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Design and Optimization of a Manipulator-based 

Automated Inspection System
Lounell GUETA＊, Ryosuke CHIBA＊, Jun OTA＊, Tamio ARAI＊and Tsuyoshi UEYAMA+
In this paper, we present a method to optimize an inspection system that uses an industrial robot arm. Our objective is to minimize the time spent in the inspection process wherein we considered three main issues: (1) the robot arm base position (2) the order of product’s parts to be inspected called inspection task points and (3) the heat generated in joint motors. We used the metaheuristic Tabu Search method for finding optimal base position while the Lin-Kernighan heuristic method in obtaining the optimal order of inspection task points by treating it as a traveling salesman problem with precedence constraints. The joint motion is based on a time-coordinated motion and trapezoidal velocity method. A thermal constraint is imposed on the robot arm motion since the inspection process is repetitive which makes the robot arm prone to overheating. We compared the performance of the proposed method to a commonly-used empirical method of placing the robot arm base, and to the simulated annealing-based method under a time-constrained simulation.

Keywords: automated inspection system, robot arm base optimization, heat limit.
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INTRODUCTION
1.1  Background
Automated visual inspection systems (AVIs) form as vital parts   in manufacturing industries for quality control. To date, AVIs can be found in various applications such as in inspecting automobile parts, printed wiring boards, integrated circuit chips, product code labels, and content of medical products. The advantages of doing inspection are reduced consumer risk, high product competitiveness in the market, effectiveness in a factory with just-in-time inventory and the like1). 

In recent times, robotic arms are incorporated to AVI systems due to their accuracy and flexibility. With the advances in sophisticated technologies such as fast off-the-shelf vision processors, sensors, and real-time software methodologies, the speed of a robotic arm becomes the limiting factor. The time spent in inspecting a product is still a prime concern for high productivity. 
We identified three issues which we deem are extremely important in an inspection system: (1) the base placement of the robot arm (2) the order of inspection task points and (3) the motor thermal effect.  The first two issues are distinguished primarily to reduce the inspection time while the third issue is a realistic consideration not only specifically for an inspection process but generally for automated iterative tasks.
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Two configurations are possible for a robot-arm-based AVI system: (a) a robotic arm grasps the object to be inspected and position it in front of the camera and (b) a robotic arm holds the camera and moves around the object. In this paper, we mainly consider (a) but the problem at hand can be easily extended to (b). The order of inspection is as follows (refer to Fig. 1): 
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(1) The robotic arm grasps an object from a picking point, S.              (2) It moves to an inspection goal point, G. If an object has N inspection task points, it is positioned and repositioned atmost N times at that point.
(3) After inspection, the object is brought to a dropping point, D.

  1.2  Issues

In industrial setting, the base placement is solved by using rules of thumb or trial-and-error methods. These quick-fix methods are used since the inspection environment is highly-dimensional where a full search space of a six degree-of-freedom robot arm is large enough for possible base positions and an exhaustive search is not practical. 

In contrast to a simple pick-and-place task, the robot arm in inspection has several task points due to object’s parts to be inspected. The problem of ordering these task points is considered as variant of the traveling salesman problem (TSP) which is solved through exact methods or heuristics. An exact method takes a considerable amount of time to arrive at an optimal solution while a heuristic method, in which rules to direct the search is important, gives a sub-optimal solution in short time. The easiest and ordinarily-implemented heuristic method is the nearest neighbor (NN) but its drawback is that as the ordering size increases, its running time gets worse and more importantly, its solution is not optimal.

  In this study, although the problem of finding the robot arm base position and the problem of deriving the order of inspection operate on different sets of data, the two problems are viewed as complementary. Either method for solving these two problems must not use sizeable amount of calculation time for a given design time. Otherwise, the solution not only for one problem but for both problems will have poor quality. Individually, these two problems are difficult and complicated, as mentioned previously, which make this study more complex.
  In regards to the trajectory path of a robot arm, two approaches are typically used. The first approach is to assume a desired joint trajectory specified by endpoints. In this approach, the trajectory is generated to satisfy the limits such as joint limits, maximum and minimum velocity, acceleration, and torque values. The second approach is to combine the dynamics such as load characteristics, torque limits, and other constraints to obtain optimal trajectories between two endpoints. The latter one can be very complex due to coupled characteristic and nonlinearities of joints. For a product to be inspected with weight less than the nominal payload of a robot arm, a dynamic model of a robot arm is not significant and hence, the first approach is used in this study. Note that a time-efficient trajectory planning is integral in minimizing the inspection time.
In most control optimization, the constraints such as geometric (i.e. maximum and minimum joint angles), kinematic (maximum velocity and acceleration limits), and dynamic (maximum and minimum torques) are often used but heat is seldom considered. For an inspection process which is iterative and involves high volume of products, a robot arm is always prone to overheating which may lead to permanent damage of electrical parts of robot arms. Also, for a good programmer, changing the robot arm trajectory or the acceleration and deceleration times to reduce the robot arm motion time is easy but detecting ahead possible overheating of the robot arm joints is a difficult one. It is, therefore, imperative to embed heat or motor thermal constraint in the optimization problem. 

1.3 Contribution
There are three merits of this study. First, the combined highly-dimensional and NP-hard problems for base and inspection task points order optimizations are time-efficiently solved using metaheuristic Tabu search and LK heuristic algorithms. Importantly in this study, the combination of these algorithms is proven to be effective in solving a real problem in an automated manufacturing industry. Second, we introduce a method of synthesizing and profiling the robot arm joints based on the time-coordinated joint motion and a trapezoidal velocity profile. For a time-constrained optimization, employing our trajectory-generation method is important to simplify the control of a robot as opposed to conventionally complicated and time-consuming methods. Third and last, we take into account the motor thermal effect in generating the joint motion profile which is a practical constraint for an automated iterative process like inspection. As far as we know, this study is the first time-efficient robot-arm based optimization to tackle simultaneously base position and task ordering with consideration of the motor thermal effect.
The succeeding sections will be as follows: Section 2 describes the related previous works. Section 3 gives the assumptions and constraints as well as formulates the problem. Section 4 gives a summary of the methodology. Section 5 describes the optimization algorithms employed in the base position and task points ordering and the method used to employ thermal constraint. Section 6 describes the experiments done and shows the results obtained. Lastly, section 7 gives a conclusion.  

2. RELATED WORKS

2.1  Base Optimization 

Previous research works focused on optimizing trajectory of end effector2),3). Normally, the robot arm dynamics using parametric functions describing the trajectory path and constraints such as velocity and torque are included and the minimum time is derived using phase-plane algorithm2),3),17),18). A new approach is undertaken by perturbing the robot arm base to reduce cycle time4),5),6),7).  Feddemma used a steepest descent in moving the base position from a given specified starting and end points using constant acceleration5).  Trabia, et. al. computed first the workspace of a fictitious robot arm whose base is fixed at[image: image22.wmf] the end-effector position of an actual robot arm and nonlinear programming is used to find a minimum path6). Aside from optimizing the trajectory of the end effector along a path with obstacles, Hsu et, al. employs a randomized algorithm in selecting a candidate base position4). A different approach is employed by Abdel-Malek by considering the problem as a numerical formulation wherein the workspace of the robot is forced towards the points that must be reached by the end effector7).

2.2  Inspection Task Point Order

Several task sequencing designs have been proposed in the past which are applied in fruit picking, insertion plans for assembly robot, point to point tasks among others8),9),10). Maimon provides a classification of task sequencing problems which involves robot types and configuration, resource and process sharing, and objective function9). Normally, a task sequencing problem is solved by considering it as a TSP.

Several works were done to obtain optimal tours of TSP such as Clarke-Wright, Christofides, (-opt, simulated annealing, among others12),13),14),15),16). One of the most successful heuristics is the Lin-Kernighan (LK) method15),16). The LK method is a local optimization method that employs variable (-opt. In (-optimization, there are two sets maintained, X and Y. The (links of X are replaced by (links of Y to obtain a shorter tour. In the modified LK16), the improvement is achieved by restricting and directing the search by reducing the size of sets X and Y and employing fast and effective heuristics and optimization techniques.
[image: image23.wmf]2.3  Thermal Limit

Previously, the heat effect was first considered by Ma in planning the trajectory path of an end-effector17). The heat limit based from the power limit of the motor-inherent power losses is applied on the torque, dynamics, among other constraints to solve an optimal trajectory which makes the process complicated. His work is an extension of previous works in deriving a motion profile along a pre-defined trajectory path2),18). 

3. PROBLEM STATEMENT
3.1  Input Parameters
We consider the inspection setup shown in Fig. 1:

● The position of the camera and therefore G, the point where a camera is focused to capture an image are given and fixed. 
● The picking point S where the object is picked before inspection and the dropping point D where it is brought after inspection are given and fixed.
● The number of inspection task points, N, is pre-determined.
● The set of positions and orientations of N inspection task points with respect to G , I({I1,I2,…IN} , are given and unique for every inspection task point.

3.2 Constraints and Assumptions
  For the robot arm model, the configuration describing completely the robot arm’s position and orientation is solved through inverse kinematics (IK). Since the solution of IK is not unique, the configuration that gives the least motion time is chosen.

Joint Motion Constraint
  In calculating the joint motion time, the following contraints are employed: 

●  The velocity profile is trapezoidal.

● Maximum and minimum values for joint velocity and acceleration are employed and must be satisfied.
●The motion of joints are synchronized in time or time-coordinated

.

Thermal Model and Constraint
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   In employing thermal constraint, Fig. 2 describes the thermal model of the robot arm joints which is obtained through experimentation and the values are obtained empirically. Fig. 2 can be interpreted as follows: the x-axis corresponds to the acceleration values of a robot arm joint and the y-axis to corresponding allowable maximum working time for the robot to prevent overheating. For example, the working time limit for the robot arm joint to accelerate at maximum value (i.e., a=amas,) is 2.7s. Beyond 2.7s, the robot joint acceleration has to be adjusted based on the curve in Fig. 2. Conversely, if the robot arm joint is accelerated for less than 2.7s, an acceleration value equal to amax is allowable with no violation to thermal constraint.  Furthermore, a particular case maybe when in the entire working time of robot armm a joint is accelerated for 10s at a= amax , which is definitely not feasible based on the thermal model(i.e., 10s of acceleration exceeds 2.7s). Thus, a has to be decreased to allow the working time of 10s. But since since a is reduced from its maximum value, the original working time of 10s is lengthened. As a consequence, the new a and the new resulting working time needs to be checked if they comply with the thermal model. In other words, checking the thermal constraint is a recursive process to ensure that the acceleration of robot joints and their working times satisfy the thermal model in Fig 2. Note that, at no acceleration (a=0) the heat generated in a robot arm joint is small as described by a large value in the allowable working time. Although the solution of keeping velocity constant (i.e. no acceleration) is possible to prevent imminent overheating in motor, it is not an attractive solution from the viewpoint of minimizing working time of robot arm since it means longer motion time than motion with acceleration. Note that in this study, all joint motors are assumed to have the same thermal model shown in Fig. 2.
Design Time Constraint

The design time must be less than DTmax since the optimization in this study can be solved by several candidate algorithms but possibly with much longer ime. From pratical point of view, optimization that are time-consuming is definitely counter-productive in industries. Here, the design time is set to 30 minutes which is customarily a suitable amount of time for design and optimization in actual industrial setting.

3.3  Problem Description and Formulation
  For N inspection task points, there are N+2 goal positions (including S and D) that must be reached by the robot arm and N+1 phases.  An inspection phase or shortly, phase is referred herein as a robot arm movement between two positions.

The motion time is an amount of time spent by a robot arm joint in a single phase. The inspection time, T, is a total time spent in doing inspection: from picking an object, to moving all inspection points to the inspection goal point, and going to the dropping point. 

The base optimization is considered as a parametric search process among the possible base positions in a Euclidean space while the order of inspection task points is treated as TSP. Since S and D affect the ordering of I, the considered TSP problem have N+2 points and two precedence constraints: S is the starting node and D is the terminal node. Note that the inspection process is iterative which necessitates the robot arm to move from D back to S after inspection. But in this study, the robot arm motion considered is only limited from S to D since by doing so the robot arm can be allowed for an additional resting time before starting for a new inspection. From a designer’s point of view, the motion in moving from D to S can be delayed as a leeway to ensure that heat generated in the robot arm joints from previous inspection is dissipated. Also, looking ahead at the experiment done in this study, the movement from D to S involves only motion at the joint in the robot arm base. Therefore, obtaining the working time of robot arm for one inspection cycle (i.e., include going back to S) can be easily calculated.                

To formally define the problem: Given S, G, D, N and I and imposing joint motion, thermal, and design time constraints,  minimize the inspection time T by 
finding: 

(1) B ({x,y,z,(} where x, y, z and ( are the x-, y-, and z- coordinates and the rotations with respect to the z axis of an inspection environment, respectively.

(2) The set O({O1,O2,..,ON} which are integral values from 1 to N that maps the order of set I .

(3) The set of velocity and acceleration values of robot arm joints describing its motion profile for the entire inspection process.

4.
SUMMARY OF PROPOSED SOLUTION

The procedure for optimization is shown in Fig. 3. As noted, the optimization is divided into three subproblems namely: (1) Determine base position, (2) Obtain inspection task points order (3) Impose thermal constraint on the motion profile of the robot arm. 
On one hand, given the high dimensionality of subproblem (1), it can be solved through methods that can give very high-quality solution but would take a substantial amount of computational time. On the otherhand, subproblem (2) is a type of TSP which is an NP-hard problem. Here, these two subproblems are considered complementary which makes the optimization problem more complex. With the design time constraint considered, it is significant to limit the design time and choose algorithms that would give acceptable solutions for the given design time limit.

Briefly, we use the metaheuristic Tabu search (TS) method as the optimization algorithm to search the best base position and the Lin-Kernighan (LK) heuristic to find the optimal order of inspection points. The TS method has no proof of providing an optimal solution but shown significant efficiency in solving combinatorial problems19),20). The LK heuristic method is reported as one of the most successful methods in solving TSP for a short amount of time15),16). Detailed discussions for TS and LK are provided in Sections 5.1 and 5.2, respectively.
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In Section 5.3, a derivation is shown to profile the joint motion, which is an intermediate step prior to imposing thermal constraint. The calculation of joint motion profile is based on a trapezoidal velocity profile (TVP) and a time-coordinated joint motion with  velocity and acceleration limits. The TVP is a widely accepted trajectory generation method in industries. Also, for a time-constrained optimization, it is necessary to use TVP which is simple and practical. 

The thermal limit is measured based on derived acceleration and deceleration times in the joint motion profile. Using the thermal limit curve (see Fig. 2) and the calculated acceleration and deceleration times, the accelerations of robot arm joints are adjusted to ensure that the working time of robot arm joint and its corresponding acceleration value does not violate the thermal model shown in Fig. 2. A detailed discussion is provided in Section 5.4.

5.  DETAILS
5.1  Tabu search base optimization
We used the Tabu search method (TS) for the following reasons: (1) It is a variant of descent method with a capability of getting out from a locally optimal solution. (2) Its effectiveness lies on the heuristics used to guide its search allowing us to customize the algorithm specifically for the base optimization19). In our knowledge, we originally applied it in base optimization. 

Fig. 4 shows the flowchart of the implemented TS algorithm. Three main blocks compose the algorithm which is discussed below:

5.1.1  Basic TS Structure

  TS is not only concerned with its immediate neighborhood but also on the exploration or on the process on how it gets into a good solution. This characteristic of TS is shown in its basic TS structure which is comprised mainly of defining the neighborhood and maintaining a tabu list, that acts as a memory of the previous steps during base search. 

  For a given current base Bcurrent, a neighborhood N is generated as the resulting base positions when its parameters x, y, z, and ( are varied, either incremented or decremented (i.e. (5.0 for x, y, z, and ( 5( for () which are called move operators in the context of TS. In generating N, a tabu list T is consulted to ensure that all its element do not belong to the tabu list. The tabu list T is a memory list of the previously used move operators, to be precise, inverse move operators to prevent TS from going back or cycling. In every iteration, N is updated of allowable move operators.

  In exploring the neighborhood, a possible base position can be chosen even if it is worse than the best solution unlike in a steepest descent method where it consistently choose the best solution. For example, from the set N, a new base Bnew is chosen arbitrarily. Let Tnew , Tcurrent,and Tbest are the corresponding inspection times at Bnew, Bcurrent and Bbest, respectively and Bbest is the recent best solution found.   If Tnew < Tcurrent , Bnew replaces Bcurrent , then current N is emptied and a new N is generated. The condition Tnew < Tbest is only checked when the N is already empty (i.e., No possible move operator is available.).  

5.1.2  Intensification

  Intensification is based on the assumption that optimal solutions are observed to be located near with each other and forms a “big valley”. Here, intensification process is done by taking small update values (i.e. (1.0 for x, y, z, and ( 1( for () for the base position and the search is focused at the neighborhood of the best solution found. It is undertaken if no improvement is achieved through a series of basic TS or diversification process (i.e. i>imax). 

5.1.3  Diversification 

  In order to liberally explore the base search space, a diversification process is employed. It is done by restarting the search and taking a random base position. It is invoked by monitoring the frequency of obtaining a good solution (i.e., improvement in the best solution found.). If TS has already reached a number of consecutive iterations (i.e. j>jmax) with no good solution found, a diversification process is selected. 

  If, during diversification, a new base solution is found, the TS switches back to the basic TS algorithm utilizing the new base position found. 

5.2 Lin-Kernighan heuristic-base ordering method 

 We used the implementation of Helsgaun of the modified LK heuristic since: (1) LK among other TSP techniques is one of the most successful methods in solving symmetrical TSP and (2) the modified LK is coded efficiently and reportedly to have solved 318 cities in a second on a 300MHz G3 Power Macintosh16). In this study, it is modified to accommodate precedence constraints imposed on the ordering of inspection points where S and D must always be the starting and terminal nodes, respectively.

In this particular implementation, it uses a sequential 5-opt move as the basic move. For non-sequential moves, it uses either 2-opt move followed by 2- or 3-opt move or 3-opt move followed by 2-opt move. A detailed explanation of the algorithm is provided in Reference 16. 

Here, the cost considered is the joint motion time in moving from one position to another which is discussed in the succeeding section. 

5.3 Profiling the joint motions

The reasons for profiling the joint motions are three-folds. Its by-products are needed as input to imposing thermal constraint. Moreover, it simplifies the method of adjusting the acceleration of each joints based on the thermal constraint imposed. Also, the inspection time T is calculated readily.

There are two steps to profile the joint motion: derive the joint velocity profile and derive the time-coordinated motion profile. Below is a detailed discussion of the steps.

● Derive the joint velocity profile

The joint velocity profile is the basic unit and form of the time-coordinated motion profile. It is also the basis for calculating the joint motion time which is the cost considered in ordering the inspection task point. Furthermore, the acceleration and deceleration times wherein its sum is the input in imposing the motor thermal constraint are profiled in here. 

The joint velocity profile is based on a constant acceleration with maximum velocity limit (see Fig. 5). To formally define, the motion time tm(i,j) is a time spent by joint i in phase j (i.e.,moving from position j to position j+1). It is initially calculated using constant acceleration. The achieved maximum velocity, vp , is compared to maximum joint velocity limit, vmax. If vp>vmax, tm is recalculated. Below summarizes the calculation of tm.    
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  where, tm(i,j) is the motion time of joint i at phase j and ai is the ith joint acceleration;
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  where Fjw and Fj+1w describe the end effector frames with respect to a world coordinate w at positions j and j+1, respectively; IK() denotes the function for solving the direct inverse kinematics.   

Note that Fig. 5(a) consists of pure acceleration while Fig. 5(b) consists of acceleration and constant velocity motion. Therefore tm(i,j) is specifically expressed as:
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where,

ta(i,j) =2tu(i,j)                            …………... (4)
and 
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where, ta(i,j) and tcv(i,j)  are the time spent during pure acceleration and constant velocity, respectively. 
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where tu(i,j) is the end time of positive acceleration and td (i,j) is the start time of deceleration.

● Derive the time-coordinated joint motion profile

The motion of every joint during the entire inspection process is profiled. Two steps are done: (1) synthesize the joint velocity profiles and (2) normalize the profile. 

(1) Synthesize the joint velocity profiles

  Let ti,j=[tu(i, j) td(i,j) tm(i, j)]T be a 3x1 matrix denoting the phase motion profile of joint i in moving from position j to position j+1. Then  pi=[pi,1 pi,j …. pi,N+1] is a 3x(N+1) matrix describing the ith joint motion profile in one inspection process, and pi,j+1= ti,j + tp(j-1) for j>0 and pi,j= ti,j for j=0.
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where tp(j) is the time duration in phase j of the slowest or bottleneck joint. Note that the time values are only included since these are used directly to obtain the inspection time T; although, the velocity values vp(i,j) can readily be computed using: 

v(i, j)=ai tu(i,j)









                            ………… (9)
Figure 6 shows an example of the obtained synthesized joint velocity profiles of joints i and k for phases j and j+1. 
(2) Normalize the joint motion profile

The motion profile of non-bottleneck joints are normalized to the slowest joint so that their motion times are concurrent in every phase. That is , tm(i,j)= tp(j)  for every joint i in all phase j.

The normalization problem is solved by finding v’(i,j) such that:
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where,  v’( v for tm ( tp and C=|qi,,j+1- qi,,j|.

By observation, all velocity profiles after normalization follows a trapeziodal shape as depicted in Fig. 5(b). Thus, equation (10) is rewritten as:


[image: image9.wmf])}

'

'

(

'

{

'

2

1

,

1

,

u

t

d

t

m

t

v

j

i

q

j

i

q

-

+

=

-

+

 …… (11)
where, t’m , t’d , t’u are the new values of tm , td , tu after normalization.

Using equations (6) and (9), equation (11)  is simplified into:
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where,
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 which is the peak velocity via continuous acceleration. In this case, the constraint v’x( v will only be valid if the motion is constant acceleration only and tm=tp.Thus, it follows that v’2 is an extraneous solution.  After finding v’, t’u, and t’d are consequently solved using equation (7). Likewise, ta is recalculated, which is then denoted as t’a, using equation (4) with tu=t’u. Figure 7 shows the resulting graph after normalization. The normalized joint motion profile is then t’i,j=[t’u(i,j) t’d(i,j) t’m(i, j)]T. The ith joint motion profile is pi=[p’i,,1 p’i,j …. p’i,N+1] describing its normalized profile in one inspection process, and p’i,j+1= t’i,j + tp(j-1) for j>0 and p’i,j=t’i,j for j=0.  

   After deriving the time-coordinated joint motion profile, every joint i is checked for possible overheating.

5.4 Imposing the thermal constraint

Based from the normalized profile, the sum of acceleration and deceleration times for every joint motor, th(i) is calculated using equation (13) since it is assumed that the heat is caused only during acceleration and deceleration and unchanged prior to and after constant velocity. 

[image: image14.wmf])

,

(

)

(

1

1

'

j

i

t

i

t

N

j

h

a

å

+

=

=

.                     ………… (13)
[image: image28.wmf]Below shows the algorithm for adjusting the acceleration. The thermal curve is expressed by the function th=f(a). Equivalently, it is rewritten as a=f-1(th). 

● The Algorithm for Adjusting Acceleration. 
1. Calculate th with a= amax.

2. If th(tthreshold, Exit.

3. th,ref (th.

4.  Adjust acceleration

     4.1anew( f-1(th)



 





    4.2 Calculate th with a= anew.. 


       4.3 If th>th,ref, Go to 3.

5. Exit.

In step 4.3, the calculation of th​(i) means that the motion profiles are adjusted utilizing from amax initially to calculated value anew. If in ith joint overheating is detected, its velocity profile is derived using anew while the profiles of other joints are normalized to the adjusted ith joint profile. 

As seen from Sections 5.3 and 5.4, the th(i,j) is readily calculated by a simple summation as shown in equation (13) with no additional operation involved. Also, in adjusting the acceleration after imposing thermal constraint, the motion profiles are done systematically and efficiently. Since all joints are time-coordinated, their motion times spent in an entire inspection process are the same. Therefore, T is redialy calculated.  

6.
EXPERIMENT AND RESULT
In base optimization, two algorithms are used as references: steepest descent and simulated annealing. In inspection order optimization, the greedy nearest neighbor method is used as a reference.  

We evaluated the performance of our proposed method (the combination of TS and LK) by comparing it to the performance of reference algorithms. Also, we compare it to an empirical-based method (see Section 6.1). 
Along side, we examined the effect of varying the neighborhood, N, in the base optimization. Two types of neighborhoods are considered: N8 and N80. Note that in base optimization, the parameters x, y, z and ( are varied. The N8 refers to eight neighbors which occurs when only one of the four base parameters is allowed to vary while the N80 refers to 80 neighbors which occurs when any of these parameters can be kept to its current value, incremented, or decremented by the update parameter (see Section 6.2).

[image: image29.wmf]Also, we compared the optimizations with and without the thermal constraint in order to verify its effect on the calculated inspection time as well as on the location of the base position and the order of inspection points.

All the possible combinations of the base optimization algorithm, the inspection order algorithms, and the number of neighborhoods were tested. Every combination setting is run five times due to randomness involved in the algorithms.
6.1  Compared methods 
  6.1.1  Reference base search methods 
●  Steepest Descent (SD) 

[image: image30.wmf]The SD method is normally used as a reference for most optimization due to its straighforward method of finding solution. It selects a series of improvements found in the neighborhood of a current solution. Since it can be stuck in a local minimum solution, a restart is done by choosing randomly a base position.
●  Simulated Annealing (SA) 

[image: image31.wmf]We chosed the metaheuristic algorithm SA since it is established to arrive at an optimal solution provided that a substantial amount of time is alloted for its convergence11), 12). The implementation of SA employed is a slow-cooling variant to ensure convergence at high-quality solution. The parameters employed are tmax =100, Tmax =100 and Pmax = 500. Pmax is set to a large value to ensure enough time in exploring possibly good solutions at each temperature setting.

  6.1.2 Greedy nearest neighbor (NN) as reference order method 
The greedy NN method is a typical method of solving a sequencing or ordering problem due to its simplicity. It selects the first point by choosing among the inspection points the one with the least joint motion time in moving from S. The procedure is iteratively done until all the inspection points are selected and in each iteration, the previously selected point becomes the new reference point. Finally, the joint motion time in moving to D is computed with the last inspection point as a reference starting point.

6.1.3  The empirical-based method

The empirical-based method refers to the combination of the empirical method for base placement and the greedy NN method. The empirical method for placing a robot arm is based on the observation that the robot arm base can be safely placed 70% of its maximum reach (i.e. x=700mm) behind the end effector’s target. (See Section 6.2.2 for the discussion in setting y and z values.) The above combination is a practical optimization benchmark since it is commonly-employed in actual industrial setting. 

6.2 Other experiment parameters
6.2.1  Robot arm specifications 

Table 1 shows the link lengths of the robot arm used while Table 2 shows its motion characteristics.  

In Table 1,link 1 is the linkage of the robot arm base while link 4 is the end-effector linkage. In Table 2, Joint 1 is the joint at the base of robot arm while joint 6 is at the end-effector.  The parameters vmax,i  and amax,i  are the ith joint’s maximum velocity and maximum acceleration, respectively.

6.2.2  Inspection setup
[image: image32.wmf][image: image33.wmf]
  The setup of the inspection system shown in Fig. 1 is as follows: S, D, and G all lie in x=0 plane. In addition, S and D are aligned along the y-axis. The origin (0,0,0) is located at the intersection of a line connecting S and D, and a line generated by projecting G to the xy plane. The values of dz, dy1, and dy2 are 300mm, 500mm, and 500mm, respectively. The values are chosen arbitrarily but with considerations that dy1 = dy2 and dz<Link 1. Since dy1 = dy2, the setup is symmetrical along the x-axis which does not pose any bias on the value of (. Likewise, the y value of the base setting for empirical-based method is set to zero due to the symmetry of the inspection setup. If the z value of robot arm base is zero, by restricting dz<Link 1 allows for natural positions of robot arm by not reaching G too high or too low. This assumption is used in setting the z value of the base position for the empirical-based method.

[image: image34.wmf]
  6.2.3  Object to be inspected 

  We consider a generalized object which is a symmetrical rectangular parallelipiped with uniformly-spaced inspection task points. Figure 8(a) shows its perspective view while Fig. 8(b) its view if flattened. The object has a dimension of 10mmx10mmx55mm and has 25 inspection task points described by circular dots placed around its five faces. The object’s 6th face has no inspection point since it is the area grasped by the end-effector. 

[image: image35.wmf][image: image36.wmf]6.2.4  Base initial setting and update parameter 
The initial base setting is (-700, 0, 0, 0, 0) which is the base setting for the empirical method. The update value for x, y, and z values is (5mm while for ( (5(. However, for TS algorithm during intensification process, the update values are changed to (1mm and (1( (see Section 5.1).

6.3 Results 
Table 3 shows the performance of the various combined optimization algorithms with the motor thermal effect considered. The inspection time shown is the average of results in five runs while the base position is derived from the run with the least inspection time calculated. Likewise, the calculation time is also the average of the computer calculation time spent in five runs. 

The proposed method with N80 has the least inspection time. As shown also in Table 3, the prososed method with N8 has also an inspection time of 15.3s. A more precise comparison is: the former has an inspection time of 15.343s while the latter has 15.347s.

Furthermore, the proposed method with N8 has the least calculation time of 21.8s, and followed by the proposed method with N80 having 192.0s. On the otherhand, TS combined with N80 and NN has the largest calculation time of 1198.3s and followed by SA combined with LK and with N80 which have calculation times of 1182.6s and 1041.2s, respectively.   
Fig. 9 shows the resulting order of inspection task points: Fig. 9(a) shows that of the proposed method with N80 (which is also the same with that of the proposed method with N8) while Fig. 9(b) that of the empirical method.

Table 4 shows a comparison of the inspection times of TS+N80+LK_wo_thermal. The base position of TS+N80+LK_wo_thermal is the result of optimization when TS with N80 is combined with LK without considering thermal constraint. The resulting inspection time of the optimization (as shown in the before column) is 13.4s. If the motor thermal constraint is applied after optimization, the resulting inspection time is 17.7s. 
Figure 10 shows the resulting joint motion profile of the proposed method with N80. Also, Fig. 11 shows the joint motion profile of TS+N80+LK_wo_thermal. Figure 11(a) shows its profile prior to the application of thermal contraint while Fig. 11(b) shows the result after its application. 
The proposed method with N80 has 15.5% improvement over the empirical method.

6.4 Discussion 

 [image: image37.wmf] In all base settings with the same number of neighborhoods and ordering method, TS outperformed SD and SA in terms of the derived minimum inspection time. It can be attributed to the heuristics employed in TS that is more effective than the exhaustive search done on the neighborhood employed in SD. In SA, the design time of 30 minutes is not enough to allow it to converge to a good solution as described by high values in the inspection time calculated. For example, in the case of SA combined with N80 and LK, the best inspection time found is 16.4s which took 1182.6s or approximately 20 minutes. Should the design time have been much longer, SA may have found better solution.

The SD combined with N8 and LK has performance comparable to the proposed method which is mainly due to its capability for recovery from getting stuck in a local minimum through restart. Nevertheless, the SD combined with N80 and LK has the worst inspection time which shows that SD combine with LK is sensitive to the number of neighborhood.   

In the proposed method which utilizes TS, increasing the number of neighborhoods does not deter the performance as opposed to SD. The results of the proposed method with N8 and N80 support that TS combined with LK is robust regardless of the number of neighborhood. The improvement seen in the proposed method in increasing the number of neighborhood is due to the larger sampling size of possible base positions.   
The effect of LK in improving the inspection time is apparent as seen from the better performance of TS combined with LK than TS combined with NN which supports the effectiveness of LK in finding optimal inspection order. As shown in Fig. 9a, the resulting inspection order due to LK employed in the proposed method gives a smooth and uniform robot arm movements from one inspection point to another. In contrast, as shown in Fig. 9b, the NN employed in the empirical method showed non-uniform movement,  particularly, the robot arm movement from inspection point 18 to 19 which resulted into a more uneven movement from inspection points 20 to 24. In general, this result is due to the limitation of NN in optimizing the order since its decision is based solely on selecting the immediate inspection point with the least motion time in joint space. If there are several inspection points with equal motion times, NN selects the first case determined. 

Furthermore, the advantage of using the proposed method cannot be only seen on the quality of the solution derived but also on its performance in deriving an acceptable solution at a short amount of time. The proposed method with N8, which took only 21.8s to calculatethe solution, is more time-efficient than any other method in finding solutions. Notably, the proposed method with N80 spend a relativey short amount of time of 192s, which is still at least twice faster than the other methods. Obviously, the increase in calculation rim in the proposed method with N80 is due to its larger size of neighborhood than with the proposed method with N8. 

The achieved reduction in calculation time in the proposed method cannot be attributed to TS for base optimization alone or to LK for inspection point. Note the TS combined with N80 and NN has the largest calculation time. Also, selecting LK over NN does not necessarily means a reduction in the calculation time. This observation is only valid when TS is used as the base optimization but in the cases of SD and SA, it is the opposite. Hence, the reduction in calculation time observed in the proposed method verifies our assumption that the problem of optimizing the base position and the problem of obtaining the inspection points order should be viewed as complementary problems.        

  In Fig. 10, joints 2, 5, and 6 have acceleration and deceleration phases which previously violates that thermal constraint. As a result, their acceleration values are adjusted to factors of 0.55, 0.34, and 0.49, respectively. 

The effect of thermal constraint is more evident in Fig. 11. For TS+N80+LK_wo_thermal, the computed inspection time without thermal constraint is 13.4s as can be seen in Fig. 11(a).  Note that the instance shown in Fig. 11(a) means that all the acceleration values of robot arm joints are maximum since no thermal constraint is imposed. Adding the time duration of slopes of each robot arm joint in Fig. 11(a), which correspond to the acceleration and deceleration times of robot arm joint, shows that for joints 1, 2, 5, and 6 , th, exceeds 2.7s, which is the allowable maximum working time of a robot arm joint when it is accelerated at maximum value. The th values for joints 1, 2, 5, and 6 are 3.3s, 3.7s, 6.1s, and 5.0s, respectively. Clearly, the thermal constraint is violated.Therefore, their acceleration values are reduced from maximum to factors of 0.89, 0.56, 0.34, and 0.37, respectively. For joint 6, in particular, adjusting the acceleration value to a factor of 0.37 results to extending the acceleration times of the joint from 5.0s to 11.1s, which is an allowable working time of the joint accelerating at 0.37 of the maximum acceleration. Note that an increase of 6.0s due to acceleration reduction of joint 6 does not translate into a 6s increase in the inspection time, since a corresponding decrease in no-acceleration phase is also effected to achieve the desired end-effector position.   

As shown in Table 4, it can be concluded that optimizing with thermal contraint gives better performance than optimizing first and later on imposing thermal constraint.

Based from the optimized base position as shown in Table 3 and from the order of inspection task points as shown in Fig. 9, we verified that the inspection time could be minimized by finding the optimal base position and simultaneously obtaining the optimal order of inspection task points. The base location of the proposed method (-735, 0, 55) with respect to S, G, and D are farther than that of the empirical method (-700, 0, 0) since by moving farther the base position with the end-effector positions being fixed allows for smaller range of joint angles and motions. Also, the y value of the base position for the proposed method is zero which is due to the symmetry in the inspection setup.  

Although entirely done through a simulation, this study is appropriate for actual application in real robot arms. Note that in the optimization, robot arm joint motions are controlled by utilizing actual acceleration and velocity limits of robot joints and ensuring that joint acceleration and velocity for the inspection time considered is within allowable values. By doing this, possible residual vibration in actual application of this study is minimized. 

7. CONCLUSION

In optimizing the manipulator-based inspection system, finding the best robot arm base position and the ordering of object positioning or inspection task points simultaneously is proved effective in minimizing the inspection time. Among the implemented algorithms, the metaheuristic algorithm Tabu Search as the base search optimization combined with the modified Lin-Kernighan heuristic method as the algorithm for finding the optimal inspection task ordering gives the best solution for a 30-minute time-constrained simulation. 

The complex robot arm control is simplified using a time-coordinated joint motion and a trapezoidal velocity profile. Such simplification is important in finding optimal solutions in this study, which is a highly-dimensional and complicated problem. Furthermore, not only is the geometric and kinematic constraints for the robot arm are considered but also the motor thermal effect which is a practical and realistic factor in an actual industrial setting. It can also be concluded that employing the thermal constraint affects the solution for optimal base position and the ordering of inspection task points. Optimization with thermal constraint has better performance than optimization first and later on impose thermal constraint. 

This study can be extended by varying the relative distances of the picking, goal, and dropping positions. By optimizing their distances, the problem becomes more complex but will give a more thorough optimization of the inspection system.
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Fig. 4 Determining the base using Tabu Search
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Table 3 Calculated Inspection Time


Method�
Base postion�
Mean inspection time (s)�
Mean


calculation


time (s)�
�
Base Search�
N�
Order�
X�
Y�
Z�
(�
�
�
�
SD


�
N8�
NN�
-585�
-5�
-5�
-5�
16.0�
412.3�
�
�
�
LK�
-790�
0�
5�
0�
15.4�
607.8�
�
�
N80�
NN�
-585�
-5�
-5�
-5�
16.0�
956.9�
�
�
�
LK�
-660�
0�
-340�
-5�
16.5�
850.0�
�
SA


�
N8�
NN�
-655�
-5�
85�
75�
15.9�
678.4�
�
�
�
LK�
-755�
10�
50�
70�
16.0�
863.8�
�
�
N80�
NN�
-570�
25�
25�
70�
15.7�
1041.2�
�
�
�
LK�
-710�
15�
45�
20�
16.4�
1182.6�
�
TS�
N8


�
NN�
-653�
-15�
84�
1�
15.7�
405.7�
�
�
�
LK�
-755�
0�
35�
0�
15.3�
21.8�
�
�
N80�
NN�
-630�
-10�
61�
0�
15.8�
1198.3�
�
�
�
LK�
-735�
0�
55�
0�
15.3�
192.0�
�
Empirical�
-700�
0�
0�
0�
18.1�
0.11�
�
The empirical method involves a fixed base position (i.e., no base optimization) , which explains its short calculation time,  and an NN method for inspection point order. See Section 6.1.3 and Section 6.2.2 for a detailed description of setting the initial base position based on empirical method. 
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Table 1  Robot Arm Length


Link �
1�
2�
3�
4�
�
Length(mm)�
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Table 2  Robot Arm Motion Characteristics


Joint i�
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�
amax,i(rad/sec2)�
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Fig. 1 A manipulator-based visual inspection system
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Fig. 3 Inspection System Optimization Algorithm
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Fig. 10 Joint motion profile of the proposed method with N80
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Fig. 5 Velocity profile
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Fig. 6 Synthesized velocity profiles
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Fig. 2 Motor thermal limit curve. a is an acceleration value of a robot arm joint. The joint working time limit is the maximum time for a robot arm joint to move with acceleration a. If the robot arm joint is accelerated for a duration of time that exceeds the joint working time, the acceleration should be adjusted based on the limit curve.
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Fig. 11 Joint motion profiles of TS+N80+LK_wo_thermal
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