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Abstract

We presentanautomaticsoftwae basedapproad for build-
ing extremelyhigh resolutionpanomlamic mosaicsfrom im-
ages captued by an off-the-shelfpan tilt zoomcamea.
Using numeous zoomed-inimages from sud a camea,
existing mosaicingalgorithmscould theoritically build gi-
gapixelimages. However the large numberof imagesthat
mustbeprocessednalessud approadesimpractical. Our
strati ed approacd for high resolutionpanommicimagery,
r st constructsa coarse panorama of the sceneand then
addsin detail froma zoomingcamea, in a top-downmulti-
resolutionfashion. Our approadc usesboth featue based
and directintensitybasedimage alignmentmethods.Both
the geometriccalibration (intrinsic parametes and radial
distortion)aswell asthephotometriccalibrationandalign-
mentis doneautomatically Our fully calibratedpanoamas

are representedas multi-resolutionpyramidsof cubemaps.

We align hundedsof imagescapturedwithin a 1-12Xzoom
range and show resultsfrom two datasetscaptured from
cameansplacedin an uncontolled outdoorscene

1. Intr oduction

Omnidirectionalcamerasisespecialsensorgo simultane-
ouslyimagea scenewith alarge eld of view (FOV) often
from a single viewpoint. Suchcameragypically capture
low-resolutionimagesand have a limited rangeof scale.
High-resolutionpanoramiccamerasrequire special hard-
ware and canbe extremely expensve. Staticsceneshow-

ever do not requiresimultaneousmaging. Hencemultiple

images,(eachwith a small FOV) capturedover time can
bealignedandcompositednto a completepanoramaising
imagemosaicingalgorithms[1, 2, 8, 9]. Suchmethodse-

quire anoverlapbetweeradjacenimagesandareimprac-
tical for building high resolutionfull-view mosaicsasthey

cannotef ciently handlealargenumberof images.

We proposeto useaffordableoff-the-shelfpan-tilt-zoom
(PTZ) camerago constructhigh resolutionpanoramiano-
saics. Thesecameradyy virtue of their large zoomrange
canview a sceneat a rangeof scalemuchlarger thanan
omnidirectionalcamera. At its nest scale,it cancapture
high-resolutionimagerywhereasa large rangeof panand
tilt givesit alargevirtual FOV. Hencethe PTZ cameracom-
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Figurel: CubeMap Mosaicof 84imagesfromaPTZ Cam-
era. (a) mappedon a cube.(b)6 facesunfoldedon a plane.
PTZ Cameras (c) Sory SNC-RZ30(d) CanonVB-C10.

binesthe bestof bothworldsat anaffordablecost.

In our coarseto ne approach,rst acoarsewersionof the
mosaicis computedby stitching overlappingimagescap-
turedfrom arotatingcameraatasmall x edvalueof zoom.
During this step,theintrinsics, radial distortionparameters
andthe photometriccalibrationof the PTZ cameraarealso
determined. Next the camerarepeatedlysweepsts FOV
with increasingzoom, thus acquiringimagesof the same
scenewith more and more detail. Theseimagesare in-
dependenthalignedwith an existing mosaicto producea
versionwith higherresolution. Adjacentimagesdo not re-
qguiremuchoverlap,andhencefor aparticularsceneamin-
imum numberof imagesare processedThe camerazoom
is doubledfor eachacquisitionphaseandhigherresolution
mosaicsarecomputedteratively to form a multi-resolution
pyramidof cubemapmosaics Thefacesof acubemagsee
Fig. 1(a,b)representanomnidirectionalmagefrom acam-
erawhoseprojectioncentetis atthe centerof thecube.This
representatiolis suitableasimagesfrom a purely rotating
andzoomingcameraarerelatedby a2D homograpk [4].

We usetwo typesof PTZ Camerasthe CanonVB-C10
andSory SNC-RZ30(seeFig. 1). They have large panand
tilt range,16X-25X maximumoptical zoom, 300K-400K
pixel CCDswith horizontalFOV rangingfrom 47° to 2°-3°
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whenfully zoomedin. The Canonand Sory camerasan
captureupto 1.12 and 3.09 gigapixels at maximumoptical
zoomrespectrely. HoweverthePTZ controlsof thesecam-
erasarenot repeatablexnd precisecalibrationcanonly be
obtainedfrom theimagesthemseles[10]. Our methodre-
lies on robustsub-pidel imagealignment]5, 7]. We usero-
bust feature-basethethodd3, 4] initially but adoptdirect
intensity-basedanethodg[5] for accurag oncethe images
are roughly registeredand photometricallyaligned. The
densesamplingof rays presentn high-resolutionrmosaics
is key to high delity 3D reconstructiorof wide-areaenvi-
ronments,jmage-basedenderingand actiity detectionat
multiple levels of detailin surweillancesystems.Section2
discussesherelevanttheorywhile our multi-resolutionap-
proachis describedn Sections3. We presenexperimental
resultsin Sectiond andconcludewith scopefor futurework
in Sectionb5.

2. Theory and Background Work
2.1 CameraModel

We chosea simplepin-holecameramodelwherethe cam-
era’s centerof rotationis x edandcoincideswith the cen-
ter of projectionwhile it is rotating and zooming. Such
an assumptioris valid, whenthe PTZ camerais usedout-
doorsor in large environmentswherethe shift of the cam-
eracenteris smallcomparedo its distanceo the obsened
scene. Our experimentshave shavn that the CanonVB-

Cl0andSory SNC-RZ30suneillancecameradollow this
modelwith reasonabl@ccurag. In thepin-holemodel(see
Fig. 3) for the perspectie camera,a point X, in 3D pro-
jective spaceP 2 projectsto a pointx, onthe 2D projective
planeP? (theimageplane). This canbe representedy a

mappingf : P3 ! P? suchthatx = PX , P beingthe
3 4rank-3camergprojectionmatrix (seekq. 1).
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Figure3: Left: Thepin-holecameramodel.Right: Cam-
eraundegoing pan-tilt rotationandzoom.

whereK representghe cameraintrinsics while R andt
representshe cameraorientationandpositionin the world
coordinatesystem.Thematrix K canbeexpressedn terms
of ,s,f,pxandpy (Eg.1), where ands arethecam-
erasx:y pixel aspectatio andskew (we assumezeroskew,
hences=0);f its focallengthin pixels, (px,py) its principal
pointandz its currentzoom.

Most cameragleviatefrom arealpin-holemodeldueto ra-
dial distortionwhich becomesnore prominentfor shorter
focal lengths. The 3D point X which projectsto x =
(%¢; ¥; 1) underthe pin-hole modelactually getsimagedat
(X4,Yq) dueto radialdistortionasshovn in Eq. 2.
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= P *¥2 + y2 is the radial distanceof x from the center
of distortion(x,y.) (assumedo coincidewith theprincipal

point) andL () is adistortionfactordeterminedy r The

functionL (r) isrepresentedsL (r) = 1+ 1r?+ ,r*and

( 1; 2)istheparametrianodelfor radialdistortion. For a

PTZ Camerathefocallengthf , theprincipalpoint (py,py)

and coefcients of radial distortion( ; and ;) arefunc-

tionsof thezoom. A methodfor computingthe parameters
overthecameras full zoomrangeis describedn [10].



2.2 Rotating and Zooming Cameras

Herewe considerthe caseof a rotatingandzoomingcam-
era. Let x andx° be the imagesof X taken at two dif-
ferentinstantsby a camerathat is either zooming or ro-
tating or both. Thesepoints, x and x° are relatedto X
asx = K[R t]X andx® = K9R?t]X wheret = 0.
Hence,x°= KR®R 1K 1x.In ourmodeltheintrinsics
remainthe samefor pure rotation at constantzoom, and
hencethis equationreducesto x° = KR ¢ K 1x where
R = R%R ! representghe relatve camerarotation
aboutits projectioncenterbetweenthe two views and K
is the camerantrinsic matrix for thatparticularzoomlevel.
Similarly for azoomingcamerawith x edcenterof projec-
tion, x%= K% !x. Thesehomographiesrerepresented
byH ot andH ;,om (seeEg.3).

Hiot = KRK ! Hzoom = KX 1! 3

3. The Multi-r esolutionApproach

Cornventionalmosaicalgorithm[2, 8, 9] would be infeasi-
ble for stitching hundredsof imagesall capturedat high-
zoomto build extremelyhigh resolutionfull-view mosaics.
For instance assumings0% overlap betweenadjacentim-
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 coars¢o ne multi-resolutionscheme,
where imagescapturedat a particular zoom are aligned
with a mosaicbuilt from imagesat half the presentzoom,
approximatelyhalf of the abore image count would be
neededat full zoom. The multi-resolutionframework itself
doesrequireadditonalimagesto be capturedat intermedi-
atezooms.However by usinga top-davn pruningscheme,
we reducethe numberof imagescapturedoy avoiding high
zoomin areasnvheredetailis absen{seeSection3.3).
Figure 4(a) givesan overview of our approach.Phasd,
dealingwith building the basecubemapC, (for the lowest
zoom)andgeometriccalibrationof thecamerajs described
in [10]. Section3.1describeghe extensionto includepho-
tometric calibration. This allows a consistentblendingof
the basecubemap.Phasdl outlinedin Fig. 4(b) involves
building a cubemapC, of size2N x 2N pixels from im-
agescapturedat zoomlevel z usingthe cubemapC, ; of
sizeN x N computedpreviously from imagesat roughly
half the zoom. Therecordedpanpyf, tilt t} associateavith
every capturedmagel { is usedto generatenimagefrom
the calibratedcubemapC, ; at half the resolution. For a
perfectlyrepeatableamerathesewo imagesdenotedy A
andB in Fig. 4(b) shouldbe perfectlyaligned. The SNC-
RZ30 and VB-C10 however require additional alignment
becausef the inherentnon-repeatabilityof the PTZ con-
trols. First a featurebasedmethod[4] (Chap.3,pagel108)

Phase |

- - Base Cubema@p iy
Acquire Overlapping Estimate Intrinsics face size 1K x 1K e
Imagesat zoom g Photometric Calibratign direction g, to P

exposure exp

Phase Il
Reference CubeMapM
Forz= 3 10z

ref Co

Cy — ResizeDoubIeCMref )

For j=0to numimages (z)

Feature Based Alignment t6M ]
Process [ 9 ref

Image IiZ [ Estimate Exposure & Photometric A\ignmer‘tmref

captured in direction|
z.z
P )

[ Intensity Based Alignment M, ¢ ]

(a { CZ) forz= ploz,is the CubeMap Pyramid

CM = C,

Cc™ —_—

z z
)\ z 2z
ref Piti

Feature-based Alignment, Compute,
transfer A

[ Estimate T, Intensity-based ]
B
(b)

Figure4: (a) Overview of our method.(b) Phasél : Coarse
to Fine Cubemaypyramidconstruction.

is employedwhichworksin the presencef outliersaswell
asintensity changesdn the two images. Oncethe images
areroughly aligned,the exposureof this nev image,A°is
estimatedseeSection3.1). Now accurateandrobustalign-
mentis performedby anintensitybasedmethoddescribed
in Section3.2. Oncethecubemamtzoomlevel z is built, its
becomeshebasecubemagor thenext level. Every level of
the cubemappyramidis initialized from the previous level
by bilinearinterpolation.

3.1. Robust Radiometric Calibration

The intrinsic calibration of a PTZ cameraof [10] is ex-
tendedhereto include photometriccalibration. The cam-
erasenses high rangeof radiancgbrightnessntensity)in
the scenewhile acquiringimagesin auto-eposuremode.
Hencethe capturedimageshave different exposuresand
mustbetransformedo acommonexposurebeforethey can
be blendedinto a single mosaic. The cameras response
functionis robustly estimatedrom the overlappingimages
capturedatits lowestzoomin Phasd andthe exposureof
all theimagesarecomputedusingthe methoddescribedn
[6]. Thepixel correspondencagquiredby this methodare
obtainedfrom an accuratesub-pixel registrationof all the



images,[10] basedon Bundle Adjustment[11]. Oncethe
cameras responsdunctionis known, theexposureof every
subsequertoomed-irimagecapturedn Phasel canbees-
timatedusingthe samemethodafter registeringit to a mo-
saicof known exposure.Theresultsof blendingthestitched
imagesafterphotometricalignmentis shavn in Fig. 5(a,b).

3.2. Image Alignment

Accuratesub-pidel imagealignmentis key to building ac-
curatemosaics. Phase andthe initial alignmentstepfor
everyimagein Phasdl of our methodusesanimplementa-
tion of the RANSAC-based3] rohustestimationalgorithm
describedn [4] (Chap.3pagel08).In the presencef suf-
cient reliablecornersanafne homograph is estimated.
Howeverwhenreliablecornersareabsentthefeature-based
methodfalls backon computinghomographiesvith fewer
degreesof freedomie. asimilarity transformatioror atrans-
lation. Whenthe imagecontainssubstantiahon-rigid mo-
tion, for eg. fairly zoomedin imagesof moving branches
and leaves, this steptypically fails and a direct intensity
basedegistrationis attempted.

During Phasdl, a directintensitybasedmethodis usedto
improve theregistrationbetweerthe currentimageandthe
referencecubemap.A Coarse-to- neLukas Kanadeoptic
ow estimation[7] is computedfollowed by a RANSAC
stepto t anafne modelto the obsenedoptic o w in the
presencef outliers.Henceevenwhenimagescontainmaov-
ing objectslike vehicles,trees,branches)eaves etc. the
static portionsof the sceneare registeredaccuratelysince
they satisfyanafne ow whereaghe moving objectsare
treatedasoutliers. The presenceof moving objects,mov-
ing shadavs could be remored asdescribedn [5]. Small
motionata coarseiscalegetsaccentuatehenthe camera
zoomsin andhencealignmentfails beyond a certainzoom
level. Fig. 5(c) shavs someexamplesvherethe RANSAC-
basedafne ow computatiorproducesa goodregistration
of the staticpartsof the sceneavenin the presencef shad-
ows that move with time and moving objectsand people.

3.3. Image Acquisition

The computationalinfeasibility of directly constructinga
highresolutionrmosaiowvasdescribedn Section3. Building
themosaicpyramidin acoarsdo ne fashionrequiresmul-
tiple acquistionpasseswhich captureghe sceneatarange
of scales. This requiresus to inspectimagesat a coarser
scale(low zoom)to decidewhich partsof thescenecontain
detail. Oftenlarge portionsof the scenecontaintextureless
regions, for eg. the sky, walls, roads. We avoid zooming
into suchhomogeneousegions andreducethe numberof
imageacquiredconsiderablyIn orderto completeacquisi-

Figureb5: Frontfaceof abasecubemapendereda)without

photometricalignmentand(b) with photometricalignment.
(c) Image Alignment: The 3 columnsshav the captured
frame, the correspondingmage generatedrom the cube-
mapandthealignedimagepair (the rst oneoverlaidonthe
secondyespectrely. In the2nd and4th imagesjn spiteof

moving shadavs (imagesweretakenfar apartin time), the
staticpartsof the sceneareaccuratelyaligned.



Figure6: Shadedegionsonthebasemosaiq(1X zoom),in-
dicatingwhereimageswverecapturecatzoomlevels4X and
8X respectiely. Regionslike the sky were skippedwhen
thecamerazoomedn.

tion quickly, we donotwaitto rst build thecalibratechase
cubemarbeforesubsequerpassest higherzoom. Instead
anapproximatesalibrationis usedto backprojecpixelsinto
raysandeffectively decideon the basisof texture analysis,
whetherthe imageat a speci ¢ PTZ value shouldbe cap-
turedor skipped.An imageblock, wheretheeigenvaluesof
its secondnomentmatrix arelarge, is mappedo aray us-
ing the correspondingpanandtilt valueswhichis inserted
into a kd-tree[1]. While scanningthe scenein the next
pass,a rangequerywithin this kd-treereturnsa ray-count
within the camera$ FOV. Viewing directionscorrespond-
ing to alow countcontainmostly texturelesgegionsin the
scene.Theseimagesare skippedat the currentandsubse-
quentzoomlevels. Our approachwill misstexture present
at ner scaleswhich are Itered at coarseiscales.However
this allows usto directly acquirea compressegersionof a
very highresolutionimageinsteadof acquiringaraw image
andthencompressingt usinglossytechniques.Theresult
of pruningattwo higherzoomlevelsis shovnin Fig. 6.

4. Implementation and Results

We built two cubemapyramids,oneeachfrom imagescap-
turedby a Sory SNC-RZ30anda CanonVB-C10 camera
placedoutdoorslooking at a constructiorsite (seeFig. 7).
The1024x 1024pixel (facesize)basecubemapsverebuilt
by stitching 15 and 9 overlappingimagesrespectiely. In
eachcasehemulti-resolutionpyramidshad ve levelsupto
aresolutionof 16K x 16K pixels. The cameracapturedL5-
20 imagesie. 5-6.5 Mpixels at 3X zoom. About 70-95
imageswere capturedat 6X zoom, which produced21.5-
29 Mpixels. Finally 300-350imageswerecapturedat 12X
zoom,out of which 200-250weresuccessfullyalignedand
hencecontrituted 62-77 Mpixels. Theseuniquepixelsin
additionto the pixelsinterpolatedfrom lower levelsin the
pyramidmadeup thefacesof all thecubemapsSceneland
SceneFig. 7) wereprocessedn 1-1.5hrsona 1.5 GHz
NotebookComputewith 512MB RAM. Eachof theorigi-
nalimagesvere640x 480pixels(1:10compressepg). In
ourimplementatiorior themulti-scalemosaicpyramidcon-
struction,we useda tile-basedrepresentatioffior the large

cubemagacesandprocessedhemout-of-coreusingaim-
agetile cachewith FIFO block replacemenstrateyy. This
implementationis scalableand can potentially creategi-
gapixel imagedor full-view panoramasy processingipto
a few thousandmagesto build six full cubemapfacesat
16K x 16K pixel resolution.

5. Conclusionsand Futur e Work

An algorithmto constructfull-view, high resolutioncube-
map mosaicsusinga rotatingandzoomingPTZ camerais
presentedOur coarseto ne approactbasedn robustim-
agealignmentbuilds a multi-resolutionpyramid represen
tation of the cubemap. Currently our camerascapturein-
dividual images,henceacquisitionis slow. A fastervideo
basedcapturewill be exploredin futurein orderto build 1+
gigapixel images. This will allow motion segmentationof
moving objectswhich canberemovedautomaticallyresult-
ing in moreaccuratéackgroundnosaics.
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Figure7: Results: Two Cubemappyramidswith 5 levels werebuilt, whereeachfacehad 1K, 2K, 4K, 8K and16K sq.
pixels. Certainzoomed-insections(512 x 512 actualimage pixels) are shavn above. Column1 and2 shows the Level
of Detail for two partsof Scenel. Column3 and5 shawvs two partsof Scene2 at differentlevel of detail. Comparethe
resolutionwith Column4 and6 shaving the sameview enlagedfrom the1K x 1K basecubemap.



