals of a charge-coupled deviee ($CD).

A digital camera uses a CCD to capture an image. Once the image is captured, it must be
corrected to eliminate the zero bias error. Then, the image must be encoded using the JPEG
encoding scheme. The task of bias adjustment is described next.

Figure 7.2 shows a raw image block of size 8 = 8 pixels that is captured using a CCD of
that size. Normally, the CCD would be of much greater resolution, say 640 x 480 pixels, but
we use a 'small one to be able to illustrate the various operations of a digital camera in this
chapter. Notice in Figure 7.2(a) that there are 10 colwnns. As mentioned carlier, the last two
columns are extra and are vsed to detect zero-bias, Recall that these two columns are covered
and should normally read a value of zero, Looking at the last two columns of the first row, we
see that the measured light intensity is on the average 13 units larger than the actual light
intensity. We obtain 13 by averaging the last two columns ((12 + 14) / 2) = 13). We can thus
correct the exror for this row by subtracting 13 from each element of the first row. We can
repeat this process for each row to obtain a block of 8 x 8 pixels that has been corrected for
zero bias errors. The corrected block is.given in Figure 7.2(b).

The next step is to compress the image, which reduces the number of bits needed to store
the image in memory. Compression allows us to store more images in limited amount of
memory. Compressed images can 2lso be transmitted to a PC in less time. We'll perform
JPEG encoding of the image. JPEG is a popular standard format ‘for representing digital
images in a compressed form. JPEG, pronounced “jay-peg,” is shoxt for Joint Photographic
Experts Group. The word joint refers to the group’s staths as a committee working on both
IS0 and [TU-T standards. Their best-known standard is for still-image compression.
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Figure 7.2: A block of § * 8 pixels as captured using a CCD: (a) before zero-bias adjustenent; the last 2 columns help

represent zero bias for & given row, and (b) afier zeco-biss adjustment.

JPEG encoding provides for a number of different modes of operation. For a full

_coverage of the JPEG encoding, the reader is referred to the reference section at the end of

this chapter. The mede that we discass in this chapter is an encoding that provides for high
compression ratios using the discrete cosine transform (DCT). To compress an image, the
image data is divided into blocks of 8 x 8 pixels each. Each block is then processed in three
steps. The first step performs the DCT, the second step performs guantization, and the last

" step performs Huffman encoding.

The DCT step transforms our original 8 = 8 pixel block into 2 cosine-frequency domain.
Once in this form, the upper-left corner values of the transformed data represent more of the
essence of the image while the lower-right corner values represent finer details. We can,

- therefore reduce the precision of these lower-right comer values to facilitate compression
-while retaining reasonable overall image quality. The acal DCT operation is given in this

formula: .
L Ciy=if(h == 0 ) then 1/sqrt(2) else 1.0
Flu,v) = 1/4 x C{u) * C(v) Tu=0.7 Zy=0.7 Dy * cos{n(2x + 1Ju / 16) % cos(m(2y + 1)v / 16)

Here, C(h) is simply an auxiliary function used in the main equation, namely, F(u,v). The
functi_on F(uv) gives the encoded pixel at row u, column v. Dy, is the origindl pixel value at
tow x, colamn y. Of course, it would be useless to have 2 DCT transform if we are unable to

' reverse the process and cbtain the original. Below is the inverse DCT (IDCT), although it is

not necessary in the implementation of our simple digital camera:
L Chy=if (h==0) then Vsqri(2) else 1.0
%y) = 14 Taen.1 Tmo2 Cw) x C(¥) x By % cos(rR{2u + 1)x/ 16) * cos(m(2v + L)y / 16)

Again, C(h) is simply an avxiliary function used in the main equation, namsly, flxy). The
function f{x,)) gives the original pixel at row x, column y. E,,, is the DCT-encoded pixel vatue,
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Figure 7.3: A block of 8 x 8 pixel as captured using a CCD, zero bias comected: (a) after being encoded using DCT,
(b} then after quantization

using the previous equation, for row » and column v. Figure 7.3(a) shows the DCT-encoded
values for our sample block of 8 x 8 pixels. The inverse process will obtain the block in
Figure 7.2(b) from that in Figure 7.3(a).

The DCT ‘is sometimes distingnished from the ICDT by referring to the DCT as the
forward DCT, or FDCT.

. The next processing step is to reduce the quality, of the encoded DCT image, which helps
us compress the image. We do this by reducing the bit precision of the encoded data. Note
that if we represent the pixels with less precision, we will need fewer bits to encode them,
thus achieving compression. For example, we can divide all the values by some factor of 2
{since division by a factor of 2 is achieved simply by right shifts), such as 8. This is the step
where we actually loose image quality in order to achieve high compression ratios. This
process is referred to as quantization. To decompress, we would perform a dequantization. In
other words, we would multiply each pixel by the same factor of 2 (i.e., 8 in our example).
Figure 7.3(b) illustrates the quantization applied to the block of 8 8 shown in Figure 7.3(a).

The Iast step of the JPEG compression is the encoding of data. Here, the block of 8 x 8
pixels is first serialized. Specificatly, the values are converted into a single list according to a
zigzag pattern, as shown in Figure 7.4. Then, the values are Huffman encoded. Huffman
encoding is a minimal variable-length encoding based on the frequency of each pixel. In other
words, the frequenily occurring pixels will be assigned a short binary code while those that
don’t oceur as frequently will be assigned a longer code. Let us explain that with an example.
In Figre 7.5(a), we have given the frequency of pixel occurrence of the encoded and
quartized 8 x 8 block shown in Figure 7.3(b). Here, as shown, the encoded pixel value -1
occurs fifteen (imes while the encoded pixel value 14 occurs only one time.

From this information, we construct a Huffman tree as tllustrated in Figure 7.5(b). With
each node in such a tree, we associate a value that is computed as follows. For an internal
node, the valué-is the sum of the values of the children of that node. For a leaf node, the value
is the frequency of occurrence of the pixel being represented by that leaf nade. The tree is
constructed from the bottom up (ie., starting from leafs and working up toward the 1oot).
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Figure 7.4: Data encoding sequence of a block of 8 x & pixal.

Initially, we create a leaf node for each of the pixels and initialize the values of these nodes
according to the pixel’s frequency. Then we create an internal node by joining any two nodes
that will result in the minimum value, We repeat this process until we have a complete binary
tree.

Once the Huffman tree is constructed, we can obtain a binary code for each of the pixel
wvalues by traversing the tree starting at the root down to the leaf labeled with that pixel. While
traversing the tree, we construct a binary string. Each time we traverse down past a right child
we append a “1” to our binary string, whereas cach time we traverse down a left child we
append a “0” to our binary string. For example, in order to obtain the binary code for the pixel
value -3 in Figure 7.5(b), we would make four right traversals and a left traversal, thus
obtaining the binary string “11110”. Figure 7.5(c) gives the Huffman codes for the remaining
pixel values,

Given these Huffman codes, we encode our block of 8 x 8 pixels by creating a long string
of 0s and 15, Here we take the sequence of pixels generated by the zigzag ordering shown in

Figure 7.4, and for each pixel we output the Huffiman binary code. In our example of Figure -

7.4, we would obtain the binary string “111111011001110....”

As stated earlier, Huffiman encoding achieves compression by assigning a short binary
code to the most frequently appearing pixel values, while leaving longer binary codes for the
least frequently appearing pixels. Of course, this process is reversible since Huffman
encoding also ensures that no two codes are a prefix of each other.

Our next processing step is to archive our image. This step is rather easy. We simply
record the starting address and size of each image. We can use a linked list data structure to
record this information. If we know beforchand that the camera will hold at most ¥ images,
we can set aside & portion of memory for onr N addresses and & image-size variables. In
addition, we would need to keep a counter that tells us the location of the next available
address in memory. For example, initially, all & addresses and image-size variables might be
set 10 _0.-Oir global memory address will be set to & x 4, assuming that the address and
image-size variables occupy the initial N * 4 bytes in memory. Then, the first image will be
archived in memory starting at location N = 4. Assuming the image was of size 1024, then we
will update our global memory address to N % 4 + 1024, and so on. Of course, there are other
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Figure 7.5 Huffman encoding of the block of 8 x 8 pixels shown in Figure 7.3(5j: (a)'the pixel vahies and associated

frequancies, {b) the resulting Huffiman tree, (¢) and the Huffman codes.

ways to perform such archiving, In any event, our memory requirement will be based on N,
the image size and the average compression ratio that we can obtain using JPEG encoding.

Finally, the only processing task that remains is to upload the images and free the space
in memory when a PC is connected to the camera and an upload command is received. To
accomplish this, we use a UART. As yow’ll recall, a UART transmits data serially over a
single data wire, Our processing task will be to read the images from memory and transmit
them using the UART. As we transmit images, we reset the pointers, image-size variables and
the global memory pointer accordingly. :

Tt must be noted again that our description of a digital camera is very simple. A reat
digital camera wilt enable you to take pictures of varied sizes, display images on an LCD,
allow image deletion, perform advanced image processing such as digitally stretching,
zooming in and out, and many other things.

7.3

Requirements Specification

Our digital camera product’s %ife begins with a requirements specification. A spegiﬁcation
describes “what a particular system should - do, namely- the system’s requuem_euts.
Specifications include both functional and nonfunctional requirements. Fundctional

Embedded System Design 185




Chapter 7: Digital Camera Example

 Some of these metrics will be constrained metrics — those metrics must have values bel

requirements describe the system's behavior, meaning the system’s outputs as & function of
inputs {e.g., “output X should equal input Y times 2”). Nonfunctional requirements describe
constraints on design metrics (e.g., “the system should use 0.001 watt or less™). The initial
specification of a system may be very general and may come from our company’s marketing
department. The initial specification for our camera might be a short document detailing the
market need for “a very basic low-end digital camera capable of capturing and storing at least
50 low-resolution images and uploading such images to a PC, costing around $100, with a
single medium-sized IC costing less than $25, including amortized NRE costs. Battery life

- should be as long as possible, Expected sales volume is 200,000 if market entry is earlier than
- 6 months, and 100,000 if market entry is between 6 to 12 months. Beyond 12 months, this

preduct will not sell in significant quantities.” :
Let us begin by discussing the nonfunctional requirements in more detail, followed by an

" informal high-level functional specification, and then a more detailed description of behavior.

Nonfunctional Requirements

Given our initial requirements specification, we might want to pay attention to several design
metrics in particular; performance, size, power, and energy. Performance is the time required

" to process an image. Size is the number of elementary logic gates (such as a two input NAND
- gate) in our IC. Power is a measure of the average electrical energy consumed by the IC while

processing an image, Energy is power times time, which directly relates to battery lifeti

(or in some cases above) a certain threshold. Some metrics may be optimization metrics
those metrics should be improved as much as possible, since this optimization improves the
product. A meiric can be both a constrained and optimization metric.

Regarding performance, our design must process images fast enough to be useful, We
might determine that a reasonable timing constraint is I second per image. Note that the terms
timing and performance are often used interchangeably. More time than 1 second would

. probably be guite annoying from a camera user’'s perspective. Imagine having to wait 10
. seconds after pressing the shutter button before you could press the button again. A typical

soccer parent wonld probably not buy such a camera, for fear of missing a great goal! On the
other hand, since we are aiming for the low-end of the digital camera market, our performance
doesn’t need 1o be much better than 1 second, Thus, performance is a constrained metric but
not an optimization metric — anything less than 1 second is equally good.

Regarding size, our design must use an IC that fits in a reasonably sized camera. Suppose
that, based on current technology, we determine that our IC has a size constraint of 200,000

- gates. In addition to being a constrained metric, size is also an optimization meiric, since

smaller ICs are generally cheaper. They are cheaper because we can either get higher yield
from a current technology or use an older and hence cheaper technology.

Finally, power is a_constrained metric because the IC must operate below a certain
temperature. Note that our digital camera cannot use a fan to cool the IC, so low power
operation is crucial, Let’s assume we determine the power constraint to be 200 milliwaty.

" Energy will be an optimization metric because we want the battery to last as long as possible.
Notice that reducing power or timeeach reduces energy.
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Figure 7.6: Functional block-diagram specification of a digital camera,

Informal Functional Specification

We can describe the high-level functionality of the digital camera by using the flowchart
in Figure 7.6. We see the major functions involved in image capture, namely zero-bias adjust,
DCT, quantize and archive in memory. We alse see the function transmit serially. We could
then describe each function’s details in English; we omit such descriptions here since they
were included earlier in the chapter. We’ll assume a very low-quality image with a 64 x 64
resofution, meaning the CCD has 64 rows and 64 columns.

Note that Figure 7.6 does not dictate that each of the blocks be mapped onte a distinct
processor. Instead, the description only aids in capturing the functionality of the digital
camera by breaking that functionality down into simpler functions. The functions could be
implemented on any combination of single-purpose and general-purpose processors.

Refined Functional Specification

We can now concentrate on refining the informal functional specification into one that can
actually be exccuted. This typically consists of a C or C++ program describing the
functionality. Tn our case, we could write C or C++ code to describe each function in Figure
7.6. Such a software prototype of the system is often referred to as a system-level model, a
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Figure 7.7 Block-diagram of the executable model of the digital camera.

protoiype, or simply a model, though the prototype is also a first implementation. Keep in
mind that one person’s specification may be another person’s implementation.

The software prototype can be executed on our development computer to verify its
correctness. It can also provide insight into the operations of our system. For example, in our
digital camera, we can profile our executable specifi¢ation as it is running, in order to find the
computationally intensive functions. Recall that a profiling tool is a tool that watches a
program under execution and records the munber of times 2 particular procedure or function
call was made, or a variable was written or read. We can also usc the prototype to obtain
sample output that is later nsed to verify the correctness of our final implementation. For
example, we ¢an run an image through our executable specification and obtain the serialiy
encoded output and store that in a file. Later, when we are testing our final IC chip, we can
feed it the same image and check that the output matches the expected output.

Figure 7.7 gives the block-diagram of our high-level model of the digital camera. Our
executable model is composed of five modules. We start with the CCD module and its
corresponding C file called CCD.C, as shown in Figure 7.8. This module is responsible for
simulating 2 real CCD (i.c., it is designed to mimic the operations of an actual CCD). It does
that by sixgply reading the pixels of an image directly from a file that we specify. This module
exports three procedures, Cedlnitialize, CedCapture, and CedPopPixel.

7.3: Requirements Specification

#inclhude <stdio.h>
#define S ROW 64
fidefine 5%_COL (64 + 2)
static FIIE *imageFileHandle;
static char buffer[SZ ROW] [$Z_COL];
static unsigned rowIndex, collndex;
woid Codinitialize{cmnst char *imageFileName) {
imageFileHarxile = fepen{imageFileName, "r"};
rowlndex = -1;
collidex = -1;
}
void CodCapture {(void) {
int pixel;
rewind (imageFileHandle) ;
for (rowIndex=0; rwInd.er.GZ , BOW; rowIndesckt) f
for {col Index=0; ‘colIndex<SZ } COL; collndexH) {
if{ fscanf (imageFileHandle, "%i”, spixel) = 1) { .
buffer [rowlndex] [colIndex] = (char)pixel; )
} - . °
H
}
rowlrdex = 0;
collndes = Q;
H
char CodPopPirel {void) {
char pixel;
pixel = buffer[rowIndex] [col. 1z
if( +reolIndex — 52 QOL } |
collndex = G; | .
1f{ +rowindex = 52 KW { '
collndex = -1;
rowlndex = -1;
}
}
retum pixel;
}

Figure 7.8: High-level impiementation of the CCD modute.

The Cedinitialize procedure is called to initialize our model just prior to execution. Tt
takes as a parameter the name of the'image file that is used to obtain the pixel data, The
CedCapture procedure is called to actually capture an image, in this case, read it from a file,
The CedPopPixel procedure is called to get the pixels out of the CCD, one at a time. At this

" point, you should have noted that in our executable specification, our modules commumcate

using procedure calls and parameter passing.
Our next module is called, rather cryptically, CCDPP, and its corresponding C file is
called CCDPP.C, as shown in Figure 7.9. The PP stands for preprocessing. This module
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fidefine SZ ROW 64
" fdefine SZ_COL™ -~ 64
statiec char buffer[S7 R} [SZ COL};
static unsigned rowlndex, colindex;
wvoid CodppInitialize{) {
rowlndex = -1;
collndex = -1;
}
vold CedppCapture {void) {
char bias;
CodCapture(} ;
for {(rowIndex=0; rowlndex<SZ_ROW; |rowindext+) (
for (colIndex=0; collndex<SZ COL; collndex+H) {
buffer[ rowIndex] [colIndex] = CodPopPixel ()7
} -
bias = (CodPopPixel{) + CcdPopbixel()) / 2:
for (collrdex=0; collndex<SZ COL; collndextt) {
butfer! rowlndex} [colIndex] -= bias;
}
} .
rowindex = 07
ool index = 0;
} .

char CodppPopPixel (void) {
char pixel;
pixel = buffer[rowlrdex] [colIndex] ;
if( +Heolindex = S% COL ) {

colindex = 9;
if { Hrowindex = 82 RW ) {
collnddex = -1;
rowindex = -1;
]
}

retum pixel;
1 .

B i
Figure 7.9: High-level implementation of the CCDPP module. '
performs the zero-bias adjustment processing, shown in Figure 7.9 and described at the
beginning of this chapter.
This module also exports three procedures called Cedpplnitialize, CedppCapture, and

‘CedppPopPixel. The Cedpplnitialize procedure performs any necessery initializations. The

CedppCapture procedure is catled to actually capture an image. Note that this procedure calls

-on the CedCapture and CedPopPixel procedures of the CCD module to obtain an image. As it

is obtaining the image pixels, it also performs the zero-bias adjustments. The CedpplopPixel
procedure is called to get the pixels out of the CCDPP. Note that the interface to the CCDPP

!

7.3: Requirements Specification

#include <stdic.h>

static FILE *cutputFileHandie;

void Uartinitialize{const char *cutputFileName) {
cutputFiledandle = fopen(outpatFileName, "w™):

}

void UartSerd (char d) {
forintf (cutputFilelndle, "#i\n", (int)d);

}
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Figure 7.10: High-leve!l implementation of the UART module.

module is identical to that of the CCD module. We can think of the CCDPP as a CCD that
performs the zero-bias adjustments internally

Let us now look at the UART module and its corresponding C file called UART.C, as
shown in Figure 7.10. This is really & model of a half UART (i.e., one that only transmits, bt
does not receive). As with the other modules, the UART module exports an initialization
procedure, called Uartlnitialize. This procedure takes a file name, were the transmitted data is
written to. The other procedure, UartSend, is called when the digital camera is transmitting a
byte. The procedure simply writes the transmitted byte to the output file.

Our next module is called CODEC and its corresponding C file is calied CODEC.C, as
shown in Figure 7.11. This file models the forward DCT encoding that was described earlier
in this chapter. The CODEC module exports the procedures Codecinitialize, CodecPushPixel,
CodecPopPixel, and CodecDoFdct. The Codeclnitialize procedure resets an index that is used
by the push and pop procedures for traversing two buffers, described next. The
CodecPushPixel is called 64 times to fill an input buffer, called jbuffer, which holds the
original block of § x 8 pixels that is to be encoded. The CodecPopPixel is called 64 times to
retrieve pixels from the output buffer, called obuffer, which holds the encoded block of 8 x 8
pixels. Once a blocK is placed in the input buffer, CodedDoFdet is called to actually perform
the transform. Therefore, to encode a block of & x 8 pixels, we call CodecPushPixel 64 times,
and CodecDoFdet once followed by 64 calls to CodecPopPixel, Let us now discuss the aciual
implementation of this module. The module simply implements the FDCT equation given
earlier and presented here again:

C(h)y=if (h==0) then 1/sqrt(2) else 1.0
F(u,v) = 1/4 x Cu) % C(V} Tu0.7 Ty=0.7 Dy ¥ cOS((2x'+ Lyu/ 16) * cos(n(2y + 1)v/ 16)

The first thing that you may note after studying the code is the large table called
COS TABLE. If you ook at the above equation, you’'ll notice that the argument to the cosine
function is always one of 64 possible values, because the only variables in the cosine
argument expression are the integers x and » (or y and v) and each of these variables can take
one of 8 values, from 0 to 7. Thus, for performance purposes, we have decided to precompute
the cosine value-for all these 64 possibilities and store them in a table. Actually, we have done
more than that. Tnstead of storing the floating-point values, we have converted these to an
integer representation.
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static const short €06 TRBIE(8] [8] = {
{ 32768, 32138, 30273, 27245, 23170, 18204, 12539, 6392 },
{ 32768, 27245, 12539, -£392, -2317G, -32138, -30273, -18204 },
{ 32768, 18204, -1253%, -32138, -23170, 6392, 30273, 27245},
{ 32768, 6392, —30273, -18204, 23170, 27245, -12539, -32138 },
{ 32768, -6392, -30273, 18204, 23170, -27245, -12539, 32138 },
{ 32768, -18204, -12539, 32138, -23170, -6392, 30273, -27245 },
{ 32768, -27245, 12539, 6392, -23170, 32138, -30273, 18204 },
{ 32768, -32138, 30273, -27245, 23170, -18204, 12539, -6392 }
i
static short OME OVER SQRT TWO = 23170, ibuffer(8] (8], cobuffer(8] [8], idx;
static double COS{int xy, int w} { return COS TABLE{xy][uw] / 32768.0; }
static double Clint b} { retum h ? 1.0 : ONE QVER SORT TWO / 32768.0; }
static int FOCT{int u, int v, short img[8]{8]) (
' dable 5(8], r=0; int x;
for (x=0; x<B; x++) -{ )
sx] = img{x] [0} * COS(0, v} + urg{x][l]*cos(l V) + img[x]{2] * COS(2, v) +
img{x] [3) * cosS(3, v} + img(x] [4]*COS(4, v} + dmg[x][5] * CGS(5, v} +
img{x] [6] * COS(6, v} + irg[x] [7]*CCS(7, v):

} : .
for(x=0; x<8; xH) r 4= s[x] * COS(x, 11); .
return {short){r * .25 * C(u) o)

H
void CodecInitialize{void) { ddx = Qr }
vold CodecPushPixel (short py [ -
if ((idx = 64 ) idx = O;
. ibuaffer[idy / 8] [idx % 8] = pr :.dx++,
}
short CodecPopPixel (void) {
short p;
if{ ddx == 64 ) ldx—o,
p = douffer(idx / 8] [idx % 8]; idwt;
) rebum pr

" vold Codechordct (void) {

int x, y7
for (x=0; x<8; x+|-) H )
for(y=0; y<8; y++) ohuffer[x] [y] = FIXT(x, y, ibuffer);

}
idx = 07
}

.Figure 7.11: High-level implementation of the CODEC module.

More specifically, we have multiplied the 64 cosine values by 32,678 and rounded the
result fo-the nearest integer. The value 32,678 is chosen to aliow us to store each value in 2
bytes of memory. To convert these integers back to floating point, we need to divide the
stored values by 32,678.0, This is accomplished in the procedure called COS, This is a form
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#define SE RW &4
#define SZ_COL 64
#define NUM RCW BLOCKS (SZRON/ 8)
#idefine NUM CCL | T FEOCKS {82 _COL / 8}
static short b..xffer[SZ ROW) [S2 COLY, i, 3. k, 1, temp?
void CatrlImitializedvoid) {}
void CntrlCapturelmage (void) {
CodppCapture () 7
for (i=0; i<S% ROW; it)
for(i=0; §<SZ COL; j++)
buffer{i] (3] = CodppPopPixel (37
}
i void entrlCamressIrege (void) § ,
’ for {i=0; i<NUM ROW BLOCKS: it++)
for (3=0; j<1\ILM COL BIOCKS; §+H) ’
for({k=0; k<B; krt)
for(l=0; 1<8; 1+)
CodacPbushPixzel ({(char)buffer{i * 8 + k][ * 8 + 11);
CodecDoFdet () /% part 1 - BLCT */
for(k=0; k<B8; k+t) -
for (1=0; 1<8; 1+ ( .
buffer[i * 8 + k] {j * 8 + 1] = CodecPepbixel();
buffer[i*s+k] [§*8+1] >»= 6; /* part 2 - quantizaticn */

1

H
void CntrlSendimage (void) {
for (i=0; i<SZ_ROW; it+)
for(j=0; j<S& COL; j+) {
team = uffer(i] [31;
YartSend ( ( {char*) ste) [03) 7 /* send upper byte */
UartSend ({ (char*) stemp) [1]) 7 /* serd lawer byte */

Figuse 7.]12: High-level implementation of the CNTRL module.

of fixed-point representation, which is described later in this chapter. Thus the COS procedure
handles the portions of the above equation involving the cosine and its arguments.

We have also implemented a procedure called C that simply corresponds to the function
C(h) given above, All that remains now is the implementation of the nested summations.
These summations are performed in the FDCT procedure. The inner summation is simply
unrolied (i.e., we have expanded it into eight terms that are added together). The outer
summation is unplementcd as two consecutive for loops. This choice of implementation, of
course, is not unique. There are many ways to perform FDCT and the reader is enoouraged as

_ an exercise, to implement these DCT functions with performance in mind.
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}

int main(int avge, char *argw[]) { !

char *uartOutputFileName = ame > 1 7 argu[l] @ "uart out.txt";

char *imageFileMame = arge » 2 7 argv[2] : "image.txt";

/* indtialize the modules */

VartInitialize (UartOutstFilaName) ;

CodInd tialize (imageFileNare) ;

Codpplnitialize();

CodecInitialize();

Cntrlinitiatize();

/* similate fincticnality */

ntrlCaputrelmage() ;

CntrlCagpressInage {) ;

tntrlSerdlmage () ;

Figurs 7.13: Putting it all together is the main module.

The last module that we need in order to complete the implementation of our digital
camera is the heart of the system, or what we have called the CNTRL, short for controller.
The corresponding C file of the CNTRL module is called CNTRL.C and is shown in Figire
7.12. This module exports three procedures named Crirllnitialize, CatrlCompressimage, and
CrtriSendimage. The Cntrilnitialize procedure does nothing and is provided for consistency
putposes only. The CntrlCompressimage procedure uses the other modules that we have
described so far, namely the CCDPP and the CODEC to capture and perform FDCT and
quantization on an image. Part of what this procedure has to do is to break the image into
windows, or what we have referred to as blocks of 8 x 8 pixels. Once a block is FDCT
encoded, it is quantized and stored in memory: The CnrriSendimage procedure simply
transmits the encoded image, serially, using the UART module.

Putting all this together is our main program, shown in Figure 7.13, that simply initializes
all the modules and calls on the controller to capture, compress and transmit one image.

We now have a system-level model {executable specification) of our digital camera, We

- can experiment with this extensively. Note that any bugs we find here will be orders of

magnitude easier to correct than if found at a later design stage.

74: Design

7.4

Des.lgn
~ Design consists pnmanly of determining the system’s architecture, and mapping the

fimctionality to that architecture. The architecture consists of a set of processors, memories

_ and buses. Processors may be any combination of single-purpose (custom or standard) or
~ general-purpose processors, Multiple functions may be mapped to a single processor, and a

function may be mapped to multiple processors. We'll say that an implementation is a
particular architecture and mapping. The set of possible implementations defines the solution
space. Note that the solution space is nsually enormous. So where do we begin?

194

Embedded System Design

e 2o ] [ ]

ﬁm

FITTTTETTTIT T R T e

Figure 7.14; Block-diagram of our first implementation.

We might begin by examining a low-end general-purpose processor connected to flash
memory, and trying to map all functionality to software runming on that microprocessor. Such
an implementation is often a good starting point for embedded system design, since the
implementation will usually satisfy our power, size, and time-to-market constraints. If it also
satisfies performance, then design is nearly comptete. If this design doesn’t satisfy constraints,
then we could try a faster processor, we could use single-purpose processors for time-criticat
functions, or we could even rewrite the functional specification. We'll now start with such an
implementation and then speed it up using different approaches. :

Implementation 1: Microcontroller Alone

Suppose we choose an Intel 8051 microcontroller (or similar such device} as our low-end
processor. We determine that total IC cost (including NRE) would be about $5, power well
below 200 mW, and time-to-market only about three months. However, a rough analysis
shows that there is no way an 8051 alone will satisfy our performance requircment of one
image per second. Suppose the particular microcontroller we choose runs at 12 MHz and
requires 12 cycles per insiruction, meaning it executes one million instructions per second.
Suppose we noticed during the execution of our earlier system-level model that CCD
preprocessing consumed a lot of the computation time. Figure 7.9 shows the original cede for

_ the CCD preprocessor. The CedppCapture fanction has a pair of nested loops that result in 64
x 64 = 4,096 iterations per image. Looking at the code, we might estimate that each iteration
will require about 100 assembly instructions during execution. Thus, this function alone will
require 4,096 > 100 = 409,600 instructions per image. This is nearly half of our budget of one
million instructions per second, just to read the image alone, and not even considering the
other more compute-intensive tasks of DCT and Huffman coding. Clearly, performance will
be much worse than one image per second. We’ll have to speed things up somehow.

Implementation 2: Microcontroller and CCDPP

One method for improving performance is to implement a function using a custom
single-purpose processor, Normally, we resist designing custom single-purpose Processors
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Instruction | - - »| 4KROM
Decoder
Controller
128
ALU | - RAM
y
Y
To External Memory Bus

Figure 7.15: Block-diagram of the Intel 8051 Processor core.

because they can increase NRE cost and time to market, However, the CCDPP function is a
prime candidate for such implementation — not only is it taking up many microcoutroller
cycles, but it looks simple to implement as a single-purpose processor. There is no
complicated arithmetic, so the datapath will be very simple, and the controller doesn’t look
like it will have many states either, since most of the cycles come from the 64 x 64 loop
iterations — these will likely translate to a couple of stinple counters,

Thus, we decide to use an 8051 microcontroller coupled with a CCDPP single-purpose
processor. Let’s also implement a simple UART for the transmit-serially function. We’ll also

-add an EEPROM for program memory and a RAM for data memory. Note that the CCDPP

and UART processors could be implemented by finding standard components for each, but
they are straightforward components, so let’s implement them as custom instead. The CCDPP
implements the zero-bias operations and interacts with the actual CCD chip, which resides
external to our system-on-a-chip IC.2 The rest of the functionality will be implemented in
sofiware on the microcontroller. )

Let us briefly describe the three main processors depicted in Figure 7.14 in more detail.
We begin with the microcontroller. A synthesizable implementation of this microcontroller,
captured at the register transfer level (RTL) and written in VHDL, is available to us for
inttegration into the rest of the system. A block-diagram of the main components of the 8051 is
given in Figure 7.15. The controller fetches instructions from its read-only program memory
and decodes them using the decoder component, The ALU component is used to actually
execute arithmetic operations such as addition, multiplication, and division among many
others. The source and destination of these operations are registers that reside in the internal
RAM of the processor. Special data movement instructions are used to foad and store data
from external memory through the external memory bus. A C compiler/linker is used to

e

* We assume that the CCD chip resides external to our system-on-a-chip since given
today’s mainstream technology, and mostly due to fabrication process differences, combining
a CCD with ordinary logic is not feasible, m‘n
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Figure 7.16: The UART single-purpose processor ak an FSMD.

compile C programs for execution on ojir processor. The ROM is generated using a special
program that reads the output of the C-cdmpiler/linker and outputs 2 VHDL description of the
ROM., . :

The UART is a simple single-purpdse processor. Its behavior is depicted in Figure 7.16
as a finite-state machine with data (FSMD). Normally, the UART is in its idle state. When
invoked, it transitions into the start state, where it ttansmits 2 0 indicating the start of a byte
transmission. Then, it transitions into the data state, whete it sends the § bits of the byte being
sent. Then, it transitions into the stop state, where it ransmits-a 1 indicating the stop of the
byte transmission. Finally, it transitions back info the idle state, ready to repeat the processes,
when summoned again, Since the UART is memory mapped to the processot’s memory
address space, it is invoked when the processor executes a store instruction with the UART's
enable register as jts target memory location. Of course, the UART is constantly monitoring
the address-bus, and when it detects the enable register’s address, it captures the data on the
data-bus and starts the transmission processes as just described. Note that we will use
memory-mapped I/O for communication between the §051 processor and any other single-

- purpose processor in our system. Since the 8051 processor’s address space is 16 bits wide, we

use lower memory address, those starting at 0 and going up, for RAM and upper memory
address, and we use those starting at 65,535 and going down for memory-mapped /O devices,

The CCDFP is ong of the single-purpose processors that has been implemented in
hardware. The FSMD of the CCDPP is depicted in Figure 7.17. Internally, the CCbrp
single-purpose processor has a buffer, labeled B, and three variables called R, C, and Bias.
The variables R and C are used as row and column indices. The variable Bias holds the zero-
bias error for each of the rows as the rows are processed. The FSMD works as follows, Once
invoked, it transitions into the GetRow state where it reads from the actual CCD a complete
row including the last two blacked-out pixels. (For details, refer to the description of 2 CCD
given at the beginning of this chapter.) Then, the FSMD transitions into the ComputeBias
state where it computes the bias of the current row and stores it into the Bias varigble, In the
next state, called FixBias, the FSMD iterates over the same row subtracting away the bias
from each element in that row. In the next-state, called NextRow, the row index is incremented

b
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GétRow.
BR][CI=Px1

ComputeBias:

Bias=(B[R][11] +

B{R][10])/2
C=0

FixBias:

' BRJCJ=B[R}[C]-Bias

static wnsigned char xdata U TX REG _at 655357
static unsigned char xdata U STIAT REG _at 65534;
void UPRTInitialize (void) {}
void WARTSend {unsigned char d) {
while{ U STAT REG = 1) (
/* busy wait */

U TK REG = d;
}

Figure 7.17: The CCDPP single-purpose processor s a FSMD.

and the process either repeats, reading the next row, or stops when the eniire image is
processed. We assume that, as with the UART, this single-purpose processor is connected to
the 8051 processor’s memory bus with the content of the internal buffer mapped to upper
memory addresses of the processor. '

We now have all the components of our system-on-a-chip and are ready to connect things

together making up our digital camera. This is accomplished through the 8051°s memory bus,

as stated before. The 8051 memory bus uses 2 simple read and write protocol and is composed
of an 8-bit data-bus, a 16-bit address-bus, a read control signal and a write-control~signal. A

- memory read works as follows. The processor places the memory address on the address-bus,
- then asserts the read control signal for exactly one clock-cycle and reads the data from the

data-bus one clock-cycle later. The device that is being read, either the RAM or one of our
memory mapped single-purpose processors, when detecting that the read control signal is
asserted, and afier checking the content of the address-bus, places and holds the requested
data on the data-bus for exactly one clock ¢ycle. A write operation works in a similar fashion.
The processor places the memory and the data on the address and data-bus, respectively.
Then, it asseris the write control signal for exactly one clock cycle. The device that is being
written, when detecting that the write control signal is asserted, and after checking the content
of the address-bus, reads and stores the data from the data-bus.

- Now that we have the hardware portion of our design implemented, we need to write the
software to coniplete the project. Fortunately, our executable specification will provide the
majority of the code that we need. In fact, we will maintain the same strudture of the code
{i.c., we will keep the same module hierarchy, procedure names, and main program). The only
thing that needs fo be done is to design the UART and CCDPP custom single-purpose
processors, This is rather easy to do. All that we need to do is replace the code in these

Figure 7.18: Rewriting the UART module to urilize the hardware UART.

procedures with memory assignments to the respective hardware devices. Let us show this
with the UART example. The code for this module is given in Figure 7.18. Here we have
defined two variables, called U_TX_REG, and U_STAT. REG. There are two keywords used
in defining these two variables that you may not recognize. The first one, called xdara,
instructs our compiler to place these variables in the external memory, in other words, the
compiler will generate code that will load and store these variables over the external memory
bus of the processor. The second keyword, called _at  instructs our compiler to place these
variables at the specified memory address. These two keywords allow us to declare a varigble
such that when read or written will cause appropriate read or write operations to be performed
on the bus. Now, all we have to do to send a byte nsing our UART single-purpose processor is
write the byte to be sent to the U_TX_REG causing it to be invoked. But since our processor
may be much faster than the UART, we need to first make sure that the UART is in its idle
state. This is accomplished by the while loop. Having designed our UART such that we can
check weather its busy or not, we can busy-wait until it becomes idle before sending the next
data byte. The implementation of the CCDPP module is similarly modified to utilize the
CCDPP single-purpose processor, The rest of the modules are untouched.

Now we can compile and lirk all our software modules and obtain the final program
executable, This program executable is then translated into the VHDL representation of the
ROM using a ROM generator. All that remains is to test our entire system-on-a-chip. This is
done vsing 4 VHDL simulator program. A VHDL simulator takes as input the VDHL files,
making up our system, and functionaily simulates the execution of the final IC by interpreting
the descriptions. By simulating, we are able to learn weather owr design is functionally
correct. Moreover, we can also measure the amount of time, or clock-cycles, that it takes to
process a single image. This is our first mefric of interest, namely, performance.
Figore 7.19(a) shows how after simulating the VHDL models, we obtain the exccntion time.
Figure 7.19(b) shows how we synthesize the high-level VHDL models and cbiain the gate-
tevel description of the corresponding circuits. Then, we simulate the gate-level models to
obtain the intermediate data necessary to compute the power consumption of the circuit.
Figure 7.19(c):shows how by adding the number of gates, we obtain the total area of the chip.

Once we are satisfied that our design functions correctly, we can use our synthesis tool to
iranslate the VHDL files down to an interconnection of logic gates. A synthesis tool is like a

198

Embedded System Design

Embedded System Design 199



o

Chapter 7: Digital Camera éxampla

Power
equation

Gate level
simudator

=

ates ‘ te:
] g gales Power

()

Execution time Sum gates

@

~—p Chip arca

{©

Figure 7.19: Obtaining design metrics of interest, (a) performance, (b) power, (¢} area.

compiler for single-purpose processors. Ii reads a VHDL file and tramslates it to a

corresponding gate-level description. You'll learn more about this process in a later chapter of
this book. At this stage, these gates can be sent to an IC fabrication company 10 make our IC
chip. But what we are interested in is counting the total number of gates to get an idea of how
big our design is. This will tell us how big of an area we need to implement the digital
camera, or the third metric of interest. To obtain the power consumption, our second metric of
interest, we sinmlate the gate-level description of the digital camera and keep track of the
number of times these gates switch from zero to one and from one to zero. Recall that we can
estimate power consumption if we know the amount of switching that takes place in a circuit.
We can now analyze our first implementation using the approach outlined in Figure 7.19.
Using simulation, we have measured the total execution time for processing a single image to
be 9.1 seconds. The power consumption is measured to be 0.033 watt. The energy
consumption s 9.1 s * 0.033 watt = 0,30 joule. The area is measured to be 98,000 gates.

Implementation 3: Microcontroller and CCDPP/Fixed-Point DCT

The previous implementation does not achieve 1-image-per-second processing. Looking at the
execution of the previous implementation, we see that most of the microcontroller computer
cycles are spent performing the DCT cperation. Thus, we could consider pulling this
compute-intensive function out from software to custom hardware, as we did for the CCD
preprocessor, However, unlike the CCD preprocessor, the DCT functionality is fairly complex
and thus will likely require more design effort. We can instead speed up the DCT
fanctignality by modifying its behavior.

Recall that each DCT operation involves numerous floating-point operations. Actually,
for each pixel that is transformed, about 260 floating-point operations are performed. There
are 64 * 64 = 4,096 pixels that are encoded, for a total of about one million floating-point
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operations, To make matters worse, our processor is an 8-bit processor with no floating-point
support; thus, the compiler needs to emulate each of these floating-point operations. Floating-
point emulation is performed as follows. The compiler generates procedures for ¢ach of the
floating-point operations, such as multiplication and addition. These procedures may exccute
tens of integer instructions in order to perform a single floating-point operation. Then, when
the compiler encounters floating-point operations in the source file, it places a call to these
compiler-generated procedures. Consequently, our one million floating-point operations will
require ten million or more integer operations. In addition, our program will be larger, since it
has to accommodate the compiler-generated procedures.

We can thus consider speeding up the CODEC module to use fixed-point arithmetic. We
hope to reduce the total number of integer instructions required to encode each pixel. Cur
jmplementation is shown in Fignre 7.20. Let us first describe how fixed-point arithmetic
works. In fixed-point arithmetic, we use an integer to represent teal numbers. The bits within
this integer are interpreted as follows. We use a constant and known number of these bits to
represent the portion of a real number after the decimal and the rest of the bits to represent the
portion of the real number before the decimal point.

In our implementation of the CODEC, we have chosen to use 6 bits to represent the
fractional part of all arithmetic operations. The choice here has to do with the accuracy that
we desire. The more bits we use for the portion afier the decimal, the more accurately we can
tepresent a real number. However, this will leave us fewer bits to represent the portion of the
real number before the decimal point {i.e., the magnitude of the real mumber). -

Once we have chosen the number of bits to Tepresent the portion after the decimal point,
aka. the fractional part, we can translate any constant to the fixed-point representation. For
example, imagine that we are using 8-bit integers. Let us use 4 bits to reprosent the fractional
part. The fixed-point representation of the real value 3.14 would be 50, or 00110010. We
obtain 50 by multiplying the real value, 3.14, by 2 raised to the number of bits we are using
for the fractional part, 2° = 16, and rounding it to the nearest integer, 3,14 x 16 = 50.24 = 50,
Note that the 4 least significant bits equal 2. Since there are a total of 16 possibilities, each
would represent L0623, Given that we have 2, we get 2 x 0.0625 = 0.125. The four most
significant bits encode the value 3, which when added to our fractional part, gives 3.125. of
course, our representation is not exact but close. We can improve this by using more bits for
the fractional part. In fact, the cosine table in Figure 7.20 gives the fixed-point representation
of the cosine values, using 8-bit integers, :

Now that we know how to represent a real number using integers, we have to define the
two operations that are used in our calculations, namely addition and multiplication. Addition
is straightforward. All that we have to do is add the integers. For example, assume that we
have 3.14 encoded as 50, or 00110010 and 2.71 as 43, or 00101011, To add these two
together, we add the integers 50 and 43 to obtain 93, or 01011101. Converting this back to a
real, we get 5 + 13 x 0.625 = 5.8125. This number is close to the actual value; which is 5.85,

‘but not exact, as expected.

Similarly, with multiplication, we can multiply the two fixed-point values to obtain our
result, But, at this point we need to perform an additional operation. Let us multiply the value
3.14 encoded as 50, or 00110010 and 2.71 as 43, or 00101011, From this we obtain 2,150, or

Embedded System Design 201




Chapter 7: Digital Camera Example

static const char code COS TARFE{8] [8] = {

{ 64, 6, 59, 53, 45, 35, 24, 12},
{ &4, 53, 24, -12, -45, -€2, -89, 35},
{ &, 35 -24, -62, -45, 12, 59, 531},
{ &, 12, -59, -35, 45, 53, -74, -62 ),
{ e, -12, -59, 35, 45, -53, -24, &2},
{ e, -35, -24, 62, -45, <12, 59, -53},
{ &4, -53, ‘24, 12, -45, 62, -59, 351,
{ 4, -62, 59, -53, 45, -35, 24, -12 }

}: i
static const char OME (WER SORT TWO = 55
static short xdata inBuffer[8] (8], outBuffer([8][8], idx;
static uwsigned char C{int h) { retumh 7 64 : ONECNERSQRI'IW }
static int F(int v, int v, short irg[81(8]) {
long s[8), r = 0;
wnsigned char x, j;
For (x=0; x<8; x+) |
s[x] = 0;
for(3=0; j<B; j++) slx] += (Lmglx] (3] * COS_TABLE] (V] ) >> 6;
}
for (x=0; x<B; xH) r += (s[x] * COS_TRBIE[x}[ul) >> 67
© retum (short) ((({x * (((16 * C(W) 5> 6) * C{)) >> &)} »> &} >> &);

H
void CodecInmitialize(wvedid) { idx = 0; }
void CodecPushPixel (short p} {
’ if{ idx = 64 } idx = 07

irBuffer{id: / 8] [idx % 8] = p << 6; idxHs
}
veld CodecDoFdet (void) {

wsigned short x, y7

for (x=0; x<8; xt++)

for(y=0; y<8; y++) ,
outBuffer(x] [y] = F{x, y, inBuffer); .. i
Cidx = 0y

}

Figure 7.20: Fixed-point implementation of the CODEC module,

100001100110, Note that, when multiplying two 8-bit integers, we can expect the result to be
16 bits wide, What we have to do to obtain our final result is to discard the lower 6 bits of our
16-bit result, obtaining 10000110, Converting this back to a real, we get, 8 + 6 x 0.0625 =
8.375. The number is close to the correct value, which is 8.5094, but not exact, as expected.

The biggest difficulty with fixed-point arithmetic is to ensure that the resulting values,
after performing addition and multiplication operations, do not exceed the bit-width of the
integers that are being used. Therefore, it is imporiant to consider the intervals, or range, of
the real values that are being operated on. We have applied the fixed-point arithmetic scheme
presented here in recoding the CODEC. This time our CODEC uses integer operations only
and we expect it to execute faster than our first implementation,

7.4: Design
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Figure 7.21: Block-diagram of our fourth implementation.

We can now analyze our second implementation using the approach outlined in Figure
7.19. Using simuliation, we have measured the total execution time for processing a single
image to be 1.5 seconds. The power consumption is measured to be 0.033 watt, the same as
before, The energy consumption of this design is 1.5 s x 0.033 watt = 0.050 joule. This is
means that our batteries will last six times longer when compared to the previous design! The
area is measured to be 90,000 gates. We have improved performance by a factor of six and
reduced the chip area by about 8,000 gates over the previous design. The gate reduction is
because our program no longer needs to emulate thé complex floating-point operations, thus
requiring less memory for storing the corresponding code.

Implementation 4: Microcontroller and CCDPP/DCT

Qur third implementation’s performance is close to that required by our specification,
achieving 1.5 seconds per image. Let us try to improve performance further to obtain 1 second
per image. In our next implementation, we will resort to implementing the CODEC in
hardware. That means that we will design a single-purpose processor that performs the DCT
operation on a block of 8 x 8 pixels. The block-diagram of our new system-on-a-chip is given
in Figure 7.21. Designing the processor for the CODEC may take some time to get correct.

To use this CODEC, we will need to make some changes to our software. Specifically,
we will need to change the CODEC module, as we did the UART and the CCDPP modules.
The code is presented in Figure 7.22. We have designed our hardware CODEC to have four
memmory-mapped  registers. Two of these registers, called C D474 REG and
C_DATAC _REG, are used to push and pop a block of 8 » 8 pixels into and out of the
CODEC. Another register, called C CMND REG, is used to command the CODEC.
Specifically, writing a one to this register will involce the CODEC. The last register, called
C STAT REG, can be polled in software to tell when our CODEC is done encoding a block
of | plxels The actual implementation of the CODEC is a direct translation of our fixed-point
version of the CODEC written in C, and used in our second 1mplememauon, into VHDL.
Using a single-prirpose processor for encoding data, we expect to improve cur execution time,
and thus satisfy our timing constraints.
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static unsigned char xdata C STAT REG _at 65527
static unsigned char xdata C QMND REG _at  65528;
static wnsianed char xdata C IIB.'_UAI REG at 65529;
static unsigned char xdata C I mo REG at 65530;
void CodecInitialize (void) {}
void CodecPushPixel (short p) { C DATAD REG = (char)p; }
short CodecPopPixel tvoid) {

retum ({C DATAT REG << 8) | C_DATAT REG);
}
void CodecDoFdcot (void) {

C D FEG = 17

Whlle( C STAT REG = 1} ( /* busy wait */ }
}

Figure 7.22: Rewriting the CODEC meodule to utilize the hardware CODEC,

We can now analyze our final implementation using the approach outlined in Figure 7.19,
Using simulation, we have measured the total execution time for processing a single image to
be 0.099 seconds. The power consumption is measured to be 0,040 watt. Notice that the
poswer consemption increased, because our chip is now doing more (i.e., there are multiple
processors working). The energy consumption of this design is 0.099 5 x 0.040 watt = .00040
joule. This means that our batteries will last 12 times longer than the previous design. The
area is measured to be 128,000 gates. We are now well under I second, processing one image
in about 1/10th of a second (approaching video camera speed now). However, we have
increased the IC size significantly. This implementation certainly meefs our timing
requirements. More importantly, if we design the PCT ourselves, we will likely increase our
NRE cost and time-to-market. If we purchase an existing DCT, we may increase our IC cost.

We have summuarized our results in Figure 7.23. In designing an embedded system, many
other metrics need to be considered. As with any other commercial product, in addition to
engineering issues, a careful cost analysis of a system must be made.

Implementation 3 is close in terms of performance but a little sfow, and consumes more
energy; but is likely much cheaper and will be built in less time. Implementation 4 meets the
performance (by a lot) and consumes much Iess energy (by a lot), but will be more expensive
and may result in missing our time-to-market cutoff, Which is better? It’s a choice that our
company will have to make, As mentioned in Chapter 1, a key challenge facing the embedded
system designer is to construct an implementation that simultancously optimizes numerous
design metrics, We can't always get what we want!

I
Implementation 2 | Implementation 3 | Implementation 4 !
Performance (second) 9.1 1.5 0.099 :
Power (walt) : 0.033 0.033 0.040
Size (gate) 98,000 90,000 128,000
-Ehergy (joule) : Q.30 0.050 0.0040

Figure 7.23:: Summary of design metrics.
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7.5

Summary

We have introduced a digital camera and have described its various components. These
components capture, digitize, process, and store images, among other things. As part of our
presentation, we have described JPEG encoding, to a limited extent. We have specified our
design project in an informal format using English as well as an executable specification. We
have described three design metrics of finterest, namely, performance, power consumption,
and chip area. For each of these metricd, we have suggested optimization techniques. In the
second part of the chapter, we have desciiibed several successively improved implementations.
The first implementation we considerediused a single microcontrofer, but would have been
far too slow. Qur second implementatich used a coprocessor to speed things up a bit, but we
were still much too slow. Qur third implementation gave up some accuracy during
compression by using fixed instead of floating-point numbers, It came close to our
performance constraint, but was a stilt a bit slow. Our last implementation involved another
coprocessor for compression, meeting performance easily but costing more and taking more
design time. The better of these last two implementations is not clear.

The executable specification and the three fatter unplementauons are available in source

- code format on this book’s Web page.

7.6
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1.7

Exercises

7.1 Using any programming language of choice, (a) implement the FDCT and IDCT
equations presented in section 7.2 using double precision and floating-point arithmetic.
(b) Use the block of 8 = 8 pixel given in Figure 7.2(b) as input to your FDCT and
obtain the encoded block. (¢) Use the output of part (b) as input to your IDCT to obtain
the original block. (¢) Compute the perccnt error between your decoder’s output and the
original block.

7.2 Assuming & bits per each pixel value, calcnlate the length, in bits, of the block given in
Figure 7.3(b).

7.3 Using the Huffiman codes given in Figure 7.5, ¢encode the block given in Figure 7.3(b),
{a) What is the length, in bits? (b) How much compression did we achieve be using
Huffman encoding? Use the resulis of the last question to calculate this.
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7.4

7.5

7.6

77

Convert 1,0, 1.1, 1.2, 1.3, 14, 1.5, 1.6, 1.7, 1.8, and 1.9 to fixed-point representation
using {a) two bits for the fractional part, (b) three bits for the fractional part, and (c)
three bits for the fractional part.

Write two C routines that, each, take as input two 32-bit fixed-point numbers and
perform addition and multiplication using 4 bits for the fractional part and the
remaining bits for the whole part.

Using any programuming language of choice to (a) implement the FDCT and IDCT
equations presented in Section 7.2 using fixed-point arithmetic with 4 bits used for the
fractional part and the remaining bits used for the whole part, (b) use the block of § x 8
pixels given in Figure 7.2(b) as input to your FDCT and obtain the encoded block, (c)
use the output of part (b) as input to your IDCT to obtain the original block, and (d)
compute the percent error between your decoder’s output and the original block.

List the modifications made in implementations 2 and 3 and discuss why each was
beneficial in terms of performance.
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8.1 Introduction

We implement a system’s processing behavior with processors. But to accomplish this, we
must have “Tirst described that processing behavior. Ome method we've discussed for
describing processing behavior uses assembly langnage. Another more powerful method vses
a high-level programming language like C. Both methods use what is known as a sequential
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