





APPENDIX A

SERIAL COMMUNICATION IMPLEMENTATION
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/*

FILENAME CSerialPort.cpp

PURPOSE This class can read, write and watch one
serial port.It sends messages to its owner
when something happends on the port. The

class creates a thread for reading and writing
so the main program is not blocked.

CREATION
DATE 2-01-04

AUTHOR Veysi Malkoc
*/

#include "stdafx.h”
#include "SerialPort.h"

#include <assert.h>

/7

// Constructor

//
CSerialPort::CSerialPort ()

{ .
m _hComm = NULL;

// initialize overlapped structure members to zero
m ov.Offset = 0;
m ov.OffsetHigh = 0;

// create events
m_ov.hEvent = NULL;
m_hWriteEvent = NULL;
m_hShutdownEvent = NULL;

m_szWriteBuffer.Empty();

m _bThreadAlive = FALSE;
} 0

//

// Delete dynamic memory

//
CSerialPort::~CSerialPort ()
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port.It

do !

{ f
SetEvent(m_hShutdownEvent);

} while (m bThreadAlive);

TRACE ("Thread ended\n"):;

}

//
// Initialize the port. This can. be port 1 to 4.

//
BOOL CSerialPort::InitPort (CWnd* pPortOwner, // the owner
(CWnd) of the port (receives message)

.UINT portnr, //
portnumber (1..4)

UINT Dbaud, //
baudrate

‘ char parity, //

parity

UINT databits, //
databits

UINT stopbits, //
stopbits

DWORD dwCommEvents, //

EV_RXCHAR, EV_CTS etc
UINT writebuffersize)

. // size to the writebuffer

assert (portnr > 0 && portnr .< 5);
assert (pPortOwner != NULL);

// 1if the thread is alive: Kill
if (m bThreadAlive)
{
do
{ |
SetEvent (m_hShutdownEvent) ;
} while (m _bThreadAlive);
: TRACE ("Thread ended\n");
) .

// create events
if (m_ov.hEvent != NULL)

66



// character arrives at the port.
// we do this for each port!

bResult = WaitCommEvent (port->m hComm, &Event,
&port->m ov);

if (!bResult)
{
// If WaitCommEvent () returns FALSE,
process the last error to determin
// the reason..
switch (dwError = GetlastError())
{ .
case ERROR_ IO PENDING:
{
// This is a normal return value
if there are no bytes
// to read at the port.
// Do nothing and continue
break;
}
default:
{ .
// All other error codes
indicate a serious error has

// occured. Process this error.
port-—

>ProcessErrorMessage ("WaitCommEvent () ") ;
break;

}
}

else

{
// If WaitCommEvent () returns TRUE, check

to be sure there are
// actually bytes in the buffer to read.

bResult = ClearCommError (port->m hComm,
&dwError, &comstat);

if (comstat.cbInQue == 0)
continue;
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} // end if bResult

// Main wait function. This function will
normally block the thread

// until one of nine events occur that require
action.

Event = WaitForMultipleObjects (3, port-
>m_ hEventArray, FALSE, INFINITE):;

switch (Event)

{

case 0O:
{
// Shutdown event. This is event
zero so it will be
// the higest priority and be
serviced first.

port->m bThreadAlive = FALSE;

// Kill this thread. Dbreak is not
needed, but makes me feel better.

AfxEndThread (100) ;

break;

case 1: // read event

GetCommMask (port->m hComm,
&CommEvent) ;
if (CommEvent & EV_CTS)
: :SendMessage (port->m pOwner-
>m_hWind, WM COMM CTS DETECTED, (WPARAM) O, (LPARAM) port-
>m_nPortNr) ;

if (CommEvent & EV_RXCHAR)
// Receive character event from
port.
' ReceiveChar (port, comstat):;

break:;

}

case 2: // write event

{
// Write character event from port
WriteChar (port) ;
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break;

}

} // end switch
} // close forever loop

" return O;

}
//

// start comm watching
//
BOOL, CSerialPort::StartMonitoring ()
{
if (! (m Thread = AfxBeginThread(CommThread, this)))
return FALSE; :
TRACE ("Thread started\n"):;
return TRUE;

}

//
// Restart the comm thread
/]
BOOIL CSerialPort::RestartMonitoring()
{
TRACE ("Thread resumed\n"):;
m_Thread->ResumeThread() ;
return TRUE;

//
// Suspend the comm thread

//
BOOL CSerialPort::StopMonitoring()

{
TRACE ("Thread suspended\n");

m_Thread->SuspendThread() ;
-return TRUE;

//

// If there is a error, give the right message
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//

void CSerialPort::ProcessErrorMessage (char* ErrorText)

{

char *Temp = new char[2001];
LPVOID lpMsgBuf;

FormatMessage (
FORMAT MESSAGE ALLOCATE BUFFER |
FORMAT MESSAGE_FROM SYSTEM,
NULL,
GetlastError (),
MAKELANGID (LANG NEUTRAL, SUBLANG DEFAULT), //
Default language
(LPTSTR) &lpMsgBuf,
0,
NULL
)

sprintf (Temp, "WARNING: %s Failed with the
following error: \n%s\nPort: %d\n", (char*)ErrorText,
1pMsgBuf, m nPortNr);

MessageBox (NULL, Temp, "Application Error",
MB_ICONSTOP) ;

LocalFree (1pMsgBuf) ;
delete[] Temp;
}

//

// Write a character.

//
void CSerialPort::WriteChar (CSerialPort* port)

{
BOOL bWrite = TRUE;
BOOL bResult = TRUE;

DWORD BytesSent = 0;

LPTSTR ptrBuffer;
DWORD bufferlen;

ResetEvent (port->m hWriteEvent);

// Gain ownership of the critical section
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EnterCriticalSection (&port->m csCommunicationSync);

if (bWrite)

{
// Initailize variables
port->m ov.Offset = 0;
port->m ov.OffsetHigh = 0;

// Clear buffer
PurgeComm (port—->m hComm, PURGE_RXCLEAR) ;

bufferLen port->GetWriteBufferSize():;
ptrBuffer = port-
>m_szWriteBuffer.GetBuffer (bufferlLen) ;

bResult = WriteFile (port->m hComm,
// Handle to COMM Port
ptrBuffer,
// Pointer to message buffer in calling
finction
bufferlLen, //
Length of message to send
&BytesSent,
- // Where to store the
number of bytes sent
&port->m ov);
// Overlapped structure

// deal with any error codes
if (!'bResult)

{ :
DWORD dwError = GetlLastError():;
switch (dwError)

{

case ERROR IO PENDING:
{

// continue to

GetOverlappedResults ()
BytesSent = 0;
' bWrite = FALSE;
break;
1
default:

{

// all other error codes
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port-
>ProcessErrorMessage ("WriteFile()");
}
}
}
else
{
LeaveCriticalSection (&port-
>m_csCommunicationSync);

}
} // end if (bWrite)

if (!bWrite)
{
bWrite = TRUE;

bResult = GetOverlappedResult (port->m hComm,
Handle to COMM port

&port-
>m_ov, // Overlapped structure
&BytesSent, // Stores number of bytes sent
: TRUE) ;

// Wait flag

LeaveCriticalSection(&port—
>m csCommunicationSync) ;

// deal with the error code

if (!'bResult)

{

port-

>ProcessErrorMessage ("GetOverlappedResults () in
WriteFile()");

}

} // end if (!bWrite)

.// Verify that the data size send equals what we
tried to send

11f (BytesSent != (DWORD)port-
>m_szWriteBuffer.GetLength())

{

//

TRACE ("WARNING: WriteFile() error.. Bytes Sent:

%d; Message Length: %d\n", BytesSent, port-
>m_ szWriteBuffer.GetLength());
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}
//

// Character received. Inform the owner
//
void CSerialPort::ReceiveChar (CSerialPort* port, COMSTAT
comstat)
{

‘ BOOL DbRead = TRUE;

BOOL DbResult = TRUE;

DWORD dwError = 0;

DWORD BytesRead = 0;

// unsigned char RXBuff;

unsigned char RXBuff[2];

for (;7)
{
// Gain ownership of the comm port critical
section.
// This process guarantees no other part of
this program
// 1s using the port object.

EnterCriticalSection (&port-
>m_csCommunicationSync) ;

// ClearCommError () will update the COMSTAT
structure and
// clear any other errors.

bResult = ClearCommError (port->m hComm,
&dwError, &comstat);

LeaveCriticalSection (&port-
>m_csCommunicationSync) ;

if (comstat.cbInQue == 0)

{
// break out when all bytes have been read
break;
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EnterCriticalSection (&port-
>m_csCommunicationSync);

if (bRead)
{
' bResult = ReadFile(port->m hComm, //
Handle to COMM port
&RXBuff,
// RX Buffer Pointer
2,
// Read byte
&BytesRead,

// Stores number of bytes read
&port->m ov);
// pointer to the m ov structure
: // deal with the error code
, if (!bResult)
{

switch (dwError = GetLastErroxr())

{
case ERROR IO PENDING:

{
// asynchronous i/o is
still in progress
// Proceed on to

GetOverlappedResults () ; .
) bRead = FALSE;

break;

}
default:

{

// Another error has

occured. Process this error.
port-

>ProcessErrorMessage ("ReadFile () ") ;
break;

}

}

else

{
' // ReadFile() returned complete. It

is not necessary to call GetOverlappedResults()
_ bRead = TRUE;
}
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} // close if (bRead)

if (!bRead)
{
bRead = TRUE;
bResult = GetOverlappedResult (port-
>m_hComm, // Handle to COMM port

gport->m ov, // Overlapped structure
&BytesRead, : // Stores number of bytes read
TRUE) ; // Wait flag

// deal with the error code
if (!'bResult)
{
port-
>ProcessErrorMessage ("GetOverlappedResults () in
ReadFile()"); '

}
} // close if (!bRead)

LeaveCriticalSection (&port-
>m_csCommunicationSync) ;

// notify parent that a byte was received
: :SendMessage ( (port->m pOwner)->m hWnd,
WM COMM RXCHAR, (WPARAM) RXBuff, (LPARAM) port-
>m_nPortNr) ;
} // end forever loop

}

/!l
// Write a string to the port

//
void CSerialPort::WriteToPort (char* string, DWORD length)

{
LPTSTR buf;

assert (m_hComm != 0);

. buf = m_szWriteBuffer.GetBuffer(length);
for (DWORD i = 0; i < length; i++) {
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buf[i] = string[il;
}
'm_szWriteBuffer.ReleaseBuffer();
'm nWriteBufferSize = length;

// set event for write
SetEvent (m hWriteEvent);

}
//

// Return the device control block

//
DCB CSerialPort::GetDCB()

{

return m_dcb;

}
/7

// Return the communication event masks

//
DWORD CSerialPort::GetCommEvents ()

{

return m_dwCommEvents;

}

//
// Return the output buffer size

//
DWORD CSerialPort::GetWriteBufferSize ()

{

return m nWriteBufferSize;

}
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APPENDIX B

MATHEMATICAL METHOD TO COMPUTE THE TRANSFORMATION

BETWEEN LOCAL AND GLOBAL COORDINATE SYSTEMS
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1.1 Unitary Transformation
In the following discussion, the superscript (g)
indicates global coordinates and the superscript (1)

indicates local coordinates. In general, the coordinates

(1)

1
Pi,i "« pzi()

)

’ p3,i(l (1 = 1-3) of three distinct markers

in the local system will also be known in the global
system, where they are called p1,;'?, p2:i‘'?, p3i'9. All
coordinate systems considered here are right-handed.
Consider the triangle P, P, p3¥ in the 1local
coordinate system, which is formed by the three known
markers (Figure 1). Let pi*?, p2Y', and ps", denote the
position vectors pointing from the origin of the local
reference system to the central point of each marker.
Note that lower-case bold letters are used here to denote
vectors, and upper-case bold letters to denote matrices.
The corresponding position vectors to the triangle P;'¥,
p,(9, p,yf9 in the global reference system are called
P19, p2'9, and p3'9. One may obtain the clearest
percgption of the rotations and translation involved in
the coordinate

tranéformation between the two reference system by

assuming that the origins and axes of both coordinate

systems coincide, and that the vectors p:‘", p.’, ps3‘¥
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andlplw), p2'?, p3'9 represent two different marker sets.
Then, the task to find a coordinate transformation
between the two coordinate systems 1is identical to
finding the transformation that maps the local marker set

onto the global marker set.

A YO®

70

s P,

\ 4

K@)

Figure 1. Conceptual view of the two marker sets in the

local and global reference systems.

In general, the transformation equation, which maps
corresponding 1 points onto g points, can be expressed as

follows:

.pn‘g) =MB'MA‘pn(l) + t (n =1 - 3)
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where M, and Mg are 3 x 3 matrices representing proper
rotations. The matrix M, corresponds to a rotation that
makes the plane formed by the 1 marker set parallel to
the Iplane formed by the g marker set. The matrix Mg
corresponds to an "in-plane" rotation, which aligns
corresponding triangle sides with respect to each other.
After performing these two rotations on the 1 triangle,
the véctor t corrects for the residual translational
difference between 1 points and corresponding g points.

1.1.1 Rotation of a Vector about
a Non-collinear Vector

We now derive a useful equation for the matrix
describing the rotation of a vector about another non-

collinear vector. Consider a unit vector v, which we want
to rotate around a unit vector o-by an angle ¢ to form
the vector v’. Note that the angle @ between v and o is
giveﬁ by cos(f#) = v - o. We perform this rotation in a
Cartesian coordinate system formed by the three
orthogonal vectors o, p = (v x 0)/sin(f), and g = [0 x (Vv
X oﬂ]/siﬁ(@), where the factor 1/sin(#) 1is required to

assure unit length. The rotated vector v’ can then be

expressed in terms of these
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three unit vectors as follows:

v/ = (v © 0) o + sin(f) sin(¢) p + sin(f) cos(¢) g

By substituting the expressions for p and g in terms

of o and v, and by taking into account that
ox (vxo) =v—-o0 (v o), we find that

vi = v cos(gd) + o (v * o) [1 - cos(d] + (v x o)
sin (@)

This .equation can also be expressed in matrix form as v’

= M v, where the rotation matrix M is explicitly given by

co{@)+of(l-co{®)  o35i@)+010,(1-cod®))  ~0sitld)+0103(1-cod)
M=| ~o3sil@)+opoy(1~codd)  codd)+o3(1-codd)  —o;si(d)+005(1-co{a)
0ysit(@)+0103(1~co{P)  ~oysirl@)+030,(1~cod@)  co{P)+03(1-cod)

1.1;? Derivation of the Matrix M

To find the mathematical expression for the matrix
Ma, which transforms the 1 triangle into one that 1is
coplanar with the g triangle, we first determine the unit

normal vector of the 1 triangle, n”J, and the unit normal

1

vector of the g triangle, n'®. The two unit vectors can

be calculated by forming and normalizing the vector
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products (ps™ - pi®*) x (p2* - pi™) and (p3'? - pif?) x

(p2W) — p1W)), respectively (Fig. 2a).

The matrix Mp corresponds to a rotation of the vector

unit n‘*’ about the orthogonal vector na = (n x n'9) by

the angle «, where cos(a) = n - n'® (Fig. 2b).

Figure 2 (a) Definition of the normal vectors n‘YY  and
n'?, and (b) rotation performed by matrix Ma.
By normalizing the vector na to oa = na /sin(a), and

by using the expression for the rotation matrix M derived
above, we obtain the following expression for the matrix

MA:
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cod@)+02 (1-cosda))  ny+oy0p,(l—cod@)) —n,, +0,0,(1—coda))
M, =| ~ny +0,,0,(1-coda))  coser)+0p,(1- cod@))  ny +0x0x (1-coda))
May +0ps0x(1— cos(a)) — Ry + 04304, (1 - cod2)) cos(a) +035(1—coda))

Note that in this expression the terms oa; sin()

have been replaced by na; (i = 1-3).

1.1.3 Derivation of the Matrix
Mg and the Vector t

Multiplication of the local position vectors p:;‘V,

(1) ) )

p2*, and ps* by matrix the M, yields new vectors p’1Y,

(1)

1
p’2", and p’3"

which form a triangle that 1is now
coplanar with that formed by the global position vectors

P19, p2'?, and p3'?. To obtain the rotation matrix Mz, we

(-

normalize the triangle vectors (p’: p’1*), and (p2'? -

(1)

plw)), which yields the non-collinear unit vectors u and

u@), respectively (Fig. 3a). The matrix that aligns unit

(1)

vector u with unit vector u'® represents a rotation of

(L)

the wvector u about the orthogonal wvector ngy = (u X

u‘?) by the angle B where cos(f) = (u - u'9) (Fig. 3b).

By normalizing the vector np to oy = nz /sin(f) the matrix

Mg can be expressed as
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cos(B)+0g1(1—cos(B))  mp; +opjopy(l—cos(B)) —np, +opjops(1—cos(B))
Mg =| —ng3 +ogop(1—cof(B))  cos(B)+op(1—cos(B))  npy +0pr0p3(1—cos(B))
ngo +opzopy(1—cos(B))  —np; +0psopp(1-cos(B))  coslar)+of3(1—cos()

Multiplication of the local position vectors p’:‘Y,

p’2", and p’3"Y by matrix Mz yields new vectors p’’:‘V,

p’’,", and p’’3", which makes the 1 triangle identical

in orientation with respect to the g triangle. Finally we

1) )

translate p’’:" into p1'? by adding the vector t = p;'9 -

(1)

P’ If no systematic or random error is involved the

triangles should now exactly superimpose.

Pz(g) -pl(g) p’z(l)_p’l(

1® u® B

a b

.Fig. 3 (a) Definition of the normal wvectors u‘t and

uw), and (b) rotation performed by matrix Mg.
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The two rotations involved in the transformation can
be combined into one rotation by calculating the matrix

Mag = Mg ° Mp. We then have
V(g) = Mapp ° V(l) + t

for transformations of any vector v from the local to the
global coordinate system. Since the rotation matrix can
be inverted, we <can also transform in the opposite

direction:
V(l) — M—lAB . (V(g) _ t)

This inverse transformation can be used to transform any
vector from the global coordinate system into a local

coordinate system.

1.2 Least Square Based Transformation

Least Square Problem Solution is the sum of Given is
a matrix A in which the i*™ column corresponds to the
three coordinates of the i*™ marker in the local reference

th oo lumn

system and another matrix B in which the 1
corresponds to the three coordinates of the i*™ marker in
the Igloéal reference system. We search for a linear

transformation, represented by a 3 x 3 matrix X, that

transforms matrix A into matrix B:
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Provided data on at least three markers are available, in
which case the matrices A and B are also 3 x 3 matrices,
equation (1) can be solved exactly by multiplying both
sides by the inverse matrix At

At AX = AT'B

X =Aa"1B (2)
In practice, however, the coordinate data have random
additive errors, which means that only an approximate
-solution for the matrix X can be derived. The most likely
‘solﬁtion in this case is derived from a least-squares

regression procedure.

' In particular, it can be shown that the LS-solution
is given by'
X = (A"R)'A"B (3)

Note that in case of a exactly three markers, equation

(3) becomes identical to equation (2).

1.2.1 Derivation of the Equation (3)

' The least square solution for Ax b 1is given by;

x1s = (AT A)7P AT b
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define f:R* asf(x) = b-Ax|’=D (b, - a; x)* where

i=1

o f is a differentiable function of n variables

e LS solution x,, is minimizer of f, i.e., characterized by

i af (xls ) ]
axl

of (x,)

Af(x,)=| oOx, |=0

of (%)
ax3

What are the partial derivatives of f(x) = _(a;x - b;)*?

i=1

%(xl = i2(aiTx -b,)a;

gradientof fat x :
[o®]
Ox,
o (x) n
Afx)=| oOx, |= ZZ(aiTx -b,)

Jj i=1

% (x) "
Ox

n

i2(a3x -b,)a,

=22(aa x-ab;)

= 2(ATAX —A"p)
hence Af(x) =0 < ATA, = A"b)

x, = (ATA,)"ATD
91



/* Coordinate Transformation using Unitary

transformation

Method.

*/

#include
#include
#include
#include
#include
#include
#include
#include

//Define
matrix
class mat
public:
Poin
doub
.doub
void
void
void
void
void
‘void

std::

std:

}s;

//Define
void‘math
ImwAr

"stdafx.h"

"matlab.hpp" // Matlab C++ Math Library
<conio.h>

"line.h"

<vector>

<fstream.h>

<iostream>

<string>

a class so that It contains the transformation
h{

t p;

le mabArray[9];

le mtArray[3]:

setValues (double x ,double y,double z);
addToGlobalVector (Point & p):
addToRawLocal (Point & p);

Transform() ;

TransformToLocal (Point & point):
TransformToGlobal (Point & point):

vector<Point> global;
:vector<Point> rawlocal;

a function that transforms from global to local
:TransformToLocal (Point & point) {
ray templ, temp2 temp3, temp4;

:Point p:;

doub
glob
glob

le global[3],
al[0] = point.getx():
all[l] point.gety () ;
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global[2] = point.getz();
temp4 = mwArray(3,1,global);
templ=mwArray (3, 3,mabArray);
templ = inv(templ):;

. templ=transpose (templ) ;

cout <<"MEAN MAB"<<templ<<endl;

temp2 =mwArray(3,1l,mtArray);
cout<<"mean t"<<temp2<<endl;
temp3 = templ * (tempd-temp2):;
point.setx(temp3(1l,1).Double()):
point.sety(temp3(2,1) .Double());
Ipoint.setz(temp3(3,l).Double());

}

//Define a function that transforms from local to global
void math::TransformToGlobal (Point & point) {
mwArray templ,temp2,temp3, tempid;
Point p:
double local[3}:;
local[0] = point.getx();
local[l] = point.gety{)
local[2] = point.getz():;
tempd = mwArray(3,1,local):;
templ=mwArray (3, 3,mabArray) ;
templ=transpose (templ) ;

4

temp2 =mwArray(3,1,mtArray);
temp3 = templ * tempd + temp2;
‘point.setx(temp3(1l,1).Double()):
point.sety(temp3(2,1).Double());
point.setz (temp3(3,1) .Double())

}

void math::setValues (double x ,double y,double z) {
p.setx(x);

p.sety(y);

'p.setz(z);

}

//Add to global vector
void math::addToGlobalVector (Point & p) {
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global.push back(p);
}

// Add to local vector
void math::addToRawLocal (Point & p) {
rawLocal.push back(p);

}

//Perform Transformation with 3 marker sets each time
vold math::Transform() {
int 1=0;
' std::vector<Point>::iterator iter,iter2;
iter = global.begin();
iter2 = rawlLocal.begin():-
mwArray MABTOTAL =0,ttotal=0;

while (i<2) {
mwArray 11,12,13,g91,g92,g93;
double L1[3],L2[3],L3[3]1,G1l[31,G2[31,G3[3]-;

G1l[0] = iter—->getx():;
GlJ[1] iter->gety();
Gl[2] = iter->getz():
iter++;

G2[0] = iter->getx();
"G2[1] iter->gety():
"G2[2] = iter->getz()
"iter++;

G3[0] = iter->getx();
G3[1] iter->gety () ;
:G3[2] = iter->getz():
iter++;

gl = mwArray(3,1,Gl);
g2 = mwArray(3,1,G2):
g3 = mwArray(3,1,G3);

4

L1[0] = iter2->getx(};
L1[1l] = iter2->gety():
L1[2] = iter2->getz()
Jiter2++; '

1L2[0] = iter2->getx();
‘L2[1] = iter2->gety();
L2[2] = iter2->getz();
diter2++; .

'L3[0] = iter2->getx();

14
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r

. L3[1] = itex2->gety ()
);

(
L3[2] = iter2->getz({
11 = mwArray(3,1,L1)
)
)

4

'12 = mwArray(3,1,L2
13 = mwArray(3,1,L3
iter2++;

’

//mwArray is the Array structure defined by Matlab

mwArray
nlocal,nglobal,nglobalunit,nlocalunit,Gltest,G2test,G3tes
t;

mwArray
nA,nB, oA, 0B, templ, temp2, temp3, Llprime, L2prime, unitglobal,
unitlocal;

mwArray
MA,MAl1,MAl12,MA13,MA21,MA22,MA23,MA31,MA32,MA33;
mwArray
MAB, t,MB,MB11,MB12,MB13,MB21,MB22,MB23,MB31,MB32,MB33;
'doub;e cos_alpha =0,alpha =0,cos_beta =0,beta

=0, factor =0, factor2=0;

nlocal =cross((13-11), (12-11));
nglobal=cross((g3-gl), (g2-gl));
nlocalunit=nlocal / norm(nlocal):
nglobalunit=nglobal / norm(nglobal);
'templ = transpose{nlocal) * nglobal;
temp?2 (norm(nlocal) * norm(nglobal)):;
temp3 = templ / temp2 ;
cos_alpha =temp3.Double();
alpha = acos(cos_alpha);
nA = cross(nlocalunit,nglobalunit);
oA = nA / sin(alpha);
factor = 1 - cos_alpha ;

MA1l =cos_alpha + oA(1,1)*oA(l,1) * factor;
MAl12=-nA(3,1)+0A(1,1)*0cA(2,1) *factor;
MA13=nA(2,1)+0A(1l,1)*0A(3,1)*factor;
MA21=nA(3,1)+oA(2,1)*0A(1,1)*factor;
MA22=cos_alphatoA(2,1)*cA(2,1) *factor;
iMA23=-nA(1l,1)+0A(2,1)*0cA(3,1) *factor;
MA31=-nA(2,1)+0A(3,1)*0A(1,1)*factor;
MA32=nA(1,1)+oA(3,1)*0A(2,1)*factor;
MA33=cos_alpha+oA(3,1)*0A(3,1) *factor;
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//Place each matrix element into MA transformation

Matrix
MA(1,1) = MAll;
MA(1,2) = MAl2;
MA(1,3) = MA1l3;
MA(2,1) = MA21;
"MA(2,2) = MA22;
'MA(2,3) = MA23;
MA(3,1) = MA31l;
MA(3,2) = MA32;
MA(3,3) = MA33;
Llprime = MA * 11;
"IL2prime = MA * 12;
‘unitglobal = (g2-gl) / norm(g2-gl);
unitlocal = (L2prime - Llprime) / norm(L2prime -
Llprime) ;
temp2 = (transpose (unitlocal)* unitglobal ) /
(norm(unitlocal) *norm(unitglobal)); ’
'cos_beta = tempZ.Double();
' beta = acos(cos_beta);
factorZz = 1 - cos beta ;
‘'nB = cross(unitlocal,unitglobal);
"oB = nB / sin(beta);
MBll=cos_beta+oB(1,1)*oB(1l,1)*factor2;
MB12=-nB(3,1)4+0oB(1,1)*0oB(2,1)*factor2;
MB13=nB(2,1)+0B(1,1)*0oB(3,1) *factor2;
MB22=cos_beta+oB(2,1) *oB(2,1) *factor2;
MB23=-nB(1,1)+0oB(2,1)*oB(3,1) *factor?2;
MB31=-nB(2,1)+0B(3,1)*0oB(1,1)*factor2;
'MB32=nB(1,1)+0oB(3,1)*oB(2,1)*factor2;
MB33=cos beta+oB(3,1)*oB(3,1) *factor2;
MB21=nB(3,1)+0oB(2,1)*oB(1,1)*factor2;
,//Place each matrix element into MB transformation

Matrix

'MB(1,1) = MB1l1;
'MB(1,2) = MB12;
'MB(1,3) = MB13;
'MB(2,1) = MB21;
'MB(2,2) = MB22;
'MB(2,3) = MB23;
'MB(3,1) = MB31;
'MB(3,2) = MB32;
.MB(3,3) = MB33;
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//MAB is the multiplication of MA and MB
MAB = mtimes (MB,MA) ;

//find translational matrix t
t =gl - MAB * 11 ;

MABTOTAL = MAB + MABTOTAL;
ttotal = t + ttotal;

i++;
}
//Take the arithmetic Average for each matrix

element
mabArray[0]=(MABTOTAL(1,1) / 2.0) .Double();
mabArray[1]=(MABTOTAL(1,2) / 2.0).Double();
mabArray{2]=(MABTOTAL(1,3) / 2.0 ).Double().;
mabArray[3]=(MABTOTAL(2,1)/ 2.0 ) .Double();
mabArray[4]1=(MABTOTAL(2,2)/ 2.0 ).Double();
mabArray[5]=(MABTOTAL(2,3)/ 2.0 ).Double();
mabArray[6]=(MABTOTAL(3,1)/ 2.0 ).Double():;
mabArray[7]1=(MABTOTAL(3,2)/ 2.0 ).Double():
mabArray[8]=(MABTOTAL(3,3)/ 2.0 ) .Double();
mtArray[0]= (ttotal(l,1)/ 2.0 ).Double();
mtArray[l]= (ttotal(2,1)/ 2.0 ).Double();
mtArray[2]= (ttotal(3,1)/ 2.0 ).Double();

}

int main(int argc, char* argvl[])

{
//Define six local coordinates measured by
'//Dimension Inspection Lab (DIL)
Point pll(-9.666,-27.904,-187.742),p21(-15.805, -

53.209,-187.508),
p31(-14.286,-122.789,-193.435) ,p41(48.132,-230.938, -
193.283),
p51(60.618,-225.08,-186.971) ,p61(124.087,-231.299, -
193.532);

math m;
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82388883

//Add DIL wvalues to local vector
.addToRawLocal (pll

)

.addToRawLocal (p21) ;

.addToRawLocal (p31);
)
)
)

(

(
.addToRawLocal (p4l

(

(

4

14

.addToRawLocal (p51
.addToRawLocal (p6l

14

//Read the global (Vicon) coordinates from file
std::string filename;

std::cout <<"please enter the file name"<<"\n";
std::cin >> filename;

ifstream input:

- ofstream output, output2,output3;

input.open(filename.c str());
output.open("transform.txt");
output2.open("transformt.txt")
output3.open ("output.txt");

double s;

std: :vector<double> vec;

std: :vector<Point> vecPoint;

std: :vector<Point>::iterator iter:;

' //place global coordinates into a vector

while (input >> s ) {
vec.push back(s);

}

for (int i=0; i<vec.size(); i++) {

Point temp;

temp.setx (vec[i++]);
temp.sety (vec[i++]);
temp.setz (vec[i]):;
m.addToGlobalVector (temp) ;

)

m.Transform() ;
m.TransformToGlobal (test) ;
output3 << test.getx()<<endl;

output3 << test.gety()<<endl;
output3 << test.getz()<<endl;
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for(i=0;1i<9;i++) {
output << m.mabArray[i]<<" ";
if (i == | | i==5)
output<<endl;
}
for(i=0;1<3;i++) {
output?2 << m.mtArray[i]l<<" ";

}

_getch();
return 0;
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APPENDIX C

MATHEMATICAL METHOD TO COMPUTE

THE SHORTEST DISTANCE
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t
|

|
I
[
|
| This document derives the mathematical formula for

|
calculating the vector d.

T . ST 'f)/

5

.

[
Figure 1. Geometry of the Problem

|
|
|
‘Figure 1 shows the geometry of the problem. Given
|

are %he origin O of the global coordinate system, the

targ?t point T, -and the unit vector of the beam axis u.

Furthermore, we know the vector t, which is defined as t
I
= Poi— T, where Py and T are the position vectors of the

poinFs Po and T from the origin O, respectively. Since

vectors d and u are orthogonal, their inner product is

|
zZero;

d - u=0;
and, with d = h + t and, we have

(h +t) - u=20
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APPENDIX D

DISTANCE VERIFICATION ROUTINE
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Double Marker Array [6] = {markerl, marker2, marker3,
markerd4, marker5, marker6}

double markerDistance[6][6];

for (int i=0; i<6;i++) {

for(int j=0; j<6;j++) {

markerDistance[i] [j] = distance(Marker_ Arrayl[i],
Marker Array(jl):

output file << markerDistance[i][j]; // output to file
if (3 == 5)
output file << endl;

}
}// end for

double distance ( Point &pl, Point &p2) {
double temp = 0;

// calculate distance between two points
temp = sgrt( pow(pl.getx() - p2.getx(),2) +

pow(pl.gety() - p2.gety(),2) + pow(pl.getz() -
p2.getz(),2) )

return temp;

} //end distance function

//The third vector structure,contains 6 points in space
std::vector<std::vector<Point> > p(6);

Point temp([6];

for (j=0; j<= N; ++3) { // N: number of frames captured
by the camera

for (i=0; i<= 6; ++1i) {

Read marker coordinates ;

temp[i] .set(x); // set x coordinate
temp[i] .set(y):; // set y coordinate
temp[i] .set (z); // set z coordinate
} //end for

for (i=0; i<= 6; ++i) {
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pli].push back(temp[i]):;
} // end for; number of frames

double totalx = 0,avgx=0;
double totaly 0,avgy=0;
double totalz 0,avgz=0;

// Array that stores the points after the Arithmetic
Average

Point viconAverage([6];

for (i=0; i<= 6; ++i) {

std: :vector<Point>::iterator iter;

for(iter = p[i].begin(); iter != p[i]l.end(); iter++) {
totalx += iter->getx(); //sum of x coordinates through N
frames
totaly +
frames
totalz += iter->getz(); //sum of z coordinates through N
frames

}

iter->gety(); //sum of y coordinates through N

//Arithmetic Average

avgx = totalx / pl[i].size();
‘avgy = totaly / pl[il.sizel();
avgz = totalz / pl[il.size():;

//Since we have the average, erase all data and keep only
the average

plil.erase(p[i].begin(),pl[i].end())

Point temp;

temp.setx (avgx) ;

temp.sety (avgy);

temp.setz (avgz);

pli].push back(temp);

for(iter = p[i].begin(); iter != pl[i]l.end(); iter++) {
viconAverage[i] = *iter;

}

totalx = 0; //Set to zero for each marker

totaly = 0;

totalz = 0;

}// end for
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//Distance of the markers among each other that is
obtained by the cameras

double viconDistance[6][06];
for(int i=0; i<6;i++) {
for(int j=0; j<6;j++) {

viconDistance[i][]j] =
distance (viconAverage[i],viconAverage[]]);

output file << viconDistance[i][]j]; // output to file
if (j == 5)

output file << endl;
}

}// end for
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APPENDIX E

MATLAB IMAGE PROCESSING SEQUENCE
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LEAST SQUARE PROBLEM SOLUTION FOR FITTING A CIRCLE

We want to find a circle that fits the given set of
points best in a sense of least squares approximation.

Let a circle be represented as

/

x2+y2+2Ax+2By+C=0

Then, the center of the circle is (-A,-B) and the radius

is
r=+A?+B*-C

Assume this circle is used to approximate the given set
of points p; (i=1,2,...,n). Then, the squared error with
respect to pi=(xi,yi) is (xf+yf+2Axi+2BnyH2. Accordingly,

the total squared error is given by
b= Z (xs*+y: " +28%:+2By: +C)

We thus want to find A,B,C such that 0O is minimized,
which is equivalent to solving the following system of

linear equations:

108



Explicitly, we need to solve

23 %% A+2Tx,y; BYIX; C+X (x;:%4y;?) x=0
2Ty AF2Tys% BiXys C+X (x3%4+yi?) vi=0

23x; A+2Ty; B+n C+E(x +y)=0

MATLAB SEQUNCE

RGB = imread('tape.png'):
imshow (RGB) ;

I = rgb2gray(RGB);

threshold = graythresh(I);

BW = im2bw(I,threshold) ;

imshow (BW)

connectivity = 8;

num_points = 180;

contour = bwtraceboundary(BW, [row, col], 'N’',
connectivity, num points);

imshow (RGB) ;
hold on;

plot (contour(:,2),contour(:,1),'g', 'LineWidth', 2);

/*Rewrite basic equation for a circle:

(x-xc) ™2 + (y-yc)”2 = radius”2, where (xc,yc) 1is the
center 1in terms of parameters a, b, ¢ as

X2 + y*2 + a*x + b*y + ¢ = 0,

where a = -2*xc, b = -2*yc, and
c = xc"2 + yc*2 - radius”2 */
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Solve for parameters a, b, ¢, and use them to calculate
the radius.

x = contour(:,2);
y = contour(:,1);

// solve for parameters a, b, and c¢ in the least-squares
//sense by

//using the backslash operator
abc=[x y ones(length(x),1)]\[~(x."2+y."2)];
a = abc(l); b = abc(2); ¢ = abc(3);

// calculate the location of the center and the radius

xc = -a/2;
yc = -b/2;
radius = sqgrt((xc”2+yc”2)-c)

// display the calculated center
plothc,yc,'yx','LineWidth',Z);

// plot the entire circle
theta = 0:0.01:2*pi;

// use parametric representation of the circle to obtain
coordinates of points on the circle

Xfit = radius*cos(theta) + xc;
Yfit = radius*sin(theta) + yc;
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APPENDIX F

SOFTWARE REQUIREMENT SPECIFICATIONS
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1. Introduction

1.

1.

5

Purpose

Scope

Definitions, acronyms, and abbreviations

References

Overview

2. Overall Description

2.1 Product Perspective

2.1.1 System Interfaces

2.

2.

2.

1.

1.

1.

2

3

8

User Interfaces

Hardware Interfaces
Software Interfaces
Communications Interfaces
Memory Constraints
Operations

Site Adaptation Requirements

2.2 Product Functions

2

2

2

2

3. Specific

.3 User Characteristics

.4 Constraints

.5 Assumptions and Dependencies

.6 Apportioning of Requirements

Requirements

3.1 External Interfaces Requirements
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.2 Functions

.3 Performance Requirements
.5 Design Constraints

.6 Software System Attributes
.6.1 Reliability

.6.2 Availability

.6.4 Maintainability

Introduction:

1.1 Purpose
This document defines the requirements and design
layout of a software product for the Sequential
Alignment and Position Verification System For
Functional Proton Radiosurgery. This document is
produced with the intention of aiding software
developers who are willing to work on SAPVS. The
document and the software product will serve the

following types of users:
e Software Developers

e Professors who will review this thesis

academically
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e Decision makers who will decide on the

future of SAPVS

1.2 Scope
The software product defined in this document is
intended to document design and implementation of
the SAPVS software.

1.3 Definitions, Acronyms, and Abbreviations

Term
Definition

Matlab A tool developed by
Mathworks Inc. for software
development and engineering

purposes.

Vicon The company that

nanufactures vicon cameras

Algorithm A set of steps defined such
that when they are
followed in a specific
order, a task is

accomplished.

C++ An object oriented language

developed by Biarne
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Stroustrup. C++ is a
superset of the C

programming language.

O0D Object Oriented Design
oS Operating System
1.4 References

IEEE Std 830-1993 IEEE Recommended Practice of

Software Requirements Specification

IEEE Std 830-1998 IEEE Recommended Practice of

Software Requirements Specification-Annex A

Classical And Object-Oriented Software Engineering,

Stephen R. Schach

http://web.csusb.edu/public/class/cs455 1/winter99/d

~ocumentation/algorithma99 /srs.html

http://web.csusb.edu/public/class/cs455_1/wintéf2001

‘/200l/docs/prototype7/srs7v1.html

1.5 Overview
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http://web.csusb.edu/public/class/cs455_1/winter99/d

The remainder of this document defines the functions
and specific requirements of SAPVS a format

consistent with the IEEE Std 830-1998 SRS format

2. Overall Description

2.1 Product Perspective
2.1.1 System Interfaces

This product is coded in Microsoft Visual C++ and

~therefore it requires Microsoft Windows platforms.

2.1.2 User Interfaces
This program is invoked through a Windows

Dialogue.

2.1.3 Hardware Interfaces
This project will not directly implement any
hardware interfaces. All interfacing to I/O

‘ devices will be provided by the operating system.

2.1.4 Software Interfaces

Not applicable
2.1.5 Communication Interfaces

This project is to implement serial communication
with the positioner table through RS-232

communication interface.
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2.1.6 Memory Constraints
Requires a Random Access Memory which is

sufficient to run an operating system.

2.1.7 Site Adaptation regquirements
This program doesn’t require any software for

adaptation.

2.2 Product Functions
A serial communication module, a verification module
for the distance of the markers among each other, a
Coordinate Transformation Module, a module for
finding the shortest distance, a Matlab Sequence

for the image processing phase.

2.3 User Characteristics
The intended users of this program are the software
developers that have a good understanding in
software applications and no elementary instructions
will be needed for these users to run or activate

‘this product.

24 Constraints
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The development of the product is constrained by

the funding opportunities.

2.5 Assumptions and Dependencies
The assumptions is made that this products performs

at an acceptable level.

3. Specific Requirements
3.1 External Interfaces Requirement
Please see section 2.1.5
3.2 Modules
3.2.1 Serial Communication
Serial communication on Windows NT operating system
is implemented through RS-232 communication
interface.
3.2.2 Verification Module
To .verify whether the distances among markers are
accurate enough for alignment purposes.
3.2.3 Coordinate Transformation
The transformation needed from the global (Vicon)
coordinate system to local coordinate system.

3.2.4 Finding‘the shortest distance
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For alignment purposes, it is best to find the
shortest distance to align the target point with
the proton beam.
3.2.5 Image Processing
The matlab sequence is to find the distance
between the circles which represents the degree

of error in alignment accuracy.

3;3 Performance Requirements
This program should work on one terminal, handle one
file, and be supported by one user.
3;4 Design Constraints
The followings limit the usability of the program:
. Windows platform limits the portability.
° Matlab compiler and C++ Math Library is
needed for operation.
3.5 Software System Attributes
This program is designed by incremental model,
constructed step by step. Therefore, it is easy to
maintain and debug, flexible to add new functions on
it.

3.5.1 Reliability
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This program will execute on the stated supported
platforms described in section 2.

3.5.2 Availability
The executable software, documentation, and
source code will be available at Loma Linda
University Medical Center Research Laboratory
Server.

3.5.3 Maintainability
Once the software is released, maintenance will
not be needed until the release of the next

prototype release.
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