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Sensor spectral sensitivities, noise measurements and color

sensitivityFrédéri Cao, Frédéri Guihard and Hervé HornungaDxO Labs, 3 rue Nationale, 92100 Boulogne-Billanourt FRANCEABSTRACTThis artile proposes new measurements for evaluating the image quality of a amera, partiularly on the repro-dution of olors. The onept of gamut is usually a topi of interest, but it is muh more adapted to outputdevies than to apture devies (sensors). Moreover, it does not take other important harateristis of the am-era into aount, suh as noise. On the ontrary, olor sensitivity is a global measurement relating the raw noisewith the spetral sensitivities of the sensor. It provides an easy ranking of ameras. To have an in depth analysisof noise vs. olor rendering, a onept of Gamut SNR is introdued, desribing the set of olors ahievable for agiven SNR (Signal to Noise Ratio). This representation provides a onvenient visualization of what part of thegamut is most a�eted by noise and an be useful for amera tuning as well.Keywords: Color sensitivity, spetral response, signal to noise ratio, gamut, image quality evaluation1. INTRODUCTIONColorfulness is a major attributes of image quality. Indeed, it a�ets all frequenies, and major olor failurean be seen at a very �rst glane even on a small thumbnail. Therefore, it is of utmost importane to evaluateor predit whether a amera is able to have a good olor rendering. The quality of a olor rendering is bynature very subjetive and relies heavily on personal taste, past experiene or even ultural preferene. De�ningpreisely what a good olor rendering is annot reah a general onsensus, and is de�nitely out of the sope ofthis paper. This paper only deals with objetive haraterization of olor rendering by digital ameras, for whihthe emphasis is usually put on two major fators:
• how rih is the set of olors that a amera an reprodue?
• How aurate are the olors?The notion of gamut an be introdued to answer the �rst point, and will be detailed hereafter. The seondpoint needs to be explained. In general, olor auray is viewed as olorimetri auray, regardless of all theimperfetions due to the eletronis. However, this (in)auray an be dominated by another soure of errorsdue to noise. This is partiularly true for low-end ameras, as ameraphones, whih have a very small pixel pith(typially 2.2µm or 1.75µm). Moreover, these devies are often used in low light onditions, like bars or nightlubs, with typial illumination of 5 or 10lux.Before going on with more details, it is neessary to start with a desription of olor rendering on a typialdigital amera. Like human vision, a digital amera usually has three di�erent types of photosites, haraterizedby their spetral sensitivities, representing the response of the amera to eah wavelength. Sine they are enteredon respetively large, medium and small wavelengths, they are generially alled r, g and b for red, green, blue.To make things simpler, we integrate all the di�erent omponents of the amera into these spetral responses:these usually inlude the transmittane of the lenses, the infrared �lter, the spetral response of the olor �lterarray, and the response of the silion. At a given gain, the expeted response of the red hannel to an illuminant

I re�eted by an objet with re�etane E is
R = β

∫

I(λ)E(λ)r(λ) dλ + δr, (1)Further author information: (Send orrespondene to Frédéri Cao)Frédéri Cao: E-mail: fao�dxo.om, Telephone: +33 (0)155205587



where β is a multipliative fator (overall gain) and δr is an o�set due to the eletronis. The same holds forthe green and blue hannels (G and B values). The o�set an be ompensated, and with no loss of generality, itis set to 0. The fator β depends on the exposure and the di�erent gains. Not only does it multiply the sensorvalues by a salar, but it also multiplies the noise by the same fator.Now, the raw RGB values hange from one sensor to another sine eah sensor has its own spetral responses,whih are usually quite di�erent from the primary olors of the devie used to display the images. The minimalset of olor transformations used to adapt the sensor to the display are
• white balane to ompensate for the illuminant.
• hromati adaptation �tting the sensor olor spae to the output devie olor spae (or a normalized, devieindependent olor spae, the �nal onversion being done by the output devie)
• tonal urve, historially used to ompensate for the nonlinearity of CRT sreens, and also used to tune theontrast.The white balane is usually determined by two gain fators applied on the red and blue hannels, the greenhannel being taken as a referene. After white balaning, an objet with a neutral re�etane should appearessentially with R = G = B, although it an be deliberately set to be slightly di�erent from this. The hromatiadaptation is usually modeled as a 3 × 3 matrix letting the vetor (1, 1, 1)t be invariant. More omplex models(using 3D lookup tables) are possible, but we will always use the matrix model in the following, and refer toit as the olor matrix. We will ignore the tonal urve, sine all the measurements desribed in the followingare performed before appliation of the ontrast hange, or atually require to inverse the tonal urve. Thewhite balane sales are ruial sine they an lead to a global and unnatural olor shift in a piture. To anextent, the olor matrix determines how aurate, vivid or dull the image appears. The role of the olor matrixis also to map the sensor olor spae to another olor spae depending only on the display devie. Therefore,the omparison of sensors is more adequate in this olor spae, whih is supposed to be the same for all thesensors. Changing the output devie or the illuminant also requires a di�erent olor matrix. The outline of thisartile is as follows. In Set. 2, we will develop the onept of gamut of an input devie (already studied inseveral previous works) and ompare di�erent types of ameras. As a result, we will see that even though somedi�erenes an be observed between low and high-end ameras, results are mostly onditioned by the hoie of thealibration of olor rendering. Moreover, the onept of gamut also neglets the noise introdued by the amerato obtain a given olor rendering. In Set. 3, we will introdue the onept of olor sensitivity, and explain whythis measurement is more disriminating for the quality of a amera. One advantage of olor sensitivity is thatit leads to one single number, and provides a diret omparison of ameras. However, a more loal analysis todetermine whih olors are most a�eted by noise an be useful. Setion 4 introdues the onept of GamutSNR, whih is the set of olors ahievable for a given SNR value. It an be very useful, espeially for ameraISP (Image and Signal Proessing) tuning, sine olor rendering is mostly a trade-o� between the vividness ofolors and noise, and is a key for �nal image quality. We will display the Gamut SNR of several types of amerasbefore onluding. 2. INPUT DEVICE GAMUT2.1 De�nitionThe onept of gamut has been primarily introdued for haraterizing output devies. It is de�ned as the setof visible olors that the devie an render. Although this set an be huge, this is atually a simple problem.Indeed, the olors output by the devie are ombination of a small set of primary olors. Sine the human eyehas three types of ones, using three primary olors is usually enough to obtain suitable olors, although thegamut an be sensibly smaller than the set of visible olors, depending on the primaries. It an be enlarged byhoosing di�erent and/or more primaries.The gamut of an input devie (suh as a sensor) is de�ned as the set of olors that the devie an distinguish.This is muh more di�ult to determine. Indeed, it would require to measure (or simulate) the response of



the sensor to all possible spetra, whih form an in�nitely dimensional vetor spae. Even by sampling thewavelengths with a �nite auray (for instane 10nm between 380nm and 800nm), this still remains an intratableomputational hallenge. However, pratial solutions have been proposed,1�4 though inevitably approximate.To sum up, the di�erent methods onsist in hoosing a �nite set of spetra that an be representative of allpossible olors. This set is ruial sine it determines how the hromati adaptation of the sensor is performed(its olor matrix). Di�erent possibilities have been proposed as optimal olors, suh as the Munsell book of olorssamples, or the Gretag Mabeth olor heker, although eah method has its own limit.5�7In this paper, the purpose is to ompare the performanes of di�erent sensors. Although a di�erent alibrationof a sensor yields a di�erent gamut, two protools at least an be applied.
• apply the same hromati adaptation method (same set of olor samples, same metri, same illuminant)
• use the olor rendering used by the amera manufaturer.The �rst method is more objetive, although it does not re�et the olors atually output from the amera.Conversely, the seond method is subjetive, sine it reveals aestheti hoies of the amera manufaturer.2.2 Experimental measurementThe following protool is used to ompute the gamut of sensors.
• Inputs:1. Sensor spetral response.2. Colorheker re�etion spetra.
• Algorithm:1. Compute the raw values of the Color Cheker from the spetral response of the sensor and the re�etionspetra (see (1)).2. For a olor matrix A mapping the sensor olor spae on CIE XYZ, ompute the orresponding CIELab values, and the mean related error ∆E on the pathes of the Color Cheker.3. Find the matrix A minimizing the mean ∆E error.4. For this optimal matrix, draw the (x, y) values orresponding to the response of monohromati waves.Some measurements were performed on seleted digital ameras: 2 DSLRs, 2 ameraphones. The alibrationmatrix is strongly in�uened by the hoie of the target. The output gamuts are all larger than the sRGBGamut. There was no guarantee for that, sine the pathes of the ColorCheker are not partiularly saturated.The gamuts of the DSLRs are usually larger than the gamut of the ameraphones but not that muh, whihshows that the measure is not very disriminative. Also, the mean ∆E on the DSLR is muh smaller than onameraphones. This is related to the di�erene of metamerism of the sensor, as de�ned by the ISO Norm 17321.8As suh, the measurement of the gamut and the ∆E error reveals sensor metamerism, but it remains indiret.However, a more diret measurement would be to determine the set of responses of a sensor that an be seen asa single olor by the eye.2.3 Limitations and onlusionsIn onlusion, the onept of the gamut of a sensor is not highly disriminative per se, as far as image qualityevaluation is onerned. Indeed, it is extremely dependent on the set of olors used to math the spetral responseof the sensor on the olor mathing funtions. By using a simple linear model white balane+olor matrix, itis observed that there is a tradeo� between the gamut, whih is a boundary problem, and the auray, whihre�ets the olors deep inside the gamut. Now, a amera reproduing aurate RGB values is usually pereivedas a bad amera, sine people usually prefer pitures with saturated olors. Hene, a alibration targeting olorauray is not harateristi of the �nal rendering of a amera. Moreover, it is always possible to use a more



Figure 1. Comparison of the gamut of sensors. Two DSLR and two ameraphones are tested. Sine the alibration isperformed on the pathes of the Gretag Ma Beth in sRGB, the gamuts do not over muh more than sRGB. The gamutof the DSLR is larger, but an still be omparable with ameraphones.omplex transform than a simple olor matrix, like a 3D look-up table. The number of degrees of freedom is thenhuge, and it an be possible to extend the boundaries of the gamut of a amera without sari�ing the aurayof the inner values. However, there are two problems that a 3D lookup table annot solve. The �rst problem ismetamerism: if the sensor outputs the same raw values for spetra that are disriminated by the olor mathingfuntions, the information is de�nitively lost. The seond problem is the e�et on noise: strething the olorspae of the sensor to �t a target olor spae yields an ampli�ation of noise. This is ompletely ignored by theonept of gamut, and is the main point of the rest of this artile.3. COLOR SENSITIVITY3.1 De�nitionThe preise analysis of the olorimetri properties of a sensor is interesting as an index of the theoretial perfor-manes of olor rendering: auray, rihness of olors, metamerism problems. This is partially overed by thegamut of the sensor and was disussed in the previous setion. However, it is not really representative of thequality of the image that a amera outputs. Indeed, when dealing with real ameras, noise is a ruial fator,espeially in low lights onditions, whih tends to be a very wide use ase for amera as ameraphones. Colori-metri analysis assumes that ameras have an in�nite signal to noise ratio (SNR), or that an in�nitely wide olorpath is observed. Of ourse, this is unrealisti. Applying a hromati adaptation matrix (or any look up table)not only transforms the olors of the sensor but it also transforms its noise. For instane, it is lear that the lakof sensitivity in a given hannel an be ompensated by a gain (whih an be analog or digital). Amplifying thesignal unfortunately ampli�es the noise as well. Chromati adaptation an also amplify the noise, partiularlywhen the spetral responses of the sensor show a large overlap. Intuitively, the spetral responses of the sensorhave to be strethed more to �t the olor mathing funtions. Tehnially speaking, the olor matrix has largesingular values.Hene, another notion of the quality of olor rendering has to be introdued, and needs to take the noise ofthe sensor into aount. This is the purpose of olor sensitivity, introdued by Buzzi et. al.9 It is de�ned as thenumber of olors that a sensor an distinguish, up to noise. Consider for instane a sensor enoding the graylevels on 10bits on eah olor hannel (whih is typial for ameraphones and low-end DSCs). In theory, thesensor an output 230 di�erent values. However, these values are noisy. Noise an be modeled as an additiveGaussian noise. We onsider that two values loser than one noise standard deviation annot be distinguished.



In other words, the atual density of gray levels is the inverse of the standard deviation. In three dimensions, aGaussian noise is determined by a ovariane matrix. The standard deviation is replaed by a onfusion ellipsoid.Therefore, there is a limiting olor resolution, whih we take equal to
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, (2)where the σi are the square roots of the eigen values of the ovariane matrix at the point (r, g, b). Thedenominator is basially the volume of the onfusion ellipsoid at the point (r, g, b) bounded by below by thequantization step. When summing this quantity other the whole set of possible values, we obtain the olorsensitivity de�ned by
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, (3)the domain of integration being the output olor spae. The noise ovariane matrix an be obtained frommeasurement on the raw signal, and then transformed by white balaning, olor matrix and tonal urve. Takingthe log2 of the olor sensitivity expresses it as the number of bits enoding the olors on the sensor.Note that evaluating the olor sensitivity does not require a sensor spetral responses measurement. It anbe dedued from the noise harateristis and the olor rendering only. However, it an be simulated for a sensorwhose spetral responses are given, sine the raw signal an be simulated as well. Color sensitivity is also muhmore relevant than the mere raw SNR. Indeed, this latter an be inreased by enlarging the spetral responsesof the sensor. However, a orret olor rendering an only be obtained by substantially degrading the noise byan extreme olor matrix.3.2 Good SNR/bad olor sensitivity: a text book aseAs an example, let us onsider a sensor with a given spetral response and olor sensitivity. Let us denote by
(R, G, B) the raw values of the sensor. Assume also that the ovariane matrix Σ is diagonal, all diagonal termsbeing equal to σ2. This sensor has a olor matrix, denoted by M . Let us now assume that the spetral responsesare extended into a �tive sensor. Let us denote by (r, g, b) the raw values of this sensor, and assume that theyare obtained from (R, G, B) by the following relation
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 .Eah photosite is 50% more sensitive than on the original sensor. In order to have the same sensor sensitivity,the gain needs to be 66% of the original value. If we assume that the noise is mainly photoni, the raw noisevariane has been multiplied by 0.66, whih is an SNR inrease of 1.76dB. However, the olor matrix has to bemultiplied by
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to obtain the same olors. The new noise ovariane matrix is then MBΣBtM t. Basially, the olor resolutionhas been dereased by a fator det(BΣBt)1/2 = 2.44, whih is equivalent to a loss of 1.29 bits. (Here, wenegleted the quantization e�et, whih makes the degradation even worse.) Therefore, even though the sensorhas a muh better SNR in raw, its olor sensitivity has dereased.



3.3 Experimental measurementsThe algorithm to ompute the olor sensitivity of a sensor is the following:
• Inputs:1. sensor raw values of the Colorheker2. raw noise urves of the sensor3. target values of the Colorheker in sRGB linear olor spae.
• Algorithm1. Find the olor matrix minimizing the mean ∆E error in CIE Lab olor spae between the targetvalues and the observed values.2. For eah point in linear sRGB (no gamma urve applied), ompute the noise ovariane matrix byusing the raw noise and the olor matrix.3. ompute the olor sensivitity by integration, as given in (3).The following graphs represent some results of the olor sensitivity of 8 ameraphone sensors and 21 DSLRameras (from old models to the most high-end reent ones) under illuminant D65. In order to show thatraw noise does not always mean low noise after proessing, the SNR is displayed versus the olor sensitivity.The measurements are performed at real ISO 100 (whih an be slightly di�erent from the ISO announedby the manufaturer). The SNR is measured on the green hannel at 18% of the dynami (whih is a usualtarget exposure). There is a orrelation between SNR and olor sensitivity: DSLRs are always better thanameraphones; but ameras with the best SNR do not neessarily have the best olor sensitivity. However,at equivalent SNR, olor sensitivities may di�er by up to one bit. The way ISP manages low exposure/highsensitivity is also interesting. To this end, let us ompare noise and olor sensitivity measurements at ISO 100and ISO 1600. If the noise were only photoni, the SNR should derease by 12dB and the olor sensitivityshould derease by 6bits. However, di�erent ameras an have di�erent behavior when the gain (sensitivity)inreases, espeially in shadows. The olor sensitivity takes the global noise behavior into aount. Note alsothat olor sensitivity is very dependent on the illuminant. Indeed, in ontrast to raw noise, white balane salesand di�erent olor matries have to be taken into aount, and eventually give more relevant measures. It is

Figure 2. Left: raw SNR vs olor sensitivity for di�erent ameras. DSLRs are learly better than ameraphones (KPh).More interestingly, there are some some ranking inversion between ameraphones when the SNR or the olor sensitivityis onsidered. This latter is more meaningful. Right: olor sensitivity at ISO 100 vs. olor sensitivity at ISO 1600. Ifthe noise were purely photoni, the olor sensitivity should drop by 6 bits (represented by the blak straight line). Somesensors beat this limit. This diagram is representative of the performane of the amera in low light.possible to argue that the raw SNR is not relevant sine it does not provide an evaluation of the performane onthe �nal RGB image (after raw onversion). Indeed, any raw onversion inludes a denoising algorithm. This



is true, but a measurement of noise in a supposedly uniform area is not a perfet measurement either. Indeed,it is very well known that most ISPs smoothen the uniform areas to inrease the SNR. However, this reates alarge and olored grain in the pitures and is also degrades areas with thin textures. Still, olor sensitivity anbe used to ompared di�erent sensors when using the same ISP.4. GAMUT SNR4.1 De�nitionThe olor sensitivity is a good global index that an be provided with an exeutive summary, sine it diretlyallows diret sensors performanes omparison. However, it may be useful to have more loal information, andexhibit what part of the gamut is the most penalized. More preisely, it is usually onsidered that a SNR equalto 10 (that is 20dB) is the minimal value to obtain a orret image, and that an image is good for SNR equalto 40 (i.e. 32dB). Beause of the di�erent white balane gain and the olor matrix, di�erent parts of the outputgamut exhibit quite di�erent SNRs. We hoose to represent these values in the CIE Lab olor spae, for di�erentvalues of L. It is possible to determine the onfusion ellipsoid for eah (L, a, b) triplet. The axes of this ellipsoidare given by the noise ovariane matrix Σ(L, a, b), whih is easily alulated from the RAW noise, the whitebalane sales, the olor matrix and the Jaobian of the transformation from XYZ to Lab. An interesting parallelan be drawn with the Ma Adam ellipses: for a given olor, it is the set of olors it annot be distinguishedfrom. The CIE Lab was designed suh that these ellipses should be irles with radius equal to 1. Here, wesuggest that in addition to the limiting resolution of pereption, noise also makes olors indistinguishable. Wede�ne the SNR at value (L, a, b) by
SNR(L, a, b) =

√
L2 + a2 + b2

√trae Σ(L, a, b)
. (4)For a given threshold τ , the Gamut SNR-τ is the set of values (L, a, b) for whih SNR(L, a, b) ≥ τ . For a sake alarity, the Gamut SNR is represented in the ab-plane for di�erent values of L.The Gamut SNR extends some industry standards whose purpose is to determine the �at �eld illuminationwhih is neessary to obtain SNR=10 on the luminane (obtained as a linear ombination of R, G, B after whitebalane and olor matrix).For a given value of L, di�erent sensors an be ompared. Moreover, the value of the SNR in the ab-planefor a given value of L shows whih olors are the most noisy. The values around a = b = 0 are usually the mostnoisy, whih is also pereptually relevant, sine we are very sensitive to loal hue shift in areas that should beneutral.4.2 Experimental measurementsThe method to ompute the Lab SNR is as follows

• Input:1. raw values of the Gretag MaBeth Color Cheker2. raw noise urves of the sensor3. CIE Lab values of the pathes of the Color Cheker for the used illuminant
• Algorithm1. Determine the olor matrix best �tting the sensor raw olor spae and CIE XYZ for the pathes ofthe Color Cheker. The �tting error is the ∆E in CIE Lab.2. For eah (L, a, b) value orresponding to a (X, Y, Z) value in the visible spetrum, ompute the noiseovariane matrix.3. Compute the SNR by using (4).



Measurements for a DSLR (Canon EOS 400D) are presented on Fig. 3 for luminane values 30, 50, 70 andilluminant D65. Every measurements were performed with gain or real ISO sensitivity 100. (We distinguishthe manufaturer ISO orresponding to the amera setting and the ISO sensitivity as de�ned in the normISO 1323210). As predited the SNR inreases as the luminane inreases. Moreover, neutral olors (in theviinity of a = 0, b = 0) are a loal minimum of the SNR at a given luminane. This is pereptually onsistent:it is well known that saturating an image ampli�es its noise, and that it is very onspiuous in neutral areas.Colors in the yellow tones (a lose to 0 and positive b) also have a bad SNR beause they orrespond to a value
Z ≃ 0 whih penalizes the Lab noise.
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Figure 3. Gamut SNR of the Canon EOS 400D at L = 30, 50, 70. The referent illuminant is D65.On Fig. 4, three DSLR are ompared for luminane L=50 (the Canon EOS 400D, Nikon D80 and Pen-tax K10D). Pentax K10D is learly the best one. Canon EOS 400D and Nikon D80 have very similar results,and experimental measurements shows that they indeed have the same olor sensitivity as well.

Z

−150

−100

−50

0

50

100

150

b

−150 −100 −50 0 50 100 150a

 25   

 29   

 33   

 36   

 40   

Z

−150

−100

−50

0

50

100

150

b

−150 −100 −50 0 50 100 150a

 25   

 29   

 33   

 36   

 40   

Z

−150

−100

−50

0

50

100

150

−150 −100 −50 0 50 100 150a

 25   

 29   

 33   

 36   

 40   

Figure 4. Gamut SNR at L = 50. The referent illuminant is D65. From left to right: Canon EOS 400D, Nikon D80,Pentax K10D.On Fig.5, three amera modules are ompared. The two �rst ones are from the same manufaturer (denotedby M1). The �rst sensor has a 2.2µm pixel pith, the seond one 1.75µm. However, the seond one is better interms of olor noise, showing that the mannufaturer manages (in this ase) to maintain the quality, even thoughthe pixel size goes down. However, the third sensor (a 2.2µm pixel by another manufaturer M2) is the best.Of ourse, DSLR are muh better than ameraphones, as an be seen on Fig. 6 (the same olor sale is used).The last �gure 7 shows the dependane on the illuminant. The performane of the sensor (again theCanon EOS 400D) drops down when going from Daylight illuminant to tungsten illuminant. In partiularthe yellowish olors (low values on the blue hannel) have the worst SNR with the neutral values. Gamut SNRdepends on the illuminant through the white balane and olor matrix. Sine sensors are not very sensitive toshort wavelengths, the blue white balane sale is usually very large. This is illustrated by the variation of GamutSNR when swithing from daylight to tungsten illuminant. There is a general loss of about 2dB. Moreover, theshape of the Gamut itself hanges. The loss in red/purple (a > 0 and b lose to 0) an be very large.
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Figure 5. Gamut SNR at L = 50. The referent illuminant is D65. From left to right: amera module manufaturer M1,pixel pith 2.2µm, M1 with pixel pith 1.75µm, Manufaturer M2, pixel pith 2.2µm. The �rst two �gures show that themanufaturer an have better pixel design when shrinking down the pixel size.
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Figure 6. Gamut SNR at L = 50, for the Canon EOS 400D and the amera module of Manufaturer M2 (the best one inthe previous plot).
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Figure 7. Comparison of Gamut SNR at L = 50 for Canon EOS 400D with illuminant D65 (left) and A (right). The lakof sensitivity in the blue hannel, the large white balane sales are ritial for the noise values after olor rendering. Theloss is usually about 2dB.
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