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Abstract

A navigationsystemis plannedandimplementedn order
to useit in computeraidedsuigery. Theideais thatthree
camerasrecollectingimagesof thesameobjectandfrom

theseprojectionsthe 3D coordinateof the pointscanbe
computedln orderto performsucha positioningwe have

to solwe the calibrationof the cameras. The calibration
needsaspeciabbject,calledcalibrationcross.Theimages
of thecalibratedcameraganbeusedaterfor determining
point positions. The experimentalresultsshavs that the

positionsof 3D points can be determinedwith an error
cca.0.3cm. We work furtherfor improving this result.

Keywords: cameracalibration,computeraidedsumgery;
Pawell's algorithm

1 Introduction

Skeletalinjury operationsarein generalof high comple-
ity andrequireextremeaccurag. A teamof expertshas
beenassembledrom Departmenof TraumaSuigeryand
Departmenbf ImageProcessingnd ComputerGraphics
of University of Szeged. The goal of the teamis to re-
searchand develop appropriatesoftware and procedures
capableof performing biomechanicakestsand diagno-
sison newly injured (human)accidentvictims with bone
damageTheaimis to supportthe suigical procedurahat
would optimally stabilizethe structuralintegrity of thein-
juredbone.

The methodis to acquireCT imagesin orderto build a
3D virtual model of the bonesystemof the patient. The
sulgeoncan usethis modelto plan the necessaryppera-
tion. Having the operationplanin handthe suigeonneed
somesupportto performthe planaspreciselyasit is pos-
sible. For this reasonthe actualposition of the patients
body andthe implantsshouldbe determined.The aim of
this developmentwvasto give a softwaretool for determin-
ing thesepositionsfrom CCD cameramagesiit is called
MedNavigator.

We plan to extend our system with the ability to
help the suigeonduring the localization[1]. We could
identify some specialmarked points and give real-time
information, for example,whereandin which anglethe
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suigeonhasto inserttheimplants.

Three or more camerasare installedin the operating
theatrefor imageacquisition(seeFig.1). Our challenge
to de ne exactthree-dimensiongboint positionsin space
with the help of cameraimages[2]. For example,when
the suigeondrills a hole into the bone accordingto the
previously preparedlan, (s)hehasto localizethe starting
positionandthe directionof the hole on the surfaceof the
bone. Thatmeansthatthe 3D virtual modelof the bone,
theactualboneposition,andthedrill shouldbepositioned
together

To solwe this problemwe needto know the cameras'
mappingmodel,the methodhow to determinethe model,
andthepositionfrom the cameramages.

Figurel: Usedvirtual spacefor thecalibration

The cameramapsthe 3D spaceof therealworld into a
2D projection. The mathematicabtlescriptionof this pro-
jectional mappingis necessaryor the positioning. The
mappingandalsothemathematicatlescriptiorcanchange
during the operation. For example, the cameracan be
moved into anothermplaceduring the operation. It means
that the determinationof the mapping should be done
quickly and easily This procedure called cameracali-
bration,is the subjectof this paper



2 Calibration methods

2.1 The basic types of calibration

The calibrationhastwo basictypes[5]:
1. Photogrammetricalibration.
2. Self-calibration.

Photgrammetriccalibration

Cameracalibrationis performedby a calibrationobject
whosegeometryis known with sufcient precision. This
meanghatthe calibrationobjectputinto the cameraand
thenwe candeterminghecamerasparametersith image
processingnethodandmarker points. This taskrequires
specialcalibrationobject. For examplein 3D it is usually
abox.

Self-calibation

In self calibrationa camerais moved in a staticscene,
andwe candeterminethe cameras parametergrom the
excursion.In thistimewe don't useary calibrationobject.
Becauseherearealot of parameterto estimatewe cant
obtainreliableresult.

2.2 Our calibration method

The calibrationis to determinethe mathematicatransfor
mationor mappingasthe cameramapsa 3D objectinto
a 2D image. In our systemthe calibrationobjectis a 3D
cross(seeFig. 2). The3D crossis our new calibrationde-
vice. Its shapemakespossiblethatreally 3D information
canbeusedduringthecalibration.

Figure2: Our calibrationobject

Our calibrationcrossconsistsof 6 tubes(diameter10
mm)formingtheaxesof a3D coordinatesystemandthere
are5 color LEDs at the endsof the tubes(the 6th endis
for xing thecross).Thetubesare10cmlong,thatis, the
LEDs aresofar from the origin of the coordinatesystem
representetly thecross.The ashing LEDs arethepoints
to beidenti ed for thecalibration.

Thecalibrationin theoperatingheatremustsatisfyspe-
cial conditions. We needa precisepoint de nition there-
fore we have choserphotogrammetricalibration.

3 The mathematical description

In the following sectionwe presentthe mathematical
modelof the cameranapping[3].

3.1 Camera calibration

Thecoordinatesystemin whichwe aregoingto determine
the cameramappingis the following. The origin is the
centreof the 3D calibrationcross,its axesarein the same
directionsasthe tubesof the cross.For example,thever-
tical tubeshaw theaxisY.

Let M denotehematrix describinghecameramapping
in thehomogeneousoordinatesystem.
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by this cameramappingas
M P=P:

Our taskis to determinethe 12 component®f matrix
M, thatis, we needat least12 equationsto solve such
a problem. In orderto nd the necessargquations et
us considerthe imagestaken from the calibrationcross.
Supposedhatwe have threecameragaking picturesfrom
thecalibrationcross.

Each camerais representedvith it's own mapping-
matrix. Let M' be a mapping-matrixof the ith camera,
the projectionof pointPis B formally,

M P=P:;

Cameraalibrationmeansthatwe shoulddeterminehe
matrix M using calibrationimages. Let us supposethat
thereare points P1, j=1,2, ..., j, in the 3D spacewith
known coordinates. We are going to collect imagesof



thesepointswith all cameras.Let the projectionof point
Pk by theith cameradenotecby P!, thatis,
M pi=phi:

This vector equationmeansthree scalarequationsfor
the rst threecomponentsof Ph . If we hae 5 points
thenwe have altogetheBx5=15equationgpercameraand
S0, 45 equationsfor the three cameraswhich seemsto
be morethanenough.However, dueto measuremerdand
modellingerrorswe cannothopethatsomeof the 12 from
the 15 equationswill beenoughto determinethe 12 com-
ponentsof ary mappingmatrix. For this reasoninstead
of looking for precisesolutions,we canreformulatethe

problemasanoptimization.Formally, we wantto nd the
solutionof

. . 2
Mi P PY 1 min

That is, we are looking for M, i=1,2,3, such that
the differencebetweenthe measuredand the computed
positionsis minimalin somesense.

Powell's algorithm [4]:

To solve thiswe useanumericaimethod Powvell's algo-
rithm, which worksaccordingo thefollowing principle.

Theinputsof the Powell's algorithmarea functionand
aninitial direction. The algorithmminimizesthe function
iteratively. Theresultof the Povell's methodarethe op-
timal component®f thematrixM ', i = 1;2;3: We con-
sider thesematricesas the resultsof the calibrationand
the positioningprocedureusesthesematricestill the next
calibration. As far aswe know, usingPowel's methodfor
solvingthe calibrationandpositioningproblemss new in
theliterature.

3.2 Positioning

After the calibrationmethodwherewe determinesheM
matrices we wouldlik e to determinecertainpointsin the
space Onepointin animagemadeby a cameraletermine
aline in a 3D spacewhich meansthat we needat least
two camerago determinea point in space. Becauseof
noise,anderrorsit is betterto usethreecameras.As we
saw in thecalibrationmethodevery camerahasa mapping
matrix, which is calculatedduringthe calibrationmethod.
Wewouldliketo nd thepointP in thespaceijf we know
its projection. We canwrite down the following equation
system(i=1, 2, 3)

Mi P =PI (1)

Insteadof solving this equationsystemwe reformulate
theproblemasanoptimizationtask,andwe searcha point
P suchthatthedifferenceof theequatiorsystems$left and
right sidesis minimal (leastsquaremethod).

. 2
Mi P B min:

To solve this problem we can use Pawvell's method
again.

4 Method of calibration and po-
S|t|on|ng
In the operationtheatrethe rst stepis to make camera
calibration. During calibrationeachof the threecameras
are calibratedin the sameway using the same3D cal-
ibration crossmentionedin Section2. The points P1,
j = 1;2;3;4,;5, usedfor thecalibrationarejustthe LEDs
of the cross. The projectionsof thesepoints are eas-
ily recognisedn the projectionimagesif the pointsare
swichedon andoff duringthe acquisition.The difference
of thetwo images(i.e., wherethe LED was switchedon
andwas off) is more suitablefor the detectionof theith
projectionof thej th LED, thatis, P% .
Eachcamereagetsthe 2D coordinate®f LEDs, thenthe
programsendghesecoordinateso themathematicamod-
ule, which calculategshe mappingmatrices(seeFig.3).

Figure3: MedNavigator

The next stepis to synchronizehe cameraimage,the
CT imageand3D model,which is madepreviously from
CT images Duringthis positioningthecomputeiswitches
on a marler, sayP. The MedNavigator determineghe
positionsof theprojectionsof P in thecameramagesﬁ\ i
i = 1;2;3. Thenusingthe calculatedmappingmatrices
the programcomputeghe 3D positionP .

5 MedNavigator

MedNavigatoris a collectionof programmodulesclassi-
ed functionally asfollows (seeFig. 3). The Acquisition
is responsiblefor collectionof cameraimages. The unit
LED control switcheson and off the LEDs accordingto
the control of the computer Point detectionrecevesthe
camerdamagesandsubtractheimagesn orderto getdif-
ferenceémagedor the determinatiorof the coordinate®f
the LEDs projections. This unit sendthe point positions



for furtherprocessindo the moduleMat. Mat hastwo ba-
sictasks.Ilt computeshemappingmatricesof thecameras
during the calibration. Also the Mat moduledetermines
the 3D pointscoordinatedrom the threecameraimages.
Finally, the whole processcan be followed throughthe
graphicalUserInterface(seeFig. 4). Whenwe startthe

Figure4: Window of MedNavigator shaving 3 cameran
use

MedNavigator we canseethe threecameraimages. The
calibrationtool is connectedo the computerthroughthe
parallelport, sothe programcanswitch the LEDs. After
we startthecalibrationthe programsavesthecamerasim-
ages.Thenit switcheghe LED oneby oneandrecordshe
images.Fromtheinitial backgroundmageit subtractghe
actualimage,whereoneof the LEDs is on, andtheresult
is the position of the brightestpoint. The LED identi -
cationnumber andthe 2D LED coordinatesare givento
the Mat module. The Mat modulecalculategshe mapping
matrix.

6 Results

We testedthe MedNavigator systemin different ways.
First, we testedthe Mat moduleindependenthffrom the
cameraimages. It meansthat the mathematicalproce-
duresgotnumericalinputdataandthe outputwaschecled
knowing the exactresultsto becomputedvhenthesystem
worksperfectly For example, the cameracalibrationgave
themappingmatrix for eachcameraasanoutput. Thenwe
checledthe equationsystem(seeEq. 1) usingthe matrix
andthe known point positions.

After this testing and making the necessaryprogram
modi cations, we startedthe testingof the whole system.

The cameraimagescollectedfrom the calibrationcross
were usedfor this validation. From theseimageswe de-
terminedthe LED positions.Knowing the LED positions
exactly we could comparethe computedcoordinatesvith

therealones.

Themeasure@ndtherealcoordinate®f the LEDs and
the Euclideandistancebetweerthem(row D) arein Table
1.

Thetableshows thatthe differencesareabouthalf acen-

1.LED 2.LED 3.LED 4.LED 5.LED

X 10 -10 0 0 0

Y 0 0 0 10 -10
z 0 0 10 0 0

X 9.58 -10.54 0.00 0.41 0.53
Y -0.10 -0.24 0.00 10.10 0.20
z -0.20 -0.18 10.00 0.20 0.23
D 0.48 0.65 -0.00 0.48 0.60

Table1: MeasuredX ,Y , Z ) andthereal (X, Y, 2)
coordinatesn cmandD is the Euclideandistance

timeter Suchanerroris too big for our aim, sowe started
to look for thereason®f theerrorsandto correctthe pro-
gram. Findingandsolving suchproblemdik e inexactpo-
sitioning dueto wrong calibrationobject,synchronisation
andhigh intensity pointsdueto mirroring. We could re-
ducethis error asit is seenfrom Tables2 and3. Table
2 shaws the bestresultwe have while the Table 3 is the
worstresult. Table4 shavs the summaryof 100testsre-
sults. The rst columnindicatesthe numberof testwith
theerrorof thesecondcolumn.We emphasis¢hat81%of
own testsperformedunder0.3cm.

Our computatiorplatformwasMicrosoft Windows XP.
We usedthe compilerMicrosoft Visual Studio.Net 2003.
The systemneeds4-5 seconddor collectingthe images,
1-2 seconddor point detection,and lessthan 1 second
for computation. The navigation systemneeds150 KB
memory andminimum 100 Mb working space.

1.LED 2.LED 3.LED 4.LED 5.LED
X -11,2 11 0,5 0,3 0,5
Y -1,8 -1,8 10 -1,2 -1,3
z 0 0 0 -10,7 10,5
X -11,10 11,25 0,51 0,19 0,34
Y -1,72 -1,80 10,00 -1,28 -1,39
z -0,010 0,039 -0,00 -10,68 10,37
D 0,12 0,26 0,01 0,13 0,22

Table2: BestmeasuredX ,Y ,Z ) andthereal(X, Y,
Z) coordinatesn cmandD is the Euclideandistance



1.LED 2.LED 3.LED 4.LED 5.LED

X 11,2 -11 0,5 0,3 0,5

Y -1,8 -1,8 10 -1,2 -1,3

Z 0 0 0 -10,7 10,5
X -10,98 11,12 0,52 0,19 0,08
Y -1,68 -1,77 10,01 -1,32 -1,35
Z 0,13 0,09 0,01 -10,78 10,37
D 0,28 0,15 0,02 0,18 0,43

Table3: WorstmeasuredX ,Y ,Z )andthereal(X, Y,
Z) coordinatesandD is the Euclideandistance

Numberof result Error-Distance

3 0,4-0,5
16 0,3-0,4
52 0,2-0,3
10 0,1-0,2
19 0,0-0,2

Table4: Resultof 100tests

7 Conclusion

We found thatthe bestpositioningerrorin this systemis
about0.3cm. In orderto make furtherimprovementswe
think that we shouldchangeour cameras.In the present
systentheresolutionof thecamerass 320*240.Thesame
procedurecanbe appliedif the camerashave betterreso-
lution. We expectthatif the camerasaregiving 640*480
resolutionmageghenthenerrorcanbehalf of thepresent
value.Thesystemhasanown webpage:
http://wwwinf.u-szeed.hu/medsys!/
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