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With the availability of a 144 Kbits/sec user's basic digital access to the integrated ser

vices digital network (ISDN), transmission of video data over the telephone network will

become a reality. However, even at this rate, tile required compression is extremely high

and improving the visual quality of the image data continues to be a challenge.

For the last several years, one of the objectives of tile image coding research has been

to obtain visually pleasing images at very high compression rates through the explicit use of

the human visual system (HVS) properties and image analysis techniques. A number of

new image coding techniques [1] have been developed and successfully applied to single

frame imagery. One method used in many of these techniques is to segment the image and

to transmit the segment boundaries and intensities. In this approach, the number of seg

ments determine the compression rate and thus the selection of the segmentation strategy is

extremely important. In [2], the authors of this paper demonstrate the use of HVS based

segmentation for reducing the number of segments to be transmitted without sacrificing

visual quality. Using this approach, a 50:1 compression rate is achievable and video data

transmission is feasible with a restricted frame size. Clearly, single frame coders cannot

make use of the temporal correlation in image sequences nor the temporal properties of

the human visual system. In this paper, preliminary results are presented for a new video

codec which only uses the spatial properties of the human visual system to achieve a 64

Kbits/sec video transmission rate will be presented.

The main idea behind this new video codec is to process a stack of images taken from

a video sequence as a three-dimensional parallelepiped. The coding technique segments
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this parallelepiped into constant intensity volumes and encodes the bounding surfaces and

internal intensities of these volumes. Since it is possible to use the temporal correlation of

the video sequence as well as the temporal response of the human eye in the segmentation,

this approach results in fewer segments than a single frame approach increasing the

compression ratio.

HVS based three-dimensional segmentation, in which the insensitivity of the human

eye to moving object details as well as modulation transfer function (MTF) effects are used

to reduce the number of segments, is performed in two steps. First, the stack of images

are segmented using a two-dimensional centroid linkage region growing segmentation algo

rithm The segmentation is based on the intensity values. Second, the segmented images

are passed through Adelson and Bergen's [3] separable HVS energy model to compute the

corresponding stimulus values from spatial and temporal intensity variations. The segments

whose stimulus values are below a predetermined threshold are then eliminated.

The segment boundary information, which is a three-dimensional array of binary

numbers with the number of ones much less than that of the number of zeros, is coded

using a three-dimensional extension of an arithmetic code. The highest compression rates

are obtained using an adaptive arithmetic code applied to small volumes where the image

statistics remains relatively stationary. Figure 1 contains an overall block diagram of the

proposed three-dimensional video compression system. In the remainder of the paper. a

brief explanation will be given of each stage.

2.0 PROPERTIES OF THE HUMAN VISUAL SYSTEM USED BY THE CODER
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2./ Weber's Law

Weber's law governs the region between the supra- and infra-thresholds of the

dynamic range of the human visual system. Within this region, Cornsweet and Fechner

[4,5] have both specified empirical measures for the response of the eye in terms of just

noticeable-difference (JND). The equations describing their measures are given below.

(1)

(2)

(3)

Eq. (1) is from Comsweet's data [4], eq. (2) is from Fechner's 2% data and eq. (3) is

Fechner's 3% data [5]. I is the intensity of the background rectangle and JND [.] is the

observable just-noticeable-difference based on I. The viewing distance is defined as six

times the diagonal size of the object.

In each of the above cases, the experiment was performed with a small circular disc

for the test pattern. For the proposed coder, however, the test pattern was modified to

match the shape of the centroid linkage window and a new equation derived using the

same experimental procedures as Cornsweet and Fechner. The resulting equation is

JND [L] = 0.1234·/ + 4.0 (4)

Eq. (4) will be used for both the selective median filtering and the segmentation pro-

cedures. Figure 2 shows a plot of eq. s (1) - (4).

2.2 Spatia-Temporal Impulse Functions

The spatial impulse response of the human visual system can be approximated by per

forming a weighted integration of the effect of light impinging on the receptive field. This
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integration will include the output of many cells in a neighborhood. In a similar fashion,

the temporal impulse response prescribes how inputs from the past are weighted and

summed to produce the response at the present. Figure 3 shows the spatial and temporal

impulse responses for the human eye as described by Adelson and Bergen [3].

It should be noted that if we take the Fourier transform of both of these functions,

we obtain the spatial and temporal optical transfer functions (OTFs), both of which are

bandpass.

2.3 Mach Band Effects

There are many factors besides the light radiating from a region that affect the bright

ness perceived by the human eye. For image processing applications, one of tile most use

ful factors is the tendency of the human visual system to overshoot in regions where there

is a transition in intensities. TIle result is that regions with constant intensity appear to

have a varying brightness. This overshoot phenomenon is referred to as the Mach band

effect and is due to the spatial frequency response of the eye.

3.0 PRE-PROCESSING: DYNAMIC RANGE REDUCTION AND SELECTIVE

MEDIAN FILTER

TIle preprocessing stage consists of two operations. The first operation is a clamping

function to account for the supra- and infra-thresholds of the eye. The intensity values in

the nearly saturated range are clamped to grey-level 180. These correspond to pixel values

over 180 when grey-level 126 is set to 100 /l1L before gamma correction. Furthermore,

because of the very low contrast sensitivity of the human eye in the dark regions .. grey-level
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62 is chosen for the infra-threshold. This allows for the use a 7 bit representation with

very minor degradations in observed image quality after clamping the image.

The second operation is for noise cleaning. This is accomplished with a cross-shaped

selective median filter based on properties of the human visual system (HVS). The basic

idea of this filtering operation is as follows. A difference value, d , is compared to a thres-

hold Tn,. The difference value is defined by:

d = Iv -1111 (5)

The threshold is based on the empirical data from a just-noticeable-difference (JND)

experiment. If d is greater than + Tn" the pixel is assigned the median value plus T,n 0 If d

is less than - T'n' the pixel is assigned the median value minus Tn,. Otherwise, the median

value is assigned. That is,

If = t; + r; if d > «r;

if d < -r;

(6)

= I,n ifldl < +Tm

where I m is the median filtered value at the pixel location given by 10 and I f is the fil-

tered value.

4.0 I~lAGE SEGMENTATION

There are two stages to the segmentation process: application of the centroid linkage

window technique to perform the actual segmentation and use of the spatial-temporal

impulse function information to refine the segmentation.

4.1 The Centroid Linkage Willdo~v
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In the first stage, a centroid linkage window is used to perform a region growing

based image segmentation. A rotated L-shaped window is used to identify the four previ-

ously scanned neighbors which are used to decide to which region the current pixel should

be assigned, see figure 4a. The four neighboring pixels are labeled [1], [2], [3] and [4] and

the current pixel is labeled [0].

The algorithm proceeds as follows, First, a difference between the intensity of the

current pixel, 10 ' and the intensity of each neighbor pixel, assigned to a different segment,

is calculated. That is, if each of the four pixels [1] - [4] belong to different segments then

four differences are calculated.

d 1 = 110 - / 1 1

d 2 = 110 - 12 I

d 3 = 110 - / 3 1

d 4 = 110 - / 3 1

Second, the d;'s are compared to a threshold. The threshold is based on the Weber's

law expression described in section 2.1. Since it represents the logarithmic nonlinearity of

the receptive field of the photoreceptors, the same method can be applied to every frame

in a sequence.

Case 1: If d, > T; for all four neighbors, then pixel [a] starts a new regian.

Case 2: If only one d, < Ti , then lois merged to the same region as I, ·

Case 3: If d, < Ti , d j < Tt : and d, :f= dj' then pixel [0] is a vertex pixel between

two region that should be merged, see figure 4b.
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This kind of centroid linkage segmentation has three major benefits: (1) It scans the

image only one time. (2) Any shaped region can be segmented. (3) The segmented result

is more appealing for human viewing than the results of other fixed threshold centroid

linkage segmentation methods.

4.2 Segment Refinement Using the Spatio-Temporal Impulse Responses

After the initial segmentation, we attempt to eliminate any segment that is deemed

insignificant to the human visual system. This is accomplished by using tile spatio

temporal energy model proposed by Adelson and Bergen [3]. They define a spatio

temporal energy model using the spatial and temporal impulse responses of the human

visual system. In the simplest manner, a separable spatia-temporal impulse response is

created using hSI (.t .r) = Its (x) · Itt (f). The spatial and temporal impulse responses used

are shown in figure 3.

At this stage, we are only concerned about the significance of small-sized region, i.e.,

for a viewing distance of 1.5 meters, segments with less than fifteen pixels. Thus the seg

ment refinement procedure is only applied to those segments with less than fifteen pixels.

In the energy model [3], the positive and the negative Gaussian functions used to

model the impulse responses were scaled in order to produce zero energy in a constant

intensity region. We follow the same procedure, so the output after convolving with tile

spatial and/or temporal impulse responses produces a zero inside of the segments. How

ever, at the boundary between two regions the output is nonzero. After the segment has

been convolved with the impulse response, an energy value is calculated for the segment.
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The energy value is defined as:

E· =I (7)

where E; is the energy for segment i, N; is the number of pixels in segment i and Irs (x) is

the spatial impulse response function. For sequences, both h, (x) and h, (t) are used. If E,

exceeds some predefined threshold, the region will be noticeable to the eye.

The spatia-temporal impulse response window is designed using the following assump-

tions.

Spatial domain assumptions:

1. Receptive field is isotropic. In general, this is not true. The distribution of the
receptors (rods and cones) is not uniform, however, most of researchers model it
in this way.

2. Spatial and Temporal impulse responses are separable. Some physiologists
believe that at the lower level of cortical processing, the responses are separable.

3. The impulse spatial response is approximated by 3-by-3 window. In order to
produce zero energy in the non-edge area, the same scaling factor is given to the
positive and the negative Gaussians.

Temporal domain assumptions:

1. The chemical adaptation time [6], the time between 0 and x on the temporal
impulse response in figure 3b, was ignored.

2. Two frames were used to approximate the temporal impulse response. The
current frame can be considered the excitatory lobe and the previous frame the

inhibitory lobe.

The result is the following sequence of 3x3 convolution windows.

n_th frame (current)
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1/16 -1/8 1116

-1/8 [1/4] -1/8

1116 -1/8 1116

(n-1 )_th frame (previous)

-1/16 118 -1/16

1/8 -1/4 1/8

-1/16 118 -1/16

where [ . ] is the currently incoming pixel.

5.0 ENCODING THE SEGMENTED IMAGE

The following two constraints are placed on the encoder. (1) It should produce a

minimum number of boundary pixels. (2) It should be able to reconstruct the segmented

image with the given segment intensities.

5. J Boundary Coder

In order to satisfy condition (1), the boundary is detected as shown in figure 5a, i.e.,

the black boundary. Since every region is closed, the boundary of the region can be

detected in a raster-scan fashion with direction labels depicted in figure 5b. Suppose the

first pixel to be scanned on the BLACK boundary is pixel [S] in figure Sa. The neighbor

hood around [S] is then scanned in a clockwise direction to determine where the next

boundary pixel is located.
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Let i represent the scanner label, i.e., 0, 1, ... , or 7. The first boundary pixel in a

region is initially assigned a scanning direction O. The scanning starts at (i +5) mod 8,

therefore the first pixel to be tested in the neighborhood around pixel [S] is i =5. The

scanner then scans clockwise to search for the first member belonging to the same region.

For example, the scanner moves from the pixel labeled a in figure 5 to b, C, d and then

finally e before it finds a pixel which belongs to the same region as pixel [S]. The scanner

moves to pixel e with directional label i = 1. At pixel e , the procedure starts over. The

initial directional label is (1 + 5) mod 8 = 6. Therefore, it scans from d to g to find the

next position of the scanner.

5.2 Intensity Coder

A vector of intensity information is generated and ADPCM is used to encode it.

Tests are currently underway to evaluate the potential of using the modified adaptive arith

metic coder to encode the intensity information.

5.3 Image Splitting: Making Local Images

The stationary method works fine when the statistics of the image do not vary. How

ever, an actual binary image contains a lot of local irregularities (boundaries). This fact

motivates the need for an adaptive method to better match the local statistics. The image

is split into equally divided sub-images. Then, each one of sub-images is fed into the adap

tive arithmetic coder. The result is that the sum of bits required for coding each sub-image

is less than the number of bits required for the global approach.

5.4 All Adaptive Arithmetic Coder
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In section 5.1, the stationary model was discussed. Tile global statistics were com-

puted under a stationary assumption. This method requires sending overhead bits which

specify the global stationary statistics. If the size of the conditioning class is larger than

128, then the overhead bits cannot be ignored. The advantage, however, is the coding

efficiency is close to the maximum bound.

To avoid the overhead bits, a locally adaptive method can be used. One adaptive

method is presented in [8]. Suppose that a window of size 7 is chosen to define the condi-

tioning classes. In this case, there will be 27 = 128 different classes. Suppose,

s = s(O)s(l) ...s(t) has been received. Then, the probability of symbol "0" given class z

and received string s = s (O)s (1) ...s (r ) can be modeled by

p = number 0 f time (s) the symbol 0 at class z in s (= s (O)s (1) ..s {Tn (8)
number 0 f occurrences 0 f class z ill S

The skew number for P is chosen from figure 6. Next, we encode the current symbol

s (t + 1) using this skew number. After encoding, s (t + 1) will be used to update the

corresponding conditioning class. It is referred as a cumulative method.

The binary image for this application is considered to be nonstationary data. An

example of a binary image profile is given by 00000000001000001000100. The first ten

pixels are considered as stationary ~ but the eleventh pixel introduces a small amount of

nonstationarity into the local statistics. Suppose this local nonstationarity yields P = 0.27

which is located near the center of skew number 2 in figure 6. In this case, the nonsta-

tionarity does not much differ from the local stationary statistics. However .. if the nonsta-

tionarity gives P = 0.19, this value is still approximated by skew number 2. It should be

noted that P is also close to the region specified by skew number 3. In this case, chasing
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skew number 3 may produce fewer coding bits rather than chosing skew number 2. If the

probability due to local nonstationarity maps near a breakpoint, then the conditional pro

bability P is tested on both sides of breakpoint.

Currently, a three-dimensional extension of the modified adaptive arithmetic code

(MAAC) is under construction. The following result is based on the 2/D MAAC with

nonstationary cost test.

6.0 CODING RESULTS

The results that are presented below were obtained by applying the algorithm to a

head-and-shoulders test image: bob15.hd (2~6x256). TIle conditioning window size = 10

(i.e., 1024 different conditioning classes). The shape of the window is:

[] []

[] [] [] [] [] []

[] [] *

where ,,.., is the current pixel location.

159 segments were specified at the output of the segmentation process and 274 bits

were needed to represent the segment intensity vector at the output of the ADPCM coder.

The total number of bits and compression rates are tabulated below.

Binary Images
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IMAGE BITS C/R
Without Splitting (Size = 256*256)

bob15 6602 9.9266889

First Quarter Splitting (Size = 128*128)

bob15.1 1036 15.814672
bob15.2 1261 12.992863
bob15.3 1089 15.044995
bob15.4 1370 11.959124

Ql TOTAL 4756 13.779647

Second Quarter Splitting (Size = 64*64)

bob15.1.1 96 42.666667
bob15.l.2 327 12.525994
bob15.1.3 95 43.115789
bob15.1.4 333 12.300300
Q2 Total 1 851 19.252644
bob15.2.1 380 10.778947
bob15.2.2 16 256.00000
bob15.2.3 488 8.3934426
bob15.2.4 93 44.043011
Q2 Total_2 977 16.769703
bob15.3.1 79 51.848101
bob15.3.2 127 32.251969
bob15.3.3 228 17.964912
bob15.3.4 440 9.3090909
02_Total_3 874 18.745995
bob15.4.1 232 17.655172
bob15.4.2 42 97.523809
bob15.4.3 479 8.5511482
bob15.4.4 334 12.263473
Q2_Total_4 1089 15.044995
Q2_TOTAL 3789 17.296384

The final coding results for the 256*256*8 bits original image are summarized below.

(A): Without Splitting

Encoding bits: 6876 (= 274+ 6602) C/R : 76.248982

(B): First Quarter Splitting



Encoding bits: 5030 (= 274+ 4756)

(C): Second Quarter Splitting

Encoding bits: 4063 (= 274+ 3789)

C/R : 104.232207

C/R : 129.039626
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It should be noted that the above results are for a typical 2-D frame. They are not the

overall coding result for a sequence of frames, where a higher compression rate is

expected. Second, if we choose a larger conditioning window, then further compression is

gained. Third, use of MAAC for encoding of intensity vector is expected to gain more

bits.

7.0 POST-PROCESSING: INVERSE MACH BAND COMPENSATION

The residual image, defined as the difference between tile original and tile segmented

image, has some special characteristics, see figure 7. Suppose there is a wide ramp edge in

the original. This ramp edge is segmented into staircase regions. The maximum numerical

residuals occur along the boundaries between regions rather than in the middle of a region.

On the other hand, the residual of a high contrast edge has either a large positive or nega

tive value. However, this residual is typically much less perceptible than the same residual

located in the middle of region.

The perceived overshoot in brightness along the edges (Mach Band Effect) is a conse

quence of MTF of the eye. For this reason, a segmented image will have visually annoying

contours. A Mach band inverse compensation filter which artificially generates the

pseudo-residuals is performed on the lower contrast edges. The compensation pattern is

depicted in figure 7.
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Finally, figure 8 shows the images. TIle upper left contains the original image, the

lower right the segment boundaries, the lower left tile segmented image and the upper

right the final result.
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