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SPATIAL STANDARD OBSERVER 

The invcllli on described hcrein was made by employees of 
the United States Government and may be manufactured and 
used by or for the Government for governmental purposes 5 

without payment of any roya lties thereon or therefor. 

BAC KGROUND OF INVENTION 

2 
applicable to large classes of visual infonnation but sufti
cientl y simple for widespread implementati on and use. 
including embedding into inexpensivc systems. 

SUMM A RY OF T HE INVENTION 

Accordingly :1Ild adval1lageously. the present invention 
relates to systems and techniques for processi ng visual infor
mation to produce a single numerical value for the visibi lity 

I. Technical Field of the Invention 10 metri c indicati ve of a Spatial Standard Observer (SSO). 
Ad vantagcs of the SSO include a simple and enicient design 
that produces an accurate visibility metric with a re latively 
few calculati ons. 

Some embodiments of the present invention use a 

Thi s invention relatcs generall y to the fi eld of dev ices and 
methods for the spec ificati on and measurement of the percep
tu al illlensity of one or more visual images and. more partiClI 
b rl y. to the rapid and effi cielll determination of a visibility 
metri c for such images. 

2. Descripti on of the Pri or A rt 
15 Minkowski sum directly over fi ltered image pi xels. Thi s tech

nique avoids the need for complicated spatial frequency fi lter 
banks. with a corresponding gain in simplicity and computa
ti onal erfi ciency. 

Vi sion is the means by which most people acquire and 
process information about the world around them. umerous 
objects intended for human use include a component of infor
mati on to be identified visuall y hy a human observer. Some 20 

everyday examples includc informati on displayed on a screen 
or pagc. keys or bUllons to be pressed on a keyboard. tel e
phone. calculator. remote contro l unit. among many other 
examples . Therefore. it is reasonable that the design of such 
objects include spec ificati ons to insure that the visual infor- 25 

mation is accessible to typical human observers. that is. that 
the informati on is visible. Providing a means for measuring 
and specifying visibility. a "v isibility metri c," is an objecti ve 
of the present invention. 

A significant challenge in designing standards for visibility 30 
is that such standards are based upon models of the human 
visual sense. However. vision is a complex and only parti ally 
understood process. Prev ious standards for vi sibility have 
thus tended to be complex. diffi cult to use and not sufficicntly 
general to serve as a standard method or methods for the 35 

specification and measuremelll of visibility. The performance 
of various vi sibility metrics has been rev iewed by Ahumada 
and coworkers in two publications: Sociery fo r Info rmation 
Display, Imerna /ional Svmposiwll, Digest of Teclmica! 
Papers Vol. 24. pp. 305-308 ( 1993) and Vol. 26. pp. 45-48 40 
(1995), the cOlllellls of both publicati ons are incorporated 
herei n by reference. 

OtJler examples of visibility metri cs include the work of 
Lubin and co-workers U.S . Pal. No. 6,654.504. US Patent 
Application Publi ca ti on 2002/003 1277 and "A Human Sys- 45 
tem M odel for Objective Picture Quality Measurements: ' 
Proceedings, !lIle rna/iona! Broadcasters'COI1Velllioll , 
Amsterdam. The Netherl ands. pp. 498-503 ( 1997). These 
methods developed by Lubin and co-workers require exten
sive calibrati on for each applica ti on in additi on to suffering 50 

from the di sadvantage of complex ity. These methods are 
chiefl y intended for image quality evaluation. 

Other methods for es timating visibility include those of 
Barten. "The SQRI Method: A New·Method for the Evalua
ti on of Vi sible Resoluti on on a Display." Proceedings of /he 55 
Socie/yfor Illfonna/ion Disp!ay. Vol. 28, pp. 253-262 (1987). 
In addition to complexity. the Barten method suffers from the 
further disadvantage of being appropriate primarily for the 
specification of displays such as telev ision monitors. 

Standard s for the measuremelll and speci ficati on of color 60 
are known in the an and widely used. However, such color 
standards typi cally do not address the spatial pattern 
employed in a visual signal (for example, the shape of a 
letter). Consequently, such methods are not appropriate for 
specifying or measuring visibility .. 65 

Thus. a need ex ists in the an for a standard specification 
and measurement of visibility, sufficiently general to be 

A particular form of Contrast SenS iti vity Filter (CSF) is 
used in some embodiments of the present inventi on which 
combines radial- and oblique-effect fi l ters. Thjs permits accu
rate visibility predicti ons of the visibil ity of oblique pallerns 
such as half-LOning and rasterizing arti facts. 

Vi ewing distance and image resolution are j ointl y treated 
in an ad vantageous manner in some embodiments of the 
present invel1lion. The use of this feature causes the computed 
value of image visibility LO be substantiall y independent of 
image resolution (except to tile extent that the resolution 
actuall y alters the vis ibili ty of the informati on in the image). 

A window functi on is advantageous ly employed in some 
embodimel1lS of the present invention in such a manner as to 
represent the reducti on in visibility with distance from the 
observer' s region of fixati on. 

It is advantageous in some embod iment of the present 
invention to use convolution operati ons along with the win 
dow function. In thi s manner i t is feas ible to simulate the 
scanning of an image by the eye of the observer. 

Pooling the data accumulates the visibility over the scan 
and is advantageously employed in some embod iments of the 
present invention. 

When images are located near a border region, it may occur 
that the border has a marked ly di fferent intensity (typically 
darker) than that of the image and the general image back-
ground. In such cases. it is advantageous in some embodi
ments of tile present invention to introduce special procedures 
for handling border effects. Two examples are presented. One 
includes at least a portion of the border into the definition of 
"image" leading to a enhanced image that is then processed 
by the SSO. Another approach is to attenuate the image con
trast near the border. 

The SSO provides a standardi zed measure of visibility. 
allowing comparisons to be made of visibility measurements 
taken in a wide vari ety of applications. locati ons and times. 
M anufacturing and engineering specifications of visibil i ty in 
standardi zed units can then be made. 

Furthermore, SSO visibility measurements are not limited 
by target size . Thu s, very large or very small displays can use 
SSO. 

The SSO further prov ides the feasibi lity of making simple, 
automated measurements of the visibility of visual informa
ti on. not requiring the use of human observers to es ti mate 
visibility. Simplicity of measurement is an important feature 
of SSO in order to allow SSO to be adopted in a wide variety 
of applica ti ons and at low cost. 

SSO has numerous potential areas of application. We note 
a few applications as illustrative of the utility of SSO, not 
thereby limiting the scope of SSO to only those enumerated. 
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Many othcr applicmions are apparcnt to those with ord inary 
ski ll in the arl. within the scopc of thc prcsent invcntion. 
Possible appli cat ions include: 

Photomctric Instrumcnts incorporn ting SSO to producc a 
"spatial photometer" for thc measurcment of the vis ibil - 5 
ity of patial patterns. 

Imagi ng Deviccs and Systems employ ing SSO to ca lculatc 

4 
Observcr" (SSO). Advantages of the prescnt invemion 
includc technique for the rapid eva luation of the SSO. 

The prcsent invcn ti on rclmes gencra ll y to devices and 
methods for the mcasu rement and/or for the spec i fication of 
thc pcrceptual intensity of a visual image. Other cmbodi 
ments relate generally to devices and methods for the mca
surement and/or for the specifi cation of difTcrenccs in per
cepti on or "perceptual distance" between two or more visual 

the vis ibility of targets as viewed through those systems 
such a infrared vicwing systems and remote viewing 
systems (e.g .. as in unmanned aeri al vehicle ). 

Copier M anu facturing employing SSO to measurc thc vis
ibility of dcfccts produced by copiers and thus tcst thc 
copier and/or improve copier dcsign. 

10 images. Such dcvices and methods can be advantageously 
used in situati on in which it is desired to measure or to 
specify vi ibility or vi ual intensity. Examples includc the 
dctermination of visibility and/or discriminability of text, 
graphic elements, labels. icons. among other vi ual images. Video Codecs cmploy ing SSO in testing and/or design to 

measure the visibility of image compre sion artifacts t5 
with a vicw towards reducing visible dcfccts and 
increasing bitrate. 

Di splay M anu facturing employ ing SSO to detect and mea
sure vi ible artifacts with a view towards improv ing and 
automating product quality control and output by only 20 

rejecting deviccs hav ing visible artifacts. 
Graphics Software employ ing SSO to estimate thc visibil

ity of graphic c1cmcnts and/or to estimate the visibility 
of artifacts due to the rendering process. 

Pred icting Visual Performance of Humans Following 25 

Vi ion Correcti on using SSO and thereby pre-evaluate 
the relati ve effi cacy of vari ous correcti on procedures 
before surgery. 

Digita l Watermarking employ ing SSO to calculate the vis
ibility of a recoverable signature labeling an image that 30 

is intended to be invis ible to a human viewer. 

Examples also include the determination of visibility and/or 
di scriminability between image . uch as an ori ginal image 
and a compressed dig ital form of that image. Somc embodi 
ments of the present invention can also be advantageously 
used to quantify the visibility of blemishes on a di playas 
might be useful. for cxample. in providing objecti ve determi 
nations of pas Ifail criteria in the manufacture of displays. 

In esscnce, various embodimems o f the present invention 
operate on a digital image (or an analog image fo llowing 
digitization) or on a pair of digital images. An arbitrary num
ber of images can be compared by repeated pai rwise com
pari sons. Thus. for economy of language we will describe 
applicati ons of the present invention to a ingle digital image 
or to the compari son of two digital images. understanding that 
this is by way of illustrati on and not limitation since multiple 
images can be handled by multiple applica tions of such pair
wise compari on . Analogue images can be handled within 
the scope of the present invention following digitization by 
any of numerous digiti zmion techniques well-known in the 

These are among the advantages achieved in accordance 
with various embod iments of thc present invention as 
described in detail bclow. 

BRIEF DESCRIPTION OFTHE DRAWl GS 

35 art. such a u e of a digital camera. a scanner. among other 
dev ices and digitization techniques known in the field. 

To facilitate understanding. identical reference numerals 
have been used. where possible. to de ignate identical ele
ments that are common to the figures. 

The techniques of the present invention can readily be 
understood by con idering the following detai led description 
in conjunction wi th the following drawings. in which: 

~o 

FIG. 1 depi cts a high-level block diagram of a typi cal 45 
embodiment of a Spatial Standard Observer u ed to compute 
a visibility metric. 

FIG. 2 depicts a typical target adjacent to a dark border 
surrounding the image. 

FIG. 3 depicts a l ypical border aperture function thal. in 50 

this example. has 240 columns. I SO rows. each pixel is ('160) 
dcgree in height and width. The value of the parameter bscale 
is 0.50 deg. , and bgain is I. 

FIG. 4 depicts a high-level block diagram of an exemplary 
computer system that can be u ed for implementation of 55 
techniques of the Spati al Standard Observer. 

DETAILED DESCRIPTIO OFTHE INVENTIO 

In the comparison of two digital images. it is advantageous 
in some embodiments of the present invention to pre-process 
the images to erase any ines ential di f ference before present-
ing them as input to the SSO. Such pre-processing removal of 
incssential dj fferences can improve the speed to SSO process
ing, further enhancing the range of potemial applicati ons 
amenable to SSO processing. 

Al so, by way of illustration and not limitati on, 'it will be 
presumed in our descriptions that the images are viewed on a 
particular display ca lled the reference display, and viewed at 
a particular viewing di tance. Techniques are well-known in 
the art for translating an image on a non-reference display into 
a digital representation as it would appear on the reference 
di play, and for tran lating from an arbitrary viewing distance 
and angle to a standard viewing distancc and angle. 

Typical inputs in the constru ti on of a Spatial Standard 
Ob erver (SSO) are two digital images having (or sca led so a 
to have) the same ize. cal led herein a te t image and a 
reference image. G(x,y) is defined to be the grayscale of the 
pixel at column x and row y: G,es,(x,y), Greference(x.y) for the 
test and reference images respectively. We take the dimension 

After considering the following description, those skilled 
in the art will clearly rea li ze that the teachings of the invention 
can be readil y utilized for determining the probable vi ibility 
of vari ou graphical or visual depicti ons and displays as 
viewed by a typical human observer. In particular. the pre ent 
invention relates generally to systems and technique for 
processing one or more images to produce a single numerical 
value. or "visibility metric." indicative o f a "Spatial Standard 

60 of the image to be nx pixels in the x direction (width) and n" 
pi xels in the y direction (height). Typical values are nx=640 
and ny=4S0. 

Letting Sx and Sy be the viewing angles subtended by the 
image in the x and y directions respecti vely. the viewing 

65 angle sx' s" can be derived from the viewing distance and lhe 
image size 'in the plane of tile display by the use of Eq. I lwice, 
once LO compute Sx and once to compute Sy . 

---- -_ .... - ---

.. 
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Inlll(n *size(dcprccs)n60} = Eq. I " 

(0.5 * sizt:( rm)) / viewi ng disl3J1 Ce (e lll ) 

5 
. 360 size(c l11) 

slzc(dL'grees)::: 2n -vi~C"-"~'lI-g"""Cdi-st-~lI-lC-C-(C-Il-') 
Eq. Ih 

6 

-conti nued 
,------

r = (XI' , )' +(.1'1',.)' 

in which pscale is a parameter. convenient ly taken to bc 0.125 
degree in some embodiments. 

The test and reference images can be downsampled by 

Eq . I b follows from Eq. I a onl y when the rJtio (s ize/(v iewing 
distance)) is much less than one. BLtlthi s is true in vinuJl ly a~ 
cases or practi cal interest so we usc Eq. I b hereinJI'ter. Al so. 
the designati on of cm in Eq. I a and I b is for convenience. 
since it is only necessary that " size" and "v iewing distance" 
be ex pressed in the same units of length . 

10 integer factors in the x and y di rections {d,. d,,} respecti vely. 
by se lecting every dx -th column and d,,-th row' from the origi
nal image to create a new, downsampied image G"(x,y). T his 
operati on is convenientl y expressed in terms of a "downsam
piing operator" DS as 

The width and height of each pi xel. Px and p" respecti vely. 
are given by Eq. 2 w ith P.e p,. in degrees if s, and s)' arc in 
degrees. Typical va lues are s,:"8 deg. and 5,,=6 deg. y ielding 
typi cal va lues ror Px=p,,=(IIHO) deg. 

s, s, 
p , = -. p \;;;;-

11 \ II , 

Eq. 2 

The tes t and reference images. G,w(x .y) and G,.,~re ren c,,(x , y) 

15 

20 

25 

respecti vely. may contain noise . or may differ in those image 
components having high spatial frequencies whosc visibi li
ti es are not of interest for the particular image analysis under 
considerati on. In additi on. the images may be captured at a 30 

higher resolution or larger area th an is necessary for the 
particular image analys is. For these and other reasons. it may 
be useful to pre-process the test and reference images to 

remove noise. remove high frequency components and other 
components not signi ficantl y affecting the visibility analysis. 35 

to reduce image resolution. and/or to crop the image to a 
rectangle of interest (or other convenient shape) . Such opera
ti ons can be performed by liltering. downsampling and crop
ping. pursuant to some embodiments of the present invention. 
Such operati ons are opti onal and. when employed. can be -10 

emp loyed in any combination. sequence or number. That is. 
multiple steps of each operati on can be performed whenever 
advaJ1lageous to do so, and the sequence of various operations 
or combinati ons can also be adjusted for the particul ar image 
processing task at hand. To be concrete in our descripti on. we 45 
describe typical pre-processing' operati ons. indi vidually and 
in a parti cular sequence, understanding thereby that the 
present invention is not limited to the particular steps. 
sequence. number or type of operati ons described . 

It is convenient in some embodiments to pre- filter the tesl 50 

and reference images by convolution wi th a pre- fi lter functi on 
PF(x .y) pursuant to Eq. 2. 1 

G'(X.y)=PF(x.y)(0C(x.y) Eq.2. 1 

for G ,es,cx . y) and G ''l'ferencr(x .y) respecti vely. The G' functi on 55 
of Eq. 2.1 , the pre-processed image. is then used in place ofG 
in subsequent image processing, including in Eqs. 3. 4 and 
following. 

C"(x.y)=DS(C'(x.y).d"d,) Eq.2.3 

The new dimensions of the test and re ference image ' in the 
x and y directions are thus given as n; and n,.' as in Eq . 2.4. 

j"' ) 1/: = Floo,\
d, 

J "' ) 1/'\ = FIOO'l d; 

Eq. 2. -1 

in which the functi on "Floor[]" returns the nearest integer less 
than or equal to its argument. Typical values for dx and d" are 
d,=d,.=4. . 

Eq. 2.3 uses the pre-processed image G' from Eq. 2.1 as the 
image from whi ch the downsampled image G" is derived. 
This is a particular example presented to be concrete in our 
descripti on and not intending to limit the scope of the present 
invention. A lthough downsampling is almost al ways pre
ceded by fi ltering to avoid al iasing, downsampling can be 
perrormed on an image with or without pre- fi l tering. 

The image G. G' or G" can be cropped to a rectangle or 
interest ROJ. For defi niteness, we describe cropping the G" 
image having dimensions n.: and n,.'. It is convenient to 
describe the ROI by the pixel coordInates of i ts lower left 
comer { xu' YuJ and upper right corner {X UII' YUII} respec
ti ve ly. Cropping is convenientl y performed by deleting from 
Ihe image rows ] til rough (y LC I ) inclusi ve. and rows (YUR+ 

I ) through n,.' inclusive. as we ll as co lumns 1 through (xLL- I ) 
inclusive . and coluIllJ1s (X UR+ I ) through nx ' inclusive. The 
dimensions of the new. cropped image are thus 

Eq.2.5 

I f the pre-processing techniques are used, singly or in 
combination. the resulting output images (tesl and reference) 
are considered the input images 10 the other image processing 
procedures described herein. New image dimensions (i f 
present) should also be used. 

I f J reference image is not readil y avai lable, it is convenient 
in some embodiments of the present invention to create one 
by deleting the target or structura l component from a copy of 
the les t image. I f the target is confined to a local region on an 
otherwi se uniform image with gray level Go, then it is conve-In some embod imems of the present invention. il is conve

nient to use a pre-filter function PF(x,y) given by Eq. 2.2. 

PF(x. y) = PF(r) Eq. 2.2 

I r 2 

60 nient in some embodiments of the present inventionlO create 
a reference image as a uni form image having the same size as 
the test image with a gray level also equal to Go. Typical 
images are depicted as 100 in FIG. 1 wi th test image 100a and 
reference image 100b. The structural component of the test 

= pscale' Exr( -,,( PSCllle ) ) 65 image IOOa is shown adj acent to the image field merely for 
clarity of depicti on, understanding that the images are actu
all y superi mposed. 
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PCC(K(x. \'). /(.\. \'» 
K(,\. Y) ®c I (x. ,1') = 1 K(,\ . ~, ) . ) 

PC "" . . I!-\. y) 
L.,L.,K(x. y) , , 

Eq. 2.8 

If a reference image is nOI available. some embodiments of 
the present inven tion obtain a rererence image by processing 
the lest image. for example, convolving the test image wi th a 
reference filter. RF(x,y). It i advantageous in SOme embodi
ments to pre-process the test image pursuant to one or more of 5 

the pre-processi ng techniques described herein (or others 
known in the fie ld) before application of the reference fi lter. 
that is. convol ve RF with G, G . GU or equivalents. among in which l (x.y) is an image (array) all of whose entries= I and 

which has the same number of rows and columns as the 
10 (unpadded) image I (x .y). 

others. 

In some embodiment . it is convenient to create a reference 
image by moothing the test image and thereby suppre s from 
the test image the signals whose visibility i or interest. For 
example. smoothing can conveniently be carried out with a 

15 
Gaussian reference filter having the form given by Eq. 2.6. 

RF(x. y) = RF(r) Eq. 2.6 

The reference and te t images (optionally. following pre
processing) are converted rrom a grayscale format to local 
luminance contrast image. Thi conversion is depicted sche
matically as "Contrast" 101 in FIG. 1. The first step in thi s 
convers ion or image tra nsformation is the computation of a 
luminance image L(x,y) from the grayscales of each image, 

t .J ( r )2 
= rscali;! Ex,,,,\-Jr rscale ) 

test and reference, denoted generally as G(x,y) to indicate 
either G1w (x.y) or G ref e rence(x.y) respecti vely. For economy 
of language we frequently omit subscripts " test" and "refer-

20 ence"using a si ngle unsub cripted letter to indicate two equa
ti ons or two variables, one each for " test" and " reference:' 

Thi s transformation from grayscal e G(x,y) to a luminance 
image or luminance L(x.y) is advantageously performed by a 
gamma function "Gamma" as in Eq. 3. 

25 
L(x.y)=Gamma[ G(x.y)] Eq.3 

"rscale" is a parameter convenientl y chosen to be 2 degree. 

The reference image is then created by convolving the tes t 
image with the re ference tilter, Eq. 2.6. either by employ ing 
conventional convolution (e.g., Eq. Sa. 5b, 5c) or. advanta
geously according to some embodiment of the present inven
lion. using "confined convolution," denoted by a "confined 
convolution operator" 0e, as applied in Eq. 2.7. 

The particular form and parameters used for the Gamma 
function will depend on the panicular characteri ti cs of the 
dev ice displaying the test and reference images. A typical 

30 version is Eq. 4 in which the luminance L(x,y) is given by: 

C·"(x.y)=RF(x.,l')0cG"(x,y) Eq. 2.7 35 

L(x.y)=Lmax(C(x.y)/Cma.,? Eq.4 

in which Lmax is the max imum possible luminance in the 
image. Gma., is the corresponding maxi mum grayscale va lue. 
y is the gamma ex ponent of the display. approx imately cor
recting for nonlineariti es in the luminance characteri stics of 
the display. A typical value for y is y=2.2. Eq.s 3 and 4 are 
applied to both test and reference images. 

A local luminance filter is employed having a luminance 

Eq. 2.7 depicts the example in which the pre-proces ed 
image GUu is convolved by confined convolution to produce a 
reference image G"'. understanding that pre-proce sing the 
test image is optional and conventional or other rorms of 
convolution can be employed. 

40 filter function LF(x,y). It is then convenient to introduce a 
local mean luminance reference image LL(x,y) obtained by 
the convolution of the reference luminance image L ref erence 

(x,y) with the luminance tilter function by Eq. Sa 
Confined convolution offers some advantages in image 

processing. In tandard cyclic convolution, the edges of the 
image are considered to be connected. Thus, image content ~5 

close to one edge of the image may be spread over to the 
opposite edge. which is sometimes call ed the "wrap-around 
problem." Confined convolution is a form of convolution 
wh.ich avoids the wrap-around problem by, in effect, discon
necting the opposing edge of the image. 

LL(x,y)=LF(x·)')0L"'i<~"c« X.)') Eq. Sa 

in which 0 denOle convolution of the two functi on defined 
in known texts in the field. for example " Fourier Analysis and 
Imaging" by Roger . Bracewell , (Kluwer Academic/Ple
num Publi shers, 2003). pp. 174-179, incorporated herein by 

Confined convolution makes u e of a " Pad-Convolve
Crop" (PCC) operator. The operands of the PCC operator are 
a general image function , l (x,y). and a kernel K (x,y) in which 

50 reference. The convolution can be expressed in di screte and 
continuous forms as in Eq. 5b and 5c respecti vely. 

the kernel has kx columns and ky rows. The image I(x,y) is 
augmented or " padded" with row and columns containing 
entries hav ing a value ofO. such that the padded image has k¥ 
additional columns (of all O's) and ky additional rows (o f all 
O's) in comparison with I(x,y). Thi padded I (x,y) is con
volved with the kernel K(x,y). The image resulting from thi s 60 

convolution is then restored to the original image size by 
remov ing the added k" rows and kx columns. Tills sequence of 
operations defines th'e PCC operator operating on K and I. 
denoted as PCC(K(x,y),I(x .y». 

55 

65 
The confined convolution of K(x,y) with I (x.y) is then 

given by Eq. 2.8. 

IILF(x-~.)~w)L~f" ,,,,,c« x,y)dldw Eq.Sb 

where the integrals extend over the domain in which LF(t ,w) 
is not zero. In discrete form the convolution is given by Eq. 5c. 

Eq. 5c 

1/ \,- 1 nx- I 

I I LF(Mod(x- j. IIx ). Mod(y·k. 1I , ))4'f",. ,,(j, k) 
10 ",0 JEO 

where Mod(a. b) is the remainder when a is divided by b. 

----------- ._----_.- --
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In some emoodiments of the present inventi on. it is eonvc
niclllto usc the luminance filter functi on LF(x .y) given oy Eq. 
6. 

LF(.1. .,.) = LF(r) Eq. 6 

I r ::0 = -,ExIJ - 1r( - )) 
/sca/e- \ /sca/l' 

10 

10 
CSF(u.v) is the discrete version of a Contrast Sensitivi ty 

Filtcr in the frcqucncy domain, and u and v are hori zoillal and 
verti ca l frequency indices respectively in units of cycles/ 
width and cycles/height. 

The discrete. frequency domain version of the Contrast 
Sensiti vity filter. CSF(u.v) is conven iently given by the prod
uct ofa radial contrast sensiti vity funct ion. RCSF(u.v). and an 
oblique effect contrast sensi ti vity filter. OEF(u.v). as 
expressed in Eq. 10. 

CSF(I/. v)=IICSF(I/. ,')DEnl/.l') Eq. )0 

in which Isealc is a paramctcr to be chosen. Irlscale-Hoc. this 
corresponds to an LL th;:ll is constant and equal to the average 
luminance over the image. 

In some embod iments of the present inveill ion it is conve
nienlLO choose a rad ial fu ncti on RCSF having the form given 

15 in Eq. II. 

The averagc (M EAN) luminance. L"'f',m is given by a 
numerical average of the luminancc over all pi xels in the x 
and y directi ons. Eq. 7. 

Eq. 7 

A typi ca l valuc for L"w"" is 40 eandelas per sq . meter (40 
cd/m2) . 

~o 

25 

The contrast or contrast image of each pi xel, C(x,y) is then 
given by Eq. 8 applied to both test and rcrerence luminance 
images L,e."{x,y) and Lrefr-rem'''(x,y) respectively. 30 

L(x.l') 
CLI. 1') = --'- - I 

. LL(x. v) 

Eq. 8 

For the parti cular embodiments described thus far. L ",,,-, 
plays no apparent role since it appears as a multiplica ti ve 
factor in both L (Eq. 4). and LL (through L,-ejerence (Eq.s 4 and 

35 

5)) hence canceling rrom Eq. 8. (Under the typicall y reason- .. 0 

able presumption that both test and reference images have the 
same max imum possible luminances, L",a.\") However, it is 
conven ient to retain L ""L< in the equations since it simplifies 
the appli cati on of the equations in other embodiments of the 
present invention in which L"' f<X and/or L",ean may playa role .. 5 

in determining parameters or the process. A typical value for 
L "IfL< is 100 cd/m2 

Following the construction of test and reference contrast 
functions via Eq . 8. both test and reference images are typi 
cal ly passed through a Contrast Sensiti vity Filter (CSF). 102 50 

in FIG. I. Whil e various embodiments ofCSF arefeasible and 
can be used in connecti on with the present inventi on. it is 
advantageous in connecti on with some embodiments of the 
present invention to work in the frequency domain following 
applicati on of a Discrete Fourier Transform. DFT. and its 55 

inverse DFT" . In such cases. the filtering can be described by 
Eq. 9 as 

F(x.y)=Df/'rCSF(I/.I') *DFT/C(x.y)]j Eq.9 

in which C(x.y) is the contrast functi on of the image from Eq. 
8 and F(x,y) is the filtered image. 

60 

RCSF(I/. 1') = RCSF (j) Eq. It 

= gain sech (( i n -loss sech (f) 

J= (!!.)' + (~. )2 
S.l j:, 

in which "sech" is the hyperbolic secant functi on, "gain". 
·'Ioss". ro' fl' and p are parameters. Typical values for lhese 
parameters arc as follows: 

fo=4. 173 

f l = 1.362 
loss=0.8493 

ga in=373. 1 

p=0.7786. 

I n some embodiments of the present invention. it is conve
nient to choose an oblique fi lter, OEF hav ing the form given 
in Eq. 12. 

OEF(I/. ,.) = OEF(j, 0) 

= 1 _ (t _ EXP(_J -corner)) 
s lope 

Sin2(W) if J > corner 

= I if J scorner 

(
II ") e = ArcTan - .-

SA S" 

Eq. 12 

in which "corner" and " lope" are parameters. Typical values 
for " corner" and "slope" are corner=3.48 I and 
lope= 13.57 149. 

Following processing of both the test image and the refer
ence image by CSF, 102, the resul ting filtered images are 
subtracted pixel-by-pixel, 103. The result is the difference 
image D(x,y) of Eq. 13. 

Eg. 13 

In some embodiments of the present invention, it is advan
tageous to create a mask image. M (x,y), from the filtered 
reference image F,-e/erence(x,y). In such embodiments, the 
absolute value of the filtered reference image is raised to a 

The Discrete Fourier Transform and the Inverse Discrete 
Fourier Transform, DFT[] and DFT" [J, are conveillional 
operations in the fie ld of digitat signal process ing and 
described in many texts, for example. the text by Bracewell, 
supra at pp. 167- 168. incorporated herein by reference. 

65 power "a", convolved with a masking fi lter MF(x,y), added to 
the constant I and the b' th root of the resulting expression is 
computed as in Eq. 14. 
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The next stage in the process combines or "pools" the 
values of' J D(x ,y) of the pixels in the x and y directions to 

Eq. I~ produce a single va lue of lND. It is convenient to usc a 

in which the convolution operator 0 indicmes di crete con
volution. 

In some embodiments. it is advantageous to choose a=b=2 

Minkowsk i summati on to effect thi s pooling with a parameter 
5 IjI as exponent. as given in Eq. 20. 

Eq. 20 

in Eq. 14, resulting in a mask image M(x.y) given by Eq. 15. to [ 
n, n, )J 

JND = ( p ,P')~ ~ ~ IJND(,. y)l~ 

Eq. 15 

Furthermore. it is advantageous in some embod iment of 
the present invention to choose the masking filter MF(x.y) to 
have the form of Eq . 16 

r 2 
MF (x. y )= MF (r) = 11I8(1ill Exp(-If (--/ )) 

m SCli e 

Eq. 16 

in which " mgain" and " msca le" are parameters. Typical 
choices for mgain and mscale are mgain=0.2 and m cale=O. I . 

In some embodiments of the present invention, the differ
ence image D(x.y) is divided by the masking image to yield a 
masked difference image MD(x.y) according to Eq. 17. 

D(x. y) 
MD (x. I' )=--

. M(.I .y) 

Eq. 17 

For those embodiment in which a mask image is not 
employed. the masked difference image is simply the differ
ence image. Also. when a mask image i not employed. the 
subtract operati on ]03 can optionall y precede the CSF ]02. 

At thi s " boo t" stage. 106 in FIG. 1. the absolute value of 
the masked difference image is computed, raised to a power~. 
and convolved with a window function W(x.y). The result of 
these opermions is a function thm is then rai sed to the power 
I /~ and multiplied by the factor (Pxp/ I(} to produce a Just 

oti ceable Difference Image J D(x ,y) as in Eq. 18. A typi cal 
vaJ ue for ~ is ~=2.408 

I 
I p 

JND(x. y) = (pXpy)il IW (x. y )®IMD (x, y)IPI 

Eq. 18 

The number. 1 D of Eq. 20 is the desired numerical value 
characterizing the Spmial Standard Observer. 

15 In some embodiments, it is advantageous to let ljI-too• in 
which case Eq. 20 reduces to Eq. 2 1. 

JND=MaxIJND(x.y )1 Eq.2 1 

In some embodiment of the present invention. it is advan-
20 tageous to apply a non-linear transformation ( for example. a 

power functi on) to the JND computed from either Eq. 20 or 
Eq. 21. Thus. whether or not a non-linear transformation is 
applied to J D , and whether or not border effects are relevant 
for the particular imagers) under con ideration , the Spatial 

25 Standard Ob erver. as characteri zed by the value of J D. 
provides an effecti ve visibility metric. able to be computed 
relati vely rapidly. 

In some appl icmions, the target or test image (20] in FIG. 
2) may be located adjacent to a border 200 of the image region 

30 202. as depicted in FIG. 2. If the region of the display outside 
the image, 200. is darker than the di splay, 202. for example. 
the dark region of a Liquid Crystal Display (LCD) panel. then 
the visibility of the target 201 in the region will typicall y be 
reduced. An example of thi s situation is depicted in FIG. 2. 

35 Thus. it is advantageous in ome embodiments of the present 
invention to use special techniques for the treatment of border 
area in order to produce correct visibi lity estimate for such 
target . 

In some embodiments of the present invention it is ad van-
40 tageous [0 multiply the contrast images by a spatial border 

aperture function BA(x,y) between the Contrast and CSF 
steps, that is, at 120 in the process fl ow diagram of FIG. 1. The 
resulting Contrast Border Aperture Function. CBA(x,y) is 
thus 

~5 
CBA (x.y)=C(x.y)BA (x.y) Eq. 22 

Then CBA(x.y) is used in place of C(x .y) at the C F step. 
Eq.9. 

In some embodiment of the present invention, the border 
In some embodiment . it i advantageous to use a window 50 

aperture function is advantageously chosen to be: 
function W(x,y) as given by Eq. 19 

W (x. y) = W lr) = Exp(_;r (_ r _ )2) 
wsco/e 

Eq. 19 

in which " wscale" is a parameter. advantageously chosen [0 

be approximately 1.01 3 in some embod iments. 

It is advantageous in some embodiment of the present 
invention to di splay the complete JND(x,y) image. ] 07 in 
FIG. 1. While optional. such a display can provide a u eful 
visual indicati on of the location and magnitude of visual 
signa ls. The J D(x,y) image can be " thresholded" (setting to 
zero values less than a threshold. T ), reduced in size (or 
otherwise caled), and/or converted to a portable format to 
provide a compact record of the information. 

'1 Min 

I (x - 1 )1'" . (y - 1 )Py. ]2 
(11 , - .1)1', . (ll y - Y)Py 

BA LX. y) = 1 - bgClill Ex -If J 
bsca/e-

Eq. 23 

55 

60 in which "bgain" and "bscaJe" are parameter. An example of 
this function is given in FIG. 3 in which the image is taken to 
have 240 columns (x-coordinate) and 180 rows (y-coordi
nate). Each pixel in thi example is taken to be ('160) degree in 
both height and width. The parameters are chosen in thi s 

65 example as bscale=0.5 degree and bgain= I . 
The use of a border aperture function. BA(x.y) a in Eq. 23, 

has the advantage of simplicity, but as an approximation. it 
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as mas -storage input dev iccs such as CDs, DVDs. magnetic 
discs of vari ous designs among others. The output interface 
262 is a primer 272. The communications interface 258 is a 
network interface card (NIC) that allows the computer 250 to 

may not be as accurate as alternative methods. In other 
embod imeJllS. it is advamageous for the parameters bscale 
and bgainto depend upon the luminance contras t between the 
image and the border. Typicall y. a margin is added to the 
image such that the enlarged image. image+margin. contains 
a porti on of the border. Thi s enlarged image is then processed 
as the " image" pursuant to the image process ing techniques 
described herein. typi ca ll y including the mask ing component 

5 communic<Jle via a network. such as the Internet. Image 
acquisition/generati on devices 274 provide the images 100 
for the generati on of the SSO and are also coupled to the 
processor 252. The units 274 can supply either stored or 

of the processing. 105. The presence of a porti on of the border 
in the enl arged image will tend to produce the appropriate 10 

masking erfect. tending to reduce visibility or targets or por
ti ons of targets near the border. 

realtime input data. or both . 
The mcmory 260 typically compri ses di fferent modalilies. 

illustrati ve ly semiconductor memory, such as random access 
memory (RAM ), and disk dri ves. Depending on the embod i
ment. the memory 260 typically includcs an operali ng sys
tem. 280. The operating system 280 may be implemcnted by 

There are vari ous ways the use of an enlarged image can be 
implememed to treal border effects. For example. it is conve
nient to take the width of the border region to be Round 
l2"' mseale/pJ and the height to be Round12* msca le/p,J in 
which mscale is the mask ing parameter (Eq. 16). " Roundlr 

15 any conventi onal operating system such as UNIX®. W IN
DOWS® . and L1N UX®, among others. 

is a functi on Lhat generates as the va lue of the functi on that 
integer nearest to the va lue of the functi on' s argument. The 
dimensions of the enlarged image are then given by Eq. 24 as: 

width=/I , +Round[2*mscalelp.l 

Although vari ous embod iments which incorporate the 
leachings of the present inven tion have been shown and 
described in detail herein. those skilled in the art can read ily 

20 devise many other varied embodiments that sti ll incorporate 
these teach i ngs. 

hei ght=" ,.+Rou nd [2 * msca lelp ,.J Eq . 2~ What is claimed is: 

An advaJllage of treating border effects with an enlarged 
image is that it more correctl y dea ls with the dependence of 
the border masking effect upon the luminance eomrast 
between the border and the (ori ginal. unenlarged) image. A 
poss ible disadvamage is that thi s approach requires some
what more processing to include the masking step. 

1. A method of reducing wrap-around in a digital image 
25 processing process that compares a digi tal test i mage and a 

digital reference image and that includes one or more convo
lution steps. the method comprising: 

30 
JND from Eq. 20 (or Eq. 2 1 for \(1-700 ) relates to the 

percentage of human observers who will notice a difference. 
For example. images leading to JND hav ing a value around I 
will typi call y presem noticeable di fFerences to about 75% of 
typical human observers. Images resulting in larger JND val- 35 

ues will present noti ceable difference to a correspondingly 
larger perce mage of typi cal human observers. although the 
precise functi onal relationship between JND and the percem
age of viewers observing differences may not be readil y 
known. 40 

It is advamageous in some embodimems of the present 
invention to use JND as a measure of different levels of 
perceptual intensity. That is. larger JND values indicate that a 
larger percentage of observers will noti ce a difference. But 
al so larger value of JND typicall y indicate that a given 45 

observer wi II be more Ii kel y to observe more detai led difTer
ences. By way of illustration and not limitati on. we consider 
the example of observing a scene through some form of 
opti ca l instrument, such as a remote viewing dev ice. night 
vision goggles, among others. A given observer may require 50 
an image value of JND , in order to conclude that some object 
is present other than natural background. However a value of 
JND2>JND, would be required for the observer to conclude 
that the object is a military vehicle. And a value of 
JND» JND2 would be required to conclude that it is a hostil e 55 

military vehicle. Thus, JND values as determined by the SSO 
can be a useful measure of not only minimal levels of vi sibil-
ity but. when more stringently applied. al so estimate the 
probable level of perceplLlal informati on obtainable from a 
given image. 60 

FIG. 4 depicts an i llustrati ve computer system 250 that 
utilizes the teachings of the present invention. The computer 
system 250 compri ses a processor 252, a display 254. input 
interfaces 256, communicati ons interface 258, memory 260, 
and output interfaces 262. all conventionally coupled by one 65 

or more busses 264. The input interfaces 256 comprise a 
keyboard 266, mouse, trackball or si milar device 268. as well 

--------- ~ - - .. _--_. 

a) producing a reference luminance image from the refer
ence image and a test luminance image from the tes t 
image: 

b) producing a local mean luminance re ference image as a 
convolution of the reference luminance image and a 
luminance filter function: 

c) producing a test contrast image that is at least one of the 
following: (el ) a mathematical combination of the tes t 
luminancc image and the local mean luminance refer
ence image and (c2) a mathematical combination of the 
test luminance image, the local mean luminance refer-
ence image and a border aperture functi on and (c3) a 
maLhemati cal combinati on of the test luminance image, 
the local mean luminance reference image and an image 
of a border sur.rounding the reference image: 

d) producing a reference contrast image that is at least one 
of the following: (dl ) a mathematical combination of the 
reference luminance image and the local mean lumi
nance reference image and (d2) a mathemati cal combi
nati on of the reference luminance image, the local mean 
luminance reference image and the border aperture 
functi on: 

e) applying a contrast sensitivity fi lter to the test contrast 
image to produce a filtered test image: 

f) applying the contrast sensiti vi ty fi lter to the re ference 
contrast image to produce a filtered reference image; 

g) providing a di fference image by at least one of the 
following two processes: (gI ) subtracting the filtered 
reference image from the fi ltered test image to produce a 
difference image, and (g2) producing a mask image as a 
mathemati cal combinati on of the fi ltered re ference 
image with a masking fil ter, and producing a difference 
image as a rati o of the di fference image and the mask 
image; 

h) producing a just noticeable di fference image as a math
ematical combinati on of the difference image with a 
window functi on; and 

i) pool ing the just noticeable difference image to produce a 
vi sibility metri c, 
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wherein the convolution operation in alleast one orproees~ 
(b) and process (h) is performed using a confined con
vol ution process that comprises: 
(i- I ) receivi ng an image I(x,y). expressed as an array or 

k,w-by-k,{l pixels in an x-direction and in a y-direc- -
ti on. respective ly. where kxo and k,~) are selected posi
ti ve integers: 

(i-2) padding the image I(x.y) with k, zeroe ' in the 
x-direct ion and by k,. zeroes in the y-directi on . to 
provide a fir t illlermediate image Il (x.y). expressed 10 

as an array of ( k,,~)+k..)- by-(k,{l+k,,) pixels in the x-d i
rection and in the y-di rection. respecti ve ly. where k, 
and k" are selected non-negative illlegers: 

(i-3) co'nvolving the first illlermediate image Il (x,y) 
with a selected non-negative kernel function K(x.y). 15 

expressed as an array of k,-by-k,. pixels in the x-di 
recti on and in the y-directi on. respecti vely;, to obtain 
a second intermediate image 12(x,y) expressed as an 
array of (k ,-o+k,J-by-(k){l+ky ) pixel in the x-d irecti on 
and in the y-di recti on. respectively: and 

(i-4) cropping the second illlermediate image 12(x.y) to 
an array of k,{l-by-k,o pixels in the x-directi on and in 
the y-d irection. re pectively. to obtain a third interme
diate image 13(x .y). expressed as an array of k,-o-by-

20 

k,o pixels in the x-directi on and in the y-d irection. 25 

respectively. 
2. The method of claim 1. further comprising preprocess

ing at lea t one of said test image and said reference image by 
downsampl i ng. 

3. The method of claim 1. further comprising preprocess- 30 

ing at least one of said test image and said reference image by 
convolution with a selected pre-filtering functi on. 

16 
wherein the confined convolution process compri ses an 

ordered sequence of operati ons. denoted PCe. on an 
image. the sequence comprising: 
(i- I ) rece iving an image I(x,y), expre sed as an array of 

k.,-o-by-k,o pixels in an x-direction and in a y-d irec
tion. respectively. where k rO and k,o are elected posi
tive integers: 

(i-2) padding the image I(x.y) with kx zeroes in the 
x-di rection and by k, zeroes in the y-d irection. to 
provide a first intermediate image 11 (x .y), expressed 
as an array of (k,,-o+k..)-by-(k,o+k) pixels in the x-di
rection and in the y-d irection. re' pecti ely, where k, 
and k,. are selected non-negati ve integers: 

(i-3) convolving the first intermediate image ll(x.y)w ith 
a selected non-negative kernel function K(x.y). 
expressed as an array of k,-by-k" pixels in the x-di
recti on and in the y-direction. res'pecti vely:, to obtain 
a second illlermediate image 12(x.y) expressed as an 
array of (k,-o+k..}-by-(k)o+k,,) pi xels in the x-directi on 
and in the y-direction. respectively: and 

(i-4) cropping the second intermediate image 12(x.y) to 
an array of k,-o-by-k,o pixels in the x-di recti on and in 
the y-d irection. respectively. to obtain a third illlerme
diate image 13(x,y)=P C { K(x .y), I(x,y)}, ex pres ed 
as an array of k,-o-by-k,o pixels in the x-direction and 
in the y-d irecti on. re peclively. 

6. The method of claiml , funher comprising receiving said 
third intermediate image, 13(x,y)=PCC{K (x.y). l (x.y)} and 
forming a fourth intermediate image. defined as 

1.J(x.yl=K(x.y)©/(x,y) 

=pcq K(x.y). l (x.y)}/PCC{ K(x.y)tr"I:" K(x'.y'). 
I(x.y)}. 4. The method of claim 1, further comprising preprocess

ing. by cropping. at least one of said test image and sa id 
reference image. 

7. The method of claim 5, further comprising receiv ing said 
35 third intermediate image, 13(x.y)=PCC{K(x,y), I (x.y)} and 

5. A method of forming a digital reference image from a 
digital test image, the method comprising: 

a) providing a test image having first and second oppo ing 
sides of the image 

b) performing a confi ned convolution of the tes t image wi th 40 

a selected fi lter that iso lates the first and second oppos-
ing sides of the image from each other. to thereby form 
the digital reference image, 

formi ng a fourth illlermed iate image. defi ned as 

1.J(x.y)=K(x.y)©/(x.y) 

=PCC{ K(x.y). l (x.y))IPCC(K(x,y)tr"I:" K(x'.y'). I(x . 
y). 

* * * * * 


