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ABSTRACT

Fhis paper describes a. iet1iod Ioi ohta i iiing a coi I l( focused i II i;1g iioi ii a iionocu1ar iiage sequence

The iia.ge sequence is Ol)ta ned isi Iig a I o\(I I R)I — hoi la ra I (ra t I a t has sensor e1enents at different

(listances froni the lens. T!i is papi Ii rs sc ri h s I n I eli;i lioi I I I i i i (1 the non—frontal caiera., followed

by the description of au aIgoiilliin to ()I)a i n a h r Its (I iIliag( of i Ia scene. Large scenes are scenes

that are deep and \\ide (panoianiic). ( o,Is((1u(iIl ly. lie canl(ia Ii;is la ))e panned in order to image all

objects/surfaces of interest. i1he (1(scri h((I a Ig ri h i i I nl(graes a ii ii i ig an(1 generation of focused images.

Results of experineiits to gciieiate (X1(II(t(( I (h1)l h 1 hId i ii iags of \vi(I sceties ale also shovn.

1. INTRODUCTION

'This paper is cOflCelll€(1 vit1i creating a (01 IIj)5II (\ lag of a ° I i( s(ene that has OI)eC.t5 at different

(lel)ths and which cannot all he i1Itg((I in ) iIii;ig FranI(. A (;1IIurn I II(teIoIe has to pan across the scene

to inlage all points of interest

Obtaining focused images of even OI1 hait it is ( Ii flicii I I vIieti lie vlsi I)I( ( )I)JeCl 1)OiIitS lie at cliffeieflt depths

from the camera. For a giveli jositioii ol II (II)I lati lioiii I Ii 1(115. only J)atls of the scene that lie within

the depth of field will appeai in slia rp h (115. ( )ii w;i I ) (01 p05 a 1uiisd I ii age of a scene with objects at

different (lepths is to first obtain a seiis ( 1 i I ;lg(s. ( oh aloii i Ii 1 i Ilitit sensor ilane positions (different

values of v) Each image caii he a ialyzd I( ) (II (II I 1 I( IlatJ)Iy l1 il then the focused regions

from each image can be put tog'tIni I o ( 1 1 ii ii ;i Ii ii;iI lctisI i I I a( of thìe scene [1, 2] . For scenes that

are wider than the field-of-view of ;i (a I III, I I;Ig (fII(HC(5 \Vt II leo I o he taken with varying values of

v, for multiple pan angles until all pats of I h a r evre(l. As \VI Ii he shown later in this paper, a

non-frontal camera. simplifies I his )roeess e( )IIH( lt liv lv iii ig Ii t wo ieclia nical motions of panning

and focusing into one.

Since in common cameras and lens ass(IIIlli(' lI;IIIgL ef focus (e) u IIHI;IIIy tlone hy either a manual control
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or a inechanical control of the focus ri ig ii h us ystei I j ul.(gIalion of panning with focusing leads

to increased operational speed. Iii v 1iii thy i oi 1a11 is (I sI)Ii(ed within the lens system, sortie

elenients niay undergo translationa I i oi on or a - iv I y I
il;i ° I i I i i ol ion vi tI the final effect being that

the distance of the sensor plane (fixed to the ca I ia ) 1ioi ii the lei - cei tet haY change. T!is focusing action

can sonietinies also have the side €fled of ch;i igi ng ,II disln i 1 1Iu viewe(I obect froi the lens center

which is avoided by tlw al)OVe iiilegialioii

Another coinnon niethod of obta ii ng a bc I(( I nge 01 a SCI1( w' i h ohjects at (liffelent (lepths is to adjust

the camera paranieters to cause a IaIg( (IIoIJgiI (1(1)1 Ii of field, fi eXahIu!)Ie hy ieducing the aperture down to

a. pinhole. This ha.s disadvantages ii hal. k io1 a I vays J1)OSsi )Ie o i ncrease the depth of field (for exaniple

in niicroscopes) and in sit.uatioii \\il Ii Io' ;iihiiil Hglit hg ii. k iiol o-ihIe lo reduce the aperture dovn

to a pinhole without. affecting the qiiiliy I h iiii;. In aiiv ;- I h \\ill have to pan in order to

inm.ge all parts of a. wick sceiie.

2. A NON-F11NTAL CAMERA

2.1. Motivatioii

The follo%ving observations l11ldeIIi( I h 0 I )( — )IIt;I I a I I r;i {1] . J ii a ioiiiiaI caniera, all points on

the sensor plane lie at a fixed dislaiic ( ) Iriii Ii I. So ill cne ios are always imaged with a fixed

value of v, regardless of \v11e1 on tI (II)I y i te Ig(( I i . . ga chess of the caniera pan angle.

If ve instea.d have a sensor surface 11(11 1 h;ii I Ii (IIIIr(IIt (IIOt iir1;i (leJnenls aie at. different. distances

froni the lens, then depeiiditig 111)011 \\'h(r H h IIur SLII11l(( It IIIfl.( )f a S((II€ 1)Oillt. is fornied (i.e.,

depending on the canieia pail angle flu h I ;tl I I ( f th ohji ) h i inagiiig 1)aIaIlleteI v vill assunie

different. values. So for fixed ScelI( J 01 I I I I I i I li I a I -.((t )Ol lit vill vaiy as a. function of the

angle. This nieans that : coi I t.r()I I i ig j I i-.t t I ; I I 1 llgI(. \\( (01 I I I ic! i U\( both goals of the traditional

nieclianical niovenietits, IiallleI\. tIi;it of (1111 lLI I p, \ ;i l( ;i \\(l L I lint of caiiiiiiig the visual field, in an

iit.egrat.ed va'. A..iiot.liei llS( Of a iou—I v lit ;i I (;l I I i;i I II Ii ii Ii ig t it ;i oi )Ol it s in a sceie [4, 5].

2.2. Tilted sensor plane

(onsidei a non—frontal caiiieia i i oi )I; 11 Il;l I i lot. (lJ 'I d ii II to the optica.l axis as shown in

Figure 1. The tilt of the sensor plan is iii rollill I hugh for th xjoruunents described in this paper the

tilt, will be kept constant.. 1 ho ut ire (;uIu(r;l ;oi ;ihouii u vert ic;ul ;ixis I hi;ut goes through the optical center
of the lens assembly.

The tilt. of the sensor plane (auus(s dihheriul s(Iiol hs to h ii (I I hiouul (I stances from the lens. For a

fixed tilt, consider the set. oh object pouuuls hu;ui oull uul;ug euI Ii sbi;irI 1((uI on tic seuisor surface (Sharp
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Focus, or SF surface) . Derivation ol 1I1( I(i1 hi\v 1( I I h( aho\ oilicai aiIange11ent (vhich is not included

due to page linitations ) shows 1h;i 1 (lu S I oi Ff;o( o' I I I)e i si IO\VI I ii Figu ie 2 . The significance of the

SF surface is that when the aiiiia ti 1(1(tg()(- i l I 1)1 t1ioii I I I 1 -ti lace sveeps out a region in object

space. kl1 object points thai he \vilhi n I he \vII vol ii ii ( xviII I)e 1 ii lg((I vith ha1i) focus in an inage among

the sequence captured by the canieia (I ri I ig I I ol oi . A 'gii I ì r fioi tul cainera on the other hand has a

SF surface that is 1i)lIgIl ly 1 a n a (I I )(r )(I I ( I I i I ( ) Ii i Li (fl I x () iv jan totation causes only a

small swept volume.

3. OBTAiNING A FOCUSED IMAGE

The non-frontal camera vill iiiae \vlth sliarj l(il tutu l.Ji seiu hat is ilso tilted with respect

to the optical axis. So iii ally Oil iii ii u. I I ii he (il (Ii Is ii sIii p locus that ale at different

depths from the caniera. If IIc ii Ii r u ii lu IS ii 0 rI ii ((I ii i liii H Oil si eps a Pout a vertical axis

through the lens cci ter, Ii ii I u ('I I r ui 0' I u ui I ;u ii I )y u pI nra I ity of frames. By
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The Sharp-Focus surface.
Objects on this surface
will he in sharp focus on

the image plane.

Figure 2: The SF surface for the )IoJ)o(d ca ii ia \V Ii I a tIll ('(I i I 1 (' I)11 It. Ih€ SF surface is not parallel
to the lens and the optical axis is tol I'II)IiI;I ( ) lie SI -iirI;i.

choosing the angle of rotatioii cOI1('spoJI( I ig ( ) 1(I, rn I ie I o I) i Ih(i(II1 ly siiiall each scene 1)oint will be

ina.ged in nultiple fiaies, hut by d i 1lII1 I - I I II (nts ii ( I i hi I Iran es. Since the sensor elements

are located at different dista.tI(es troiii II( Iiii '•('iIl h( SC(iI( 1)01111 xviII II(I(IOIe 1)e iinagecl svith different

levels of 1)1111, the shaII)est foc us i I I l!( )(•(• I I I• H ! f ( )r 1 U (fl I I (ra I 1 ;i I II a I I ( J)1oglessively blurred images

a.s the caiiiera rotates fuitliei a\vav. 1 II H li—f 1 ii ;i I '; ner;i thu- i ii i.r;it )alung and focusing into just

palming alone.

To (leternine vhen a. scene is ilIlage(I vi h h I;ii I 1 ii i. I ;i ii )h)IIs IlI(.t liods have l)een proposed in the

1)ast. Florn [6] clesclil)es a. Foiiiier—i r;utI1()rItI III Ik)(I ii \\IIicII h ionii;iI ized high—frequency energy from a

one—diniensiona.l FFf is tlse(l as tlu ri I II( II I ii 1(1 I i I ( ) tax I IZ(. j (ml i ig suggests the squared Laplacian
as a. iiiea.sure of image bliii vIiicIi must I n iv'd 17] . IeIIII(I1I);t ii ii I I(' a I 1,iesholded gradient. magnitude

method, in vhich Sobel opeiat.or- a c I(I I () 1 I I ;1 I he ,r;id IIl [] . 1'!i criterion function used is the

sum, over some image \VifldO\V, of ii qIi;iiI gi;iiii,t inngiiil Iid (xcee(IIIig a certain threshold. This

ha.s also been used by Krot.kov [9. I 0]. .J a ivi iigi hn J)Ii(s ii ;iii r haed on entropy, variance, and

gradient. [11]. A survey and colnparo.()II I r;ii (Iilri(II v;uIIi(s r'iiid iii [12]. The criterion functions

described there make use of such u asu I ii; a or, goi\ lvi t a I(Iar(I deviation thresholded pixel

counts, and sumniat.ion of sqitard gmaitil ii ii ittiiiisiii. li;L i ii. Iso implement. and compare
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several auto—focusing 11etlio(1s, i ii(1 ii (1 I ig I e gra(III 1 Laplaci i i i i d ii tiopy [1 3] Darrell and \Vohn

(lescribe a depth froii focus ii etIiod t1 a ;i i( 1 I ( 1 C i ( Iista I (( aI (i ses Laplaciaii and Gaussian pyramids

to obtain the range [14] . Nayai el. at . to- ;i sii — nodilied— L;iiI;icia ii v1ieie they add the iagnitudes
of the second derivatives along i id vid iia I a X(s [ 1 5] 1 I i is was (lo ( to ;1\)i(1 uiistahle behavior for textured

iiages whose second deiiva.t ives have °' l( igI - n I ( h(i ((\ i ((1 011 1 . For the results reported in this

1aPer, we use the Tennegrad C1itelR)I1 lu 1(1 R)II

Algorithm Let the iiiage J)lane I1av( N x N pixk uiid let 1I( 1orii map be a large array of size N x

where s >= 1 is a ntiibei thii dciuk OH IR)\\ \vi(le S((Il( i lo he iniaged. The kh iniage frame is

represented by Ij. aH(l the (lesiIe(1 , (II ! ii I i. F )C H I 1g( cJrI11 ((1 1) 1?. Every elenient in the focus

array is a structure that coitlai is ii 1 is c ii I ( rii I \1 I (S for (I i IN I 1 I age i idices, i .e. for different pan

angles. \\Then the stored criteiion \ahl( -II\\s i n;ixiiiluiu. I1(H h itdix (oIresponding to the naxiinuni

can 1)e used to deteiiine the fociisd ni;ig Ii I h;ul -'ii pint . Ii h (uII1(1a start fron one side of the

scene afl(1 pa to th( oth€i 5id(.

et j — 0. c:7 = 0. Iiuiiiaiize all ih ii,;iv— 1IN liii x(IIle III( 1()H()\\'HIg l(I)S.

S (aj)ture the j' itiiig 1

. Pass t1e iIiage thioiigh i 1oii ci'iliiii hut yiId iii iii;i\ ( ()1 (Iil(1i()II values.

. For the angle q (vh icli is lIe a igi ii a I I I i ;i I I ia Ii is I ii I lroi ii Is starting 1)OsitiOll ) calculate

the offset. into the focus 1i1a1 r(1 r((l I ) aI gii I age 1 \\'I Ii I II [I\o1S i1iages. For exaiple, Pixel

Ii [50] [75] niighl col1esI)oII (I to ii 1 I I 1 )$( r ;e ) X(ls 1 [( )] [ 1 2E] and l +2[50] [175].

S (heck to see if th( (1itC1iOfl ljii 1(1 I Ii lI a IV H('II( 1)01 iii liis (I( )s((l tl1( IiaXi111l11fl. If so, corripute

the intensity of the focused iii age I i th;i -II I it ted hg h ;i II 1 igle ( and hence t value) for the

illiage ithi niaxiniiiiii (rit(ri( ii \;i Iii.

• Rotate the camera l)v a sinail ii lot 1 1 lii ( ) 1 (I I

• Repeat the al)ove 5101)5 ii till I Ii ('I I I) 'IN H I ;igct I

Figure 3 illustrates the geottietrical cliiii(IlsiIiIo Ii Oil 5liC(5SI\ Nit ;Illgl('s. pixols of the images obtained,

and the focus array eletitents.

4. IMPLEMENTATiON AND RESULTS

A non-frontal caniera Wi lii a (0111 ott l;i I I ti i it i it w;ls ) a 1 1 lie ott lowi ig experiments were

conduct eel.
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1 . Turn the
camera.

4. Update the
Focus Map data-
structure.

2. Capture the

images.

3. Calculate the
focus-criterion
values.

Fhe array 0 flscts al by
t Iie i I ii ages t 0 he al i gnc d

The Focus Map array. Each eleineiii corresJ)oIlds to a scene point.

Iig'nie :: Panning (aIi(I1. 1O(IIS ariiy. 1 NI IH I ;t- hi; i id ;i f II\ in angles. Each focus array
eleiiieiit corlesI)Onds I 0 )II( t1(I il I (I ('(1 I( II ( 1 I IH I ((HI ( 'I' 1 tI( I ((I \Vitll niiItiple criteiioi
fuiictioii 'values vliicli a.ie coi ipti (( h, i I i 1 u i \.r i I ig \ \\ . I J N I I x n ii ii of tle a1ies iii any
radial direction is the oii Iiiially (1((ld Ii I i .iiiIii Iii ;ri;iv hiiini. to (OmJ)tlte the image
iiiteiisity value in thai (tirci loll.
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4.1. Illustration of SF surface

An exainpie of focusing on two points that iie tar tpaiI in iange k sIiovii in Figure 4. This shows that as

expected, the SF surface is not peipeiidirumi I o lu 011 cal axis.

4.2. Experiments 1 and 2

These experiments obtain focused imagcs of \vi(le sceII(s. The SCeH( iii experiment 1 consists of, from left to

right, a. planar surface (range = 73 ), i1 oF I he hackgrouli(I curtain (iange = 132 in), a. planar surface

(range = 54in) an(l a planar surface ( ange = iii ). 'Ilie scene iii expeiiiiient 2 consists of, from left to

right, a planar surface (range = To in ), a iIaa surface (iaiige = 5() iii ), aiid a. face of a. box (at a depth of

35 in).

The caiera. is turned in sia1I steps ol !i() ti ii Is (oF I h slcI)I)eI I I ui or ) hat roughly corresponds to a shift

of 15 pixels (in pixel columns) between iIoag. \ 5('II( point vill tIiu he present in a maximum of thirty

four (roughly 512) inages. Each frai i \Va
I
' (55 ' I i i ('I 1 (( \V j II I I e foc us criterion values calculated

for all pixels. The focus map lat stritcl ii r( vas ii l1 1 I Ii I la ri leiioii ai ties and then the next frame

was processed . After all the i iiiages k)r a I ii ri c I a s(( i e () ii I a c 01) 1ai Ile(1 (a. iia.xiniun of 34 frames),

the coluinn iiiber where tlw foc is c ii I(ri( 1 I va I ( i lI lou i (1 o 1 . Iii is process of determining the

peaks is carrie(l out in conjuIIctioI) wit Ii ooessi hg ( 1 II(\V 111(011 i ig Ira i a id updating the focus map data

structure.

Figures 5(a.) and 5(b) shov the co011)osil( lurlsI 1111U2,(5 lot ;x)riH(t1s I &

4.3. Results

For any scene point, the iiiiag al sli;t rp Is is lou id by ca hii al ng the focus criterion function and

(leternining it's na.xinitii . f1ie Io(us ii I II >i 'ii I II ( II is a i n;isii ( oF I lie spatial high frequency content

of a vindov around ti-ic iiiiag 1)011)1 . '1 his ia- I o Ills eu I h

• \'Vindow effects: 'Flie bigger lu' ni oIo\\ . I h i H 0 (CI1 rat i. I Ii high 1iequency content. But the

window might go across occlusion loiiiol;i,is I lirchy giving laI I;ls in tlie criterion function.

• Feature less regions: For scene poll I s I I a I a N iii urenI ly ha I riss or have only low sI)atial frequency

content (uniform brightness pal cll ) Ii ho i ii erioii In ion will give many false peaks and will

not be reliable.

The composite images shown in ligure Ii \V ir is hi lo 1)1 ii rod Ii liii (11(1 edge bleeding around occlusion

boundaries and uniform brightness siiih;t III
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Figure 4: Image focused oti (iii H I If I i• i it Ill I I i H 1 h fersoll in the foreground.
The other point is t lie cli;ii1 oi I h Iii II H I 1 Ii II.
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(a) Focused Image I

(b) Focused Image for IxI)(rln1(nt

I I' (
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5. SUMMARY AND CONCLUSIONS

In this paper we have slìown tIia.t usi hg n cn II i;i VII( )( I iage pI;i IU is io 1)eI!)e1(1iCU1a1 to the optical axis,

allows us to deternine a composite 1()cIIs((I iIiwg( (1 ;i \\'t(I( S((iI(. \Ve sIio'ed that the SF surface, object

points vhich appear in sliaril) focus, 1t I I ioii—Froi a I nagi ig c;i era i a.1)1)Ioxilliately an inclined plane.

\Vhen the camera's afl angle (!iI€CtiOI1 ci a I ge )y I i ri I j I ig a I)OLI I I e (I is center, an SF vo1uie is swept out

by the SF surface. The scene points \iiIIii1 this voliiiii' cO1iI1)1iSe those lot which sharp focused images can

be obtained. lvVe have described au algoiitlun hat (I(l('rnhiIIes 1I( (Olliposite focused image. We have also

described the results of experiments tim 1 (01 U I i (I ((I to J)IOV(' I lie fasihility of our method and point

out the shortcoiings of the algoii 1 i i .
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