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ABSTRACT directed interpolation [3, 4] is proposed to prevent credge

. . . . interpolation. However, locating high precision edge posi
In this paper, a novel algorithm for single image super res: P g high p ge p

ok L ST tion itself is a non-trivial task. Level-set [5] and multpl
olution is proposed. Back-projection [1] can minimize the .
. . o : scale tensor voting [6] methods are explored to get smooth
reconstruction error with an ef cient iterative procedurd-

though it can produce visually appealing result, this métho edges. Edge preserving smoothness prior on large neighbor-

suffers from the chessboard effect and ringing effect, espehOOd 's proposed in [7]. In [8], a soft edge smoothness term

ciallv alona strona edaes. The underlining reason is theteth which can measure the average length of discrete level lines
cially g strong edges. u ining ! ._Is incorporated into an objective function to produce srhoot
IS No edge gwdance_ in the error corre_ctlo_n Process. B'.Iatéoft edges. It is applied on alpha channel to achieve a uni-
eral Itgrlng can acr_ueve ed_ge-preservmg 'mage Sm(.)omm%rm treatment of edges with different strength. Instead of
by adding the extra information from the feature domain. The|mage prior modeling, many researchers use image exemplar
EC\iirectly. An image can be modeled as a Markov Random

nearby both in space domain and in feature domain. The P'¥ields as in [9], This idea is extended onto domain-speci ¢

posed bilateral back-projection algorithm strives to gméde video SR in [10]
the bilateral Itering into the back-projection method. dar Generally sp.eaking exemplar-based algorithms can pro-
approach, the back-projection process can be guided by th : g . -

edge information to avoid across-edge smoothing, thus tfﬂce high contrast details in HR images, while powerful data

chessboard effect and ringing effect along image edges a se indexing/searching method and ef cient MRF optimiza-

removed. Promising results can be obtained by the propos cl)%g %Igighé?,aﬁauseuﬁ:g dn:i% ess?gg%?éhggrtzeerfr::g::t”ger:e
bilateral back-projection method ef ciently. imag Ing pri ent.

critical issue is how to handle image edges in a satisfactory
way. Simple interpolation strategies tend to produce blurr
1. INTRODUCTION results, while edge preserving methods may remove image
The objective of image super resolution (SR) [2] is to obtaindetails in regions without strong edges.
high resolution (HR) images from low resolution (LR) inputs Back-projection [1] method can minimize the reconstruc-
It is widely applicable in video communication, object rgeo tion error ef ciently by an iterative algorithm. In each pte
nition, HDTV, image compressiorgt al. In this paper, we the current reconstruction error is back-projected tostdhe
mainly focus on the super resolution task given one singlémage intensity. Although this method can improve the im-
low resolution input image. age quality greatly, it suffers from some unsatisfyingfads,

The generation process of low resolution images can bseuch as the ringing effect and the chessboard effect. The un-
modeled as a combination of smoothing and down-samplingerlining reason is the usageisbtropicback-projection ker-
operations of the natural scenes by low quality sensorseiSupnel. In fact, due to the under-determined nature of the SR
resolution is an inverse problem of this generation prqeess task, there exist a lot of minimizers for the reconstructéon
it is under-determined due to the information loss. One crivor. It is very likely that the isotropic back-projectionrkel
teria of solving this inverse problem is minimizing the raeo leads to unsatisfactory results, since the edge informasio
struction error. In other words, the result which can praduc totally ignored throughout the update procedure.
the same low resolution image as the input one is preferred.  In this paper, the bilateral back-projection method is pro-

Various methods are proposed in the literature to reguposed to solve the problems associated with the original one
larize the inverse problem. Two of the most extensively exwhen it is applied to single image SR. We rst show that, for
plored image modeling priors are the image smoothness pri@ny given positive integer scaling factor, the original bvac
and the edge smoothness prior. Simple Itering/intergotat projection algorithm can minimize the reconstruction eefe
algorithms é.g, bilinear/bicubic interpolation) can produce ciently under certain conditions. Then, the idea of bilate
smooth high resolution images, which are usually blurnysth  Itering is employed to guide the back-projection process.
have limited image quality. To preserve edge sharpness, edghe image edge information is integrated to avoid across-



edge projection, thus the ringing effect and chessboaeteff The proof of Theorem. 1 is presented in Appendix. A.
can be removed. The proposed bilateral back-projection alt means that by applying the back-projection method itera-
gorithm is introduced in Sec. 2. The experiment results arévely, the reconstruction error can be minimized ef cignt
shown in Sec. 3 and Sec. 4 concludes the paper. for any positive integer scaling factsy with one LR input
image, wherjj g p#sjj1 < 1. Similar to the discussion

in [1], back-projection Iter corresponds to smaller valag

i g p#sjj1will have faster converge speed, while it may
2.1. Problem modeling produce numerically instable result.

In theory, the generation process of LR image can be modeled . )

by a combination of the blur effect (due to the atmospheee, th2-3. Bilateral ltering

object/cameramotion, and the sensor) and the down-sagnplifBilateral Itering [11]is a non-linear Itering techniquevhich
operation. By simplifying the blur effect with a single itgg ~ can combine image information from both of the space do-
for the entire image, the generation process can be foredilat main and the feature domain in the ltering process. It can be

2. BILATERAL BACK-PROJECTION

as follows represented by the following equation
=" g)#; (1) 1
S~ ) - h)= s 1GYsII): @)
wherel" andl' are the HR and LR images respectivelys (x) y
the convolution operator, arid is the down-sampling opera- wherel andh are the input and output images respectively,
tor with scaling factos. x andy are pixel positions over the image gric{x;y) and

The reconstruction error of an HR images de ned as  s(I(x); | (y)) measure the spatial and photometric af nity be-
the difference between the LR input image and the syntheween pixelk and pixgle/ respectively, and
sized LR image by as follows

| k(x)= c(xy)s(l(x);1(y)) ®)
e(N=1 (I 9)# 2) y
is the normalization factor at pixel. The functions( ) and
2.2. Back-projection s( ) are usually chosen as follows
Back-projection [1] is an ef cient algorithm to get the HR o = i x i, 6
image by minimizing the norm of the reconstruction error de- 2 ¢
ned by Eqn. 2. It is originally designed for the case with i u vijj3

multiple LR inputs. Given only one LR input image, the up- s(u; v) = exp( ): ()

dating procedure can be summarized as doing the following

two steps iteratively: The underlining idea of the bilateral ltering is to do the sath-

ing according to pixels not only close in the space domaih, bu
close in the feature domain as well, thus the edge sharpness

Is preserved by avoiding the cross edge smoothing. Bilatera
Itering is closely related to other edge preserving tecjuss

such as nonlinear diffusion and adaptive smoothing [12].
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Compute the LR errog, (11') by Egn. 2.

Update the HR image by back-projecting the error a
follows
|P+1 = |P + er(l?)"s p; (3)

wherel! is the HR image at the-th iteration,” is the up- ] o
sampling operatop is a constant back-projection kernel.  2-4. Bilateral back-projection

It is proved in [1] that fors = 1 (the problem of SR is The back-projection procedure in Sec.. 2.2 can _be e>.<plained
equivalent to the problem of deblurring in this case) and-mul@S & Process to correct the reconstruction error itergtivel
tiple LR inputimages, the back-projection algorithm can<o €ach step, the LR erra (I ") is back-projected to HR im-
verge to the desired deblurred image, which satis es Eqn. £9€ by a kerngb. However, as we mentioned above, since a

for all LR inputs under their corresponding geometry trans 0t of information is lost in the generation process, thebpro
form, with an exponential rate under certain conditions. lem of super resolution is severely under-determined. &her

We rst extend the above assertion to the case with arbiMight be multiple solutions to minimize the reconstruction

trary positive integer scaling factor and single LR input im €T, even for multiple LR inputimages [13, 14]. Many min-
age, and show that the back-projection iteration conveges IMizers are not satisfying although with zero reconstarcti

the desired image, which satis es Eqn. 1, for arbitrary posi €O Since minimizing the reconstruction error is theyonl
tive integers under certain conditions. objective for back-projection algorithm, the iteratioggmay

converge to some unsatisfactory result. The most commonly
Theorem 1 By updating the HR image with the back-projectiosbserved artifacts are the ringing effect and the chesdboar
iteration, 1 will converge to a desired imagdé, which sat-  effect [6]. The underlining reason for these artifacts is th
is es Egn. 1, with an exponential rate for adl 1, given isotropic nature of the back-projection kernel The error
ii g pHsijii< L correction step propagates the error without considetieg t



Fig. 1. (a) LR inputimage (b) bicubic interpolation (c) sharpebé&libic (d) back-projection (e) bilateral BP (f) groundttru

local edge direction and strength. The cross-edge err@r-proextracted from the input image itself, instead, a xed edge
agation may produce ringing effect, and the isotropic kerneguidance imageg is used to convey the desired edge dis-
results in chessboard effect. To remove such artifactsemottribution information into the iteration procedure. There
sophisticated updating procedure is necessary. generally two cases. For a homogeneous regidg Jthe bi-

We propose to use bilateral Itering method to propagatdateral back-projection algorithm is the same as the oaigin
the error according to the edge information. Two importanbne, thus the error is back-projected almost isotropic&ly
issues need to be addressed here. the other hand, for a region near a step edge, the error will

First, the information of salient image edges need to bée only propagated in the part on the same side of the edge
extracted. The method proposed in [8] is applied. It basias the position corresponding to the LR error on the HR im-
cally has two steps. 1. Each edge segment is decomposed &ge. We use the same guidance image throughout the entire
the alpha matting technique, which describes the neighgori process instead of updating it dynamically accordinid'téor
region as a linear combination of two sides of this segmentvo reasons: (1) The resulting local intensity uctuatiofilw
through an alpha channel. A soft edge smoothness prior isot in uence the updating procedure, thus stable edgesean b
applied to super resolve the alpha channel, which is furthgoroduced. (2) It also improves the ef ciency, since the rlte
used to synthesis a HR smooth and sharp edge. 2. To inmeed to be computed only once without updating.
prove the image quality for the regions without salient edge
segments, a back-projection based post-processing €ep is 3. EXPERIMENTAL RESULTS
ployed. Since we only need salient edge information to guid&igure 1 shows the result comparison between differentalgo
the back-projection, the resulting image of step 1 is exéchc rithms. Fig. 1(a) is the LR input image. Fig. 1(b) is the résul
as the edge guidance image, assumel@js of bicubic interpolation, which is very blurry. Fig. 1(c)@hs

Secondly, we recover the image details by the proposethe result of the sharpened bicubic method, which is obthine
bilateral back-projection algorithm. It can enhance thiéren by using Photoshop. It has higher contrast than (b), but the
image quality without introducing other artifacts. Thetimi ~ chessboard effect is clearly observable. Fig. 1(d) is the re
imagel § is set equal td}. The original bilateral Itering in ~ sult of original back-projection algorithm. The image dtyal

Eqn. 4 is modi ed)?s follows is improved, however, chessboard effect is still obserabl
_ ] hror.th ] and some ringing effect is also introduced, especially & th
h(x) = Hy)e(y)s(lg (x): 15 (V) (8) center of the white regions. Fig. 1(e) shows the result of the

y proposed bilateral back-projection, clear and sharp edges
Here,s(1§(x); 15(y)) is used to replacg(l (x); 1 (y)) inEqn. 4, obtained without those unsatisfying artifacts. Fig. 1¢f}he
and this lter is applied on the HR error imagg(l"') "sin  ground truth image, which is used to generate the LR input
each step. It is different from Eqn. 4 since the feature is noimage. One patch is zoomed to better illustrate the diffegen



Fig. 2. More experiment results, the rst row shows the LR input geg, and the second row shows our results.

Although our method can improve the visual effect greatly, [9] W. T. Freeman, T. R. Jones, and E. C. Pasztor, “Exampedauper-
the ability of reducing the reconstruction error is simttathe resolution,” [EEE Computer Graphics and Applicatiqr2002.
back-projection method. After 15 iteration steps, the RmS e [10] D.Kong, M. Han, W. Xu, H. Tao, and Y. Gong, *Video supesolution
ror is 12.01 for bilateral back-projection, and 12.99 focka With scene-speci ¢ priors,” IrBMVG, 2006.

L . . [11] C. Tomasi and R. Manduchi, “Bilateral Itering for gragnd color
projection method. More results are shown in Fig. 2. images.” inICCV, 1998.

[12] D. Barash, “A fundamental relationship between biakeltering,
4. CONCLUSION adaptive smoothing and the non-linear diffusion equatitezE Trans.
) . o on PAM|, vol. 24, no. 6, pp. 844-847, 2002.
In thI_S paper, we propose the b'!ateral baCk-pI’Oj_eCtIOMm@t _[13] S. Baker and T. Kanade, “Limits on super-resolution howl to break
for single image super resolution. The edge information iS  them,” IEEE Trans. on PAMIvol. 24, no. 9, pp. 1167 — 1183, 2002.
incorporated with the bilateral Itering method, to remdbe  [14] z. Lin and H. Shum, “Fundamental limits of reconstroctibased
artifact caused by the original back-projection algoritithe super-resolution algorithms under local translatiohZEE Trans. on
: : : : : : PAMI, vol. 26, no. 1, pp. 83 — 97, 2004.

error correction on high resolution image is back-projdcte

. . . . S. Saitoh, V. K. Tuan, and M. Yamamoto, “Convolution quelities
accordlng tothe Image edges. Impressive results illestret and applications,"Journal of Inequalities in Pure and Applied Mathe-

effectiveness of our algorithm. matics vol. 4, no. 3, 2003.
5. REFERENCES A. PROOF OF THEOREM 1
[1] M. Irani and S. Peleg, “Motion analysis for image enhaneet: reso- .. hy s . .
lution, occlusion and transparencylVCIP, 1993, We rst prove thatjje, (1')jj1 decreases after each iteration.

' (10 9)#
1P+ 1) g#) s ) g #
Il g#s (11 1) g#)"s P 9

[2] A.K. Katsaggelos, R. Molina, and J. MateoSuper resolution of im- €, (I ?+1)
ages and video Synthesis Lectures on Image, Video, and Multimedia
Processing. Morgan & Claypool, 2007.

[3] J. Allebach and P. W. Wong, “Edge-directed interpolafioin ICIP,

1996.
= (I' 1} G#) ( p g#)
[4] X.Li and M.T. Orchard, “New edge-directed interpolatjd IEEE h
i = e(l) ( p g#)
Trans. on Image Processingol. 10, no. 10, pp. 1521 — 1527, 2001. r\lt S

[5] B.S. Morse and D. Schwartzwald, “Image magni cationngsievel ~ From Young's inequality [15], we have

set reconstruction,” iI€VPR 2001. B [y B ih 43
€ = (S

[6] Y. Tai, W. Tong, and C. Tang, “Perceptually-inspired auije-directed I r( t+1 )”1 I r( t) ( b9 S)Hl
color image super-resolution,” i@VPR 2006. i er(lp)jjl i ( p g#)jj1

[7] S. Fz_ar|5|u, M. D. Roblnsqn, M Elad, and P. Milanfar, “Fasd robust Thusl{‘ g #! I"ast ! 1 with exponential rate, when
multiframe super resolution,IEEE Trans. on Image Processingol. .. .
13, no. 10, pp. 1327-1344, 2004. iC p g#)ia< L _

[8] S. Dai, M. Han, W. XU, Y. Wu, and Y, Gong, “Soft edge smoatha . Based on this, |.t is easy to see I'[Ih%‘;\t\mll converge to an
prior for alpha channel super resolution,” @PR 2007. imagel ¢, which satis es|®© g#s=I'.



