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Abstract

The university team has previously developed an X-ray imaging technique that combines binocular stereoscopic imagery with motion
or kinetic depth effects. The technique is designed to enhance the screening of X-ray luggage at airport checkpoints. Multiple views are
produced using linear or folded linear X-ray detector arrays. The possibility of reducing the total number of arrays by synthesising inter-
mediary views is investigated. The algorithmic approach employs eight correlation criteria which are relaxed during an iterative process.
The fidelity of the synthetic images is established by comparing them with ground truth images. It is demonstrated that for each group of
three arrays (in a 15 view system) a synthetic image may be employed to make the middle array redundant. This potential reduction in
hardware offers important advantages for the development of a practical multiple view X-ray scanner. Limitations of the current algo-
rithm are investigated by increasing the angular separation between the X-ray beams used to produce the perspective images.
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The depth from motion or kinetic depth X-ray imaging
(KDEX) technique is designed to meet a number of opera-
tional constraints, which are of critical importance for its
intended application in airport security screening. It is
envisaged that the technique would have no impact upon
the speed of the conveyor belt or the standard functionality
that is currently available on conventional two-dimensional
(2D) X-ray machines. The stationary configuration of a
single X-ray source and a number of linear or folded linear
X-ray detector arrays provide the basis for a relatively sim-
ple and low maintenance system. The total number of
detector arrays is contingent upon the synthesis of interme-
diary view X-ray images, which may make intermediate
X-ray detector arrays redundant. The X-ray source
requirements for the KDEX technique are identical to con-
ventional 2D X-ray machines.

It is useful to compare and contrast the operational
requirements of the proposed technique with computed
tomography (CT) systems which have been increasingly

deployed at airports since 9/11. CT utilises digital X-ray
sensors to produce a stack of contiguous slice images
(Romans, 1995), which can be combined to produce alter-
native volumetric views of the object under inspection. This
technique requires very high signal/noise ratios and con-
sequently very high X-ray source levels fully to penetrate
objects from many different radial positions during the
image acquisition process. The resultant high level of radi-
ation requires substantial radiation screening. Addition-
ally, CT systems require complex and bulky mechanical
arrangements such as a slip ring to provide data signals
(and power to the X-ray tube) to flow between the contin-
uously rotating gantry and the stationary CT components,
through the electrical, radio frequency or optical connec-
tions on the slip ring (Hsieh, 2003). With increasingly
demanding scan speeds, the mechanical requirements on
the gantry increase (as the centrifugal force increases with
the square of the rotation speed). Note that CT compo-
nents mounted on a gantry can weigh of the order of a hun-
dred kilos or more. The purchase and running costs of CT
scanners are estimated to be at least an order of magnitude
greater than anticipated for the KDEX technology. Thus
the proposed technique has the potential for greatly
increased utility in comparison with 2D technology but at
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the fraction of the cost, bulk and radiation exposure asso-
ciated with CT. It is not suggested that the KDEX could
replace CT per se but rather that it has the potential to
replace 2D technology with a cost effective three-dimen-
sional (3D) imaging technology. It is beyond the scope of
this paper to examine this assertion in any greater detail
as CT and multiple view KDEX technology are based on
different imaging principles.

Past work by the university team in collaboration with
the Home Office Scientific Development Branch (HOSDB)
UK has produced a novel binocular stereoscopic X-ray
technique, (Evans, 2002; Evans and Robinson, 2000; Evans
et al., 1996) to aid the detection and identification of
objects in X-ray scans of luggage. Imaging technology
based on this early work is now commercially available.
More recently the university team in collaboration with
the HOSDB has developed X-ray imaging techniques that
combine binocular stereoscopic imagery with motion or
kinetic depth effects. Movement or rotation of an object
relative to the observer can produce a vivid depth in a
2D display. Linear ‘‘motion parallax’’ refers to the differen-
tial angular velocities of retinal images of points moving
laterally with the same speed, but at different distances
(from the eye in the case of the real world, and from the
sensors in the case of the X-ray scanner). Therefore, this
effect can be used to produce motion perspective. Motion
perspective enables a viewer to extract depth information
from continuous movement occurring in a visual display.
Interestingly, the depth effect obtained from motion can
exceed that produced by the binocular stereoscopic effect.

It is worth noting that many writers have described
the essential isomorphism of depth due to disparity, and
apparent (stroboscopic) motion (Ringach et al., 1996).
Stereopsis normally depends upon the parallax difference
in retinal images (which may be simultaneously present),
while apparent motion depends upon a disparity in tempo-
ral sequence of spatially separated elements. Similarly, the
motion parallax cue is dependent upon the same geometry
as that which produces stereopsis. The difference being that
the comparison of different viewpoints occurs sequentially
in the case of motion parallax rather that synchronously
in the case of binocular parallax (Howard and Rogers,
2002; Rock, 1975). When an object is rotated about an axis
other than the line of sight, the relative motions of features
upon the object can specify the 3D structure of the object
to monocular vision. The geometric similarity between dis-
parity, motion parallax, and rotation is practically identical
for small rotations/displacements (Durgin et al., 1995). A
special case of motion parallax termed the kinetic depth
effect or KDE was first systematically investigated by Wal-
lach and O’Connell (1953). This effect involves the recovery
of 3D information from a sequence of 2D silhouettes. This
effect involves the rotational motion of objects, rather than
observers; a figure looks flat when it is stationary and
appears to have depth once it moves. They concluded that
kinetic depth effect requires: ‘‘. . . the shadows cast to display

contours or lines which change their length and their direc-

tion simultaneously’’. The resultant depth effect is compel-
ling and the observer can work out the shapes of certain
objects with remarkable accuracy from the shadows during
a full or partial rotation. Kaufman (1974) suggested that
motion perspective (which is a form of motion parallax)
entails a semi-rotation of elements along an extended
terrain, and is therefore a form of KDE. However, in the
KDE the direction of depth is inherently ambiguous, since
the direction of perceived depth may change spontane-
ously, even though there is no physical change in the stim-
ulus. Binocular disparity tends to disambiguate the depth
produced by motion parallax and KDE. It is interesting
to note that no further perspective views are required to
display a kinetic stereoscopic sequence (Evans and Hon,
2002). This is achieved by channelling a set of identical,
but out of phase, perspective images to each of the obser-
ver’s eyes. The combination of binocular disparity and
motion parallax allows the object to be viewed from differ-
ent viewpoints, thus revealing attributes of the object that
may not be evident in a simple 2D display.

To produce a smooth image rotation over sufficiently
wide angles suitable for security screening applications does
require a relatively large number of views. In this paper the
number of views under consideration is 15. However, ongo-
ing work is examining the possibility of extending the useful
angular range of the technique by using up to 32 views
although these studies are still in their early development.
The implementation of a large number of folded array
detectors presents several serious practical problems for
the construction of X-ray collimators and configuration of
dual-energy sensor modules. This problem is exacerbated
by the small angular increments, of the order of 1�, required
between each successive view and the physical bulk of the
sensor arrays. These physical constraints currently preclude
the development of a practical single pass imaging system.
The aim of the work presented in this paper is to synthesise
intermediary X-ray views to minimise the number of X-ray
sensors and associated hardware required for the collection
of the raw image data. If this can be achieved then the
world’s first single pass KDEX scanner can be realised.

2. Image synthesis

Several approaches are available to produce intermedi-
ary image views. Simple techniques do not account for
changes in the perspective, orientation and other properties
that may change between images. Significant research has
been conducted within computer science into the compari-
son of images and the generation of intermediary or alter-
native views from a sequence of images. Applications of
such research include video compression and stereoscopic
image synthesis. Correspondence problem constraints that
are commonly used for visible light images such as unique-
ness, continuity and pixel value (grey level or colour) con-
stancy often produce unstable results (Sobania, 2003;
Sobania and Evans, 2005; Zabih and Woodfill, 1994) when
applied to X-ray images. The search for corresponding
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