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WI ABSTRACT 

An input image is enhanced to include spatial frequency 
components having frequencies higher than those in an input 
image. To this end. an edge map is generated from the input 
image using a high band pass filtering technique. An enhanc- 
ing map is subsequently generated from the edge map. with 
the enhanced map having spatial frequencies exceeding an 
initial maximum spatial frequency of the input image. The 
enhanced map is generated by applying a non-linear opexa- 
tor to the edge map in a manner which preserves the phase 
transitions of the edges of the input image. The enhanced 
map is added to the input image to achieve a resulting image 
having spatial frequencies greater than those in the input 
image. Simplicity of computations and ease of implemen- 
tation allow for image sharpening after enlargement and for 
real-time applications such as videophones, advanced defi- 
nition television, zooming. and restoration of old motion 
pictures. 

INPUT 
IMAGE 
GQ 

8 Claims, 13 Drawing Sheets 

DELAY < 
EDGE- 
ENHANCED 

700 OUTPUT 

1 

L- 1 



US. Patent Feb. 10,1998 Sheet 1 of 13 5,7 17,789 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

CONVOLUTION 
FILTER & 
DEC IMAT I ON 

I 

I SUBTRACTION 1 I 

EXPANSION & 
INTERPOLATION 
FILTER 

,108 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

Figure 1 
(Prior Art) 



U.S. Patent 

GO 

Feb. 10, 1998 Sheet 2 of 13 5,717,789 

Figure 2 
(Prior Art) 



U S .  Patent 

0 t 

Feb. 10, 1998 Sheet 3 of 13 

0 
ul 
crl 
L 

5,717,789 

c3 x 
H 
pc 

2 
n 

H 



US. Patent Feb. 10, 1998 Sheet 4 of 13 5,717,789 

358 OUTPUT 

3 54  

3 5 2  

f 
INPUT 

Figure 3b 
(Prior Art) 



US. Patent Feb. 10,198 Sheet 5 of 13 

d 
I 

Gl 

I 

r 

5,717,789 

I 

3 



US. Patent 

0 
0 

Feb. 10,1998 Sheet 6 of 13 5,717,789 

r- 

r 
0 Y3 a 

0 
0 
ul 
\ 

r -- - - -1- - - 

r 

I yij I ' :  
I 
I 
I 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I -- 

d w 
E-r 
I4 
H 
c4 
m 
3 
0 w 
c3 
0 

3: 

2 
8 



U.S. Patent 

T f 

Feb. 10, 1998 Sheet 7 of 13 

628 

Figure 6 

5,717,789 

Figure 7 



U.S. Patent Feb. 10,1998 Sheet 

Figure S(a) 

I 

Figure 8(6) 

I Figure 8(c) 

/- 
Figure 8(d) 

I of 13 5,717,789 

Figure S(e) 

Figure 8 0  

I 

Figure 8@) 



U.S. Patent Feb. 10,1998 Sheet 9 of 13 5,717,789 

0 
W 
N 

0 
W 

CJ -. 
0 
w 

xr --. 
‘u 

a, 

0 

0 

. 
W 

0 

3 

3 

0 
w 
N 

0 
W 

N -. 
0 
W 

* --. 
0 
W 

rn -. 
W 
0 

0 



U.S. Patent Feb. 10, 1998 

0 
rl 
0 L 

0 
0 
0 

\ 

Sheet 10 of 13 57 17,789 

0 
w 



U.S. Patent Feb. 10,1998 Sheet 11 of 13 5,717,789 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

O I  0 
l-i 
7 4  (J 

I 
I 
1 
I 
I 
I 
I 
I 
I 
I 

I I 

4 I 
cn cn 

W 

E2 
m h  

I 
I 
1 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 



US.  Patent Feb. 10,1998 Sheet 12 of 13 5,7 17,789 

1210 
EXPAND Go TO Go* 

t 
1220  

EXTRACT Lo FROM Go 

1230 

EXPAND Lo TO Lo* 

J 

CREATE L-1* FROM Lo* 

01250 ADD L-1* TO Go* 

Figure 12 



US.  Patent Feb. 10, 1998 Sheet 13 of 13 5,717,789 

0 
N .. 
m 

f l  

0 
m 
m 
l-i 



5.7 17,7 89 
1 2 

IMAGE ENHANCEMENT BY NON-LINEAR 
EXTRAPOLATION IN FREQUENCY SPACE 

been sampled and converted to sample streams with level- 
values which defme the information. For optical image 
processing n equals two, and the information component is 
a visual image. This is a continuation of application Ser. No. 08/118.943 

filed Sep. 8, 1993 now abandoned. 5 Perception Considerations 
It has been found that the human visual system appears to 

ORIGIN OF THE INVENTION compute a primitive spatial-frequency decomposition of 
The invention described herein was made in the perfor- luminous images. by partitioning spatial frequency informa- 

mance of work under a NASA contract, and is subject to the tion into a mnber Of COntigUOUS. Overlapping Spatial- 
provisions of public h w  9rj-517 (35 USc 4202) in which lo frequency bands. Each band is roughly an octave wide and 
the Contractor has elected to retain title. the center frequency of each band differs from its neighbors 

by roughly a factor of two. Research suggests that there are 
approximately seven bands of “channels” that span the 0.5 
to 60 cyclddegree spatial-frequency range of the human 

15 visual system. The importance of these findings is that 
frequency idormation mOTe than a factor of two 

frequency information wfl be 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
The invention relates to signal processing techniques, and 

more specif~ady to techniques for the enhancement of 
edges in a temporal signal containing information in one or 

herein are advantageously applied to television, and other, 20 the highest 
related applications. 

away from other 
indePnden@, processed by the human visual 

more The edge enhancing techniques taught & important of a signal processing scheme is 
frequency of interest f,. In general. the 

selection off, is based on the desired application. When the 
2. General Description of Related Art temporal signal has two dimensions and the signal defmes a 
A wide variety of techniques have been developed for visual image, selection of fo is based on human visual 

processing and filtering signals. particularly signals repre- perception considerations. Thus, if the highest spatial IYe- 
senting two-dimensional images. ~n particular. many image 25 quency of interest of the image is not greater than fo. the 
processing techniques are provided for enhancing the clarity highest frequency band will cover the octave from f& to f, 
of a blurred image. An image may appear blurred for a (having a center frequency at 3fd4); the next-to-highest 
number of reasons. An Original sharp image may be blurred frequency band wiU cover the octave from fd4 to f& 
during transmission due to noise or other factors. In other (having a center frequency at 3f&, and so on. 
CiI‘CWnStanCes, the original image is itself insufficiently Cleat 30 It has been further found that the spatial-freequency pro- 
and techniques are emplOYedt0 Sharpen the original image. cessing that occurs in the human visual system is localized 
Even in circumstances where an image is not actually in space. n u s ,  the signals within ea& spatial-frequency 
bhXd.  the image qPear blurred due to human Visual channel are computed over small sub-regions of the image. 
perception considerations. 35 These sub-regions overlap each other and are roughly two 

If an image is blurred or degraded by a well-understood cycles wide at a particular frequency. 
process. such as shot noise occurring during transmission, If a sine wave grating image is employed as a test patiern, 
the image can U S d Y  be enhanced by &VelOPing a mxkl it is found that the threshold contrast-sensitivity function for 
of the source of degradation. then reconstructing the original the sine wave grating image rons-off rapidly as the spatial 
image using the model. However, in many ~ c ~ ~ c e s ,  a 4o frequency of the sine wave grating image is increased. That 
source of degradation of the image cannot be modeled an4 is, high spatial frequencies require high contrast to be seen 
hence, the image cannot be faithfully reconstructed. (220% at 30 cycleldegree) but lower spatial frequencies 

In many circumstances, a blurred or perceptually blurry require relatively low contrast to be seen (~0.2% at 3 
image may be enhanced, by enhancing high frequency cyclddegree). 
spatial components of the image. For example, high fre- 45 It has been found that the ability of the human visual 
quency components are usually degraded more Significantly system to detect a change in the contrast of a sine wave 
during transmission than low fkequency components. Hence, grating image that is above threshold also is better at lower 
enhancement of high frequency components may be effec- spatial frequencies than at higher spatial frequencies. 
tive in compensating for high frequency Components lost Specifically, an average human subject, in order to correctly 
during transmission. Moreover, as will be described in more 50 & m a t e  a changing contrast 75% of the time, requires 
detail below, because of human visual perception roughly a 12% change in contrast for a 3 cycle/degree sine 
considerations, an image having enhanced high frequency wave grating. but requires a 30% change in contrast for a 30 
components simply appears sharper than an image without cy&&gree grating. 
enhanced high frequency components. The perceived inherent sharpness of an image depends on 

Accordingly, various image processing techniques have 55 the ratio of the maximum present spatial frequency of 
been developed for modifying or supplementing the high interest f, to the solid angle of view subtended by the image 
spatial frequency components of an image, either for the with respect to the human eye. This solid angle equals 
purpose of providing a perceptually clearer image or for approximately the area of the image divided by the viewer’s 
compensating for degradation in an image caused during distance from the image. 
transmission. When an image is expanded (or enlarged) e.g. by a linear 

In the following, several such image processing tech- factor of two, its two-dimensional area is expanded by a 
niques are summarized and general visual perceptual con- factor of four. Expansion is accomplished by inserting 
siderations are described. Although the following discussion additional pixels (or samples) in the picture. Typically the 
is primarily directed to two dimensional time-varying or newly inserted samples are assigned level-values that are 
“temporal” signals, the techniques are, unless otherwise 65 calculated to be the averages of the level-values of their 
noted, generally applicable to n-dimensional information neighboring samples, and the spatial frequencies are accord- 
components defined by applied temporal signals that have ingly halved. Therefore, the ratio of the maximum frequency 
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of interest fo to the viewing angle is accordingly degraded. polated by an expansion and interpolation filter 108. The 
unless the viewer “steps back”, i.e. increases the distance expanded and interpolated G, is subtracted from the delayed 
from the image by the same linear factor that the image was Go by a subtraction element 106 to produce b, the first order 
expanded by. This would decrease the solid angle and edge map, also known as Lapladan. It is noteworthy that 
restore the perceived inherent sharpness of the image. 5 there are numy ways a Laplacian can be computed. The term 
Consequently, an image resulting from an expansion without “Laplacian” does not inherently signify a particular method 
more processing appears to a stationary viewer as having of derivation. 
less inherent sharpness than the Original .  i.e.. the m e  The filtered decimated image GI is subsequently input to 
appears blurred. Stated otherwise, enlargement without a second stage. that is similar to the first, to produce G,  and 
more. processing k ids  to an h g e  lacking concomitant 10 L,, etc. Iteration continues until a desired number of pyra- 
information in the higher spatial frequency bands. mid levels is achieved. 

Analysis thesis component, that works in reverse to reconstruct the 
One example of a technique for enhancing images is the original image Go from the remnant sampled signal GN and 

Burr Pyramid Algorithm (developed by Peter J. Bm). The l5 the Laplacian sub-spectra sampled signals Lo, . . . , LN--L. 
Burt Pyramid A k o f i b  permits an original high-resolution The reconstruction process involves adding to a given 
image to be synthesized from component sub-spectra images LPF (the remnant) version of the image. GN1 the band pass 
without the introduction of spurious Spatial frequencies due images, (j=N-l, . . . .O), thus reconstrudhg the Gaussian 
to The Burt mamid Agorib is Particularly 2o pyramid. level by level, up to the original input image, Go. 
well-suited for both analyzing a spatial frequency spectrum mis is a recwsive process as in equation (1): 
of images and for synthesizing an image from its analyzed 

The term “pyramid” as used herein, generally relates to 
the successive reduction in the spatial frequency bandwidth 
and sample density of each of the hierarchy of component 
images in going from the highest octave component image 
to the lowest octave component image. 

One example of a technique for enhancing images is the 
Bm mdd algorithm* The Burt mamid 
high resolution original image into a hierarchy of N (where 

The Burr Pyramid ‘%‘rib for spatial Frequency The Burr Pyramid algo&hm may further employ a syn- 

sub-spectra. G+j+Gfi2: &N-1, (1) 

where G,, is expanded, via interpolation, to the GI image 

Typically, the Burr Pyramid algorithm is implemented by 
computer in non-real time. Non-real time implementation of 
the Burr Pyramid algorithm by computer processing is 
particularly effective in processing k e d  image 

30 such as a photograph. However, it is not particularly effec- 

images 

25 size prior to the addition process. 

particular ’ampling techniques for a tive when applied to a stream of successively-oc&ng 
changing in time (e.g., successive 

N is a p l~ra l  integer) separate component images (in which frames of a television picture), unless special computation each component image is a Laplacian image comprised Of a means are used, such as special purpose inkgated circuits. different octave of the spatial frequencies of the original 35 The Fater-Subtract-Dece aori thm for spatial Fre- 
image) plus a remnant Gaussian image (which is comprised quency Analysis 
of all the spatial frequencies of the original image below the An to the Burt Algorithm was achieved by a lowest octave component hplacian image). Filter-Subtract-Decimate (FSD) Hierarchical Pyramid 

In the following the input image is referred to as Go, the described in U.S. pat. N ~ .  4,718,104. 
LPF versions are labeled G1 through GN With k c r e a s h  40 A stage ofthe FSD pyramid analysis component is shown 
resolutions and the corresponding edge mPS are labeled LO in FIG. 2. can be Seen from mG. 2, the FSD techaique 
through LN respectively. includes similar functional components to that of the I3urr 

A stage of Burr mamid  analysis is shown in FIG. 1. An Pyramid algorithm of mG. 1. particuk, an input image 
input image (denoted as Go) is input, then c o ~ o l v e d  and Go is filtered by a convolution filter 202. The input image Go 
decimated using a convolution filter 102, to FOhce  a 45 is also delayed by a delay element 204, and the output image 
filtered decimated image GI. sub-sampfing is also generally from convolution filter 202 is subtracted from a delayed 
referred to as ‘‘decimating’’. version of input image Go by subtraction element 206 to 

The convolution filter 102 is a low pass filter that exhibits produce an edge map LO. 
spatially localized, gradual roll-off characteristics, rather For an input signal comprising a sample stream of certain 
than “brick wall” roll-off characteristics. More specifically, 50 samples carrying information, the FSD analyzing technique 
each of the low pass filters employed by a BUT pyramid involves convolving the image at every sample location with 
analyzer meets each of the following two constraints. First, a symmetrical, localized, equal-contribution, low pass filter, 
each of these filters employs a localized. symmetric kernel n-dimensional kernel function having a low-pass transrnis- 
weighting function composed of at least three multiplier sion characteristic to derive a convolved sample stream. The 
coefficients. Second. the multiplier coefficients of the kernel 55 convolved sample stream includes filtered samples that 
weighting function provide equal contribution; that is. all individually correspond to each of some of the certain 
nodes at a given level contribute the same total weight to samples of the input stream. The level-value of each of the 
nodes at the next higher level. In the case of a three-tap filter, filtered samples is subtracted from the level-value of that 
this means that the respective values of the three weighting individual certain sample with which it corresponds, to 
multiplier coefficients of the kernel function of the filter in 60 derive an edge map L,,. Edge map L, comprises a first output 
each dimension are respectively 0.25,0.5, and 0.25. In the sample stream that includes information-component 
case of a five-tap filter, the values of the five weighting samples corresponding to the input certain samples that 
multiplier coefficients of the kernel function of the filter in define the band pass sub-spectrum with the particular rela- 
each dimension are respectively (0.25-pD). 0.25, p. 0.25. tively high sample density. 
and (0.25-p/2), where p has a positive value. Unlike the Burt algorithm. convolution filter 202 of the 

The input image Go is delayed by a delay element 104. FSD technique does not include a decimation element 
The filtered decimated image GI is re-expanded and inter- Rather, a separate decimation element 205 is provided for 

65 
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receiving the output from convolution filter 202. Decimation 
element 205 operates to produce GI. Hence, decimation of 
the convolved image need not be performed prior to the 
subtraction for the delayed input image. As a result, 
re-expansion and interpolation before subtraction are not s 

in ~,,,.t Pyramid a l g d h ,  to con- 

image. Even though this approach yields reasonably good 
results in many cases. some undesired noise is generated in 
the darkregions of images, and often the enhanced images 
are not visually pleasing. 

Subsequent techniques replace the high Pass filter Step 
with a non-hear filter. and repeat the technique of adding a as 

struct the edge map. Therefore, the separation of the dmi- 
mation element from the convolution element represents a 

version of the image 
techniques are suggested by 

the original image. m q l e s  Of such 
as explained in the next 

principal improvement in diminishing the required process- 

rithm. 

Mitra Image Enhancement Techniques ing time Of the FSD technique Of the Burt Pyramid ‘go- An w e  enhancement scheme proposed by Wtra et al. 

In stages Of the FSD the ’ample Nonlinear Filters for h g e  Macement.’’ ICMSp 91. 
M5.1. pp. 2525-2528, 1991) can be Seen in FIG. k. A 

(S. K. Mitra. H. Li. I. Lin and T. Yu, “A New Class of 

stream is decimatedto&rivea second output sample stream 
that includes information-component samples correspond- 
ing to ody a given sub-multiple of the certain samp1es that 15 b a d  to the input image. 
define the remnant S u b - s P m  with a relatively lower Filtering is performed in three stages. First, an adjustable 
sample density in each dimension than the particular rela- bias and the input image are input in the input ports of 
tively high sample density. adder 310. The output of the adder is connected to the input 

Operation of the FSD algorithm as illustrated in PIG. 2 of the second nonlinear filtering stage 340. 
results in the generation of a Laplacian pyramid. The Lapla- 20 The second nonlinear filtering stage 340 produces a result 
cian pyramid consists of band pass filtered (BPF) versions of that is biased either in the vertical and horizontal directions. 
the input image, with each stage of the pyramid constructed or along the diagonal directions-with the latter chosen as 
by the subtraction of two corresponding adjacent levels of giving better performance. The output of the nonlinear 
the Gaussian pyramid. The Laplacian pyramid can also be filtering stage 340 is connected to the input of the third 
viewed as a difference-of-Gaussians (DOG) pyramid. where 25 filtering stage 350. 
the DOG kernel, which is a good approximation to the The third filtering stage 350 adds a non-linearity via a 
Laplacian operator, is convolved with the input at every multiplication of the highpass filter by the local mean. The 
sample location to produce corresponding edge maps. third filtering stage 350 formally produces a mapping. The 

It has been shown that the Laplacian pyramid forms a mapping function can be seen in PIG. 3b. Horizontal axis 
complete representation of the image for spatial frequencies 30 352 signifies the level-value of the input pixel, and vertical 
ranging from 0 to a preselected maximum frequency of axis 358 signifies the level-value of the respective output 
interest f,. Therefore, with the pyramid representation. com- pixel. The mapping line 354 suggests what level-values of 
plete reconstruction of the original image is enabled. for output pixels are returned for what level-values of input 
spatial frequencies up to f,. pixels. 

The mapping line 354 has the effect of adding less of the 
Pyramid algorithm and the FSD algorithm, exploit some of high-frequency components to the dark regions and more to 
the perceptual considerations noted above to provide rea- the brighter ones, and can be desirable for a smoother 
sonably effective filtering for certain applications, particu- perception of the enhanced result, 
larly non-real time applications. However, pyramid The procedure thus outlined has the undesirable effect of 
algorithms. such as those described above, typically require 40 shifting the phase (Le.. the Zero Crossing (ZC) of the second 
a large amount of computations which limit the effectiveness derivative) towards the brighter region. thereby causing 
for real-time applications, particularly those wherein a edges to appear slightly shifted, resulting in reduced fidelity 
visual image changes with time, such as a television image. to the input image. Further. aliasing in the output image is 
Some of these limitations are presently overcome by a introduced. 
pyramid chip available from David Sarnoff Laboratories. Related Art Summary 

Image Sharpening by Enhancing Existing High Frequen- The foregoing summarized a number of prior art image 
des processing techniques particularly adapted for enhancing or 

The prior art concentrates mostly on enhancing existing sharpening two dimensional visual images. Although the 
high spatial frequencies of a given input image. However, various techniques have proven to be reasonably effective 
the addition of high frequencies to such images requires 50 for certain applications. there is room for improvement, 
increased data handling for processing. Merent enhance- particularly in the fidelity of the enhanced output images 
ment schemes will result in images that are formally Mer-  with respect to time varying input images. In particular. 
ent from the original. conventional pyramid filtering techniques such as the Burt 

Enhancing existing high frequencies is performed by pyramid algorithm and the FSD algorithm are too compu- 
convolving the input image with masks, the masks having a 5s tationally intensive to be effective for real time applications. 
basic high pass filter characteristic. or derivative function unless custom made pyramid chips are used. Furthermore. 
filter characteristic. Such a technique is high boost filtesing. the conventional pyramid techniques do not allow for the 
as described in Digiml h u g e  Processing by Rafael C. addition of spatial frequencies higher than those contained in 
Gonzalez and Richard E. Woods. 1992, pp. 195-201, by the image being processed As such. the conventional pyra- 
Addison Wesley. 60 mid techniques do not fully exploit certain visual perceptual 

“Unsharp masking” (or high frequency emphasis method) considerations, such as the perception that an image with 
is another general technique of sharpening an image by higher spatial frequencies is a more faithful representation of 
enhancing its existing high frequencies. Unsharp masking is a true image, regardless of the actual fidelity of the image. 
implemented by seating a low pass filtered version of the The Mitra technique is somewhat more effective for 
input image and then subtracting it from the input image to 65 sharpening an image but does not provide a resulting image 
create a high pass filtered version of the image. Afraction of with fidelity to the edges of the input image. and introduces 
this high pass filtered version is subsequently added to the aliasing. 

filtered version of the input hge is calculated and 

In general, pyramidal filtering schemes, such as the Burt 35 
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As can be appreciated, it would be desirable to provide an 
improved image filtering technique, which can be applied to 
sharpen images with fidelity to the edges and no aliasing, 
and ideally also in real time to sharpen time varying images. 

Further, since image expansion results in blurring, it 
would be desirable to provide an improved image filtering 
technique to sharpen expanded images. 

SUMMARY OF THE INVENTION 

It is an object of the present invention to provide an 
improved method for edge enhancement of input images. 

It is yet another object of the present invention to provide 
a method for edge enhancement of input images that is 
computationally faster. introduces less aliasing. and has 
more fidelity to the input image than those described in the 
prior art. 

It is a further object of the invention to provide a method 
for edge enhancement which exploits human visual concep 
tual considerations to provide a perceptually sharper image. 

It is a further object of the present invention to provide a 
method for enlargement of input images with clarification by 
edge enhancement. 

It is a further object of the invention to provide a method 
for enlargement of input images with clarification by edge 
enhancement which exploits human visual perceptual con- 
siderations to provide a perceptually sharper image. 

These and other general objects of the invention are 
achieved by an image enhancement technique wherein an 
input image having spatial frequencies up to an initial 
maximum spatial frequency is processed to yield spatial 
frequencies exceeding the initial spatial frequency, while 
preserving phase characteristics of edges within the input 
image. More specifically, enhancement is achieved by aug- 
menting the given frequency content of the input image by 
extrapolating to higher frequencies using shapeinvariant 
properties of edges across scale. The augmentation proce- 
dure is based on the pyramid image representation and can 
be described using the scale-space formalism. This proce- 
dure includes an extrapolation across scale representations 
using a non-linearity that generates phase locked higher 
harmonics. 

Method and apparatus embodiments of the invention are 
both described herein. The method and apparatus embodi- 
ments of the invention can be applied to static images such 
as photographs, or to time-varying images such as those 
contained in a video signal. The enhancement method 
described herein can be applied as an additional enhance- 
ment utility to conventional techniques. 

In one embodiment of the present invention, a high 
frequency map L,, is extracted from an input image Go using 
a spatially isotropic high frequency band pass filter. Subse- 
quently an enhancing map L-, is generated by applying a 
non-linearity to L, that enhances the edges of the image. 
while preserving the phase of the edge transitions. The 
enhanced map L., is added to the original image Go, to 
prcduce an enhanced image G.,. 

In another embodiment of the present invention, a first 
image processing delay is connected in parallel with a filter 
branch. The outputs of the first delay and the Nter process- 
ing branch are input in an adder element. The filter process- 
ing branch comprises a homogeneous filter element and a 
non-linear filter element connected in series. The homoge- 
neous filter element comprises a second delay element. a 
convolution element, and a subtraction element. The input 
ports of the second delay and the convolution elements are 

8 
connected to the input port of the first delay element. The 
output ports of the second delay and the convolution ele- 
ments are connected to the input ports of a subtraction 
element. Images that are applied to the first delay appear 

5 enhanced at the output of the adder element. 
Enlargement of input images results in blurring or 

reduced inherent sharpness. Enlargement coupled with edge 
enhancement results in a output images with restored inher- 
ent sharpness. 

According to another method taught by the present inven- 
tion related to enlarging and enhancing an image, an input 
image Go is expanded to an enlarged image Go*. 
Independently, a high frequency map L, is extracted from 
the input image Go using a spatially isotropic high frequency 

l5 band pass filter. Subsequently, the high frequency map Lo is 
expanded to an enlarged image L,*. Subsequently an 
enhanced map L-,* is generated by applying a non-linearity 
to L,,* that enhances the edges of the image, while preserv- 
ing the location of the edge transitions. The enhanced map 

2o L-,* is added to the enlarged original image Go*, to produce 
an enlarged enhanced image G_,*. 

In its various embodiments, the invention provides tech- 
niques for processing and enhancing two dimensional infor- 
mation signals, particularly video signals, to sharpen edges 

25 contained within the images. The overall simplicity of these 
techniques and ease of implementation allow for real time 
image processing applications such as video phones. 
television, image zooming, and the like. 

BRIEF DESCRIITION OF THE DRAWINGS 

lo 

30 

FIG. 1 illustrates a block diagram of a stage of a 13urt 

FIG. 2 illustrates a block diagram of a stage of a Filter- 
35 Subtract-Decimate (FSD) Pyramid image analysis a l p  

FIG. 3a illustrates a block diagram of an image enhance- 

FIG. 3b shows a graph of a mapping function versus an 
40 input value used in accordance with a mapping element of 

FIG. 4 illustrates a block diagram of an image enhance- 

FIG. 5 illustrates a preferred embodiment of the image 

FTG. 6 shows an illustrative example of kernel weighting 
function in  accordance with the image enhancement system 
of FIG. 4. 

FIG. 7 shows a graph of a bounding function versus an 
input value used in  accordance with the invention. 

FIGS. 8a through 8h illustrate stages of edge 
enhancement, namely: 

FIG. 8a represents an input edge. G,. 
FIG. 8b represents the pyramidal component L, of Go. 
FIG. & represents the ideal desired pyramidal component 

FIG. 8d represents the enhanced edge G-l resulting from 

FIGS. 8e through 8h represents exemplary edge 

FIG. 8e represents an input edge, Go. 
FIG. 8frepresents the pyramidal component L, of Go. 
FIG. 8g represents the nonlinear component L-, of the 

pyramidal component b, generated by the non-linear filter 
of the present invention. 

Pyramid image analysis algorithm. 

r ib.  

ment apparatus proposed by Mitra. 

Mitra. 

ment system of the present invention. 

45 enhancement system of FIG. 4. 

5o 

55 

L., of b. 

the addition of Go and L-l. 

enhancement. namely: 

60 

65 
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FIG. 8h represents the non-linearly enhanced edge, gen- 
erated by the present invention. 

FIG. 9a shows diagrammatically the frequency 
contents of an input image Go, three subsequent higher 
Gaussian components G,, G,, and G3. and an edge enhanced 5 

output image G-l. 

segments of interest of an image brightness function. The 
same actual visual image edge may define one or two edge 
functions across Merent neighboring series of successive 
samples Within one Or two dimensions, 

Edge enhancement techniques face the problems of edge 
definition, edge detection and edge enhancement. Each 
image processing technique solves these three problems 
differently. The edge definition Problem is solved through a 
determination of how sharp and how large of a change in the 

10 image brightness function that defines an edge is of interest. 

Edge functions differ on the amount of the discontinuity 
in gray level and in the number of pixels used to attain this 
discontinuity. Typically. an edge function is a monotonically 

l5 increasing or decreasing function over many pixels. 

FIG. 9b &ows ugr-tically the edge map 
frequency contents of &, two subsequent Laplacim corn- 
ponents L,, b, and an enhancing component L-,, pre&cted 
by the present invention. 

ing to the present invention. 

Definition TV according to the present invention. 

images according to the present invention. 
FIG. 13 illustrates a block diagram of an image enlarge- 

merit and enhancement system according to the present 
invention. 

DETAILFD DESCRIPI?ON OF THE 
INVENTION 

FIG. 10 illustrates a method of enhancing images accord- Detection and enhancement are explained 

FIG. 11 illustrates a block diagram of an Advanced 

FIG’ l2 illusmtes a method Of and enhancing Themeticfly, it is possible to observe the enthe disconti- 
nuity of interest within only two pixels. 

An image processing scheme can disaiminate between 
edge functions, and select only edge functions of interest. 

2o The edge functions of interest to the present invention are 
high-contrast and about 4-8 pixels wide. That is they are 
edges that rise quickly, but not too quickly, so that there is 
room for sharpening. 

In the following description, for purposes of explanation. or 
numerous details are set forth in order to provide a thorough 25 at an angle in between a rectangular two-dimensiond infor- 
understanding of the present invention. However, it will be mation component. Edge detection techniques are some- 
apparent to one skilled in the art that these specific details times pdal to a specific such as the horizontal. 
are not required in order to practice the present invention. In or main diagonal. other times, edge detection 

shown in block diagram form to not unduly obscure key 
aspects of the present invention. 

The invention relates to edge enhancement of input 
images. First a definition of “edges” is provided and then an 
edge enhancement method is described in the terms of 
pyramid representation. Subsequently a method and appa- 35 

Finally preferred apparatus are described such as enhancing 
video display and storage. 

Actual visual image edges can be horizontal, 

Other instances, we’ known data processing are 3o techniques do not distinguish directions, and are considered 
to be 

An edge can be characterized mathematically by a local 
peak in the first derivative of the image function, 
or by a zero in the second desivative. the so called main zero 

(=). 

ratus are described for pra&ing the present invention* Therefore. edges can be detected by convolving the input 
image with filter masks that extract the second gradient. This 
is also the thrust of the prior art for edge detection schemes. 

Although the methods of the present invention do not 
require the generation of a complete pyramid of Laplacian 
edge-maps, certain aspects of the invention are best under- 
stood and appreciated when analogized to pyramidal tech- 
niques. 

In the analysis stage of the pyramidal representation, an 
input image Go is decomposed into a Laplacian L, and 
Gaussian G,; then G, is decomposed into L, and GZ, etc.. for 

edge maps 0.0, L,. . . . LN-,). In the synthesis stage. the 
adding back 

Subsequently a method and apparatus described fm 4o mamid Repesentation Of the edge enhancement scheme 
an image and its sharpness by edge 

enhancement according to the present invention. 
Image Sharpening By Edge Enhancement 
Edge enhancement can improve the clarity of input 

images without requiring the system to handle excessive 45 
amounts of data. Edges are an important characteristic of 
images, since they correspond to object boundaries or to 
changes in surface orientation or material properties. Most 
images have edges which appear as discontinuities in gray 
level and are intimately associated with spatial frequencies. 50 Gaussian G, are 

generally assumed that two regions separated by an edge 

within each region, so that the transition between two whereby the input image G, is thus reconstructed. 
regions can be deteded on the basis of gray-level disconti- 55 pyramid components are flustrated 
nuities alone. in FIGS. 90 and 9b. The input image Go is distributed over 

Edges can be characterized on two levels. On a first, the spectnun of 0 to f, where fo is the highest spatial 
signal processing level, edges can be thought of as Erequency of interest. The extracted edge map is shown 
ensembles, sets of successive samples within one dimension, in  FIG. 9b to be contained within the spectrum of fJ2 and 
whose level-values contain a mathematical edge function. 60 f,. Once L, has been extracted, Go can be decimated 

On a second, mathematical level, the term edge is short- resulting in GI, without loss of information. The bandwidth 
hand for mathematical edge functions, present in the infor- of GI is shown in FIG. 9a to be within 0 and f&. This way. 
mation component as substantial jumps in the localized Go has been decomposed to L, and GI. Subsequently, G, can 
average value of the level-values of samples (or pixels) be decomposed to L, and G2, whose bandwidths are also 
taken serially along any one dimension. These level values 65 seen in FIGS. 9u and 9b. It should be noted that the vertical 
taken serially along any one dimension define an image axes in FIGS. 9a and 9b do not convey a quantitative 
brightness function. Therefore, edge functions are local meaning such as amplitude. 

stages. is transmitted is the last stage GN and the 

back by 
A edge to a localized hi& It is the comespon~g  Laplachns. The last such addition is: 

boundary have sufficiently homogeneous image brightness G+&+Go (2) 

ne bandwidths 



5.7 17,789 
11 12 

Edge Enhancement resolutions. This nonlinear extrapolation exploits the shape- 
The method of the invention effectively operates to pre- invariant properties of edges across scale. that is with respect 

dict an enhanced component L-,, which is in turn added to to different resolutions. The Laplacian pyramid is a special 
the input image Go to produce G-,, according to Equation case of the wavelet representation and as such it preserves 
(3). with G-, being sharper than the input image G,. 5 the shape and phase of the edge maps across scale. Edges are 

(3) 
thus represented similarly across all scales. 

The pyramid representation can be viewed as a discrete 
The Pyramid Synthesis Process is *US continued One Step version of the scalespace description of ZC which has been 

further. to expand Go non-linwly in frequency space to G-1. introduced in the literature. Therefore, the result produced 
The enhanced component L-1 is Within the band O f f 0  to 2f0. by using the pyramid representation will not be adversely 

frfWen'7 Space than was O f i d d Y  available. If the Specific The scale-space formalism gives the position of the ZC 
ex@.apolation scheme results in an L-1 that has remaining across a continuum of sdes .  One of the main the0rt:mS 
low-frequencY Components within the band of 0 to fo). states that the ZC of an image filtered through a Gaussian 
then further processing is preferred to remove t h e n  before filter have ,,ice propties. i.e.. a behavior of 
adding L-, to G,. 15 ZC across scales. Z c  are not created as the scale increases. 

to Sh flustrate io detail duncement of a It is noted that if an edge appears at lower resolutions of the 
one-dimensional edge GO. In each of FIGS. the image, it will consistently appear as higher resolutions are 
horizontal axis corresponds to the abscissa of an image shiftedto. 
brightness function. and the vertical axis corresponds to the Additionally. the non-linearity of the L., map is intro- 
ordinate of the image brightness function. In applications. 20 duced by a bounding function, and preserves the phase of the 
the abscissa comprises a set of samples taken serially within edges without shifting them. following the scale-space fw- 
one dimension, and the ordinate describes the respective md.ism. 
level-values of the samples of the abscissa. 

FIGS. 8a through &j flustrate the theoretical background 
of the present invention. FIGS. Se through 8h flustrate a 25 ments Of the invention will now be described* 
function described by the level values of six pixels and help 
visualize how the invention in practice. Notice that no 
one sample contains the zero crossing, which 
is somewhere in between two neighboring samples. 

Go+L-,+G-l 

Which Corresponds t0 aIl eXtrapOhtiOn into Spatid higher lo affected by shifting to higher 

FIGS- 
to 

Referred Embodiments 
Referring to FIGS. 4-7 and 10-13. preferred embodi- 

The input is an in a 
temporal signal as level values of certain samples that define 
a number of dimensions. This number of dimensions is 
typically one for acoustical applications and two for visual 
image applications. Often the signal has been decomposed 

The given image GO contains an edge function as shown 30 in samples. and the input Go is therefore a sample stream. 
For visual image applications. the samples are often referred in 8a and The Pyramidal ' O m n e n t  b* shown in 

FIGS. 8b and Sf, corresponds to the negative second deriva- to as pixels. 
tive of the edge function shown in FIGS. &I and 8e. The A block diagram of a method to practice the present 
ideal higher frequency component L.1, shown in FIG. &, invention is generally illustrded in  FIG. 10. 
preserves the shape and Phase Of b by having its zero 35 Referring to FIG. 10, as a first step 1808 of a method of 
crossing at the location that corresponds substantially close practicing the invention, an edge m p  Lo is extracted from 
to the location of the zero crossing of b. Once generated an n-dimensional input image Go contained as information 
L-, (shown in FIG. Sc) is added to Go (shown in FIG. 8a) to defined by level values of an input sample stream, where n 
produce an i&al sharp edge G-l, shown in  FIG. &i. is a positive integer. The edge map Lo is an information 

The objective is to form the next harmonic L-l of the 40 component signal comprising edge samples individually 
given signal b, while keeping the phase of b. Another corresponding to at least some of the certain samples of the 
name for the desired wave form is phase-coherent higher input sample stream. The information is defined by the level 
harmonic. The idealized objective L., shown in FIG. 8c has values of at least some the edge samples, and in the same 
the same shape and phase on the edge map b, shown in number of dimensions n as the input sample stream. There 
FIGS. 8b and 8f. but has higher spatial frequency. 45 is no need that there be an edge sample for each and every 

One way to create the desired L., is to first extract an edge one of the certain samples of the input stream, However, 
map. L, from the input image G,. This can be accomplished having an edge sample for every one of the information 
by a high pass filter, or by an analysis stage of a spatial cBnying certain samples of the input stream is a preferred 
frequency analysis pyramid. By way of example and not of mode because it will make subsequent processing steps 
limitation, high pass filtering techniques include techniques 50 easier. The edge samples have Laplacian features which are 
whereby a low-pass filtered version of an input image is sets of samples with level-values that define Laplacian 
subtracted from itself. The second step to creating the functions. when taken serially along one dimension. Ibch 
desired L-, is to multiply the extracted response by a first Laplacian function corresponds to each edge function of 
constant, bound or clip the resultant wave form by the interest of input image Go. Each Laplacian feature is con- 
absolute value of a second constant, and then optionally 55 tained in an ensemble of edge samples called an edge 
remove the low-frequencies present in order to extract a ensemble. 
high-frequency-only response. The resulting wave form is As previously mentioned. a key aspect of edge fealures 
shown in FIG. 88. The enhanced edge output corresponding (Laplacians) is a main zero crossing at a place near the 
to the addition of the wave forms in 8e and 8g is presented center of the edge function of interest. When implemented 
in FIG. 8h. 60 the zero crossing of the edge features (Laplacians) may or 
An important aspect of th is  invention is that the location may not be contained at an actual pixel. It is possible that. 

of the zero crossing is substantially preserved, for an edge. of two successive edge samples in  a single dimension, one 
as the resolutions change. Often. preserving the location of has a positive level-value and one has a negative level-value, 
the edge zero crossings is also referred to as preserving the with the z a o  crossing occurring somewhere between them. 
phase. 65 Additionally. edge center samples are substantially in the 

The creation of an L-i with the same shape and phase as middle of the ensemble of pixels that contain the Laplacian 
L, is analogous to starting with L, and shifting to higher feature. 
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The edge map Lo may further comprise edge control 
samples that are useful for coordinating data processing. 
Control samples do not contain information and are periph- 
eral to the calculation. 

Step 1000 can be performed by using an analysis step of 
a Burt pyramid or of a Filter-Subtract-Decimate pyramid 
device (preferably without the “Decimate” step), or a band 
pass filter. 

As a subsequent step 1010 of the method of practicing the 
invention, an enhanced map L-, is extracted from edge map 
Lo. The enhanced map L-, is an information component 
comprising enhancing samples individually corresponding 
to at least some of the edge samples of the edge map Lo. The 
information is defined by the level values of at least some the 
enhanced samples, and in the same number of dimensions n 
as the input sample stream. Step 1010 can be performed by 
multiplying all level-values of all edge samples of the edge 
map Lo with a first constant, and then “clipping” the 
resultant wave form by the absolute value of a preset 
clipping level-value. According to this clipping technique, 
positive input level-values higher that the positive of the 
clipping level-value are set equal to the positive of the 
clipping level-value. Further, negative input level-values 
smaller than the negative of the clipping level-value are set 
equal to the negative of the clipping level-value. The 
remaining input level-values remain unaffected. 

The enhanced samples of enhancing map L-, individually 
correspond to the edge samples of the edge map &. 
Therefore. the enhanced samples individually correspond to 
the certain samples of the input sample stream Go. Again 
there is no need that there be an enhanced sample for every 
one of the edge samples of the edge map. However, having 
an enhanced sample for every one of the edge samples of the 
edge map is a preferred mode because it will make a 
subsequent step easier. When taken serially along one 
dimension, the enhanced samples have level-values that 
define an enhancing function for each edge of interest that is 
similar in  shape with and preserves the phase of the second 
derivative of an edge function. Each enhancing function is 
substantially contained in an ensemble of enhancing samples 
called a high frequency feature. The enhanced functions also 
have zero crossings at pixels that further correspond to the 
edge center pixels of the Laplacian map. Additionally, the 
enhanced map may further comprise enhancing control 
samples. 

As a hal  step 1020 of a method to practice the present 
invention, the enhanced map L-, is added to the input image 
Go in phase. “In phase” means that every pixel sample is 
input and processed simultaneously with the pixel it come 
sponds to of the other input stream. The result of the addition 
is an information component G-, defined by the level-values 
of the output samples. The information component G-, is an 
edge-enhanced image of the original image Go. 

A block diagram of an enhancement apparatus is gener- 
ally illustrated in FIG. 4 and main components thereof will 
now be described. 

An input image Go is applied to the input terminal of a 
band pass filter that is preferably a homogeneous or spatially 
isotropic filter 400 to produce an edge map L,,, otherwise 
known as a zeroth-order Laplacian of the image. The output 
of isotropic filter 400 is connected to the input of phase 
preserving non-linear filter 500. The edge map Lo is thus 
input to phase-preserving non-linear filter 500, which there 
fore produces an enhanced map L-l. The output of the 
phase-preserving non-linear filter 500 is connected to an 
input port of adder element 700. 

Input image Go is also transmitted through a delay ele- 
ment 600. whose output port is connected to another input 

14 
port of adder element 700. Thus the enhanced map L-, is 
added to the delayed input image Go by adder 700 to 
produce an edge enhanced image G-, at the output port of 
adder element 700. The addition is in phase, accomplished 

5 by controlling the &lay amount of delay element 600. 
The edge map b, the enhanced map L-, and the enhanced 

image G-, are information components contained in  a tem- 
poral signal as level values of samples that define the same 
number at dimensions as the applied input sample stream. 

The edge map L,, comprises edge samples that individu- 
ally correspond to each of some of the samples of the input 
temporal sample stream Go. The edge samples have level 
values that define Laplacian features or edge features which 
correspond individually to edge functions of edges of inter- 

15 est, Each Laplacian feature is contained in an ensemble of 
edge samples called an edge ensemble. Additionally, the 
edge map L, may comprise control samples. 

Further, the enhanced map L-, comprises enhanced 
samples that individually correspond to each of some of the 

20 edge samples of the edge map L,,. The enhanced samples 
have level values that define enhanced functions which 
individually correspond to edge features. Some of the 
enhanced samples, therefore, correspond individually to 
input samples. and some of the enhanced functions corre- 

25 spond individually to edges. Each enhanced function is 
contained in an ensemble of enhanced samples called a high 
frequency feature. Additionally. the enhanced map may 
comprise control samples. 

As noted, filter 400 operates to generate edge map L, Any 
30 of a variety of filtering techniques may be employed by filter 

400 to generate a zeroth order Laplacian L,,. For example, 
filter 400 may implement an analysis step of the Burt 
Pyramid algorithm (FIG. 1) or an analysis step of the FSD 
Pyramid algorithm (FIG. 2) to generate edge map L,,. 

35 Additionally, by way of example and not of limitation, a 
zeroth order Laplacian L, can be generated by a high pass 
filter. Preferably, filter 400 of FIG. 4 implements an FSD 
Pyramid algoritha optionally excluding the decimation 
step. (The decimation step is only necessary to generate the 

40 next higher order Gaussian component G,. which is not used 
in this application. The decimation step is not necessary to 
generate the L,, edge map.) 

A preferred embodiment of the present invention is illus- 
trated in FIG. 5. The same components are shown as in FIG. 

Within FIG. 5. filter 400 is represented with a set of 
sub-elements corresponding to an FSD technique excluding 
a decimate step. Specifically, filter 400 includes a convolu- 
tion filter 420, a delay element 440 and a subtraction element 

The input image Go is simultaneously applied to the input 
terminals of delay means 440 and convolution filter 420. The 
convolution filter 420 convolves the input image at every 
sample location by a symmetric kernel that optimally has a 

55 low pass filter (LEF) characteristic. Convolution filter 420 
therefore outputs an LPF version of G,. The output port of 
the convolution filter 420 is connected to the subtrahend 
terminal of subtraction element 460. 

Delay means 440 delays the input signal Go by the same 
60 amount of time as is expended by the convolution filter 420. 

The output port of the delay means 440 is connected to the 
minuend terminal of subtraction element 460. 

The output of convolution filter 420 is thus subtracted 
from the output of the delay means 440 in phase by 

65 subtraction element 460. Accordingly, the function of the 
delay means 440 is to ensure that subtraction in subtraction 
element 460 is performed in phase. The LPF version of Go 

io 

45 4, but in more detail. 

50 460. 
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is thus subtracted from Go, to produce the edge map L, of 
the homogeneous filter 400 at the output port of subtraction 
element 460. The edge map has edge features (Laplacians) 
that are similar to the negative of the second derivative of the 
edge functions, i.e. of the image brightness functions of the 
edges. 

The output port of subtraction element 460 is connected 
to the input port of phase-preserving non-linear filter 500. 
The edge map L, is thus subsequently processed by the 
non-linear filter 500. An enhanced map L-, is thus produced 
at the output port of non-linear filter 500. The enhanced map 
has enhancing functions for each edge that are similar in 
shape and preserve the phase of the second derivative of an 
edge function. The enhanced functions also have zero cross- 
ings at pixels that further correspond to the edge center 
pixels of the Laplacian map that contain or are substantially 
near the edge pixels with Laplacian main zero crossings. 

The output port of non-linear filter 500 is connected to one 
of the input ports of adder element 700. 

The input image Go is also transmitted through delay 
element 600. A delayed version of input image Go therefore 
is provided to the output port of delay element 600, which 
is connected to another of the input ports of adder element 
700. 

The enhanced map L-l is thus added to the input image Go 
in phase. The result of the addition is an edge-enhanced 
image G-l appearing at the output port of adder element 700, 
and contained as an information component in produced 
pixels. The enhanced image G.l has been delayed in real 
time with respect to the input image Go. by the amount of 
delay 600 plus the delay imparted by the adder element 700. 

Optimizing Considerations 
The invention works better for input signals that are 

digital as opposed to analog. Where the input signals are 
analog. signal sampling means are best employed. The 
signal sampling means preferably includes standard Analog 
to Digital Converter circuits. The sampling rate is best 
chosen as slightly higher than twice the temporal bandwidth 
of the analog input channel to satisfy the Nyquist sampling 
criterion. If sampling is performed at a slower rate, aliasing 
will be introduced. Then f, will be half the sampling rate. 

In selecting f,. some considerations should be kept in  
mind. First, in every image, the power in the edges 
decreases, as the spatial frequency increases. As will be 
described below, the bounding function of the nonlinear 
filter does not exhibit non-linearity if all amplitudes are 
below the clipping value (an optimum value of which is 
given below as 101256 or about 4%). Therefore. the fo has 
to be set low enough to where the amplitudes exceed the 
clipping value. 

Further, the fo has to be set high enough to make a 
difference, that is provide new information. A preferred 
starting point is for fo to be at half the sampling rate. 

As noted above, any of a number of filtering techniques 
may be employed for generating L, However. certain 
liltering techniques may be more effective than others. It has 
been found that a 5*5 mask filter is effective for extracting 
the L, edge map. More specifically, a separable low pass 
filter (LPF) of the form: [ %6, %, X. %. 1/16] works very well. 
Iffewer multiplications are required, a 3*3 filter can be used. 
The kernel of the separable linear filter used is shown on 
FIG. 6. Specifically, the horizontal axis 622 has units of 
number of pixels. In  t h i s  application, the center pixel is used 
for convolution, along with two neighboring pixels on each 
side. The vertical axis 628 shows the level values to be 
applied in performing the convolution. 

The quality of the results is affected by the non-linearity 
used to generate G1. A nonlinear function that has been 
found to be effective is 

where BOUND(S) is the following function: 

T i f S > T  
BOUND('= S i f - T d  S S  T I -TifS<-T. 

5 

The function BOUND(S) is graphed in FIG. 7. In experi- 
menting with these values, parameters are preferred which 

10 sharpen the edges of the image without substantial ringing. 
Experiments have indicated that a suitable value for CON- 
STANT is 6. and for T is 0.04 [GoIMAx (Le. 10 out of 256). 

The non-linearity stage involves the multiplication of the 
L, map with a scalar and then bounding or clipping the 

15 resultant image. The scalar multiplication can be incorpo- 
rated as a filter gain, or as part of a look-up table. 

A tradeoff exists between high-frequency enhancement 
and noise generation in the form of ringing. The enhance- 
ment method of the present invention is most effective when 

20 applied to input images which have been previously pro- 
cessed for noise. One possibility. therefore. is to use con- 
ventional reconstruction schemes to remove noise, and then 
enhancing the resultant image with the system of the inven- 
tion. 

If resources allow, a second filtering stage is prefernbly 
added to remove any low-frequencies present in the resultant 
L-l map, thus adding only the high-frequency response to 
the given input G,. However, experiments have shown that 
the second filtering operation is not critical for achieving 

30 good enhancement results and is not needed for most 
real-time application domains. 

25 

General Applications 
The present invention can be applied as an additional 

enhancement utility to any other signal processing method. 
35 Since it assumes no degradation model, this enhancement 

utility is ideally suited to applications where a degradation 
model is not available. 

The method and apparatus embodiments of the invention 
can be applied to static images such as photographs, or to 

40 time-varying images such as those contained in a television 
signal. The enhancement method of the present invention is 
preferably implemented at the receiving end of a commu- 
nication link, thereby not requiring inaeased bandwidth of 
the communication channel. As such, the technique is 

45 equivalent to data compression. because less bandwidth is 
needed to transmit the same amount of information. 

Images contained in video signals are enhanced according 
to the present invention. It will be apparent to a person 
skilled in the art how to implement the details of the 

50 invention, from the explanations provided herein. The great- 
est improvement in  image quality that can arise as a result 
of using the present invention is in  applications where image 
enhancement is performed in conjunction with enlargement, 
such as for example in advanced definition TV, or high 

In FIG. 11 and its accompanying explanation, it is shown 
how to enhance a video signal that may not necessarily be 
in  digital form. In FIG. 13 and its accompanying 
explanation, it is shown how to expand and enhance a video 

60 signal that is in digital form. The two can be combined to 
create an apparatus that expands and enhances a video signal 
that is not necessarily in digital form. 

55 definition computer saeens. etc. 

Apparatus for enhancing video signals. 
As used herein. "video signal" is a generic term for a 

65 signal that defines a temporal visual image. Video signals are 
usually applied to an image display apparatus or to a storage 
medium. Examples of image display apparatus are 'I'Vs, 
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computer screens. motion picture screens, closed circuit TV element 1110 is Go, a stream of preferably digitized pixels 
screens, videophone screens, etc. In such apparatus. the or samples, that corresponds to the incoming video signal 
present invention is best implemented as an enhancement VS,. Go is optionally accompanied by control pixels. and 
utility. preferably interposed between the video signal input contains the image in digitized form. The choice Of the 
terminal and the processing and display component of the 5 protocol of control signals, if there are any, is best dictated 
image display apparatus. Examples of storage media are by the f0-t of the signal of the specific a~~fimtion. The 
video tapes, film, and Random Access Memories. output Port of video signal Sampling l1l0 is 
signals are stored in storage media when applied to video 

such apparatus. the present invention is best implemented as 10 a 

display apparatus explained above. Go at the output port of Band pass filter 1120. The edge map 

effective for digital than for analog input signals. An 15 tures ( m b c b n s )  that are similar to the negative of the 
embodiment of the invention is readily implemented to second derivative of the edge functions, i.e. of the image 
enhance digital Vide0 signals. such as those Of a closed brightness functions of the edges of the input image Go. 
circuit TV. TO process input video signals that are analog, &ch of these features contains a main zero crossing at 
signal sampling means are preferred that will convert the approximately the center of the feature. 
analog component of the input signal into digital for 20 The output port of Band pass filter 1120 is connected to 
enhancement. Further, the enhanced digital signal should to the input port of phase-preserving non-linear filter 1170. 
be converted back to analog signal of the same format as the similar to the phase-preserving non-linear filter 500 of FIG. 
input signal. thus necessitating a signal shaping means. 5. The edge map Lo is therefore processed by the non-linear 
More details of signal sampling and signal shaping means filter 1170. An enhanced map L-l is thus produced at the 
are given below. 25 output port of non-linear filter 1170. The enhanced map 

A preferred embodiment of an apparatus for enhancing comprises enhancing samples whose value levels have 
video signals according to the present invention is illustrated enhancing functions for each edge of interest; the features 
in FIG. 11, and will now be described. An edge enhancement are similar in shape and preserve the phase of the second 
apparatus 1100 is interposed between the incoming video derivative of an edge function. The enhanced functions also 
signal VS, and image display apparatus 1150. The edge 30 have zero crossings at pixels that further correspond to the 
enhancement apparatus 1100 receives a signal VS, that edge pixels of the Laplacian map that contain or are sub- 
contains an input image and produces a signal VS-, that stantially near the edge pixels with Laplacian main zero 
contains an edge enhanced version of the input image that is crossings. The output port of non-linear filter 1170 is con- 
input in the image display apparatus 1150, instead of the nected to one of the input ports of adder element 1190. 
incoming video signal VS,. The input video signal VS, is independently transmitted 

The comments in t h i s  section are generic, and apply to all through delay element 1130. A delayed version of the 
specific applications that will be developed below. The incoming video signal VS, therefore appears at the output 
incoming signal VS, has a predetermined format that is port of &lay element 1130. which is connected to another of 
well-known in the art to which it is applied. Specifically, the the input ports of adder element 1190. 
incoming video signal VS, comprises a predetermined mix- 40 The enhanced map L-l is thus added to the delayed 
ture of control samples and information signal that usually incoming video signal VS, in phase by adder element 1190. 
arrive in pehiodic sets that correspond to successive images Adder element 1190 can interpret control signals. if there are 
for display in the image display apparatus or storage any. The result of the addition is an edge-enhanced image 
medium. contained in VS., appearing at the output port of adder 

Referring to FIG. 11, processing is needed to convert the 45 element 1190 that is in digital format. The output port of 
incoming video signal VS, into samples or pixels usable by adder element 1190 is connected to the input port of Video 
the present invention. Such processing is accomplished by a Signal Shaper 1180. 
video Signal Sampling element 1110 that has the capability Video Signal Shaper 1180 converts the digital signal with 
to interpret the control and i n f o d o n  signals of every the enhanced image into a signal that has the same format as 
frame and convert the signals to a format compatible with a SO the incoming video signal VS,, and has level-values under 
format of a standard embodiment of t h i s  invention. By way the new format define analogous enhancing functions as 
of example and not of limitation, the Video Signal Sampling have been imparted by the digital part of the invention. 
element 1110 might comprise a wave form sampling element Optionally, Signal Shapex 1180 may comprise an element 
and an Analog to Digital converter. Optionally, the Video that, prior to the just described conversion. disassembles a 
Signal Sampling element 1110 might further comprise an 55 two-dimensional image (possibly input in parallel) into a 
element that assembles a serially input frame into a twe one-dimensional information component. The output port of 
dimensional digitized picture that is output in parallel, to Signal Shaper 1180 is connected to the input port of Video 
facilitate further processing. Display apparatus 1150. The high frequency content of the 

In other embodiments of the present invention, such as image of output video signal VS., has been augmented with 
closed circuit TV, the remainder of the enhanced circuit as 60 respect to the input., and therefore the image contained 
a whole can be specially adapted to the input signal, so that thexein appears sharper on Video Display apparatus 1150, 
the presently described Video Signal Sampling element 1110 than the image contained in the incoming video signal VS, 
and the subsequently described Signal Shaper element 1180 would appear. For th is  embodiment, the same optimizing 
are not necessary. considerations would apply as mentioned above. 

The embodiments described above did not include an 
input port of Video Signal Sampling element 1110. The expansion stage. Possible applications will be described 
signal provided to the output port of Video Signal Sampling below which may include elements to expand the image. 

connected to the input 

that is preferably homogeneous. It may comprise a block of 
analysis pyramid, such as a Burt or an 

Of Band pass filter '120* 
storage apparatus, such as V a s  in recording mode. For Band Pass '120 a broad band pass filter* 

an enhancement Preferably @Or to recording the 
mediul"L as with the 

FSD pyramid, o p t i o d y  without the decimate step. Band 
pass filter 1120 produces an edge map L, of the input image 

comprises edge samples whose level-values have edge fea- 

signal On to the 

As stated above* techniques Of the invention may be more 

35 

The incoming video signal VS, is therefore input into the 65 
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Image enlargement with edge enhancement 
Another method to practice the present invention is in 

conjunction with image enlargement or expansion. The 
relative blurring that occurs due to image expansion is 
rectified by the method and apparatus taught herein. A block 
diagram of a method to practice another version of the 
present invention is generally illustrated in FIG. 12. 

The sequence of the steps described below is not the only 
sequence that will result in properly practicing the invention. 
According to a preferred mode, steps 1220,1230,1240. and 
1250 are to be practiced in the order indicated in FIG. 12. 
Step 1210. however, can be performed before or simulta- 
neously with any of the steps 1220. 1230. 1240, as long as 
step 1210 is performed before step 1250. The preferred 
mode of FIG. 12 will now be described. 

Referring to FIG. 12. as a fust step 1210 of a preferred 
method of practicing the invention. an n-dimensional input 
image Go contained as information defined by level values 
of an input sample stream is expanded to Go*. which is 
another sample stream whose level values define infonna- 
tion. A preferred mode of th is  expansion is by a linear factor 
of two for each dimension. The mode is preferred due to its 
simplicity of implementation. A visual image (that has two 
dimensions) would therefore be expanded by a linear factor 
of two in each dimension by inserting a sample at alternate 
samples and lines. 

Prior to expansion of an image. it is usually necessary to 
determine the level value to be assigned to the new samples 
to preserve the image information in expanded form. A 
common technique used for making this determination is 
interpolation, that is level-values are assigned to the inserted 
pixels that are averages of neighboring original pixels. An 
alternate technique is to assign zero level values to all 
inserted pixels, low-pass filter the resulting image. and then 
multiply all level values by four (i.e. the linear expansion 
factor raised to a power of the numbex of dimensions). to 
restore the original image power. Such image expansion 
techniques preserve in the expanded image the features of 
the original image. 

As a subsequent step 1220 of a method to practice the 
present invention, an edge map Lo is extracted from input 
image Go. The edge map Lo comprises edge samples indi- 
vidually corresponding to the certain samples of the input 
sample stream. The edge samples contain Laplacian 
features, ensembles of edges that have level-values that 
define Laplacian functions. Each Laplacian function corre- 
sponds to each edge function of interest of input image Go. 
Each Laplacian function contains a main zexo crossing at 
approximately the center of the feature. Step 1220 can be 
performed by using an analysis step of a Burt pyramid or of 
a Filter-Subtract-Decimate pyramid @referably without the 
“Decimate” step). or a band pass filter. 

As a further step 1230, edge map I+ is expanded to an 
expanded edge map Lo*. This expansion should be by the 
same linear factor as chosen for step 1210, and can be 
optionally perfamed by the same techniques outlined in 

As a yet subsequent step 1240, an expanded enhanced 
map L_,* is extracted from expanded edge map Lo*. Step 
1240 can be performed by multiplying all  level-values of al l  
edge samples of the expanded edge map Lo*, with a 
constant, and “clipping” the resultant wave form by a preset 
clipping absolute level-value. According to th is  technique, 
positive input level-values higher that the positive of the 
clipping level-value are set equal to the positive of the 
clipping level-value. Further. negative input level-values 
smaller than the negative of the clipping level-value are set 
equal to the negative of the clipping level-value. 

step 1210. 

20 
The expanded enhanced map L-,* comprises expanded 

enhancing samples individually corresponding to the 
enhanced samples of enhanced map L-l. Therefore, the 
expanded enhanced samples individually correspond to the 

5 expanded certain samples of the input sample stream. The 
expanded enhanced samples have level-values that define 
expanded enhanced functions for each edge of interest that 
are similar i n  shape and preserve the phase of the second 
derivative of an edge function of the input image, but scaled 

io by the linear expansion factor. The expanded enhanced 
functions also have zero crossings at pixels that further 
correspond to the enhanced pixels of the enhanced map that 
contain zero crossings. 

As a final step 1250. the expanded enhanced map L_,* is 
15 added to the expanded input image Go* in phase. The result 

of the addition is an expanded edge-enhanced image G.,* in 
place of the original image Go. 

The same optimizing considerations apply as were men- 
tioned above. 

Preferred Apparatus for Enlargement with Edge Enhance- 
ment. 

Another preferred embodiment of the present invention is 
illustrated in FIG. 13, and will now be described. 

The n-dimensional input image Go is applied to the input 
25 port of expanding element 1310. The image Go is contained 

as information defined by level values of an input sanlple 
stream. Expanding element 1310 expands the input image 
Go to expanded input image Go*. The newly inserted pixels 
are initially given a zero level value. The expanding element 

30 1310 then low-pass filters the resulting expanded image. and 
then multiplies its level values by the linear expansion factor 
raised to a power of the number of dimensions, to restore the 
original image power. A preferred mode of t h i s  expansion is 
by a linear factor of two for each dimension, with a Anal 

35 multiplication by four, to restore the original image power. 
The output port of expanding element 1310 is connected to 
the input port of delay element W15. 

The expanded input image Go* is thus transmitted 
through delay element 1315. Adelayed version of expanded 

40 input image Go* therefore appears at the output port of delay 
element 1315, which is connected to a input port of adder 
element 1350. 

The input Go is also applied to band pass filter 13244 
which is preferably a homogeneous filter, and may comprise 

45 an analysis stage of a spatial frequency analysis pyramid 
such as a Burt or an FSD pyramid, optionally excluding the 
decimate step. In a preferred embodiment, homogeneous 
filter 1320 includes a convolution filter 1322, a delay e l e  
ment 1324 and a subtraction element 1326. The convolution 

50 filter 1322 convolves the input h a g e  at every sample 
location by a symmetric kernel that optimally has a low pass 
filter (LPF ) characteristic. Convolution filter 1322 therefore 
outputs an LPF version of G,. The output port of the 
convolution filter 1322 is connected to the subtrahend ter- 

55 mind of subtraction element 1326. 
Delay means 1324 delays the input signal Go by the same 

amount of time as is expended by the convolution filter 
1322. The output port of the delay means 1324 is connected 
to the minuend terminal of subtraction element 1326. 

The output of the convolution filter 1322 is thus sub- 
tracted from the output of the delay means 1324 in phase by 
subtraction element W26. The LPF version of Go is thus 
subtracted from Go, to produce an edge map L,, of the input 
image Go at the output port of subtraction element 1326. The 

65 edge map L,, is an information component comprising edge 
pixels or samples whose level-values define edge features 
(Laplacians) that are similar to the negative of the second 

20 

60 
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derivative of the edge functions of the input image Go, i.e. 
of the image brightness functions of the edges of the input 
image Go. Each edge feature has a main zero crossing 
approximately at its center. The output port of subtraction 
element 1326 is connected to the input port of expanding 
element 1330. 

The edge map L,, is thus applied as an input to the 
expanding element 1330, which expands the edge map L,, to 
the expanded edge map L,,. The expansion is preferably 
implemented in the same way as implemented by expanding 
element 1315, and should be performed for the same linear 
expansion factor in each dimension as is performed by 
expanding element 1315. The output port of expanding 
element 1330 is connected to the input port of phase- 
preserving non-linear filter 1340. 

The expanded edge map L,,* is thus subsequently prc- 
cessed by the phase-preserving non-linear filter 1348. An 
enhanced expanded map L-,. is thus produced at the output 
port of non-linear filter 1340. The enhanced expanded map 
L-,* is an information component comprising enhancing 
samples whose level values have enhanced functions for 
each edge of the input image Go that are similar in shape and 
preserve the phase of the second derivative of the edge 
function of the input image Go they correspond to. The 
enhanced functions also have zero crossings at pixels that 
further correspond to the edge pixels of the Laplacian map 
that contain or are substantially near the edge pixels with 
Laplacian main zero crossings. 

The output port of non-linear filter 1340 is connected to 
another of the input ports of adder element 1350. The 
expanded enhancing map L.,* is thus added to the expanded 
input image Go* in phase. The result of the addition is a final 
image G-,* appearing at the output port of adder element 
1350. The final image G-,* is an information component 
comprising samples having level-values defining the final 
image G-,*. The final image G-,* has been expanded and 
delayed in real time with respect to the input image Go, by 
the amount of delay 1315 plus the delay imparted by the 
adder element 1350. 

Again, the optimizing considerations discussed above 

Exemplary applications 
There are many equivalent methods and apparatus for 

practicing the present invention in addition to these set forth 
above. The above preferred embodiments are instructive in 
implementing the present invention in al l  the applications 
listed below. In all these applications the amount of edge 
enhancement may be controllable at the receiving end. as 
tunable values of the non-linear filter. As earlier described, 
the apparatus of FIG. 11 and 13 can be combined, e.g. by 
interpolating two expanders in FIG. 11, one between delay 
1130 and adder 1190, and the other between Band pass filter 
1120 and phase preserving non-linear filter 1170. 

apply- 

Restoration of old motion pictures. 
According to a method of th is  invention, old motion 

pictures can be restored. This is accomplished by projecting 
the motion picture and viewing the projection with a video 
camera, sampling the video image to convert to digital and 
then expanding and enhancing the image. The expanded and 
enhanced images can be stored on film (by projecting and 
refilming) or in an enhanced video tape format, or in a 
compressed digital format. 

Videophone 
A video phone is a telephone apparatus that can also 

receive. transmit, and display a visual image, usually that of 
the persons using the telephone apparatus. The visual images 
are transmitted through the telephone line. The telephone 

22 
line that was originally designed for voice signals has only 
enough bandwidth for acoustic communication. Visual 
images, however, require substantially more bandwidth, 
which in turn practically limits the detail that can be pro- 

5 vided in a videophone. This in turn practically limits the size 
of the screen of a videuphone. According to the present 
invention, an expanded videophone screen is provided, that 
outputs an expanded and edge-enhanced version of the input 
image. 

Advanced definition televisions 
An advanced delinition television is implemented utiliz- 

ing existing broadcast signals. An advanced definition TV 
receiving set is implemented by having a screen with more 
digital positions per row andlor per column than an ordinary 
Tv. This advanced definition TV may receive as input an 

15 ordinary TV broadcast. expand to the larger number of 
pixels, while also sharpening the image. 

The incoming TV signal TVS, has a predetermined 
format that is well-known in the art. Specifically, the incom- 
ing TV signal TVS, comprises a predetermined mixture of 

20 control samples and information signal that anive in peri- 
odic sets. Each such periodic set is called a frame. and 
corresponds to one complete scan of the screen of an 
ordinary Tv set The signal TVS, is analog in every h&- 
zontal scan line. Therefore. an Analog to Digital converter 

If the signal is for color TV. it is advantageous to enhance 
the intensity content of the luminance channel. The edges 
that will be enhanced, therefore are the “black and white” 
edges. 

A Signal Sampling element for TV such as Signal Sam- 
pling element 1110 of FIG. 11 converts the incoming TV 
signal TVS, into samples or pixels usable by the present 
invention. Optionally, the TV Signal Sampling element 1110 
might further comprise an element that assembles a frame 

35 into a two-dimensional picture. to facilitate further process- 
ing. Subsequently, the expansion and enhancement 
described in FIG. 13 would be applied Finally, a Video 
Signal Shaper might be used, similar to the Video Signal 
shaper 1180 of FIG. 11. However, it might not be necessary, 

40 depending on how the advanced screen TV accepts signal 
input. 

lo 

25 would be properly applied to digitize the image. 

30 

Zooming Applications 
Zooming is employed when only a portion of a static 

image is of interest. Typically zooming is accomplished by 
45 identifying a portion of a static image, optionally discarding 

all other portions of the image, and enlarging only the 
selected portion of the image. As previously detailed, the 
inherent sharpness of an image is decreased when an image 
is expanded or enlarged. Therefore. a problem with conven- 

50 tional zooming techniques is that the enlarged portion of the 
image appears blurred. 

zooming is perFormed in accordance with the invention 
by enlarging and enhancing only a portion of the image. In 
this manner, the original inherent sharpness of the image is 

Again, the optimizing considerations discussed above 

Conclusion 
The invention has been described in connection with 

60 preferred embodiments. Numerous alternatives, 
modifications. variations and uses will be apparent to those 
skilled in the art in light of the foregoing description. 

55 restored, while fidelity to its edges is maintained. 

aPPlY- 

What is claimed is: 
1. A computer implemented image enhancement method 

receiving an input image Go having spatial frequencies up 
65 comprising the steps of 

to an initial maximum spatial frequency; 
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generating, in a computer. an edge map L,, from the input means generating an enhanced map L-, from the edge 
image Go by applying a high frequency band pass filter; map L,, by applying an operator which preserves phase 

generating, in the computer, an enhanced map G, from characteristics of the edge map & and which generates 
the edge map &, by applying an operator which spatial frequencies exceeding the initial maximum spa- 

which generates spatial frequencies exceeding the ini- 
cies beyond an initial spatial frequency range existing tial maximum spatial frequency. thereby expanding the 

spatial frequencies beyond an initial spatial frequency in the input image Go. said operator being a non-linear 
range existing in the input image Go. said operator operator multiplied by a preselected positive constant; 
being a non-linear operator multiplied by a preselected and 
positive constant; and means for applying the enhanced map L-, to the input applying the enhanced map L-, to the input image Go to image Go to generate an enhanced image G-,. generate an enhanced image G-,. 

2. m e  image enhancement method of cl- 1, wherein 6. The image enhancement apparatus of claim 5, wherein 
the preselected positive constant is selected to generate 15 the preselected positive constant is selected to generate 
spatial frequencies at least a factor of two greater than the spatial frequencies at least a factor of two greater than the 
initial maximum spatial frequencies. initial maximum spatial frequencies. ’. The image enhancement method Of 23 wherein 7. The image enhancement apparatus of claim 6. wherein 
the non-linear operator is the non-linear operator is a preselected second constant T, for values of the edge 

map L,, greater than second constant T, a second preselected constant T. for values of the edge 
a negative of second constant T, for values of the edge map L,, greater than the preselected constant T 

map L,, less than the negative of the second constant T; a negative of second constant T, for values of the edge 
and m p  L,, less than the negative of the second constant T, 

the value of the edge map b. for values of the edge map and 

greater than the negative of the second constant T imd 
less than the positive of the second constant T. 

8. The image enhancement apparatus of claim 6. wherein 
30 the non-linear operator is defined by a bounding function 

preserves phase characteristics Of the edge map and tial frequency, thereby expanding the spatial frequen- 

20 

L,, greater than the negative Of second ‘Onstant and 25 a value of the edge map L,, for values of the edge map & less than the positive of the second constant T. 
4. The image enhancement method of claim 2. wherein 

the non-linear operator is defined by a bounding function 

wherein 
BOUND (LQ) 

BOTJND (Lo) 
wherein T i f S > T  

B O m ( Q =  S i f - T B S d T  

T i f S > T  
35 BOUND(S)= S i f - T d S d T  I -T i fS  < -T 

I -T i fS < -T 

and wherein S is a value of a portion of L, and T is a second 
preselected constant. 

5. An image enhancement apparatus. comprising: 
means for receiving an input image Go having spatial 

frequencies up to an initial maximum spatial frequency; 4o preselected constant. 
means for generating an edge map L, from the input 

image Go by applying a high frequency band pass filter; 

and wherein S is a value of a portion of L, and T is a second 

* * * * *  


