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A method for the efficient coding of line drawings is discussed. The intent is to provide an 
extremely low bandwidth representation for images, preserving "intelligible" image content but 
not necessarily image quality. This has led to an image transformation involving edge 
enhancement, detection, line thinning, and polygonal splining which is termed the polygonal 
transformation. The graph-like image which results from this transformation is coded quite 
efficiently by using vectorgraph coding, which codes a series of vectors in a manner similar to 
that used in many computer graphics systems. This technique has been applied to a body of 
images of American Sign Language and the results are encouraging. © 1985 Academic Press, Inc. 

1. INTRODUCTION 

This paper describes a particular approach developed for extremely efficient 
coding of images. The work is motivated by a project concerning the viability of a 
low-bandwidth visual communication system for American Sign Language (ASL, a 
visual-gestural language used with and among the deaf and hearing impaired). The 
object of this research was to determine the feasibility of such a system subject to the 
bandwidth capacity of the current switched telephone network. Thus, the success of 
this project would result in a system whereby speakers of ASL could effectively 
communicate visually over the telephone [1-4]. Because of the stringent coding 
constraints (considering rates as low as 5 to 10 Kbaud), this project has involved 
transformations of the original grey-scale images subject to the constraint that the 
resulting images remain "intelligible" to speakers of ASL. 

The image transformation and coding technique to be described here results in the 
lowest bandwidth of any technique that we have developed. In this procedure, the 
images are treated one frame at a time; no compensation for motion between frames 
has been incorporated at this time. Edge enhancement and detection are applied to 
each frame, and the resulting images are thinned and chained. This yields a line 
drawing which is then approximated using polygonal splining. Finally, the ap- 
proximated picture is coded as a series of vectors, in a manner similar to that used in 
many computer graphics systems. 

The techniques used here are by no means new. Thinning is very common in 
image processing and computer vision, and representative algorithms may be found 
in [5-11]. Splining has also become common in recent years both as a means of 
image and object representation for pattern recognition and for image compression. 
These techniques include use of cubics [12-14], conics [15-16], polygonal splining 
[17-22], and hybrids between these techniques [23]. A number of schemes have been 
used for line drawing representation. In [7], cubic splines are used for compression 
and representation. The chain codes of Freeman [24] have been used for both 
recognition [5, 20, 25] and data compression [7, 26-28]. Other techniques include the 
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use of Fourier descriptors based on the chain code [29, 30] and hierarchical coding 
[31]. Finally, polygonal splines such as those used in this paper have been suggested 
as tools for both pattern recognition [5] and data compression [26, 32]. 

The intent of this paper is to outline a particular use of polygonal splining 
techniques subject to the constraints of intelligibility and extremely low bandwidth. 
The paper describes the edge enhancement, detection, and thinning techniques used. 
The polygonal splining procedure is outlined, and results in a polygonal transforma- 
tion of the original image. The coding technique, vectorgraph coding, is described in 
detail. Finally, results of this method on a body of ASL images are discussed. 

2. THE POLYGONAL IMAGE TRANSFORMATION 

The transformation which begins with an original grey-scale image and produces a 
polygonal line-drawing representation of that image will now be described. The 
procedure begins by applying an edge enhancement operator, performing edge 
detection and thinning, and finally applying a polygonal spline approximation to the 
resulting curves. The goal is to produce a drawing consisting of a (hopefully small) 
number of straight line segments or vectors which can then be coded using the 
vectorgraph technique described in the subsequent section. 

Edge Enhancement 

The edge enhancement operator used is a convolution mask based on the edge 
detection technique described by Marr and Hildreth [33]. Their work describes the 
use of the Laplacian of a Gaussian operator applied to an image (the so-called V 2G 
filter) as the ideal edge enhancement tool. This operator can be effectively approxi- 
mated by a difference of two Gaussians, with an excitatory center and an inhibitory 
surround (with a larger variance), resulting in a "Mexican hat"-shaped impulse 
response or convolution mask. The use of the difference of Gaussians (or dog) 
formulation allows for a more efficient implementation of the convolution since the 
2-dimensional Gaussian is separable in x and y, allowing the use of four convolu- 
tions with 1-dimensional convolution profiles instead of one convolution with the 
resulting 2-dimensional profile. (For more efficient filtering schemes, see Burt [34].) 
In our work, the resolution of the dog filter yielding the most intelligible image had a 
central Gaussian of variance 0.6 pixels and a surround with variance 0.96 pixels 
(based upon the low-resolution images used in this work--see Sect. 4 below), and a 
mask size of 7 × 7. 

Edge Detection 

The edge enhanced image is next subjected to an edge detection operation. A 
number of detection schemes have been examined, including the zero crossing 
detection suggested by Marr and Hildreth [33]. With the ASL images used in this 
work, the most effective technique, however, is to apply a threshold to the filtered 
image, rendering the strongest negative peaks as black pixels on a primarily white 
background (see Fig. 6B). With this procedure, edge pixels are placed in a position 
displaced slightly towards the dark side of each edge. In the ease of ASL images, this 
results in lines around the face, eyes, nose, lips, and fingers, and the image is thereby 
more intelligible [4; also see 35-36]. 
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Thinning 

The next stages of the polygonal transformation process thin the lines in the 
binary edge-detected image, and chain and categorize the remaining pixels in 
preparation for the polygonal splining which follows. The thinning and categorizing 
algorithms are based upon those of Sakai et al. [5]. It tums out to be much easier to 
chain the pixels which remain after thinning if the thinning process removes as many 
pixels as possible, leaving one-pixel wide lines and curves. In order to do this, the 
thinning algorithm described by Sakai et al. [5] was extended substantially. 

The thinning process proceeds in two stages of pixel deletion. The first stage is 
repeated until no more pixels can be deleted, and then the second stage is applied in 
a similar iterative fashion. The two deletion stages are most simply described in 
terms of three characteristics of a given edge pixel P. The first, N(P), is the number 
of 8-neighbors of the pixel. The second, T(P), is the number of black-to-white and 
white-to-black transitions as the 8-neighbors are examined cyclically. This number 
characterizes the number of paths leading to this edge pixel. Finally, G(P) is the 
number of gaps in the 8-neighbor set of this pixel. If the 3 × 3 square of pixels 
centered on the given pixel is considered in isolation, G(P) is the number of 
8-connected components that would remain if the central given pixel were deleted. 
Alternatively, it is the number of unconnected gaps that would be found proceeding 
around the deleted pixel's neighbors cyclically. Examples of these concepts are 
illustrated in Fig. 1. 

Given these definitions, the two thinning stages are the following: 

(1) Delete all pixels P, where 

N ( P )  ~ (3,4,5} and T(P)  = 2. 

Repeat until no more pixels may be deleted. 

A) 3-2-I B) 4--2-I C) 5-2-I 

D) 2-2-1 E) 6-2-1 F) 4--4-I 

G) 2-4-I H) 3-4-I I) 3-2-I J) 5-4-I 

K) 2-4-2 L) 3-6-1 ~) 3-4-2 N) 5-4-2 

FIG. 1. The thinning process. Thinning determines whether to delete a pixel based on the set of  
8-neighbors. The central pixel in each square will be deleted in the first thinning pass for the pixels 
represented in A - C ,  but  left alone for those in D - F .  The second pass deletes the central pixels in G - J ,  
bu t  not  those in K - N .  The three numbers  listed for each central pixel are N, the number  of  8-neighbors, 
T, the number  of  transitions, and G, the number  of gaps. 
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This 
have 

(2) Delete all pixels P, where 

(a) N ( P )  = 2 and T(P)  = 4, 
o r  

N ( P )  = 3 and T(P)  ~ {2,4}. 
o r  

N ( P )  ~ (4, 5, 6}. 
and 

(b) G ( P ) =  1. 
Repeat until no more pixels may be deleted. 

The first stage does the primary thinning work. The second stage ensures that 
diagonal lines and curves are at most one pixel wide and junctions have as many 
pixels removed as possible without changing the 8-connectivity (except for the case 
of the T junction shown in Fig. 1L, which is preserved for a better spline). A number 
of representative cases of pixels deleted or left alone by each stage is given in Fig. 1. 

Pixel Categorization 

The pixels remaining after thinning are next categorized as described by Sakai 
et al. [5]. Pixels are designated as isolated (or I) ,  endpoints ( E), multi-way junctions 
( M  or MM, see below), or uninteresting (U, for the internal pixels of line segments). 
The categorization, illustrated in Fig. 2, is initially the following: 

if N ( P )  = 0 then I 
if N ( P )  < 2 and T(P)  = 2 then E 
if N ( P )  = 2 and T(P)  = 4 then U 
if T(P)  > 6 then M 
if N ( P )  > 2 and T(P)  = 4 then MM. 

categorization is exhaustive, since a point with N(P)  > 2 and T(P)  = 2 would 
been deleted in the thinning process. 

A) 0-0 B) 1-2 C) 2-2 D) 2-4 

E) 4-6 F) 4-B G) 3-4 H) 4-4 

t E I 
E U U E U U 

MN ~lM ~ MM 

U~ ~4 I , I  MM 

U U E U U E[ 

E E 

i) J) 

FIG. 2. Pixel categorization. The first pass of categorization classifies pixels as isolated ( I ) ,  multi-way 
junct ion  (M) ,  potential  multi-way junction (MM),  endpoint  (E) ,  or uninteresting (U)  based on the 
8-neighbors. Representative examples are given in A-H.  The two numbers given are N, the number  of 
8-neighbors and T, the number  of transitions. In the second pass of categorization, in clusters of M M  
points  (I), a single point is designated as an M point and acts as the attractant for incoming paths (J). 
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Before we go any farther, a few definitions concerning the chaining and splining 
process are in order. The output of the chaining process which follows the thinning 
is a graph structure where the nodes represent single thinned edge pixels, and arcs 
represent 8-neighbor relations. A subset of the nodes are identified as knots for the 
splining process. Knots are the endpoints and branch points which are used to 
anchor the splining process. The splining acts separately on each arc of the chained 
image, which is the sequence of neighboring pixels on a path which leads from one 
knot to another. 

In order to minimize the code which will result from the entire procedure, it is 
necessary to minimize the number of knots and arcs. Thus, in connected clusters of 
multi-way branch points, it will be useful to designate a single pixel as the attractant 
of all incoming arcs to that cluster. These multi-way knots will be the M points 
resulting from the categorization process. After categorization and chaining, arcs will 
consists of a series of chained points beginning and ending with an E or M point, 
with a sequence of U and M M  points in between. The categorization process serves 
to define the E and M knots, differentiating between the M and M M  branch 
points. Chaining will link the other points in linear arcs to these knots. 

The final stage of categorization chooses the knots in clusters of branch points. 
When there is a large cluster of multi-way junctions, a single point will be designated 
as the attractant of incoming paths, if possible, rather than having a large group of 
small segments between each M and M M  in the cluster. M points categorized in the 
first categorization pass (such as in Figs. 2E and F) clearly need to be designated as 
knots. In the final categorization stage, for any cluster of 8-connected M M  points 
remaining where there are no M points in the group, the M M  point nearest the 
center of gravity of that group (with respect to a city-block metric) is changed into 
an M point, and becomes the knot for all paths which approach that group (Figs. 2I 
and J). 

Chaining 

The thinned and categorized image is next chained, determining the sequence of 
pixels joining each E or M knot (by definition, the I knots are isolated and require 
no further processing). The process first joins adjacent edge pixels starting from Es  
and stopping at Es, Ms, and MMs,  with a priority given to Ms over MMs.  Next, 
M M s  are further chained to nearest Ms, and Ms are linked to neighboring Ms. 
Finally, any closed cycle of U points is broken at one point, which is changed to an 
M, and chained as one arc. 

The thinning and categorization process is illustrated in Figs. 3A through D. This 
example includes a cluster of M M  points, where a single element of the cluster was 
changed to an M and became the knot for all incoming arcs to  the cluster. This 
occurs very rarely in the images because the thinning algorithm usually can delete 
enough pixels so that one element of the cluster is designated as an M on the first 
pass. Also note that this example includes a closed contour of U points which is 
broken during the splining process at an arbitrary point (the lower left point), which 
then becomes the M knot for the rest of the process. 

Splining 

At this point, the image is ready to be splined. The image representation now 
consists of a set of knots (Is,  Es, and Ms), connected to each other by arcs of 
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D J'~-~-*-~ 
~/ '.,~..~ 

THINNED - PASS I THI~INED - PASS 2 

. . .  . . . .  • ... 

APPROXIMATED - PASS 1 APPROXIMATED - PASS 2 POLYGONAL GRAPH RECONSTRUC~D IMAGE 

FIG. 3. The polygonal transformation. In the polygonal transformation an edge-detected image (A) is 
thinned in two passes (B and C) and the pixels remaining are categorized and chained (D). Next, the M 
and E points (including a new M chosen from the closed contour of Us in the lower left) act as knots for 
a polygonal splining process. This process chooses as new splining points those points which are furthest 
from the current approximation until all points are within criterion. After two intermediate passes of this 
splining (E, F) the final polygonal graph representation is achieved (G). In the same resolution of pixel 
representation, this graph is reconstructed as (H). 

8-connected pixels. The splining process will approximate any given connected pair 
of knots  and their intervening arc with one or more straight line segments. 

The method used here is derived from the method described by Ramer  [17]. In this 
procedure,  a single arc will be approximated by choosing interior pixels of the arc as 
cut points (or C points), and approximating the arc by a series of line segments 
joining one end of the arc through each intervening cut point to the other end of the 
arc. The recursive procedure to choose cut points described by Ramer  [17] is the 
following: 

To  choose cut points between points A and B, 

(1) Find the point C on the arc joining A and B which is the greatest distance, 
dmax,  f rom the straight line segment AB. 

(2) I f  dmax  < criterion return, else add point C as a cutpoint and repeat the 
procedure recursively on arcs A C and CB. 

Ramer  [17] discusses procedures for making the algorithm more efficient in terms 
of the manner  of computing all of the distances from points to AB,  but since the 
correct spline requires the distance from each point to line segment A B  as opposed 
to the distance f rom each point to the line which passes through A and B, the 
efficient method described by Ramer  fails on arcs which contain points whose 
projection onto A B  fall beyond line segment AB.  Therefore, the actual Euclidean 
distance to segment A B  is used here. The entire process is illustrated in Fig. 3. It  
results in the polygonal approximation given in Fig. 3G, which reconstructs on the 
original raster as in Fig. 3H, although one might at this point use a vector-based 
imaging device or higher resolution anti-aliased raster technology for the recon- 
structed image. 
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3. VECTORGRAPH CODING 

The final result of the polygonal image transformation is a new graph structure, 
the polygonal graph, where nodes are knots and cut points, and arcs represent the 
straight line segments which connect the nodes. The compression scheme for this 
graph structure will initially represent the graph as a series of commands such as 
used in most computer graphics systems to control a plotter or vector graphics 
terminal. The representation consists of commands describing visible and invisible 
vectors to be drawn, tracing line by line through the graph. 

Graph Traversal 

The method for choosing a series of vectors to draw the graph begins by 
considering each maximally connected component of the graph. A given component 
is traversed beginning with an E point, if possible, and otherwise with an M point. 
An "initial point command" ( I  command) describes the invisible vector to this 
point. The arcs of this component are then traversed from this point, one by one, 
resulting in "continuation commands" (C commands), which draw the visible 
vectors corresponding to each arc. The traversal is only allowed to draw a given arc 
once, and so the process marks each arc as it is traversed, and does not consider 
marked arcs again. When no further unmarked arcs emanate from the current point, 
an invisible vector is drawn back to a previously visited M node which still has 
unmarked arcs to traverse by issuing a "back to command" (B command). This 
point becomes the current node, and the process continues until all arcs of this 
component have been traversed. 

The next component is chosen based on the smallest possible invisible vector from 
the current point to a new component (for coding reasons to be described shortly). 
This yields the I command for the next component. The component traversal and 
choice of subsequent component are repeated until the entire graph has been 
traversed. This process is illustrated in Fig. 4. 

Binary Coding 

It remains to describe how the symbolic description of the traversal is encoded in 
binary form. In order to code the graph traversal commands efficiently, it is 
necessary to take into account the characteristics of the set of images to be coded. 
The important characteristics include the resolution of the images, the variety and 
frequency of occurrence of different length vectors in the splined image, and the 
number and position of different maximally connected components of the graph. 
The polygonal images derived from the ASL originals used in our research (see Fig. 
6C), consist of 96 × 64 pixels and average about 30-40 arcs in 15-20 components. 
In this section a method will be described which has been found to be highly efficient 
for these images. 

Each command is encoded as a command type (I, C, B, or E), followed by the 
arguments for that command. Given the frequency of the four command types as 
occurs in the ASL images, the command code chosen is (C = 1, I = 01, B = 001, E 
= 000}, which is the Huffman code [37] for these four words. 

The most complicated coding is used for the C command, since it is the most 
frequent, and optimization here is effective. Nominally, the only arguments to a C 
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/ ( 1 , 1 4 ) ~  
~"-~e (3'14) _ (7,13) ~ . ,  

~11,7) ""4(10,7) I 
,k(13.6) /~  (20,6) 

~ (9,21 ~¢ (16.2) 
(5,1 ) 

POLYGONAL GRAPH GRAPH TRAVER~L 

FIG. 4. Traversal of the polygonal graph. The polygonal graph from the previous example (A) is 
traversed by a series of visible (solid line) and invisible (dotted line) vectors in a component by 
component fashion (B). 

command  are the x and y coordinates of the next point to which this vector will be 
drawn. Given a 96 × 64 image, the address of an arbitrary point requires up to 13 
bits if simply coded as the binary representation for x (6 bits) and the binary 
representation for y (7 bits). The vectors that result from the polygonal transforma- 
tion are usually fairly short; one can take advantage of this by coding the address as 
a quanti ty relative to the previous point, rather than as an absolute coordinate. The 
coding method used here is 3-tiered, allowing for short vectors, medium-length 
vectors, and absolute coordinates. The address is then given as an addressing mode 
(medium-length vector = 0, short vector = 10, absolute = 11), followed by an ad- 
dress (medium-length vector = 8 bits, short vector = 4 bits, absolute address = 13 
bits). 

The 4 bits of short vector are used to describe a 4 x 4 square around the previous 
point. In general, this square covers vectors where 

- 1  < Ax < + 2  and - 1  < Ay < +2 ,  

but if the previous point is near the border of the frame, the square is offset so as to 
lie entirely within the frame in order to maximize the likelihood of being able to use 
the short vector mode (Fig. 5). 

The 8 bits of a medium-length vector are used in a similar manner, describing a 
set of points around the previous point which moves when the point is near a border. 
Because a vector will never occur from the previous point to itself, the actual shape 
of the points reachable by a short vector is one point bigger than a 2 × 2 square. 
Also, since a short vector will always be chosen in lieu of a medium-length vector if 
possible, the points reachable by a medium-length vector are actually contained in a 
16 x 17 rectangle. The points reachable by the two vector modes are illustrated in 
Fig. 5. 

The I points also take the address of the next point as an argument. Again, 
allowance is made for relative and absolute modes for these points, but no provision 
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FIG. 5. Vector reach. The points reachable from pixel P by a short vector are designated by triangles, 
and the points reachable by medium-length vectors are shown as circles. Vectors to all other points would 
require absolute addressing. In (A) the unconstrained case is shown, where P is near the center of the 
grid. When the pixel is nearer to the boundaries of the grid, the reachable vectors are displaced so as to 
maximize the use of vectors and short vectors, as shown in (B). 

is made for the short vector mode since it would occur too infrequently. Thus, there 
is one bit for mode (relative or absolute), and either 8 bits for relative mode (in this 
case describing a 16 × 16 area), or 13 bits for absolute mode. 

The argument for a B command gives the number of a previously-described point 
to return to, relative to the beginning of this component (the most recent I 
command). The code for this argument takes advantage of the possible range of the 
argument, i.e., the number of points that might be returned to, which is the number 
already described other than the last point drawn. The coding scheme is given in 
Table 1 and the net result of this binary coding on the example is'illustrated in 
Table 2. 

One final elaboration of this image transformation and coding scheme has been 
examined. The idea was that once the polygonal graph was achieved, an intelligible 
image might result from a lower resolution version of the polygonal graph (which 
was derived originally from a higher resolution image). Thus, the vectorgraph 
scheme is applied to the polygonal graph with one half of the resolution in each 
dimension (so that the address arguments are now on a 48 × 32 grid). The coding 
scheme proceeds unchanged, except that absolute coordinates now take 11 bits, and 
all vectors have twice as long a reach, so that vector modes are used more often. 

4. EVALUATION 

The image transformations and coding procedures described above were applied 
to a library of ASL image sequences. These images of a deaf person signing were 
digitized to a resolution of 512 × 512 at 30 frames per second. They were then 

TABLE 1 

Coding Scheme for "Back-to" Commands 

Number of 
potential 

candidates Code 

1 Not coded (0 bits) 
2 Binary code (1 bit) 

3, 4 Binary code (2 bits) 
5, 6, 7, 8 Binary code (3 bits) 

> 8 3 Bit shift code [38] 
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TABLE 2 

Vectorgraph Coding Example 

Number Number Number 
of of of 

command Point mode address 
Command bits Argument number Mode bits bits 

1 I 2 (1, 7) 0 Vector 1 8 
2 C 1 (4,10) 1 Medium vector 1 8 
3 C 1 (7,13) 2 Medium vector 1 8 
4 C 1 (12,12) 3 Medium vector 1 8 
5 C 1 (10, 7) 4 Medium vector 1 8 
6 C 1 (4,10) 1 Medium vector 1 8 
7 C 1 (1, 14) 5 Medium vector 1 8 
8 C 1 (2,16) 6 Short vector 2 4 
9 B 3 5 5 3-Bit binary NA 3 

10 C 1 (3,14) 7 Short vector 2 4 
11 I 2 (4,17) 0 Vector 1 8 
12 C 1 (7, 20) 1 Medium vector 1 8 
13 C 1 (11, 20) 2 Medium vector 1 8 
14 C 1 (19,13) 3 Medium vector 1 8 
15 C 1 (20, 6) 4 Medium vector 1 8 
16 C 1 (16, 2) 5 Medium vector 1 8 
17 C 1 (13, 6) 6 Medium vector 1 8 
18 I 2 (5,1 ) 0 Absolute 1 13 
19 C 1 (3, 4) 1 Medium vector 1 8 
20 C 1 (8, 5) 2 Medium vector 1 8 
21 C 1 (9, 2) 3 Medium vector 1 8 
22 C 1 (5,1) 0 Medium vector 1 8 
23 E 3 NA NA NA NA NA 

Note. Tiffs 
and 4. 

sequence of commands results from the vectorgraph coding of the example in Figs. 3 

cropped, reduced by a factor of four in both dimensions by pixel averaging, and the 
temporal resolution was reduced in half by deleting every other frame. This resulted 
in sequences of 30 to 45 frames (2-3 s at 15 frames/s), and a resolution of 96 × 64 
pixels (Fig. 6A). The images contained the hands, arms, face, and upper body of the 
signer. There were 80 such sequences, each containing a single ASL sign. The images 
were digitized with a Grinnell GMR 27-30 image processor and processed using the 
HIPS system for image processing [39-40]. 

As described above, each frame was convolved with a difference of Gaussians 
filter (center variance--0.6 pixels, surround variance--0.96 pixels), and thresholded 
so that 5% of the negative peaks were preserved as edge elements (Fig. 6B). These 
images were thinned and categorized. Also, in order to lessen the number of vectors 
to code, a noise cleaning operation was applied which deleted components which 
contained only one or two pixels (which includes all I points). The cleaned images 
were chained and polygonally splined with a criterion distance of 1.5 pixels. Finally, 
all images were vectorgraph coded at both full and half resolution (Figs. 6C and D). 

The resulting polygonally transformed images (80 full and 80 half resolution) were 
vectorgraph encoded. For comparison, the same images were also encoded using 
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A B C D 

FIG. 6. ASL images: (A) A 96 × 64 image from an image sequence of a sign in ASL. (B) The same 
image after a convolution with a difference of Gaussians filter and a thresholding which designates the 5% 
of the most negative-going peaks as edge pixels. (C) The reconstruction of the full resolution polygonal 
transformation. (D) The reconstruction of the half resolution polygonal transformation. 

run-length encoding and a highly efficient hierarchical code, binquad coding [31]. 
The binquad method was run on images sampled at 30 frames per second rather 
than 15, so the information rates for that method are slightly underestimated since 
this is a method which takes advantage of inter-frame correlations. The results are 
given in Table 3. The vectorgraph coding method achieves a data rate significantly 
lower than the other two methods. Note that the binquad method is an interframe 
method which requires 16 frames of look-ahead in order to achieve the rate given. 

The important  question remaining is to determine whether the impoverished 
images produced by the polygonal transformation are still intelligible. In previous 
research [4], we have shown these images to deaf subjects in order to gauge their 
intelligibility. In Table 4, a sampling of the results from this work are given. The 
image transformations listed are precisely those shown in Fig. 6. For the "original" 
subsampled images, the information rate was based on a nominal rate of 3 bits per 
pixel. The edge detected images were coded using the binquad method, and the 
polygonally transformed images were vectorgraph coded. Note that the polygonal 
images were also run at a number of lower frame rates. 

The relative intelligibilities listed in Table 4 were derived as follows: 14 deaf 
persons viewed the sets of transformed images, where each image consisted of a 

TABLE 3 
Coding Comparison 

Bits 
Coding per Baud 

Image method pixel rate 

Full Run-length 0.294 27.1K 
Resolution Binquad 0.126 11.6K 

Vectorgraph 0.097 8.9K 

Half Run-length 0.295 27.2K 
Resolution Binquad 0.126 11.6K 

Vectorgraph 0.084 7.8K 
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TABLE 4 
Low Bandwidth Coding and Image Intelfigibility 

Frames per Relative Baud 
Transformation second intelligibility rate 

"Original" 15 1 276.5K 
Edge detected 15 0.865 14.3K 
Full resolution polygonal 15 0.816 8.9K 
Full resolution polygonal 10 0.695 6.0K 
Half resolution polygonal 15 0.738 7.8K 
Half resolution polygonal 10 0.617 5.2K 
Half resolution polygonal 7.5 0.560 3.9K 

single isolated sign in ASU They were requested to write down an English gloss (or 
translation) for each sign. For each transformation, the percent correct was com- 
puted averaged across all subjects and all single signs. This percent correct was then 
normalized by the percent correct for the originals in order to gauge the content of 
the image independent of the difficulty of the task. This assumed that performance 
with the "original" stimuli was as good as might be expected from any image 
including the video originals, which did appear to be the case. 

As is visible in the table, there is certainly a decrease in intelligibility with 
information rate, and this is to be expected. On the other hand, the performance rate 
at the worst condition (the last listed) is surprisingly high given the seriously 
impoverished images that these data represent. Given no context clues whatsoever, 
the subjects recognized more than half of the signs in this condition, both relative to 
the originals and, in fact, in absolute terms, since the percent correct figure for this 
last condition was 51.3%. It appears that a potentially effective communication 
scheme might result from the techniques described here for rates as low as 3900 
Baud! 

5. CONCLUSIONS 

This paper has described a method for approximating and coding edge detected 
images. The approximation method involves thinning and polygonal splining. The 
coding method results in a series of vector drawing commands which traverse the 
splined image. The images are fairly intelligible, as was measured for images of 
American Sign Language and tested with speakers of ASL, and the coding is efficient 
and extremely low in bandwidth requirements. 

A number of useful directions might be followed at this point. In the direction of 
more compact coding, the obvious next step is to investigate interframe methods. We 
have considered a method which attempts to match the components of one polygo- 
nal graph with those in the subsequent frame. In this scheme, any component in the 
previous frame may be matched to a component in the subsequent frame using a 
combination of scaling, rotation, and translation. The hybrid coding that results 
begins with a bit map which designates the components which matched. Next, 
matched components are described as either stationary or moving, and moving 
components are further described by the three parameters for scaling, rotation, and 
translation. Finally, new components are given in the manner described in this 
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paper. A further savings might result from subsampling the moving components 
further in time, and interpolating their motion path. We estimate that a further 
savings of 15-25% may result from these schemes, but it would be computationally 
expensive. 

On the other hand, the images which result from the polygonal transformation are 
quite impoverished and already at an extremely low information rate. Thus, the 
method is now at a point where the important goal may no longer be to reduce the 
baud rate, but to improve the image quality as much as possible while maintaining 
the low rates. One possible scheme would be to use a smoother splining technique 
such as cubic or conic splining in the reconstruction process. This would lessen the 
extremely jagged quality of the polygonally transformed images, and would be more 
pleasing to the eye, especially if the reconstruction took place at a higher resolution. 
In any case, as it stands now this work has resulted in intelligible very low 
bandwidth images. 
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