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ABSTRACT 

In this thesis, three distinct disciplines are brought 

to bear on the problem of visual sensing in the control of indus

trial manipulators. Unlike the other relatively few vision related 

control approaches that have been reported in the literature, 

the ensuing analysis results in an integrated design approach that 

proceeds from the camera based measurements, through the computer 

based image processing, to the generation of a trajectory and the 

associated control inputs and feedback gains necessary for effi

cient tracking of the trajectory. To this end, a design model for 

a solid-state camera is presented in conjunction with a calibration 

scheme which allows a direct transformation of camera coordinates 

to manipulator base coordinates. A particularly fast algorithm for 

image interpretation is discussed and a hardware implementation is 

proposed for a 20 ms frametime, a considerable improvement over 

previously reported times. This is particularly important, as 

processing speed has long been an impediment to the use of vision 

as a feedback mechanism. Finally, currently available control 

techniques are examined in the light of vision related capabilities 

and a decentralized suboptimal controller is chosen and applied 

to the Stanford manipulator. Simulations of the integrated design 

result are performed and analyzed. 
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CHAPTER 1 

INTRODUCTION 

Current trends in the control of industrial 

manipulators are directed to creating mechanisms with 

expanded capabilities, particularly in the domain of 

sensory feedback and artificial intelligence. These 

attributes are directly related to a robot's ability to 

deal with the unexpected, and often results in a device 

which is simpler to operate, more adaptable and more 

versatile in the industrial workplace. The addition of a 

computer vision system to an industrial manipulator can 

significantly reduce the requirements on the structure of 

the environment, the position and orientation of the 

workpieces and hence a reduction in overhead for special 

jigs currently necessary for ordered presentation of the 

workpieces to the manipulator. 

The critical components in a visually directed 

manipulator are the camera, or imaging system, the image 

processing hardware and software, and the manipulator 

itself, as well as its control hardware and software. 

Solid-state cameras, such as Charge Coupled Devices (CCD), 

are a relatively recent development and are still 

undergoing significant changes and improvements in both 

1  
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the size of the imaging arrays and the quality of the 

image. Image processing systems are exhibiting greater 

speed and accuracy due to algorithm refinements, new 

system architectures and the advent of ever faster 

computer hardware. Interest in the development of robots 

has greatly increased in recent years due to skyrocketing 

labor costs and the augmented precision of automated 

manufacturing. New prototypes range from simple cam 

operated mechanisms to computer controlled models equipped 

with visual and tactile sensing,, which require 

sophisticated control schemes and artificial intelligence 

in order to reap all the rewards that these complex 

devices can provide. 

Surprisingly little has been done at the 

integrated systems level. Developers view visual sensing 

as an expensive accessory rather than a critical control 

component. The result is a machine that is difficult to 

use, inefficient and slow. Current research continues 

along the same segmented lines. The image processing 

field, of which real-time industrial scene analysis is 

just a small part, continues to generate ideas at an 

accelerated rate. The many different approaches that are 

currently being explored are too numerous to mention. 

However the paper by Gonzales and Safabakhsh (1982) 

provides an extensive list of references and an up to date 

account of current research directions. In particular, 
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they cite some of the recent attempts to use visual 

information -for robot control to be discussed shortly. Fu 

(1982) describes some of the very successful computer 

vision techniques that have been developed for visual 

inspection tasks. These will not be treated here but are 

mentioned due to their wide acceptance in industry and as 

proof that computer vision can be a cost effective 

solution in the industrial environment. 

Although somewhat less explosive, but increasingly 

more popular, is the work being done in the field of 

control of robotic systems. In this regard, reference can 

be made to an excellent and comprehensive text by Paul 

(1901) and two excellent review papers recently published 

by Lee(1982) and Luh(19S3). Lee gives an informative and 

relatively detailed exposition of the prime considerations 

in robot control, whereas Luh treats the subject of 

robotics in a more cursory and comprehensive fashion. 

Both demonstrate the diversity of efforts spawned by 

extensive research activities. 

It should be noted, that although there exist?; a 

wealth of reference material concerning the control of 

manipulators or computer vision techniques, there are 

relatively few references regarding work that incorporates 

both into an integrated manipulator control design. It 

would appear that the present consensus is that, given a 

better and faster computer vision system, a better 
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computer, and a better control algorithm, then the result 

will be a better visually directed manipulator. The 

reason for the prevalence o-f this philosophy can best be 

understood by considering the work o-f Holland et al. 

(1978) and Shirai and Inoue (1973). The Consight I system 

of Holland is depicted in Figure 1. Note the distance and 

time between detection of the part and handling. This was 

necessary due to the required processing time which has 

long been the culprit in the. proliferation of the 

aforementioned philosophy. This same problem is evident 

in the work by Shirai and Inoue, requiring more than 80 

seconds to place a block in a slot. More recently 

processing times have been significantly reduced as 

related in the article by Luh (1983) which gave about 1 s 

as the required processing time for an image using the MIC 

vision sytem VS-100. Thus current visually directed 

manipulators assume the approach of Saridis and Lee (1979) 

and Saridis (1983) acquiring information quickly 

concerning the identity, location, and orientation of the 

workpiece and then using this information to compute the 

desired configuration of the manipulator gripper. Workers 

at the National Bureau of Standards (NBS) have recently 

issued a series of very fine papers on vision, control and 

visual feedback control as related to industrial 

manipulators. These include such advanced concepts as 

hierarchical supervisory control ( Barbera, Fitzgerald and 
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FIGURE 1 The Consight I system. 
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Albus, 1982 and Kent,1982), 3-D vision (Shneier,1982) and 

the CMAC control algorithm developed by Albus (1981). In 

this application, the camera has been mounted on the 

manipulator wrist and special lighting is used to acquire 

3-d i. men si anal information concerning the object to be 

handled. Actual control is based on a parameterisat:Lon 

and interpolation scheme based on models of the brain's 

coordination processes. To date, with the exception o-f 

the NBS system, no one has attempted to fully exploit scsme 

of the most salient features of vision, this being its 

ability to make adaptive corrections in the manipulation 

process to compensate for modelling and calculation 

errors, in other words to use visual feedback in the 

control of an industrial manipulator. 

It is the goal of this thesis, to bridge some of 

these gaps left by previous researchers, the principal gap 

being the absence of an integrated design approach that 

would lead to the effective use of all available 

resources. This will be accomplished by examining 

currently available components and techniques in light of 

the vision problem and then choosing that which best suits 

the application's requirements, and then designing a 

system which makes full use of these capabilities. Thus 

vision becomes an intimate part of the design and control 

process. The viability of this approach to the control of 

an industrial manipulator is supported by simulations 
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performed using parameters for the Stanford manipulator. 

The details will be left to the remainder of this work. 



CHAPTER 2 

SOLID STATE IMAGING FOR VISUALLY DIRECTED MANIPULATORS 

The basic components of a vision based control 

scheme are a camera, or imaging system, a system to 

perform image analysis and the mechanical manipulator 

itself. An integrated design approach must consider the 

effects of one component on another and hence this chapter 

is intended to discuss only those details associated with 

the functioning of the system and not as a guide for solid 

state camera design. In particular, the manipulator is 

dependent on information provided by the imaging system 

and any inaccuracies or any sizable delays initiated by 

the vision system will be propagated to the mechanical 

system with potentially disastrous results. Hence, the 

imaging system's ability to map points external to the 

camera, reliably and efficiently, with respect to a fixed 

reference is of prime importance. Vakimovsky and 

Cunningham (1978) and Thompson (1981) have discussed this 

problem from a geometrical viewpoint and provide a very 

complete and lucid account of calibration requirements and 

geometrical considerations in a generalised context. 

However, they have ignored some of the more practical 

design considerations. It is the purpose of this section 

8  



to examine these additional design criteria in conjuction 

with the geometrical ones as applied to imaging for 

visually directed manipulators. 

2.1 Solid-State Camera 
as an Imaging Device. 

Broadly speaking, there are two distinct classes 

of cameras. These are electron scanning devices (ESD) 

such as vidicon or orthicon cameras and solid state 

imagers (SSI) such as charge coupled devices (CCD), charge 

injection devices (CID), and self scanning photodiode 

arrays. In regards to robotic applications the SSI 

maintains a decided edge in suitability possessing the 

advantages of high geometric stability, lightweight, 

ruggedness, low power consumption (less than ten watts), 

low operating voltages and h-snce can be easily interfaced 

with standard logic elements. However, these devices 

typically suffer from fixed pattern noise that often 

requires additional processing to improve image quality. 

CCD cameras are a relatively new technology and hence one 

must assume that the inherent image quality will continue 

to improve. In any event the advantages of the SSI far 

outweigh the disadvantages and hence only SSIs will be 

considered here. 

It is assumed that the quality of an image has a 

profound impact on the accuracy and precision of a 



measurement based on that image. The quality of the image 

depends not only on the detector array (in other words the 

SSI) but on the lens as well. So in order to properly 

assess the effect of imaging with a solid state detector 

both elements must be considered. The mosaic-like 

detector array represents a problem in two dimensional 

spatial filtering and one dimesional optical filtering. 

The design of a lens systems is the common domain of 

geometrical optics. In the first instance, one is 

referred to the text by Beynon and Lamb (19B0) and in the 

second instance, to the text by Hecht and Zajac (1974). 

It will suffice in this thesis to note that there is a 

real limit to the resolution and area of an image that can 

be furnished by a given camera and hence errors in vision 

based measurements, due to image aberrations, are not 

necessarily vanishingly small. 

2.2 Optical System Design as 
Applied to Manipulator Tasks 

Ignoring the filtering problem cited in the 

previous section there are more fundamental geometric 

considerations that prompt the design of an imaging system 

and determine its limit of resolution. Since a SSI array 

consists of a finite number of detector elements there is 

a lower limit to the resolvable distance between two 

points of a viewed object. This results in a quantization 
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of the visual workspace that turns out to be dependent on 

the internal geometry of the camera, such as the detector 

size, focal length, angle of view and number of elements 

in the array. These parameters have been ignored by the 

authors cited in the beginning of this chapter despite 

their importance in determining the overall configuration 

of the system. The precise definition of these parameters 

are included in the fallowing paragraphs and represented 

in Figure 2. Their importance to this discussion also 

fol1ows. 

Referring to Figure 2, the following design 

parameters can be defined: 

1) Magnification- M = Hi/Ho 

2) Resolution- W = 2Ho/N„ where N equals the 

number of pixels per distance 2Hi. 

3) Viewing angle- tan (a/2) = Ho/So = Hi/Si, 

where So is the axial distance between the object point 

and the center of the lens and Si is the axial distance 

from the image point to the center of the lens. 

These parameters determine the size of the object which 

can be viewed without scanning and more importantly, any 

two points that are closer than the distance W may or may 

not be distinguishable. The result is an error which is 

ineradicable and must be accounted for in the control 

design if it is hoped that vision based measurements be 



used in a feedback loop. When considering a given 

application these parameters must not be ignored, 

particularly the effects of the finite spatial sampling 

period on both the image quality and the limit of 

resoluti on. 

Once again it should be emphasized that these are 

only preliminary considerations in the design of an 

imaging device which is actually a much more involved and 

intricate problem. Light levels, aberrations, mounting of 

the detectors, and filtering are all important 

considerations in the implementation of any vision related 

design. But the design can only hope to realize, at best, 

the geometric characteristics outlined above. 

2.3 Position Measurements with a 
Solid State Camera 

Geometrically, the next problem arises as one 

attempts to fix the camera with respect to a workplace or 

some predetermined reference point in order to guarantee 

sufficiently accurate measurements based on the position 

of points in the image. Beyond needing an accurate image, 

one requires a geometrical model of the camera and its 

field of view which will allow the determination of the 

absolute and relative position of points in the field of 

view. The same model must provide the means to calibrate 

the system, to remove the "slop" from the system. The 
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goal o-f this section is to develop such a model and devise 

the means by which it can be calibrated. 

Consider the model in Figure 3. The solid state 

detector is a two dimensional device and hence is 

represented by a two dimensional surface. The viewing 

space is a volume equal to the field of view times the 

depth of field. This three dimensional space must be 

mapped onto a two dimensional surface, so that one has the 

problem that N colinear points, Pn, that lie on one of the 

chief rays of the lens will all be mapped ontca the same 

image point <i, j ). It. is desired, of course, that there 

exist a one-to-one relationship between the image points 

and the points in the viewing space. There is no single 

solution to this problem and hence several passible 

solutions will be discussed, but. first the problem will be 

posed in a more rigorous fashion. 

Figure 4 represents a working model. The defined 

quantities are: 

f = O'C, the focal length. 

A is the aiming vector and originates at the center 

of the lens and is coincident with the optical axis. 

V and H are mutually orthogonal vectors that are 

orthogonal to A. 

0 is the fixed point in the base of the robot 

representing the origin of the Xo,Vo, and Zo system. 
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C is the vector OC. 

P is the vector OP. 

D is the vector CP. 

i,j are the coordinates of the image point of ray CP. 

The vector relation de-fining the image plane in the base 

system of coordinates is : 

C - fA + iH + jV 

so that once C,A,H and V are known with respect to the 

base coordinates then the position of the image and 

consequently the object can be precisely determined. The 

goal of the following analysis is to be able to express 

the location of the point P in robot coordinates based on 

its image plane coordinates, i and j. To begin, consider 

vector D in camera coordinates, where it can be written, 

D = DaA///A//+ DW///W/+ DhH///H // 

such that Da, Dv, and Dh are the projections of the vector 

D onto the axes A,V, and H respectively. By using similar 

triangles the following transforms can be written, 

i = fDh/Da 5 j = fDv/Da 

This leaves two quantities to be determined and these are 

Da and the vector P. The determination of P is fairly 

straightforward once C,A,V,H, and D have been determined, 

in which P can be expressed as, 

P = C + D . 

There still remains the problem of Da, which, in effect, 
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is the range along the optical axis -from the center of the 

lens. As mentioned earlier, there are many ways to 

measure the range and hence they will not be treated in 

great detail here. The list includes the following: 

1) Placing a plane orthogonal to the axis at some 

distance from the lens, in other words fixing Da. 

2) An autofocussing method, which employs a camera 

design with a movable lens and a limited depth of field. 

3) Parallax shift is another method requiring two 

different views with respect to some fixed distance in the 

background, 

4) Structured light provides another scheme, 

requiring the use of a calibrated light source projected 

onto the scene. This is the method employed by the NBS 

manipulator control system. 

5) A fifth possibility is the use of a calibrated 

image requiring that an image (logos, stamp, bar code, 

etc.) be placed on a workpiece, with sufficient contrast 

and visibility, and in a known position and orientation. 

6) Stereo vision requires two cameras. In addition, 

both images must be processed and analyzed requiring time 

intensive logical operations. 

More details on these methods are contained in the.paper-

by Thompson (1981). These are not the only methods for 

determining range, but these represent several of the most. 



popular image based range measurements. 

Now that the determination of Da has been treated, 

the other quantities, namely, the vectors A, C, H, and V 

can be considered. These vectors represent a problem in 

calibration where each vector requires the specification 

of each of its components in the base system coordinates. 

In other words, there are four, three dimensional vectors 

and hence twelve parameters to be determined, requiring a 

minimum of twelve independent relations and hence twelve 

calibration points. A method employing a minimum of 20 

points using a least squares fit is presented in the paper 

by Yakimovsky and Cunningham (1978) and thus will not be 

presented in detail here. The important aspect of this 

treatment is that it allows an optimal determination of 

the necessary parameters and a reasonable estimation of 

the errors incurred. If these are within the bounds of 

the imaging errors determined in earlier sections then no 

further iterations are necessary. Hence, the problem is 

solved and there remains only the problem of how objects 

are recognised and how their orientation and location are 

determined from the two dimensional image. This will be 

the subject of the next chapter which continues the 

integrated design process by considering the image 

interpretation component of the system. 



CHAPTER 3 

MANIPULATOR TASK ORIENTED IMAGE PROCESSING AND ANALYSIS 

Whereas the previous chapter discussed imaging and 

calibration errors that must be considered in relation to 

the control design problem, this chapter is concerned 

primarily with the time element in the design of control 

systems. Specifically, what is the minimum delay that can 

be expected as a result of the image interpretation 

process. This value determines the minimum sampling 

period in the case of direct visual feedback control which 

is a prime consideration in any control design. This 

discussion begins by briefly identifying fundamental 

design considerations associated with the image 

interpretation process. The process itself is outlined 

and a hardware implementation is considered that 

emphasizes the concurrency which is inherent to the image 

interpretation algorithm. A somewhat detailed examination 

was necessary since available vision processing systems 

were far too slow. Thus the time based analysis 

associated with the hardware implementation will be an 

essential part of this chapter. 
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5.1 System Requirements 

Principal considerations in the implementation o-f 

an image interpretation system are the camera, already 

discussed, the geometry, or how and at what angles the 

objects are viewed, the illumination and the system 

architecture. A more detailed discussion o-f these 

considerations can be -found in the paper by Gonzales and 

Safabakhsh (1982). Here it is noted that these items, 

with the exception o-f the system archi tecture, can be 

critical to the success o-f any high speed image analysis 

process since they can be con-figured to give a relatively 

noise -free image, with su-f-ficient contrast between the 

objects o-f interest and the background, so that they can 

be distinguished, one -from the other, without the need -for 

time consuming image processing operations. It will be 

assumed that this condition has been met in the -following 

analysi s. 

5.2 Scene Analysis and Feature Extraction 

The method of scene analysis which will be treated 

here is known as "binary segmentation". It has been shown 

to be very e-f-fective provided that the conditions stated 

above have been met. The procedure itsel-f includes -five 

main steps. The -first is thresholding, which requires 

that a threshold be set -for which, those pixel values 

below the threshold are given the value zero and those 



above, the value one, the end result being a binary image. 

The next step is connectivity analysis via component 

labelling which uses a nearest neighbor classifier to 

determine which pixels belong to which connected groups of 

pixels, each of these groups being referred to as a blob 

and typically representing an object or pertinent feature 

in the scene. The classifier in this case is a 2x2 window 

situated as in Figure 5. This window considers the 

connectedness of pixel A which is dependent on the binary 

values of pixels B,C, and D and hence on the decimal value 

of the 4 bit word WSTATE formed as in Figures 6a and b. 

The third step requires the calculation of certain 

descriptors such as the moment, centroid, area, perimeter 

etc. for each of the blobs. These descriptors are then 

correlated with those of previously stored models which 

represents the identification step. The fifth and final 

step uses a model of the identified object and the 

previously calculated statistics to determine the 

orientation of the object. The principal advantage of 

this method is that the calculations can be performed 

concurrently with the connectivity analysis in a single 

raster scan. The advantage of using a binary image is 

that operations are logical rather than numerical allowing 

for increased processing speeds. Also, the high level 

description that results greatly simplifies the 
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identification and orientation process. Actual details of 

how this is accomplished are included in the paper by 

Cunningham (1981). Additional details will be introduced 

in the next section, regarding the hardware implementation 

of this algorithm 

3.3 Concurrency and High Speed 
Hardware Implementation 

This is the final section of this chapter and 

discusses primarily the hardware implementation of the 

computer vision system which was designed with the idea of 

profiting from any parallel or concurrent processes in the 

segmentation or identification algorithms. The critical 

parameter in the ensuing analysis is time, in particular, 

the minimum possible sampling time without loss of 

information. This time is highly dependent, on several 

factors. One of these factors is the resolution, which is 

related to the size of the array or number of pixels 

employed to represent a defined area as pointed out 

earlier. In order to maintain a certain degree of 

versatility a 256x256 array has been chosen. The speed is 

now a byproduct of two previously defined criteria. These 

are the image processing algorithm and the image 

processing architecture. Regarding the first, it has been 

decided that binary segmentation combined with the 

calculation of certain descriptors during the image 

analysis offers the greatest advantages with regard to 
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speed. Development of the hardware design will proceed in 

three steps beginning with the determination of state and 

connectivity analysis, followed by the calculation of the 

descriptors, and terminated by considering the routing of 

information during the concurrent operations of these 

processes. Higher level tasks (identification and 

orientation) will also contribute to the total design. 

Reference will be made to Bipolar Microprogrammable Bit 

Slice devices CAM2900 family] in order to arrive at 

approximate cycle times. This design will then serve as a 

model for a final temporal analysis of the total 

transition time from the low level description (256x256 

pixels) to the high level description (identification, 

location, and orientation). 

Before beginning an in-depth analysis of the 

hardware, consider the system architecture displayed in 

Figure 7. The system consists of three special purpose 

processors, a camera controller, and an off-the-shelf 

supervisory microprocessor with a high speed math chip for 

floating point operations. The image processor performs 

very simple and repetitive operations on the serial data 

flow. The inputs to the processor consist of the 

formatted video data. The formatting consists of pixel 

coordinates (I,J) and is assumed to take place in the 

camera controller. The image processor is also controlled 



by the supervisor, which selects the threshold used to 

convert the digitised image into a binary image, which is 

the output of the image processor component. This is the 

beginning of the real bottleneck, that is, the passage 

from a low level description to a high level description. 

It is this part of the system hardware which will be 

discussed in detail due to its novelty and its importance 

in determining the processing rate. 

As stated, the first task in this process is the 

determination of the state or the formation of the 4 bit 

word WSTATE. The hardware implementation of this task is 

somewhat different than typical software methods described 

in the paper by Cunningham (1981) where a 2x2 window moves 

across the array from left to right and from top to 

bottom. The following scheme keeps the window fixed and 

moves the data in the opposite direction. This concept is 

illustrated in Figures 8, a to c. Figure 8a shows how the 

binary serial data is connected line by line for lines J 

and J-l and how the cell is situated with pixel A (line 

J,column I) as the current pixel. Figure 8b shows the 

same two lines after a single pixel has been shifted out.. 

Figure 8c shows how a continuous 512 element digital shift 

register (DSR) might be arranged on silicon with the 

appropriate taps for determining the state. The delay 

incurred between the pixel output from the camera to the 
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state determination for a 3MHs clock would be less than 

.15 ms, insignificant with respect to the total frame 

time. 

The connectivity analysis requires that.the 

character of each state must now be examined in detail, in 

particular the results it must produce. For the sake of 

brevity these details have been tabulated and are found in 

Table 1. It should be evident from the formation of the 

2x2 cell why the statistics associated with pixel A are as 

such and that states 8,9,12,, and 13 are the beginning of a 

new run while states 7,6,3, and 2 signal the end of a run. 

In general, from this table it can be seen that each state 

requires only a few steps to be performed, the calculation 

of a few statistics and the storing of a few values. Some 

of these results can be produced concurrently since they 

depend only on the present state. Others require 

additional analysis, thus it is sometimes neccesary to 

perform several sequential tasks for certain states, such 

as the boundary states mentioned earlier, during a single 

pixel cycle, so that the continuity of the image is not 

interrrupted. This requires that the pixel cycle be some 

integer multiple of the image analysis machine cycle time, 

which shall be referred to as a microcycle. In this case 

the pixel state which requires the maximum number of 

microcycles will determine the pixel rate of the camera. 
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TABLE 1 State Deoendent Contributions to Descriotors and 
Required Actions 
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Calculation of the descriptors proceeds concur— 

rently with that of the connectivity analysis. The image 

analyzer must contain an arithmetic logic unit (ALU) for 

each of the descriptors having the basic form of Figure 9. 

Each ALU contains its own local memory where it stores 

partial results according to the blob's address which is 

assigned as each new blob appears in the image. Inputs to 

the device are descriptor dependent and a list is found in 

Table 2. Those values requiring some sort of calculation 

will be accessed via a table locsk up as shown in Figure 

10. The size of each ALU would be determined by the 

nature and expected accumulated values of the descriptors. 

Operation for a run or sequence of object values would 

proceed in the following manner: The zero to one 

transition clears the accumulator. The next step is, to 

repeatedly sum the accumulator with the input at the A 

port which is determined by the state and the pixel 

address as per Table 2. The final step, occurring at the 

end of the run,, is to add this to previous partial results 

or UPDATE the blob records. This is a two cycle process 

requiring a fetch and a sum/store. An eight bit ALU 

design is shown in Figure 11 for which typical cycle times 

are listed at about 90 ns. 

There is one pitfall that is not evident in the 

previous analysis, that is, it ignores the routing of 
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TABLE 2 Calculation of Descriptors 
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information and control signals. Referring back to table 

1 it should be evident that some states require very -few 

actions to be taken, in general however each state 

requires that several intermediate statistics be 

calculated during a run, in addition to an UPDATE at the 

end of each run, which must combine these intermediate 

values with those of previous lines on a per blob basis. 

Thus it should come as no surprise that those pixel states 

which signal the end of a run will set the pixel rate. It 

is the object of the following discussion to ascertain 

that unrealistic assumptions not be made regarding the 

availability of information. But before pursuing that 

analysis the additional variables mentioned in Table 1 

which are necessary to the realisation of this design must 

be defined. This, in conjunction with the role that they 

play in the segmentation process will be the subject of 

the next paragraph. 

The following parameters are of considerable 

interest to the connectivity analysis which will be 

realized in hardware. They are: 

BB- This is the address of the blob to which pixel B 

belongs. 

BLOBN- This is the address of the next blob to appear 

CURB- This is the address to which the pixel A 

belongs. It is assumed to be CURB unless one of the 
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nearest neighbors has BB already assigned to it. 

NB- This is a one bit flag which is set at the 

beginning of each run and is reset when the current series 

of ones is assigned to a predefined blob. 

BB is the result, of information stored during the analysis 

of the previous line. Thus some provision must be made 

for the storing of the current blob address assignments 

and for accessing the previous line assignments. The 

design in Figure 13a is proposed based on the flowcharts 

of Figures 12a and b. Referring to the flowcharts and 

Figure 13a, it can be seen that there are at most three 

operations necessary. They are l)fetch BB, 2)set CURB and 

3)store CURB. A worst case would require that all three 

be accomplished in one pixel cycle requiring three machine 

cycles. It should be noted that CURB is available to the 

rest of the system shortly after the beginning of the 

second microcycle. Both the J and J-l controller operate 

by counting positive transitions and incrementing the 

address accordingly. In order to demonstrate the 

functioning of this image analyser, consider the worst 

case sequence represented below. 

— ' @ ~ ^ ® — —  
Control lines for this sequence are shown in Table 3. 

These refer to Figures 11 and 13a (Bee appendix B for 
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relevant details concerning the AM2901C). The basic 

system architecture for a bit-slice implementation with 

the designation of the microcontrol word and fields are 

pictured in Figure 13b. Note that a maximum of three 

machine cycles are necessary to achieve the necessary 

analysis and UPDATE of the statistics. It can also be 

shown that this is true in general and that a typical 

machine cycle time for a bit-slice controller consisting 

of a micro-sequencer, a micro-program memory, and a 

pipeline register would be approximately 110 ns which when 

multiplied by 65,536 pixels results in a 21 ms frametime. 

Due to the simplicity of these operations an improvement 

in speed could be achieved by hardwiring some of the 

controls cutting the cycle time in half. This would place 

the lower limit at 10 ms for the feature extraction 

algorithm. Once the blob statistics are calculated the 

supervisor compiles the blob statistics and loads them 

into the identification special purpose processor. It can 

be shown, using the NS1600 family of 32 bit 

microprocessors as a benchmark, that the identification of 

16 objects out of a possible set of 25 could be 

accomplished in less than 16 ms. And once an object is 

identified the tracking process as discussed in Shneier 

(1982) requires considerably less time. Thus for the 

entire process, image to location and orientation, a 20 ms 
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TABLE 3 Control Lines for the Sequence of States 13, 3, 8. 
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•frametime on the average is not unreasonable. Referring 

back to the motivation -for this chapter, it can be 

concluded that considerable improvement is possible in 

processing speeds to an extent where a minimal delay o-f 

ms results -from using computer vision to determine the 

position o-f a robot arm. This in conjunction with the 

errors introduced in chapter 2 are two o-f the essential 

ingredients in a control design using direct visual 

•feedback. The third essential ingredient introduced by 

visual sensing is that o-f spontaneity, the details o-f 

which shall be relegated to the next chapter. 



CHAPTER 4 

THE CONTROL OF A VISUALLY DIRECTED MANIPULATOR 

Up to this point our discussion has been primarily 

vision oriented. It has been our desire to determine the 

related effects of using a computer vision system to 

perform two tasks, 

1) To identify the surroundings and hence allow the 

determination of a trajectory, 

2) To track the movement of the manipulator and hence 

furnish direct visual feedback. 

The results of the preceding discussion are, 

1) Certain errors are inevitable in the position 

measurements (Chapter 2), 

2> A minimum time delay in the visual feedback loop 

of 20ms can be anticipated (Chapter 3), 

3) The trajectory is not determined until the initial 

image is analysed (spontaneity). 

We would now like to look at the problem of controlling an 

industrial manipulator based on these results. A prime 

consideration is that we do not sacrifice the versatility 

gained by the inclusion of this system while designing the 

control structure. The computer vision system, as pointed 

out earlier, allows the on-line identification, location, 



and orientation of randomly oriented workpieces. Given an 

appropriate model, the CVS can furnish the location of the 

object and the orientation of a handling vector with 

respect to some fi;<ed coordinate system residing in the 

base of the manipulator. So at this point, the 

manipulator must move from its present configuration to 

the desired configuration. It must accomplish this in 

some finite time, Td, which is usually as fast as 

possible, in a controlled, efficient manner. In order to 

accomplish this task voltage signals must be sent to the 

individual electromechanical actuators (one per joint.) 

which in turn generate the movements, in joint 

coordinates, required to accomplish this task. Exactly 

how this can best be achieved, without, causing an 

excessive delay while computing the control voltages, will 

be the subject of this final chapter. 

We will begin by examining the kinematic relations 

between the viewed coordinate system and the manipulator 

joint coordinates and examine the concept of coordinated 

movement. We will then proceed to develop the same 

kinematic relations for the Stanford manipulator which we 

shall use as a model for illustrating the ensuing 

computational methods and this will form the second part 

of this section. Before designing a control system, we 

must understand the dynamic behaviour of the controlled 



system, that is, given a prescribed motion, what are the 

torques and -forces which we must generate to produce this 

motion? The third part of this chapter will examine many 

different control schemes that have been applied to 

robotic manipulators and determine which is the most 

suitable for this application, that of the visually 

directed manipulator. 

4.1 The Kinematic Problem 

As stated earlier, manipulator control will be 

reduced to three separate but related problems, the 

kinematic description, the dynamical description and the 

control structure. Qur approach to the kinematic problem 

begins with the specification of a few fundamental 

concepts regarding robotic manipulators. A robotic 

manipulator is an example of an open loop kinematic chain, 

whereby each link represents a single degree of freedom 

and one end is attached to a base link and the other end 

is free to assume any position within the mechanical 

constraints (work envelope) of the chain. A degree of 

freedom can be specified as one of a number of quantities 

which must be determined in order to determine the 

velocities of all particles in a system for any motion 

which does not violate the constraints. The position and 

orientation of a rigid body free to move about in space 

can be determined by specifying six coordinates (three 
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translational and three rotational). As seen in Figure 

14, we can specify these quantities for a given object by 

first specifying the position of the center of mass, 

represented by F'cm, with respect to some fixed coordinate 

system and then specifying the orientation of the object 

as a succesion of three rotations of a coordinate system 

that is fixed to the object about three axes which are 

parallel to the externally fixed system axes. Once all of 

these quantities are specified then any point on the 

object whose position is defined in the fixed body's 

coordinate system has its position uniquely defined in the 

fixed coordinate system as well and is found by performing 

a simple matrix multiplication. The required coordinate 

transformation matrices are discussed in detail in 

Paul(1981). 

This thesis will consider a manipulator with six 

degrees of freedom, sufficient for most industrial tasks. 

Typically three degrees of freedom are associated with the 

position of the "wrist" and the other three with the 

orientation of the hand or gripper. Hence in our case a 

manipulation requires merely that we reposition the wrist 

from an initial point to a final point Fy , where is 

chosen in a way that will allow us to orient the hand in 

an unrestrained fashion to its desired final orientation. 

If in addition we require that the transfer of the 



manipulator -from the initial con-figuration to the -final 

one occurs in some allowed time, Td, then the kinematic 

problem is posed. A simple solution is that of "servoing" 

each of the links to its final configuration with no 

attention to the path it follows or to its intermediate 

configuration. If this behavior is acceptable then it is 

always possible to furnish the manipulator with 

sufficiently powerful actuators in order to satisfy worst 

case demands. However, this method of control severely 

limits the versatility of the manipulator, is often very 

inefficient, and could possibly result in destructive 

behaviour. Its advantage is its simplicity since it 

requires no further analysis regarding its variable 

structure. A more desirable alternative is to specify a 

given path (such as a straight line or a parabola) which 

joins the two endpoints which the manipulator must follow. 

This type of coordinated motion allows for rather 

sophisticated movement such as the transfer of an open 

container of liquid. However, this kinematic approach 

requires several uniquely defined coordinate systems, 

manipulator joint coordinates and world coordinates, which 

are typically related by very complex and nonlinear 

transformations. In general, "world coordinates" is 

intended to represent a system of cartesian coordinates 

that are fixed in the base of the manipulator. Joint 



coordinates on the other hand are dependent on the 

structure of the manipulator. The transformation between 

the two systems requires a very precise -formulation and 

analysis o-f the manipulator's variable structure. For a 

detailed discussion one is referred to Paul (1981). Df 

greater concern is the computational burden of 

trans-forming a cartesian path into time dependent joint 

trajectories. 

•nee again, let us begin by establishing a clearly 

defined goal: Given a prescribed trajectory for the wrist 

and hand of an industrial manipulator in world coordinates 

to find the necessary joint velocities. This is known as 

the inverse kinematics problem. Three different solutions 

have been considered. These are the inverse Jacobian and 

a geometric method discussed extensively in Paul(1981) and 

a method described as parameterization in Raibert (1979). 

The method proposed by Raibert is far more efficient 

since it involves calculations made off-line and table 

look up on-line. However memory requirements are 

unrealistic for dimensions higher than three. The inverse 

Jacobian method is the most direct but is computationally 

intensive when compared to the geometric method which 

arrives at a reduction in computational requirements 

through the use of geometrical relations particular to the 

manipulator. The result of using the geometrical method 



results in the complete specification of all six joints in 

less than 0.3B ms per iteration. As for computing joint 

velocities this could be accomplished either by writing 

the analytic expresssions using implicit differentiation 

of the geometrical relations or, as in this case, the use 

of numerical differentiation is examined requiring, 

practically no additional time. The result of this 

combination is the.complete specification of the nominal 

trajectory, positions, velocities, and accelerations in 

joint coordinates in less thn 50 ms for 100 iterations 

which for a one second trajectory results in a partition 

of 10 ms per step. One drawback is that numerical 

differentiation produces some error, however simulations 

have demonstrated that using a central differencing scheme 

and forcing the boundary conditions resulted in relatively 

small errors for this step size. If one is concerned only 

with the wrist positioning problem then the other methods 

cited would be acceptable but slow. Since in this 

instance the goal is to reduce the computational delays as 

much as possible the choice is obvious. It remains to be 

seen if the control structure can cancel the errors 

introduced by the numerical differentiation. 

4.2 The Dynamical Problem 

The dynamic description of open loop kinematic 

chains is a vast and complex problem. The problem 



involved here is one of computing the inverse dynamics, 

that is, given the joint velocities, positions, and 

accelerations what are the forces and torques required to 

generate this trajectory. In addition, the presence of 

vision imposes the constraint that these torques be found 

in a reasonable amount of time, for example one second. 

This is an all inclusive delay, in other words, it 

encompasses the computation of the trajectory as well. A 

reasonable assumption for the specification of the 

cartesian and joint trajectory would require approximately 

100ms, 20 ms for the vision system's determination of 

endpoints and 80 ms for the determination of the 

intermediate positions, velocities and accelerations. 

There remains approximately 900 ms for the remainder of 

calculations which includes the torques and forces for the 

100 intermediate points. 

There are three standard methods for formulating 

the dynamical description of robotic manipulators. These 

are the Lagrange-Euler, Newton-Euler, and the General 

Theorems methods. These methods are discussed in the book 

by Vuhobratovic and Stokic (1981). Once again we are 

motivated to find the most computationally efficient 

method of solving the inverse dynamics problem. The paper 

by Hollerbach (19B2) discusses precisely this aspect. He 

finds that the method outlined by Luh, Walker, and Paul 
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(1980) to be the most efficient exact method having an 

average execution time of 4.5 ms per iteration, thus 

requiring only 450 ms to compute the necessary torques for 

a planned trajectory of 100 points. This method is the 

obvious choice and is outlined briefly in the next 

paragraph. 

version of the Newton-Euler method which refers forces and 

moments to fixed body coordinate systems. The 

Newton-Euler method itself consists of two processes, a 

forward recursive transformation of velocities and 

accelerations from the base link to the gripper, Eqns. 1, 

and a backward recursion, Eqns. 2, which begins by 

calculating the forces and torques on the gripper and then 

propagating these forces back to the base link calculating 

the forces and torques required at each of the successive 

joints based on the results of the previous joints. The 

necessary equations are included below with a brief 

explanation and definitions of the variables. It should 

be noted that gravity enters this formulation as an 

acceleration of the base link in the positive Z direction. 

And frictional forces are included as necessary at each of 

the joints during the calculation of the torque inputs. 

Forward recursions, 

The method employed by Luh, Walker and Paul is a 
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backward recursions, 

f .  = m.o*+ R- +  f f -  = F+R-1* l f .  
I  I  /  /  / +  /  /  /  / + /  
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T i - ( R ! ~ ' z i - ) n ,  

where, 

R^ — Rotation matrix from the ith to the (i-l)th svstem 
/- / 

CJy= angular velocity of link i  with respect to the ith system 

°7 = */ 

A"- = the origin of the ith system with respect to the (i-l)th 

f j ~ the center of mass of link i with resDect to the ith 

0j — the linear acceleration of link i with respect to the ith 

Q • — linear acceleration of the center of mass of link i 

= inertia of link i about the center of mass 



rj — total external force on link i 

f j = force exerted on link i by link i-1 

Dj — moment exerted on link i by link i-1 

Tj = the torque exerted on link i by actuator i  

f  — the transpose 

Before considering the control of a vision 

directed manipulator there is another level of the 

manipulator dynamics which has been ignored, that of the 

actuators. This thesis proposes to study the use of DC 

permanent magnet motors as actuators for the Stanford 

manipulator. The hardware details of these motors and the 

Stanford manipulator are included in appendix A. In this 

paragraph a second order model is developed which ignores 

the inductance (typically a few millihenry) due to its 

presence in the system dynamics as a pole deep in the left 

hand plane (In other words the motor dynamics are very 

fast with respect to the manipulator). A simple model is 

shown in Figure 15. The torque is proportional to the 

current, or 

( 3 )  

where Kt is the torque constant. The back EMF is 

proportional to the angular velocityjor 
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£  =  K  o j  ( 4 )  
e 

where Ke is the EMF constant. The viscous damping is also 

proportional to the angular velocity, or 

Tf = (5) 

where F represents the viscous damping coefficient. Now 

based on the above model and using basic newtonian 

mechanics the -following equation can be written, 

T = T + kJ ~CiJ+ T ,, v 
0  f  L  ( c )  

where 7^ is the load torque. For the electrical part, 

using Kirchoff's voltage law the -following equation 

results. 

V= IR+Ld I  +  £  ( 7 )  

d t  

Combining Eqns. 3, 4, 5, 6, and 7 and ignoring the 

inductance, results in the following differential 

equati on. 

In turn,defining the following state variables, 

x / =  6  x 2  =  8  = CJ U =  V  ( 9 )  

the state equation representation of Eqn. S based on state 



variables assigned in Eqn. 9 takes on the form, 

x =A x + B u + C rL  ( 1 0 )  

where the A, B, and C matrices are as shown below. 

' 0 1 '  o" " 0" 
A = 

- L ( K E K F  \  
_° 7\  Rm + Wj 

B = K F  

K 

c = - i  
j  

11) 

This will be the assumed state model -for each of the 

actuators. It should be noted that the actuator is 

coupled to the manipulator and hence the inertia is 

actually state dependent. Since a nominal trajectory is 

proposed this will be treated as a time varying term as 

shown below 

J - v (12)  

where Dy is the moment of inertia of links i through n 

about the joint i referred to the motor shaft. 

Now, with the nominal trajectory, nominal torques, 

and system dynamics de-fined, the remaining problem is to 

control the manipulator in a -fashion that closely follows 

the time dependent path designated by the nominal 

trajectory. This will be the subject of the next section. 

4.3 Control Structure 

It is the principal goal of a control system to 

produce desired behaviour in a system where otherwise the 

behaviour would be undesirable. There are many secondary 



considerations, such as simplicity, robustness, and 

optimality of the control system. In any real situation 

there is the additional problems o-f cost and maintenance. 

It has been the goal of this thesis to determine a 

specified trajectory based on visual inputs and hence this 

section will be devoted to ensuring the successful 

tracking of this trajectory. 

At the outset, there appear to be many viable 

control schemes available but due to the inherent 

nonlinearity, the inertial coupling, and the high 

dimensionality of the manipulator dynamics, classical 

methods can be ruled out. The application of modern 

control theory (state variables) to this problem has 

resulted in some very effective control schemes. Adaptive 

controls, such as the MRAC (Model Reference Adaptive 

Control) of Dubovsky and DesForges (1979), appear to take 

the pains out of modelling the system and are robust in 

the sense of being able to adjust to unexpected 

circumstances. They however require constant fine tuning 

and for multiple input-mulitple output systems offer no 

analytical method of determining the convergence time of 

the regulated process. Parameterization schemes such as 

CMAC (Cerebellar Model Articulation Control) (Albus 1981) 

are large on memory and short on analytical tools with 

which one can measure optimality and time related 



convergence. This is not intended to be a disclaimer of 

these methods but merely a statement o-f their drawbacks. 

Simulations would allow one to properly judge their 

effectiveness. 

The method examined here employs the theories of 

decentralised and optimal control as outlined in 

Vukobratovic and Stokic (1900). In order to implement 

these theories an additional approximation will be made in 

so far as the time delay, mentioned in the beginning of 

this chapter, will be ignored due to the extreme 

complexity that its analystical consideration entails 

(Simulations will reveal to what extent this would be 

acceptable in practice). The result is a suboptimal 

controller requiring only local feedback of joint 

velocities, positions and torques. Optimal control theory 

allows one to penalize errors and control efforts offering 

acceptable behaviour without unnecessary control effort. 

Decentralization occurs by decoupling the joints at the 

actuators using local torque feedback. This was chosen 

in preference to global 1inearization about the desired 

trajectory for two reasons, 

1) Linearization requires time consuming 

computations. 

2) Due to the high dimensionality, six joints and 

hence 12 state variables, even approximating the system 
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dynamics as a linear time-invariant system results in a 

complex problem whose solution requires that -feedback -from 

all the joints be fed into a central controller. 

The decentralized approach results in six second order 

systems with only local -feedback, reducing the cost and 

maintenance and enabling the exploitation of parallel 

computations. It should be noted that the global optimal 

control of a point to point trajectory is not considered 

here due to the absence of a closed form solution to this 

problem. However, Vukobratovic and Kircanski (1982) used 

dynamic programming to optimise the control along a 

prescribed trajectory for the " wrist positioning 

problem"(three degrees of freedom). The solution required 

several minutes of computation on a large computer. Their 

findings demonstrated that the optimal velocity profile in 

cartesian coordinates is approximately parabolic. This is 

the reason parabolic velocity profiles are considered 

here. 

The cartesian velocity profiles are determined 

using the following three equations, 

( 1 3 )  
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where A x ,  can represent A x ,  A y ,  or A z  and depend only 

on the current and desired position and the allotted time 

Td. The formation of these equations is fairly straight

forward using integration, differentiation and applying 

the appropriate boundary conditions which in this case are 

the endpoints and zero velocities at beginning and end. 

It also assumes a straight line trajectory. A parabolic 

trajectory would be somewhat more complicated. 

The decentralized control scheme is based on the 

following analysis. Consider the manipulator as two 

subsystems , Sm, the mechanical manipulator, and Sa, the 

electromechanical actuators which are coupled at the 

actuators (Vukobratovic 1978). Each of these subsystems 

can be described by the following dynamical relations, 

S f f j  :  T •  =  D  ( q ) q  + h (q x q )  +  G  (q  )  

S Q  :  x ( f )  =  A° ( f ) x ° ( t J+B  ( t ) u ° ( t ) +  C° ( t )  r ° ( f )  

_ •  * 
where 7y,D(q), q, q, h(q,q) and G<q) are respecively the 

torques (6x1 vector), the inertia matrix (6x6 matrix), 

joint positions and velocities <6x1 vectors), the inertial 

coupling and the gravitational forces (both 6x1 vectors). 

0  0  o  
And the actuator matrices A , B , C are the same as 

those specified in Eqns. 11 with the inertia of Eqn. 12 



and the trajectory of Eqn. 13. Note that the two systems 

are coupled via the torque 7^, which is exerted by the ith 

actuator. In the case o-f the nominal trajectory, the 

^0 0 c 0 0 
nominal values are written as , x , x , and u . For 

the case where the actuator is connected with gear ratio 

<7. the fcllo,ing relations must be considered. 

ea^Q i9t H, = °! Qi a
0

=0 ;9/ T
L

=r i /Q; (is) 

Consider now the perturbed dynamics -for which it is 

assumed that any disturbances in the coupled sytem result 

in various torque disturbances at the actuators. If the 

original model is fairly accurate then one can asssume 

that this will produce small perturbations in the nominal 

6 0mm 

values resulting in the variables x , x , u , and f^. 

Thus one can write -for the ith actuator the -following 

relation at the level o-f perturbed dynamics, 

A X = A(t)&x(t) + B(t)&u(t) +C( t ) A Tjt) (16) 

A 0 A » • * 0 
where £»x= x - x , Ax= x - x , and so on. Then the 

systems of Eqn. 14 may be decoupled by measuring 7^-, at 

the ith link and forming the control as the sum of a 

global and local control as proposed by Sundareshan 

0 
<1977) j, to be added to the nominal control, u , 

AU = AU + A U9  (17) 



where Au', the local control is a -function o-f the state 

feedback,, in other words the deviations of positions and 

velocities, 

A U  = -K&x  (12) 

A Q 
and the global controlAu , is a function of the torque 

feedback 

AUg=~iCATL (13) 

and hence form Eqns. 16, 17, IB, and 19 the resulting 

system is decoupled and has the form 

A X =  (^(t)-B(f)K(fj)AX (23) 

The result is that the decentralized control system has 

much simpler structure. In fact, due to the low 

dimensionality it will not be difficult to treat the 

control of the manipulator as a linear time varying 

optimal regulator problem at this level of perturbed 

dynamics. An additional approximation will be necessary 

in so far as the inertia, J, is actually structure 

dependent and hence a nonlinear function of the state 

variables (position). In this instance the nominal 

trajectory is prescribed in which case one can write the 

following expressions based on Eqn. 12, 

J(qJ-Ja+ Dj.(q) (21) 
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resulting in an explicit dependence on time provided 

that the trajectory is followed closely. 

The optimal regulator problem for a second order 

system is readily salved if one considers quadratic error 

functions. The following formulation can be found in any 

good text on optimal control such as Kirk(1970) and will 

not be explained in detail here. In this case the 

following cost functional is established, 

where H is the penalty on the final error, Q the penalty 

on the integrated error and R is the penalty on the 

control effort. H and D are chosen as real, diagonal, 

positive semi-definite matrices and R is a positive 

constant. Thus the performance measure of Eqn. 23 can be 

written explicitly as 

= + D.. ff'fjj (22)  

J' 

J=i&xlHAX f+-L J d [&X fQ AX+  AU fR&u ]d t  
0 

J  2 A X j  H i j + A X g H ^ ^ + g  u  & X iQu+AX2Q22+R&U dt 
( 2 4 )  

&x=A(t)&x+B(t)&u the form 
( 2 5 )  
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The solution of the optimal regulator problem, the 

minimization of the cost functional in Eqn. 24, results in 

the following feedback gains, 

KW= Rmmt) (26) 
thus resulting in the feedback controls of Eqn. 10, where 

P must satisfy the Riccati differential equation 

P=-PA - A fP- Q+ PBRB fP (27) 

resulting in the following three nonlinear ordinary 

differential equations 

2. 2 

P12\/r)P12P22 Pu~ oPl2 (23) 

P22 = (ffyP22 ~ 2(P2 + bP22 )~Q22 
with equal to H and, 

K± h =zL (KiH' 
J R m  

D ~ J \ R m  

( 2 9 )  

The solution to these differential equations, Eqns. 22, 

28, and 29, can be found by backwards numerical 

integration starting at time T^ and proceeding backwards 

to T=0. For an infinite time process, the P matrix must 

satisfy the relation, 

0=-PA - A!P~ Q+PBRB'P (so) 
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where J is taken to be, 

(
Td 

J = J0 J(t)dt (31)  

This requires the solution of a system o-f only three 

nonlinear algebraic equations 

In the event that the optimal values of F' are essentially 

constant then the above formulation of Eqns. 31 and 32 can 

be used to solve for these constant gains. The use of 

these constant gains is suboptimal but desirable from the 

standpoint of simplicity, reliability and computational 

efficiency. However the effect on the system performance 

of using constant instead of variable gains is uncertain 

and hence the designer must compare the performance of 

both structures to decide which is preferable. 

scheme would result in the configuration of Figure 16. 

The nominal trajectory, Eqns. 13 and 14, would be 

calculated in the supervisory controller and then stored 

with the appropriate gains, Eqn. 26, in the local 

( 3 2 )  

The implementation of the aforementioned control 
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controllers which would then control the individual 

actuators based on deviations from the nominal trajectory 

either measured directly with the appropriate shaft 

encoders and transducers or via the vision system. Since 

the visual feedback also introduces some delay, both 

methods will be investigated in the simulations that 

follow. 



CHAPTER 5 

SIMULATIONS 

The goal of this simulation is to investigate the 

feasibility of the control scheme outlined in the previous 

chapter. The basis of the dynamic simulation is a Fortran 

program assembled by M. Walker and D. Orin as discussed in 

their paper, Walker and Orin (1982). This program has 

been modified to include the implementation of this 

control scheme. The actual simulation has taken place in 

three parts, 

1) Specification of the nominal trajectory is 

performed in a program called "Nomtorq.For" which takes 

the endpoints provided by the vision system and produces 

the joint coordinates as a function of time, based on 

geometric considerations and a parabolic cartesian 

velocity profile as discussed in the section on the 

kinematic problem. These are then differentiated 

numerically using a central differencing method with 

forced boundary conditions to produce QD, and QDD, the 

joint velocities and accelerations, respectively. These 

variables in turn are fed into the subroutine RIGID <SUB1 

in the reference by Orin and Walker) which gives the 

nominal torques based on the Newton-Euler dynamical 



•formulation as discussed in Hollerbach (19B2). 

2) A program was written implementing a 4th order 

Runge-Kutta backwards integration scheme to solve the set 

of three simultaneous -first order nonlinear differential 

equations derived from the linear optimal regulator 

problem associated with each of the decoupled joint 

actuators to produce the time varying gains as required in 

the section concerning the control problem. 

3) The accumulated data is then used as a database 

for the main simulation program. 

The simulation itself also uses a 4th order Runge-Kutta 

integration routine with a fixed step size of 2.5 ms. The 

simulation incorporates the second order dynamics of the 

joint actuators, dynamic friction, a nonlinearity of the 

saturation type, and a unit, delay function for simulating 

the dynamic behaviour of a visual feedback control system. 

The simulations were carried out for only three links in 

order to simplify the dynamic problem rendering it 

somewhat more transparent and reducing the computer-

simulation time. The motor parameters used in this 

simulation were graciously furnished by Russell Read, a 

Doctoral candidate at Purdue University, and are 

representative of those attributable to the Stanford 

manipulator for which the parametric values were obtained 

from the book by Paul (1981). 
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The nominal trajectory is pictured in Figures 17, 

a and b. The desired time of completion was set at 1.5 

seconds. These conditions were chosen because it results 

in a considerable variation in the robot arm configuration 

and speed of movement, inducing significant coupling 

between the links and saturation in the actuators thus 

posing an approximate worst case control situation. The 

cartesian and joint trajectories are found in Figures 18, 

a and b. The joint, velocities and actuator voltage's are 

found in Figures 19, a and b. These constitute the 

standards against which the simulation results are 

measured. 

The following simulations were performed: 

1) No control 

2) Control with time varying gains,with and without 

delays, with and without saturation of the motors 

3) Control with fixed gains from treating the 

trajectory as an infinite time process, with variable 

torque feedback gain, different control effort penalties 

and different types of errors. 

4) The effect, of varying the sampling period was 

also investigated. 

Two types of errors were examined during these 

simulations. The first was an errror in the initial 

position, the second was introduced by assuming a mass of 
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0.025 kg attached to the end of the arm. The inertia and 

center of mass were changed accordingly to represent an 

error in the model parameters. The results and analysis 

of these findings are included in the following paragraph. 

First,, regarding Figures 19a and 19b, it should be 

noted that these are not simple step functions but at 

least third degree polynomials in time. This is reflected 

in the type of errors recorded in the next few graphs. 

Figure 20 shows the uncontrolled joint trajectory errors 

4 /  U  n U  
AQp, and AC/j as a result of an imposed initial 

position error. It. can be seen that under such demanding 

conditions that even slight errors can result in very poor 

tracking of the nominal trajectory. The inclusion of 

constant gain feedback based on the optimal regulator 

analysis of the previous chapter results in far better 

performance as in the case of AQj , ®ncl A^^in 

Figure 20 even though the feedback correction voltages 

were quite small in relation to the nominal values as 

evidenced by a comparison of Figures 19b and 21. This 

particular set of tracking errors was with a sampling 

delay of 15 ms and control effort, penalties of 10, 100, 

and 50 for joints 1,2, and 3, respectively. Figures 22 

through 24 are indicative of the effect of changing the 

sampling period on tracking errors for each of the three 

joints considered. For a sampling delay of 75 ms one 
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begins to note a marked degradation in the performance 

particularly in joint two resulting in totally 

unacceptable results. These graphs also indicate that 

there appear to be only slight differences between 

sampling delays of 15, 30, and 45 ms which is important 

with regard to the use of direct visual feedback. Figure 

25 represents the effects of varying the global control 

gain for the perturbatians an the nominal torques. They 

appear to be quite small due probably to the fact that the 

penalties on the control effort result in only slight 

variations in the input voltage and hence in the output 

torques. Another reason is that of the large gear ratio 

(100:1) which greatly reduces the effects of disturbances 

in the mechanical system on the dynamics of the actuators. 

The fallowing generalisations can be drawn from 

this data and from observations made while performing 

these simulations. The time varying gains were difficult 

to obtain due to some numerical instability resulting from 

the method of calculating the joint inertias. Those that 

were obtained did not suppress tracking errors 

particularly well. In addition the computational 

complexity of calculating the time varying gains, Eqns. 

26, 28, and 29, would appear to prohibit its 

implementation in a reasonable amount of time. Infinite 

time gains, Eqns. 26, 30, 31, and 32, were easily obtained 
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and after some adjustments provided relatively good 

tracking, provided that the errors imported to the 

trajectory were not too large. Once an appropriate set of 

gains were found the effect of changing the sampling 

period aand introducing a delay was examined and it was 

found that very little change resulted in the tracking 

error for 15, 30, and 45 ms. It was not until the 

sampling period was extended to a 75 ms delay that a 

marked degradation in the performance resulted- An 

attempt was made to reduce the penalty on the control 

effort in order to increase the sphere of convergence, but. 

this resulted in instability of the control system as 

evidenced by a rail to rail voltage swing during the early 

part of the trajectory. Saturation of the motors would 

probably contribute some stability to the control at this 

point. Also for small control penalties the errors were 

quite sensitive to changes in the torque feedback gains. 

Saturation of certain of the electromechanical actuators 

occurred at levels far too low to give any indication of 

the control 1er"s effect on the tracking of the nominal 

trajectory. In effect, the motors, as specified, were 

inadequate for producing the chosen trajectory. 

Increasing the time, Td, would alleviate this problem but 

would also reduce the coupling forces and hence mask the 

control problem to some extent. Thus the saturations were 
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ignored, without loss o-f generality since it is just 

another source o-f error. 



CHAPTER 6 

CONCLUSIONS 

In consideration of the preceding discussion and 

simulation results the -following conclusions can be made. 

Due to the sensitivity o-f the control algorithm to errors 

in the tracking process it is essential that the 

resolution of the imaging system be quite good, this can 

be accomplished by using a detector array with a large 

number of elements. It has also been shown that ignoring 

the time delay, introduced by the image analysis, in the 

control design is acceptable provided that this delay is 

kept small. Thus one cannot augment the size of the array 

indiscriminately due to the burden it places on the image 

analyzer. However, this time delay can be significantly 

reduced by exploiting concurrent processes in the image 

interpretation algorithm to design a special purpose 

processor. The design proposed in this thesis appears to 

be more than adequate for fulfilling this requirement. 

The two stage design process using the 

Newton-Euler dynamic formulation to compute the nominal 

dynamics and a decentralized suboptimal approach to 

regulating the perturbed dynamics can be used to solve the 

problems imposed by direct visual feedback control. That 



is, compensating -for imaging errors and greatly reducing 

the time required to generate the required controls. More 

specifically the simulations have indicated that the time 

invariant gains, which are -far easier to calculate than 

their time varying counterparts, would appear acceptable 

if their dependence on trajectories and other control 

requirements were more precisely de-fined and i-f the errors 

are not large and the anticipated loads light. The 

relation between the penalties and the performance is 

definitely one area which merits further study. 

In addition there are several other open problems 

which merit further inquiry. These are: 

•Eliminating the numerical instability in the time 

varying gain solution 

•Emulation of the vision system 

•Simulation with all six joints 

•Different velocity profiles and less demanding 

traj ectori es 

•Sensitivity of tracking errors to errors in 

individual joint positions 

•Relation between the feedback gains and the volume of 

convergence 

•The degree of suboptimality of the decoupled control 

scheme as compared with the performance of an optimal 

centralized control scheme and other control schemes 



These questions will continue to become evermore important 

as increasingly greater demands are placed on the 

performance of robotic manipulators. 

Finally, despite the many questions which remain, 

one cannot ignore the prospects contained in the 

simulations performed in this thesis. A comparison of the 

controlled and uncontrolled performance leads one to 

conclude that the use of direct visual feedback appears to 

be a viable alternative to other robotic manipulator 

control schemes, offering efficient versatile and precise 

control. 
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Mechanical: 

Link Parameters 

Variable a a d 

*1 -90 0 0 

^2 90 0 0.1 

^3 0 0 d3 

Link flass and First Moments 

Link Mass kg. x cm. y cm 

1 9.29 0 1.75 

2 5.01 0 -10.54 

3 4.25 0 0 

Link Inertias 

Link J x x  
I 
yy Jzz 

1 0.276 0.255 0.071 

2 0.108 0.018 0.100 

3 2.51 2.51 0.006 

Electrical: 

Actuator Parameters (MKS Units) 

Parameter Joint 1 Joint 2 Joint 3 

K t  0.04308 0.10170 0.28250 

K 0.04297 0.10120 0.30000 
e 

J 5.65E-5 2.33E-4 2.05E-4 
a 

z cm. 
Coordinate Frames 

-11.05 

0 

-64.47 

Param. Joint 1 Joint 2 Joint 3 

F 8.09E-5 3.04E--4 0.03110 

R 
m 

1.025 0.91 2.75 

a 100:1 100:1 87.5:1 
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MICROPROCESSOR SLICE BLOCK DIAGRAM 
I 
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PIN DEFINmONS 

Aq-3 The four address inputs to the register stack used to 
select one register whose contents are displayed through 

the A-porl. 

I0.6 The nine instruction control lines. Used to determine what 

data sources will be applied to the ALU O012). what (unc
tion the ALU will perform (1345), and what data is to be 
deposited in the Q-register or the register stack (l67e). 

Y0.3 The lour data outputs. These are three-state output lines. 
When enabled, they display either the four outputs of the 

ALU or the data on the A-port of the register stack, as 
determined by the destination code l67B. 

ol Output Enable. When OE is HIGH, the Y outputs are OFF; 
when OE is LOW, the Y outputs are active (HIGH or 

LOW). 



Control of the ALU - Am 2901C 

Mnemonic 

MICRO CODE ALU 

Function Mnemonic l5 u >3 
Octal 
Code 

ALU 

Function 

ADD L L L 0 R Plus S 

SUBR L L H 1 S Minus R 

SUBS L H L 2 R Minus S 

OR L H H 3 R OR S 

AND H L L 4 R ANDS 

NOTRS H L H 5 R ANDS 

EXOR H H L 6 R EX-OR S 

EXNOR H H H 7 R EX-NOR S 

ALU Function Control 

MICRO CODE ALU SOURCE 
OPERANDS 

Mnemonic '2 «1 •o 
Octal 
Code R S 

AQ 

AB 

ZQ 

ZB 

ZA 

DA 
DQ 

DZ 

L 

L 

L 

L 

H 

H 

H 

H 

L 

L 

H 

H 

I 

L 

H 

H 

L 

H 

L 

H 

L 

H 

L 

H 

a 
1 
2 
3 
4 

5 
6 
7 

A 
A 
0 

0 

0 
D 
D 

D 

0 
B 

0 

B 
A 
A 

Q 

0 

ALU Sourer Operand Control 

Mnemonic 

MICRO CODE RAM 
FUNCTION 

Q-REG 
FUNCTION 

OUTPUT Mnemonic •e b '6 Octal 
Code 

Shift Load Shift Load 
OUTPUT 

QREG L I L 0 X NONE NONE F-»Q F 

NOP L I H 1 X NONE X NONE F 

RAMA L H L 2 NONE F -» B X NONE A 

RAMF I H H 3 NONE F- B X NONE F 

RAMQD H L L 4 DOWN F/2 -»• B DOWN Q12 -* Q F 

RAMD H L H 5 DOWN F12- B X NONE F 

RAMQU H H L 6 UP 2F-+ B UP 2Q-* Q F 

RAMU H H H 7 UP 2F -* B X NONE F 

ALU Destination Control 
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