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Abstract 

This thesis presents a solution to the problem of part localization in fixtureless 

assembly. Fixtureless assembly is r new technology in which complex and expensive 

dedicated fixtures are replaced by robots. However, the elimination of the fixtures implies 

that the robots must now be able to achieve the same locational accuracy of parts as 

precision fixtures provide. The implernentation of an Automatic Part Localization System 

(APLS) allows the robots to detemine the accurate position and orientation of the parts 

that are placed in arbitrary locations. In this thesis, the problem of part localization is 

saidied in the context of an application to automotive sheet metal part assembly, 

specifically car body fenders. The development of the APLS is summarized. The APLS 

uses laser beam sensors to estimate, in real time, the spatial position and orientation of a 

sheet metal part held by a robot. It comprises two groups of sensors: proxirnity sensors 

that measure the location of the part's surface, and edge sensors that rneasure the location 

of the part's edges. From these surface and edge feature data, the APLS is able to localize 

the part for al1 possible coordinates. In other words, it is able to solve 6 DOF localization 

problems. The implementation of an existing localization method is described. The 

localization algorithm presented uses minimization of least-square to generate the best-fit 

mapping between the part's geometry and the corresponding sensor information. 

Experiments are conducted to investigate the feasibility of the proposed part localization 

concept. The experirnental results show that the presented method meets the target 

pefiormance of this investigation - to localize the part within the industrial tolerance of 

B S m m  in selected positional coordinates. The experiments are carried out using a 6 

DOF Fanuc commercial robot. 
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Chapter 1 

Introduction 

1.1 Fixtureless Assembly of Sheet Metal Parts 

Current automotive robotic assembly processes require fixtures to accurately 

position and orient parts. A typical automotive body, for example, is comprised of 

numerous number of pieces of sheet metal parts. During assembly, the different sheet 

metal parts are held by dedicated fixtures while robotic manipulators spot-weld them 

together. For each set of pans, a diffierent set of fixtures is needed. In addition, these 

fixtures for the automotive sheet rnetal parts are very complex and difficult to design. 

F i r e s  in automotive assembly require considerable capital to design and 

manufacture. A manufacturer may buy a $100,000 robot manipulator for various tasks of 

assembly, but fixtures for a single task may cost an additional $200,000 to $400,000 [Ml. 

Annual introduction of new car modeis or changes in styling demands thousands of 

engineering hours for the design of fixtures. The corresponding h r e s  must be halized 

before assembly robots and other automation ma~hinery can be installeci, programrned, 

and debugged. Lead time for such fixtures may easily exceed three years, thus resulthg in 

a long lead time for the subsequent changes in car models [29]. The increased Pace in 



technology over the past decade has reduced lead time and cost of general automotive 

production. However, the traditional approach of using dedicated and complex fwures 

remains a tùndarnental limitation in our pursuit of improved time and cost to market. 

Fhre less  assembly is a new technological basis for providing solutions to this problem. 

Figure 1 - 1 : Schematic of Fixtureless Assembly of S heet Metal Pans 

Fixtureless assembly is a process that eliminates the use of dedicated fixtures by 

using multiple robots (Figure 1-1). In the fixtureless assembly of automotive sheet metal 

parts, for example, two robots grasp one sheet metal pan each for mating while a third 

robot welds them together. In this scheme, robots provide several advantages over fixtures 

[19, 291: 1) robots can handle different types and shapes of parts by simply programming 

them to do so, hence eliminating the need for inflexible "dedicated fixtures; 2) they can 

easily be reprogrammed to deal with modifications or perfiorm new tasks, therefore 

elirninating the change-over tirne, which could take several weeks, required in installing 

new 6xtures; 3) prograrnming c m  be done off-line in conjunction with the product 



development and setup of other automation rnachinery and robots, thereby eliminating the 

long lead time required for the implementation of fixtures. 

Acoording to [19] and [29], fixtureless assernbly tasks involve the following three 

stages. The first stage is calied the pre-contact stage. In this stage, the two robots would 

each pick up a part, then detenine the misaligrnent present between two parts and move 

the parts into correct positions for mating. The second stage is called the mating stage. In 

this stage, the robots would approach each other allowing the parts to make contact 

within a specified contact force. The third stage is caUed the maintainhg stage. Here, a 

third robot performs welding of the parts. While the welding robot bond the parts 

togethet, the two robots must maintain the parts' position and force configurations during 

the presence of disturbances introduced by the welding process. 

This thesis focuses on the first, pre-contact stage - to determine the misalignrnent 

present in parts picked up by robots. To solve this problem, a methodology called "part 

localization" is needed [ I  SI. The use of part localization in fixtureless assembiy allows for 

a robot to be able to determine the accurate location of production parts, hence 

eliminating the need for dedicated mures. 

1.2 Part Localization 

Over the last decade, dnven by a need to automate various robotic manufacturing 

processes, the problem of part localization bas received a great deal of attention. The tem 

"part locahtion" refers to the determination of a part's location, i.e., both the position 

and orientation, with respect to a reference fiame. Pan localization is necessary in many 

manufacturing situations. For example, in the task of grasping of an object by a robot the 

successfùl grasping depends on knowing the precise location of the object with respect to 

the gripper of the robot before attempting the grasp. Consider another part localization 

example - in robotic welding, the location of the weld groove must be accurately known 



with respect to the weld torch held by the robot. Figure 1-2 gives a pictorial description of 

such part localization problem. The planned location of the sheet metal part is shown in 

dashed lines and the actual location in show in solid lines. Without localization, the robot 

will unsuccessfidly try to grasp the part in the plamed location. In Figure 1-2, part 

localization detemines the uncertainty or misaligrunent between the locations of the actual 

and planned parts in the robot's world frame; hence, enabling the robot to grasp the actual 

part successfùlly. 

Figure 1-2: Schematic of Part Localization 

In this thesis, the problem of part localization is studied in the context of an 

application to automobile sheet metal parts, specifically car body fenden. Figure 2-3 

shows a picture of a car body fender used for this thesis. In automotive body assembly, the 

position tolerance required to accurately position sheet metal parts is about t O . S m  [24]. 

Therefore the acceptable orientation tolerance is obtained by assuming that the corners of 

the sheet metal parts can be displaced up to +O.Smm, the position tolerance [27]. The 

orientation tolerance is estimated as t 0.07'. Thus the elimination of dedicated fixtures 

means that robots must now position the parts within the target performance giwn above. 



Figure 1-3 : Picture of Car Body Fender 

Before we can go further, there are two assumptions involved in applying pan 

localization to fixtureless assembly: 1) the approximate location of parts are known and 2) 

the uncertainty in location of pans is smaU relative to the dimensions of the parts. To 

satisQ these two assumptions, low precision, general purpose positioners can be 

employed. Using these positioners, the parts are not placed in a precise location, but they 

are placed within a few millimeters (or even centimeters) of the location. The robots grasp 

the parts from the positioners and bring them within the tolerance of the precise location 

using part localization rnethod. 

From the literature survey, there are mainly two types of rnethods available in 

solving the problem of pan localization: the CAD model-based method and the direct 

calibration method. In order to perfonn part localization, both methods integrate vision or 

sensor systems with the robot systems. Using cameras or senson such as proxirnity, 

tactile, ultrasonic, part's location information can be obtained. The intent of this thesis is 



to provide a solution using direct calibration method. Both methods, however, are 

descnbed in Section 1 -3. 

1.2.1 Localization of Sheet Metal Parts 

In part locaiization, the stability of the part during the taking of sensor 

measurements is critical for the accuracy of the localization results. However, maintahhg 

the stability of a typical sheet metal part such as the car body fender (Figure 2-3) is 

ditficult because of its irregular geometry and flexibility [4]. There are two issues to be 

considered in ensuring the stability of a sheet metal part: 1) the forces acting on the sheet 

metal part dunng localization and 2) the deformation in the shape of the part as a 

consequence. The shape of the part could be afFected by the following forces or 

disturbances: gravity, vibration of robot manipulator, and grasping force of robot's 

gripper. In industry, this problem is solved by using multiple grippers, each a vaccum- 

suction cup, which can support the whole surface of the sheet metal part together at the 

same time. 

1.3 Literature Review 

Part localization has been primanly studied by researchers working in the areas of 

robotic vision and scene analysis [IS]. Scene anaiysis is not generally intended for the use 

in the manufacturing and assembly and its main consideration is not in the accurate 

localization of parts, but ody in object recognition [5, 81. A primary objective of scene 

analysis is identification and recognition of the object in the scene. It is in the area of 

robotic vision that part localization has received a great deal of attention. Here, in many 

cases, the part to be locahed is assumed to be known [IS]. Therefore the main concem is 

not in the identification of the part, but on the accurate locaiization of it. This is justified in 

many manufacturing situations and the situation of this thesis is no exception. There are 



reportedly two dmerent approaches in part localization: the CAD model-based method 

and the direct caiibration method. 

To solve the problem of part localization, the CAD model-based method has been 

snidied by a number of researchers [Le., 15, 22, 25, 321. The work by Gu~arsson and 

Prinz [IS], best summarizes the subject. According to their work, the CAD model-based 

method is based on matching a CAD database description of the part's surface with data 

measured on an actual surface. The matching can be found through a rigid body 

transformation between the measurement data and the CAD database. The measurement 

data can be obtained using a system of tactile or non-tactile sensors. An optimal 

transformation is found by minimuing the sum of the squared distances of the of the 

rneasurement data ffom the corresponding point on the CAD database. Menq et al. [25], 

Li et al. [22], and Sahoo et al. [32] al1 provide solutions and algorithms to this 

rninimization problem. For the purpose of localization, the CAD database must account 

for every point on the edge or the surface so that for any measured point of the actuai 

part, there is a corresponding point on the database. Gunnarsson and Pnnz [15] 

accomplishes this by using interpolation functions, such as splines, which are explicit 

equations of edges or surfaces of the part. 

A new approach reported by Murray and Pohlhammer [27] is significantly different 

fiom the previous one. They cal1 it a direct calibration. The concept of the direct 

caiibration is a simpler approach that does not require the CAD-mode1 database. It uses a 

calibration database, instead of the CAD database. The caiibration database is a mapping 

that relates possible locations of the part to the corresponding sensor measurements taken 

tiom the part. By directly calibrating the acnial part and the sensor measurements, the 

I 

relationship between the part location space and sensor measurernent 

The mapping between the two spaces can be obtained using the neural 

the minimîzation of least squares technique [27]. However. Murray and 

space is mapped. 

networks [26] or 

Po hlharnmer [27] 



reports that the Ieast squares technique has a performance advantage over the neural 

network. Also, it is easier to implernent because of its simplicity in the algorithm. 

Now we are forced to ask the following question: Which one of the two part 

localization methods gives a better solution for the localization of sheet metal parts? The 

direct calibration has the following advantages over the CAD model-base method in 

localizing sheet metal parts: 

There is no reliance on CAD models of the part. When CAD models are 

used in estimating pan location, the resulting estimation cm be very sensitive 

to the accuracy which the CAD model represents the actual part. In addition, 

it is very difficult to build corresponding CAD models for sheet metal parts 

such as car body fenders because of their complexity in shape and flexibility. 

Especially, the flexibility could make an actual part grasped by a robot 

significantly different fkom its CAD model. Also, the direct calibration 

algorithm is robust with respect to large part-to-part variations in geometry 

~ 7 1 .  

There is no need to know the locations of sensors. Another limitation in 

using the CAD model-based method is a lack of an efficient and simple 

procedure to find the location of the sensors, which comprise the 

measurement system. In the CAD model-based method, the measurement 

points are expressed in a Cartesian (world) coordinate fiame [IS]. What this 

means is, the locations of the senson also have to be known in the Cartesian 

coordinate fiame (see [23], [33], and [35] for the possible solutions to this 

problem). 

For the reasons above, the direct calibration method is chosen in solving the 

problem of part localization in fixtureless assembly of sheet metal parts. The work by 

Murray and Pohîhammer [27], which is solely based on cornputer simuiations, provides a 



theoretical basis for the expenmental results obtained in this thesis. The next chapter will 

develop the part localization algorithm in detail using the direct calibration rnethod. 

1.4 Thesis Objective 

The main objective of this thesis is to develop and implement an autornatic part 

locaiization system (APLS) on a robotic manipulaior in a fixtureless assernbly scheme. As 

a consequence, the robot will be equipped with intelligence that enables it to find the 

accurate position and orientation of sheet rnetal pans that are misplaced (or misaligned) in 

arbitrary locations. To provide focus, this is to be performed on a specific industrial 

application of car body fender assembly. The robotic assembly of fender is a delicate task 

which requires the APLS to correct a fender's misalignrnent within the positional tolerance 

of fl.5mm and the orientational tolerance of H.07'. The corresponding part localization 

algorithm must be developed to meet this challenge. Moreover, the feasibility of 

implementing the proposed algorithm and'the APSL has to be dernonstrated through 

test ing and experiments. 

1.5 Thesis Outline 

This thesis presents the results of theoretical and experimental investigation. 

Chapter 2 describes the theoretical pan of the thesis - the development of part localization 

algorithm. There are three components to the development of the algorithrn: 3 DOF edge 

localization, 3 DOF surface localization, and 6 DOF localization. Each cornponent is a 

modification of a generic localization theory presented in the very beginning of the 

chapter. In Chapter 3, the experirnental APLS is presented. Here, the development of the 

system's hardware and software components are discussed. Since this is an essential part 

of the thesis, each component and the interaction between the components are described in 

great detail. Also additional issues involved in setting up the system for experiments are 



addressed. Subsequentiy, the experirnental results, which are obtained using the APSL, are 

discussed in Chapter 4. For both 3 DOF and 6 DOF misalignment problems, a series of 

experiments were conducted to compare the performance between the inverse localitation 

and the forward localization methods. Finally, Chapter 5 presents conclusions to the thesis 

and makes recornmendations for fiiture work- 

1.6 Thesis Contributions 

The main contributions of this thesis are as follows: 

1. The first contribution is the fomulation of pan localization aigorithm in 

application to car body fender in fixtureiess assembly scheme. The 

investigation by Murray and Pohlhammer [27] provided a theoretical basis for 

this expanded formulation. 

2. The second contribution is the extension of the algorithm to the 6 DOF 

localization of a very cornpiex shaped part - the car body fender. Very few 

investigations in the iitetature review successfully achieved the 6 DOF part 

localization and perforrned experiments. 

3. The third contribution is the development of an automatic part localization 

system (APLS). The APSL was designed and developed by the author to 

demonstrate the feasibility of implementing the pan localization algorithm on a 

commercial robot. It is capable of localking up to six coordinate rnisaligements 

of the fender. The system uses a novel sensor system to cany out the 

localization: combined use of proximity sensors and edge sensors which are 

mounted on a sensor positioning m e .  Most other investigations use cameras, 

uitrasonic sensors, or tactile sensors to localire a part. 



The experimental results indicated the localization performance 

industrial standards required for the assembly of car body fenders. 

matches the 

1.7 Summary 

In this chapter, the introduction, objective and outline of the thesis and its 

contributions are presented. Background information about the subject of pan localization 

and the issues involved in localiring sheet metal parts (i.e., car body fender) are given. In 

addition, relevant works on the subject by other researchers are described in the literature 

review. 



Chapter 2 

Description of Localization Algorithms 

2.1 Theory 

Murray and Pohlhamrner's theorefical work [27] provides the bais for the 

formulation of part locaiization presented in this chapter. The concept of part localization 

is to relate part location deviations, caiied q,, to the corresponding sensor reading 

deviations, called si.  The part location deviations are measured with respect to a planned 

(or home) location of the part, which is a car body fender in this thesis. In order to 

associate the two deviations, the following three steps are involved [27]: acquisition of 

calibration data, mapping, and localization. 

2.1.1 STEP 1: Acquisition of Calibration Data 

The calibration data is obtained with the part to be locaiized in the grasp of a 

robot. The robot moves the part by known amounts under the view of the senson - this 

gives perturbations in the part location about the desired home part location - and then 

measurements are taken from readings of the sensors. 



Figure 2- 1 : Representation of Coordinate Axes ( x , y ,  r , w , p , r ) 

and Sensor Vectors (q , s2, s3, s4, ss , s6, si ) in Part Space 



The localization of a sheet metal part, specifically a car fender in this investigation, 

can be considered a 6 degrees of fieedom (DOF) problem: three in position ( x  , y ,  z ) 

coordinates and three in orientation (yaw or* w , pitch or p , roll or r ) coordinates. Figure 

2-1 shows the representation of the six positions and orientation coordinate axes in the 

part space. It also shows the location of sensor reading vectors (SI, s2, s3, s4, s~ , s6, 

s ~ )  from seven laser beam sensors in the part space: SI, s2, and s3 correspond to the 

readings from proxirnity sensors and s4, s~ , s6, and s, correspond to edge sensors. The 

description of these sensors is given in Chapter 3. A calibration set consists of N 

perturbations formed by taking al1 combinations of a srnail number of uniform subdivisions 

of the pertinent ranges for the position and orientation; the N perturbations should be 

chosen to evenly span the part location space [27]. 

Now, let qi be a part location deviation in a coordinate a is ,  rn is defined as the 

total number of degrees of fieedom or coordinate axes considered, k the number of 

senson in effect, N the total number of-perturbations in a calibration set. Then, for 

1 < i r N, a set of calibration veaon is [27] 

w here : 

and 

where: 

S, = [(s, )j, (s, ), , -, (s, corresponding sensor reading vector. 



2.1.2 STEP 2: Mapping 

In order to determine the relationship between the part location and sensor data, 

the calculation of mapping between the two is necessaiy. A linear least squares technique 

[21] is used to find the mapping. 

Part Location -4 Focward ~ a ~ ~ i n ~ 1 - b  Sensor Data 

a) Sensor data on part detennined from location of that part 

b) Location of part detennined from sensor data on that part 

Figure 2-2: Relationship between Part Location and Sensor Data 

a) Forward Mapping and b) Inverse Mapping 

Part Location Sensor Data 

Analogous to the forward and inverse kinematics of robotic link manipulators, the 

[nverse Mapping 

process mapping of Equations (2.1) and (2.3) can also be formulated in both directions: 

forward mapping and inverse mapping [27]. These two rnappings are shown in Figure 2- 

Generally in part localization, the location of a part is to be determined h m  the 

sensor data for that part. This corresponds to the inverse mapping in Figure 2-2. However, 

[27] shows that the forward mapping scheme also works. If the forward mapping from the 

part locations to sensor data is learned and iteratively inverted during the localization of 

the part. the resuiting performance is similar to that of the inverse mapping for the same 



part. Also it notes that the forward mapping is considerably more robust to variations in 

part geometry and noise in sensor readings. However, to use the fonvard mapping, the 

formulation of the inverse mapping is also necessw because its equations are used to 

calculate the initial guess for the part location at the start of the foward mapping's 

iterative procedure. 

a) Inverse Mappiag 

The inverse mapping process determines a part's location h m  sensor readings. 

The true location vector ( L )  is approximated by using a secondsrder polynoMal 

(curvilinear) regression model [27]. Hence the response fiinction for the regression model 

is [27] 

where : 

i is an estimate of the location vector, 

Cm is called inverse mapping calibration matrix, and 

(2.6) 

is an augmented sensor vector which contains additive linear and quadratic combinations 

of the components of the sensor readings. 

The N calibration sets contain more equations than unknowns. This is caiied an 

overdetennined set of linear equations [3 11 and can be expressed as [27] 

where: 



Equation (2.7) can be solved for the inverse calibration matnx, 
- 

c,, = Sc:, . La, 1 (2.9) 

using singular value decomposition (SVD). methods presented by Lawson and Hanson 

[2 11. Appendix A contains a detailed explanation of SM) .  Press et al. [3 11 points out that 

SVD is the meihod of choice for solving most linear least squares problems such as this 

one. The linear least squares - S M  solution of (2.7) minimizes [27] 

where: 

qi is an appro-ated part location deviation in a coordinate fiame a i s .  

b) Fonvard Mapping 

The forward mapping process determines sensor readings from a part's location 

data. Analogous to the inverse rnapping in.the previous section, the true sensor reading 

vector (S ) is approximated by using a second-order polynomiai (curvilinear) regression 

model. Hence the response fùnction for the regression model is [27] 
* - 

S z S = L * C , , ,  (2.10) 

where : 

S is an estimate of the sensor reading vector, 

CFm is called forward mapping calibration matrix, and 

(2.1 1) 

is an augmented pan location vector which contains additive linear and quadratic 

combinations of the components of the part location coordinate axes. 



As in the inverse rnapping, the N calibration sets have more equations than 

unknowns. Therefore, it is also an overdetennined set of linear equations and c m  be 

expressed as [27] 

Sc.u = TCAL CFOR (2.12) 

where: 

Then Equation (2.12) can also be solved for the forward calibration matrix, 
- 

cm = G - SCAL 9 
(2.14) 

using the SVD rnethods (see Appendix A). The linear least squares - SVD solution of 

(2.12) minimizes [27] 

where: 

Si is an approximated sensor reading. 

2.1.3 STEP 3: Localization 

In this step, the part location is determined from the sensor data (Z)  on the 

grasped pan. if the inverse mapping is used, this can be simply calculated directly from 

Equation (2.5), 

L = s.c,, . 

However, if the forward rnapping is  used, an iterative procedure is needed to calculate the 

part location. 



The iterative inversion of the forward mapping stans with La, which is an initial 

guess for the location of the part in grasp. The initial guess is calculated from the 

approximate inverse mapping in Equation (2.5) [27]: 
A - 
Lo = S C,, . (2.16) 

Once i, is obtained, it is substituted into the forward mapping for in Equation (2.10), 
a - 
S = L - C F , , ,  

to obtain the estimated sensor vector, S . This estimated vector is then cornpared with, S , 

the actuai sensor vector. Ifthe two sensor vectors do not agree to within some tolerance, 

it means that the error in the location estimate is too large and must be adjusted 

accordingly. An adjusted initiai location called L, is then calculated. This process is 

repeated iteratively until the difference between the estimated and actual sensor vectors 

are acceptably small[27] or until it reaches a preset number of iterations (i.e., 500). 

The iterative procedure minimizes [27] 

where A, 's are called scalar sensitivity weights for the sensors. These weights can be set 

differently for each sensor for fine tuning of the mapping performance and could reduce 

localization errors for some coordinate axes in the forward mapping. The miniMzation of 

Equation (2.17) can be achieved using a simple gradient algorithm which involves the 

gradient ( V)  of F [27]: 

VF = 



4 where - are caiculated by finding the gradient ( V ) of 3 in Equation (2.10). A detailed 
.tîi 

explanation of the gradient can be found in [3 11. From the gradient, a new initial location 

(io) can be calculated. First, the adjustment'(&) for the new location is obtained: 

do = - V F ~  (2.19) 

where q is called a step length parameter [27] which is set equal to 0.01 in this thesis. 

Then the new initial location is 
A 6 4 

Lo = L o + ~ o ,  (2.20) 

which replaces Equation (2.16) and is substituted back into Equation (2.10). This iterative 

procedure is repeated until F is smdler than a specified limit (E)  or until the procedure 

reaches a preset number (n) of iterations. 

In the following sections, the above algorithm will be applied to three difrent 

cases of misalignment problem in the localization of the misaligned fender: 

1.3-DOF surface misalignment: misalignments are present in z, w, p coordinates. 

2. 3-DOF edge rnisalignment: rnisalignrnents are present in x, y, r coordinates. 

3. 6-DOF rnisalignment: misalignments are present in al1 six coordinates. 

For each case, the application and modification of the previously formulated equations will 

be presented. 

2.2 3 DOF Surface Localization 

In 3 DOF surface localization, misalignments in oniy the z , w , and p coordinate 

axes are considered. The part location deviations, which were previously noted qi, 

becomes z , w , and p specifically. The measurements are taken from ody three of the 

seven sensors: SI, s2, and s3 . These three sensors are used for detecting the surface of the 

car fender. A detailed description of the sensors is presented in Chapter 3. Figure 2-4 



shows a schematic diagram of the position of the coordinates and sensor vectors with 

respect to the fender. The equations shown in this section are modifications to the general 

part localization algorithm, formulated in Section 2.1. See Section 2.1 for the reasoning 

and explanation behind each step. 

Figure 2-3 : Schematic of 3 DOF Surfàce Localization Problem 

Now the corresponding pan location vector in Equation (2.2) becomes 

and the sensor reading vector in Equation (2.4) is given by 

For the given configuration in the coordinate axes and senson, the inverse 

mapping in Equation (2.5) becomes 



where the augmented sensor (S) vector in Equation (2.6) for the above inverse rnapping 

is rewritten as 

Similady, for the given configuration, the forward mapping in Equation (2.10) 

becomes 

A - 
s = L * c , = ~ *  

where the augmented part location veaor ( r )  for the above forward mapping is aiso 

rewritîen as 

~ = [ l  r w p z' ,w zp w' wp $1. (2.26) 

The funciion F in Equation (2.17) becomes 



where A,. 5 ,  and AI are the scalar sensitivity weights for the sensor readings SI, s2, and 

s3 respectively. Now the gradient ( V F  ) is written as 

4 8, where - - a, 
2 ' % '  and 3 are obtained by calculating the gradient of S in Equation 

4, +2b*,r' + b & @  +b,,,P 
b,, + b,, f + 2b,,W + b,,P 
b , ,  + b,,j2 +b$ + 2b1,,P 

Using the above equations for the surface locaiization, the expenmental resuits are 

given in Section 4.3. The performance analysis of the surface localization algorithm is also 

presented. 

2.3 3 DOF Edge Localization 

In 3 DOF edge localization, rnisalignrnents in only the x, y and r coordinate 

axes are considered. The part location deviations which were previously noted qi, 

becornes x ,  y ,  and r . The measurements are taken fiom four of the seven sensors: s4. 

s~ , s6, and st . These three sensors are used for detecting the edges of the car fender. A 



detailed description of these sensors is presented in Chapter 3. Figure 2-5 shows a 

schematic diagram of the position of the coordinates and sensor vectors with respect to 

the fender. The equations shown in this section are modifications to the general part 

localization algorithm, formulated in Section 2.1. See Section 2.1 for the reasoning and 

explmation behind each step. 

Figure 2-4: Schematic of 3 DOF Edge Localization Problem 

Now the corresponding part location vector in Equation (2.2) becomes 

and the sensor reading vector in Equation (2.4) becomes 



For the given configuration in the coordinate âues and sensors, the inverse 

mapping in Equation (2.5) becomes 

where the augmented sensor (S) vector in Equation (2.6) for the above inverse mapping 

is rewritten as 

Similarly, for the given configuration, the forward mapping in Equation (2.10) 

becomes 

where the augmented part location VedOf ( r )  for the above forward mapping is also 

rewritten as 

The fùnction F in Equation (2.17) becomes 

where 4, 4, & , and 4 are the scalar sensitivity weights for the sensor readings s,, 

s5, s6, and s7 respectively. Now the gradient ( V F )  is written as 



ai Si 
where -, - ai 

z 4  
, and - are obtained by calculating the gradient of S in Equation a= 

Using the above equations for the edge loc~lization, the expenmental results are 

given in Section 4.2. The performance analysis of the edge localization algorithm is also 

presented. 

2.4 6 DOF Localization 

In 6 DOF localization, misalignrnent's in ail ( x ,  y ,  : , w , p ,  r ) coordinate axes 

are considered (Figure 2-6). The part location deviations, which were previously noted qi, 

becornes x , y ,  z , W. p , and r specifically. The measurements are taken from al1 seven 

sensors: SI, s2, s3, s, , s~ , s6, and s7. The 6 DOF localization uses both the proxirnity 

sensors (SI, 9 ,  s3) and the edge sensors (q, S j ,  s6 , 3). See Figure 2-1 for the 

schematic representation of the coordinates and sensor vectors with respect to the fender. 

The equations shown in this section are modifications to the general pan localization 



algonthm, formulated in Section 1.1. See Section 2.1 for the reasoning and explanation 

behind each step. 

Now the corresponding part location vector in Equation (2.2) becomes 

L ~ = [ x ~  yi zi wi  pi r i ]  (2.39) 

and the sensor reading vector in Equation (2.4) changes to 

For the given configuration in the coordinate axes and sensors, the inverse 

mapping in Equation (2.5) becomes 

where the augmented sensor (r) vector in Equation (2.6) for the above inverse mapping 

is rewritten as 

Similarly, for the given configuration. the fonvard rnapping in Equation (2.10) 

becomes 

where the augmented part location vector (l) for the above forward mapping is also 

rewritten as 
9 

t = [ i  x y * * *  r x- ry xs rr yr r']. 

The fùnction F in Equation (2.17) becomes 



where Al to are the scalar sensitivity weights for the sensors readings h m  s, to 9 

respectively. Now the gradient ( V F )  is written as 

si ai 
where - to - are obtained by calculating the gradient of .f in Equation (2.43): 

8 8 

Using the above equations for the 6 DOF localization, the experimental results are 

obtained in Section 4.4. The performance analysis of the 6 DOF localization algorithm is 

also presented. 



2.5 Summary 

This chapter presents the development of a part localization algorithm with 

reference to the method presented in [27]. The forrnuiated algorithm is intended for the 

purpose of localizing car body fenders. In addition, the modifications to the algorithm are 

described in detail in application to three cases of misalignment problem in the localization 

of the misaiigned fender: 3 DOF surface misalignment, 3 DOF edge misalignment, and 6 

DOF misalignment. 



Chapter 3 

APL System Description 

3.1 Introduction 

This chapter describes the development of Automatic Pan Localization System 

(APLS) in the Laboratory for Nonlinear Systems Control. This is a demonstration system 

which was built to prove the feasibility of the proposed part iocalization concept. APLS 

comprises the following hardware and software components: 

1. Robot System Hardware 

a) Fanuc S-1 10 Robot 

b) Karei R-F Controller 

c) Vacuum-Cup Gripper 

2. Sensor System Hardware 

a) Nais LM100 Laser Beam Proximity Sensors 

b) Nais UZLl10 Laser Beam Edge Sensors 

c) Daytronic System 10 Data Acquisition System 

d) Sensor Positioning Frame 

3. Software Modules 

a) Software Modules in Host Computer (PC): 



StartfS top Position 
C O  D m  

Vacuum 

I I Vacuum Stam 
Feedback Robot Control 

Part 
Detection 
Signals 

24 VM= to Suction Cups 

24 VM: to Sensors 

Sensor Posi tioning Frame 

Edge Sensors (5-7) 1 

Figure 3-1: Schematic Block Diagram of APLS's Hardware 



Borland C/C++ Karel Communication Software. Visual Designer 

and MATLAB 

b) Software Modules in Karel Controller: 

Karel Programming Language 

Figure 3-1 presents a schematic description of the APLS7s hardware interaction in block 

diagram. in the following sections, the fùnctions of the above listed main and wb 

components are described in detail. In addition, APLS's overall part localization 

procedure and experimental steps are thoroughly presented. 

3.2 Robot System Hardware 

3.2.1 Robot 

The Laboratory for Nonlinear Systems Control (LNSC) is equipped with a 

FANUC S-110 R-type industrial robot. The S-110 is a floor mounted, six axes of motion 

robot. A diagram of the robot is provided in Figure 3-2. It has a maximum load capacity 

of 10 kg at its wrist. This maximum payload allows the robot to lif t  both the car fender 

and vacuum gripper. The S-110 has a repeatability of + O2mm at maximum speed and 

extension. 

The six axes motion are the base rotation (l), waist bend (2), shoulder bend (3), 

wrist pitch (4), a m  rotation (S), and wrist roll (6). Each axis is driven by a DC servo 

rnotor via a precision harmonic reducer (axis 1, 4, 5, 6) or a precision bal1 screw and nut 

(axis 2, 3). The robot calculates positions to which the faceplate of end effector moves 

relative to a user-defined coordinate h m e  called the user fiame. The position of the user 

fhme can be defined relative to the world coordinate fiame. The world coordinate fiame 

is a fixed frame inside of the robot, at the intersection of axis 1 and axis 2. 

Figures 3-2 and 3-3 were obiaineci fiom 121 



Figure 3-2: FANLTC S-1 10 R-type Industrial Robot 

3.2.2 Karel Robot Controller 

The S-110 robot is controlled by a FAMJC Karel R-F controller. The Karel 

controller, show in Figure 3-3, is a simultaneous-axis control system. it incorporates 

multiple Motorola 68,000 microprocessors. several types of memory (RAM and Bubble 

Memory), and input/output (VO) devices. The controller electronics, supported by the 

system software, directs the operation and motion of the robot and allows communication 

with peripheral devices. In this thesis, the peripheral devices are a host computer and 

vacuum generator. The controller is able to communicate with the host computer, a 

Pentium 166 MHz, through one of its i/O ports. It is equipped with a RS-232-C serial 

port connector for interfacing with the computer. Both devices are directly cabled 

together via a null-modem cable. A detailed description about the serial communication 

and host computer is presented in Section 3.4. 



Figure 3-3 : Karel R-F Controller 

The Karel controller has an Il0 rack, so that additional VO modules can be added. 

A wide variety of VO modules are available fiom FANUC to allow customization of the 

robot to the individual requirements of the application. To facilitate the implementation 

of APLS, three additional modules have been inserted: one DC digital input module 

(IDOIC), one DC digital output module (OD08C), and one AC digital input module 

(IA16E). These added modules allow the operation of a vacuum-cup gripper fiom the 

controller. 



Figure 3-4: Vacuum-Cup Gripper 

3.2.3 Vacuum-Cup 

The vacuum gripper 

Gripper 

was designed and built in the laboratory by Tran [34]. The 

gripper is able to support up to 18 kg. As shown in Figure 3-4, it is comprised of three 

components: 3 knobbed suction cups with sensors, an aluminum structure, and a vacuum 

generator. A technical drawing of the knobbed suction cup is presented in Figure 3-5. The 

sensor is a metal detecting proximity switch that tums ON in the presence of the pari. The 

power (24VDC) to the switch is provided by an extemal variable voltage power supply 

unit (OMRON S82L). When the suction cup in the gripper touches the part, the proximity 

switch sends DC signal to the Karel controller. The controiler then, starts the operation of 

the vacuum generator. The generator provides vacuum for the three suction cups via a 

vacuum distribution manifold. Figure 3-6 is a schematic diagram of vacuum pressure line 

and electrical connections in the vacuum-cup gripper. 



Figure 3-5: Knobbed Suction Cup with Proximity Switch 

Figure 3-6: Schematic of Vacuum and Electrical Connections in Vacuum-Cup Gripper 

+ Vaccum Line Electrical Line 

Figure 3 4  was obtained from (34) 



The following is the sequence of operation for the vacuum-cup gripper: 

1. The robot moves the gripper near the fender. 

2. The Karel controller starts ro monitor the feedback signals fiom the proximity 

switches on each of the three suction cups. 

3. The robot moves the gripper ont0 the part. 

4. When the suction cups touch the part and signals from al1 proximity switches 

become ON, the controller turns ON the vacuum signai of the generator. This 

mode of operation is called Vacuum Mode. 

S. While the generator supplies vacuum to the suction cups, the controller 

monitors feedback signals for vaccum status in the vacuum chamber. When 

vacuum level reaches a pre-selected level, the vacuum status becomes ON. 

6. When the vacuum status becomes ON, the robot moves the part to a new 

location for the part localization sequence. 

7. The part is released when the controller sets the generator's Vacuum Mode 

OFF. If the vacuum generator's sensing circuitry detects vacuum, pressurized 

air is automatically sent into the chamber to destroy the vacuum. This is mode 

of operation is called Automatic BlowoRMode. 

8. The controller also can place the generator into blowoff by tuming ON the 

Blowoff signai. This mode of operation is called Forced Blowoff Mode. 

Figure 3-7: ISI Automation VMS-2 I 10 Smart Pump 



The vacuum generator is an ISI Automation's Sman pump" (Figure 3-7). It is 

called a "sman pump" because of its intelligent material handling capabilities. The smart 

pump is able to automatically monitor vacuum level, maintain and compensate for correct 

vacuum level, and "sense" when it has picked up the part. [t also combines an exhaust 

silencer which allows compressed air exiting the pump to be quieted (73 &A). The 

electronic control of the pump is provided by the Karel controller via a PLC cable to its 

inputloutput interface. 

3.3 Sensor System Hardware 

The sensor system consists of 7 sensors: 3 proximity sensors and 4 edge sensors. 

Both type of sensors utilize a laser beam as the light source. These sensors are mounted 

on a metal frame called a sensor positioning ftame (SPF), which is specifically designed 

for the application of APLS. The sensor system also includes System 10 which is a data 

acquisition mainframe that preprocesses the signais tiom the sensors. Al1 these 

components are descn bed thoroughly in the following sections. 

3.3.1 Proximi ty Sensors 

in APLS, three NAiSIM LM100 laser beam sensors - called proximity sensors in 

this thesis - are used to detect the location of surface of the part. A diagram of the 

proximity sensor is provided in Figure 3-8. The proximity sensors are diffise-deflective 

type senson. Referring to Figure 3-9, the word "difise-deflective type" refers to the 

method of detection which the laser beam projecting section and the receiving section are 

set either co-axially or with their axes closely adjacent. As a target passes in fiont of the 

sensor or approaches within its measuring range to cause the laser beam to be reflected, 

the distance between the target and sensor is detected. According to the sensor's manual 

[2], the laser beam is emitted fiorn a light emitting element (semiconductor laser) which 

passes through the laser aperture to the part (fender) in the grasp of the robot. When the 



laser beam makes contact. a part of the diffise-reflected laser bearn passes through the 

receiver lens to a spot on a position sensitive device inside the sensor. The position of the 

light spot varies according to the detection distance and from this variance, the distance 

of the fender is measured. The distance is interpreted as analog output ( f 5V ) and sent to 

System 10, the data acquisition system. The dotted arrow in Figure 3-9 is the direction of 

the distance measurement taken. As it is shown, the proximity sensor measures the 

surface of the fender. 

Figure 3-8: NAiSm LM100 Laser Beam Sensor (Proximity Sensor) 

Target (fender) 

Figure 3-9: Method of Detection for Proximity Sensor 



The measurable range of the proximity sensor is from 50mm to 100nrni away 

fiom the sensor. One of the main features of the sensor is that it is insensitive to 

roughness, refiectivity (glossiness), or different colors in the part [2]. Also, its high- 

precision lens provides excellent linearity charactenstics. The manual specifies that the 

repeat accuracy (resolution) is 0.02mrn or less at a selected response time of 40ms. The 

material enor, which is related to the material of the target, for the fender (steel plate) is 

suggested as about t 0.125mm. 

3.3.2 Edge Sensors 

Figure 3- 10: NAiSw UZL 1 IO Laser Beam Sensor (Edge Sensor) 

The APLS's sensor system is also includes four NAiSm UZLllO laser beam 

sensors, called edge sensors in this thesis. These sensors are used detect the location of 

edges of the part. A diagram of the sensor is provided in Figure 3-10. nie edge sensors 

are through beam type sensors. As Figure 3-1 1 shows, the word "through beam type" 

refers to an another method of detection which the sensor is comprised of a laser beam 

emitter and a laser beam receiver. The emitter and receiver are positioned opposite to 



each other. When the fender passes between the two, some of the emitted laser rays gets 

blocked, and hence the received laser beam level at the receiver end changes. The 

receiver produces analog voltage output of SV when al1 beams are received and IV 

when ail beams are blocked. The output voltage is processed by the data acquisition 

system. Refemng to Figure 3-1 1, note that the direction of measurement (dotted mow) is 

different from the case of the proximity sensor. The rneasurabie range is 15mm. The 

emitter and receiver can be placed a p m  up to 500mm. 

I - direction of measurement 

Sensor (emitter) laser beam Sensor (receiver) 

Figure 3- 1 1 : Method of Detection for Edge Sensor 

The emitter projects invisible laser beam. The operating manual [ l ]  specifies that 

it has repeat accuracy (resolution) of O.Olmm or less. The response time is OSms or less. 

The through beam type sensors are not affected by the material of the target; therefore, 

there is no specification for the material error as in that of proximity sensor. 

Figure 3 -8 and Figure 3 4 0  were obtained from [3 1 and [ 1) respectiveiy 



33.3 Data Acquisition System 

Figure 3-12: Daytronic System 10 KU-KD Data Acquisition Mainfiame 

The Daytronic System 10 (IOKU-KD) is an external bus data acquisition and 

control hardware (Figure 3-12). To interface it with the proxirnity and edge sensors, an 

eight channel, DC voltage conditioning card (10A64-8C) is installed into System 10's 

mainframe via its one of four available "slots". Since there are seven sensors in APLS, 

only seven of the eight channels are used. The conditioning card preprocesses the signals 

fiom the differem sensors to make them compatible to System 10. Besides the eight 

channels, the card also includes 2-wire DC ;oltage sources, which provide 24VDC power 

to al1 seven sensors. The two wires require their own power supply, which is provided by 

a vm*able voltage power supply unit (OMRON S82L). In addition, an universal logic VO 

card (10AM)-16) is installed to allow System 10 to perform automatic safety monitoring 

and other programmable logic control functions in connection with the sensors. A 

detailed description of System 10 and its fiinctional cards can be found in [7]. 

The communication with the host computer (PC) is done through a RS232 serial 

port to COM3 of the PC. The fbndamental function of System 10 is to convert the analog 



voltage inputs from the sensors into corresponding digital format. The System 10's 

analog-to-digital (AID) converter transfonns the original analog sensor signals into 

cornputer-readable data (a digital binary code). In addition to the A/D converter, several 

components such as an amplifier, a multiplexer, timing and synchronization circuits are 

included in System 10 to obtain optimum sensor data. The obtained data, which is 

converted to mm, is sent to the PC through the senal communication port. A software 

called Visual Designer handles the necessary communicarions protocols and accesses the 

data in the PC. Visual Designer is described in Section 3.4.2. 

3.3.4 Sensor Positioning Frame (SPF) 

Al1 proximity and edge sensors are mounted on a sensor positioning fiame (SPF). 

The use of the SPF allows the part's location data from al1 sensors to be obtained 

simultaneously. M e r  the robot picks the fender up, it brings the part to the SPF, close to 

the senson. Then, at the command of the PC, measurements fiom al1 sensors are taken 

together. The SPF is a cost-effective component, made of aluminum pipes with chrome 

finish. The pipes have outer diameter of 26.7mm and inner diameter of 19.05mrn. This 

system is shown in Figure 3-13. It has the following approximate dimensions: height = 

2. lm, width = 1. lm, and depth = 0.4m. The pipes are c o ~ e c t e d  to each other using 

several kinds of pipe fittings. These pipe fittings are used for the following purposes: to 

firmiy secure the co~ect ion  between the pipes, to allow easy modification of the ftame 

for different applications (parts) and, most impoctantly, to allow accuraie positioning of 

the sensors' laser beams on the fender. The last part is done by using a set of "crossovef' 

titting and aluminum "leg" (Figure 3-13). As it can be seen, there are a total number of 

four such sets on the fiame. At the end of each leg, a 0.66m long aluminum plate is 

installed. Al1 sensors are bolted to these sensor mounting plates. Figure 3-14 shows how a 

set of edge sensor and a pmximity sensor are positioned on the plate. The custom made 

L-shaped mounting brackets allow to make the laser beam alignments accurate and easy. 

The combination of the above components.permits the positioning of the sensors in any 

direction- 



Figure 3- 1 3 : Sensor Positioning Frame (SPF) 



Figure 3-14: Close Up View of Sensor Mounting Plate 

3.4 Software Architecture 

Figure 3-15 shows al1 major APLS software components and how they interact 

with each other. In the following sections the fùnctions of each component are described 

in detail. 

3.4.1 Software Modules in Host Computer (PC) 

A. Borland WC++ 

Borland C/C++ is the main component of APLS's software architecture in the PC. 

There are two main source codes that are programmed in C: purttcdc and part-I0c.c. 

These codes are compiled using Borland C/C++ compiler (Version 4.0) to create the 

conesponding .exe executable files. Al1 other sofhvare modules in PC are directed by 

these two modules. 



CALIBRATION PROCESS 

robot's movement ' 

Borland CIC* statu K a d  Commmd Language . 
part-cal .c pan-cal.exe pst-cal.pc pan-cal. kl 

robot's movement 
conml 

note: - sendat contains sensor measurements 
of the caiibrared fender - pos.dat contains the fender's 
corresponding location information 

LOCALIZATION PROCESS 

j 
i Borland CIC* Kaml Command Language i ; 

pan_loc.pc - pan-l0c.H 

Figure 3- 15: APLS's Software Architecture 
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1 msen.dat / 
note: - msen.dat contains sensor measurements 

. Visucil Designer 
? 

of the misaligneci fender 
j - mpos,dat contains the fendet's 

corresponding location information - npos.dat contains new location of 
rabot after caicuiating misalignment 



The two source codes contain routines that allow the PC to communicate with a 

Karel controller's program via a nul1 modem cable. They are specific to COMl of the PC 

in this thesis; but, can easily be switched to other compons if necessary. The routines are 

able to send or receive character or nurneric data between the two devices. They are also 

capable of confirming for correct transmission or reception of data. 

Figure 3- 1 6: Pmt-caLexe User-Interface 

Part - ca1.c is written to direct the process of collecting the calibration data (see 

Section 2.1.1 for details). It continuousiy monitors the movement of the robot and 

comrnands other software modules in the PC accordingly. The corresponding program in 

the robot's Karel controller is called part-cal.pc. By making connection to the program, 

the communication routines receive the information on initiation and termination of the 

robot's each movement fiom the Karel controller. The location measurements of the 

fender are entered manually and the corresponding sensor measurements are obtained 

through Visual Designer. The number of measurement sets taken is decided by the 



number of calibration sets required by the specific localization problern. The location and 

sensor measurements of the fender are saved in .&t data files for later use by MATLAB 

('part - ca1.m) in the mapping of the two. 

Part - loc.c is written to direct the actual process of locating the fender (see 

Section 2.1.3 for details). Its purpose is also to monitor the movements of the robot and 

control the process by directing the operation of the other software modules. The 

corresponding program in the robot's Karel controller is called purtt/oc.pc. When the 

robot picks the misaligned fender up and bnngs it to the view of the sensors, the code 

enables for the PC to receive the current coordinates of the robot from the Karel 

controller and the corresponding sensor data via Visual Designer. Then, MATLAB 

@art - 1oc.m) is called to calculate the misalignment of the fender. Based on the 

calculation, new coordinates of the robot is determined to compensate for the fender's 

misalignment. The new coordinates are sent back to the Karel controller to move the 

robot accordingly. 

The PC can also communicate with the Karel controller without direct interaction 

with a Karel program [12] in the controller. This is done by installing Fanuc Robotics' 

Karel Communications System (KCS) into the PC's DOS environment. KCS allows the 

following common operations on the Karel controller [ I  I l :  
Reading the Karel controller's file directory 

Transferring files between the PC and Karel controller 

Starting and stopping a Karel program 

Monitoring for unsolicited alarms and 

Obtaining the current status of the Karei controller 

To exercise al1 the above hnctionality of KCS in a user-friendly manner, an interactive 

program called Karel Access Program (KM) is available in KCS. In APLS, KCS is 

mainly used to transfer Karei program source codes (.kl files) and translated p-codes (pc  

files). A brief description of the Karel programs is given in Section 3.4.2. 



To run KCS in the PC, it requires the GMFCOMM communications program to 

be instailed first. GMFCOMM is  a communications software program which implements 

and sets up the communications protocols needed to run KCS. Once installed, 

GMFCOMM can be invoked in DOS environment, in a manner similar to the way other 

DOS accessed files are opened. When it is opened, GMFCOMM itself executes any steps 

necessary to make the connection to the Karel controller - it implements a 

communications protocol called DDCMP (Digital Data Communications Messaging 

Protocol). This protocol remains in the memory until the PC is shut d o m  or restarted. 

DDCMP provides synchronized data transfer, which ensures that both ends of the 

communications link are timely correct and penorms an error detection and recovery 

functions in the data transfer [13]. 

Figure 3-1 7: KAP User-Interface 



In addition, to run KCS, the Karel controller must have DDCMP and NCP 

protocois running on the RS-232-C serial pon. NCP (Network Command Processor) is a 

different kind of protocol that deals with such functions as file access and file transfer 

methods [l3]. NCP is the entity in the Karel controller that KCS comrnunicates with. 

DDCMP and NCP are resident in the Karel controller's memory and can be invoked at 

anytime. Once the controller is set and the nul1 mode1 cable is installed between the PC 

and controller, GMFCOMM can be started, followed by KAP. 

C. Visual Designer 

Figure 3-18: Visual Designer's Customized FlowGram @ a ~  - loc.dp) for APLS 



Visual DesignerT" is a PC-based data acquisition, analysis. display and control 

software. Visual Designer allows to interface the PC to signals from the seven laser 

sensors via S y stem 1 O. It is a Windows-based, b lock-diagram development environment 

that requires no programming. Visual Designer consists of two sub-programs: 

DIAGRAM and RüN. In the DIAGRAM program, block diagrams or "FlowGrams" are 

drawn to generate a custom application. Figure 3-18 is the built custom application for 

APLS, called part-kdgnr. As it is shown, FlowGrams are built with block fbnctions 

and interconnections. The block hnctions are first selected and positioned in appropriate 

locations and, then interconnected using "wires" to define the application. Once the 

FlowGram i s  created, DIAGRAM processes the FlowGram into an executable form 

called "FlowCode". The RüN program, which can be invoked from DIAGRAM, loads 

and executes this FlowCode. 

Described in the following are the Visual Designer block fùnctions that together 

provide the custom application for APLS. Refemng to the FlowGram in Figure 3-16, the 

Serial C M 3  block allows communication with the extemai System 10 via the PC's 

COM3 serial pon. System 10 provides the converted digital data fiom the seven laser 

sensors as its input. The output of the Seriai C M 3  is a multi-channel buffer contai~ng 

the readings from al1 seven sensors. The Multi-Channel Plot block displays each channel 

to an oscilloscope screen. The next are the Chnl to Chn7 bfocks which receive the multi- 

channel buffer as their inputs. Each block extracts a segment, single-channel buffer, out 

of the input buffer and places it in the output buffer. The single-channel buffer contains 

the reading fiom one of the sensors. For example, the Chnl block extracts Sensor 1's 

reading, the Chn2 block extracts Sensor 2's reading, and is continued until the Chn7 

block earacts Sensor 7's reading. Each Sen block (Seni to Sen7) dispiays the 

corresponding readings as a single numeric value in a digital panel. The Pack block then 

combines the seven single-channel buffers into a multishannel output buffer again. 

Then, the ASCIFikWrire block saves the data to a file in ASCII. The filename is 

generated by the Filename block. When the RUN program is invoked for the FlowGram, 

Figure 3-19 is obtained as a result. Figure 3-19 is the dialogue box used during the part 

localization. 



Figure 3 - 1 9: Visual Designer's RUN Program for APLS 

D. MATLAB 

The part localization algorithm is developed in MATLABm. See Chapter 2 for 

the details of the algorithm. MATLAB by The MathWorksm is a standard tool in the 

control research community, so no Further explanation wiil be given here. In APSL, 

MATLAB handles al1 calculations necessary in finding location of the fender. There are 

mainly two fbnctions that are implemented in MATLAB .rn script files: parr - ca1.m and 

p i  - focm. These finetions are called in the MATLAB workspace. 

PurttcuI.m is the function needed in the Mapping stage (see Section 2.1.2) of the 

algorithm. It solves for the inverse calibration matrix, Cw , and the forward calibration 

matrix, C F . R .  The necessary calibration data, both the fender's location and sensor 

measurements, are acquired by Borland C/C* @art-cuLc) and Visual Designer 

@art-foc.dp) respectively. The calibration data are saved in .da data files and loaded 



into the part - ca1.m fùnction, when the hnction is called. The obtained calibration 

matrices are also saved in data files as cinv.&t and cfor-dat for part-locm. 

Part-1m.m is the fùnction used in the Localization stage (See section 2.1.3). This 

function receives, as its input, the current sensor readings in the .ria! files from Visual 

Designer @art-k Jgm) and the above calibration matrices, ciriv.dar and cfor.dut. The 

purpose of the porr - 1oc.m fiinction is to determine the location misalignrnent of the 

fender from the input. Once the misalignment i s  found, the information is saved in a .kt 

file for to be retneved by Borland C/C* @art-1oc.c). Part-ïoc.c, then, sends an adjusted 

location of the robot to the Karel controlfer. 

3.4.2 Software Mod des in Karel Con troller 

The Karel programming language is used to program the robot for the 

applications required by APLS. The Karel. language is developed specifically for robot 

applications on the Karel controller, but is similar to other basic programming Ianguages. 

The Karel Ianguage program source codes are stored in .kl script (ASCII) files. There are 

two source codes developed for APLS: prttcai.kl and part-locki. To run these 

programs in the controller, they must be translated into "p-code" for the controller to 

understand. The Karel Translater changes the source codes from .kl files into the p-code 

for .pc files. Hence the two source codes become part-cai.pc and pttt1oc.pc 

respectively. Both the controller and PC have the translator installed in them. Because of 

slow processing time and translating speed of the controller, the APSL's programs are 

developed in the PC using Microsofi WordPad (Version 1 .O). Then, d e r  translation, the 

.pc tiles are transferred to the Karel controiler using Karel Communications Software 

(KCS) which were described previously. 

Pm-cal.pc and part-loc.pc contain routines that allow sending or receiving of 

character or numeric data fiom the PC. Included in them are also routines that check for 

c o r n  transmission or reception of data. Part - cal.pc controls the movement of the robot 



dunng the process of collecting the calibration data; whereas purtIIoc.pc is used during 

the actual process of localizing the misaligned fender. 

3.5 Experimental Set-Up 

One of the main goals of this thesis is to investigate the feasibility of 

implementing the part localization algorithm on a commercial robot. The Fanuc S-110 

and the developed APLS were used for the testing and verification of the algorithm. 

Recall that the algorithm was presented thoroughly in Chapter 2. 

Figure 3-20: View of Typical Experiment and Setup 



Figure 3-20 shows a picture of a typical experimental setup. For the purpose of 

perfiorming localization experiments, a positioner was designed and built in the LNSC. 

The fiinction of the positioner in Figure 3-20 is to hold the fender firmly in place while 

the robot grasps it. As pointed out in Section 1.2, the employment of this low precision 

positioner is necessary to ensure that the fender is placed within some close 

neighborhood of a planned location. This planned location is where the fender should be 

positioned for a successful assembly. 

Figure 3-21 : View of Senson Taking Measurements of Fender 



Figure 3-21 provides a close up view of the sensors taking measurements of the 

misaligned fender, grasped by the robot. To siniplifi the localization experiment, the 

robot's user-defined coordinate frame was set equal to the part (fender) coordinate fiame, 

which was previously illustrated in Figure 2-1. The advantage of working in the same 

coordinate frames is that the perturbations or misalignrnents of the fender can be created 

artificially for the experiments. The results of these experiments are presented in Chapter 

4. Lastly, Figure 3-22 shows a typical Windows based user-interface for the localization 

experiments. All the components of the user-interface were explained in previous 

sections. 

Figure 3-22: User-Interface for Part Localization Experiments 



3.6 Summary 

In this chapter, the development of Automatic Part Localization System (APLS) 

was described. APLS is a dernonstration system that enables the use of the proposed pan 

localization concept. This chapter gives a detailed explanation of various hardware and 

software components that form the system. Additional setup required to perform pan 

localization experiments are also given. It is hoped that the documents presented in here 

will be sufficient to guide othen in &ture investigations. 



Chapter 4 

Experimental Results 

4.1 Introduction 

In this chapter, experimental results are presented using the part localization 

algorithm developed in Chapter 2. The description of Automatic Part Localization 

System (APLS) and the expenmental setup were presented in the previous chapter. The 

main goal of these experiments is to investigate the feasibility of implementing the 

algorithm on a commetcial robot. The performances of using inverse and forward 

mappings in localizing a fender are also studied. See Chapter 2 for explanations of the 

inverse and forward mappings. In this chapter, the localization of the fender using the 

inverse mapping is called inverse locali&tion, whereas the other is called fonvard 

localization if the forward mapping is used. Recall fkom Chapter 1 that the target 

performance or the acceptable estimated location error is within t OSmm for the x , y ,  

and r coordinates, and k 0.070 for the w , p ,  and r angular coordinates. The error is the 

dioerence between the commanded and estimated location of the fender. Following the 

development of the algorithm in Chapter 2, three types of experiments are performed: 

1. 3 DOF (x, y, r )  edge localization experiments 

2. 3 DOF (t, w, p) surface localization experiments 



3. 6 DOF localization experiments 

For each type, the results of the inverse localization are presented first. Secondly, a 

cornparison is made to the results of the forward localization. Note that the sensor 

weights in the foward localization can be assigned to many different values. In this 

thesis, however, only a selected combination of the sensor weights is presented for each 

type of fonvard localization experiment. Detailed explanations are made on what each of 

these results represents. Lastly, conciuding remarks are given for the overall experirnental 

results, including noise considerations. 

4.2 Edge Localization Performance Analysis 

The experimental results for 3 DOF edge localization are presented for a single 

calibration data set. In the edge localization experiments, the misalignments are given to 

the x , y , and r coordinates. In order to measure the misalignrnents in these coordinate 

axes, edge sensors (s4, s5, s 6 ,  s7 ) are used. Figure 2-4, in Chapter 2, displays a 

diagram of the coordinate axes and the sensor vectors with respect to the fender. Three 

points at 30mm intervals are used for the x and y coordinates, and tive points at OS0 

intervals are used for the r coordinate to form the calibration set. By taking al1 

combinations of these, a 45 cdibration-point data set is created, which evenly span the 

fender's possible misalignment range. Therefore, the given misalignment range of the 

fender are within -+ 30mm for the x and y coordinates, and + 0.5" for the r coordinate 

at the localization stage in Step 3 (see Chapter 2). The performance evaluation data and 

plots in the following sections correspond to results from 50 experiments in localizing the 

misaligned fender - using the edge localization. 



4.2.1 Inverse Localization Performance 

The edge localization performance using the inverse mapping is given in Table 4- 

1. It shows the error statistics in estimating the correct location of the fender. The data 

clearly shows that the performance is excellent. The mean values for al1 three errors are 

well within the target values of k 05mm and f 0.07' . 

1 1 Inverse Localization Error 

Table 4-1 : Inverse Localization Error Statistics for 3 DOF Edge Localization 

Mean 

Sm 
Ma 

Min 

Figure 4- 1 shows a plot of the x coordinate error as a hnction of the misalignment 

along the x coordinate. Each point (O) on the plot is a single experiment peformed to find 

the fender's misalignments. Notice the different values of the x coordinate error at the 

zero x-misalignment location. The differences, which are as much as 0.25mm apart, are 

caused by different magnitudes of misalignments in the y or w coordinate directions. It 

implies that misalignments in one coordinate direction have an effect on the magnitude of 

the error on the other. Figure 4-2 is the plot of the y coordinate enor versus the 

misalignment along the y coordinate and Figure 4-3 is for the r coordinate error versus 

the misalignment along the r coordinate. The three plots show that al1 50 experiments 

have localized the fender within the target range. 
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Figure 4-1 : 3 DOF Edge Localization (Inverse) - x 
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Figure 4-2: 3 DOF Edge Localization (Inverse) - y  

Figure 4-3 : 3 WF Edge Localization (Inverse) - r 
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4.2.2 Fomard Localization Performance 

Table 4-2 displays error statistics for the fonvard edge localization of the 

misaligned fender. Recall from Chapter 2 that the forward localization is an iterative 

procedure - the calculation of the fender's location is repeated for a preset number of 

iterations. The results presented here were obtained using 500 iterations and the 

following scalar sensitivity weights ( A i )  for the four edge sensors: 

4 = 10 for Sensor 4 (s4) 

4 = 10 for Sensor 5 (s5) 

4 = 1 for Sensor 6 (s6)  

4 = 10 for Sensor 7 (s7) 

The details on the usage of these weights are explained in Section 2.3, as Equations 

(2.35) and (2.37). The table indicates that the performance of the forward localization 

algorithm is almost identical to that of the inverse localization algorithm. Only the mean 

value for the x coordinate error is slightly improved. Other values for the sensitivity 

weights or the number of iterations generally produced results for these experiments 

which are worse. The plots, in Figures 4-4, 4-5, and 4-6, for the forward localization are 

very similar to the corresponding plots for the inverse. Again, each point (O)  on the plots 

is one of the 50 experiments performed to find the fender's misalignments, using the edge 

localization. 

Forward Localization Error 

Table 4-2: Forward Localization Error Statistics for 3 DOF Edge Localization 
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Figure 4-4: 3 DOF Edge Localization (Foward) - x 
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Figure 4-5: 3 DOF Edge Localization (Forward) - y  

Figure 4-6: 3 DOF Edge Localization (Forward) - r 
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Figures 4-4, 4-5, and 4-6 do not clearly show the correlation between the error in 

one coordinate and misalignments along other coordinates. To avoid repetition, the 

correlation between the misalignments in different coordinates is presented using 6 DOF 

localization experiments (Section 4.5). 

4.3 Surface Localization Performance Analysis 

The experimental results for 3 DOF surface localization are presented for a single 

calibration data set. Recall from Chapter 2 that the misalignments are present in s, w, and 

p coordinate axes in the surface localiûttion experiments. In order to measure the 

misalignments about the 2, w, and p coordinates, pronirnity sensors (sl, s2, s3) are 

used. Figure 2-3 shows the representation of these coordinate axes and sensor vectors 

with respect to the fender in a schematic diagram. Three points at 30mm intervals are 

used for the r coordinate, and five points at OS0 intervals are used for the w and p 

coordinates to fom the calibration set. By taking al1 combinations of these perturbations, 

the set contains 75 calibration points that evenly span the fender's possible misalignment 

range. The misalignment range of the fender is within + 30mm for the z coordinate, and 

* O S 0  for the w and p coordinates at the localization stage. The following performance 

evaluation data and plots correspond to 45 experiments in which the fender is localized - 
using the surface localization. 

4.31 Inverse Localization Performance 

The results of the surfiace localization performance using the inverse mapping is 

displayed in Table 4-3. The table shows the error statistics in estimating the correct 

location of the fender. Notice that al1 three errors are well within the target values. 

However, the maximum and minimum error values are much greater than that of the edge 

local izat ion. 



Inverse Localization Error 

1 Min 1 -0.47 1 -0.066 1 -0.062 1 

Mean 

STD 

Table 4-3 : Inverse Localization Error Statistics for 3 DOF Surface Localization 

Figure 4-7 shows the plot of the r coordinate enor as a tiinction of the 

misalignment along the s coordinate. As in the inverse localization, each point (O) on the 

plot is one of the 45 experiments in finding the fender's location. Figure 4-8 is the plot 

for the w coordinate error versus the misalignment along the w coordinate and Figure 4-9 

is for the p emor versus the misalignrnent along the p coordinate. The three plots show 

that al1 45 experiments have localized the fender within the target range. 
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Figure 4-8: 3 DOF Surface Localization (Inverse) - w 
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Comparing to the plots previously presented in the edge localization, the points 

(O)  are more scattered along the error axes in above plots. Even though ali points are 

within the target values, one or two points in each plot are close to being out of the 

bounds. The main reason for this is that the surface localization uses fewer number of 

sensors, i.e. three, than the edge localization, which uses four, to localize the same 

number of degrees of fieedom (3 DOF). The reduced number of measurements has led to 

greater inaccuracy in estimating the fender's location. In addition, the cowplexity in the 

shape of the fender has also contributed to the inaccuracy. The greater complexity in the 



shape of the fender's surface than its edges has led to dificulty in mapping the surface 

more eEectively. 

43.2 Fomard Localization Performance 

Table 4-4 &es the error statistics for the fonvard surface localization of the 

misaligned fender. Recall that in the forward localization, the calculation of the fender's 

location i s  repeated for a preset number of iterations. The experimental results are 

obtained using 500 iterations and the following scalar sensitivity weights ( A i )  for the 

three proximity sensors: 

Al = 1 for Sensor I (si ) 

4 = 10 for Sensor 2 (s2)  

4 =l for Sensor3 (s3) 

The details on the usage of the above sensitivity weights in the sutface 

localization algorithm are previously explained in Section 2.2, as Equations (2.27) and 

(2.28). Table 4-4 indicates that the forward localization's performance is superior for the 

w and p coordinates than that of the inverse localization. However, the mean value for the 

z coordinate error has increased significantly, even though its standard deviation and 

maximum and minimum values have been improved. These results indicate that there are 

coupled trade-offs in the performance between the coordinates. The performances were 

improved in the w and p coordinates, whereas the peffonnance in the z coordinate has 

suffered. Other values for the sensitivity weights or the number of iterations have 

produced different results. For example, when the sensitive weights (Ri, 4, 4) were 

set to 1 with 100 iterations, the mean errors were 0.050mm, 0.013 3 and 0.003 O for the z, 

w, and p coordinates respectively. These results also show the trade-off between the 

coordinates: the performance of the p coordinate improved compared to that of the 

inverse, whereas the w coordinate's performance fell. However, finding the optimum 

values for the sensitivity weights or the number of iterations are not in the scope of this 

thesis; hence, they are not described here in detail. 



Forward Localization Error 

Mani 

Table 4-4: Forward Localization Error Statistics for 3 DOF Surface Localization 

r 

Min 1 -0.46 

Figure 4-10: 3 DOF Surface Localization (Forward) - z 

z (mm) 

-0.09 

Figure 4-1 1 : 3 DOF Surface Localization (Forward) - w 
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Figure 4-12: 3 DOF Surface Localization (Forward) - p 
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The plots (Figures 4-10, 4-1 1, 4-12) for the forward localization are very similar 

to the corresponding plots for the inverse, as for the case of the edge iocalization. Take 

note that the points on Figures 4-10 have shifted downwards slightly compared to the 

points on Figure 4-7 of the inverse. This shifiing has led to the increase of the z 

cwrdinate's mean error tiotn -0.04nlm to -0.09mm. 
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4.4 6 DOF Localization Performance Analysis 
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The experimental results for 6 DOF localization are presented for a single 

calibration data set that contains a total of 729 calibration points. in this experiment, 

misalignments are given to al1 coordinate axes: three translations ( x ,  y ,  z )  and three 

rotations ( w , p ,  r ). In order to measure the misalignments in these coordinates, both the 

proximity sensors (sl, s2, s3 ) and edge sensors (s4, s5, s6, s7 ) are used. Figure 2-1, 

in Chapter 2, shows the representation of the coordinate axes and the sensor vectors with 

respect to the fender for this experiment. Three points at 20mm intervals are used for the 

x , y ,  and 2 coordinates, and three points at 0.5" intervals were used for the w , p , and 

r to fonn the calibration set. By taking al1 combinations of these perturbations, the 729 

point calibration set is formed, which eveniy span the fender's possible misalignment 



range. The misaiignment range is + 20mm for the x , y ,  and 2 coordinates, and k 0.5' 

for the w , p ,  and r coordinates in the 6 DOF localization. The following performance 

evaluation data and plots correspond to results from 129 experiments conducted in 

localizing the misaligned fender 

4.4.1 Inverse Localiza tion Performance 

The results of using 6 DOF inverse localization algorithm are shown in Table 4-5. 

The table shows the error statistics in estimating the localization of the misaligned fender. 

As cm be seen from this data, the performance is good. The mean values for the x, y, and 

z coordinate errors are well within the target value of 2 0.5mm . The mean values for the 

w, p, and r coordinate errors are also within the target value of k 0.07' . The maximum 

and minimum values also do not exceed the target values. 

Inverse Localization Error 

Table 4-5: Inverse Localization Error Statistics for 6 DOF Localization 

Mean 

STD 

M a  

Min 

Figure 4-13 presents the x coordinate error as a tùnction of the misalignment 

along the x coordinate, when no misalignments are present to other coordinate axes. 

Similarly, Figures 4- 14 to 4-1 8 illustrate the coordinate errors from y to r coordinates 

respeciively. From these plots, it is evident that each coordinates emr is a strong fùnction 

of its misalignment. For example, in Figure 4-14, the y coordinate error is linearly 

x (mm) 

O. 19 

O. 14 

0.49 

y (mm) 

-0.0 1 

0.1 1 

0.39 

r (mm) 

-0.24 

O. 10 

0.12 

p ( 0 )  

-0.03 1 

0.023 

0.059 

-0.25 

w (9 
-0.038 

0.020 

0.032 

I 

r (7 
0.020 

0.0 15 

0.060 

-0.069 -0.047 -0.069 -0.25 -0.50 



dependent on the y coordinate misalignment. The y coordinate error increases as the y 

coordinate misalignment changes fiom -0.2mm to +0.2mmn. It is also possible to describe 

the relationship between the localization error and the misalignment for every coordinate 

in detail as [26] has done. In the 6 DOF localization. however, finding the reiationships 

becomes insignificant. Again considering the y coordinate, when misalignments are also 

present in the other coordinates, each has an effect to the y localization error. Hence the 

relationship between the y coordinate error and the y misalignment will no longer be 

1 inear. 

Figure 4- 13 : 6 DOF Inverse Localization - x, no misaiignrnent in other coordinates 

Figure 4-14: 6 DOF Inverse Localization -y ,  no misalignment in other coordinates 

0.6 

E 4 Y 

s 
.c 0.2 

g 0 

5 4.2 œ 
Q 
N 7 4.4 
O 
0 

. .  . . . . . . . . .  . . .  . . . .  ... . - .  . . . . . . . .  :.. i . .  ..................... I. I 

- 
............... ---- ...- ..---,.*-.. .................. ......-.. ..-........................................... ... , - - 

O O O O Q  ........ . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . .  .. . -* a- 0 .O 0 ...................................... .......-... ..d 

6 O O 
. . . . .  S....-....--. ..... .Q ...... o.. ........ -.*c ... --- . . . . . . . . . . . . . . . . . . . . . . . .  .+ ............ < ............. -( 

--.-.-.---..-; -..--.-. . < .  -- -.. .... .... ..... .-. ... .""- f- .... . . . . . . . . . . . .  ... ... q 

1 1 1 1 1 1 t 1 1 
0 

-2.5 -2 -1.5 -1 4.5 O 0.5 1 1.5 2 2.5 
misalignment in y [mm] 



Figure 4-15: 6 DOF Inverse Localization - z, no Msalignment in other coordinates 
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Figure 4-16: 6 DOF Inverse Localization - w, no misalignment in other coordinates 
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Figure 4-1 7: 6 DOF Inverse Localization -p. no misalignrnent in other coordinates 
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Figure 4- 18: 6 DOF Inverse Localization - r, no misalignment in other coordinates 
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Figures 4-19, 4-20, and 4-21 also show the localization errors in the x, y, and z 

coordinates respectiveiy. However, these plots are obtained by allowing misalignments in 

al1 translational cootdinate axes and maintaining zero misalignment in the rotational 

coordinate axes. Conversely, the enors for the w, p, and r coordinates in the next three 

plots (Figures 4-22, 4-23. 4-24) are plotted with misalignment present for ail rotational 

coordinates and no misalignment in the translational coordinates. As previously 

mentioned, the effect of misalignments from other coordinates 

4-19 to 4-24. Even though only three coordinates are involved 

of the points (O) in these plots has become less predictable than 

4.5  4 -0.3 4.2 1 O 0.1 0.2 0.3 0.4 0.5 
misalignment in r fdeg] 

starts to show in Figures 

in each plot, the location 

n the previous six plots. 
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Figure 4-19; 6 DOF Inverse Localization-x, misalignment in al1 translational coordinates 
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Figure 4-20: 6 DOF Inverse Localization-y, rnisalignment in al1 translational coordinates 
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Figure 4-2 1 : 6 DOF Inverse Localization-r, misalignment in al1 translational coordinates 
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Figure 4-22: 6 DOF Inverse Localization - w, misalignment in al1 rotational coordinates 
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Figure 4-23: 6 DOF Inverse Localization -p ,  misalignment in al1 rotational coordinates 

Figure 4-24: 6 DOF lnvene Localization - r, misalignment in al1 rotational coordinates 
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Figures 4-25 to 4-30 display the localization errors for the six coordinates with 

misalignment present in al1 coordinates simultaneously. Note that the points on the plots 

are widely scattered and generally show no trend at all. As expected, the values for the 

localization errors became more difficult to predict. 
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Figure 4-25 : 6 DOF Inverse Localization - x, misalignment in al 1 coordinates 
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Figure 4-26: 6 DOF Inverse Localization -y ,  misal ignment in al1 coordinates 
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Figure 4-27: 6 DOF Inverse Localization - z, misalignment in al1 coordinates 
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Figure 4-28: 6 DOF Inverse Localization - w, misalignrnent in al1 coordinates 
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Figure 4-29: 6 DOF Inverse Localization -p,  misalignment in al1 coordinates 
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Figure 4-30: 6 DOF Inverse Localization - r, misalignment in al1 coordinates 
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Figures 4-13 to 4-30 clearly indicate that al1 6 DOF-inverse experiments ( O )  have 

localized the fender within the target range. However, as Figures 4-25 to 4-30 show, 

when misalignments are present in other coordinates simultaneously the localization 

performance is not as good as that of the edge localization, but close to the surface 

localization. The reasons that contribute to the exceptional performance of the edge 

localization were explained in Section 4.3.1 of this chapter. 

4.4.2 Forward Localization Performance 

The 6 DOF localization performance using the forward mapping is shown in 

Table 4-6. The results presented here were obtained using 500 iterations and the 

following scalar sensitivity weights (Ai) for the seven sensors: 

Al = 10 for Sensor 1 (sl) 

4 = 10 for Sensor 2 ( s 2  ) 

4 = 10 for Sensor 3 (s3) 

A, = 1 for Sensor 4 ( s 4  ) 

4 = 1 for sensor 5 (s5) 

4 = 1 for Sensor 6 ( 3 6 )  

4 = l  IorSensor7(s7) 

Recall fiom Chapter 2 that the fonvard calculation of the fender's misalignrnent is 

repeated for a preset number of iterations - which was chosen as 500. A detailed 

explanation on these sensitivity weights is also given Chapter 2; see Equations (2.45) and 

(2.46). Only the proximity sensors were assigned the value of 10 for their sensitivity 

weights (Ai, 4, Rj ), the edge sensors were le& unweighted. Since the proximity sensors 

are used to measure the surface-detection related coordinates (r, w, p), the performance 

wouid generally be better along these coordinates, than in the case of inverse localization. 

Table 4-6 displays the comparable error statistics in localizing the misaligned 

fender with that of the inverse localization presented in the previous section. By 

comparing to the results in Table 4-5 of the inverse localization, the performance is seen 



to be similar for the x and y coordinate errors. On the other hand, the z, w, p, and r 

coordinates show improvements over the results of the inverse localization. For example, 

the r coordinate enor is about half that of the inverse result in Table 4-5, 0.020" to 

0.009'. However, while the mean values are excellent, the standard deviations and the 

values for the maximum and minimum errors have increased. Some of the maximum and 

minimum enor values are even outside the target range. As expected, the weighting of 

the proximity sensors has led to the decrease in the mean localization error for the r, w, 

and p coordinates. 

I I Forward Localization Error I 

Table 4-6: Forward Localization Error Statistics for 6 DOF Localization 

Mean 

Sm 
Mm 

Figures 4-3 1 to 4-36 show the torward localization errors in each coordinate with 

misalignments present in al1 coordinates simultaneously. Each point (O) on the plot is a 

single experimem performed to tind the fender's misalignments. A total of 17, out of the 

129, 6 DOF localization experiments are shown in the plots. Only in these experiments 

were intentionally given misaligned in al1 coordinates. 
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Figure 4-3 1 : 6 DOF Foward Localization - x, misalignment in al1 axes 

mirelignment in y [mm] 

Figure 4-32: 6 DOF Fonvard Localization -y, misalignment in al1 axes 

Figure 4-33 : 6 DOF Forward Locaiization - z, misalignrnent in al1 axes 
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Figure 4-34: 6 DOF Fonvard Localization - w, misalignment in al1 axes 

misalignment in p [deg] 

Figure 4-35: 6 DOF Forward Localization - p ,  misalignment in al1 axes 
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Figure 4-36: 6 DOF Forward Localization - r, misalignment in al1 axes 



The above plots show that ail 17 experiments have successfully localized the 

fender within the target range for al1 six coordinates. 

4.5 Remarks 

From the experimental results presented in the previous sections, the followi ng 

remarks can be made: 

Misalignment in one coordinate direction has an effect on the localization errors 

of the other coordinates 

-The localization performance is highly related to the number of sensors used. A 

reduced number of sensor measurements leads to greater localization error. 

The complexity in the shape of part also affects the localization performance. 

Murray et al. [27] suggested that the localization performance is Iargely 

determined by how well the mapping from the sensor measurements to part 

misalignments can be leamed from the limited calibration data set. This implies is  

that both fewer number of sensor measurements and the complexity of the part's 

shape could affect the accurate mapping. 

The performance of localization can also be improved by increasing the number 

of points in the calibration sets [27] and by pointing the sensors to less curved 

locations on the fender. It is also important that sensors are positioned well apart 

of each other and perpendicular to the measuring surfaces of edges of the fender. 

Comparing to the inverse localization results, the forward localization results 

show coupled tradesffs in the penormance between the coordinates involved. By 

adjusting the sensitivity weights, the performance of selected coordinates can be 

improved, while the other coordinates sufFer. 

In case of the 6 DOF experiments, the computation time of the fender's 

misalignment was approximately 0.5 seconds for the inverse localization and 3 

seconds for the foward localization with 500 iterations. This computation time 



does not account for the robot motion - which was timed at 6 seconds fiom the 

pick-up of the fender to the taking of measurements under the sensor frame. 

As descnbed in Chapter 3, the resolution of the proximity sensor is 0.02mm or 

less at a response tirne of 4Onr.s. The edge sensor has the resoiution of O.Olmm or 

less and a response time of OSms. The pumping sound from the vacuum generator 

also contributes to the noise in the sensor measurernents: less than O.Olmm which 

is not very significant. Another source of the error could corne tiom the S-110 

robot which has repeatability as big as f 0.2mm in the translational coordinates at 

its maximum extension and speed. 

Summary 

Experimental results are presented for the part localization algorithm developed in 

Chapter 2. The results from the experiments clearly demonstrate the feasibility of 

implementing the part localization algorithm on a commercial robot. The proposed 

algorithm meets the target performance: finding the misalignment of the fender within the 

localization erron of _+ 0Smm for the x , y,  and r coordinates, and -t 0.07' for the w , 

p , and r angular coordinates. 



Chapter 5 

Concluding Remarks 

5.1 Summary and Conclusions 

The primaiy goal of this research, which is to develop and implement a real-time 

automatic part localization system on a commercial robot (Fanuc S-110) in a fixtureless 

assembly scheme, was successfùlly achieved. In this thesis, the problem of part localization 

was studied in the context of an application to the assembly of car body fenders. First, an 

effective pan localization method - called the direct calibration method [27] - was chosen, 

after an extensive literature review. This method was the most suitable approach available 

in localizing sheet metal parts, such as a car body fender. The formulation of the algorithm 

for the localization of the fender was described. In addition, the modification of this 

algorithm to three types of the misalignment of the fender are presented in detail. The 

three types of Msalignments studied in this thesis are: 3 DOF surface misalignment (2, w, p 

coordinates), 3 DOF edge misalignment (x, y, r coordinates), and 6 DOF rnisalignment (au 

coordinates). 

Secondly, the development of Automatic Part Locaiization System (APLS) in the 

Laboratory for Nonlinear Controls System was outlined. APLS is a demonstration system 



which was built to prove the feasibility of the proposed part localization concept. It 

comprises various hardware and software components. Besides the Fanuc industrial robot, 

the sensor systern is the core feature of APLS, used for detecting and measuring the 

rnisalignments of the fender grasped by the robot. A total of seven laser beam sensors are 

used in the system: three proxirnity sensors and four edge sensorç. The proximity senson 

are used to measure the fender's sufice misalignment coordinates, whereas the edge 

sensors measure the edge misaligrnent coordinates. Other hardware components include 

a vacuum-cup gripper which grasps the fender, a sensor positioning fhne which enables 

robust measurement positions for the sensors, an extemal data acquisition maifiame and 

a host PC which is a Pentium 166 MHz. The APLS's software modules were also 

documented in detail. The modules were developed to perform the PC-to-robot interface, 

PC-to-sensor system interface, and most importantly, to irnplement the localization 

algorithm. 

The part localization algorithm and APLS were tested and venfied through 

experirnents. The experirnental results clearly demonstrate that the proposed method 

meets the target performance of this investigation: finding the Msalignment of the fender 

within the localization errors of M S m m  for the x, y, and z coordinates, and H.07" for the 

w, p, and r angular coordinates. To the best of our knowledge, the experiments results 

presented in this thesis are currently one of veiy few successfiil 6 DOF localization of a 

compiex shaped part (Le., car body fender). The results reported by Murray and 

Polhammer [27] was only obtained from simulation results for 3 DOF localization. The 

results of this investigation show a significant promise in stepping towards irnprowig the 

high-speed automatic assembly by eliminating dedicated fixtwes. 



5.2 Recommendations for Future Work 

Based on the work reported in this thesis, the following topics could be studied in 

fiiture works: 

1. The present iesearch could be extended by 

neural networks. Murray and Pohlharnmer 

solving the part localization algorithm with 

presented the neural network approach of 

solving their 3 DOF localization problem in [26]. It would be interesting to study the 

performance of neural network localization algorithm for the 6 DOF localization of 

complex shaped pan such as the fender. 

Experiments could be conducted to study the effect of misalignment in one coordinate 

to the localization error of other coordinates. 

Experiments could be conducted to find the optimum values for the sensitivity weights 

and the number of iteration in the forward localization. 

As [27] suggested, this thesis could be extended by studying the enor due to the 

iterative inversion step of the forward mapping and the error due to the mapping of the 

least squares techniques. 

Experirnents could be camed out for multiple number of fenders (of the same type) to 

study the eEect of part-to-part variations in fender's geometry to the localization 

performance. Murray and Pohlhammer [27] showed that superior performance is 

achieved with the forward localization, over the inverse, in the presence of the part-to- 

part variations in the geometry. 
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Appendix A 

Singular Value Decomposition 

To find the least squares solution to an overdetermined set of linear equations - 
meaning there are more equations than unknowns - a technique cdled singular value 

decomposition (SVD) cm be used. See [21] or [31] for the relevant theory on SVD. 

According to [31], SVD produces a solution that is the best approximation in the least 

squares sense. 

From Chapter 2, consider Equation (2.7) of the inverse localization, 
- 

Lw=s , -C , ,  

which is to be solved for the inverse caiibration matrix, 

The S M )  theorem, outlined by [3 11, can be applied here as the following: the M x N 

matrix whose number of rows M is greater that or equal to its number of colurnns 

N, can be written as the product of an M x N columnsrthogonal matrix UI, an N x N 

diagonal matrk fi with positive or zero elements (called singular values), and the 

transpose of an N x N orthogonal matrix 6. Then, the SVD of S'a can be written as 

T su =u, -w, *v, (A- 1) 



where: 

From Equation (A. l), now the inverse of Sc.& is 

w here: 

Therefore, the solution CINY is obtained ftom 

Similarly, the solution to the forward calibration matrk given by Equation (2.14), 

can be calculated fiom 



Appendix B 

Sample Experimental Data 

The following is the experimental data obtained for the 6 DOF locuiization 

experimejits presented in Section 4.4: 



Resulting localization error for each coordinate From 129 inverse locaIization 
exprriments: 

r (mm) 





Resulting localization error for each coordinate from 129 forward localizutio~~ 
erperiments: 






