Programming Assignments 1 & 2 (circle one)
600.445 Fall 2003
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De<ription of formulation and algorithmic approach 15
Overview of program 10
Discussion of validation approach 5
Discussion of reallts 10
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Instructions

¥ You maywork alone or in groups of 2 pegple. | amopposedto groups of threeor more.
o Contactthe TA if you are having trouble finding a partner.

o0 Inthe pag, ateamconsisting of one person who is a bit stronger in math with one who is a bit
stronger

¥ Except in extraardinary circumstances both members of the group will receive the samegrade, but
your report should indicate who did what

¥ You may use standard numerical libraries and packages for leag-squaresproblems and Caredan
coordinate transformations. One such library is that associated with Numerical Recipesin C. There
isalso anumerical library | wrote for the ERC.

o If you do use softwarefrom our web site, remember that it is copyrighted and part of the CIS
ERC infragructure.

Y ou must cite the source of any softwarethatyou do not write yourselves

You may not use the reailts of previous year©programming assignmerts or the work of other
studerts on this yearOsissignmerts.

¥ Your programs (and the reports) should clearly indicate auhorship of the code ard also should cite
ary librariesthat you use, including source.

¥ Do not go out and try to find a package that solvesthis particular problem. Numerical libraries are
one thing, but using somemeOsegstration or calibration code is ertirely another matter.

¥ The TA will also post some possibly useful softwarefrom the ERC on our website. You do not have
to use this software but mayfind it helpful.

¥ Note that these rules are intended to supplemert the gereral instructions discussed at the opening
session of the class, not to redacethem. If you have quedions, sesemeor the TA.

¥ You should hand in abound report containing the following:

0 A narrativereport (typically about 5-8 pageslong) summarizing
I The mathematical approachtaken
I The algorithmic steps followed

I An overview of the structure of the computer program, suffi ciert to erable someme
with reamnable skill (the grader) to understand your approachand follow your code.

I The steps takento verify thatthe programis working correcty. Typically, thiswould
take the form of adiscussion of the reaults using the debugging examgdes

I A tabular summary of the reaults obtainedfor unknown data

I A short discussion for the reaults of running your program. This cerainly includes
the tabular summary above, but may also include a discussion of convergenceif you
adopt aniterafve process or of diffi cultiesif you suspect that your arswer is wrong.

I A short statement of who did what

0 A well structured and well documented programlisting




o0 A CD containing:

I A direcory called OROGRAMSQ containing (at leas) all source files for your
program, together with a file GREADME.TXTO, containing the namesof all the
source files together with a 1-line decription of eachfile. Optionally, you may also
include anexecuab e program and instructions for using it.

I Another direcory, caled G@UTPUTO, containing the program output files in the
specffiedformatand with the specified name (seebelow).

0 My recanmendation isthatyou use aloose-leaf notebook with a pocketin backfor the CD or
diskette.



Description of the Problem Scenario

This problem concerns calibration, simple regstration, and tracking for a steredacic navigation
systemthat usesanelectromagnetic positional tracking device.
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Equipment and Calibration

You have beengiven an electromagnetic (EM) tracking system that is capahbe of measiring the 3D
position of small markers relative to a measiring base unit. The meaduremerts are subject to some

uncharacerized distortions, but you have been given a calibration object containing N_ markers at
known positions (!:i fori=1" N_relative to the calibration object coordinate systemF_. The calibraton
object also has N, Optical LED markers at known positions faj on the calibration object N other
optical markers are placedat known positions dJ on the base unit of the electomagetic tracking system.

The optical tracking systemis able to readthe positions of the optical markersto very high accuacy. For
the purpose of this exercise, we will assume no geometric errar from the optical tracker. We will derote

the positions of the calibration object LEDs relative to the optical tracker as AJ and those of the
elecromagnetic base markers asl:)j. We will desgnate the meadured positions of the electomagetic

tracker markers on the calibraton object, corregponding to the (!:i asC':i . In addition to its distortion,



whichislarge (up to several mm) but very repeatalle, the sensor systemis subjectto a certain amaunt of
random noise! , which variesfrom zero (on a good day) to avalue up to about 0.3 mm.

The calibration object will be placedat various positions in the workspace and the positions of the
optical markers and the electomagietic markers will be measired Thus, each Oamde frameO of

calibraon datwill consist of the following information:[,D,," ,D,, ,A." 'AN C."

The workspace also has one or more dimpled calibration posts placed at fixed, though unknown,
positions and oriertations with respectto the electomagnetic tracking system. Y ou have been giventwo

pointer probes One equippedwith N, LED markersat unknown, though fixed positionsl'li . Theotheris

equippedwith N elecromagretic markers again at unknown, though fixed Iocaiions!gi . You aregiven

the data from Opvot calibrationsOof eachprobe using a dimpled post. Each frame of data from the
optical probe calibraiion consists of measiremerts [D,," ,D,, ,H,," ,H ] and eachframe of datafrom

the electromagnetic probe calibration consists of vaIues[Gl," ,GN ].

Note: To some exter, this represents an unreaistic scerario. One is not likely to have both an
optically-tracked probe and an electromagnetically tracked probe, although it is perfectly plawsible to
have an optical tracking systemfor performing once-only calibrations. The main rea®n for including this
elemert in our problemscerario is specifically to enable meto ak you to programa pivot calibration step
with a non-distorted tracking system. Also, during systemdevelopmert it mayindeedbe plawsible to have
both optical and EM tracked probes In fact the calibration body itself may be a pointer containing both
typesof markers.

Stereotactic Navigation after calibration

After the calibration steps described above are performed, the systemis ready for use. We assumethat
N, fiducial landmarks have beenselectedthat canbe located accurately in pregperative CT imagesand

by pointing with the EM probe. Assumethatthe locations of these landmarksin the CT imagesaregiven
by bj forj=1! ,N

.
The surgical procedure is asfollows:
1. The patenOsinatomy is fixedin space relative to the base of the EM tracking system
2. Thetip of the EM pointer probe is positionedon eech of the fiducial landmarks b and a
OfraneOof EM data ( [G G ] )i.e., istaken The corregponding position B of the

pointertip relative to the EM ba$ coordinate system is computed

3. Thetransformaion betweenEM and CT coordinatesis computed(i.e., bJ ' Fe® éj)

4. Subsequently, the system reads succesive framesof EM data [G1 ,(:BNG] , computesthe
corregponding position of thetip in CT coordinates and displays the corregponding CT data.

Assignment 1: Basic transformations & pivot calibration

The main focus of asignmert 1 is developmen of mathematcal tools and subroutinesthat you may
use in subsequert assignmerts. The specffic goals are:

1. Develop (or develop proficiency with) a Cariesan math package for 3D points, rotations, and
frametransformatons.



Develop a 3D point setto 3D point setregstration algorithm
Develop a OpvotOcalibration metod.

inen a distortiqn calibration data set, as described above, compute the OepecedOvalues
C @ for the C, :

a. For each calibraton data frame [,I51," DNDAL ANAC1 ,éNc], compute the
trarsformation F, betweenoptical tracker and EM tracker coordinates |.e., compute
aframe F, suchthat d, =F, ¥D,.

b. Similarly, compute atrarsformation F, betweencalibraton objectand optical tracker

H 1
coordinates l.e, A =F, -aj )

c. GivenF, and F,, compute C ™Y = F_ ¥F, ¥¢, .
You will use thiscode in Assignmert 2 to calibrate for the distortion.

5. Apply the EM tracking data to perform a pivot calibration for the EM probe and determine the
position relative to the EM tracker base coordinate system of the dimple in the calibration
post. The suggeded procedureis asfollows.

a. Use the first GrameOof pivot calibration data to define a local OpobeOcoordinate
systemand use this to compute g; One simple metod is asfollows. First compute

the midpoint of the observed points
1

!
I G
Ng "

!
G, =
Thentranslate the observations relative to this midpoint. 1.e., compute
g,=G;! G,

There arealtermative methods, many of whichinvolverotati ngiqj . But thisisnOt

particularly critical. Your pivot calibration will determine atip coordinates E(G

definedin the same probe coordinate system.
b. For eachOfameOk of pivot data, compute atrarsformation F.[K] such

: !
thatG, = F,[K] ¥g, .

c. Now usethe method discussedin class to solve the system
!

P, . =F.[K¥t,

dimple
!

6. Apply the optical tracking datato perform apivot calibration of the optical tracking probe.
The suggeged metod is the same asabove excegd that you should first use your value for F,
to transform the optical tracker beaca positionsinto EM tracker coordinates Note thatthe

optical tracker may not be in exacty the same position and oriertation with regect to the EM
tracker base for eachobservation frame of optical tracker data, so thisis animportart step.



Data file formats

¥ ONAME-CALBODY.TXTOBinput file which describesthe calibration object

LINE

Data

De<riptio
n

N,,N,,N.,NAME-CALBODY.TXT

Number of
optical
markers on
EM base,
number of
optical
markers on
calibration
object,
number EM
markers on
calibration
object
Followed by
agii string
giving file
name

2to N, +1

d..d. d

X,i? Ty, i Tz,

Coordinates
of d.

N, +2to
2+ N, +N,

a‘x,i ? a'y,i > a‘z,i

Coordinates
of ai

2+N,+ N, to
2+ Ny + N, + N,

c.,Cc .,C.
X, 7y, 2

Coordinates
of bi

¥ OMME-CALREADINGS.TXTOPinput file which providesthe valuesreadby the sensor

LINE Data De<ription
11 N,,N,,N., N, ,NAME-CALREADINGS.TXT | Numberof optical markers
on EM base, number of
optical markerson
calibration object, number
EM markerson calibration
object, number of Odita
frameof data, file name
Frame| D ,D ,,D,, Coordinatesof D,
1 : : :
E
A A A Coordinatesof AI
E




Coordinatesof CI

X,i? Ty, Tz
E E
Frame| D D, ,,D,, Coordinatesof D,
Nframes
E
E Ax,i’Ay,i’Az,i Coordinatesof AI
E
E C..C,..C,, Coordinatesof CI
OMME-EMPIVOT.TXTOPinput file which providesthe valuesreadby the sensor
LINE Data De<ription
1 Ng, N, .NAME-EMPIVOT.TXT Number of EM markerson
e probe, number of Oata
frame<of data, file name
Fram(la G,,.G,,.G,, Coordinatesof G,
E E
GX,NG Gy, Con, Coordinatesof GNG
E |E E
Frame| G .G, ,G,, Coordinatesof G,
Nframes
E E
G .G Coordinatesof GN

X,
N

ViNg’

Z,Ng

OMME-OPTPIVOT.TXTOPinput file which providesthe valuesreadby the sensor

LINE Data De<ription
1 N.,N,,N___ ,NAME-OPTPIVOT.TXT Number of optical markers
femes on EM base, number of
optical markerson probe,
number of Odta frameof
data, file name
Frame| D ,D ,,D,, Coordinatesof D,
1 : 1Yy,




DXYND Dy D, Coordinatesof DND
H..H,H,, Coordinatesof H,
E E
H,. Hon, Han, Coordinatesof HNH
E |E E
Frame Dx,l’Dy,l’DZ,l Coordinatesof Dl
frames

DXYND Dy, Do, Coordinatesof D,
Hx,l’ Hy,l’ Hz,l Coordinatesof H,
E E

Hx,NH ’Hy,NH ’Hz,NH Coordinatesof HNH

ONAME-OUTPUT-1.TXTOPoutput file for problem1

LINE Data De<ription
1] N., N, ..NAME-OUTPUTL.TXT Number of EM markerson
anes cal object, number of Odita
frameof data, file name
2\ P,P,P Estimated post position with
g EM probe pivot calibration
3 P,P,P Estimated post position with
g optical probe pivot
calibration
Framia C...C.C Coordinatesof (:Zl(expe“e“)
E E
Coordinatesof (:ZNC(eX"e“ed)
E |E E
Frane| C,,,C, ,,C,, Coordinatesof (:Zl(ex’med)
Nframes
E E
Cy. Cyn.'C Coordinatesof (:ZNC(eX"e“ed)

XiNg Y,N¢ ?




Assignment 2: Distortion calibration & application

In this assignmert, you will fit polynomials to model distortion and then use these polynomials to Oa-
warpO the EM tracker space. You will use the dewarped EM tracker space to repeat your pivot
calibration. Thenyou will use the reaulting calibration to compute regstration to a CT coordinate system.
Finally, givensome pointer data frames you will report corregponding CT coordinates

The suggeded procedure is asfollows:

1

Input the body calibraon data file and process it to determine the values of
C ©=[k] corregponding to each C [k] in eachOfameOk of data.

Use the method describedin class to produce a suitald e distortion correction function.

Use this distortion correcion function to repeatyour Opvot calibrationOfor the EM probe.
Using the distortion correcion and the improved pivot value, compute the locaions with
c ,C C . resectto the tracker base coordinate systemof the fiducial points.

x,Nc’ Y,Ne ' 7z,N
Compute the regstration frameFreg .

Apply the distortion correcion to all the subsequent values of[él," GN ], compute the

pointer tip coordinates with regect to the tracker base, and apply Freg to compute the tip
location with regectto the CT imacg.

Data file formats

¥

¥

The following filesare the same format asin PA#1
0 NAME-CALBODY.TXTOPinput file which desribesthe calibration object

0 OMME-CALREADINGSTXTOPD input file which providesthe values readby the
sensor

o OMME-EMPIVOT.TXTOPinput file which providesthe valuesreadby the sensor
o OMME-OPTPIVOT.TXTOBinput file which providesthe valuesreadby the sensor

0 NAME-OUTPUT-1L.TXTOPoutput file for problem 1 B Note: this will be provided
for a couple of the OuknownOdata sets. This is interded for the berefit of pegple
who may have had some trouble with the first programming assignmert. The only
differenceisthatin this cas, | will apply the dewarping computation to the individual
points.

OMME-CT-FIDUCIALSTXTOPinput file that describesCT fiducial coordinates bJ

LINE Data De<cription

1] N, ,NAME-CT-FIDUCIALS.TXT Number of CT foducials
Followedby a<ii string

giving file name

2to N, +1 | b,b ,b Coordinatesof b,

X0y, Tz

10




¥ OMME-EM-FIDUCIALSTXTOP Input file that describesframesof datain which the probe

isin contactwith the correponding CT fiducials

LINE Data

De<ription

1 N., N, ,NAME-EM-FIDUCIALS.TXT

Number of EM markerson
probe, number of Ocita
frameof data, file name

Framel | G G .G

Coordinatesof él

E E
GX,NG Gy, Con, Coordinatesof GNG
Frame2 | E E
Frame N Coordinatesof G,
E |E E
E | G, G G, Coordinatesof éNG

¥ OMME-EM-NAV.TXTOD Input file that describes framesof data defining teg points. You
areto find the correonding positions of the probe tip with repectto CT coordinates

LINE Data De<ription
1| Ng, N NAME-EMNAV.TXT Number of EM markerson
probe, number of Ocita
frameof data, file name
Framcla G,1,G,,,G,; Coordinatesof G1
E E
G,.. Gyne:Cuong Coordinatesof éNG
E |E E
Frame | G,,G,,,G,, Coordinatesof G,
Nframes
E E
G,.. GyneCung Coordinatesof éNG

¥ OMME-EM-OUTPUT2.TXTO B Output file that gives positions of probe tip in CT
coordinates corregonding to the framesof datain NAME-EM-NAV.TXT.

LINE Data De<ription
1| Njanes NAME-OUTPUT2.TXT Number of EM markerson
cal object, number of Odita

11




frameof data, file name

2 to| v

x,i’V
+1

vir Yz, Coordinatesof \:/I.,the
probetip positionin CT
coordinatesof the i O
frameof datain NAME-
EM-NAV.TXT

frames

x,17 Tyl Tz1

12



