Investigations into Multi-Scale RetinexKobus Barnard and Brian FuntSchool of Computing Science Simon Fraser UniversityBurnaby, British ColumbiaCanada V5A 1S6kobus@cs.sfu.cafunt@cs.sfu.ca604-291-3126 604-291-3045 (fax)

AbstractThe main thrust of this paper is to investigate the multi-scale retinex (MSR)approach to image enhancement to explain the effect of the processing from atheoretical standpoint. This leads to a new algorithm with fewer arbitraryparameters that is more flexible, maintains colour fidelity, and still preserves thecontrast-enhancement benefits of the original MSR method. To accomplish this weidentify the explicit and implicit processing goals of MSR. By decoupling the MSRoperations from one another, we build an algorithm composed of independent stepsthat separates out the issues of gamma adjustment, colour balance, dynamic rangecompression, and colour enhancement, which are all jumbled together in theoriginal MSR method. We then extend MSR with colour constancy andchromaticity-preserving contrast enhancement.IntroductionRecent work [1, 2, 3, 4] advocates MSR as a method of image enhancementwhich provides colour constancy and dynamic range compression. Nonetheless,there are a number of problems with the original MSR method. The chiefconceptual problem is that a number of image-processing tasks are performedsimultaneously without sufficient regard to the interactions occurring betweenthem. The main practical consequence of this is that MSR is not appropriate forapplications which are sensitive to colour.MSR serves a subset of the following five image processing goals, dependingon the circumstances:1)Compensating for uncalibrated devices (gamma correction)2)Colour constancy processing3)Local dynamic range compression4)Global dynamic range compression5)Colour enhancementIn the original MSR method all the processing steps are intertwined, and as a result,the colours are changed in image dependent and unpredictable ways. We willdisentangle these tasks, and develop a sound theoretical basis for them. In addition,when the fifth task is appropriate, it is our view that this processing should proceedrelative to a well defined colour baseline, and such a baseline is provided by ourapproach. To do this we use an effective, neural-network-based, colour constancyalgorithm [5] to correct for mismatches between the illuminant and the camera balance. Then we use a modified version of MSR which does not change the colour.This results in an appropriate, well defined, baseline for subsequent colourenhancement if required by the application.Overview of the original MSR methodMSR is explained easily from single-scale Retinex [2, 3, 4]. For SSR we have .

R^i (x, y, c) = log I^i(x,y)

{ }− log{F(x,y,c)⊗ I^i(x,y)}

(1)where

Ri (x,y,c)

is the output for channel "i",

Ii (x,y)

is the image value for channel"i",

⊗

denotes convolution, and

F(x,y,c)

is a Gaussian surround function explicitlygiven by:

F(x, y, c) = Ke− (x2 +y2 )/c2

(2)with K selected so that:

F(x, y, c)

∫∫ dxdy =1

(3)In the above, the constant "c" is the scale. The MSR output is simply the weightedsum of several SSR’s with different scales:

RM i (x, y,w,c) = wnn=1N∑ Ri(x,y,cn )

(4)where

RM i (x,y)

is the MSR result for channel "i",

w = (w1,w2, ... , wN )

where

wn

is theweight of the n’th SSR,

c = (c1,c2, ... , cN )

, where

cn

is the scale of the n’th SSR, andwe insist that

wn n=1N∑ =1

. In [2] the authors state that the choice of scales is applicationdependent, but that for most applications at least three scales are required, and thatequal weighting is usually adequate. The example illustrated in Figure 1 of [2] usesscales of 15, 80, and 250 pixels, which is also the set used in [4].The result of the above processing will have both negative and positive RGBvalues, and the histogram will typically have large tails. Thus a final canonical gain-offset is applied as mentioned in [3] and discussed in more detail below.This processing can cause image colours to go towards grey, and thus anadditional processing step is proposed in [1]:

′RMi (x,y,w,c,C) = RMi (x,y,w,c)∗ ′Ii(x,y,C)

(5)where

′Ii(x,y,C)

is given by:

′Ii(x,y,C) = log 1+C Ii(x,y)Ii(x,y) i=13∑

(6)where we have taken the liberty to use log(1+x) in place of log(x) to ensure a positiveresult. In [4] a value of 125 is suggested for C; for [6] we empirically settled on a value

of 100 for a specific test image. The difference between using these two values issmall. In [4] (formula 5) a second constant is used which is simply a multiplier of theresult:

′′Ii(x,y,C,b) = β ′Ii(x,y,C)

. However, in our implementation this constant isabsorbed in the final gain-offset step.A few more words about the final gain-offset step are warranted. Figure 8 of[3] shows how clipping is needed to have good contrast, as the resultant imagehistogram has quite large tails. We assume that the goal of consistently removingthese tails led to the pair of gain-offset constants recently published in [4]1 .However, a little experimentation reveals that sticking to these constants is sub-optimal for most images, even though it provides a surprisingly good starting pointfor many images. Thus we also tried to implement what we believe is the intent ofthe adjustment which is to set the clipping point based on clipping a few percent ofthe pixels on either side. We have also explored clipping a fixed percentage of therange, as well as looking for image independent gain offset parameters, as is done instandard MSR. For this approach, we found it useful to fix the relationship betweenthe gain and the offset such that areas which are in the middle of the range (asdefined by MSR) are in the middle of the range in output. This makes the algorithmessentially dependent on only one parameter and thus easier to investigate.Furthermore, if the application demands optimizing the extent of the clipping, asingle parameter is much easier to adjust on an image by image basis.MSR and Colour fidelityTo preserve image chromaticity while doing dynamic range compression, wemust begin with calibrated input and output devices. In particular, we require alinear relationship between scene radiance and CRT luminance of the threechannels (up to a uniform multiplicative nonlinear function). This means that theCRT’s gamma must be taken into account. The standard power-law method ofgamma correction is only an approximation, and the best value of "gamma" variesfrom monitor to monitor. As a result, we have found it worthwhile to calibrate ourmonitor with a spectra-radiometer.There is an interesting relationship with the original formulation of MSRand gamma correction. That method uses a channel-independent logarithm, whichnormally would have the side effect of changing the image colours. However, the

1We had difficulty obtaining reasonable results using the formula and constants in [JRW97b]and we acknowledge the subsequent help of Don Jobson with implementing standard MSR.

operation somewhat approximates monitor gamma correction, and thus the colourshift is far less of a problem when displaying the result without gamma correctionthan would be expected. In fact, applying gamma correction to the result of MSRprocessing normally gives poor results. Specifically the images look washed out andover gamma corrected. The problem with just accepting and using this coincidenceas a conveniently provided gamma correction is that device calibration (gammacorrection) is meant to compensate for devices, but now one is committed to a singlemethod, and thus the result is device dependent. Regardless, since MSR can to someextent play the role of gamma correction, it is important to ensure proper gammacorrection is being applied to the original image when being compared to MSRresults on a monitor.Device calibration is also an issue on input. It is interesting to note that givena histogram or range based gain-offset adjustment as described above (but not usedin the standard MSR), standard MSR can be quite resilient to insufficientinformation about whether a gamma correction has been applied to the input. Herethe gamma becomes roughly a constant factor due to the channel independentlogarithm (although not exactly, due to the convolution). This constant is thenessentially absorbed by the histogram based gain-offset adjustment. For confirmationwe verified that there is little visual difference between MSR output of gammacorrected and non gamma corrected input, when a histogram based gain-offsetstrategy was used.The second colour problem with the original MSR approach is that the imagecolours tend to be desaturated greyish. This is due to the manner in which grey-world-based colour constancy processing is applied to relatively small imageneighbourhoods. Each pixel’s colour is compared to the average of the colours in asurrounding neighbourhood. For regions of constant colour this means that theMSR result will tend towards grey regardless of the colour of the region.Later versions of MSR include a processing step which puts back some of thecolour that was removed. The intermediate image colours are modified by a non-linear function of the original image colours. This processing has the obviousproblem of changing the image colours in ways that are hard to characterize andpredict2 . A second problem with the colour correction step is that it seems to defeat

2 The fact that such a function gives serviceable results at all is due to the fact that the chosenfunction is roughly proportional to chromaticity over the range of typical image chromaticities,especially when the gamma corrections issues discussed earlier are considered.

the colour constancy processing goal of MSR. A grey wall under blue light, as seenby a camera balanced for a redder light, will be too blue. MSR without colourcorrection will move the colour of the wall towards grey, and thus achieve somedegree of colour constancy. However, if the colour correction step is now used, thecolour of the wall will be moved back towards blue!Another colour problem with standard MSR processing is complementcolour bleeding at certain colour edges due to the local contrast enhancement.Consider a white card mounted on a yellow background. For simplicity, considerthat the red and the green channels of the yellow are similar to that of white, andthe blue is substantially smaller. Then only the blue channel will change due to theboundary, and the blue channel of the white near the boundary will be enhancedrelative to the others which represent neutral. Hence the white card will have a bluehalo near the boundary.In the case of the luminance based processing proposed below, this colourbleeding becomes luminance bleeding. In either case, it is due to the local dynamicrange compression method inherent in MSR, and will occur whenever there is aclean edge comparable in length to the smallest mask size (the effect is stronger thelonger the edge). The fact that it is barely noticeable in standard MSR results is aconsequence of two factors. The first is that the largest part of the dynamic rangecompression in MSR is due to the move to log space. The second factor is that MSRresults are heavily influence by the colour correction step, which adds a significantamount of the original image colour content into the result. Modified versions ofMSR which do not use this step may need to mitigate this effect by using largermask sizes.Colour preserving MSRWe now outline an alternative approach to MSR. As mentioned earlier, themain idea is to separate the processing goals/effects of MSR so that each one can bedone more optimally. First we ensure that the input is linear. Then we optionallyapply colour constancy processing followed by MSR style processing to anappropriately defined image luminance. The processing here can take many forms,of which two are discussed in detail below. The RGB of the output image pixels arethen set so that their chromaticity is the same as in the original linear image, buttheir luminances are the result of the previous processing step. At this point colourenhancement, such as increasing the colour saturation, can be applied. Finally, theimage is mapped into the appropriate space to give linear output on the target device. In the case of a CRT monitor, this can be approximated by a gammacorrection. We now provide some additional details.As discussed above, colour fidelity is best achieved if the input is proportionalto scene radiance. Thus we attempt to linearize the input if this is not the case. Wehave experimented with input from a Sony CCD camera as well as Kodak photo CDimages. In the case of the camera, we have verified that it is linear. We linearizephoto CD images by inverting the algebra described in [7]. It is not known how wellthis corresponds to the radiance in the original scenes, but for the purposes ofexperimentation we assume it is linear.If colour constancy is an issue for the application, it is dealt with next. For thepurpose of this paper, we define colour constancy processing as a correction for amismatch between the illuminant chromatically for which the imaging system iscalibrated and the actual illuminant chromaticity of the scene. Colour correction sodefined is different than simply determining an illuminant independentdescription of the scene. Most methods available to do this correction implicitlyassume that the input is linear, and thus a good result is dependent on the linearityconsiderations discussed above. In fact, using the above definition for colourconstancy processing almost demands reference to a linear space.Standard MSR has its roots in the latest colour constancy work by Land [8, 9,10], and colour constancy processing is one of the purported goals of MSRprocessing. However, the colour constancy processing inherent in standard MSRprocessing has several weaknesses. First, it attempts to do colour correction in anon-linear space. Second, it essentially is based on the grey world assumption,which is not a major problem, except that there are better algorithms available (see,for example, [5, 11, 12]). A more serious problem is that the implementation of thegrey world algorithm is not optimal. Colour constancy algorithms generally makesome assumption about how the illuminant chromaticity varies spatially (the mostcommon assumption being that it is uniform), and then exploit that assumption. Inthe case of MSR, the use of a large scale implies some confidence that theillumination uniformity is wide, but the use of smaller scales yields poor colourconstancy results due to local violations of the grey world assumption, and leads to agreyed out image. Averaging the results mitigates the errors, but also reduces thechances for good performance, and thus is unsatisfactory. We posit that ifillumination uniformity is an issue, it should be dealt with explicitly in the algorithm (as is done in [14]). Otherwise, the illumination chromaticity should beassumed constant, as this gives the most effective colour constancy processing.The colour constancy algorithm used for our experiments is a neural networktrained to predict the chromaticity of the scene illuminant [5] . This is then used tocompute an estimate of what the scene would look like, had it been illuminated byan appropriate illuminant for the imaging system. The performance of thisalgorithm is significantly better than grey world based methods.The next step is to apply MSR style processing on an appropriately definedexpression of the image luminance. We offer two methods to do this. The firstmethod is simpler and changes the image less, and may be preferable for imagesfrom sources known to have small dynamic range. The second method is designedto approximate the dynamic range compression of the original MSR method. Thesignificance of the second method is that it is more appropriate on images with highdynamic range. In order to investigate the relationship of the various methods andinput dynamic range we created some images with extended dynamic range byeither combining a number of images taken at different apertures, or averaging alarge number of images.For the first method we apply MSR style processing without takinglogarithms on the image luminance defined by

II = Iii∑

(in the case of three-channels

II = Ired + Igreen + Iblue

) as follows. For each scale we map the input intensity tothe output intensity,

RI = Rii∑

, using formula (1) which becomes:

RI (x, y, c) = II(x,y) F(x,y,c)⊗ II(x,y)

(7)with

F(x,y,c)

given by (2) above. To get a luminance version of MSR, we simply useformula (4) with the arbitrary channel "i" being replaced by the single intensityresult. This method has the appeal that the luminance is in a space which is locallyapproximately linear, and thus the image which require little or no change shouldlook more natural.With an appropriate choice of scales, the above method can give an arbitraryamount of dynamic range compression. This is the case because a very small scalewill remove all intensity differences, and reduce the image to a chromaticity image.Nonetheless, applying the above method to images with large dynamic range oftengives a poor result at sharp shadow edges as mentioned above in the discussion ofedge effects. The region in shadow is typically brightened significantly, but the edgeitself becomes a dark area between two light areas, and thus looks unnatural.

Standard MSR typically does not brighten the shadow as much, but has muchless of this edge effect, and the shadow simply looks like a less dark shadow. Again,as mentioned above, one of the reasons for this difference is that a large part of thedynamic range compression of standard MSR is due to the logarithm operation.This can be verified by applying the processing without any ratios. The observationthat the logarithm operation has a definite benefit leads us to the second method forluminance based MSR style processing, first introduced in (15).This method is designed to provide the same dynamic range compression asoriginal MSR. Here we define the image luminance by the geometric mean of thechannels :

II = IiiN∏ 1N

. Although it is possible to use the arithmetic mean (as wasdone in [6]), the geometric mean is intuitively superior, as it gives a cleanercorrespondence between the luminance of standard MSR and the luminance basedalternative. Having computed the luminance, standard MSR processing is nowapplied to it, this time including the logarithm operation. In order to obtain anoutput luminance comparable to standard MSR, an additional step is needed. This isdue to the observation above that MSR output should not be gamma corrected.Since we wish to gamma correct the output of the modified algorithm, we apply areverse gamma correction to the MSR luminance result. Again the correspondencebetween the effect and the desired result is better served by the use of the geometricmean in place of the arithmetic mean. It should be noted that since we are onlydealing with luminance, the reverse gamma correction need not be exact, and isadequately implemented with a power function. Specifically we raise the luminanceto the 2.2 power, with any power in the 1.8 to 2.8 range being reasonable, dependingon the monitor. If even more dynamic range compression is required, it can beobtained by simply omitting the reverse gamma correction step, but imagesprocessed in this manner to tend to look unnatural.The next step is to apply the offset part of the gain-offset procedure discussedabove. Here the range of the luminance result is offset so that some of the darkpixels are clipped at zero. Having thus determined the desired relative intensity, weset each channel to the same chromaticity as in the input by:

Ri (x, y) = RI(x,y) Ii(x,y)II(x,y)

(8)The processing so far has been designed to maintain colour fidelity. However,this is not the same as producing the most pleasing colour. If colour enhancement is

desired, then it is best added at this stage. For example, for some applications,increasing colour saturation may be desired.Next we map the pixels into [0, 255], recalling that the zero point is already setby the bottom clipping of the intensity. One possible solution is to simply scale therange to fit. However, often a better result is obtained by allowing some clipping ofthe upper range. The chromaticities of the pixels that are clipped will be a slightlyincorrect, but this is not normally noticeable. It is not recommended, however, to dothe same with the bottom of the range, as this can affect the chromaticities of all thepixels. Instead it is generally better to increase the amount of clipping on the bottomby doing so when the luminance range is adjusted, as described above.The final step of the algorithm is to map the output into a space whichproduces linear output on the target device. In the case of a CRT monitor, this maybe approximated by gamma correction.In summary, we have an algorithm which maintains the dynamic rangecompression benefits of standard MSR, but is precise with respect to colour. Inaddition, the algorithm requires less processing because we only need to performconvolutions on the luminance. Even if convolutions are performed using Fouriertransforms, this is a non-negligible saving.ResultsTo investigate the modified method of MSR processing, we first verified that forstandard images, the first form of the dynamic range compression usually givesreasonable results. These images included ones from Kodak photo CD and onestaken with a three chip, 8 bit, Sony CCD camera. However, even some of theseimages had sufficiently strong shadow boundaries that the edge effect describedabove is noticeable. For these images, the second method gave better results. Thisconclusion is stronger in the case of images with extended dynamic range. Thus weconclude that overall the second method is a better choice for dynamic rangecompression.Next we explored the inter-play of the various methods and colour constancy.We took images of the same scene with a shadow of varying strengths using twovery differently coloured lights. The first was a regular incandescent bulb which is agood illuminant for the indoor setting on our Sony CCD camera. The secondilluminant was a cool white fluorescent together with a blue filter which creates anilluminant similar in chromaticity to that of deep blue sky. The same camera colour temperature setting was always used, creating a colour constancy problem. In oneimage the incandescent light source was near the camera resulting in an imagewhich was both well colour balanced and devoid of shadows. This was used as areference. Then shadows of increasing strengths were put across the images. In orderto explore the method fully, for each illuminant an image with a extraordinarilydark shadow was taken by combining several images taken at different apertures.Figure 1 shows some of the results. The input image taken with the blue filteris shown in (a). It is clearly too blue, and the dynamic range is too great for printing.In (b) we have corrected the input chromaticity using the neural net colourconstancy algorithm, but the dynamic range problem still remains. In (c) colourpreserving MSR has been used to bring out the details in the shadows. The result ofusing colour preserving MSR without the colour constancy step is shown in (d).Since colour preserving MSR is designed to preserve colour, the image is overlyblue just like the input. In contrast, standard MSR without the colour correctionstep leaves the result too grey (e). Finally, (f) shows the problem with using thecolour correction step when colour constancy is considered part of the standardMSR�some of the unwanted blue has been put back into the image.ConclusionStandard Multi-scale retinex processing works quite well as a method ofcompressing an image’s dynamic range so that the image contrast looks better.Standard MSR performs a mixture of local (via ratios) and global (via logarithms)contrast adjustment. Unfortunately, standard MSR has the drawback that it perturbsthe image colours in quite unpredictable ways. We have analyzed the fundamentalsteps of MSR and disentangled the various operations so that their effects can behandled separately, which also makes it possible to add in true colour constancyprocessing as one of the steps. The resulting algorithm provides better colourfidelity, has fewer parameters to specify. In addition, it is less computationallyexpensive.AcknowledgmentsWe are grateful for the support of Hewlett-Packard Corporation and theNatural Sciences and Engineering Council of Canada.References

1.D. J. Jobson, Z. Rahman, and G. A. Woodell, "Retinex ImageProcessing: Improved Fidelity To Direct Visual Observation",Proceedings of the IS&T/SID Fourth Colour Imaging Conference:Colour Science, Systems and Applications, Scottsdale, Arizona,November, pp. 124-126, 1996.2.Z. Rahman, D. J. Jobson, and G. A. Woodell, "A Multiscale Retinex forColour Rendition and Dynamic Range Compression", SPIEInternational Symposium on Optical Science, Engineering andInstrumentation, Applications of Digital Image Processing XIX,Proceedings SPIE 2825, Andrew G. Tescher, ed., 1996.3.D. J. Jobson, Z. Rahman, and G. A. Woodell, "Properties andPerformance of a Center/Surround Retinex," IEEE Transactions onImage Processing, March 1997.4.D. J. Jobson, Z. Rahman, and G. A. Woodell, "A Multi-Scale RetinexFor Bridging the Gap Between Colour Images and the HumanObservation of Scenes," IEEE Transactions on Image Processing: SpecialIssue on Colour Processing, July 1997.5.B. Funt, V. Cardei, and K. Barnard, �Learning Colour Constancy,� Proc.Fourth IS&T/SID Colour Imaging Conf., pp. 58-60, Scottsdale, Nov. 19-22, 1996.6.B. V. Funt, K. Barnard, M. Brockington, and V. Cardei, "Luminance-based multi-scale Retinex," Proceedings AIC Colour 97, Kyoto, Japan,May 25-30 (1997).7.Eastman Kodak Company, "Fully Utilizing Photo CD Images: ArticleNo. 4�PhotoYCC Colour Encoding and Compression Schemes," 1994,available from 15://15.Kodak.com/pub/photo-cd/general/pcd045.txt.8.E. H. Land, "Recent advances in Retinex theory and some implicationsfor cortical computations: Colour vision and the natural image", Proc.Natl. Acad. Sci., 80, pp. 5163-5169, 1983.

9.E. H. Land, �Recent advances in Retinex theory�, Vision Res., 26, pp. 7-21, 1986.10.E. H. Land, "An alternative technique for the computation of thedesignator in the Retinex theory of colour vision". Proc. Natl. Acad.Sci. USA, Vol. 83, pp. 3078-3080, 1986.11.D. Forsyth, "A novel algorithm for colour constancy," InternationalJournal of Computer Vision, 5, pp. 5-36, 1990.12.G. D. Finlayson, �Colour Constancy in Diagonal Chromaticity Space,"In Proceedings: Fifth International Conference on Computer Vision, pp218-223, (IEEE Computer Society Press, 1995).13.W. Freeman and D. Brainard, �Bayesian Decision Theory, theMaximum Local Mass Estimate, and Colour Constancy," inProceedings: Fifth International Conference on Computer Vision, pp210-217, (IEEE Computer Society Press, 1995).14.K. Barnard, G. Finlayson, and B. Funt, "Colour constancy for sceneswith varying illumination," In Proceedings of the 4th EuropeanConference on Computer Vision, pp. II:1-15, Bernard Buxton andRoberto Cipolla, eds., Springer, 1996.15.K. Barnard and B. Funt, "Analysis and Improvement of Multi-ScaleRetinex," In Proceedings of the IS&T/SID Fifth Color ImagingConference: Color Science, Systems and Applications, Scottsdale,Arizona, pp. 221-226, November 17-20, 1997.