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ABSTRACT 
A problem common to automated assembly in manufacturing or in automated docking of spacecraft is angular and lateral 
alignment of components. A hybrid video system utilizing both conventional imaging and 3-D video moiré has been 
developed to automatically align a test target with three translational and two rotational degrees of freedom.  Alignment was 
demonstrated via computer controlled translation and rotation stages.  The video moiré system is operated in an error map 
mode, in which a structurally illuminated reference surface is used to chromakey the image of an identical structurally 
illuminated alignment target.  The output is a moiré image generated by the misalignment of the two surfaces; further 
processing indicates the degree and direction of the misalignment. The translation alignment error signals (x, z, zoom) are 
generated by conventional image processing operating on filtered or non-structurally illuminated images. In one design, 
translational and rotational alignments are handled by separate processors controlled by a single host, and might use 
synthesized images as reference: the off center and smaller image of a laterally misaligned and distant target can be zoomed 
and centered with respect to a synthetic image. In another design, the synthetic image is passed to the angular alignment 
program while translational alignment takes place, so that coarse angular alignment can proceed essentially in parallel with 
the lateral and range alignment.  Thus both sequential and parallel processing can be utilized to solve the alignment problem. 
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1. INTRODUCTION 
A problem common to automated assembly in manufacturing, automated pick-up of plug-in appendages in robotics, or in 
automated docking of spacecraft is achieving angular, lateral, and range alignment of components [1,2].  We have designed a 
hybrid video system utilizing conventional image processing for lateral and range alignment and using 3-D video moiré 
operating in the error map mode for angular alignment [3,4].  The laboratory breadboard demonstration system has been 
designed to automatically align a test target with three translational and two rotational degrees of freedom over a limited range 
of travel.  Several versions of serial and parallel processed operation are being developed. 

2. SYSTEM DESIGN 
The automated alignment system is made up of the following subsystems, as shown schematically in Figure 1 and functionally 
in Figure 2: 
(1) An illumination and video subsystem, which provides the structured and non-structured illumination. Image capture is 
done with two video cameras and a video capture board. 
(2) A target motion subsystem that comprises three perpendicular linear translation stages and two perpendicular rotation 
stages with driver motors and encoders. The motion system is based on a DSP card acting as host computer to dedicated 
motion control processors. 
(3) One computer that handles the linear and angular image processing and uses that information to command the stage 
motors through the motor driver card. This includes three dedicated motion control processors (off loading some of the 
control and feedback tasks from the main processor) and two separate boards for driving stepper motors. 
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Figure 2. Illumination, vision and motion control subsystems 
 
 
2.1.  Illumination and Video Subsystem 
The illumination subsystem is capable of illuminating two targets with both structured and non-structured illumination.  One 
target is the reference target and is used in achieving angular alignment. Several illumination schemes have been tried, 
including Michelson and Mach-Zehnder interferometers, as well as conventional grating projectors. Because of our 
experience with video moiré using interferometers as variable spatial frequency structured illumination projectors [5], our 
current test system uses a Mach-Zehnder interferometer simultaneously illuminated with a 100mW Argon-ion laser and also 
with a red filtered 20W tungsten-halogen lamp, as shown in Figure 3.  In this manner, the targets are simultaneously 
illuminated with green structural illumination from the laser interferometer combination and red unstructured illumination 
from the tungsten-halogen lamp. 
 
A monochrome video camera with a green filter views the reference target and a color camera views the movable target, also 
shown in Figure 3. The monochrome reference signal can be used to chromakey the target cameras green channel, which is 
the structurally illuminated image of the movable target.  Alternatively, the structured image of the reference target can be 
captured and the chromakey operation carried out in the image capture computer.  This operation generates a moiré pattern, 
which contains information about the relative alignment or error between the reference and moving target - basically the 
moiré contours are sections of the target surface with the reference surface [6,7]. This information is used to achieve angular 
alignment.  The red channel of the camera viewing the moveable target is the conventional (unstructured) image of the target 
and is used with conventional image processing to achieve lateral and range alignment. 
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2.2.  Target Motion Subsystem 
The target motion subsystem consists of a 5-axis computer controlled motion stage. The three (x,y,z) translational axes of the 
motion stage are driven by DC motors with encoder feedback, and the two rotations are driven by stepper motors directly 
controlled by the host computer. Each translational axis is driven by a dedicated motion control processor (LM 629 from 
National Semiconductor) that receives motion commands from the host computer via an 8+6 control and data bus (See Figure 
5). Each motion control processor generates a PWM sequence to drive the H-bridge (LM 18200 from National 
Semiconductor) that provides power to the corresponding motor. The motion stage is shown in Figure 4; the motion control 
architecture (for one translational axis) is depicted on Figure 5.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.  5-axis motion stage   Figure 5.  Motion Control Architecture 
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2.3.  Processing and Control Subsystem 
 
The image processing and control subsystem consists on a vision board (DT 3152 from Data Translation) and a DSP single 
board computer featuring the TMS320C67 floating point processor from Texas Instruments. Both cards are hosted on a 
Pentium III PC, with whom they communicate via direct memory access (DMA). The vision board captures frames from two 
different monochrome NTSC cameras, one for the reference and one for the moving target as shown in Figure 2. 
Alternatively, the reference image can be synthetically generated as described on Section 3.  At present we are using two 
monochrome cameras sequentially with color filters to process the red  (unstructured) and green (structured) target images. In 
the future, the target monochrome camera will be replaced with a color camera, and a color capture board will be used. 
 
The vision board passes image information at the NTSC standard rate (30 frames/sec) to the DSP board via a DMA channel. 
The DSP processor uses standard image processing techniques to estimate the target centroid location and its area (pixel size), 
and the Hough transform [7] to extract model parameters such as ellipse eccentricity and ellipse axes orientation from certain 
features on the structurally illuminated images.  Based on the image information, the DSP processor sends motion commands 
to both the dedicated motion control processors (x-y-z) and the rotational stages (stepper motor boards). 
 
 

3. SERIAL AND PARALLEL MODES OF OPERATION 

The alignment system utilizing synthetic images operates as follows: The color target camera acquires an image of the 
moveable target, and passes the unstructured image (red channel) to the image processing board.  The image centroid is 
located using conventional image processing techniques, and the target area is determined. The centroid location information 
is processed to give initial values for movement along the x and z axes (lateral alignment), and the target area (size) is used to 
determine the motion needed in the y (range) direction.  This information is passed to the driver cards for the x, y and z stage 
motors.  While the x-y-z stage motion is going on, the computer takes the x-y-z offset information and uses it to scale and 
translate the structurally illuminated target image (green channel) to generate a synthetic image which would approximate 
what the target would look like when it is in the correct x-y-z position. This synthetic image is then mixed with the structured 
reference image to give information on the angular misalignment. The mixed image is processed to generate the amount and 
direction of the angular misalignment, and this information is then passed to the DSP card for the pitch and yaw motors.  The 
cycle is then repeated. 
 
Next, in the serial mode of operation, the image capture board acquires the structured (green) image of the target.  This 
structured target image is mixed with the structured reference image to generate an error map moiré image. Image processing 
using the Hough transform [8] is used to find the orientation of the moiré ellipse axes, which gives information on which 
rotation axes are involved.  Processing also gives the moiré ellipse eccentricity, which gives information on how much 
derotation is necessary to achieve angular alignment.  Since the target is (probably) laterally offset and not the same size as 
the reference (due to range offset), there may be errors in the angular position. 
 
In the simplest mode of operation (serial mode), the x, y and z offset information is passed to the corresponding dedicated 
motion control processor, followed by commands to the stepper motor driver boards.  At each iteration a new color image is 
captured, and the process repeats until alignment is achieved. 
 
In the synthetic image or parallel-processing mode, the unstructured image of the target is located and its size is measured in 
pixels.  As described above, the location of the target gives a first pass at the amount of z (vertical) and x (lateral) movement 
needed, while the size measurement gives information about the y translation required (range).  The x-y-z offset information is 
passed to the corresponding motion control processors. At the same time, the information is used to modify (translate and 
expand) the structured image, and a synthetic image is generated which approximates what the structured target image would 
look like if the x, y, and z translations were finished and the target was in the correct x-y-z position (but not yet angularly 
aligned).  This synthetic image is mixed with the reference image and the resulting moiré is passed to the program (or 
processor) that determines the axes and amount of rotation needed to align the target.  This information is then passed to the 
DSP board that drives the rotation motors, thus achieving angular alignment while the actual translational alignment is going 
on.   After rotation is commanded, second and third images confirm the selection of axes and the amount of derotation 
needed. 
 
A more conventional image processing mode uses conventional image processing on the non-structured target image to find 
the x-y-z offsets, and then commands the movement of the translation stages to achieve lateral and range alignment.  Once this 
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is achieved, the system switches to the structured target image, which is mixed with the reference image to generate an error 
map moiré image. The Hough transform is used to locate the orientation of the moiré ellipse axes, which gives information on 
which rotation axes are involved.  The transform also gives the moiré ellipse eccentricity, which gives an approximation of 
how much derotation is necessary.  After rotation is commanded, second and third images confirm the selection of axes and 
amount of derotation needed. 
 
 

4. IMAGE PROCESSING AND MOTION CONTROL 
 
4.1.  Conventional Image Processing and Motion Control for Lateral and Range Offsets 
 
In all modes of operation, the image capture board acquires the unstructured (red) image of the target. Images streamed from 
the vision board are passed to the DSP card as matrices of integers. Conventional thresholding and segmentation are 
performed [8] to locate both the centroid and size of the target. The location of the target gives a first pass at the amount of x 
and z (vertical) movement needed from the current position, while the size measurement gives information about the y 
translation required (range).  
 
Absolute position of the translational axes is initialized when the machine is in the home position, defined by limit switches: 
the absolute coordinates x-y-z are measured as encoder counts from the home position. The lateral range of motion (x and z 
coordinates) are linearly scaled with the images, so that a given pixel location maps to an encoder count for each coordinate. 
After the target centroid has been located, the difference between the current value of its (x,z) coordinates and the reference 
values for x and z (in encoder counts) are used to calculate a motion command to be send to the corresponding motion control 
processors. On the other hand, the range (y coordinate) is adjusted by a zoom factor converted into encoder counts, estimated 
by the area ratio of target and reference images and the distance to the reference as measured in encoder counts from its home 
position. 
 
4.2. Processing of Moiré Images and Motion Control for Angular Offsets 
 
We start either when the image capture board acquires the structured (green) image of the target or when a synthetic 
structured image is generated from the captured structured image modified by the x-y-z offsets. This structured target image is 
mixed with the structured reference image to generate an error map moiré image. The Hough transform is used as a feature 
extraction algorithm to obtain least square estimates of the parameters of the elliptic contours from the moiré. Once the 
ellipses have been defined in terms of parametric equations, the orientation of the axes and the ellipse eccentricity can be 
calculated, which in turn gives information on the required rotations. 
 
 

 
 

Figure 6.  Moiré images of a cone misaligned around the vertical axis.  6(a): by 9°, 6(b): by 7° 
 
The target and reference objects were small white cones of 5.3 cm diameter and 2.5 cm. height. The first image (Figure 6a) 
shows moiré fringes corresponding to a target misaligned by approximately 9 degrees about the vertical axis. In Figures 6b, 
6c and 6d the corresponding moiré fringes are shown as the target was moved towards alignment by 2° per image.  The target 
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was then moved closer by 1.5° in Figure 6e, and is approximately aligned in Figure 6f (the fringes remaining were due to 
small differences in the size of the targets and their lateral position).   As the target was rotated closer to alignment, the 
rotation increment was made smaller but the image still clearly indicated the misalignment. 
 

 

 
 

Figure 6.  Moiré images of a cone misaligned around the vertical axis.  6(c): by 5°, 6(d): by 3° 
 

  
 

Figure 6.  Moiré images of a cone misaligned around the vertical axis.  6(e): by 1.5°, 6(f): aligned. 
 
 
As the alignment progresses, the Moiré contours become coarser and the apex of the ellipses move towards the center of the 
target. For large angular displacements, the target shape may be a better indicator of misalignment, allowing faster coarse 
alignment. After a certain degree of alignment has been achieved, we would switch to Moiré processing for the last few 
degrees.  
 

5. CONCLUSIONS AND FUTURE WORK 
 
We have designed an automated video driven 5-axis alignment system that uses a combination of structured and unstructured 
light. Both conventional and video moiré image processing are used to achieve the alignment.  The linear and angular 
alignment can proceed either in parallel, in series, or in an interleaved manner.  In one mode, synthetic images generated by 
the lateral and range offsets are used to expedite the angular alignment.  In all modes, intelligent motor driver cards off-load 
much of the motion processing. 
 
Future work will include an examination of tradeoffs between the various modes of operation and optimization of the 
software.  We also plan to try target shape processing to aid speeding up the angular alignment when there are large angle 
offsets, with a shift to moiré processing as the offset becomes smaller. 
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