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A B S T R A C T 
T h i s p a p e r p resents a n a l g o r i t h m f o r r e c o n s t r u c t i n g 
t h e shape o f a c y l i n d r i c a l o b j e c t f r o m c o n t o u r a n d 
s h a d i n g w i t h o u t k n o w i n g t h e su r face a lbedo o f t h e 
o b j e c t o r t h e l i g h t i n g c o n d i t i o n s o f t h e scene. T h e i n p u t 
i m a g e i s segmen ted i n t o s p h e r i c a l , c y l i n d r i c a l , o r p l a n a r 
sur faces b y a n a l y z i n g l oca l s h a d i n g . T h e c y l i n d r i c a l 
su r f ace i s c h a r a c t e r i z e d by t h e d i r e c t i o n o f t h e gene ra t 
i n g l ines, d e t e r m i n e d f r o m s p a t i a l d e r i v a t i v e s i n t h e 
i m a g e . T h e b r i g h t e s t g e n e r a t i n g l ine has s t r o n g con 
s t r a i n t s o n t h e s h a d i n g ana lys is o n t h e c y l i n d r i c a l su r 
face a n d leads to a s i m p l i f i c a t i o n o f t h e e q u a t i o n w h i c h 
rep resen ts t h e r e l a t i o n be tween t h e c o n t o u r shape a n d 
t h e s h a d i n g . A l t h o u g h t h e r e r e m a i n s one degree o f 
f r e e d o m be tween t h e su r f ace n o r m a l o f t h e base p lane 
a n d t h e s l a n t ang le o f t h e g e n e r a t i n g l ine , w e can 
u n i q u e l y r ecove r t h e c y l i n d r i c a l shape f r o m t h i s so lu 
t i o n ( u p t o r e f l ec t i on ) . E x p e r i m e n t a l resu l ts f o r s y n 
t h e t i c i m a g e a re s h o w n . 

1 . I N T R O D U C T I O N 

Recent studies on computer vision have exploited many 
methods for interpret ing a brightness pattern in an image as a 
shape in 3-D space using physical constraints on the l ight 
source, object class, surface properties of the object and mul t i 
ple views (Brady 1975) Especially, contour and shading in the 
image have a very impor tant role in recovering surface shape 
in both computer vision and human perception (Marr 1982). 
Shape f rom shading methods obtain surface properties by 
exploit ing photometric constraints on the image formation pro-
cess (Horn 1975, Woodham 1977) The diff iculty in these 
methods is to characterize the l ighting geometry, because most 
of them cannot recover the surface shape unless the l ight ing 
conditions are given. Al though Pentland (Pentland 1984) has 
tried to extract information on shape locally wi thout knowing 
the l ight ing conditions, his method requires strong assump
tions, e.g. that the surface is spherical. Interpretat ion of line 
drawings has been one focal point of vision work, and there 
are successful results in the polyhedral world (Mackworth 
1973, Huffman 1977 and Sugihara 1984). Outside this wor ld, 
only qual i tat ive description is obtained (Barrow and Tene-
baum 1981, Mar r 1977), such as extremal boundaries and sur
face discontinuit ies, or a strong assumption is necessary to 
recover the surface or ientat ion, e.g. the extremum principle 
(Brady and Yui l le 1984). The first quanti tat ive approach to 
recovering surface shape f rom contour and shading was 
developed by Horn (Horn 1977). In his method, the reflectance 
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map is effectively used to infer the surface normals of the 
planes of a block in gradient space. Also Ikeuchi and Horn 
(Ikeuchi and Horn 1981) used the occluding boundaries as 
boundary condit ions on their relaxation method to infer the 
surface structure. Both methods, however, assume that the 
the l ight ing condit ions and the surface albedo are known. 

In those methods, the surface type is planar (in the 
polyhedral world) or doubly curved (for shading analysis). 
Between them is the class of objects that have singly curved 
surfaces. The most representative object in this class is a 
cyl indrical object which can be often seen in daily life. 
Cyl indr ical models have been popular for describing many 
kinds of objects in terms of generalized cylinders since Binford 
(Binford 1971) introduced them as a useful method of volume 
description for 3-D objects. A l though several papers have been 
published which at tempt to describe cyl indrical shape parame-
ters f rom range data (Nevat ia and Binford 1977, Rao and 
Nevat ia 1986) or which examine geometrical properties of gen
eralized cylinders w i th shadows and occluding boundaries 
(Shafer 1983), there are few papers dealing wi th the problem of 
reconstructing cyl indrical shapes from images. Asada et al. 
(Asada and Tsu j i 1983a,b) proposed two approaches to recon
struct ing a cyl indrical shape f rom the viewpoint of dynamic 
scene analysis. One approach is to analyze shading information 
to obtain the normals of surfaces, which are useful for finding 
the correspondence of base planes between consecutive frames. 
Local shading analysis (Pentland 1984) is not applicable to 
estimating the normal at a point on a cyl indrical surface unless 
the l ight ing conditions are known. W i t h knowledge of the 
l ight ing conditions, the motion between frames can be deter
mined by the extended reflectance map method. The other 
approach is to analyze changes in contour shape between 
frames. If the base planes of an object are perpendicular to its 
cyl indrical surface, the 3-D geometry of the object can be 
recovered f rom two views. The first approach cannot recon
struct the cyl indrical shape w i thou t knowledge of the l ight ing 
conditions; the second approach needs two frames and assumes 
perpendicularity of the base plane to the cyl indrical surface. 

We consider the image understanding problem of infer
r ing the shape of a cyl indrical object f rom an image such as 
Figure 1. Th is paper presents a new method which determines 
the shape of a cyl indrical object using the contour of the base 
plane and the intensities on the cyl indrical surface wi thout 
knowledge about the l ight ing condit ions of the scene or the 
albedo. Local shading analysis enables us to segment the input 
image in to planar, cyl indr ical and spherical surfaces and tells 
us the direction of the generating line f rom which the cyl indr i
cal surface is produced. The brightest generating line, like 
singular points and occluding boundaries which play a impor
tant role in shape f rom shading methods (Ikeuchi and Horn 
1981, Brooks and Horn 1985), provides strong constraints on 
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shading analysis on the cyl indrical surface and on the relation 
between the contour shape of the base and the brightness on 
the cyl indrical surface. 

The val id i ty of our method is tested using a synthetic 
image. 

2 . B A S I C A S S U M P T I O N S 

The computat ional analyses in this paper are based on 
the fol lowing three assumptions. 
(1) The projection from scene to image is orthographic. 
(2) The object has cyl indrical and planar surfaces. 

Here, a cyl indrical surface is defined as a surface covered wi th 
parallel lines (generating lines) that pass through a closed 
curve 
(3) The surface is Lambert ian and has a constant albedo. It is 

not necessary that both the planar surface and the cyl indrical 
surface have the same albedo. The distr ibut ion of i l luminat ion 
is constant (distant point source i l luminat ion). 

We can segment an image projected f rom a scene contain
ing unknown shaped objects into spherical, cyl indrical, and 
planar surfaces if (3) is assumed. T h a t is, we can test whether 
(2) is true or not. 

3 . S H A D I N G A N A L Y S I S 
3.1 L o c a l S h a d i n g A n a l y s i s 

Pentland presented a computat ional analysis of local 
shading w i thout knowledge of l ight ing conditions. It gives an 
estimate of surface orientat ion for an umbil ical point (having 
equal pr incipal curvatures) on a Lambert ian surface, and also 
identifies whether the surface is planar, singly or doubly 
curved at each point . 

We use this algor i thm for segmentation of the image to 
find each surface and to identify shape as spherical, cyl indrical, 
or planar. Figure 1 shows an input image (a 256 by 256 8bit 
d ig i ta l image of a cyl indrical object synthesized by computer) 
and Figure 2 is the result of the analysis of Figure 1. From this 
picture we obtain the information that the object has a 
cyl indr ical and a planar surface. Another impor tant feature of 
the cyl indrical surface, the direction of its generating lines in 
the image, is also obtained. 

3.2 B r i g h t n e s s o n t h e C y l i n d r i c a l S u r f a c e 

For simpl ic i ty and w i thou t loss of generality, we can 
choose the viewer-centered coordinate system W, so that the 
X-ax is is parallel to the generating line in the image (the gen
erat ing line has slant angle a relative to the X-axis in 3-D 
space) and the z-axis is parallel to the viewing direct ion. 

First , let us consider the brightness on the cyl indrical sur

face in the cyl indr ical surface centered coordinate system We 

whose X-ax is is parallel to the generating line in 3-D space and 
whose y-axis is parallel to that of the viewer centered coordi
nate system W9. Figure 3 shows the relation between these 
two coordinate systems. The observed intensity E9 at a point 
in W. is equal to the observed intensity E. at the same point 
in Wt because we assume a Lambert ian surface. Et can be 
represented by the fol lowing equation: 

(3.1) 

where is the albedo of the cyl indrical surface, / is the inten
sity of the i l luminant , denotes the surface orientat ion 
on the cyl indrical surface and (pK,q,e) is the l ight source direc
t ion in . Since these parameters are defined in Wc, the sur
face orientat ion on the cyl indrical surface has only one param
eter 9 at each point as in Figure 4, that is, and 
Therefore, eqn (3.1) becomes 

(3.2) 

This equation tells us the fol lowing impor tant facts about the 
brightness on the cyl indrical surface: 
* Rather than knowing the actual l ight ing condit ions (the 
i l luminant / and the direction of l ight source we can 
always assume normalized l ight ing conditions where the 
i l luminant is / ' and the direction of the l ight source is 
* The brightest intensity on the cyl indrical surface 
where 
* The rat io of the intensity of a point to that of the brightest 
point gives us the cosine of the angle between the sur-
face normal (6) at the point and the normalized l ight source 
direction (X). 
* The intensity on the cyl indrical surface gives us no informa
t ion about the slant angle (o) of the generating line. 
We call this equation the B r i g h t n e s s C o n s t r a i n t E q u a t i o n 
on the cyl indr ical surface. 

4 . C Y L I N D R I C A L S H A P E F R O M C O N T O U R A N D 
S H A D I N G 
4 .1 C y l i n d r i c a l Shape f r o m C o n t o u r 

A cyl indr ical shape is characterized by the shape of a 
cross-section perpendicular to the cyl indrical surface, because 
the normal to the contour of the intersection represents the 
surface normal on the cyl indrical surface, as shown in Figure 4. 
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In other words, determining the surface normal on the cylindr
ical surface is equivalent to reconstructing the shape of a 
cross-section perpendicular to the cyl indrical surface. 

Therefore, let us consider how to recover the shape of the 
perpendicular cross-section from the contour of the base plane 
in the image. There are three unknowns, the surface orienta-
t ion of the base plane and the slant angle of the gen
erat ing line The shape of the cross-section can be obtained 
by mapping the contour of the base plane onto a plane perpen
dicular to the generating line as shown in Figure 5. 
P r o p o s i t i o n 1 : The coordinates of the contour 
mapped onto the cross-section are given by the following equa
t ion: 

(4.1) 

where denote the coordinates of the base contour in the 
image plane. 
P r o o f : Since we assume orthographic projection, the base 
plane can go through the origin in the viewer coordinate sys
tem Wf. Therefore, the coordinates of the base contour in W, 
are Rotat ing these points about the F-axis 

P r o p o s i t i o n 2 : Similarly, we obtain the relation between the 
normals on the contour in the image and those on the cross-
section as follows: 

(4.2) 

where (shape parameter of the cross-section) and 
(shape parameter in the image plane) as shown in 

Figure 5. 
P r o o f : Since the shape parameters and are perpendicu
lar to the tangents and to the contours (see Figure 5), we 
obtain the fol lowing equations, in the image plane and on the 
cross-section, respectively: 

and 

(4.3) 

From these equations, we obtain eqn (4.2). 

In order to determine the cyl indrical shape parameter 
f rom the shape parameter » t in the image plane, we have to 
obtain three unknowns, the surface orientation of the base 
plane and the slant angle of the generating l i n e W e 
call eqn (4.2) the C o n t o u r C o n s t r a i n t E q u a t i o n . 

4 .2 C o m b i n i n g C o n s t r a i n t s f r o m S h a d i n g a n d C o n t o u r 

In order to determine the cyl indrical shape, we need to 
combine the brightness constraint equation (eqn (3.3)) and the 
contour constraint equation (eqn (4.2)). From eqn (3.3), we 
obtain the fol lowing equation: 



5. EXPERIMENTAL RESULTS REFERENCES 
Figure 1 shows a synthetic image (256 by 256 8-bit d ig i ta l 

image) of a cyl indrical object whose base plane is perpendicu
lar to the generating line. The longest diameter of the base is 
128 pixels and the length of the generating line is 200 pixels. 
The incident angle of the normalized l ight source is 38 °, and 
the slant angle of the generating line is 4 5 ' ; therefore, 

if we set the X-axis parallel to the generating 
line in the image plane. Thus, Figure 6 shows 
the intensity profile of the cyl indrical surface; each intensity is 
quantized into 8-bit gray levels. 

Since the solution is symmetric about the origin as 
described in section 4, we find the solutions in a half space of 
the entire space, for example, A the 
solutions in the half space, we decide which is true and which 
is the reflection of true by recovering the geometrical structure 
of the base and the cyl indrical surface. In the structure of the 
reflection, the viewer sees the inside surface of the cyl indrical 
object 

In order to determine and _ need at least two 
points not on the brightest generating line. Each point gives 
two hyperbolas; therefore, we obtain four intersections as the 
candidate solutions in the half space when we use only two 
points on the cyl indrical surface Then, another point is neces-
sary to obtain the unique solution 

Figure 7 shows three hyperbolas arising from points on a 
cyl indrical surface whose shape parameters are 

and whose intensities are 225, 192 and 44, 
respectively In this figure, only one of the two hyperbolas for 
each point is shown The intersection points give 
Q=-1.34 and ♦ = 0 07. The slight difference between the true 
and estimated solutions is caused by quantization error The 
shape parameter s} in the image plane is calculated by fitting a 
circular arc to 15 consecutive points along the contour Sub
s t i tu t ing the obtained solution in to eqn (4), we can reconstruct 
the shape of the cross-section. Figures 8 (a) and (b) show the 
shape of the cross-section; (a) is for the true shape and (b) is 
for the estimated shape. The simi lar i ty of these shapes indi
cates the val idi ty of the method 

6 . C O N C L U S I O N 

A method which reconstructs a cyl indrical shape from the 
base contour and the brightness on the cyl indrical surface 
w i thout knowledge of the l ight ing conditions or the surface 
albedo has been described. The brightest generating line plays 
a very important role in both the brightness constraint equa
t ion on the cyl indrical surface and the brightness and contour 
shape constraint equation. In the former, the actual l ight ing 
conditions can be transformed into normalized l ight ing condi
tions where the l ight source direction is parallel to the surface 
normal on the brightest generating line, and the i l luminant 
intensity times the surface albedo is easily obtained by 
measuring the intensity on the brightest generating line. In the 
lat ter, the nonlinear equation w i th four unknowns is converted 
in to conic curves involving two unknowns by introducing the 
brightest generating line constraint. 

A l though we can uniquely determine the cyl indrical shape 
(up to reflection), there remains one degree of freedom between 
the surface normal of the base and the slant angle of the gen
erat ing line. If we used other constraints, for example, stereo 
vision or mot ion, we would be able to deduce these parame
ters. Th is is a goal of our future research. 
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