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Abstract

This p ap er describ es an appr o ach for cr e ating high-

r esolution vide o p anor amas of lar ge-sc ale sp ort events.

In an exemplary fo otb al l sc enario, we use d two ARRI-

FLEX D-20 \�lm-style" digital c amer as to c aptur e b oth

sides of the playing �eld as wel l as lar ge p arts of the

stands. F r om the r e c or de d left and right view images,

we cr e ate d a joint p anor amic view with a r esolution of

5016x1400 p el (5k) using sophistic ate d image pr o c essing

algorithms. These highly immersive fo otb al l p anor amas

wer e scr e ene d with our mo dular, high-r esolution multi-

pr oje ction system during the FIF A World Cup 2006 in

a 600 se at CinemaxX movie the ater in Berlin pr ovid-

ing the viewers with the fe eling of actual ly watching the

game fr om a go o d se at on the stands.

1. In tro duction

A ttending a liv e ev en t, b e it a m usical concert, a

theatrical p erformance, or a fo otball matc h, is undeni-

ably one of the most exciting w a ys to appreciate an y

en tertainmen t [17 ]. In order to bring the p o w erful ex-

p erience of `b eing there' also to those users who are

not able to participate, immersive me dia m ust b e able

to repro duce the psyc hological and ph ysical cues that

an observ er is using to feel `presen t' in the real w orld.

Suc h cues include, amoung others, high-qualit y , high-

resolution imagery , a wide �eld-of-view (F O V), m ulti-

c hannel surround sound, etc. [18 ].

An imp ortan t �rst step to w ards the realization

of immersiv e audio-visual applications is the ongoing

transition from the traditional, analog w orld of the

mo vie theater to the future digital cinema [24 ]. The

rapidly increasing a v ailabilit y of high-end digital pro-

jectors will so on enable feature �lm repro duction in

2K and 4K as w ell as the displa y of liv e ev en ts in HD

qualit y . Some applications, ho w ev er, will require ev en

larger asp ect ratios and higher resolutions than cur-

ren tly supp orted b y the DCI's (Digital Cinema Initia-

tiv e) Digital Cinema System Sp eci�cation [4 ].

In this pap er w e presen t suc h an application. F rom

t w o high-resolution videos captured with t w o ARRI-

FLEX D-20 \�lm-st yle" digital cameras, w e created

a 5016x1400 p el (5k) panorama of a fo otball matc h

that pro vides the view ers with the feeling of actually

w atc hing the game from a go o d seat on the stands.

T o sho w suc h large-scale panoramic imagery , w e dev el-

op ed a mo dular, high-resolution m ulti-pro jection sys-

tem that can b e 
exibly con�gured in terms of n um b er

of pro jectors as w ell as screen la y out [31 ].

This pap er is organized as follo ws. A t �rst, Sec-

tion 2 pro vides an o v erview o v er related w ork. This

is follo w ed b y Section 3, where w e describ e the dual-

camera setup that w as used to acquire our input im-

agery . Then, in Section 4, w e explain the v arious im-

age pro cessing steps that are required for the creation

of the fo otball panorama. Thereafter, our mo dular,

high-resolution m ulti-pro jection system is in tro duced

in Section 5. Finally , in Section 6, w e conclude our

w ork and presen t some ideas for future directions of

researc h.



2. Related W ork

P anoramic video is based on mosaicing approac hes

originaly dev elop ed for use with still imagery [22 , 29 ].

While suc h static panoramas ha v e b ecome quite p opu-

lar since the in tro duction of Apple's Quic ktime VR for-

mat in 1995 [2], only a few w orks target the creation of

dynamic high-resolution video panoramas. These are

often based on m ultiple cameras with sp ecial optics

that pro duce a wide (or ev en omnidirectional) F O V.

F or example, Pin taric et al. [21] dev elop ed a system

with �v e SD cameras moun ted on a parab olic mirror to

pro duce 360

�

panoramic videos with a total resolution

of 3520x480 p el. The japanese compan y Mega Vision

[20 ] commercialized a custom-build lens system with

a maxim um 90

�

horizon tal op ening angle that can b e

op erated with three o�-the-shelf HD cameras resulting

in an asp ect ratio (AR) of up to 48:9 (3xHD).

3. Video Acquisition

In order to b e able to acquire mo ving imagery with

su�cien t spatial resolution and a wide �eld-of-view

(F O V), w e captured the fo otball matc h with t w o AR-

RIFLEX D-20 \�lm-st yle" digital cameras (see Fig. 1

(a)) [1 ]. A t the heart of the D-20 is a single 6 mil-

lion pixel CMOS (Complemen tary Metal-Oxide Semi-

conductor) sensor with a Ba y er mask. As the CMOS

sensor c hip has the same size as as a Sup er 35 mm �lm

ap erture, the D-20 can b e used with the same lenses

as con v en tional 35 mm �lm cameras. In our scenario,

w e used 20 mm Ultra Prime lenses with a horizon tal

op ening angle of 62 : 8

�

.

(a) (b)

Figure 1. The equipmen t used for video acqui-

sition: (a) ARRIFLEX D-20 \�lm-st yle" digital

camera from ARRI [1 ]; (b) Megacine p ortable

recording and storage device.

While the D-20 can b e used in Video Mo de to out-

put a progressiv e 1920x1080 p el 10bpp (bits/p el) HD

signal through single link HD-SDI (the deba y ering is

then done in real-time in the camera [26 ]), w e ran

our cameras in Film Mo de to output the ra w \Ba y er

data" at a bit depth of 12bpp via dual link HD-SDI.

(The in terlea v ed color samples w ere later deba y ered to

a resolution of 2880x2160 p el using a higher qualit y

o�line p ost pro cessing algorithm.) The high-resolution

fo otage from eac h of the t w o D-20 cameras w as sa v ed to

a so-called Me gacine , a p ortable recording and storage

device dev elop ed b y F raunhofer I IS (see Fig. 1 (b)). It

com bines 16 noteb o ok (3.5 inc h) hard-disks in a cus-

tomized RAID setup resulting in a total storage capac-

it y of 1 T erab yte { or, equiv alen tly , a recording time of

up to 50 min utes of ra w \Ba y er data" video.

Figure 2 visualizes in more detail our dual-camera

setup. The t w o ARRIFLEX D-20s w ere aligned o v er

cross suc h that eac h camera captured one side of the

fo otball �eld. The o v erlap b et w een the t w o views w as

ab out 10% (i.e., around 288 p el) leading to a total F O V

of appro ximately 119

�

. Although w e tried to bring the

cameras as close together as p ossible, our setup w as not

p erfect b ecause the cen ters of pro jection (no dal p oin ts)

of the left and righ t view cameras w ere not lo cated at

the exact same p oin t in 3D space (see also Section 4.2)

[27 ]. The baseline b that resulted from the form factor

of the lenses w as in the area of ab out 11-12 cm.

~10
Overlap

?
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(a) (b)

Figure 2. Dual-camera setup: (a) 3D visualiza-

tion; (b) Sc hematic view sho wing the baseline b

of the system as w ell as the area of o v erlap.

F or a b etter illustration, t w o captured left and righ t

view images (after deba y ering and color grading (see

Section 4.1)) are sho wn in Fig. 3.

4. Creation of P anoramas

T o successfully construct a high-qualit y panorama

from t w o or more individual images, t w o di�eren t t yp es

of adjustmen ts are t ypically required. The ge ometric

adjustments transform the input imagery in to a join t

panoramic image plane and they correct for small par-

allax errors that can result from non-p erfect camera

setups. The photometric adjustments correct for mis-

matc hes in color in order to generate smo oth transi-

tions b et w een the registered views.



Figure 3. The left and righ t view images (after color grading) with a spatial resolution of 2880x2160 p el.

4.1 . Photometric Adjustmen ts

Image formation is related to sev eral factors that

in
uence the scene radiance recorded in a camera [14 ]:

� Color resp onse. Due to pro duction tolerances

the sp ectral sensitivit y curv es of the individual

cameras' imaging sensors migh t b e sligh tly di�er-

en t leading to sligh t di�erences in color rendition.

� Vignetting. The term vignetting refers to a grad-

ual reduction of brigh tness in the image p eriphery

compared to the image cen ter. In a high qual-

it y camera, this \illumination fall-o� " is mostly

caused b y the com bined e�ect of natur al and op-

tic al vignetting, whic h are { to di�eren t degrees {

inheren t to ev ery lens design [10, 14 ].

� White balancing. This term refers to a c hro-

matic adjustmen t that can b e p erformed b y a dig-

ital camera to ensure that the ob ject colors remain

in v arian t under di�eren t ligh ting conditions.

During our sho otings w e found that our t w o AR-

RIFLEX D-20 \�lm-st yle" digital cameras pro duced

su�cien tly photo consisten t imagery and that also vi-

gnetting w asn't a problem with the c hosen ap erture

sizes and ligh ting conditions. Th us, the only photomet-

ric op eration that w as required w as a digital color grad-

ing (using a 3D lo ok-up table (3D-LUT) from ARRI)

to create the desired `lo ok' of the fo otage.

4.2 . Geometric Adjustmen ts

The spatial alignmen t of the left and righ t view im-

ages comprised the follo wing pro cessing steps:

Righ t view. In order to register b oth views in to a

join t panoramic image plane I

p

, w e �rst de�ned a \vir-

tual" panorama camera that has the same cen ter of

pro jection (no dal p oin t) C

p

as the righ t camera, but

that is set-up parallel to the fo otball �eld with it's op-

tical axis p oin ting do wn the mid-line (see Fig. 5). The

relationship b et w een the captured righ t view and the

\virtual" panoramic image can then b e describ ed b y

an 8-parameter planar p ersp ectiv e motion mo del (or

homo gr aphy ) [27 ] that is de�ned b y the 3x3 matrix:

H

r ! p

= A

p

R

r ! p

A

� 1

r

; (1)

where R

r ! p

is the 3x3 rotation matrix that results

from the di�eren t viewing directions of the t w o cameras

and A

r

, resp. A

p

, are the in trinsic parameters of the

righ t, resp. the \virtual" panorama camera [33 ].

1

T o v ertically cen ter the scenary in the panoramic im-

age plane I

p

, w e applied an additional, \virtual" shift

s

v

to the camera's sensor target. With this, the total

transform of the righ t view image results to:

H

total

r ! p

=

2

4

1 0 0

0 1 s

v

0 0 1

3

5

� H

r ! p

: (2)

Compared to a con v en tional camera tilt-do wn, the

\virtual" sensor shift has the adv an tage that v ertical

scene structures, suc h as the goalp osts, also app ear v er-

tical in the transformed panorama images (see Fig. 4).

Left view. In principle, w e could adjust the left view

in a w a y similar to the righ t view b y \rotating" it in to

1

In general, the in trinsic camera parameters A

r

could b e es-

timated using a suitable calibration tec hnique (see e.g. [30, 34 ]).

W e simply appro ximated them from the cameras' sensor c hip

sp eci�cations and the lens parameters (fo cal length f ) assuming

that the optical axis in tersects the image plane I in the cen ter

of the sensor target and that lens distortions are neglectible [33].



(a) (b)

Figure 4. P ersp ectiv e app earance of the righ t goal

in the panorama: (a) With a con v en tional camera

tilt-do wn; (b) With a \virtual" shift s

v

of the

camera's sensor target.

the desired viewing direction, or { as it is mostly done

in state-of-the-art panorama creation soft w are (see e.g.

[22 , 29 ]) { b y estimating a global transform that min-

imizes a suitable error metric (e.g., the p er-pixel color

di�erence) within the o v erlap area of the t w o images.

Ho w ev er, due to the fact that the no dal p oin ts C

l

and C

r

of our t w o capturing cameras are not p erfectly

aligned in a common 3D p oin t (see again Section 3),

w e w ould exp erience parallax artifacts that w ould re-

sult in the p erception of double images (ghosting) and

blurred details in the o v erlapping scene parts.

While suc h parallax artifacts cannot b e a v oided

completely with our non-p erfect acquisition setup, w e

can, ho w ev er, ensure that no errors are created in the

plane � de�ned b y the fo otball �eld, i.e., the area that

is of most in terest for our application. F or doing so, w e

�rst try to determine a homograph y H

l ! r

that exactly

transforms all �eld p oin ts p

l

in the left view in to their

corresp onding images p

r

in the righ t view, i.e.:

~
p

r

�

=

H

l ! r

~
p

l

; (3)

where the tilde denotes the use of pro jectiv e co ordi-

nates and the sym b ol

�

=

means \equal up to scale" [9 ].

F rom Eq. (3), H

l ! r

can b e estimated from four or

more p oin t corresp ondences using Hartley's w ell-kno wn

8-p oin t algorithm [8]. In addition, w e can use the fact

that the sidelines l

l

and l

r

in the left and righ t views

m ust b e aligned in the join t panoramic view to yield

the additional constrain ts [9 ]:

~

l

r

�

=

H

� 1

l ! r

~

l

l

: (4)

The resulting total transformation from the left view

to the join t panoramic view can then b e written as:

H

total

l ! p

= H

total

r ! p

H

l ! r

: (5)

According to \plane + parallax" theory [15 , 25 ] the

\residual parallax" � p for a 3D p oin t P outside the

plane � is then directly prop ortional to the heigh t P

?

of the p oin t ab o v e the plane and in v ersely prop ortional

to its depth Z from the righ t view camera [15 ], i.e.:

� p = H

total

r ! p

( p

r

� H

l ! r

p

l

) = �

u

�

bP

?

Z C

?

l

; (6)

where �

u

is the fo cal length (in pixel units) and b the

baseline b et w een the left and righ t camera (see Fig. 5).

X

Y
Z

I l

P = [ , , ]X Y Z T

I pP

?

CpCCCl

Cl

b

Figure 5. \Plane + parallax" con�guration.

P arallax Error Correction. After the left and

righ t views ha v e b oth b een transformed in to the join t

panoramic image plane I

p

, the remaining parallax er-

rors � p ha v e to b e corrected in the left image b efore

blending. In principle, this correction w ould b e re-

quired for all 3D p oin ts P that do not b elong to the

plane � de�ned b y the fo otball �eld, i.e., for the stands,

for the ro of of the stadium, for the video cub e, etc.

Ho w ev er, b ecause the parallax errors are rather small

and, th us, do not lead to p erceptible global p ersp ectiv e

distortions, w e only need to ensure that corresp onding

scene parts matc h in the o v erlapping left and righ t im-

age p ortions (i.e., in the later blending area).

W e ac hiev e this b y de�ning a large rectangular patc h

that co v ers the whole grandstand (from do wn to the

�eld up to the stadium ro of ) in the left view and b y

correcting this image section b y means of a biline ar

tr ansformation or biline ar mapping [7 , 11 , 32 ]. Suc h

mappings are most commonly used in the �eld of com-

puter graphics (CG) for w arping rectangles in to gen-

eral quadrilaterals. As sho wn in Fig. 6, they can b e

computed b y �rst linearly in terp olating b y fraction

^u 2 [0 :: 1] along the top and b ottom edges of the quadri-

lateral, and then b y linearly in terp olating b y fraction

^v 2 [0 :: 1] b et w een the t w o in terp olated p oin ts to yield

the destination p oin t [11 ]:

p = (1 � ^u )(1 � ^v ) p

1

+ ^ u (1 � ^v ) p

2

+ ^ u ^v p

3

+ (1 � ^u ) ^ v p

4

:

In the more general matrix notation this can also b e

written as:



p =

�

u

v

�

= [ ^ u ^v ; ^u ; ^v ; 1]

2

6

6

4

a e

b f

c g

d h

3

7

7

5

; (7)

where the eigh t matrix co e�cien ts a to h are calculated

from the four corner p oin t corresp ondences of Fig. 6.

0
0

1

1

u

v

p1 p2

p3
p4

û

v̂

Source Space Destination Space

Warp

( )u v,^ ^ ( )u v,

v̂

û

Figure 6. Bilinear w arp from source to destination

space. Equispaced p oin ts are preserv ed on lines

that are horizon tal or v ertical in the source space

(after [11 ]).

In con trast to the w ell-kno wn p ersp ectiv e mappings

(i.e., the pro jectiv e transformations that are de�ned

b y a homograph y), bilinear w arps ha v e the in terest-

ing prop ert y that the forw ard transform from source

to destination space preserv es lines that are horizon-

tal or v ertical in the source space { this follo ws from

the bilinear in terp olation that is used to realize the

transformation [32 ] {, and that it preserv es equidis-

tan tly spaced p oin ts along suc h lines. (On the other

hand, a bilinear w arp do es not preserv e diagonal lines

whic h are mapp ed to quadratic curv es in the destina-

tion space [11 ].) By sligh tly displacing only the upp er

righ t corner of the rectangle, w e can th us correct for

the v ertically increasing parallax in the stands without

creating p erceptible discon tin uities at the b ottom and

the left b order of the source patc h.

Because the video cub e, whic h is cen tered ab o v e the

kic k-o� p oin t in the middle of the stadium, is closer to

the capturing cameras and, th us, leads to larger par-

allax errors than the parts of the grandstand that are

equally far ab o v e the fo otball �eld, w e need an addi-

tional, second bilinear transformation to also get rid of

the remaining small ghosting e�ects.

The results of our parallax error correction pro ce-

dure can b e seen in Fig. 7. Without an y correction (a),

the blending of the left and righ t views leads to anno y-

ing double con tours (ghosting) in the grandstand and,

ev en more conspicuous, in the video cub e. By correct-

ing the left image with the describ ed bilinear mappings

(b), these artifacts can b e eliminated as far as p ossible.

(a) (b)

Figure 7. Close-ups of the upp er part of the

grandstand and the video cub e: (a) Ghosting re-

sulting from parallax errors; (b) After correction

of parallax errors using a bilinear mapping.

4.3 . Results

The �nal 5016x1400 p el (5k) fo otball panorama is

sho wn in the upp er part of Figure 8. The repro duced

p ersp ectiv e corresp onds to what a sp ectator w ould see

from a go o d seat on the heigh t of the midline. In addi-

tion to the complete �eld, the stands are fully visible on

three sides of the ground, yielding a total �eld-of-view

(F O V) of almost 100

�

. This v ery large viewing angle

as w ell as the p ossibilit y to see the cro wds (in com bi-

nation with the original stadium sound) signi�can tly

con tribute to the feeling of b eing actually `presen t' at

the matc h. The three close-ups on the b ottom of the

�gure giv e an idea of the high amoun t of spatial detail

that is a v ailable in the panoramic imagery .

5. 5k Pro jection

The displa y of 5016x1400 p el (5k) imagery is cur-

ren tly not p ossible with ev en the most adv anced high-

end digital pro jectors. (The Son y SXR-R110CE SXRD

pro jector o�ers a horizon tal resolution of 4096 p el (4k)

[28 ], state-of-the-art DLP [5] pro jectors pro vide a res-

olution of 2048 p el (2k) horizon tally). Suc h ultra-

high resolutions can, ho w ev er, b e ac hiev ed b y stitc h-

ing together a n um b er of lo w er resolution video frames

in order to yield a single image of ultra-high de�ni-

tion. F or this purp ose, a scalable and mo dular m ulti-

pro jection system has b een dev elop ed at F raunhofer

HHI [31 ]. The core of this system is our so-called

CineCard (see Fig. 9), a PCI plug-in card that con tains

dedicated hardw are (e.g., for alpha blending, blac k

lev el adjustmen t, and colormetric corrections) for pro-

viding seamless transitions b et w een the individual sub-

images. In con trast to other m ulti-pro jection concepts

(e.g., [16 , 19 ]), whic h often use clusters of PCs, where

eac h PC serv es a single pro jector only , the CineCard

is able to con trol up to four separate pro jectors (with



Figure 8. The �nal fo otball panorama with a spatial resolution of 5016x1400 p el.

either four times X GA or t w o times HDTV (SX GA or

SX GA+) resolution) sim ultaneously yielding a highly

e�cien t and cost-e�ectiv e solution.

(a)

(b)

Figure 9. CineCard dev elop ed at F raunhofer HHI:

(a) PCI plug-in b oard; (b) System design.

The CineCard can b e driv en with either com-

pressed or uncompressed motion imagery . Uncom-

pressed videos are grabb ed from a Dual-Link D VI con-

nector (either t w o SX GA, resp. SX GA+ streams with a

bit depth of 8bpp (bits/p el) or one stream with X GA

resolution and a bit depth of 16bpp), whereas com-

pressed videos are tak en from an MPEG-2 transp ort

stream (either loaded from lo cal disk via the PCI bus

or streamed from a L VDS SPI input) [12 ]. In the latter

case, the TS is dem ultiplexed and the resulting MPEG-

2 enco ded video streams are decompressed using t w o

on b oard MP@HL (Main Pro�le@High La y er) deco ders

[13 ]. Pro jector arra ys of arbitrary size and con�gura-

tion can b e realized b y cascading an unlimited n um-

b er of CineCards. In this case, precise sync hronization

b et w een the individual video streams is ac hiev ed b y

means of a paten ted reco v ery of sync data from the

MPEG-2 transp ort la y er.

F or displa ying our 5k fo otball panoramas, w e used

a con�guration with �v e Christie DS+8K pro jectors,

eac h ha ving a resolution of 1400x1050 p el (SX GA+)

[3 ], that w ere driv en from three CineCards op erated

in a single PC. The original 5016x1400 p el panoramic

views w ere split in to �v e o v erlapping sub-images (in

landscap e mo de) and enco ded with MPEG-2 MP@HL

at a bitrate of 25 Mbps eac h. The resulting MPEG-

2 elemen tary streams w ere then m ultiplexed in to three

sync hronized MPEG-2 transp ort streams (t w o TS with

t w o videos and one with only a single video and the

accompan ying six-c hannel surround sound).

The m ulti-pro jection system w as presen ted to a se-

lected audience of journalists, cinematographers, and



(a)

(b)

Figure 10. The presen tation of the m ulti-pro jection system during the FIF A W orld Cup 2006 in Berlin: (a)

Pro jector setup (the mirrors enabled us to pro ject in landscap e mo de); (b) Sp ectators view on the screen.

industry professionals during the FIF A W orld Cup

2006 in a 600 seat CinemaxX mo vie theater in Berlin.

Pictures of the pro jector setup and the sp ectators view

on the screen are sho wn in Fig. 10. The o v erall size

of the panoramic 5k renditions w as 20 m x 5.6 m, the

total ligh t in tensit y w as equal to 42,500 ANSI Lumens

(8,500 ANSI Lumens p er individual pro jector).

6. Conclusions & F uture W ork

This pap er describ ed an approac h for creating high-

resolution panoramas of sp ort ev en ts. In an examplary

fo otball scenario, w e used a dual-camera setup consist-

ing of t w o ARRIFLEX D-20 \�lm-st yle" digital cam-

eras to capture b oth sides of the pla ying �eld as w ell as

large parts of the stands. F rom these left and righ t view

images, w e created a join t panoramic view with a reso-

lution of 5016x1400 p el (5k) using sophisticated image

pro cessing algorithms. The generated fo otball panora-

mas w ere screened with our mo dular, high-resolution

m ulti-pro jection system in a lo cal cinema in Berlin dur-

ing the FIF A W orld Cup 2006.

F or the future, w e plan to automate some of the

image pro cessing steps that curren tly ha v e to b e ini-

tialized man ually (e.g., the selection of p oin t and line

corresp ondences within the area of o v erlap or the cor-

rection of the residual parallax errors in the stands).

In addition, w e w ould lik e to com bine our system with

state-of-the-art metho ds for sp orts analysis (e.g., for

ball and/or pla y er trac king [6, 23 ]) in order to further

enhance the immersiv e viewing exp erience with supple-

men tary information suc h as ball p ossession p er team

or individual pla y er statistics.
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