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Abstract

Electronic System Level design methodology and suppaiinlg simplifies the design of
complex embedded systems. In this paper, a case study wéthpdination example of canny
edge detector is presented. We recoded a C reference co@d@mmyf to an initial specification
model in SpecC. In order to yield best design from automaystem level design tools, we
refined the specification model by exploiting data-levebfialism, pipelining and converting
floating-point computation to fixed-point in the initial medd With the optimized specification
model, we used System-on-Chip Environment (SCE) to expldesign space, find allocation
and mapping scheme which can achieve real-time computi@yrefinement the specification
model to Transaction level Model.
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Abstract

Electronic System Level design methodology and supporting tools simgbidieesign of complex
embedded systems. In this paper, a case study with an application exafrcpleny edge detector
is presented. We recoded a C reference code of canny to an initial spéoifi model in SpecC.
In order to yield best design from automated system level design toolgfiwed the specification
model by exploiting data-level parallelism, pipelining and converting floatiagnt computation to

fixed-point in the initial model. With the optimized specification model, we uggdrg-on-Chip

Environment (SCE) to explore the design space, find allocation and ingagpheme which can
achieve real-time computing, and refinement the specification modedtsdction level Model.

1 Introduction

The growing market for embedded systems, typically portable electronicadgdemands products
with better functionality and shorter time to market. The complexity of designirtyjgtgng and
verifying systems containing increasing number of HW/SW componentsrsegeeat challenge
to embedded design methodology. Electronic system level (ESL) desigaesnthe problem using
models of higher abstraction level. In ESL design, a system is firstly spbogiag a System Level
Design Language (SLDL). The initial model is called a specification modednBupporting tools
can efficiently perform design space exploration, high-level synthasi software refinement to
cycle-accurate level on the specification model.

Figure 1 [3] presents an ESL design methodology and tool sets SCEif#] 8pecC SLDL.
Firstly, the product specification is captured using SpecC. Then, asttiriéerefinement is per-
formed, which involves allocation of processing elements (PE), mappinavtmek, channels and
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Figure 1: Top-Down System-Level Design Flow

variables to PEs. The result of architecture refinement is a system atalgtenodel of concurrent
PEs with abstract communication in channels. Next, scheduling refinemesfasmed to serial-
ize the execution of behaviors on each PE according to either static améyyseheduling (RTOS
support) chosen by designer. The result of this step is a system modelhgittact RTOS inserted
in each PE. Next, communication refinement implements the abstract communidetiorets be-
tween PEs. By allocating system busses and map the channels to them in&S€H, then generate
a bus-functional model of the system. Finally, the SW and HW componentsédiinctional model
is synthesized.

This report focuses on a case study of the ESL design methodologyarsapplication example
of canny edge detecter (canny). Canny is modeled in SpecC, optimizel@édmn and refined to
pin-accurate level using SCE.

2 Overview of Canny Edge Detector

The canny edge detector is developed by Prof. John F. Canny in h@B6éua work is based on a
reference implementation [1]. The algorithm applies five functions in seigliéman input image
and detects all the edges in it (Figure 2).

The five functions are:

e gaussiansmooth creates a gaussian kernel based on input pararB&&WA (the standard
deviation of the gaussian smoothing filter), and then used the kernel to filhrreeach pixel
of the image to reduce the noise. The blurring occurs first horizontallyrerdvertically.
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Figure 2: Canny Edge Detector Flowchart

e derivative x_y computes the first derivative of the image in both the x any y directions.

e magnitude_x_y computes the magnitude of the gradient - the square root of the sum of the
squared derivative values.

e non_max_supp applies non-maximal suppression to the magnitude of the gradient image.
The pixels which are not part of local maxima are set as non-edges.

e apply_hysteresisfinds edges that are above some high threshold or are connected to a high
pixel by a path of pixels greater than a low threshold. Paranfét®W andTHIGH specifies
these two thresholds.

3 System Level Modeling of Canny Edge Detector

3.1 Initial Specification Model

The first step of ESL design on canny is to create a specification modekdteed the unstructured
and sequential C reference code into SpecC model by works includiageumating functions into
behaviors, creating channels and hierarchy, and creating a testb&hehresulting specification
model is described as Figure 3(a) whstimulussends incoming images fatform, I/O units@din
anddoud send input to DUTcannyand send output tamonitor. DUT cannyconsists of 5 behaviors
(Figure 3(b)) performing the 5 functions of canny algorithm.

3.2 Model Refinements

We profiled the initial model using SCE profiler. The results (Figure 4) shaawhen ARM7 CPU
is allocated, Behavior takes more than 50% of total computation. In orderltbbgéer design, we
considered to optimizguassiansmooth

3.2.1 Parallelization ofguassian_smooth

Parallelization is one desired approach to optimize the heaviest fungtiassiansmooth We
observed thaguassiansmoothfirstly creates a Gaussian kernel used to blur the image (we call this
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Figure 4: Canny Profile using SCE

task 'Prep’), then blurs the image in horizontally by filtering each pixel ugmgeighbors in X-
direction (BlurX), and finally blurs the image in vertically by filtering each pux&ihg its neighbors



in Y-direction (BlurY). One parallelization strategy is to run BlurX on horitadislices of the image
in parallel and BlurY on vertical slices. In this way, the parallelization caddpendency free.

To model parallel tasks, we partitiongdassiansmoothinto 3 behaviors, namelrep, BlurX
and BlurY. Assuming 4 available processing elements, we created the new hierarcyais-
sian.smoothas Figure 3.2.1.
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Do oo

J

BlurX

() (7

Figure 5: Paralleyjuassiansmooth

3.2.2 Pipelining

Though the reference C code only processes a single image, we attepggebcification model to
process a sequence of images with the number of images specified by th&/aseve pipelined
the 5 functional blocks (Figure 6) so that the model is able to process multg@ening images in
parallel.

>
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gaussian _smooth() derrivative_x_y() magnitude_x_y() non_max_supp() apply_hysteresis()
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Figure 6: 5-stage Pipelined Canny Edge Detector [5]



3.2.3 Converting Floating-point to Fixed-point

Figure 7 shows updated profiling results whrassiansmoothis parallelized using 4 processing
unit and tentatively mapped onto two hardware unit using SCE. Nowmaxsuppcontains the
largest amount of computation in all behaviors and becomes the bottleneekpiptine.
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Figure 7: Canny Profile using SCE aftpuassiansmoothparallelized
From SCE profiling statistics, 95.6% of the operationsiammax suppare floating-point. In

order to balance the pipeline stages, we converted floating-point computafiged-point without
loss of accuracy [4].

The source code of the refined specification model can be found inndippA.1.
4 Model Refinements and Implementation using SCE

PE Allocation

Name ' |Type |
CPU ARM_7TDMI_10000_20000_0
Hardware BlurX HW_Standard
Hardware_BlurY HW_Standard

10 _IN HW_Virtual

10_OouT HW_Virtual

Figure 8: PE Allocation
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Figure 9: Behavior Mapping

In this section different steps of design space exploration shown ind-igware performed over
Canny example. The SCE tool is used to perform a step by step implementatienmefinement
steps start with architecture refinement. In this step processing elemends@&dded to design
and canny’s behaviors are allocated to them. The added PEs and thegpaording behaviors are
shown in the Figure 8 and Figure 9.

The canny algorithms are running on a ARM7TDMI target processorani is shown in
Figure 9 two sub behavior of tlguassiansmoothfunction are allocated to separate hardware units.
Since theguassiansmoothfunction is computationally expensive, extra hardware units are added
to improve the performance of the design.

In the next step of system level design process different behavidihe aesign are scheduled.
In the canny example no dynamic scheduling algorithm is applied and bebaxiecution order is
static and same as the original specification of the design. After schedudihgltaviors, decisions
on communication between system components are made. Two system B&/Seleated in canny
example; AMBA BUS belong to allocated ARM CPU and a Hardware bus. Theaded BUSes
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CPU Bus AMBA AHB 20000 0 32 g g 20000 ps 0.5 % 800.0 Mbit/s
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Figure 10: Network Allocation

Network Allocation

Figure 11: Network Connectivity

are illustrated in Figure 10. Following the BUS allocation, components conitgcMasters and
Slaves are defined. In Figure 11 component’s connections over theaBSarified.

Finally the implementation is brought down to Transaction level Model(TLMbpld4 reflects
the simulation results in each step. The detailed configuration of the TLM agoreis described
in the Makefile in Appendix .

Table 1: Timing of various Models

Model Simulation Time(micro second)
Specification Model 0

Architecture Model 1982972

Scheduled Architecture Model 1982972

Network Model 1982972

TLM Model 2012235

5 Conclusion

In this report, we have created a system-level model of a canny edgtatdtased on its C reference
code. We refined the model by exploiting parallelism, pipelining and conveittating-point to
fixed-point for the bottleneck pipelining stage. We then use SCE to find aratithe and mapping
scheme and refine the model automatically to Transaction level Model. Thd madgified by
simulation.
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A Appendix

A.1 Source Code of Canny Edge Detector in SpecC

/x Canny Edge Detector for image stream
X.Han, Rainer Doemer, Oct.2012/

#include <stdio.h>
#include <stdlib.h>
#include <math.h>

#include <string .h>

#include <sim.sh>

#include <c_typed.queue.st /x make the templates available/
#include <c_typed.doublehandshake.sh

#define VERBOSE 0
#define TIME_BASE

#define NOEDGE 255

(1 MICRQSEC) // print time in units of micre-seconds

#define POSSIBLEEDGE 128

#define EDGE 0

#define BOOSTBLURFACTOR 90.0

#define COLS 640
#define ROWS 360

#define SIZE COLSROWS

//do not include p

icture number and ".pgm” of the filename

#define FILENAME "image”

#define SIGMA 0.6
#define TLOW 0.3
#define THIGH 0.8

#define IMGNUM 4
#define AVAIL IMG 3

/1'it can be any number

#define SHIFT_BIT 16

/* an upper bound

for removing dynamic calloc

* SIGMA must be less than 4
+ check for 'windowsize’' below

x/
#define WINSIZE 21

/I patch for the nonmaxsupp function

#define SMPPATCH

/1 fixed point com
#define FIXED_POINT

puting for namaxsupp() function

typedef unsigned charimg[SIZE]; /* define our communication data types/

10
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typedef short imgs[SIZE];

DEFINEI_TYPED.SENDER(img, img) /Il creates interface dimg_sender
DEFINEI_TYPED.RECEIVER(img, img) /I creates interface dimg.receiver
DEFINEI_TYPED.TRANCEIVER(img, img) /I creates interface dimg_tranceiver
DEFINEC_TYPED.QUEUE(img, img) /I creates channel émg_queue
behavior Monitor(i_-img_receiver Imgln,in sim_time StartTime [IMGNUM])

{

unsigned char edge[SIZE];

/******************************************************************************
x Function: write.pgm.image
x Purpose: This function writes an image in PGM format. The efiis either
x written to the file specified by outfilename or to standarditput if
+x outfilename = NULL. A comment can be written to the header oment != NULL.
stk ok sk o ok ok sk ok sk ook st ok sk ok sk st ok s ok sk sk ok s ok sk ok stk ok sk ok ok sk sk ok sk ok sk st otk ok sk st ok sk sk sk ok st sk sk sk ok sk ok sk sk ok sk sk ok ok sk sk ok ook ok ok
int write_pgm_image (char xoutfilename , unsigned char ximage, int rows,

int cols, const char xcomment, int maxval)
{

FILE xfp;

[ 4 sk st ot st sk sk st ot s ok sk sk ot sk ok sk ok stk ok sk ot sk ok sk st ot sk ok sk st stk ok sk skt sk ok sk ok stk ok sk ok ok sk sk ok ok sk sk ok sk ok sk sk ok sk sk sk sk ok ok sk ok okok
x Open the output image file for writing if a filename was givenf no
x filename was provided, set fp to write to standard output.
***************************************************************************/
if (outfilename == NULL) fp = stdout;
else{
if ((fp = fopen(outfilename, "w”)) == NULLY
fprintf(stderr, "Error.writing._the_file %s.in_write_pgm.image () \n",
outfilename);
return (0);

}

/***************************************************************************
+ Write the header information to the PGM file .
kst s sk sk sk sk ok ok sk sk sk sk s sk ok sk sk ok sk sk sk sk sk sk ok sk s sk sk sk sk ok sk sk st sk sk sk sk ok sk sk sk sk sk sk sk sk sk ok sk sk sk sk skosk sk ok sk ok sk ok ok sk ok sk [
fprintf(fp, "P5\mad%d\n”, cols, rows);
if (comment != NULL)

if (strlen(comment)<= 70) fprintf(fp, "#.%s\n”, comment);
fprintf(fp, "d\n”, maxval);

[ sk st st sk st sk sk st sk sk st sk sk sk sk sk sk sk s sk sk sk sk sk sk sk ok sk sk sk sk sk sk ok sk st sk sk sk sk ok sk s sk sk sk sk sk sk sk ok sk ok sk sk sk sk sk sk ok sk kok ok sk ok ok
x Write the image data to the file.
sk sk st sk sk s sk sk ok sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk st sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk ok sk sk sk sk sk ok sk ok skskok stk sk ok sk [
if ((unsigned)rows != fwrite (image, cols, rows, fp))
fprintf(stderr, "Error.writing._the_.image.data.in_write_pgm.image ()\n");
if (fp != stdout) fclose(fp);
return (0);

11
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s

}

}

if (fp '= stdout) fclose(fp);
return (1);

void main ()

{

}

char outfilename[128]; /x Name of the output "edge” image«/
sim_time t, t2;

sim_time_string buf, buf2;

int i,n;

for (i=0; iI<IMGNUM; i++)
{

Imgin.receive(&edge);

t = now();
printf ("%8s:.Monitor_received.image¥d\n”,time2str (buf, t/TIMEBASE),i);
t2 = t — StartTime[i];
printf("%8s:.Image.processingtook %8s.micro.seconds\n",
time2str (buf, t/TIMEBASE), time2str(buf2, t2/TIMBBASE));

[ 4 sk st ot sk s sk st ot sk ok sk sk ot s ok sk sk stk ok sk ok stk sk sk ok sk ke sk st ok sk ok sk st otk ok sk sk ok sk ok sk sk stk ok sk sk ok sk sk ok ok sk sk ok ok sk sk ok ok sk sk ok ok ok
+ Write out the edge image to a file.
sk sk st sk sk sk sk sk ok sk sk sk sk s sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk st sk sk sk sk s sk sk sk sk sk sk sk sk sk sk sk sk ok sk sk sk sk sk ok sk ok sk sk ok sk ok [

N=i%AVAIL IMG;

sprintf(outfilename , "%ss_%3.2f_1 _%3.2f_.h_%3.2f %d.pgm”, FILENAME, SIGMA, TLOW, THIGH,

if (VERBOSE) printf(”"Writing_the_edge.iname.in_the_file %s.\n”, outfilename);
if (write_.pgm.image (outfilename, edge, ROWS, COLS,””, 255) =={0)
fprintf(stderr, "Error.writing_the_edge.image ,%s.\n”, outfilename);
exit(1);
}

Y1/ for

exit(0); // done testing, quit the simulation

behavior Stimulus(iimg_sender ImgOut,out sim_time StartTime [IMGNUM])

{

unsigned char image[SIZE];

[ 35 ks ok o o o ok ok ok sk sk sk ok ok ok ok kK ok o ok ok ok ok ok sk sk sk ok ok ok ok K K KRk s s sk sk ok ok sk ok sk sk ok ok ok K K KKK R ok sk sk ok sk ok ok ok ok ok o o ok

*

*
*
*

Function: readpgmimage

Purpose: This function reads in an image in PGM format. Theage can be
read in from either a file or from standard input. The image omly read
from standard input when infilename = NULL. Because the P@vinfat includes

12



153 x the number of columns and the number of rows in the image, é¢hase read
154 x from the file. Memory to store the image is allocated OUTSIDHS function.
155 x The found image size is checked against the expected rowscais.

156 x All comments in the header are discarded in the process ofdrea the

157 x image. Upon failure, this function returns 0, upon sucess rgturns 1.

158 ******************************************************************************/
159 int readpgm.image (const char xinfilename , unsigned char ximage0O, int rows, int cols)
160 {

161 FILE «fp;

162 char buf[71];

163 int r, c;

164

165 /***************************************************************************
166 « Open the input image file for reading if a filename was givehf. no

167 x filename was provided, set fp to read from standard input.

168 ***************************************************************************/
169 if (infilename == NULL) fp = stdin;

170 elsef

171 if ((fp = fopen(infilename, "r”)) == NULLY

172 fprintf(stderr, "Error.reading-the_file %s.in_readpgm.image ().\n”,
173 infilename);

174 return (0);

175 }

176 }

177

178 /***************************************************************************
179 « Verify that the image is in PGM format, read in the number oflugons

180 « and rows in the image and scan past all of the header informati

181 ***************************************************************************/
182 fgets (buf, 70, fp);

183 if (strncmp (buf,”P5”,2) 1= 0

184 fprintf(stderr, "The.file Ys_is.not_in PGM.format.in.”, infilename);

185 fprintf(stderr, "readpgm.image().\n”);

186 if (fp '= stdin) fclose(fp);

187 return (0);

188

189 do{ fgets(buf, 70, fp); }while(buf[0] == "#"); [/« skip all comment linesx/
190 sscanf(buf, d%d”, &, &r);

191 if (c 1= cols [| r I= rows)

192 fprintf(stderr, "The.file Y%s_is_.not.a %d_by %d_image.in.”, infilename, cols, rows);
193 fprintf(stderr, "readpgm.image ().\n”);

194 if (fp !'= stdin) fclose(fp);

195 return (0);

196

197 do{ fgets(buf, 70, fp); }while(buf[0] == '#'); [/« skip all comment linesx/
198

199 if ((unsigned)rows != fread(imageO, cols, rows, fp))

200 fprintf(stderr, "Error_reading.the_.image.data.in_readpgm.image ()\n");
201 if (fp '= stdin) fclose(fp);

202 return (0);

203 }

204

13
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if (fp != stdin) fclose(fp);

return (1);
}
void main ()
{
sim_time t;
sim_time_string buf;
int i=0,n=0;
char infilename[40];
for (i=0;i < IMGNUM; i++)
n=i%AVAIL IMG;
sprintf(infilename , "%s%d.pgm” ,FILENAME, n);
if (VERBOSE) printf("Readingthe_.image%s.\n", infilename);
if (readpgm.image (infilename , image, ROWS, COLS) =={0)
fprintf(stderr, "Error.reading.the_input_.image ,%s .\n", infilename);
exit(1);
}
t = now() / TIMEBASE;
printf ("%8s:.Stimulus.sends.image%d\n”, time2str(buf, t), i);
StartTime[i] = t;
ImgOut. send (image);
}
}

behavior Prep(iLimg.receiver Imgin, inout int center,

{

inout float kernel[WINSIZE], inout img image)

int windowsize; /x Dimension of the gaussian kernelx/

void makegaussiankernel(float sigma)

{

int i;
float x, fx, sum=0.0;

windowsize = 1 + 2% ceil (2.5 = sigma);
center = windowsize / 2;

if (VERBOSE) printf(".cceco The_kernel.has%d_elements\n”, windowsize);
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for (i=0;i<windowsize;i++)
x = (float)(i — center);
fx = pow(2.71828, —0.5«x«x/(sigmaxsigma)) / (sigmax sqrt(6.2831853));
kernel[i] = fx;
sum += fx;

}
for (i=0;i<windowsize;i++) kernel[i] /= sum;

if (VERBOSEX
printf("The_filter _coefficients.are\n");
for (i=0;i<windowsize;i++)
printf("kernel[%d].=%f\n", i, kernel[i]);

void main ()

{

}

Imgin.receive(&mage);

[ sk sk st ot s o sk st o sk ok sk st otk ok sk sk stk ok sk sk st s ok sk ok st s ok sk ok st sk sk st o sk ok sk sk ok sk sk sk ok sk sk sk ok s ok sk sk ok sk ok sk ok ok sk sk ok sokok ko ok ok ok
x Create a tdimensional gaussian smoothing kernel.
****************************************************************************/
if (VERBOSE) printf(".._.Computing.the_gaussiansmoothing.kernel\n");
make gaussiankernel (SIGMA);;

behavior BlurX(in img image, in int center, in float kernel[WINSIZE],

inout float tempim[SIZE], in int rowStart, in int rowEnd)
{
void main()
{
int r, ¢, cc; /+ Counter variables.x/
float dot, /x Dot product summing variable x/
sum; /x Sum of the kernel weights variablex/
/****************************************************************************
x Blur in the x— direction.
****************************************************************************/
if (VERBOSE) printf("...Bluring_the_image.in_the_X-direction \n");
for (r=rowStart; KrowEnd; r++)
for (c=0;<COLS; c++)
dot = 0.0;
sum = 0.0;
for (cc=(—center);ce=center;cc+H
if (((c+cc) >= 0) & ((c+cc) < COLS)){
dot += (float)image[rCOLS+(c+cc)] x kernel[center+cc];
sum += kernel[center+cc];
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i

}
}
tempim[r«COLS+c] = dot/sum;

}
}

behavior BlurY (out imgs smoothedim,in int center, in float kernel[WINSIZE],

{

in float tempim[SIZE], in int colStart, in int colEnd)

void main ()

{

}

i

int r, c, rr; /+ Counter variables.x/
float dot, /x Dot product summing variable x/
sum; /+ Sum of the kernel weights variablex/

/****************************************************************************
x Blur in the y— direction.
****************************************************************************/
if (VERBOSE) printf(".._Bluring_the_image.in_the_Y-direction \n");
for (c=colStart;ecolEnd;c++Y
for (r=0;r<ROWS; r++)
sum = 0.0;
dot = 0.0;
for (rr=(—center); r=center; rr++J
if (((r+rr) >=0) & ((r+rr) < ROWS){
dot += tempim[(r+rr xCOLS+c] *x kernel[center+rr];
sum += kernel[center+rr];

}

smoothedim [ kKCOLS+c] = (short int)(dot«+BOOSTBLURFACTOR/sum + 0.5);

}
}

behavior BlurX_par(in img image, in int center, in float kernel[WINSIZE],

{

inout float tempim[SIZE])

BlurX blurX1(image, center, kernel, tempim, ((ROWSAD), ((ROWS/4)1));
BlurX blurX2(image, center, kernel, tempim, ((RONSA), ((ROWS/4)2));
BlurX blurX3(image, center, kernel, tempim, ((RONSAD), ((ROWS/4X%3));
BlurX blurX4(image, center, kernel, tempim, ((ROWSAB), ((ROWS/4)4));

void main()

{
par{
blurX1.main();
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}

blurX2.main();
blurX3.main();
blurX4 .main();

behavior BlurY _par(out imgs smoothedim,in int

{

i

BlurY
BlurY
BlurY
BlurY

void

{

in float tempim[SIZE])

blurY1l(smoothedim, center, kernel,
blurY2 (smoothedim, center, kernel,
blurY3(smoothedim, center, kernel,
blurY4 (smoothedim, center, kernel,

main ()

par{

}

blurYl.main();
blurY2.main ();
blurY3.main();
blurY4.main();

center, in float kernel[WINSIZE],

tempim,
tempim,
tempim,
tempim,

((COug#0), ((COLS/4)1));
((COHB$%1), ((COLS/4)2));
((COu$%2), ((COLS/4)3));
((COHF%3), ((COLS/4)4));

behavior Blur_done( in imgs smoothedim,out imgs smoothedimg )

{

i

void main ()

smoothedimg = smoothedim;

behavior GaussianSmooth (Limg.receiver Imgin, out imgs smoothedimg)

{

img image;

int center;

float kernel[WINSIZE];
float tempim[SIZE];
imgs smoothedim;

Prep prep(lmgin, center, kernel, image);
BlurX_par blurX_par(image, center, kernel, tempim);

BlurY _par blurY_par(smoothedim, center, kernel, tempim);
Blur_done blurdone (smoothedim, smoothedimg);

void main()

{

prep.main();
blurX_par.main();
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blurY_par.main();
blur_done .main();

behavior DerivativeX_Y (in imgs smoothedim,out imgs deltax, out imgs deltay)

{

/*******************************************************************************
* PROCEDURE: derrivativex.y
x PURPOSE: Compute the first derivative of the image in botle th any y
x directions. The differential filters that are used are:
*
-1
dx = =10 +1 and dy = 0
+1

* ¥ ¥

*
x NAME: Mike Heath
«x DATE: 2/15/96
*******************************************************************************/
void derivative.x_y (short int xsmoothedimg,int rows, int cols,

short int xdeltax, short int «deltay)
{

int r, c, pos;

/****************************************************************************
x Compute the xderivative. Adjust the derivative at the borders to avoid
x losing pixels.
****************************************************************************/
if (VERBOSE) printf(".._.Computing.the.X—direction_derivative \n");
for (r=0;r<rows; r++)

pos = r x cols;

deltax[pos] = smoothedimg[pos+1} smoothedimg[pos];

pos++;

for (c=1;c<(cols—1);c++,pos++]

deltax[pos] = smoothedimg[pos+1} smoothedimg[pos 1];
}

deltax[pos] = smoothedimg[pos} smoothedimg[pos1];

}

/****************************************************************************
x Compute the yderivative. Adjust the derivative at the borders to avoid
x losing pixels.
****************************************************************************/
if (VERBOSE) printf(".._.Computing.the_.Y—direction_derivative \n");
for (c=0;c<cols;c++)

pos = c;

deltay[pos] = smoothedimg[pos+cols] smoothedimg[pos];

pos += cols;

for (r=1;r<(rows—1);r++,pos+=colsj

deltay[pos] = smoothedimg[pos+cols] smoothedimg[poscols];
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deltay[pos] = smoothedimg[pos} smoothedimg[poscols];

}

void main()

{

imgs deltax, deltay;
derivative.x_y (smoothedim, ROWS, COLS, deltax, deltay);

deltay=deltay;
deltax=deltax;

behavior MagnitudeX_Y (in imgs deltax, in imgs deltay, out imgs magnitude,

{

i

out imgs deltax_pl, out imgs deltay_p1l)

[ 4 sksk st ot s sk sk st ot sk ok sk sk ot sk ok sk ok stk sk st ok sk o sk st otk ok sk st stk sk sk sk st s sk sk ok st sk sk sk ok sk ok sk st ot sk ok sk st ok sk sk sk ok sk sk ok ok ok stk ok sk sk ok ok

+ PROCEDURE: magnitude_y

x PURPOSE: Compute the magnitude of the gradient. This is thease root of

x the sum of the squared derivative values.

x NAME: Mike Heath

+ DATE: 2/15/96

s ok sk ok ok ok sk ok ok ok sk o sk ok sk st otk ok sk st otk ok sk ok st s sk sk ok st sk sk sk ok sk ok sk sk ok ok sk ok ok sk sk sk stk ok sk ok stk ok sk ok sk sk sk ok sk sk sk ok ok sk sk ok ok ok

void magnitudex_y(short int xdeltax, short int xdeltay, int rows, int cols,
short int xmag)

{

int r, c, pos, sql, sq2;

for (r=0,pos=0;krows; r++)}
for (c=0;<cols;c++,pos++)
sgql = (int)deltax[pos]* (int)deltax[pos];
sg2 = (int)deltay[pos]* (int)deltay[pos];
mag[pos] = Ghort)(0.5 + sqrt((float)sql + (float)sq2));

}

void main()

{

imgs mag;
magnitudex_y(deltax, deltay, ROWS, COLS, mag);
magnitude = mag;

deltax_pl = deltax;
deltay_p1l deltay;

516 behavior Mag_Delta(in imgs smoothedim,out imgs deltax, out imgs deltay,
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out imgs magnitude)

imgs deltax_p1;
imgs deltay_p1;

DerivativeX_Y derivative_.x_y (smoothedim, deltax_pl, deltay_pl);
MagnitudeX_Y  magnitudex_y(deltax_pl, deltay_pl, magnitude,
deltax, deltay);

void main ()

{

derivativex_y .main ();
magnitudex_y .main ();

behavior Non.Max_Supp(in imgs deltax, in imgs deltay, in imgs magnitude,

{

out img nms, out imgs magnitudepl)

/*******************************************************************************

PROCEDURE: noomaxsupp

PURPOSE: This routine applies nemaximal suppression to the magnitude of

the gradient image.

NAME: Mike Heath

DATE: 2/15/96

sk sk sk sk sk sk sk ok sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk ok sk ok sk sk sk sk sk sk ok sk sk sk sk sk sk ok sk sk k sk skok ok sk stk skokok ok ok

nonmaxsupp (short xmag, short xgradx, short xgrady, int nrows, int ncols,
unsigned char xresult)

{

* X ¥ X ¥

int rowcount, colcount,count;
short sxmagrowptr x magptr;
short sgxrowptr xgxptr;

short xgyrowptr xgyptr,z1,z2;
int gx,gy;

short m00;

#ifdef FIXED_POINT

#else

#endif

int magl,mag2,xperp,yperp;
float magl,mag2, xperp,yperp;
unsigned char xresultrowptr, xresultptr;

/****************************************************************************
+ Zero the edges of the result image.
sk sk ok sk sk st sk sk sk ok sk sk sk sk sk s sk sk sk sk ok sk st sk sk sk sk sk sk sk s sk sk s sk sk sk sk ok sk sk sk sk sk sk ok sk sk sk sk sk sk ok sk sk k sk sk sk ksk ok sk skok sk ok ok k[
for (count=0,resultrowptr=result ,resultptr=result+nce{arows—1);
counkncols; resultptr++,resultrowptr++,count+t)
xresultrowptr =«resultptr = (unsigned char) O;

}

for (count=0,resultptr=result ,resultrowptr=result+ncelk
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counknrows; count++,resultptr+=ncols,resultrowptr+=ncofs)
xresultptr =xresultrowptr = @nsigned char) O;

}

/>(<>k**************************************************************************

* Suppress noamaximum points.

st s ok sk ot o ok st ok s ook st ok s ok sk st ot s ok sk skt s ok sk okt s ok sk ok st s sk sk ok sk o sk st ok sk sk sk stk sk sk sk ok st sk sk sk ok ok sk sk ks sk sk ok ok sk sk ok ok ok

for (rowcount=1,magrowptr=mag+ncols+1,gxrowptr=gradxehct+1,
gyrowptr=grady+ncols+1,resultrowptr=result+ncols+1;

#ifdef SMPPATCH

#else

#endif

rowcounk=nrows—2;
rowcounknrows—2;
rowcount++,magrowptr+=ncols , gyrowptr+=ncols , gxrowptncols ,

resultrowptr+=ncolsj
for (colcount=1,magptr=magrowptr, gxptr=gxrowptr, gyptrrgwptr,

#ifdef SMPPATCH

#else

#endif

resultptr=resultrowptr;colcourtncols—2;
resultptr=resultrowptr;colcourincols—2;

colcount++,magptr++,gxptr++,gyptr++,resultptr++)
m00 = xmagptr;
if (m00 == 0}

xresultptr = (unsigned char) NOEDGE;

#ifdef FIXED_POINT

#telse

#endif

}

else{
gx = xgxptr;
gy = xgyptr;;

xperp = —(gx<<SHIFT_BIT)/mO00;
yperp = (gx<SHIFT_BIT)/m00;

xperp = —(gx = xgxptr)/((float)m00);
yperp = (gy ==gyptr)/((float)m00);

}

if (gx >= 0){
if (gy >= 0){
?‘ (gx >= gy)
[% 111 %/

/x Left point x/
z1 = x(magptr— 1);
z2 = x(magptr— ncols — 1);

magl = (m00— zl)xxperp + (z2— zl)xyperp;
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}

/x Right point =/
z1 = x(magptr + 1);
z2 = x(magptr + ncols + 1);

mag2 = (m00— zl)xxperp + (z2— zl)xyperp;

else

{

/% 110 x/

/% Left point x/

z1 = x(magptr— ncols);

z2 = x(magptr— ncols — 1);

magl = (z1-— z2)xxperp + (z1— mOO)yperp;
/x Right point =/
z1 = x(magptr + ncols);

z2 = x(magptr + ncols + 1);

mag2 = (z1l— z2)«xperp + (z1— mOO)xyperp;

it (gx >=—gy)

}

/x 101 =/

/% Left point =/

z1 = x(magptr— 1);

z2 = x(magptr + ncols— 1);

magl = (m00— zl)xxperp + (z1— z2)xyperp;
/x Right point x/

z1 = x(magptr + 1);
z2 = x(magptr— ncols + 1);

mag2 = (m00— zl)xxperp + (z1— z2)xyperp;

else

{

/% 100 =/

/% Left point «/

z1 = x(magptr + ncols);

z2 = x(magptr + ncols— 1);

magl = (z1- z2)xxperp + (m00— zl)xyperp;

/% Right point =/
z1 = x(magptr— ncols);
z2 = x(magptr— ncols + 1);
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}

else

mag2 = (z1-— z2)xxperp + (m00— zl)xyperp;

it ((gy = +gyptr) >= 0)

{

}

if (—gx>=gy)
{

}

/% 011 «/

/% Left point =/

z1 = x(magptr + 1);

z2 = x(magptr— ncols + 1);

magl = (z1-— mOO)xxperp + (z2— zl)xyperp;
/+ Right point x/

z1 = x(magptr— 1);
z2 = x(magptr + ncols— 1);

mag2 = (z1-— mOO)xxperp + (z2— zl)xyperp;

else

{

}

else

{

/% 010 =/

/% Left point =/

z1 = x(magptr— ncols);

z2 = x(magptr— ncols + 1);

magl = (z2— zl)xxperp + (z1— mOO)yperp;
/+ Right point x/

z1 = x(magptr + ncols);
z2 = x(magptr + ncols— 1);

mag2 = (z2— zl)xxperp + (z1— mOO)yperp;

it (—gx> —gy)

/% 001 %/

/% Left point =/

z1 = x(magptr + 1);

z2 = x(magptr + ncols + 1);

magl = (z1— mOO)xxperp + (z1— z2)xyperp;
/+ Right point x/
z1 = x(magptr— 1);
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z2 = x(m

agptr— ncols — 1);

mag2 = (z1— mOO)xxperp + (z1— z2)xyperp;

[« Left point =/

agptr + ncols);
agptr + ncols + 1);

magl = (z2— zl)xxperp + (mOO— zl)xyperp;

point x/
agptr— ncols);
agptr— ncols — 1);

mag2 = (z2— zl)xxperp + (m0OO— zl)xyperp;

/* Now determine if the current point is a maximum point

ag2> 0))

xresultptr = (unsigned char) NOEDGE;

(unsigned char) NOEDGE;

(unsigned char) POSSIBLEEDGE;

}
else
{
[+ 000 =/
z1 = x(m
z2 = x(m
/+ Right
z1 = x(m
z2 = x(m
}
}
}
if ((magl> 0) || (m
{
}
else
{
if (mag2 == 0)
xresultptr =
else
xresultptr =
}
}
}
return O;
}
void main()
{
img result;
int i;

//initialise nms to all
for ( i=0; i<SIZE; i++ )

result[i] = 0O;

}

nonmaxsupp (magnitude ,

zero by jiangwan

deltx, deltay, ROWS, COLS,

24
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magnitudepl = magnitude;
nms = result;

behavior Apply_Hysteresis{n imgs magnitude ,in img nms, Limg_sender ImgOut)

unsigned char edge[SIZE];

/*******************************************************************************

PROCEDURE: followedges

PURPOSE: This procedure edges is a recursive routine thadcers edgs along

all paths whose magnitude values remain above some spebiéydower

threshhold.

NAME: Mike Heath

DATE: 2/15/96

*******************************************************************************/

void follow_edges (nsigned char xedgemapptr,short xedgemagptr,short lowval,
int cols)

{

* ¥ X X ¥ X

note _.SCCANALYSIS_IgnoreParThAnalyzeRecursiveFunctianee ;
short xtempmagptr;
unsigned char xtempmapptr;
int i;
int x[8] = {1,2,0~-1,-1,-1,0,1},
y[8] {0,1,1,1,0-1,-1,-1};

for (i=0;i<8;i++){
tempmapptr = edgemapptr y[i]*cols + x[i];
tempmagptr = edgemagptr y[i]*cols + x[i];

if ((xtempmapptr == POSSIBLEDGE) && (xtempmagptr> lowval)){
xtempmapptr = @nsigned char) EDGE;
follow_edges (tempmapptr,tempmagptr, lowval, cols);

}

/*******************************************************************************

PROCEDURE: applyhysteresis

PURPOSE: This routine finds edges that are above some higtesthhold or

are connected to a high pixel by a path of pixels greater tharow

threshold.

NAME: Mike Heath

DATE: 2/15/96

*******************************************************************************/

void apply_-hysteresiséhort int xmag, unsigned char xnmsimg, int rows, int cols,
float tlow, float thigh, unsigned char xedgeO)

* X ¥ X ¥ X
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int r, ¢, pos, numedges, highcount, lowthreshold, highthrédho
hist[32768];
short int maximummag;

/****************************************************************************
+ Initialize the edge map to possible edges everywhere the-mawimal
x suppression suggested there could be an edge except for trdeb. At
x the border we say there can not be an edge because it makes the
+ follow_edges algorithm more efficient to not worry about tracking a
edge off the side of the image.
****************************************************************************/
for (r=0,pos=0;krows; r++)}

for (c=0;<cols;c++,pos++)

if (nmsimg[pos] == POSSIBLEEDGE) edgeO[pos] = POSSIBLEDGE;

else edgeO[pos] = NOEDCE;

}

*

}

for (r=0,pos=0;krows; r++,pos+=cols{
edgeO[pos] = NOEDGE;
edgeO[pos+cols1] = NOEDGE;

}

pos = (rows-1) % cols;

for (c=0;c<cols;c++,pos++)
edgeO[c] = NOEDGE;
edgeO[pos] = NOEDGE;

}

/****************************************************************************
x Compute the histogram of the magnitude image. Then use tls¢odpiam to
x compute hysteresis thresholds.
****************************************************************************/
for (r=0;r<32768;r++) hist[r] = 0;
for (r=0,pos=0;krows; r++)}

for (c=0;c<cols;c++,pos++)

if (edgeO[pos] == POSSIBLEDGE) hist[mag[pos]]++;

}

/****************************************************************************
x Compute the number of pixels that passed the nonmaximal agspon .
****************************************************************************/
for (r=1,numedges=0;432768;r++)

if (hist[r] != 0) maximummag = r;

numedges += hist[r];

}

highcount = (nt)(numedges+ thigh + 0.5);

[ s kst st st s sk st ok s sk sk st ok sk sk sk st sk s sk sk st sk s ok sk sk st sk ok sk ok st sk sk st ok sk sk sk st ok sk sk sk st ok sk sk sk st ok s sk sk stk s sk sk sk sk sk sk sk ok ok sk sk ok ok sk ok
x Compute the high threshold value as the (180thigh) percentage point
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in the magnitude of the gradient histogram of all the pixelsat passes
non-maximal suppression. Then calculate the low threshold asracfion
of the computed high threshold value. John Canny said in hapep

"A Computational Approach to Edge Detection” that "The rati of the

high to low threshold in the implementation is in the rangeotwr three
to one.” That means that in terms of this implementation, weowd
choose tlow "= 0.5 or 0.33333.
****************************************************************************/
r=1;

numedges = hist[1];

while ((r<(maximummag-1)) & (numedges< highcount))

r++;

numedges += hist[r];

* Kk K X K K X

}
highthreshold = r;

lowthreshold = (nt)(highthresholdx tlow + 0.5);

if (VERBOSE)
printf("The_input_low_and.high_fractions.of %f_and%f_computedto\n”,
tlow, thigh);
printf("magnitude.of_the_gradientthreshold.values.of: %d.%d\n",
lowthreshold, highthreshold);

}

[ 3 kst ot s ok sk st ok sk o sk st ot sk ok sk sk ot sk ok sk sk ot s ok sk ok stk ok sk ok ok sk st ok st ok sk st ok ok sk sk ok sk sk sk ok ok sk sk ok sk ok sk ok ok sk sk ok ok sk sk ok ok ok ok
x This loop looks for pixels above the highthreshold to locagdges and
+ then calls followedges to continue the edge.
stk ok sk ok ok ok st ok s ook st otk o sk st otk ok sk skt sk ok sk okt sk ok sk ok ok sk sk ok ok sk st ok ok sk sk otk ok sk sk ok st sk sk sk ok ok sk sk ok sk sk ok ok sk sk ok ok ok
for (r=0,pos=0;Krows; r++)
for (c=0;c<cols;c++,pos++)
if ((edgeO[pos] == POSSIBLEDGE) &% (mag[pos]>= highthreshold)]
edgeO[pos] = EDGE;
follow_edges ((edgeO+pos), (mag+pos), lowthreshold, cols);
}
}
}

/****************************************************************************
+ Set all the remaining possible edges to redges.
sk sk sk sk sk st sk sk s sk ok sk sk sk sk sk sk sk sk sk sk ok sk st sk sk sk sk sk sk sk s sk sk sk sk sk k sk ok sk sk sk sk sk sk ok sk sk sk sk sk sk ok sk sk sk sk ok sk sk sk ok skskok sk ok ok k[
for (r=0,pos=0;Krows; r++)

for (c=0;c<cols;c++,pos++)if (edgeO[pos] !'= EDGE) edgeO[pos] = NOEDGE;
}

void main()

apply_hysteresis(magnitude, nms, ROWS, COLS, TLOW, THIGH, edge)
ImgOut. send(edge);
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/>k******************************************************************************
x DUT: To perform canny edge detection.
st ok sk st o s ok sk st ot s ok sk ok st s ok sk ok st sk sk st o s ok sk st otk ok sk st st ke sk sk ok sk o sk sk ok s sk sk sk ok s sk sk st ok sk sk sk sk ok sk sk sk stk sk sk ok sk kok sk ok ok sk ko ok [

behavior DUT(i_img_receiver Imgln, iimg_sender ImgOut)

{

//changed by Jiang Wan for pipeline

+

piped imgs smoothedim;
piped imgs deltax;
piped imgs deltay;
piped imgs magnitude;
piped imgs magnitudepl;
piped img nms;

int i;
GaussianSmooth gaussiasmooth (Imgln, smoothedim);
Mag_Delta magdelta(smoothedim, delta, deltay, magnitude);
Non_Max_Supp nonmaxsupp (deltax , deltay, magnitude, nms, magnitudel);
Apply_Hysteresis applyhysteresis(magnitudel, nms, ImgOut);
void main()
{
pipe(i=0; i<IMGNUM; i++)
{
gaussiansmooth.main ();
mag.delta.main();
nonmaxsupp.main();
apply_hysteresis.main();
}
}

behavior Dataln(i.img_receiver Imgln, iimg_sender ImgOut)

{

s

unsigned char image[SIZE];
void main ()
while (1)
Imgln.receive(&image);

ImgOut. send (image);

}

behavior DataOut(iLimg_receiver Imgin, iimg_sender ImgOut)

{

unsigned char image[SIZE];
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985

986 void main ()

987 {

988 while (1)

989 {

990 Imgin.receive(&image);
991 ImgOut. send (image);
992 1

993 1

994 };

995

996

997 behavior Platform(i.img_receiver Imgin, iimg_sender ImgOut)
998 {

999 c.img_queue qgl(2ul),

1000 gq2(2ul);

1001 Dataln din(Imgln, ql);
1002  DUT canny(ql, g2);
1003 DataOut dout(g2, ImgOut);
1004

1005  void main()

1006 {

1007 par{

1008 din.main();

1009 canny.main();

1010 dout.main();

1011 }

1012}

1013 };

1014

1015

1016 behavior Main()

1017 {

1018 sim_time t [MGNUM];

1019 c.img_queue ql(2ul),

1020 g2(2ul);

1021

1022 Stimulus stimulus(ql, t);
1023 Platform platform(ql, g2);
1024 Monitor monitor(g2, t);
1025

1026 int main()

1027 {

1028 par{

1029 stimulus . main ();

1030 platform.main();

1031 monitor.main();

1032

1033 return 0; // never reached
1034 }

1035 };
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A.2 Makefile for TLM generation in SCE

SCE tool has a graphical user interface for design space explorét@mvever, in order to ease the
regeneration of the TLM model, a Makefile has been created. The Magefitains the commands

OCONOUIRAWNEF

to SCE tool for different design settings and refinements.

#clock period for ARM CPU (in nanoseconds)

CPUCLKP = 10000

#bus

BUSCLKP = 20000

SPECC = /opt/sce

SCEPATH = $(SPECC)

SCEDBPATH = $(SCEPATH)/share/sce/db

PROCDBPATH = $(SCEDBPATH) / processors

COMMDB PATH = $(SCEDBPATH) /communication

BUSDBPATH = $(SCEDBPATH) / busses

SYSCPATH = /opt/pkg/systeme2.1.v1l

SCENV =SPECC=$(SPECC) SCERBTH=$$PWD/.sce \
PATH=$ (SPECC) / bin : $§PATH}
LD_LIBRARY PATH=$(SPECC) / lib$$LD_LIBRARY PATH: +:} $${LD_LIBRARY PATH}

PROCCACHE = .sce/processors

COMM.CACHE = .sce/communication

BUSCACHE = .sce/busses

RTL.CACHE = .sce/rtl

SCELOCK = .sce/.scerc.lock

FINALPKG = final.tar.gz

MAINSIRFILES = cannySpec. sir cannyArch.sir cannyScheit. s\
cannyNet. sir cannyTIm. sir cannyComm. sir \
cannyRTLC. sir cannylSS. sir

SYSC = g++-m32

SYSCOPT =-Di386

SYSCINC =—1$(SYSCPATH) /include

SYSCLIB = —L$(SYSCPATH) /lib—linux —Isystemc

TIME = [usr/bin/time

SCC = scc

SCCOPT =—w —w —d —xIx

SCCINC =lsrc

SCCIMP =Psrc

SIRRENAME = sir_rename

SIRRENAMEOPT ~ =-v

SIRSTATS = sir.stats

SIRSTATSOPT =

SIRGEN = sir_gen

SIRGENOPT =—vv

SIRIMPORT = sir.import

SIRIMPORTOPT =-v

SCSH = scsh

SCSHOPT =

SCERETYPE = sceretype

SCERETYPEOPT =-v

SCEIMPORT = sceimport

SCEIMPORTOPT  =-v
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107

109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135

SCEALLOCATE = sce.allocate
SCEALLOCATEOPT = —v

SCETOP = scetop
SCETOPOPT =V

SCEMAP = scemap
SCEMAPOPT =—v
SCESCHEDULE = sceschedule
SCESCHEDULEOPT =—v
SCECONNECT = sceconnect
SCECONNECTOPT = =—v
SCEPROJECT = sceproject
SCEPROJECTOPT =-v

SCPROF = $(TIME) scprof
SCPROFOPT =V

SCAR = $(TIME) scar
SCAROPT =

SCOS = $(TIME) scos
SCOSOPT =v

SCNR = $(TIME) scnr
SCNROPT =—v -O —falign —fmerge
SCCR = $(TIME) sccr
SCCROPT =v -0

ECHO = echo

MAKE = make

# —— TARGET RULE

all:
$(SCENV) $WAKE) cannyTIm.SIMOK

test:
$(SCENV) $MAKE) cannySpec.SINDK

final: $(FINALPKG)

clean:
$(RM) cannySpec cannyArch cannySched cannyNet
cannyTIm cannyComm cannyRTLC cannyISS
$(RM) $(FINALPKG)
$(RM) *.ins x.sysc
$(RM) x.si *.sir x.cc *x.h x.0 *x.cpp *.hpp
$(RV) =.dpr *.prf
$(RM) *.SIM.OK
$(RV) core
$(RV) images.0.60-1.0.30-h_0.80_x
$(RM) —r $(PROQCACHE)
$(RM) —r $(COMMCACHE)
$(RV) —r $(BUSCACHE)
$(RM) —r $(RTLCACHE)
$(RV) $(SCELOCK)

stats: $(MAINSIRFILES)
$(SIRSTATS) $(SIRSTATSOPT) $(MAINSIRFILES)

loc:  $(MAINSIRFILES)
$(SIRSTATS) $(SIRSTATSOPT)-BCI $(MAINSIRFILES)

# GENERAL RULES———— T ——



136 .SUFFIXES:

137 .SUFFIXES: .ins.sir .sir .ins .ana.sir

138 .SUFFIXES: .pgm . SIMOK

139

140 .sir.ins.sir:

141 @$(ECHO) " sx"

142 @$(ECHO) "sx*_Instrumenting$x_for_profiling ...”
143 @$(ECHO) s

144 $(SCPROF)-v -m —i $< —0 $@ $*

145

146 . sir:

147 @$(ECHO) s

148 @$(ECHO) "#++_.Compiling_$+_for_execution ...”

149 @$(ECHO) " sesese”

150 $(SCC) % —sir2out $(SCCOPT) $(SCCINC) $(SCCIMP)
151

152 .ins.sir.ins:

153 @$(ECHO) s

154 @$(ECHO) "sx_.Compiling_$+_for_execution.with_profiling ..."
155 @S$(ECHO) "sexx”

156 $(SCC) % —sir2out $(SCCOPT) $(SCCINC)$(SCCIMP)i $< —o $@ —Iscprof
157

158 .pgm.SIMOK:

159 @$(ECHO) " s

160 @$(ECHO) "s*x_Simulating-$="

161 @$(ECHO) "k

162 $(TIME) ./$x.ins | tee logexecution$x

163 @$(ECHO) " s

164 @$(ECHO) "s#*_Simulation.successful!”

165 @$(ECHO) s

166

167 .sir.ana.sir:

168 @S$(ECHO) s

169 @$(ECHO) "s*x_Back-annotating.profiling_data.and.running-estimation ...”
170 @$(ECHO) s

171 $(SCPROF)-E $(SCPROFOPT)-i $< —0 $@ $*

172

173 #— SPECIFIC RULES

174

175 #— compile the sources

176 cannySpecpre.sir: canny.sc

177 @$(ECHO) sk

178 @$(ECHO) "sx*+_Compiling_the_sources ...”

179 @S$(ECHO) " sexs”

180 $(SCC) canny-sc2sir $(SCCOPT) $(SCCINC) $(SCCIMP)
181 —i canny.sc —o cannySpecpre.sir

182

183 cannySpec.sir: cannySpecpre.sir

184 @$(ECHO) s

185 @$(ECHO) "s=+x_Setting_top_level_of_design.under.test...”
186 @$(ECHO) " s

187 $(SCETOP) $(SCETOPOPT)—s Platform \

188 —i cannySpecpre.siFo cannySpec.sir cannySpec
189

190 cannySpec.ins.sir: cannySpec. sir

191 cannySpec: cannySpec. sir

192 cannySpec.ins: cannySpec.ins.sir
193 cannySpec.pgm: cannySpec.ins

194 cannySpec.SINDK: cannySpec.pgm

195 cannySpec.ana.sir: cannySpec.sir cannySpec(HM

196

197 # — back-annotate raw profiling data

198 cannySpec.prof.sir: cannySpec.sir cannySpec.GK/

199 @$(ECHO) s

200 @$(ECHO) " x#+_Back-annotatingraw_profiling_data...”
201 @$(ECHO) s

202 $(SCPROF)—p $(SCPROFOPT)-i cannySpec. sir-o cannySpec.prof.sir cannySpec
203

204 cannySpec.3.sir: cannySpec.prof.sir

205 @$(ECHO) s

206 @$(ECHO) "=x*x_Allocating_the_component...”
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207 @$(ECHO) " s

208 $(SCEALLOCATE) $(SCEALLOCATEOPT)\

209 —g PORTAHCLK_PERIOD=$ (BUSCLKP)—g CLOCKPERIOD=$ (CPUCLKP)—p CPU=ARM7TDMI\
210 —g CLOCKPERIOD=—p I0.OUT=HW._Virtual \

211 —g CLOCKPERIOD=—p I0_IN=HW _Virtual \

212 —g CLOCKPERIOD=—p HardwareBlurX=HW _Standard{
213 —g CLOCKPERIOD=—p HardwareBlurY=HW _Standard\
214 —i cannySpec.prof.siro cannySpec.3.sir cannySpec
215

216 cannySpec.4.sir: cannySpec.3. sir

217 @$(ECHO) sk

218 @$(ECHO) "sx*+_Map_the_components .. "

219 @S$(ECHO) " sex”

220 $(SCEMAP) $(SCEMAPOPT) —p Platform . canny=CPU,

221 —p Platform.din=IQIN \

222 —p Platform.dout=I00UT \

223 —p Platform.canny.gaussiasmooth . blurY.par=HardwareBlurY\
224 —p Platform.canny.gaussiasmooth.blurXpar=HardwareBlurX\
225 —i cannySpec.3.siro0 cannySpec.4.sir cannySpec
226

227 #— analyze the profile given the behavior mapping

228 cannySpec.anal.sir: cannySpec.4. sir

229 @$(ECHO) sk

230 @$(ECHO) "sx*_Analyzing_the_behaviormapping...”

231 @$(ECHO) " "

232 $(SCPROF)—a $(SCPROFOPT)-i cannySpec.4.sir\

233 —o0 cannySpec.anal.sir canny

234

235 #-—— estimate the profile given the behavior mapping

236 cannySpec.ana2.sir: cannySpec.4. sir

237 @$(ECHO) s

238 @$(ECHO) "sx*_Estimating.the_behaviotmapping..."

239 @$(ECHO) s

240 $(SCPROF)—e $(SCPROFOPT)-i cannySpec.4.sir\

241 —0 cannySpec.ana2.sir canny

242

243 cannySpec.arch.in.sir: cannySpec.ana2.sir cannySped.asir
244 @$(ECHO) "k

245 @$(ECHO) "sx*_Importing_the_PEs.into_the_design..."
246 @S$(ECHO) " sexs”

247 $(SCEIMPORT) $(SCEMPORTOPT) —a \

248 —i cannySpec.ana2.siro cannySpec.arch.in.sik
249 cannySpec

250

251 cannyArch.sir: cannySpec.arch.in. sir

252 @$(ECHO) sk

253 @$(ECHO) "sx*_Performing.architecturerefinement...”
254 @S$(ECHO) " sexs”

255 $(SCAR) cannySpee-b -m —c —w $(SCAROPT) \

256 —i cannySpec.arch.in.siro cannySpec.arch.sir
257 $(SIRRENAME) $(SIRRENAMEOPT) —i cannySpec.arch. sif
258 cannySpec cannyArch

259 $(SIRSTATS) $(SIRSTATSOPT) $@

260

261 cannyArch.ins.sir: cannyArch.sir
262 cannyArch.ins: cannyArch.ins.sir
263 cannyArch.pgm: cannyArch.ins

264 cannyArch.SIMOK: cannyArch .pgm

265 cannyArch.ana.sir: cannyArch . sir cannyArch.SDK

266

267 cannyArch.2.sir: cannyArch.ana. sir

268 @$(ECHO) s

269 @$(ECHO) "sx*_Deciding.scheduling ...”

270 @$(ECHO) "seses”

271 $(SCESCHEDULE) $(SCESCHEDULEOPT)—r —t Platform\

272 —k CPU=ARM.7TDMI_OSNONE$(CPUCLKP)_$ (BUSCLKP)_0 \
273 —i cannyArch.ana.sir-o cannyArch.2.sir cannyArch
274

275 #-—— import components for scheduling refinement

276 cannyArch.sched.in.sir: cannyArch.2.sir

277 @$(ECHO) " s
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278 @$(ECHO) "sx*_Importing_componentsneededfor_scheduling ...”

279 @3$(ECHO) " seses”

280 $(SCEIMPORT) $(SCEMPORTOPT) —s \

281 —i cannyArch.2.sir—o cannyArch.sched.in.sii
282 cannyArch

283

284 # - perform static scheduling refinement

285 cannyArch.sched.tmp. sir: cannyArch.sched.in. sir

286 @$(ECHO) " se”

287 @$(ECHO) "+++_Performing.static.scheduling.refinement...”
288 @$(ECHO) sk

289 $(SCAR) cannyArch $(SCAROPT)-s \

290 —i cannyArch.sched.in.siro cannyArch.sched.tmp.sir
291

292 #-—— perform dynamic scheduling refinement

293 cannySched.sir: cannyArch.sched.tmp.sir

294 @S$(ECHO) " sexs”

295 @$(ECHO) " x#x+_Performing.dynamic.scheduling.refinement ...”
296 @$(ECHO) sk

297 $(SCOS) cannyArch $(SCOSOPT)

298 —i cannyArch.sched.tmp.siro cannyArch.sched. sir
299 $(SIRRENAME) $(SIRRENAMEOPT) —i cannyArch.sched. sir\
300 cannyArch cannySched

301 $(SIRSTATS) $(SIRSTATSOPT) $@

302

303 cannySched.ins.sir: cannySched. sir
304 cannySched.ins: cannySched.ins.sir
305 cannySched.pgm: cannySched.ins

306 cannySched.SINDK: cannySched .pgm

307 cannySched.ana.sir: cannySched.sir cannySchedOBIM

308

309

310 cannySched.2. sir: cannySched . ana. sir

311 @$(ECHO) "

312 @$(ECHO) "sx*_Allocating_the_.CPU.bus.and.the_Hardware.Bus ... "
313 @$(ECHO) " se”

314 $(SCEALLOCATE) $(SCEALLOCATEOPT) \

315 —b CPUBUS=AMBAAHB \

316 —b HW.Bus=HardwareBus

317 —i cannySched.ana. siro cannySched.2.sir cannySched
318

319 #— connect the PE and the busses

320 cannySched.3.sir: cannySched.2. sir

321 @S$(ECHO) " sexs”

322 @$(ECHO) "#+_ConnectingPE.and_the_busses ..."

323 @$(ECHO) sk

324 $(SCECONNECT) $(SCECONNECTOPT) —¢ CPU, PortA=CPWBus, master§
325 —c HardwareBlurX, Port0=CPUBus, slave4—c HardwareBlurX, Port1=HWBus, Mastek
326 —c HardwareBlurY , Port0=CPUBUS, slave5—c HardwareBlurY , Port1=HWBus, Slave
327 —c 10.0UT, Port0=CPUBUS, slave8\

328 —c 10.IN, Port0=CPUBuS, slave7\

329 —i cannySched.2.sir-o cannySched.3.sir cannySched
330

331 #— import components for network refinement

332 cannySched.net.in.sir: cannySched.3.sir

333 @S$(ECHO) s

334 @$(ECHO) "sx*x_Importing_.componentsneededfor_network-refinement...”
335 @$(ECHO) s

336 $(SCEIMPORT) $(SCEIMPORTOPT) —e \

337 —i cannySched.3.sir-o0 cannySched.net.in.sik

338 cannySched

339

340 #— perform network refinement

341 cannyNet.sir: cannySched.net.in.sir

342 @$(ECHO) sk

343 @$(ECHO) "sx*_Performing.network_refinement ...”

344 @S$(ECHO) " sex”

345 $(SCNR) cannySched $(SCNROPT)

346 —i cannySched.net.in.siro cannySched.net.sir

347 $(SIRRENAME) $(SIRRENAMEOPT) —i cannySched. net. sin

348 cannySched cannyNet
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$(SIRSTATS) $(SIRSTATSOPT) $@

cannyNet.ins.sir: cannyNet. sir

cannyNet.ins: cannyNet.ins.sir
cannyNet.pgm: cannyNet.ins

cannyNet.SIMOK: cannyNet.pgm
cannyNet.ana. sir: cannyNet.SIOK cannyNet. sir

# define the link parameters
cannyNet.2.sir: cannyNet.ana.sir
@$(ECHO) sk
@$(ECHO) "*xx_Defining_the_link _parametersfor_the_busses...”
@$(ECHO) " s
$(SCEMAP) $(SCEMAPOPT) —I c_link_IO_IN__CPU=0x70000000, 0\
—I c_link_.CPU__IO_OUT=0x80000000,§
—I c_link_.CPU__HardwareBlurX=0x40000000,Q
—I c_link_CPU__HardwareBlurY=0x50000000,8
—I c_link_HardwareBlurX__HardwareBlurY=0x0000, MasterSyncQ
—i cannyNet.ana.sir—o cannyNet.2.sir cannyNet

# —— import the busses into the design
cannyNet.comm.in.sir: cannyNet.2.sir
@$(ECHO) sk
@$(ECHO) "s*x_Importing_the_bussesinto_the_design...”
@S$(ECHO) s
$(SCEIMPORT) $(SCHMPORTOPT) —c \
—i cannyNet.2. sir—o cannyNet.comm.in. sir\
cannyNet

# —— perform communication refinement to TLM
cannyTIm. sir: cannyNet.comm.in.sir
@$(ECHO) " s
@$(ECHO) "sxx_Performing.communicationrefinementto. TLM. .. "
@$(ECHO) "k
$(SCCR) cannyNet $(SCCROPPHt \
—i cannyNet.comm.in.sir-o cannyNet.comm. sir
$(SIRRENAME) $(SIRRENAMEOPT) —i cannyNet.comm. sir\
cannyNet cannyTIm
$(SIRSTATS) $(SIRSTATSOPT) $@

cannyTIim.ins.sir: cannyTlm.sir

cannyTIm.ins: cannyTim.ins.sir

cannyTIm.pgm: cannyTIlm.ins

cannyTIm.SIMOK: cannyTIm.pgm

cannyTim.ana. sir: cannyTIm.SI@K cannyTIm. sir
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