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Abstract

Wepresentanautomaticsoftwarebasedapproach for build-
ing extremelyhigh resolutionpanoramicmosaicsfrom im-
ages captured by an off-the-shelfpan tilt zoomcamera.
Using numerous zoomed-inimages from such a camera,
existing mosaicingalgorithmscould theoritically build gi-
gapixelimages. However the large numberof imagesthat
mustbeprocessedmakessuch approachesimpractical. Our
strati�ed approach for high resolutionpanoramic imagery,
�r st constructsa coarse panorama of the sceneand then
addsin detail froma zoomingcamera, in a top-downmulti-
resolutionfashion. Our approach usesboth feature based
anddirect intensitybasedimage alignmentmethods.Both
the geometriccalibration (intrinsic parameters and radial
distortion)aswell asthephotometriccalibrationandalign-
mentis doneautomatically. Our fully calibratedpanoramas
are representedasmulti-resolutionpyramidsof cubemaps.
Wealign hundredsof imagescapturedwithin a 1-12Xzoom
range and showresultsfrom two datasetscaptured from
camerasplacedin anuncontrolledoutdoorscene.

1. Intr oduction

Omnidirectionalcamerasusespecialsensorsto simultane-
ously imagea scenewith a large�eld of view (FOV) often
from a single viewpoint. Suchcamerastypically capture
low-resolutionimagesand have a limited rangeof scale.
High-resolutionpanoramiccamerasrequire specialhard-
wareandcanbe extremelyexpensive. Staticsceneshow-
ever do not requiresimultaneousimaging. Hencemultiple
images,(eachwith a small FOV) capturedover time can
bealignedandcompositedinto acompletepanoramausing
imagemosaicingalgorithms[1, 2, 8, 9]. Suchmethodsre-
quireanoverlapbetweenadjacentimages,andareimprac-
tical for building high resolutionfull-view mosaicsasthey
cannotef�ciently handlea largenumberof images.

We proposeto useaffordableoff-the-shelfpan-tilt-zoom
(PTZ) camerasto constructhigh resolutionpanoramicmo-
saics. Thesecamerasby virtue of their large zoomrange
canview a sceneat a rangeof scalemuch larger thanan
omnidirectionalcamera.At its �nest scale,it cancapture
high-resolutionimagerywhereasa large rangeof panand
tilt givesit a largevirtual FOV. HencethePTZcameracom-

Figure1: CubeMapMosaicof 84imagesfrom aPTZCam-
era. (a) mappedon a cube.(b)6 facesunfoldedon a plane.
PTZCameras- (c) Sony SNC-RZ30(d) CanonVB-C10.

binesthebestof bothworldsatanaffordablecost.
In our coarseto �ne approach,�rst a coarserversionof the
mosaicis computedby stitchingoverlappingimagescap-
turedfrom arotatingcameraatasmall�x edvalueof zoom.
During this step,theintrinsics,radialdistortionparameters
andthephotometriccalibrationof thePTZ cameraarealso
determined. Next the camerarepeatedlysweepsits FOV
with increasingzoom, thus acquiringimagesof the same
scenewith more and more detail. Theseimagesare in-
dependentlyalignedwith an existing mosaicto producea
versionwith higherresolution.Adjacentimagesdo not re-
quiremuchoverlap,andhencefor aparticularscene,amin-
imum numberof imagesareprocessed.Thecamerazoom
is doubledfor eachacquisitionphaseandhigherresolution
mosaicsarecomputediteratively to form amulti-resolution
pyramidof cubemapmosaics.Thefacesof a cubemap(see
Fig.1(a,b)representsanomnidirectionalimagefrom acam-
erawhoseprojectioncenteris at thecenterof thecube.This
representationis suitableasimagesfrom a purely rotating
andzoomingcameraarerelatedby a2D homography [4].

We usetwo typesof PTZ Cameras,theCanonVB-C10
andSony SNC-RZ30(seeFig. 1). They have largepanand
tilt range,16X-25X maximumoptical zoom, 300K-400K
pixel CCDswith horizontalFOV rangingfrom 47o to 2o-3o



Figure2: Multi-resolutionpyramidof acubemapmosaicfrom imagescapturedby azoomingandrotatingPTZcamera.

whenfully zoomedin. The CanonandSony camerascan
captureupto1.12and3.09gigapixels at maximumoptical
zoomrespectively. HoweverthePTZcontrolsof thesecam-
erasarenot repeatableandprecisecalibrationcanonly be
obtainedfrom theimagesthemselves[10]. Our methodre-
lies on robustsub-pixel imagealignment[5, 7]. We usero-
bust feature-basedmethods[3, 4] initially but adoptdirect
intensity-basedmethods[5] for accuracy oncethe images
are roughly registeredand photometricallyaligned. The
densesamplingof rayspresentin high-resolutionmosaics
is key to high �delity 3D reconstructionof wide-areaenvi-
ronments,image-basedrenderingandactivity detectionat
multiple levelsof detail in surveillancesystems.Section2
discussestherelevanttheorywhile ourmulti-resolutionap-
proachis describedin Sections3. We presentexperimental
resultsin Section4 andconcludewith scopefor futurework
in Section5.

2. Theory and Background Work

2.1 CameraModel

We chosea simplepin-holecameramodelwherethecam-
era's centerof rotationis �x edandcoincideswith thecen-
ter of projectionwhile it is rotating and zooming. Such
an assumptionis valid, whenthe PTZ camerais usedout-
doorsor in largeenvironmentswheretheshift of thecam-
eracenteris smallcomparedto its distanceto theobserved
scene. Our experimentshave shown that the CanonVB-
C10andSony SNC-RZ30surveillancecamerasfollow this
modelwith reasonableaccuracy. In thepin-holemodel(see
Fig. 3) for the perspective camera,a point X , in 3D pro-
jective spaceP 3 projectsto a point x, on the2D projective
planeP 2 (the imageplane). This canbe representedby a
mappingf : P 3 ! P2 suchthat x = PX , P beingthe
3 � 4 rank-3cameraprojectionmatrix (seeEq.1).
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Figure3: Left : Thepin-holecameramodel.Right : Cam-
eraundergoingpan-tilt rotationandzoom.

whereK representsthe cameraintrinsics while R and t
representsthecameraorientationandpositionin theworld
coordinatesystem.ThematrixK canbeexpressedin terms
of � , s, f , px andpy (Eq. 1), where� ands arethe cam-
era'sx:y pixel aspectratioandskew (weassumezeroskew,
hences=0);f its focal lengthin pixels,(px ,py ) its principal
pointandz its currentzoom.
Mostcamerasdeviatefrom arealpin-holemodeldueto ra-
dial distortionwhich becomesmoreprominentfor shorter
focal lengths. The 3D point X which projectsto x =
(~x; ~y ; 1) underthepin-holemodelactuallygetsimagedat
(xd,yd) dueto radialdistortionasshown in Eq.2.
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~x2 + ~y2 is the radial distanceof x from the center
of distortion(xc,yc) (assumedto coincidewith theprincipal
point) andL (~r ) is a distortionfactordeterminedby ~r . The
functionL (r ) is representedasL (r ) = 1+ � 1 r 2 + � 2 r 4 and
(� 1; � 2) is theparametricmodelfor radialdistortion.For a
PTZCamera,thefocal lengthf , theprincipalpoint (px ,py )
andcoef�cients of radial distortion (� 1 and � 2) are func-
tionsof thezoom.A methodfor computingtheparameters
over thecamera's full zoomrangeis describedin [10].



2.2 Rotating and Zooming Cameras

Herewe considerthecaseof a rotatingandzoomingcam-
era. Let x and x0 be the imagesof X taken at two dif-
ferent instantsby a camerathat is either zoomingor ro-
tating or both. Thesepoints, x and x0 are relatedto X
as x = K [R t ]X and x0 = K 0[R 0 t ]X wheret = 0.
Hence,x0 = K 0R 0R � 1K � 1x. In ourmodel,theintrinsics
remain the samefor pure rotation at constantzoom, and
hencethis equationreducesto x0 = KR rel K � 1x where
R rel = R 0R � 1 representsthe relative camerarotation
aboutits projectioncenterbetweenthe two views and K
is thecameraintrinsicmatrix for thatparticularzoomlevel.
Similarly for azoomingcamerawith �x edcenterof projec-
tion, x0 = K 0K � 1x. Thesehomographiesarerepresented
by H rot andH zo om (seeEq.3).

H rot = KRK � 1 H zo om = K 0K � 1 (3)

3. The Multi-r esolutionApproach
Conventionalmosaicalgorithm[2, 8, 9] would be infeasi-
ble for stitchinghundredsof imagesall capturedat high-
zoomto build extremelyhigh resolutionfull-view mosaics.
For instance,assuming50%overlapbetweenadjacentim-
ages,the SNC-RZ30must capture21,600imagesat 25X
zoom (full FOV of 3:16� steradians)while the VB-C10
needs7800imagesat16X zoom(full FOV of 2:55� steradi-
ans).By adoptinga coarseto �ne multi-resolutionscheme,
where imagescapturedat a particular zoom are aligned
with a mosaicbuilt from imagesat half the presentzoom,
approximatelyhalf of the above image count would be
neededat full zoom.Themulti-resolutionframework itself
doesrequireadditonalimagesto becapturedat intermedi-
atezooms.However by usinga top-down pruningscheme,
we reducethenumberof imagescapturedby avoidinghigh
zoomin areaswheredetail is absent(seeSection3.3).

Figure4(a) givesan overview of our approach.PhaseI,
dealingwith building thebasecubemapC0 (for the lowest
zoom)andgeometriccalibrationof thecamera,is described
in [10]. Section3.1describestheextensionto includepho-
tometriccalibration. This allows a consistentblendingof
the basecubemap.PhaseII outlinedin Fig. 4(b) involves
building a cubemap,Cz of size2N x 2N pixels from im-
agescapturedat zoomlevel z usingthe cubemapCz� 1 of
sizeN x N computedpreviously from imagesat roughly
half thezoom. Therecordedpanpz

j , tilt tz
j associatedwith

every capturedimageI z
j is usedto generateanimagefrom

the calibratedcubemapCz� 1 at half the resolution. For a
perfectlyrepeatablecamera,thesetwo imagesdenotedby A
andB in Fig. 4(b) shouldbeperfectlyaligned. TheSNC-
RZ30 and VB-C10 however requireadditionalalignment
becauseof the inherentnon-repeatabilityof the PTZ con-
trols. First a featurebasedmethod[4] (Chap.3,page108)

(a)
CMref Cz

{ C z } z nfor z = z0 to is the CubeMap Pyramid

Estimate Intrinsics
Photometric Calibration

Base CubemapC0
face size 1K x 1K
direction p   t
exposure exp

o o

o 0
p  t

0

Acquire Overlapping 
Images 0

CMref C0Reference CubeMap

For z = z 1 to  z n

Phase I

at zoom z

Phase II

Cz CMrefResizeDouble( )

For j = 0 to numImages ( z )

z z(p j t j )

Image Izj

captured in direction

Process 

Update Cz

CMrefFeature Based Alignment to

CMrefEstimate Exposure & Photometric Alignment to 

CMrefIntensity Based Alignment to

(b)

t z
jj

zp CM
ref Geometric Transfer I

z
j

ResizeHalf

Photometric Alignment

2TEstimate Intensity-based

T1 2TT = 

T1

2T

T1Feature-based Alignment, Compute
transfer A

Update Cz

A'' 

A' 

A B

B

B

Figure4: (a)Overview of ourmethod.(b) PhaseII : Coarse
to FineCubemappyramidconstruction.

is employedwhichworksin thepresenceof outliersaswell
as intensitychangesin the two images. Oncethe images
areroughlyaligned,theexposureof this new image,A0 is
estimated(seeSection3.1).Now accurateandrobustalign-
mentis performedby an intensitybasedmethoddescribed
in Section3.2.Oncethecubemapatzoomlevel z is built, its
becomesthebasecubemapfor thenext level. Every level of
thecubemappyramid is initialized from theprevious level
by bilinearinterpolation.

3.1. Robust Radiometric Calibration
The intrinsic calibrationof a PTZ cameraof [10] is ex-
tendedhereto includephotometriccalibration. The cam-
erasensesa high rangeof radiance(brightnessintensity)in
the scenewhile acquiringimagesin auto-exposuremode.
Hencethe capturedimageshave different exposuresand
mustbetransformedto acommonexposurebeforethey can
be blendedinto a single mosaic. The camera's response
functionis robustly estimatedfrom theoverlappingimages
capturedat its lowestzoomin PhaseI andtheexposuresof
all the imagesarecomputedusingthemethoddescribedin
[6]. Thepixel correspondencesrequiredby this methodare
obtainedfrom an accuratesub-pixel registrationof all the



images,[10] basedon BundleAdjustment[11]. Oncethe
camera's responsefunctionis known, theexposureof every
subsequentzoomed-inimagecapturedin PhaseII canbees-
timatedusingthesamemethodafterregisteringit to a mo-
saicof known exposure.Theresultsof blendingthestitched
imagesafterphotometricalignmentis shown in Fig. 5(a,b).

3.2. ImageAlignment
Accuratesub-pixel imagealignmentis key to building ac-
curatemosaics.PhaseI andthe initial alignmentstepfor
every imagein PhaseII of ourmethodusesanimplementa-
tion of theRANSAC-based[3] robustestimationalgorithm
describedin [4] (Chap.3,page108). In thepresenceof suf-
�cient reliablecorners,anaf�ne homography is estimated.
Howeverwhenreliablecornersareabsent,thefeature-based
methodfalls backon computinghomographieswith fewer
degreesof freedomie. asimilarity transformationoratrans-
lation. Whenthe imagecontainssubstantialnon-rigidmo-
tion, for eg. fairly zoomedin imagesof moving branches
and leaves, this step typically fails and a direct intensity
basedregistrationis attempted.
During PhaseII, a direct intensitybasedmethodis usedto
improve theregistrationbetweenthecurrentimageandthe
referencecubemap.A Coarse-to-�neLukasKanadeoptic
�o w estimation[7] is computedfollowed by a RANSAC
stepto �t anaf�ne modelto theobservedoptic �o w in the
presenceof outliers.Henceevenwhenimagescontainmov-
ing objectslike vehicles,trees,branches,leaves etc. the
staticportionsof the sceneareregisteredaccuratelysince
they satisfyan af�ne �o w whereasthe moving objectsare
treatedasoutliers. The presenceof moving objects,mov-
ing shadows could be removed asdescribedin [5]. Small
motionatacoarserscalegetsaccentuatedwhenthecamera
zoomsin andhencealignmentfails beyonda certainzoom
level. Fig. 5(c)showssomeexampleswheretheRANSAC-
basedaf�ne �o w computationproducesa goodregistration
of thestaticpartsof thesceneevenin thepresenceof shad-
ows that move with time andmoving objectsandpeople.

3.3. ImageAcquisition
The computationalinfeasibility of directly constructinga
highresolutionmosaicwasdescribedin Section3. Building
themosaicpyramidin acoarseto �ne fashionrequiresmul-
tiple acquistionpasses,which capturesthesceneat a range
of scales. This requiresus to inspectimagesat a coarser
scale(low zoom)to decidewhichpartsof thescenecontain
detail. Oftenlargeportionsof thescenecontaintextureless
regions, for eg. the sky, walls, roads. We avoid zooming
into suchhomogeneousregionsandreducethe numberof
imageacquiredconsiderably. In orderto completeacquisi-

(a)

(b)

(c)

Figure5: Frontfaceof abasecubemaprendered(a)without
photometricalignmentand(b) with photometricalignment.
(c) ImageAlignment: The 3 columnsshow the captured
frame, the correspondingimagegeneratedfrom the cube-
mapandthealignedimagepair(the�rst oneoverlaidonthe
second)respectively. In the2nd and4th images,in spiteof
moving shadows (imagesweretakenfar apartin time), the
staticpartsof thesceneareaccuratelyaligned.
.



Figure6: Shadedregionsonthebasemosaic(1X zoom),in-
dicatingwhereimageswerecapturedatzoomlevels4X and
8X respectively. Regions like the sky wereskippedwhen
thecamerazoomedin.

tion quickly, wedonotwait to �rst build thecalibratedbase
cubemapbeforesubsequentpassesat higherzoom.Instead
anapproximatecalibrationis usedto backprojectpixelsinto
raysandeffectively decideon thebasisof textureanalysis,
whetherthe imageat a speci�c PTZ valueshouldbe cap-
turedor skipped.An imageblock,wheretheeigenvaluesof
its secondmomentmatrix arelarge,is mappedto a ray us-
ing thecorrespondingpanandtilt values,which is inserted
into a kd-tree[1]. While scanningthe scenein the next
pass,a rangequerywithin this kd-treereturnsa ray-count
within the camera's FOV. Viewing directionscorrespond-
ing to a low countcontainmostlytexturelessregionsin the
scene.Theseimagesareskippedat thecurrentandsubse-
quentzoomlevels. Our approachwill misstexturepresent
at �ner scaleswhich are�ltered at coarserscales.However
this allows usto directly acquirea compressedversionof a
veryhighresolutionimageinsteadof acquiringaraw image
andthencompressingit usinglossytechniques.Theresult
of pruningat two higherzoomlevelsis shown in Fig. 6.

4. Implementation and Results
Webuilt twocubemappyramids,oneeachfrom imagescap-
turedby a Sony SNC-RZ30anda CanonVB-C10 camera
placedoutdoorslooking at a constructionsite (seeFig. 7).
The1024x 1024pixel (facesize)basecubemapswerebuilt
by stitching15 and9 overlappingimagesrespectively. In
eachcasethemulti-resolutionpyramidshad� ve levelsupto
a resolutionof 16K x 16K pixels.Thecameracaptured15-
20 imagesie. 5-6.5 Mpixels at 3X zoom. About 70-95
imageswerecapturedat 6X zoom,which produced21.5-
29 Mpixels. Finally 300-350imageswerecapturedat 12X
zoom,out of which 200-250weresuccessfullyalignedand
hencecontributed62-77Mpixels. Theseuniquepixels in
additionto the pixels interpolatedfrom lower levels in the
pyramidmadeupthefacesof all thecubemaps.Scene1and
Scene2(Fig. 7) wereprocessedin 1-1.5hrs on a 1.5 GHz
NotebookComputerwith 512MB RAM. Eachof theorigi-
nal imageswere640x 480pixels(1:10compressedjpg). In
ourimplementationfor themulti-scalemosaicpyramidcon-
struction,we useda tile-basedrepresentationfor the large

cubemapfacesandprocessedthemout-of-coreusinga im-
agetile cachewith FIFO block replacementstrategy. This
implementationis scalableand can potentially creategi-
gapixel imagesfor full-view panoramasby processingupto
a few thousandimagesto build six full cubemapfacesat
16K x 16K pixel resolution.

5. Conclusionsand Futur eWork
An algorithmto constructfull-view, high resolutioncube-
mapmosaicsusinga rotatingandzoomingPTZ camerais
presented.Our coarseto �ne approachbasedon robustim-
agealignmentbuilds a multi-resolutionpyramid represen-
tation of the cubemap.Currentlyour camerascapturein-
dividual images,henceacquisitionis slow. A fastervideo
basedcapturewill beexploredin futurein orderto build 1+
gigapixel images.This will allow motion segmentationof
moving objectswhichcanberemovedautomaticallyresult-
ing in moreaccuratebackgroundmosaics.
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Figure7: Results:Two Cubemappyramidswith 5 levels werebuilt, whereeachfacehad1K , 2K , 4K , 8K and16K sq.
pixels. Certainzoomed-insections(512 x 512 actualimagepixels) areshown above. Column1 and2 shows the Level
of Detail for two partsof Scene1. Column3 and5 shows two partsof Scene2 at different level of detail. Comparethe
resolutionwith Column4 and6 showing thesameview enlargedfrom the1K x 1K basecubemap.


