1Watson, A. B., Gale, A., Ahumada, A. J., Jr. & Solomon, J. (1994). DCT Basis Function Visibility: Effects of Viewing Distance andContrast Masking. In B. E. Rogowitz (Ed.), Human Vision, Visual Processing, and Digital Display IV (pp. 99-108). Bellingham,WA: SPIE.DCT BASIS FUNCTION VISIBILITY:EFFECTS OF VIEWING DISTANCE AND CONTRAST MASKINGAndrew B. Watson Joshua A. Solomon Albert AhumadaMS 262-2, NASA Ames Research Center, Moffett Field, CA 94035-1000beau@vision.arc.nasa.gov al@vision.arc.nasa.gov jsolomon@vision.arc.nasa.govAlan GaleSan Jose State UniversityABSTRACTSeveral recent image compression standards rely upon the Discrete Cosine Transform (DCT). Models of DCT basisfunction visibility can be used to design quantization matrices for arbitrary viewing conditions and images. Here we report newresults on the effects of viewing distance and contrast masking on basis function visibility. We measured contrast detectionthresholds for DCT basis functions at viewing distances yielding 16, 32, and 64 pixels/degree. Our detection model has beenelaborated to incorporate the observed effects. We have also measured detection thresholds for individual basis functions whensuperimposed upon another basis function of the same or a different frequency. We find considerable masking between nearbyDCT frequencies. A model for these masking effects will also be presented.1. INTRODUCTIONThe JPEG, MPEG, and CCITT H.261 image compression standards, and several proposed HDTV schemes employ theDiscrete Cosine Transform (DCT) as a basic mechanism 1, 2. Typically the DCT is applied to 8 by 8 pixel blocks, followed byuniform quantization of the DCT coefficient matrix. The quantization bin-widths for the various coefficients are specified by aquantization matrix (QM). The QM is not defined by the standards, but is supplied by the user and stored or transmitted withthe compressed images.The principle that should guide the design of a QM is that it provide optimum visual quality for a given bit rate. QMdesign thus depends upon the visibility of quantization errors at the various DCT frequencies. In recent papers3, 4, Peterson etal. have provided measurements of threshold amplitudes for DCT basis functions at one viewing distance and several meanluminances. Ahumada and Peterson 5 have devised a model that generalizes these measurements to other luminances andviewing distances, and Peterson et al. 6 have extended this model to deal with color images. From this model, a matrix can becomputed which will insure that all quantization errors are below threshold. Watson 7 has shown how this model may be used tooptimize the quantization matrix for an individual image.

22. EFFECTS OF DISPLAY RESOLUTIONVisual resolution of the display (in pixels/degree of visual angle) may be expected to have a strong effect upon thevisibility of DCT basis functions, and we therefore collected data to document this effect and to validate and enhance the model.2.1 Practical Pixel SizesVisual resolution of the display (in pixels/degree of visual angle) is determined by display resolution (in pixels/cm) andviewing distance (in cm), according to the formula(pixels/degree) = (pixels/cm) / cot-1[distance]In the viewing situations for which block-DCT compression is contemplated, there are limits to the practical range ofvisual resolutions. At the high end, display resolution will be wasted on spatial frequencies which are not visible to the humaneye. The limit of human spatial resolution is about 60 cycles/degree. Nyquist sampling of this frequency would require 120pixels/degree. This corresponds to 300 dpi printing viewed at a distance of about 23 inches. At the low end, the pixel rasterbecomes visible. In these experiments, we have examined three viewing distances, 16, 32, and 64 pixels/degree, that span alarge part of the range of useful viewing distances.2.2 MethodsDetection thresholds for single basis functions were measured by a two-alternative, forced-choice method. Each trialconsisted of two time intervals, within one of which the stimulus appeared. The stimulus was a single DCT basis function,added to the uniform gray background that remained throughout the experiment. Background luminance was 40 cd m-2, andframe rate was 60 Hz. Observers viewed the display screen from distances of 48.7, 97.4, 194.8 cm. Display resolution was37.65 pixels/cm. Images were magnified by two in each dimension, by pixel replication, to reduce monitor bandwidthlimitations, resulting in magnified pixel sizes of 1/16, 1/32, and 1/64 of a degree, respectively at the three viewing distances(basis functions were 1/2, 1/4, and 1/8 degree in width). We describe these three viewing distances as yielding effective visualresolutions of 16, 32, and 64 (magnified) pixels/degree.During presentation, the luminance contrast of the stimulus was a Gaussian function of time, with a duration of 32frames (0.53 sec) between e-p points. The peak contrast on each trial was determined by an adaptive QUEST procedure 8,which converged to the contrast yielding 82% correct. After completion of 64 trials, thresholds were estimated by fitting aWeibull psychometric function 9. Thresholds are expressed as contrast (peak luminance, less mean luminance, divided by meanluminance), converted to decibel sensitivities (-20 log10[threshold])To reduce the burden of data collection, we measured thresholds for only 30 of the possible 64 basis functions, asindicated in Fig. 1. To the extent that thresholds change slowly as a function of DCT frequency, this sampling constrains ourmodel sufficiently. 3 Figure 1. Subset of DCT frequencies used in the experiment.To date, two data sets have been collected at the low resolution, five at the middle resolution, and one at the highestresolution, as shown in Table 1.

resolution(pixels/degree)observerabwmjyaigsjjas1603003003273060303064030020

Table 1. Thresholds collected for each observer and viewing distance.

2.3 Model of DCT Contrast Sensitivity

The model of DCT contrast sensitivity that we consider here is essentially that described by Peterson et al.

6 In thatmodel, log sensitivity versus log frequency is a parabola, whose peak value, peak location, and width vary with meanluminance. In addition, sensitivity at oblique frequencies ({ u„0,v„0}) is reduced by a factor that is attributed to the orientationtuning of visual channels. The parameters of significance here are s0(peak sensitivity), f0(peak DCT frequency at highluminances), and k0(inverse of the latus rectum of the parabola), and r (the orientation effect).

2.4 Results

Figures 2, 3, and 4 show decibel contrast sensitivities for the three viewing distances, along with curves showing thepredictions of the best fitting version of the model. Within each figure, the three panels show data for horizontal frequencies { u,0}, vertical frequencies {0, v}, 45 degree orientations { u, v=u}, and the remaining obliques { u>0, 0< v„u}, all plotted against theradial frequency

f = u_2 +v_{2. In the case of the obliques, because there is no simple one-dimensional prediction to plot, weplot instead the actual sensitivity minus that predicted by the model. These plots, and the fits, do not include the thresholds at{0,0} (DC), which are reserved for a separate discussion. The data at 64 pixels/degree also omit 3 thresholds at very highfrequencies which we suspect to be artifactual.}

4Figure 2. DCT basis function sensitivities at 16 pixels/degree.

Figure 3. DCT basis function sensitivities at 32 pixels/degree.

5Figure 4. DCT basis function sensitivities at 64 pixels/degree.The fits are reasonable, though there appear to be some systematic departures from the model. For reference, the RMSerror of the raw data at the middle distance is 2.03 decibels, while the RMS error of the fit in Fig.s 2-4 is 2.94 decibels. Theestimated parameters are shown in Table 2.

pixels/degree163264s051.156.1729.84f03.68k01.728r0.5115

Table 2. Estimated model parameters.The parameters f0, k0, and r

(related to peak frequency, bandwidth, and orientation effects) are equated for allresolutions, while a separate value of s0 (peak contrast sensitivity) is estimated for each of the three resolutions. The behavior ofthis parameter is worth considering. Between 64 and 32 pixels/degree, it increases by a factor of 1.88. Between these tworesolutions, the basis functions increase in size by a factor of two in each dimension. Thus if sensitivity increased linearly witharea (as it should for very small targets

10, 11, 12

) we would expect an increase of a factor of 4. If sensitivity increased due onlyto spatial probability summation

13, 14

, we would expect a factor of about 4

1/4 = 1.414. Thus the obtained effect is nearer to thatexpected of probability summation. At the closest viewing distance, despite a further magnification by 2, the parameter s0actual declines. While we would expect a smaller effect of size at the largest sizes, this decline is unexpected and may be due to1) the relatively poor fit at this resolution, and 2) aspects of visual sensitivity which are not yet captured by the model.

2.5 DC Sensitivities

Figure 5 shows the sensitivities for DC basis functions at the three visual resolutions.

6Figure 5. DC basis function sensitivities as a function of display visual resolution. Error bars of plus and minus one standarddeviation are shown when multiple measurements were available. For clarity, points with error bars are labeled on the left, thosewithout, on the right. The line indicates the parameter s0 from Table 2. Ahumada et al.

5, 6proposed as a working hypothesis that DC sensitivity is given by the peak sensitivity s0. Thisprediction is given by the line drawn in Fig. 5. It captures some of the variation in the DC sensitivities, but further data will beneeded to adequately test this model. The points in Fig. 5 at a resolution of 16 pixels/degree and labeled with the suffix "-z"were obtained by pixel-replication at the middle viewing distance, rather than use of the near distance. Their enhancedsensitivity suggests that viewing distance per se may have an effect, even when visual resolution is held constant. Thesubstantial variability of DC thresholds at the highest resolution may be due to differences in accommodation betweenobservers.

2.6 Discussion

We have examined the variation in visibility of single DCT basis functions as a function of display visual resolution.We have shown that the existing model

5, 6 accommodates resolutions of 16, 32, and 64 pixels/degree, provided that oneparameter, the peak sensitivity s0, is allowed to vary. Variations in this parameter are to some extent consistent with spatialsummation, although sensitivity is lower at the lowest resolution than summation would predict.Practical DCT quantization matrices must take into account both the visibility of single basis functions, and the spatialpooling of artifacts from block to block. Elsewhere we have shown that to a first approximation this pooling is consistent withprobability summation

15. If we consider two images of equivalent size in degrees, but visual resolutions differing by a factor oftwo, then the sensitivity to individual artifacts would be lower by 4

1/4 in the higher resolution image due to the smaller blocksize in degrees, but higher by 4

1/4 in the same image due to the greater number of blocks. Thus the same matrix should be usedwith both. The point of this example is that the overall gain of the best quantization matrix must take into account both displayresolution and image size.

73. EFFECTS OF CONTRAST MASKING3.1 Contrast masking

Watson

7noted several image-dependent factors influencing the detectability of DCT basis functions and showed howto compute custom QMs for given images, in accord with these factors. One image-dependent factor influencing thedetectability of DCT basis functions is contrast masking. Typically, sensitivity to quantization error, in a particular DCTcoefficient, decreases with the magnitude of that coefficient. Watson’s quantization scheme relies on the following model(based on work by Legge and Foley

16, 17

) for contrast masking: given a DCT coefficient c T

and a corresponding absolutethreshold t T

, the masked threshold

m

T

will be

m

T

= t

T

Max 1,

w

T

c

T

t

T

�

�

�

�

�

�

,(1)ωηερε

w

T is an exponent that lies between 0 and 1. In the sequel, we will refer to this model as Model 1 In Model 1,sensitivity to a particular coefficient’s quantization error is independent of the magnitudes of all the other coefficients (exceptthe DC). Here we present data which indicate that sensitivity to a particular coefficient’s quantization error is affected by themagnitudes of other coefficients. We propose a revision of Model 1 to account for between-coefficient contrast masking.

3.2 Methods

General methods were the same as in the earlier experiments (Section 2.2). Each stimulus was the sum of a test basisfunction and a mask basis function, added to the mean luminance of the display. The contrast of the mask remained constantthroughout a block of 64 trials, while the contrast of the test was varied using the Quest procedure

8 to determine the thresholdfor the test in the presence of the mask. Effective visual resolution was 32 pixels/degree, so that each stimulus subtended 0.25degrees by 0.25 degrees.Masked thresholds

m

T for four test DCT frequencies were measured as a function of masking contrast for threedifferent mask frequencies. The tests frequencies

T were {0,0}, {0,1}, {0,3} and {0,7}. These last three also served as themasks. Additionally, {1,1} and {1,0} were used to mask {0,1}; and {2,2} was used to mask {0,3}. Un-masked threshold

t T was also determined for each test. Theoretically, DCT coefficients can assume any real value. In the current study we usecoefficients

c_U

, such that

0_{≤ c} U ≤ 1 . A coefficient with value 1 fully utilizes the dynamic range of the display. For nearlyevery test/mask combination, six masking contrasts were used. Here we express these contrasts in decibels(

dB cU[ ] = 20 log10 cU[ ]): -36, -30, -24, -18, -12 ανδ -6. Βεχαυσε t07 is so high, when this basis function served to maskothers, only the four greatest masking contrasts were used. Test and mask frequencies were fixed within a block of trials, andfrequency combinations were run in a randomized fashion. The second author (jas) was the only observer in these experiments.

3.3 Results and Discussion

The results are plotted in Figs. 6 and 7.

8Fig. 6. Masked thresholds (

dB mT[ ]) ϕορ ϕουρ τεστ βασισ ϕυνχτιονσ αρε πλοττεδ ασ α ϕυνχτιον οϕ μασκινγ χοντραστ (

dB cM[ ]) ϕορτηρεε διϕϕερεντ μασκσ. Υνμασκεδ τηρεσηολδσ (

dB tT[ ]) ϕορ τηε τεστ βασισ ϕυνχτιονσ αρε πλοττεδ ον τηε ορδινατεσ. Τηε δασηεδ ανδσολιδ λινεσ αρε τηε πρεδιχτιονσ οϕ Μοδελσ 1 ανδ 2, ρεσπεχτιϖελψ, ασ δεσχριβεδ ιν τηε τεξτ. Φιγ. 7. Μασκεδ τηρεσηολδσ ϕορ τεστ {0,1} ασ α ϕυνχτιον οϕ μασκινγ χοντραστ ϕορ τηε μασκσ {1,1} ανδ {1,0}, ανδ ϕορ τεστ {0,3} ασ αϕυνχτιον οϕ μασκινγ χοντραστ ϕορ τηε μασκ {2,2}.

3.3.1 Τηε διππερ εϕϕεχτ

Δατα γατηερεδ ωιτη τηε {0,1}/{0,1} τεστ/μασκ χομβινατιον ατ μασκινγ χοντραστσ οϕ -36 ανδ -30 δΒ ηαϖε βεεν ομιττεδϕρομ ϕυρτηερ αναλψσισ. Σιμιλαρλψ, ωε ηαϖε ομιττεδ τηε {0,3}/{0,3} δατα ατ -36 ανδ -30 δΒ. Τηεσε δατα αππεαρ ασ σηορτ ϖερτιχαλλινε σεγμεντσ ιν Φιγ. 6. Μεασυρεδ τηρεσηολδσ ϕορ τηεσε ϕουρ ϖιεωινγ χονδιτιονσ ϕαλλ ωελλ βελοω τηειρ χορρεσπονδινγ υνμασκεδτηρεσηολδσ. Τηεσε δατα δεμονστρατε τηε ∀διππερ εϕϕεχτ,∀ α ωελλ-δοχυμεντεδ πηενομενον ωηερειν α λοω χοντραστ γρατινγινχρεασεσ τηε δετεχταβιλιτψ οϕ α γρατινγ οϕ τηε σαμε ϕρεθυενχψ ανδ πηασε

16, 18, 19

. Τηεσε δατα ηαϖε βεεν ομιττεδ βεχαυσε ιτ ισ νοτχλεαρ τηατ τηε διππερ εϕϕεχτ χομεσ ιντο πλαψ ϕορ νατυραλ ιμαγεσ. Φορ ιμαγεσ χομποσεδ οϕ μορε τηαν ονε 8ξ8 πιξελ βλοχκ, ΔΧΤβασισ ϕυνχτιονσ χαν αππεαρ ασ γρατινγσ (υνιϕορμ ϖαλυεσ) ορ νοισε (ρανδομ ϖαλυεσ; ωιτη α θυαντιϕιαβλε ϖαριανχε) ορ ανψτηινγ ινβετωεεν. Τηε διππερ εϕϕεχτ ωουλδ αππεαρ ιϕ βοτη τεστ ανδ μασκ ωερε γρατινγσ. Ηοωεϖερ, τηερε ισ νο ινδιχατιον τηατ ιτ ωουλδ

9αππεαρ οτηερωισε. Τηε ινϕλυενχε οϕ α παρτιχυλαρ ΔΧΤ χοεϕϕιχιεντ ον τηε δετεχταβιλιτψ οϕ θυαντιζατιον ερρορσ ιν νατυραλ ιμαγεσ ισσιμιλαρ ιν χονχεπτ το τηε ινϕλυενχε οϕ α γρατινγ ον τηε δετεχταβιλιτψ οϕ ρανδομ ϖισυαλ νοισε. Νο διππερ εϕϕεχτ ισ εξπεχτεδ ιν συχηα παραδιγμ. Σινχε ωε υλτιματελψ ωιση το μοδελ τηε δετεχταβιλιτψ οϕ θυαντιζατιον ερρορ ιν νατυραλ ιμαγεσ, ωε βελιεϖε τηατ τηεεξχλυσιον οϕ τηε ∀διππερ δατα∀ ωιλλ βενεϕιτ ουρ ινιτιαλ αππροξιματιονσ.

3.3.2 Μοδελ 1

Μοδελ 1 ωασ ϕιτ το τηε δατα. Μοδελ 1 δοεσ νοτ ινχλυδε βετωεεν-χοεϕϕιχιεντ χοντραστ μασκινγ. Χονσεθυεντλψ, ϕορ ανψγιϖεν τεστ βασισ ϕυνχτιον, ιτσ πρεδιχτιον ϕορ μασκεδ τηρεσηολδ ισ τηε σαμε χονσταντ ϕυνχτιον οϕ μασκινγ χοντραστ ϕορ εϖερψ μασκηαϖινγ α νον-ζερο χοεϕϕιχιεντ ατ α διϕϕερεντ ΔΧΤ ινδεξ τηαν τηε τεστ. Βψ σεττινγ αλλ οϕ τηε wTs in Eq. 1. equal to a singleparameter w, the total variance (on a log scale) from the model increased by less than 0.3%. Hereafter, when we refer to Model1, we mean specifically: Given a test DCT basis function cT, its corresponding absolute threshold tT and a mask DCT basisfunction cM the masked threshold mTwill be

m^T =

t^T Max 1 , c^M t^T

( )_w

[ ] for T = M t^T otherwise � � � �

, (2)ωηερε

0 ≤ w≤ 1 . Best fitting (method of least squares) values for w and _{tT}, as determined for Model 1, are given in Table 3.For comparison, we have also analyzed a Model 0 which predicts no contrast masking, i.e. m

T

= t

T

∀ T

. Best fitting valuesfor

t

T

, as determined by Model 0 are also given in Table 3. Model 1 reflects the data for the viewing conditions in which themask and target were identical more accurately than Model 0 does. However, it cannot reflect the between-coefficient maskingevident by the increase in measured threshold with masking contrast for the other test/mask combinations.

3.3.3 Model 2

In order to reflect the between-coefficient masking, we propose the following revision of Model 1, referred tohereafter as Model 2. Given a test DCT basis function

c

T

, its corresponding absolute threshold

t

T and a mask DCT basisfunction

c M the masked threshold

m T will be

m

T

= t

T

Max 1 , f T,M [ ]

c

M

t

T

�

�

�

�

�

�

w

�

�

�

�

�

�

�

�

, (3)ωηερε w

is an exponent that lies between 0 and 1 and

f T,M [ ] ισ α ποσιτιϖε, ϕρεθυενχψ-δεπενδεντ σχαλινγ ϕαχτορ, τηατ ασσυμεσ αμαξιμυμ ϖαλυε οϕ 1 ωηεν

T = M.

f T,M [ ] μαψ βε δεσχριβεδ ασ α ϕαμιλψ οϕ τυνινγ ϕυνχτιονσ. Τηατ ισ, ϕορ ανψ τεστ βασισϕυνχτιον cT, f T,M[ ] ρεϕλεχτσ τηε σενσιτιϖιτψ οϕ

cT detection to masks at different frequencies. We have chosen to specify thesesensitivity functions with the following one-parameter rule:

f T,M

[ ] = exp - π T - M 2 ςT2 [ ] ,(4)ωηερε ςT = ς Max 1, T[ ].. Τηισ ισ α ραδιαλλψ σψμμετριχ Γαυσσιαν σενσιτιϖιτψ ϕυνχτιον ωιτη α βανδωιδτη τηατ ινχρεασεσ ινπροπορτιον το ϕρεθυενχψ (εξχεπτ ατ ΔΧ). Τηισ ισ αναλογουσ το τηε σπατιαλ ϕρεθυενχψ χηαννελσ τηατ αρε βελιεϖεδ το υνδερλιε τηεεαρλψ σταγεσ οϕ ηυμαν ϖισυαλ προχεσσινγ.Βεστ ϕιττινγ (μετηοδ οϕ λεαστ σθυαρεσ) ϖαλυεσ ϕορ

ς, w and tT, as determined for Model 2, are also given in Table 3.The average variance (squared rms error on a decibel scale) from Models 0, 1 and 2 is also provided in Table 3. The best fittingpredictions of Model 2 are also drawn as solid lines in Figs. 6 and 7.

ParameterModel 0Model 1Model 2 10

dB t00[ ] -32.9-32.9-35.1

dB t01[ ]

-29.2-30.2-32.6

dB t03[ ] -27.4-27.8-31.9

dB t^{07}[ ]

-20.5-20.9-22.1

w n/a0.3240.396

ςν/αν/α5.5Αϖεραγε ϖαριανχε ϕρομ μοδελ18.516.58.95

Ταβλε 3. Ρεσιδυαλ ϖαριανχε ϕρομ Μοδελσ 0, 1 ανδ 2.

3.4 Χονχλυσιονσ

Ωιτη τηε αδδιτιον οϕ α σινγλε παραμετερ (

ς), ουρ Μοδελ 1 χαπτυρεσ 46% μορε οϕ τηε ϖαριανχε ιν ουρ δατα τηαν δοεσΜοδελ 0. Ινχορπορατινγ τηισ μοδιϕιχατιον ιντο τηε χυρρεντ μετηοδ ϕορ χομπυτινγ ΔΧΤ θυαντιζατιον ματριχεσ ωιλλ ψιελδ μορεεϕϕιχιεντ ιμαγε χομπρεσσιον. Τηε εστιματεδ ϖαλυε οϕ

ς ινδιχατεσ α ρατηερ βροαδ βανδωιδτη ϕορ τηε μασκινγ εϕϕεχτ. Τηισ μαψ βεδυε ιν παρτ το τηε ρατηερ βροαδ βανδωιδτη οϕ τηε βασισ ϕυνχτιονσ τηεμσελϖεσ.

4. ΑΧΚΝΟΩΛΕΔΓΜΕΝΤΣ

Ωε τηανκ Μαρκ Ψουνγ ϕορ εξτενσιϖε ασσιστανχε ανδ Ηειδι Πετερσον ϕορ υσεϕυλ δισχυσσιονσ. Τηισ ωορκ ωασ συππορτεδ βψΝΑΣΑ ΡΤΟΠσ 506-59-65 ανδ 505-64-53.

5. ΡΕΦΕΡΕΝΧΕΣ

1. Ω.Β. Πεννεβακερ ανδ ϑ.Λ. Μιτχηελλ,ϑΠΕΓ Στιλλ ιμαγε δατα χομπρεσσιον στανδαρδ, ςαν Νοστρανδ Ρεινηολδ, Νεω Ψορκ (1993).2. Γ. Ωαλλαχε,∀Τηε ϑΠΕΓ στιλλ πιχτυρε χομπρεσσιον στανδαρδ,∀ Χομμυνιχατιονσ οϕ τηε ΑΧΜ, 34(4), 30-44 (1991).3. Η.Α. Πετερσον,∀ΔΧΤ βασισ ϕυνχτιον ϖισιβιλιτψ ιν ΡΓΒ σπαχε,∀ (1992).4. Η.Α. Πετερσον, Η. Πενγ, ϑ.Η. Μοργαν ανδ Ω.Β. Πεννεβακερ,∀Θυαντιζατιον οϕ χολορ ιμαγε χομπονεντσ ιν τηε ΔΧΤ δομαιν,∀(1991).5. Α.ϑ. Αηυμαδα ϑρ. ανδ Η.Α. Πετερσον,∀Λυμινανχε-Μοδελ-Βασεδ ΔΧΤ Θυαντιζατιον ϕορ Χολορ Ιμαγε Χομπρεσσιον,∀ (1992).6. Η. Πετερσον, Α. Αηυμαδα ανδ Α. Ωατσον,∀Αν Ιμπροϖεδ Δετεχτιον Μοδελ ϕορ ΔΧΤ Χοεϕϕιχιεντ Θυαντιζατιον,∀ (1993).7. Α.Β. Ωατσον,∀ΔΧΤ θυαντιζατιον ματριχεσ ϖισυαλλψ οπτιμιζεδ ϕορ ινδιϖιδυαλ ιμαγεσ,∀ (1993).8. Α.Β. Ωατσον ανδ Δ.Γ. Πελλι,∀ΘΥΕΣΤ: Α Βαψεσιαν αδαπτιϖε πσψχηομετριχ μετηοδ,∀ Περχεπτιον ανδ Πσψχηοπηψσιχσ, 33(2),113-120 (1983).9. Α.Β. Ωατσον,∀Προβαβιλιτψ συμματιον οϖερ τιμε,∀ ςισιον Ρεσεαρχη, 19, 515-522 (1979).10. Χ. Νοορλανδερ, Μ.ϑ.Γ. Ηευτσ ανδ ϑ.ϑ. Κοενδερινκ,∀Ινϕλυενχε οϕ τηε ταργετ σιζε ον τηε δετεχτιον τηρεσηολδ ϕορ λυμινανχε ανδχηροματιχιτψ χοντραστ,∀ ϑουρναλ οϕ τηε Οπτιχαλ Σοχιετψ οϕ Αμεριχα, 70(9), 1116-1121 (1980 ).11. Χ.Η. Γραηαμ, Ρ.Η. Βροων ανδ Φ.Α. Μοτε,∀Τηε ρελατιον οϕ σιζε οϕ στιμυλυσ ανδ ιντενσιτψ ιν τηε ηυμαν εψε: Ι. Ιντενσιτψτηρεσηολδσ ϕορ ωηιτε λιγητ,∀ ϑ. Εξπ. Πσψχηολ., 24, 555-573 (1939).12. Η.Β. Βαρλοω,∀Τεμποραλ ανδ σπατιαλ συμματιον ιν ηυμαν ϖισιον ατ διϕϕερεντ βαχκγρουνδ ιντενσιτιεσ,∀ ϑουρναλ οϕ Πηψσιολογψ,141 , 337-350 (1958 ).13. Ν. Γραηαμ, ϑ.Γ. Ροβσον ανδ ϑ. Ναχημιασ,∀Γρατινγ συμματιον ιν ϕοϖεα ανδ περιπηερψ,∀ ςισιον Ρεσεαρχη, 18 , 815-825(1978 ).14. ϑ.Γ. Ροβσον ανδ Ν. Γραηαμ,∀Προβαβιλιτψ συμματιον ανδ ρεγιοναλ ϖαριατιον ιν χοντραστ σενσιτιϖιτψ αχροσσ τηε ϖισυαλ ϕιελδ,∀ςισιον Ρεσεαρχη, 21, 409-418 (1981).

1115. Η.Α. Πετερσον, Α.ϑ. Αηυμαδα ϑρ. ανδ Α.Β. Ωατσον,∀Τηε ςισιβιλιτψ οϕ ΔΧΤ Θυαντιζατιον Νοισε,∀ ΣΙΔ Διγεστ οϕ ΤεχηνιχαλΠαπερσ, ΞΞΙς, 942-945 (1993).16. Γ.Ε. Λεγγε ανδ ϑ.Μ. Φολεψ,∀Χοντραστ μασκινγ ιν ηυμαν ϖισιον,∀ ϑουρναλ οϕ τηε Οπτιχαλ Σοχιετψ οϕ Αμεριχα, 70(12), 1458-1471 (1980).17. Γ.Ε. Λεγγε,∀Α ποωερ λαω ϕορ χοντραστ δισχριμινατιον,∀ ςισιον Ρεσεαρχη, 21, 457-467 (1981).18. Χ.Φ. Στρομεψερ ΙΙΙ ανδ Σ. Κλειν,∀Σπατιαλ ϕρεθυενχψ χηαννελσ ιν ηυμαν ϖισιον ασ ασψμμετριχ (εδγε) μεχηανισμσ,∀ ςισιονΡεσεαρχη, 14, 1409- 1420 (1974).19. ϑ. Ναχημιασ ανδ Ρ. Σανσβυρψ,∀Γρατινγ χοντραστ: δισχριμινατιον μαψ βε βεττερ τηαν δετεχτιον,∀ ςισιον Ρεσεαρχη, 14 , 1039-1042 (1974 ).