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Robot population is increasing at an incredible pace. Over the last meen years, robot 

population grew h m  3q000 in 1983, to the forecasted 820,000 by the end of 1998. Their 

infancy period has corne to an end and they are not just being used in the automotive 

industry or required to perform simple îasks. They are now being employed in various 

sectors of industry and handle much more cornplex operations. 

hcreased robot system complaaty and their criticai applications utilization have led to 

various reliability and safety problerns. In 1982, the Machine Tool Trade Associations 

guidelines mted that a working robot can De a potential hazard to personnel under certain 

circurnstances. The need for robot system d e t y  was highlighted by a IO-million dollar 

lawsuit awarded to the famly of a worker killed by an industrial robot in 1983. 

This shidy presents a detailed introductory aspect of robot safety, an identification of 

the rnoa appropriate robot systems reliability and safety assessrnent techniques, and 

probabilistic modelling of robot-safety systems. The dornain of the probabilistic models 

include: a stochastic analysis of a system containing one robot with n-redundant safety 

units, a stochastic analysis of a system composed of n-redundant robots with one d e t y  

unit, and an availability analysis of robot systems susceptible to common-cause failure. The 
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primai intent of the analyses is to develop generalizd and numerical expressions relating to 

the performance indices for robot systems operating with or without the safety unit. 

ûeneralized models are introduced and generalized expressions including reliabiii~, t h e -  

dependent availability, steady-state avdability, and mean time to fadure are 

developed. In order to assess performance indices, some special cases of the generalized 

models are presented resulting in the formation of numerical values. 

Robot system pdormance indices are deteRnined by means of the Markovian and non- 

Markovian methods. The method of supplementary variables and the device of stages are 

used to deal with the non-h4arkovian models. Vaxious Failed system repaïr tirne distributions 

(i. e., exponential, gamma, Weibull, Rayleigh, and log-nomal distributions) have been 

considerd to obtain generaked steady state availability expressions. Markov method is 

utilized in models where fdure and repair rates are assumeci constant. With the aid of 

Laplace transfomg a system of first-order differential equations are solved and generalized 

reliabiiiîy and IMTTF expressions are developed. 
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INTRODUCTION 
AND OVERVIEW 

1. I Introduction 

Human confidence in robots has been steadily increasing over the years. Robot utihation 

is no longer confined to simple an: or spot welding, but to more complicated applications 

such as underwater exploration, outer space exploration, fire fighting, and medicine. 

Exploring the earth's ocean floors and the TeCent mission to the plant Mars are indeed prime 

examples of the fact that robots have gone where no man has ever gone before. 

Robots are now significantiy cornplex machines handling critical responsibdities and are 

expected to operate flawWy. As the robots make use of electrical, mechanical, pneumatic, 

and hydrarrlic components, the many possible sources of failures render the complete 

system's rehbility quite chalIenging. A great deal of progress has been made to make robots 

safe and reliable, there is however still much room for improvement According to the 

published literature, recorded robot mean time between failure is around 500 to 2500 hours 

and at h t  ?en fatal accidents involving robots have occurred with comsponding miliions 
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of  dollars in loses [109]. Two examples of such accidents are as foIIows [3 18,4291: 

A maintenance person clirnbed over a safety fence without tuming off 

power to the robot and perfonned necessary tasks in its area while it 

was temporanly halted. When the robot resumed rnovement, it pushed 

the maintenance penon into a grinding machine and, consequently, the 

man died. 

A worker tumed on a welding robot, meanwhile another person was still 

in its work zone, consequently, the person in its work zone was pushed 

into the positioning fixture by the robot and died later. 

JUS as for other engineering products, a robot must not ody be reiiable but also d e .  

An unreliable robot may become an unçafe robot and cause unsafe conditions, high 

maintenance costs, inwnvenience, and so on. 

This study is wncemed with the techniques applicable to robot reliability and safety,. 

the robot reliability and safety relationship, and considers the effect of  sdety mechanism 

failures on robot systern overall performance indices, mainiy, availability, reliabiiity , and 

1.2 Robot Development: An Overvievv 

The word "Robot" first entered the English Ianguage in 1923 when Karel Capeck's play 

Rossumls Univiversal Robots (RU.R) was translated and introduced to the English speaking 

world, the Czech word for "Worker" [204]. Robots mean different things to different 

people. Many definitions have been suggested and diswded. Webster's dictionas, defines 
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a robot as a mechanism guided by automatic controls. The Robotics Institute of Amenca 

(RIA) defines a robot as [336]; 

"A reprogramable rnulti-functional manipulator designed 

to move matefial, parts, tools or speciaiized devices, 

through variable programmed motions for the performance 

of a variety of tasks." 

The Japanese Industrial Robot Association (JUW) defines a robot as [394]; 

"An all purpose machine equipped with a memory device 

and terminal, capable of rotation and of replacing human 

labor by automatic performance of movements." 

Automation is not a ment innovation, in fact it dates back 5000 years when Egyptians 

bu& water-powered clocks and the Chinese b d t  water and steam-powered toys [log]. The 

idea of man made artificial intelligence or fiinctiond robot however, is first created in the 

thoughts of the Greek philosopher Ariaotle (4th century B.C.) when he wrote: 

"If every instrument could accomplish its own work, 

obeying or accornplish the will of others ..." [go] 

Aristotle's idea becomes reality when in 1801, the Frenchman Joseph Marie Jacquard 

invented the first intelligent loom machine tu weave patterns according to information on 

punched paper cards [30]. 

The eighteenth century witnessed the birth of the industnal revolution, but the true 

beginning of machine age occurred by the end of the nineteenth centuiy when machines 

were substituting human physical capabilities as large steam engines, gasoline engines, and 
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elecaic rnotors were introduced. Hlud automationa vastly developed and took hold in 

factories through Wodd War 1 and II. With the groowth in population and rapid increase in 

demand, supplies were matched by automated production lines. 

Although automated machines and artificial intebigence tend to look to us like more of 

the same, it would be a rnistake to think tliat they are. Powered machines provide the 

physical amplifcation of human work, though incapable of human mental capabilities. 

Emergence of modem cornputers made it possible for the automation industry to enter a 

new era. It provided the missing ingredienf "the brain". This occured in 1948 when the 

world whessed two major technological advancements. The fist computer with program 

storage capability was buüt, and also the discovery of the transistor which revolutionized 

the computer industry [407]. In 1954, George Devol [489] put ail the elements together 

and designed a programmable device that is genenlly considered to be the fmt industrial 

robot. In 1959, the f k t  commerciaily available robot was manufactured and sold by the 

Planet Corporation and in 1967, Iapan imported its fiist robot [109,489]. In 1970, the f m t  

symposium on industrial robots was held in Chicago, USA and in 1975, the Robot Institute 

of Amenca ( E U )  was founded. 

For the k s t  decade after its birth, robot population increased at 20% annually and by 

1983, world robot popul~ttion was estimated at 30,000 1406, 4781. According to the 

international federation of robotics the world wide robot population was 350,000 in 1987 

610,000 in 1994, and it forecasted 820,000 robots by the end of 1998 [38 1,4211. Robotk 

'Hard automation is defined [415] as machines which are designed to perfom specific 
functions. In these systems, every change in standard operation demands a change in 
machine hardware and setup. 
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population growth and a breakdown of robot population for major user countries in 1998 

are shown in Figues 1. l (a) and 1. lm), respectively. 

Figure 1.1. Robots: (a) population growth, (b) population breakdowns as forecasted for 
major user countries in 1998. 
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Akhough in the eariy years of robotics, applications were concentrated in the automotive 

industry, recentiy however, technology has diversified and is vastly utilized in other sectors 

of industry as well. A future potential market will undoubtedly be the general consumer 

where robots may well becorne another household item. By the year 2015, the predicted 

figure for the robots to be used for performing househoid tasks is over 5,000,000 [228]. 

This makes the reliability and safety factors even more crucial since penonal robots have 

to work among human beings. Therefore, robots have to be  much more reliable and safe, 

so as not to injure humans should a malfunaion occur. In any case, the exponential increase 

in robot ufili;rjltion undertins the fàct that robots are here to stay. Not surprisingly, Polakoff 

expressed his passion for robots and wrote 13541: 

Man's marriage to robotics: A " for better or worse" 

1.3 Literature Review: Robot Reliabkty and Safety 
This review is conducted by categorizing published literature on robot reliability and safety 

into different classifications. The collecteci publications listed include conference 

proceedings, technical reports, journals, and books fkom 1973 to 1997 [Ilsa]. Table 1-1 

illustrates the classification of references, and Table 1-2 presents sources of journal and 

conference proceeding papers. The publications on the subject are grouped into three main 

classifications: robot reliability; robot safety; and miscellaneous. 

The robot reliabiity classification indudes pubkations that discuss methods, evaluation, 

and modeling techniques to assess overall robot system reliability. The robot safety 

category contains publications that ernphas-ize various aspects of robot safety. In tum, these 
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publications are classified under many categones: general safety, safeguarding techniques 

and methods, robot accidents, robot safety standards, saEety çystemdtechnologies, and 

human factors. The mïscellaneous category covers published iiterature that discusses 

relevant topics deaiing with both robot reliability and robot safety directly or indirectly. 

Both robot reliabiiity and robot safety classifications are reviewed separatdy in the 

following sections and deal with the most recent and the most important publications. 

1.3.1 Robot ~eliabikty 
Enormous amounts of studies have been performexi to perfect the robot's precision (Le., 

positionin& repeatability, and accuracy), recently however, a careful attention has been 

given to robot system reliability [109]. Increased attention toward robot system reiiability 

in the recent years is iUustrated by Figure 1.2. 

Time Period 
Profile of publications on robot reliability. 
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Table 1-1: Classification of Publications on Robot Reliability and Safety 

(i) Robot Reliability 

(Ù) Robot Safety 
General: 

0 Human Factors: 

e Accidents: 

a Safety Systems: 

Safety Method: 

0 Safety Standards: 

(iii) Miscellaneous 
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TaMe 1-2: Sources of the mast journal and conference proceeding papers listed in 
the references 

Amdcan Machinist 
Chernical and Petroleum Engineering 
Computer World 
Computing and Control Engineering Journal 
Human Factors 
EEE Transactions on Automatic Conuol 
IEEE Transactions on Software Engineering 
IEEE Transactions on Industriai Applications 
EEE Transactions on Reliability 
Institute of Industriai Engioeers (IIE) 
Transactions 
Industrierobotor 
Internationd Journal of S ystem Science 
Journal of Occupational Accidents 
JSME International Jouraai 
JSME Buiietin 
Machine Tool Research 
MicroeIectronics and Reliability 
National Safety News 
Nuclear Engineering International 
Plant Maintenance 
Plant Engineering 
hofasional Safety 
Robot New International 
Robo tics 
Robotics WorId 
Robotics and Autonornous S ys terns 
Robo tics and Cornputer-htegrated 
Manufacturing 
Robotics T&y 
Robotics Engineering 
Robotics Age 
Safety and Heaith 
Soviet Engineering Research 

ASCE SpeciaIity Conference Roçeedings 
Proceedings of Robot Safety Conference 
Proceedings of the Conference on Remote 
S ystem Technology 
Proceedings of the Robotic Indusrries 
Association's Robot Safety Seminar 
Proceedings of the 4th. 6th, and 7th British 
Robot Association Annual Conferences 
Roceedings of the IEEE Southeast h u a i  

Con ference 
Proceedings of the 4th National Reliability 
Conference 
Proceedings of the 1987 ASME Design 
Automation Conference 
Proceedings of the 1990 international Ludusniai 
En,@neering Conference 
Proceedings of the International Seminar on 
Safety in Advaaced Manufacturing 
Froceedings of the RVSME AUTOMACH 
Conference 
Roceedings of the Robot 8 Conference 
Proceedings of the Robot 9 Conference 
Proceedings of the 1st Robotic Europe 
Conference 
Proceedings of the 8th International System 
Safety Conference 
Proceedings of the Annual Reliability and 
Main tainability S ymposia 
Roceedings of the 3rd Canadian CADfCAM and 
Robotics Conference 
Proceedings of an International Coderence on 
Robotics and Factories of the future 
Roceedings of the EEE International 
Conference on Robotics and Automation 
Proceedings of the 17th Annual Electronics and 
Aerospace Conference 
Roceedings of tbe 2nd Conference on Industriai 
Robot Technology 
Proceedkgs of the 31st AMW Meeting of the 
Human Factors Society 
Proceedings of the 37th Annual Meeting of the 
Human Factors Society 
Proceedings of the Annual International 
Industriai Ergonomies and Safety Conference 
Proceedings of the Robot VI Conference of the 
Society of Manufacruring Engineers 
Proceedings of Spie-the International Society 
for Op ticai E n g i n e e ~ g  
Proceedings of the Workshop on Object 
Oriented Real 'iime Dependable Systems 
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Engelberger Cl231 in 1974, compared the reliability of an numexicdly controlled (NC) 

machine and of an industrial robot and concluded îhilt since NC machines cany more than 

90% u p h e ,  an uptime of97% should be expected fiom robots to sati* its users. In the 

same year, Haugan [l7 11 pedomed a study on the reliability in industrial robots for spray 

gun applications. 

In 1975, Thornopoulos [446] presented a probabilistic method related to the design 

analysis of certain classes of industrial robots and, in general, of machines subjected to 

numerous combinations of stress, including cyclic loadings. 

A year later in 1976, Engelberger [124] assessed the ~Iiability of the unimate-2000 

robot The robot was examined in modules which consisted of components for which failure 

rate data was available fiom a data base. The Mean Time Between Failures (MTBF) was 

estimated to be around 500 hours. 

In 1983, Jones and Dawson [215l on the basis of collected data, emphasized on the fact 

that robot instaIlation do give some concem about variable reliability and potential for injury 

and harrn. 

In 1984, Khodabandebloo et al. [233] presented an assessment of robot reliability by 

appiying Failure Mode and Effêct Anaiysis (FMEA), Event-Tree Analysis (ETA), and Fault- 

Tree Analysis (FM). Same researchers utilized similar methodologies to deal with other 

aspects of robot reliability with particular reference to safety [232]. Alayan et al. [9] 

discussed reliability of robot networks and presented techniques for its evaluation. 

Critchlow [98] in 1985, djscussed robots expected useful life and other parameters. He 

suggested that welldesigned robots are expected to have u s e N  life of at least 40,000 
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working houn, Mean T h e  Between Failures (Mi'EE) of at least 400 hours, and a Mean 

Time To Repair m) of no more than 8 hours. Comprehensive bibliography on robot 

reliability and safety was presented by Dhillon [IO81 in 1987. 

Chamin et al. 1791 in 1989, recognized the bulk of domtirne related to breakdown of 

equipment in robot based sections (RBS) and flexible manufacniring systems was due to 

failure of secondary technological equipment. To improve the reliabïiity, they developed a 

standard loading device for piece-wise loading of cyhdrical blanks for RBS used in 

rnachining operatiom. Tm et aL 12141 rneasured probabilistic behavior and reliability analysis 

for a multi-robot system by applyinç Petri net and Markov renewal process theory. 

Barabmov and Chirkov [36l in 1990, inves tigated the reliability of devices and systems 

which tend to cause failure of robot-assisted manufacturing ceils (RAMCs) in their initial 

period. They deveioped a method for determinhg the probability of devices and systems 

having a running in period and optimum test-run for the elimination of faults. Gopinath et  

al. [146] design& and presented an overview of a speaal model of distributed compuîation 

to h a d e  the issues of robot planning. Dashui and Wells [100] presented a reliability mode1 

and proposed a design approach for robotics assembly operation which could estimate the 

assernbly reliability over a robot work-space. 

In 1991, Wewerink [472] considered a rnodeling appmach to describe complex manned 

robotics systems. The objective of the model was to answer questions related to the 

reliability and efficiency, design alternatives, function allocation, automation, etc. In a book 

titled "Robot Reliability and Safety", D m o n  [log] covered many important aspects 

concerning robotics. The main objective of the book was to be wide in scope, in particular 
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with respect to reliability. 

Zheng [490] in 1992, presented a novel approach which ucilized explanation based 

learning as a hmework for acquisition of failure recovery howledge, and thus reducing 

the dependency of the automation system upon a hurnan operator in recovering from failure 

states. Khodabandehloo [231] stated that the safe and reliable performance of robot systems 

depend on many factors, including the integrity of the robot's hardware and software, the 

way it comunicates with sensory and other production equiprnent, the reliable fûnction of 

the safety features and the way the robot intencts with its environment. 

Ceiestine and Park [78] in 1993, conducted a reliability experirnent with a laboratory 

scale, teach-pendant robot. They identified robu t system failure modes and characterized the 

robot system reliability using a structure function model from system theory. DhïiIon and 

Anude [110] extended earlier Lists of references on robot reiiability and safety. 

In 1994, Schneider et aL 14031 perfomed a case study and showed that the framework 

for the Reliabiliq Performance Index is a useful ernpirical tool during the selection and 

design of a configuration of robotics modules of varying reliability and precision. 

Maier et al. 12771, in 1995, described the derivation of a reliability and safety analysis 

methodology, and its application in a case study of a hancilhg device (Le., robot) for the 

blankets that constitute the fusion reactor Toms. 

In 1997, Dhillon and Fashandi Cl133 presented avaüability analysis of a system 

composed of a robot and its associated safety system. Supplementary variable and Markov 

techniques were employed to obtain expressions for state probability, Laplace transform of 

the state probabiüties, and steady-state availability. The robot systern's success based on 
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maintenance was outlined by Poliard [355] in 1980; Ottinger [334], Cop [93] in 1983; 

Munson [304l in 1985; Anon [28] in 1987; Wells [469] in 1992; Schneider [402] in 1993. 

1.3.2 Robot Safety 

The earliest staternent regarding robotics safety may be credited to the famous science 

fiction wnter Isaac Asimov [3 11. At age 21, in 1942, he wrote the three laws of robotics as 

presented in Figure 1.3. 

Law 1: A robot must not 
hann a human nor, through 
inaction petmi t a human to 
corne to h m .  n 

Law Ik A robot must obey 
humans unies their orders 
conflict with law 1. 

Law III: A robot must 
safeguard its own existence 
uniess it conflicts with laws 

IImdII. 1 
Figure 1.3. Three laws of robotics. 
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Histoncally, one of the fundamental rasons for using robots in indusuial applications 

was to remove human operators fiom a potentially hazardous work environment The 

hazards in the workplace include heat, noise, fumes, radiation, toxic otmosphere, physicd 

dangers and other health hazards. Since the Occupational Safecy and Healtli Act (OSHA) 

was enacted Cl621 in 1971, worker safety has become a significant factor in prornoting the 

substitution of robots for human labor in these kinds of dangerous jobs. Although robots 

may liberate humans fiom hazardous working conditions, they &O bring about safety 

concems. The Machine Tool Trade Association guidelines 12761 in 1982 stated that a 

working robot cm be a potential hazard to personnel under certain circumstances. 

Robot safety was in the front line of robotics technology durinp the 1980's. In fact, a 

bulk of literature bad been published (Le., 286 articles) between 1982-88. The need for 

system safety was highüghted by n 10-&on dollar lawsuit awarded to the family of a 

worker 1aIled by an mdustriai robot in 1983 [go]. The probability of serious robot accidents 

and the legai actions have forced manufacturers and users to a quick adoption of safety 

devices and regulations. A breakdown of publications on robot safeety are given in Figures 

1.4 and 1.5. Each of the category is described below. 

Figure 1.4. Profde of publications on robot safety. 
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ID- 

25- 

0 10- 

lm4 

Figure 1.5. Categories: (a) general, (b) human factors, (c) robot accidents, (d) safety 
systems, (e) safety methods, (0 safety standards. 
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1.3.2.1 Goneml Safety 

Safety engineering is generally defmed [438] as "a system of knowledge of science and 

technoIogy necessary to determine the cause, cldy the process of and prevent accidents1'. 

In 1978, Park [335] to achieve overall safety made various suggestions: redundancy, 

M-safe design o f h m d  detectors, protection against sûftware failores, protection against 

hardware failures, intrusion monitoring, use of deadman switches and panic buttons, 

workplace design considerations, restricting a m  motion, and operator training. 

In 1980, Engelberger cl251 reviewed ambient factors Muencing decisions to use robots 

or presenting environmental requirernents. Factors included ambient temperature, shock and 

vibration, electncal noise and interference, liquid sprays, gases, and hannful particles. 

Hasegawa and Sugimoto [169] in 1982, stated h t  the safety problem of indusaial robot 

is maùily composed of two categories: the one is promoting industrial safety by utilizing 

mdusaial robots and the other is avoiding unhappy accidents caused by robots themselves. 

Ghosh et al. [142] in 1984, reviewed relevant data on accidents involving robots and 

discussed the actions that could be taken to increrise the intRnsic safety of robots. In the 

same year, Noro [325] connected education and safety in relationship between man and 

robot Similar studies on training coupled to safety were presented by Trouteaud 14531, 

Finnerty [133], and Balaîiiiico [34]. 

In 1985, Ziskovsky [500] suggested that robot safety should start before the robot is 

htroduced into the work environment. He pointed out t h e  steps in estabishuig any robot 

system-application planning, installation and start up, and continuhg operaiion. In the 

same year, Lmger 12701 proposed the concept of the 'production adapted' safety system, i.e., 
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a safety system based on high knowledge about the process. A sysam safety for automated 

production to maintain the highest level of safety with the lowest loss of production was 

proposed by Kiùner [237] while Lee [259] described safety precautions for robot users 

i~cluding: risk analysis, safety consideration, and proper methods of safeguarding. 

Jones and Dawson [219] in 1986, estabfished strategies for ensuring safety with 

industrial robot systems while Deivanayagam [10q addressed the possible safëty measures 

for controlling hazards unique to robotics work systems. DeGregoria Cl031 reviewed the 

fundamental of robotics and presented some of the critical aspects of robotics safety. He 

also suggested guideiines to reduce safety risks to an acceptable level. 

In 1987, Ramachandran and Vajpayee [367] investigated robot safety and presented an 

analysis of the sources of accidents, and the accident-prone operational phases of robotic 

installations. Svnilar studies on safety consideration for robotics installation were presented 

in [38], [50] ,[M3], [262], [46O], and [461]. 

In 1988, Etherton [I28,129,13O, 13 11 proposed safe maintenance guidelines for robotics 

works tation. 

In 1990, Jiang and Cheng [211] reviewed several robot safety techniques, and presented 

a procedure analysis for the planning, installation, and operation stages of adding a robot 

to the workplace. The andysis covered safety measures that could be taken, risk of not 

taking them, causes of the nsks, and corrective or preventive measures. 

1.3.2.2 Human-Factors 

Human-Factors 12251 in robotics is the study of principles conceming human behavior and 
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characteristics for efficient design, evaluation, operation and maintenance of robots. 

In 1985, Ghosh and Lernay [144 discussed madmachine interactions during 

maintenance and methods to improve safety. 

Ryan [383] in 1986, presented a review of research efforts in determining the 

quantification of accident causation based on human behavior model. 

Parsons [344 in 1987, explained how the applied science hown as "human factors" can 

help prevent accidents in which robots may h m  workers, damage equipment, or 

themselves. Nagamachi [3 1 O] found that approachable distance which people considered 

safe is when robot ami movement was at slower speed. The closest approach distance at 

14 cmls was 1.5 cm, whereas the median approach at 22 cm,s was 22.5 cm. 

In 1988, Kanvowski et al. [223] discovered the average approach distance of 20.9 cm 

for those who had seen the accident, compared to 15.3 cm for those who didn't. 

Rahimi and Karwowski [365] in 1990, reviewed critical issues in human-robot 

interaction area, and proposed a research framework to study human aspects of robotics 

system design while Beauchamp et al. 1481 briefly described and synthesized the empirical 

d t s  generated in the human &ors studies and suggested future research avenues in that 

area Same researchers [47] evaluated factors that could effect human performance in the 

event of an unexperted robot motion. 

In 1992, Sun and Sneckenberger [441] introduced conceptual safety guidelines for the 

design of a human-mbot syrnbiotic system to achieve reasonable allocation of fimction and 

optimum match between the human and the roboc to reduce the possibility of human error, 

and to enbance the system safety and reliability. 
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1.3.2.3 A ~ ~ i d a r ~  

Almost a l l  reports involving industrial robot accidents spece an actual or potentid risk to 

those involved in prograrnming, and teaching 1721, [20q, [210], [226], [292], [3 161, [437]. 

Jiang and gainer [213] defied the robot accident as "contact between the person and a 

robot either directly or indirectly, leading to a record of the accident". 

In 1977, Sugimoto [430] in one of the earliest publications on robot accidents showed 

that the greatest risk of accident occurs during programrning, and maintenance. He also 

pointed out that only 10% of the accidents occurred during normal operation. 

On the bais of 1980 investigation by Carlsson 1711 camied out in Swedish industry, out 

of 13 accidents exarnined, the prime hazard was either operator error or the enmince of 

worker into the envelope of the robot during its operation h the automatic mode. 

The result of another survey conducted by the Japanese Ministry of Iabor [430] in 1982, 

reported 11 cases of accidents and 37 of near-accidents. Furthemore, 8 of the 11 accidents 

(73%) were due to unexpected sm-moving. It was reported that more than a third of the 

accidents occurred because of operator error and nearly twc-thirds were due to the robot 

problems. 

Ziskovsky [496] in 1983, identined the common cause of fatal accidents involving 

industrial robots, Le., the Iack of proper respect for what the robot is and the accornpanying 

appreciation for its capabilities and limitations. In the same year, Percical [347] studied 

accident reports from various counaies and provided a sumrnary of sources of hazards that 

may lead to an accident. A sirnilar study was conducted by Parsons [340] in 1985. 

In 1986, C o h  188,891 pointed out the importance of space requkements for designhg 
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a robotics work station to avoid pinch points, while Ryan [383] presented a review of 

research efforts in detemiining the quantification of accident causation based on human 

befiavior mode2. Motosko [302] reviewed the literature on robot-related hazards and 

discussed, when and how they occur, as weU as precautions and safe,twards that may prevent 

industrial incidents and accidents involving robots. An analysis of the robot safety strategies 

[219] in six British Companies covenng 84 robots showed that in 50% of the cases the 

hazard control devices were systematically circumvented by workers. Also, in the same year, 

to express hazard in the field of safety, Sugimoto and Houshi [434371 formulated the following 

relationship : 

Hazard = [(Error Frequency)] x [(Hazard Rate) x (Severity of Injury)] 

= [ (Reliability)] X [(SafeQm 

Jïmg and Gainer [199], in 1987, reviewed and analyzed the reported accidents in various 

countries and their fhdings revealed that if recornrnended safety guidelines and standards 

were in efEéct, in aIl phases of robot irnplementation, the accidents could have been avoided. 

They concluded that more effitive worker safety training and workplace design would help 

to prevent the accident. 

Nagarnachi [312] in 1988, investigated ten fatd accidents which occurred in Japan 

Between 1978 and 1987. The accidents occurred dunng the phases of normal operation of 

robot, repair, maintenance or hstahtion work, or d u h g  manual adjustment of work-piece. 

A cause-and-effect analysis of reported accidents uivolvhg robots and humans was 

conducted by Japan [205] in 1983, United States [292] in 1984, Sweden 1721 in 1985 and 

Germany 1313 in 1986. 
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1 -3 -2.4 StzfLi-2~ Systerns 

Over the years, to counter sdety problems various sdeguard meththods have been developed 

includhg intagent systems, electronic devices, infrared rays, and flas hing lights Cl8 1,2261. 

In 1983, Sugirnoto and Kawaguchi [434] performed an extensive robot study and concluded 

that only when robots themselves are able to detect the approach of humans and perform 

appropriate action to avoid accident, will safety in the human robot work place be assured. 

Same researchers [435] analyzed avaüable data on accidents to point out dangerous 

operations involvhg indusaial robots and developed a document on fundamental 

technologies and appropriate safety measures. 

Rahimi D63] in 1984, on the basis of earlier robot accident reports classified major 

factors contributing to robot accidents and outlined system safety as an appropriate 

approach to analyze safety of semi-automated and automated robot systems. In the same 

year, in two separate articles, an automatic robot safety shutdown system was proposed by 

Anon 1241 and Ziskovesky [498]. A nurnber of resemhers have dready explored various 

aspects of both of these sensors categories [232,235,238]. 

Harless and Donath [164] in 1985, suggested that conventionai safety systems such as 

barriers, light fences, and pressure mats are incapable of providinç protection during periods 

of unstmctured interaction between people and robots. In their article, they presented an 

overview of monitoring system, controuer architecture, and an example of a safety 

algorithm. Kilrner et aL [237] considered a protective safety cornputer that couul de used 

to monitor robot movements in the workstation to detect operations and to stop the robot 

before collision or dmage. Graham [150] discussed safety mat design and construction, 
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applications, features, and costs. In 1986, Millard 12931 discussed results of the research at 

the enter for manufachinng productivity (CMP) at Rensselaer Polytechnic Institute @PI) 

to develop an intelligent sensory system that wiU monitor the working envelop of a robot 

Ward [464] in 1988, reviewed the robot safeguarding problem and presented an 

overview of programmable eIectronic based control systems. 

In 1993, Motamed and Schmitt [301] discussed the development of 'intelligent' safety 

systems using cornputer vision w h k  Hischfled et aL [188], studied a survey responses from 

19 out of 55 indusaial robot users of over 580 robots. Findings indicated that oniy 20% of 

robots were f o u d  to be completely enclosed, while 60% had a limited b&er or no bariier. 

Furthemore. safety measures such as light curtains and floor mats were found to be the 

most widely used safety devices at 67% and 59%, respectively. in addition, industrial robot 

users demonstrated poor adherence to the Occupational Safety and Health Administration 

(OSHA) requirements and to the Amencan National Standards InstituteRobot Indusaies 

Association (ANSURIA) Standards. In the same year, Aghazadeh et al [2] based upon these 

survey results, perfomed a hazard ûnalysis to assist in the evaluation of robot workstation 

safety. The hazard analysis indicated that sdety sensors should be integrated in a layered 
I 

protection system with an extemal perimeter, an intemal work zone area, and a software 

path monitoring system. 

Ln 1994, Abdallah et aL Cl] proposed a real tirne system that was able to detect an 

intruder in a dangerous ma, even when there were disturbing illumination changes in the 

c o d e r e d  shopfloor. A year Jater in 1995, S t e m  and Hebert [422], developed a complete 

system that integrates local and global navigation. The local system uses a scannllig laser 
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range-finder to detect obstacles and recommends steering commands to ensure robot safety. 

These obstacles are passed to the global system which stores them in a map of the 

environment. 

In 1996, Crane et al. [9q successfully implemented telepropnocep tion techniques for 

determinhg robot position and orientation in known environments with a single camera. 

1.3.2.5 Safety Methods 

In 1 985, Lee 12591 described safety precautions for robot users including risk analysis, 

safety consideration, and proper methods of safeguarding. He ais0 presented safety 

measuring methods and devices. Bellino [5l] pointed out that four groups of people who 

need to be safeguarded are; operators, programmerslteachers, maintenance personnel and 

bystanders or unauthoiized personnel. 

Weck and Schoenbohm 1467 in 1987, pmnted  a mechanism that allows improvement 

of the existing safety precautions in ail fields of robot technology. 

In 1991, Rahimi and Xiadong D6q presented a genenc software safety verifkation and 

encoding for safety-criticd actions of robots. Jiang and Cheng 12131 presented the six 

severity level design concept for safely designing a rnanufactu~g RU. The design 

phiiosophy integrad guarding techniques with control actions, considering both production 

needs and safety concerns and interfaces machine functions with process requirements. 

Buckingham [65] in 1993, considered examples of robotic devices applied to different 

surgical tasks that fistrate the issue of intrinsicaliy safe design and passive and active 

systems. A year later, Akeel et al. [8] addressed the factors that infiuence robotic 
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safeguarding with respect to the identification of potential hazards and the various 

controlling mechanisms instituted to prevent thern. 

Suita et al [439] in 1995, proposed a concept and a design rnethod of c o v e ~ g  a robot 

with a viscoelastic materid to achieve both impact force attenuation and contact sensitivity 

and keeping it within the human pain tolerance limit 

In 1996, Montgomery and Lauderbaugh 12971 developed a space robot hazard 

identification checküst through the identification of sources of possible hazards, assessment 

of associated risks, and determination of necessary safeguards. Also in 1996, Atcitty and 

Robmson [32] demonstrated the use of failure modes and effects analysis (FMEA) approach 

for the safety assessment of a robotic system developed at Sandia National Laboratories. 

1.3.2.6 SafetY Standards 

Ordinance Amending Parts of the Industrial Safety and Health Regulations' [246] were 

ofEaJly announced in 1983. Thus, the action to be taken by employers for the prevention 

of industrial accidents caused by industrial robots was established. In 1985, the Japanese 

Industrial Safev and Health Association (JISHA) developed a document entitled "An 

Interpretation of the Technical Guidance on Safety Standards, etc., of Indusaial Robots" 

[ZO7]. 

A year later, in 1986, a safety standard entitled "Industrial Robots and Robot Systems 

Safety Requirements" was published jointly by the American National Standards Institute 

and the Robotic Industries Association [14]. 

In 1992, Doming et al. Cl141 identified safety issues as well as the general safety 
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requirements necessary for the safe operation of the autornated test bed (Am) to handle 

the processing of special nuclear materials (SNM). A year later, in 1993, the Robotic 

Industries Association (RIA), in association with the Aaerican National Standards hstitute 

(ANSI), established stringent safety guidelines for robot manufacturers and users [408]. 

Pegman [34@ in 1994, outluied the activïties of the National Advanced Robotics 

Research Center (NARRC) in the promotion of safety and standards for advanced robots. 

Standards and oser guidelines for robot safety were also recommended and discussed 

extemively by Park [333 m 1978, Potter [35q in 1983, Ziskovsky [495] in 1985, and Clem 

[82] in 1986. 

1.4 Motivation and ~ b j e d v e s  of the Thesis 

Motivafion: 

Most of the published works have addressed either robot reliabiiity or robot safety, but 

not concurrently. 

The criticaliity of robot reliability and safety relationship have been emphasized in some 

studies, yet, no specific studies have been pedormed to investigate this correlation. 

Most robot reiiabiiity and safety problems were dealt with basic methods such as the 

failure mode and effect analysis (FMEA) or the fault tree analysis (FïA). This snidy 

attempts to i&nW other rnethods which can be equdy applicable to robot reliability 

and safety problerns. 

Usually, as robot systems' complexity increase their reliability decrease which in turn 

contribute to their safety problems. AIthough stochastic processes present a valuable 
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tool for investigating complex reliability problems, but, they have never been used to 

study robot systems reiiability and safety relationship. This work is the first bold 

attempting at synthesizing robot system reliability and safety relationship by employing 

stochastic processes. In this study, the models wnsidered to show this relationship are 

entirely new, original and relevant. 

The assumption of an appropnate distribution for the failure and repair times is the 

integral part of any model. Traditiondy, the exponentid distribution has enj oy ed great 

popularity due to its andytical simplicity. This study attempts to incorporate non- 

exponential distributions and present a generalization of the robot fàiied system repair 

process which may be of more practical significance. 

Objectives: 

The main objectives of this study are: 

To wllect literanire and publications related to robot reliability and safety, 

Review the most suitable system &&y methods and ident* those which are equally 

applicable to robot safety, 

Review the most appropriate systems reliability evaluation techniques and identa those 

which are applicable f ~ r  robot reliability assessment, 

Stochastic anaiysis of a systern compnsed ofa robot with n-redundant safety units, 

Stochastic analysis ofa system cornpnsed of rr-redundant robots with one safety unit, 

Availability analysis of robot systems with non-constant failure and repair rates, 

Adability analysis ofrobot systems susceptible to non-constant common cause failure. 
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This shidy is divided into six chapters, a reference section, and four appendices: 

Chapter 1 presents an introduction to robot reliability and safefy including a brief 

o v e ~ e w  of robot evolvement and a fiterature survey. 

Chapter 2 discusses existhg robot safeguard'ig techniques as well as safety 

methodologies used to evaluate robot system safety. It aiso reviews the techniques that 

are available to assess robot system reliability. 

Chapter 3 presents a stochastic analysis of a system containing one robot with 

n-redundant safety units. Robot failure rates are assurned constant, whereas the repair 

rates could be constant or non-constant- Mirkov method is used to perform analysis for 

robot systems with constant fdure and repair rates. For the non-Markovian models 

w k e  the robot repair rate is assurned non-constant, supplementary variables technique 

is used to obtain the steady-state and tirne-dependent availabilities. Various faiied robot 

system repair time di~nl'butions such as srponentiai, gamma, Weibull, Rayleigh, and log- 

normal are considered to obtain generalized steady-state availability expressions. 

Gamma distribution is utilized to obtain robot syaem the-dependent availability. 

Chapter 4 presents analysis for a system comprised of n-redundant robots with one 

safèty unit. As for Chapter 3, Makrov and supplementary variables techniques are used 

to investigate robot system performance indices. 

Chapter 5 extends the anaiysis presented in Chapters 3 and 4 by introducing robot 

system with noni~>ns*uit comrnon-cause failure rates. The method of device of stages 

combined with the su~dernentarv variables techniaire are ern~loved to obtain steadv 
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state availability expressions. 

Chapter 6 presents conclusions and recommendations for future studies. 

A comprehensive list of references coilected from conference pmceedings. technical 

reports, joumals, and books from 1973 to 1997 are listed in the reference section. For the 

sake of cornpleteness of this study, in~oductory materid is provided in Appendix A - C. An 

ovemiew of probability distributions and their properties such as probability density function 

(p.d.j), moment-generating function, hazard function, and expected mean value are given 

in Appendix A. The relevant reliability and availability charûctenstics are provided in 

Appendix B. Markov, supplementas, variables, and the device of stages methods are 

described in detail in Appendk C.  Syrnbols associated with the mode1 in Chapter 3 are 

defined in Appendix D and miscellaneous plots are given in Appendix E. 



SAFETY AND RELIABILITY 
ASSEÇÇMENT TECHNIQUES 

IN ROBOTICS 

2.1 Introduction 

A primary concern in the design of any system is the determination of an acceptable level 

of risk of fldm on the bais  of economic and/or social consequences associated with such 

risks. This is n o m d y  accomplished by rneticulous analysis of the reliability and safety of 

the system. 

Reliability may be defined as the probabiiity that an item will perform its function 

adequately for the desired pend of time when operated according to specified conditions 

[107]. Safety is kedorn fkom those conditions that c m  cause damage to or loss of 

equipment or injury or death to human beings [109]. These definitions cla- the fact that 

an industrial robot which fails to perfom properly, due to either partial or total functional 

failure over extended periods of tirne, wiU not sa&@ the required economics for 

implementation in an industrial application Failures not only are uneconornical, but also can 
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have an unsafi outcorne. Engelberger [123] stated that for most applications, up-time must 

exceed 97% to satisS, most users of industrial robots. In 1989 Klaf?er [242] wrote; 

"a robot having the most innovative controller or 

programming language which if not rnechanically 

reliable becomes nothing more than an expensive 

(aboratory toy." 

There are many methods and techniques which may be used to make a robot more 

reiiable and safer. ' I ï i is chapter presents the moa suitable robot safety and reliability 

assessrnent methods selected from published kerature 111 1,1121. 

2.2 Saf ety Methods in Robotics 

The major motive for investing in industrial robots is to enhance productivity and to relieve 

human operators nom adverse environment and difncult or hazardous tasks. Robots 

however, can not function without human interference and if lefi unattended, they will 

gmdually be unable to continue their assigneci tasks because breakdoms may occur which 

have not been aiiowed for by the human designers. Industrial robots like traditional machines 

can bring hazards for people who work with them. Human errors and component failures 

make such compdsory interaction (man-robot) dangerous and costly at times. Emrs and/or 

failwes which &kt man-robot interface may be classified in vanous ways: What causes the 

error? What are the consequences ? How can they be prevented? etc. Also, in order to 

understand how fdures or errors may lead to accidents, to estimate their probabiiities, and 

more importantly to reduce the Iikelihood of their happening, a number of analytical 
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methods have been developed. Thus, the following presents the most suitable robot related 

safkguarding techniques and safety methodologies taken from published articles as weli as 

detailed introductory aspects of robot safety (Le., the W5 of robot safety). 

2.2.1 W5 (WLe, Why,  ho, When, Where) of Rob* Safe~et, 

Saféty requirements mer for applications with or without human interfacing. In controiLing 

ha& in a system without human interfacing, the entire application environment affecting 

the machine must be understood. In contrast, evaluating hazard potentiai with human 

mterfkchg not only requires knowledge of the overail operation of the system, but also an 

understanding of how a human operator relates to the robot. This may be achieved by 

detemiinhg the universal questions (What?, Why?, Who?, When?, and Where?). The W5 

of safety is illustrated in Figure 2.1. 

ROBOT 
SAFETY 

Figure 2.1. The W5 of robot safety. 
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2.2.1.1 Wh? Robo&&ty? 

Like any other power-driven machine, there have been many reports of minor c m ,  bumps, 

pinches, and shccks to people working with robots. However, there have also been a few 

fatalities. In Japan for instance. a robot pushed a maintenance worker into a grinding 

machine and he subsequently died [Il]. Later investigation revealed that the man did not 

take proper safety precautions before entering the robot work envelope. Reports fiom other 

fatal accidents conclude that in most cases, human negligence is the cause of these sad 

accidents. Neverthe&, ifrobots could have been a bit more forgiving, these people did not 

have to pay such a high price for their mistake. But, what makes robots unforgiving at 

times? Attempting to answer this question is best done by identifying some of the 

characteristices of a robot. 

Generally speaking, a robot is blind, de& mute, dumb, and unconscious. Not many 

robots are equipped with visionary systems, so a robot is incapable of locating a human who 

is in its way or approaching it. It won't hear the human approaching, nor wiU it hear the 

human say "ouch" ifit hits hllnmer. Few robots have voices to warn humans away or to Say 

what its next move is. It wiU fonow an operaiional sequence of instructions and wiU do oniy 

what it is programmed to do. A robot is capable of moving suddenly or gradually in any 

direction within its work envelope (or anywhere in the case of mobile robots) and is also 

generally s ~ o n g ,  fast, or both. The sum of these elements render robots dangerous and 

unforgiving. Once the necessity of considering robot safety is realized, the next step is to 

idenw the sources of hazards. 
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2.2.1.2 What are the Sources of~czzards? 

The sources of robot accidents cm be grouped into three categorie as shown in Figure 2.2: 

i) Those due to human error, 

6) Those caused by robots, and 

iii) The environment in which man-robot interact. 

The hazards due to man rnay arise as a result of the psychological behavior of the 

workr or the software mors of the programmer. Hazards due to the robot may occur from 

loss of structural integrity of the robot such as joint failme, material fatigue, erosion , etc. 

It c m  also originate h m  mechanical or electncal faults due to fidures which occur 

randomly during the useful Me of a component. There are also hazards h m  the 

environment such as accumulation of dust in the joints and motors which rnay cause 

mahnction of the robot. 

r Man 

Figure 2.2. Possible sources of hazards in robotic installations. 
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2.2.1.3 Who is Responsibl=, Who is at Risk, and Who Should be 
Protedeed? 

Figure 2.3 shows the major causes of robot accidents. The highest percenmçe of robot- 

related accidents occur during propamming, teachinç. and manual operition. 

Figure 2.3. Causes of robot accidents. 

1. Erratic movement of peripheral equipment during teachuig, testing, or normal operation. 
2. Erratic movernent of the robot dunng teaching, testing, or normal operation. 
3. Erratic movement of the robot during repair or manud operation. 
4. Unauthorized entry of the human to the robot work envelop. 
5. Others. 

A Swedish survey reveded that human error accounts for O ver 90% of accidents, 

whereas in another survey in Japan 213 are robot caused accidents [434]. With such 

discrepant data, it is not clear how much blame cm be put on man and how much on the 

robot. Nevertheless, the primary objective of safeguarding is to protect humans fiom robots 

and the prevention of darnage to the robots by the humans, particularly: 
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Prograrnrnermeacher 

Maintenance personnel 

Operators 

Obse~ers  

Equipment 

Work piece 

2.2.1.4 Whm to Consida Saf* and Wh= is the C~f ica l  Time? 

Historically new technologies are dways implemented k s t  and the safety factors 

incorporated &rwards because of lessons leamed from unforninate accidents resulting in 

injuries and propery losses. The legal, social, and humanitarian considerations of our 

present world however, require that safety issues be addressed during the early stages of 

technoiogy implementation. Sugimoto [438] stated that the principal of safety starts with 

the notion: "Saferj is not the correction of accident that has already o c c d  and if a 

machine with no accident record bas a potential hazard, safety measures s hould be ins tituted 

beforehand". This implies that: 

Safety measures should be incorporated before accidents occur, 

Safety is a planned and continuous process that is paramount to any 

successful robot application, 

The cost of safety is always acceptable compared to the cost of accident. 

Robots t y p i d y  have reliability, 998% or better. The 2% downtime (cntical t h e )  include 

factors Ne planned maintenance and programming or is due to failure of some sort During 
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this period the robot is the most dangerous, because people directly interface with it 

Accordhg to many studies, onIy 5 to 15 percent of the accident! ciccur in automatic mode 

[210,437]. This mems 85 to 95 percent occur when the robot system is under manual 

operation conuol, such as during prograrnming or maintenance of the mbot. 

2.2.1.5 Whme fo ConsiAm Sa$&? 

Types of injuries çaused by robots are more diverse than those caused b y O ther machines. 

Robots can strike, cmsh, or thnist to any location inside the point of operation. The 

Iiklihood of accidents taking place outside the work envelope must also be considered. One 

such situation can arise if a part king  handled by the end effector slips and is thrown at 

varied trajectories weii outside the point of operation. This can becorne more dangerous in 

the case of mobile robots which are to assume prominence in industry. 

2.2.2 How Safe is Sage, and Howto Achieve Safety? 

Barret et al [41] smted that the degree of guarding depends upon the risks involved. The 

risks are determiiied by the frequency of access to the danger area, and severity of injury. 

Certainly, absolute satéty is practically impossible, however, redistic goals can be achieved 

by bknding safety with efficiency of operation. To be practical, the safe ty system itself must 

be able (to a reasonable degree} to satisS. the following critena for any given application: 

1 nexpensive 

Fail Safely 
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Reliable 

Highly immune to false triggers 

Durable 

Capable of working in an industrial environment 

Easy to install 

Hard to bypass 

Fairly simple to program 

Easy to maintain 

At present, the saf'ety of robotics systerns depends on a combination of the following items: 

Robot area protection 

Electronic sensing devices 

Training programs for personnel 

The following is a brief discussion of the safety procedure and devices utilized in the 

robotics system safety. 

2.2.2.1 RoLt Aroa Protection 

Tlae two rnost aitical mas to be protected are the work envelope and the working arm. The 

envelope can be protected in a number of ways, including visual bariers, isolation, intrusion 

detection devices, and common practice and procedures. Visual bûmers provide the first 

step in protection of the envelope and if obeyed by the operators, c m  be quite effective. 

Waming signs and placarding, describinç the hazards and related precautions, are a 

minimum requirement. Isolation of the envelope may offer the safest method by which 
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intnision into the robot envelope is prevented. Some of the methods which are physical 

barriers include fences, chains, and curtains or without physical barriers such as pmsure 

pads and iight beams. Fences are not only the least expensive and most reliable but also have 

the capabiüty to stop most parts if they slip from the robot gripper during very high speed 

motions. They may also prove to be hazardous, however, if there is any necessary human 

exposure, such as employees who may becorne trapped inside the fenced area if the robot 

malfunctions. AU types of enclosures require EnterIocking to stop the robot whenever 

something enters the robot movement envelope. This cm be inefficient in the case of 

isolation *out physical barriers for nuisance stoppage. An o v e ~ e w  of the most common 

robot area protection is given in Ref. [l8 1,2263. 

2.2.2.2 Electronic Sonsifis Derricos 

Robot area protection may offer high sâfety standards, but, since people do not always obey 

warning signs or respect fences, additionai precautions must be taken. Altamuro [Il] in 

1983 suggested that workers should be equipped "with protective gear or special devices 

to reduce the incidence or s e v e m  of accidentst'. 

Programmen / teachers and maintenance personnel who m u t  interact with robots might 

Wear a device that returns a signal to the robot's safey sensor indicating a human presence. 

The robot itself should be aware of its immediate surcounding and differentiate between 

human and a piece-work. This is accomplished by duplicating human senshg capabilities. 

Of man's f i e  senses, sight, touch, hearing, smell, and taste, those whose artificial parallels 

have been most extensively developed are sight and touch. These sensors will monitor both 
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the entire working envelope of the robot and a volume around the robot's arm and end 

effector. A cornputer system which monitors the sensors c m  cause corrective action to be 

taken if an unsafe condition occurs. Some significant examples of sensors are described in 

Ref. [181,22q. These sensors are selected on the basis of many variables inciuding sensing 

characreristics, durabiIity, cost and reliability. 

2.2.2.3 Training Program for Personnel 

Accidents cannot be prevented by safety devices done. Human errors during operation and 

maintenance are highly possible. Therefore, good working practices and training of a l l  

personnel in the vicinity of the robot is essential and at least in theory reduce sources of 

human error. Furthexmore, common sense is as important as any other safety measure. No 

matter how many safety devices are planted in or around the robot, it still boas down to 

human responsibilïty and thus, good common sense in ail aspects of the application should 

be used. 

2.2.2.4 Maintenance 

For successful operation of any robotics system, the maintenance of the robots, especially 

of the preventive type, is essential. Periodic system checkup minimizes disruption due to 

breakdown and exposure of workers to robot envelope. 
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2.2.3 Saf ety Analpis MetLodologies 
As a branch of system analysis, system safety andysis has corne of age in many areas of 

design and manufacture. The system sdety concept requires tirnely identifcation and 

evaluation of system hazards before losses occur. In other words, the ultimate aim is to 

produce a better understanding of the potential safety problems for a given system (e.g. 

robot) and to suggest actions which mûy improve system safety. To achievt: this i m ,  the 

process of safety analysis often caik for the use of different methodologies which may 

include qualitative and quantitative andysis or both. These techniques are used to identify 

and evaluate system hazards and assure that safety is properly designed into each subsystem 

component of a major system. 

Clemens [83] outlined 25 methods for hazard identification and evaluation while Rahimi 

[363] provided an oveniiew of the system safety techniques applied to robotics. Among the 

qualitative techniques are preliminary hazard analysis, subsystem analysis, failure mode and 

effects analysis (FMEA), energy banier analysis (EBA), critical incident technique, task 

analysis approach, system simulation, deviation analysis, and near accident andysis. 

An example of a more quantitatively inclined technique is fault tree analysis @T'A) which 

usuaiiy involves application of probability theory to quantiQ the hazard probability of each 

event or component of a system. Some of these techniques have a broad application base 

(eg., Prelimkary hazard andysis, Task analysis, system simulation) and need to be M e c  

detailed out for an application such as robotics safety. Deviation analysis is a new method 

which is used principally in other methods such as FMEA. 

Among the techniques listed above, FTA and FMEA appear to be the most appropriate 
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techniques for robot safety anaiysis. AImost all of the potential dangers in the robot-man 

work environment are the result of combinations of unsafe conditions and unsafe actions. 

A deductive amlysis of the conditions for combination of these factors and their cause-and- 

effect logical construction c m  be made by fault-tree analysis. FTA concentrates on accidents 

arising from characteristic function or structural features of robots. Both F î A  and FMEA 

are described below. 

2.2.3.1 Fault-Troe Anabsis (FTA) 

The huit tree method is a systernatic, descriptive form of analysis that has k e n  widely used 

for quantitative analysis of the safety and reliability of nuclear power generation systems. 

Sugimoto [434,438!, Nagamachi P09,310], and Devianayagam [10a proposed the use of 

fault tree analysis in robot safety. As ined in system safety anaiysis, the tree leads to an 

undesired event (Le., top event) and determines the sets of fault events that cause the 

outcome in question. For example, sudden transfer of kinetic energy of the robot to the 

human body due to unexpected robot motion is responsible for the majorhy of accidents. 

The top event in Figure 2.4 is a classical example of such a case. The fault-me method is 

descnbed in detaii in Ref. [358]. 
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The symbols associated with Figure 2.4 are described below: 

The resultant of combination of fadt events through a 
logic gate is represented by a rectangle. 

This symbol indicates that the output fault event cari occur 1 ) if and only if dl the hiput huk events ocçur. 

This syrnbol indicam that the output fault event can occur 
if any one or more of the input fault events occur. 

A fault event whose causes have not been M y  identified 
and can be further investigated is denoted by a diamond. 

A circle indicates a basic fault event. 
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Accidcnt caused by an 

Figure 2.4. Fault-tree analysis for the top event: accident caused by an unexpected robot 
movement [log]. 
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2.2.3.2 FaiLrc Mode and Eflect hahsis @MEA. 

Failure mode and effect d y s i s  ( M A )  Ïs one of the rnost widely used methods that uses 

a tabuiar form to iden* the modes of failure for the components of a system dong with 

their occurrence probabiüty, seventy, and effects of failure. In genenl t a s ,  FMEA is used 

to do the following [442]: 

Ensure that al1 conceivable failure modes and their effects are understood. 

Assist in the identification of system weaknesses. 

Provide a basis for selecting alternatives during each stage of operation. 

Provide a basis for recornmending test programs and improvements. 

Provide a basis for corrective action priorities. 

The analysis traces the problem back into its root by answering the following questions; 

How can the component fail (cause)? 

What are the consequences (effects) of the failure? 

Once these questions are properly answered, a list of symptoms or methods of detection of 

each fàilure mode f fomulated for safe operation. Thus, the next step would be  to answer 

the following; 

How is failure detected? and, 

What are the safeguards against the failure? 

One example of studies concerning FMEA in robotics safety is performed by Jiang aad 

Gainer [2 101. The study is mo tivated as a result of 32 robot accidents which occurs between 

1984 to 1986 in the U.S., West Gemany, Sweden and Japan. The analysis included the 

accident source, the accident cause, the accident effect in terms of human injury, 

~commended guidelines to be implemented, and applicable safecy standards in each case. 
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The accidents' causes were grouped into four cntegones (hurnan error, workplace design, 

robot design and others). The accidents' effects were grouped according to the person 

uijured @ne worker, maintenance worker or prcigrÿmmer). the type tif injury (pinch-point, 

impact or other), and the deçree of injury (fatal or non-fatal). By using tliis appmach (Le.. 

FMEA), it was concluded that one of the most important t sks  in eliminating or reducing 

the probability of robot accidents is to identify the cause by which they may take place, and 

to pay pYticular attention to safety throughout al1 phases of robot Iife cycle including 

workplace design, robot installation, robot tes ting, and robot operation. 

2.3 ~eliabikty TecliIllques in Robotics 

There are two main categories of rehbility evaluation techniques: anaiytical and simulation 

(real t h e ) .  Analfical techniques represent the system by a mathematical mode1 and evaluate 

the reliability indices fiom this model using mathematical solutions. Simulation (e.g., Monte 

CarIo) methods, however, estimate the reliabbility indices by sirnulating the actual process 

and random behavior of the system. There are merits and demerits in both methods. 

In the application of a stochastic model, one has to make a basic decision: wheîher to 

use a simulation technique or an analytical mediod. Simulation techni que is usually chosen 

because it is readily understood, its feasibility is known beforehand, and it imposes, in 

principle, no restrictions on the complexity of the model. The fact thnt the simulation 

technique will permit one to use very cornplex models with apparent eue  does not enhance 

the si@cance of its answers. Analytical methods, yield explicit functional relations instead 

ofspecInc numerical values, therefore, shed more light on genenl properties and are capable 
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of a broader range of applications, such as parametric studies. Thus, it is in this spirit that 

the analysis in this study should be viewed, k i n g  not a rnethod for gerterating numbers, but 

rather an approach which gives nse to deeper perception and increÿsed judgement This 

does not imply that quantitative statements are to be disregarded. It merely means that we 

wiüreadily accept approximate solutions whose emphasis is on the riçht trend rather than 

on numencal accuracy. 

2.3.1 AnaIytica.1 ~ e t h o d s  

In performing the reliability analysis of a robot system, an important task is to identiQ the 

most suitable available analytical methods. In the field of reüability engineering, there are 

many techniques and methods availabie that are equally effective to perfonn robot reliability 

analysis and prediction studies. Some of these techniques are network reduction method, 

minimal cut set method, Fdult tree analysis @TA), failure mode and effect iinalysis (FMEA), 

Markov method, delta-star method, and parts count method, etc [107]. After considering 

such factors as shplicity and effectiveness, the most appropriate of the malyticd methods 

for the stated purpose are as follows: 

Failure Mode and Effects Analysis (FMEA) 

0 Fauit Tree Analysis 

Block diagram 

Combinational models (Le., combined Fault Trees and block diagram) 

Markov and Non-Markovian Models 

Each of the above rnethods is described below bnefly. 
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2.3.1.1 Failurc M A  anAEfi=dAnaiysis @&m.) 
As in robot safety analysis, FMEA can also be used in reliability evaluation of a robot 

systern It is used to systernatically andyze the failure modes of components of a robot and 

determine the effects of these fdures on robot performance. In robot reliability assessment, 

FMEA is performed to identi@ potential design wehesses through s ystematic documented 

consideration of the following items: 

All possible ways in which robot can fail. 

Causes for each mode of failure. 

Effects of each failure mode on robot system reliability. 

Probability of occurrence of each failure mode. 

One main advantage of FMEA is hypothesizing the source of failure, thereby reducing the 

probability of fdure  or reducing the seventy of failure by redesign to produce a fail-safe, 

or m m  redundancy, etc. For instance, the robot joint in Figure 2.5 can fail due to various 

fauits. Each component and its associated Mure modes are considered individually and their 

eEect on other components as weil as on the whok system, (Le., the joint) is identified. One 

major draw back of FMEA is its singula&y-failure analysis [268]. This means that FMEA 

is not well suited for assessing the cornbineci effects of two or more failures. 

2.3.1.2 Fauk T r ~ e  Anabsis (FTA) 

In many cornplex system where a single failure may not adversely affect the systrm, but 

two or more failures together may adversely affect the system, deductive methods such as 

fault-tree analysis are more suitable. rnethod is equaIly applicable to robot 
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safetyfizliability anaLyses. FïA is a valuable tool that c m  be applied by which the subsystem 

or component failure events leading to system failure are related using simple logical 

rehtionships. These relationships are a structural-mode1 of cause and effect that represent 

the system failure modes. FTA can provide information on how a s ystem may fail, what the 

probability of the occurrence of the top event (Le., undesired event) is, and what remedies 

may be used to overcome the causes of failure. Figure 2.5 presents possible sources of 

failure of the robot joint and Figure 2.6 shows the hierarchy of the combination of events 

that cmtribute to the top event of joint failure. The joint can fail either because of actuator 

faim, stnictudfailure, or f d u e  of one of the hinges. Hinge failure is a basic fault which 

cm be assigned an independent probability. Actuator failure however, c m  either be caused 

by pipe Mure or by valve malfunction. Pipe failure may be mated as a basic fault whereas 

valve malfunction cm be traced back M e r .  F î A  is described in detail in Ref. 13581. 
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( Joint Failme 1 
1 

Figure 2.6. Fat&-tree diagram for a robot joint failure. 
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2.3.1.3 ~ekzbi l ib  BI OC^ Diagram 

In gened, the main objective of a reliability study is to predict die performance of a 

complete system. Block diagram [IO71 (dso called reliability network) is one of the simple 

and effective methods which enables the system failure probability to be evaluated in terrns 

of the component performance chmctenstics. The fxst step in the reliability prediction is 

to identG failure modes of the systern and collect reliability information on dl of its 

components. A block with assigned probability of success or failure rate represents each 

ccmponent Blocks are then connected together so as to fonn a reliability network which 

represents the reliability dependencies between cornponents of the system. Figure 2.7 

repments a system whose components are placed in senes (also known as non-redundant 

system). In this fashion component failure canno t be tolerated and any component fdure 

will break the single path, thus cause system failure. 

(a) Saies 

Figure 2.7. ReliabGty block diagrams: (a) series configuration, (b) parallel configuration. 

For a general series network containing n cornponents, the system failure and success 

expressions are 
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and 

where Q = Probability of failure of the r?' cornponent. 

Q, = Probability of failure of the senes system. 

Ri = Probability of success of the L* component. 

% = Probability of success of the senes system. 

n = Nurnber of components. 

Systems with a higher degree of reliability usually require redundancy in part or all of 

the system, The simplest form of a redundant system is the paralle1 configuration s h o w  in 

Figure 2.7(b). Here, ail paths must fail to cause system fadure. The system reliabiliw for a 

parallel configuration is given by 

and 

where Q, = Probability of failure of the parallel system. 

R, = Probability of success of the parallel system. 

n = Nurnber of components. 

The p r i m q  advantage of this method is that it is easy to understand and apply. 

However, generally it is no t suitable for cornponents and sub-s ystems with degmded failure 

modes. 
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2.3.1.4 Combinational  MO^& 

Combinationai models have been widely used and have become a standard method for 

reliability prediction because they are conceptudy simple and easy to understand. These 

models are basically represented by combination of fault trees and block diagrams. There 

are however, some limitations to this approach [45]: 

it is dificult, if not impossible to allow for various types of dependencies such 

as repair, near coïncident faults, transient and intermittent faults and standby 

systems with spares. 

The nature of the Combinational approach requires that al1 combinations of 

events for the entire time period must be included. For complex systems, this 

results in complicated rnodels. 

A fault tree is wnstructed to predict the probability of a single failure condition 

(i.e., top event). If a robot has many failure conditions, separate fault trees 

must be constructed for each one of them. 

2.3.1.5 Markoo MadelS 

A stochastic process is a f d y  of random variables observed at dif3erent times and defined 

on a s p d e d  probability space. When ail the random variables are exponentially distributed, 

the associated stochastic process is a time homogenous ~ a r k o d '  process [368]. Any 

Markov mode1 is defined by a set of probabiiities p, which define the probability of 
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transition fkom any state i to imy state j. One of the most important katures of any Markov 

mode1 is that the transition probability ps depends only on States i and j and is completely 

independent of dl p s t  States except the last one. state i. Miirkav models c m  be fonnulated 

as long as the failure and repair rates are exponentidly distributed. 

Aside from theoretical considerations the exponential distribution has found wide 

acceptance suice Davis [102] presented goodness of fit tests on friilure data which favored 

exponential distribution. Drenick [117], also proved that the time between failures of 

cornplex equipment tends to an exponential distribution as the number of cornponents 

become large:, irrespective of the component failure laws. The major assumption underlying 

his proof is that every failed component is irnmediately replaced by a new one and that the 

failure of any component causes the system to fail. 

Markov rnethod is applied only when certain restrictions are fulfilled. In a capsule forrn, 

the assurnptions such as the following are made in developing reliability anûlysis of a system 

[37 11 : 

1. The state of t he  system changes as tirne progresses. 

2. The transition rates are constant. 

3. All failure occurrences are independent. 

4. The probability of two or more failure occurrences in a finite time interval is 

negligible. 

An example o f  Markov method and its applicability to robot systems is discussed in 

Appendix C. 



Sec. 2.3 Reliabiliv Techniques in Robotics 54 

2.3.1.6 Non-~arkomàn ~ o d e l s  

When some of the random variables have non-exponential distributions, the interstate 

transition rates become function of the time spent in the States and the process becomes 

non-Markovian. The solution of non-Markovian models is in general difficult and the 

analytical techniques are usually of limited application in practical problems. 

Traditionally the exponential distribution has enjoyed çreat populuity. Reasons for this 

are simple andytical fiom of the exponential distribution and its givïng rise to Markov 

processes. In fact, in most cases exponentially distributed failure t h e s  are assurned in 

reliability analysis of components during their useful life perïod. This is the middle portion 

of so d e d  "bathtub" curve. Exponentiality, as is weil known, that the component does not 

deteriorate with age and is referred as memory-less dis tribu tion. But it is this very property 

which makes the exponential distribution rather unsuited for the repair t ime of the 

component. 

An exponential repair time impiies that the t h e  which has been spent on a repair in the 

past has no auence on die probability of completing that repair during some time interval 

Hi the niture. This is contrary to the concept of an organized repair. On intuitive grounds 

one expects to have zen, probability of completing a repair immediately after it is begun, and 

to have most of the probability m a s  concentrated in the neighborhood of the mean repair 

the. niis situation is represented by a two parameter distribution such as the gamma, 

lognormal, or We,j bull distribution. 

Thus, if the distribution cannot be represented by a single exponential form then the 

process becomes non-Mxkovian and different techniques are required for system solution. 
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There are several techniques available for solving this problem [l39,416]. Two fiequently 

proposed methods to deal with those cases are supplementary variables and the device of 

stages. SuppIementary varicibIe technique and the device of stages method are discussed in 

detail in Appendix C. 

2.3.2 Simdation Techniques 

Simulation (e.g ., Monte-Carlo) techniques can be used to calculate sys tem ~eliabiüty by 

simulahg the Mure of the components at times distributed according to their failure rates. 

Random samples from item fdure and repair distributions are taken which require the 

generation of very large quantities of random numbers. Since every event (failure, repair, 

movement, etc.) mua  be sampled for every unit of t h e ,  a simulation of a moderately large 

system over a reasonable period of t h e  can require hours of computer time. This technique 

is recommended only when other methods c a n o t  handle the problem or when the 

s impmg assumptions to be made to make the problem solvable by other methods are not 

acceptable. For example, Mure of components rnay not be independent and prevent the use 

of a general fauk tree analysis. In addition, component failure or repair distributions rnay not 

be exponentially distniuted. This means that the transition from one state to another is not 

governed by the negative exponentid dismbution which therefore prevents the use of the 

Markov method. As indicated earlier, the major drawback with this method is its extensive 

use of computer the.  Also, if a minor change occurs the simulation must be rerun at 

considerable cost. 



Sec. 2.4 Disscussion and Conclusions 56 -_ -  

2.4 Disscrussion and Conclusions 

In addition to better productivity, robots can make the work place safer for workers by 

~elieving humans fiom hazardous or repetitive jobs where monotony can lead to operator 

euor and possible injus- However, some appropriate safety precautions must be observed. 

These precautions include: 

Use of safety guards and other devices, 

Periodic scheduled maintenance to ensure the robot is always in ideal 

operating condition which minimizes breakdown and exposure of workers to 

robot envelope. 

Constant training of personnel to reduce sources of human errors. 

Accidents can still happen even with the above precautions. The ultimate goal is, however, 

to minimize the risk of an accident This can be done by perforrning risk analysis. 

Robot diability is a very complex issue. There are many interlockhg variables in 

predicting and achieving vaRous levels of reliability. Components with varying degrees of 

sophistication are used in many différent combinations to make today's industrial robots. As 

mechanical, hydraulic, pneumatic, and electronic parts are used in their design, this brings 

with them many sources of failures. In generd, failures of a robot system may be classified 

into the following categories [460,461]: 

Failures due to structural malfunctions, 

Failures due to technological maifunctions, and 

Failures due to behavioral malfunctions. 

In robot sy~eems, stnictural failures could be related to the materials that are susceptible 
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to extemai and intemal changes in temperature, pressure, etc. Technological failures can be 

due to random component failmes, systematic hardware fau!ts, and software error. 

Behavioral failures can be the resiilt of decisional (human) erroa during operation or 

maintenance. Sources of Mure must be considered right £tom the design and development 

phase to implementation and c o n ~ u o u s  opedonal phases. It is therefore necessary to 

assess the reliability of the robot in depth so that modifications of the design as well as 

component selection can be allowed for achieving a higher degree of reliability. 

This chapter reviewed available techniques that c m  be applied to the safety and reliability 

evaluation of robot sys tems. 

There are many approaches avaiiabk for reliability analysis of g e n e d  systems which can 

also be applicable to robotics. The most suitable proposed methods (analfical and 

simulation) are: 

Failure Mode and Effect Anaiysis (FMEA), 

Fauft-Tree Analysis ( R A ) ,  

Block diagram. 

Corn binational models (e.g., Fauit Tre 

Markov Modeis, 

Non-Markovian ModeIs, 

Simulation Technique (Monte-Carlo). 

es and reli ability block diagram), 

Generally, Simulation technique requires a large amount of computing time and is not used 

extensively if alternative analytical methods ace available. 



STOCHASTIC ANALYSIS 
OF A SYSTEM CONTNNING 

ONE ROBOT 
WrrH N-REDUNDANT 

SAFETY UNITS 

3.1 hitroduction 

The success of a robot in a certain operation is dependent on many important parameters. 

Robot accuracy to c q  out a task and being able to repeat that task over and over again 

Hideed contributes to the robot's success. Another factor which contributes to the overaii 

success of a robot is its safê operation. Just as for other e n g i n e e ~ g  products, a robot must 

not only be reiiabk but &O safê. An unreliable robot may becorne an unsafe robot and cause 

unsafe conditions, high maintenance costs. inconvenience, and so o n  Thus, in perfonning 

robot reiiability analysis, the coupling between reliability and safety must also be consiciered, 

otherwise, the end result may not be realistic. In other words, robot reliability paraneters 
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must be estimated by paying particular aüention to the safety and reliability relationship. 

To Enprove reliabiIity of a mm, one concept o k n  practiced is known as Redundancy. 

The terni Redundant implies the existence of more than one means, identical or non- 

identical. For example, redundant pumps are crucial for the diable and therefore safe 

operation of a nuclear TeaCtor. This concept is equally applicable to robot sys tems and robot 

reliabiïty and safety cm be enhanced by increasing the number of safety units associated 

with them. T~E number of safety units that should be incorporated within the robot systern 

is the matter of desired level of safety. 

This chapter presents a stochastic anal@ of a system containing a robot with redundant 

safety W. A g e n e d k d  mode1 of the robot-safety system is intmduced and generalized 

expressions are developed. Generalized expressiom include steady state availabiüty, time- 

dependent availabilicy, reliabiiity, and mean time to fdure 0. For the sake of 

cornparison, robot system perfomance indices are e d e d  when the robot is working 

with one (n = 1) andfor two (n = 2) safety units. Robot system performance indices are 

determineci by means of the Markovian and non-Markovian methods. The method of 

supplementary varhbh is used to deal with the non-Markovian models where robot repair 

rates are non-constant. Various robot failed system repair time distributions (Le., 

exponenfial. gamma, Weibd, Rayleigh, and log-normal distributions) have k e n  considered 

to ob tain generalized steady s tate avaüability expressions. To ob tain generalized tirne- 

dependent availability expressions, gamma distribution is utilized to fit the robot failed 

system repair t h e  distribution. The gamma distribution offers some advantages: it is of - 

simple analytical form and it has a rational Laplace transfom. 
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Markov method is utilized in models where faiiure and repair rates are assurned 

constant. A system of first-order differentiai equations are obtained and with the aid of 

Laplace transforms, generaiized reliability and MlTF expressions are developed. 

3.2 Robot- Safety System Description 

The block diagram ofa system containing one robot with n-redundant safety units is shown 

in Figure 3.1. The correspondhg state space transition diagram of this robot-safety system 

is s h o w  in Figure 3 -2 [115b]. 

A 

A: The robot 
B: n-identical safety units 

Figure 3.1. The block diagram of a system containing one robot with Mdentical safety 
units. 

At time t = 0, the robot and n-safety units begin operating. The basic system can fail due 

to the failure of the robot or it may degrade due to the failure of the fist safety unit. From 

its degradation state, the basic system may degrade fùrther after the failure of the second, 

third, fourth, ... n" working sdety units or it can fail totally due to the failure of the robot. 

Once dl safety units have fdled, the robot may continue operating without any safety 
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mechanism. The operating robot cm either fail safely or with an incident The degraded or 

fully faüed system may be repaired. 

Egure 3.2. The state space transition diagram of a system cornprishg a single robot and 
n-identical safety units. The numerai in squares, rectangle, and circIes 
deno tes the s ystem state. 

The numerals or letters (as applicable) m each box in Figure 3.2 represent correspondhg 

robot system States. For i = O, robot and n safety units are working nomally. For i = 1, 

robot and n - 1 safcty units operating normally while one safety unit has fded. For i = 2, 
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robot and n - 2 safety units operating normally while two safety unit5 have failed. For 

i = n - 1, robot and one safety unit operating nomally while n - 1 safety uni& have failed. 

For i = n, robot operating normally while n safety units have f a  For k = n + 1, robot 

Eiiled with an incident, for k = n + 2, robot kiki safely, and for k = n + 3, robot failed while 

at least one safety unit is functioning. 

3.3 Generalized Robot- Saf etp Sptem Analysis 

The following symbols are associated with the mode1 in this chapter. 

P s tate of the overall robot system: i = 0, 1, .. . , n. 

state of the overaii robot system: k = n + 1, n + 2, n + 3. 

t h e  

Constant failure rate of the safety unit. 

Constant failure rate of the robot failing with an incident 

Constant failure rate of the robot failing safely. 

Constant failure rate of the robot. 

Constant repair rate of the safety mechanism in state i; i = 1, 2, ... , n. 

Finite repair time interval. 

Tirnedependent repa. rate when the fded robot system is in state k and kas 

an eIapsed repair time of x; for k = n t 1, n + 2, n + 3. 

The probability that at time t, the faüed robot system is in state k and the 

elapsed repair t h e  lies in the interval [x, x + dr]; for k = n + 1, n + 2, n + 3. 

Probability density function. 
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pdf of repaîr time when the failed system is in state k and has an elapsed time 

ofx;for k = n + 1, n +2, n + 3. 

Probability that the robot system is in state i at thne t; for i = 0, 1, ... , n. 

Probability that the robot system is in state k at time t; for k = n + 1, n + 2, n+3. 

Steady-state probability that the robot systern is in state i; for i = O, 1, ... ,n. 

Steady-state probability that the robot system is in state k; for k = n + 1, n + 2, 

n +3. 

Laplace transform variable. 

Laplace transform of the probability that the robot systern is in state i; for i = 

O, 1 ,..., n. 

Laplace nansform of the probability that the robot systern is in state k; for k = 

k = n +  1,nt -2 ,n+3.  

Robot system steady state availabiiity when the robot working with at least one 

safiety unit, 

Robot system steady state availability when the robot working with or without 

the safety unit(s). 

SSAV,(s) Laplace transfom of the robot system availabiüty when the robot working 

with at Ieast one safety unit. 

SSAVr(s) Laplace transform of the robot system avaüability when die robot working 

with or without the safety unit(s). 

SSAV,(t) Robot system time-dependent availability when the robot working with at least 

one safrty unit 
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SSAV,(t) Robot system the-dependent availability when the robot working with or 

without the safety unit(s). 

Laplace trausforrn of the robot systern reliability when the robot working with 

at least one safety unit 

Laplace transfomi of the robot systern reliability when the robot working with 

or without the safety unit(s). 

Robot system mean time to fdure  when the robot working with at least one 

safety unit 

Robot system mean tirne to failure when the robot working with or without the 

safety unit(s). 

The analysis presented in this chapter are subject to assumptions such as follows: 

The system is composed of one robot and n identical safety units, 

The redundant safety units are active or operating simultaneously, 

Statistically independent robot and safety unit failures, 

Robot and its associated safety units' failure rates are constant, 

Robot and safety units' repair rates are constant, 

Failed robot system (Le., total system) repair rates can be constant or non- 

constant, 

A repaired robot-safety unit is as good as new, 

The overall system fails only when the active robot fails. 

Using the supplementary variables technique. the corresponding system of integro- 

differentid qiaations for the mode1 given in Figure 3.2 is 



where 

=i = C , + p , + A  r 

C* = (n - i ) L #  yor 
an = I n  + An + pn 

Po ' 0 

The associated boundary conditions are as foUows: 

At tmie t = O, Po@) = 1, and all other initial state probabilities are equal to zero. The prime 

denotes differentiation with respect to time t. 
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3.3.1 Stea& State Availability Analpis 

As time approaches I'nfinity, Equations (3.1) - (3.5) reduce to Equations (3.9) - (3.13), 

The associated boundary conditions become 

Solving Equation (3.13), the resulting expression is 

The steady state condition of the probability, P, that due to a failure the robot system is 
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under repair, is 

Substituting Equation (3.17) into Equation (3.18), yields 

Substituting Equations (3.14) - (3.16) into Equation (3.19), we get: 

where 

which is the mean tirne to robot systern repair when the failed robot system is in state k and 

has an elapsed repair time of x, or the expected value of x. The failed robot system mean 

t h e  to repair, EJx], cm be expressed for various repair time distributions and is given by 

where q(x) is the repair time probability density hnction (pdf). 

For various repair time probabiIiy densiîy functions, we cm get different steady state 
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probability, P, solutions which are the probabitities that the robot system is in the faied 

state k, for k = n + 1, n + 2, n + 3. The failed robot s ystem mean time to repair rzpresented 

by various repair t h e  distributions are explained in details in Appendix Al.  Solving 

Equations (3.10) - (3.12), and (3.20) - (3.22), together with 

leads to the foilowing general f o m  of the steady state probability solutions: 

where a, a,, o, ... , on+, are the constants associated with the state probabilities Po, P,, 

P, ... , P,,, Consequently, the generalized robot system steady state availability when the 

robot operathg with at least one working safety unit is 

n-  1 

1- O k - n + I  

Similarl~~ the general form of the robot-safety systern steady state availability with or 

without the working safety unit(s) is given by 
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For various f d e d  robot system repair tirne distributions, the values of D [i.e., Equation 

(3.27)] are obtained as follows: 

3.3.1.1 Gamma Distribution 

M e n  the fded robot system repair time x is gamma distributed, the probability density 

function @dB of t5e repair time is expressed by 

where x is the repair time, r(P) is the gamma function, p and p are the shape and scde 

parameters, respectivelyY Thus, the mean t h e  to robot system repair, EJx], for the gamma 

distribution is 

Substituthg Equation (3.31) into Equation (3.27)- we get 

Exponential distribution is a special case of gamma distribution for P = 1. If P is an 

integer, where r(P) = (j3 - 1) !, then, Equation (3.32) becomes Erlangian distribugion. 

3.3.1.2 Wdbul Disfnbution 

When the faüed robot systern repair time x is Weibull distributed, the pdfof the repair time 
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is exp~ssed by 

where x is the repair time, p and p are shape and scde parameters of the Weibull 

disaibution, respectively. Thus, the mean time to robot system repair, E&], for the Weibull 

distribution is given by 

Substituting Equation (3.34) into Equation (3.27), we get 

Exponential distribution is also a special case of the Weibull distribution for P = 1. 

3.3.1.3 Ra91+h Distribution 

Rayleigh distribution is another special case of Weibull distribution for P = 2. The 

probabüity distribution function @dB of the Rayleigh distribution is expressed by 

where x is the =pair time and p the scale parameter. Therefore, the faüed robot system 

mean time to repair, E,[x], for the Rayleigh distribution is 
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Substituting Equation (3.37) into Equation (3.27), we get 

When the robot systern repair t ime x is lognoxmally distnbuted, the pdf of the repair t h e  

where x is the repair t h e ,  lnx is the natural logarithrn of x with a mean and variance p and 

O, respectively. The conditions on parameters are as follows: 

Hence, the failed robot system mean time to repair, E,[x], for the log-nomal distribution is 

Substituting Equation (3.40) h t o  Equation (3.27), we get 
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3.3.2 Time Dependent Avadabikty Analpis 

Taking the Laplace transforms of Equations (3.1) - (3.8), we get 

(for = , 2 , 3 , . ,  - 1 )  (3.44) 

Solving differential Equation (3.46), we get the following resulting expression: 

The Laplace transfom of the probability, P,(t), that due to a faiiure the robot systern is 
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Substituting Equation (3.50) into Equation (3.511, we get 

Substituting Equations (3.47) - (3.49) into Equation (3.52) and we obtain the following 

generalued probabitity expressions when the robot is in the failed state. 

where 

where &) is the robot failed system repair time probability density function. 
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SolWig Equations (3.43)-(3.45) and (3.53)- (3.55), together with 

we obtain the following general forms of Laplace transforms of s t .  probabilities: 

PJs) = Cl - W,(s)] k = n + l Y n + 2 , n + 3 )  
s*B (s) 

respectively. For a known robot faiIed system repair time distribution, one can invert 

Equations (3.59) - (3.61) and obtain the conesponding tirnedependent probability 

expressions P,(t), Pl@), ... , P, + ,(t). The repair time disaibution for a failed systern is o k n  

assumed to fit the gamma distribution. One important property of the gamma distribution 

which is not shared by the Weibull and Iog-nonnal distributions is that its Laplace tmnsform 

is an dementary function. In other words, gamma distribution possesses rational Laplace 

transform and therefore, it is best suited tu fit the robot fded  system repair time 

dis tribution. 

When the robot system repair time x is gamma distributed, the probabiiity density 

function of the repair t h e  is expressed by Equation (3.30). For P = 1 in Equation (3.30), 

the failed robot system repair rate is constant and its repair t h e  is exponentially distributed. 
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Thus, Equation (3.30) yields: 

The equivaient Laplace transfomi expression is 

Substituthg the above result into Equations (3.59) - (3.61), we obtaui the foilowing set of 

Laplace transfoms of the state probability expressions: 

a ,(S., 
q s )  = 

sa3 (s) 
Var 

Using Equation (3.63), the gener- Laplace transform of the robot system availability 

when the robot is operating with at least one workuig safety unit, is 

Similady, using Equations (3.63), the generalized Laplace nansform of the robot system 

availability with or without a working safety unit@) is expressed by 



Sec. 3.3 Genernlized Robot-Safeery System AnaCysis 76 - - 

Inverting Equations (3.63) - (3.67), we can obtain the robot system tirne-dependent 

probability and availability expressions. 

For p = 2, the failed robot system repair rate becomes non-constant and its repair thne 

is represented by an Erlangian disiribution. Thus, Equation (3.30) yields: 

The equivalent Laplace transfom expression is 

SubsMutnig the above result into Equations (3.59) - (3.61), we obtain the foIlowing set of 

Laplace nansfoms of the state probability expressions 
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Using Equation (3.70), the generalized Laplace transform of the robot system availability 

when the robot is operating with at least one working safety unit, is 

Similarly, using Equation (3.70), the generalized Laplace transform of the robot system 

availability with or without a working safety unit(s) is expressed by 

Inverthg Equations (3.70) - (3.74), we can obtain the robot system the-dependent 

probability and availability expressions. 

3.3.3 ~ o b o t  Sptem ~ekability and M l T F  

Setting p, + ,(x) = p, ,(x) = pn + ,(x) = O in Equations (3.1) - (3.8), we can investigate 

system reliabiiity of an heparable robot when its associated safety uni& can be repaired. 

Utüizing the Markov rnethod, the system of dserential equations becomes 



wkere 
a, = C, + p, + A r 

CI = (n - i)nl Vu? 
C = Ad + A n  + pn n 

Po = 0 

At t h e  t = O, P,(O) = 1, and all other initial state probabilities are equal to zero. The 

prime denotes differentiation with respect to time t. Taking the Laplace transfomis of 

Equations (3.75) - (3.8 1) and solving the resulting set of equations, we ob tain the foilowing 

genemhd  Laplace aansforms of state probabilities: 

Y 
Pk@) = (Tor R = n + l,n +2,n + 3 )  

S ~ S )  

w h e   YI(^), Y&), ... , y,+&) are the coefficients associated with P,(s), Pl@), ... , P,+,(s), 



respectively. UUsing Equation (3.82), the generalized Laplace transfomi of the robot system 

reliabüity with at least one working safety unit is 

UtiliPng Equation (3.851, the robot system mean time to failure cm be obtained as follows: 

Sïmkly, the generalized Laplace transfonn of the robot system reliability with or without 

The mean t h e  to failure under this condition is 
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3.4 S p e d  Case Mode1 1: (n = 1) 

Figure 3.3 represents the transition diagram for a system containing one robot and one 

safety unit [113]. It cm be obtained from the generalized mode1 in Figure 3.2 for n = 1. 

Figure 3.3. State space transition diagram for a system containing one robot and one 
safety unit (n = 1). 

The correspondmg system of integrodifferentid equations for the mode1 in Figure 3.3 can 

be extracteci fiom the generalized Equations (3.1) - (3.8) by setting n = 1. Thus, the set of 

differential equations becornes 
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where 

The associated boundary conditions are as foUows: 

At t h e  t = O, &(O) = 1, Pl@) = 0, and p,(x,O) = O for k = 2, 3, 4. The prime denotes 

dserentiation with respect to thne t. 

3.4.1 Steadp State Availabikty Analpis 

As tirne approaches Wty, state probabilities reach the steady state. Inserthg n = 1 into 

the genembd Equations (3.25) - (3.27) developed in Section 3.3.1, we get the following 

steady state probabilities: 



w here 

The robot system steady state availabrlity with an operathg safety unit is: 

SHnilarly, îhe robot system steady state availability with or without the working safety uni& 

is given by 

For various robot system repair t h e  distniutions, the values of D [i.e., Equation (3.97)] are 

as follows: 
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For the robot system repair time x, represented by a gamma distribution, we get 

When P = 1 in Equation (3.100), the robot system repair time x is represented by a 

exponential distribution, therefore 

For the robot system repair t h e  x, represented by a Weibull distribution, we get 

D = D , =  

When P = 2 

Rayleigh 

in Equation (3.102), the robot system repair time x ÏS represented by a 

distribution, thus 

1 4 7 

For the robot system repair time x, represented by a log-normal distribution, we get 

where 



into Equations (3.98) and (3.99) and performing numerical analysis, we cm obtain robot- 

safety system steady state availability numencal values. 

Figures 3.4 - 3.6 show plots of the robot-safety system steady state availability for 

gamma, Weibirn, and log-normal distributions, respectively. These plots indicate the steady 

state availabzty as a function of safety unit (mechanism) faüure rate, A, The objective is to 

examine the robot s ystern long term availability for different distributions' properties (e.g., 

diffe~ent shape parameters of gamma distribution). 

To impect robot system repairability, Tables 3-1 to 3-3 present steady state availability 

for gamma, Weibull, and log-noxmai distributions, respectively. These tables indicate the 

steady state values as a fimction of safety unit (mechanism) repair rate, pl. Again, the 

objective is to exmine the robot bng term avaüability for different distributions' properties. 

For the sake of cornparison, ail distributions are presented on the same figure. For aU 

distributions, figures 3.7 and 3.8 show plots of the robot-safety system steady state 

avWility as a function of safety unit (mechanisrn) failure ( A 3  and repair (pl) rates, 

respectively. More detailized inspection of Figures 3.7 and 3.8 cm be made by refening to 

their associated tabular values which are given in Tables 3 4  and 3-5, respectively. 

The mnds shown by figures and tables are discussed in the concluding section of this 

chapter. 



Safety Unit (Mectianim) Failure Rate. ;Vhr 

Safety Unit (Mechtinism) Failure Rate. A&r 

Figure 3.4. S W y  state availability (n = 1) vs A, plots for a robot with constant failtue 
rate and for gamma distributed failed system repair times; (a) robot working 
with an operating safety mechanism, (b) robot working with or without the 
safety mechanism. More specifically, these plots were obtained using 
Equations (3.98) - (3.100). 
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0.0000 0.OOW 0.0008 0.0012 0.0016 0.0020 

Safety Unit (Mechanism) Failure Rate. Afir  

g f3 = 2 (Rayleigh) 

a,, = 0.0003, x, = 0.0004, X, = 0.0005 
Y 

pt = 0.0006. = O.Oûû7. li, = 0.0008. P, = 0.- 

0.0 : 1 1 1 1 L 

0.0000 0.0006 0.0008 0.0012 0.0016 0.0020 

Safeîy Unit (Mechanism) Failure Fiate. kf ir  

Figure 3.5. Steady state availability (n = 1) vs A, plots for a robot with constant failure 
rate and for Weibdi distxibuted faik.d system repair times; (a) robot working 
with an operathg safety mechanism, (b) robot working with or without the 
safety mechanism. More specincally, these plots were obtained using 
Equations (3.98), (3.99), (3.102), and (3.103). 
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a 
0.0 1 I 1 I t 

0.0000 0.0004 0.0008 0.0012 0.0016 0.0020 

Safety Unit (Mechanism) Failure Rate. 3c/hr 

0.0 : I 1 I 1 1 

0.0000 0.0004 0.0008 0.0012 0.0016 0.0020 

Safety Unit (Mechanisrn) Failure Rate, L,hr 

Figure 3.6. Steady state availability (n = 1) YS A, plots for a robot with constant failure 
rate and for l o g - n o d  distributed fded system repair times; (a) robot 
working with an operating safety rnechanism, (b) robot working with or 
without the safety mechanism. More specifically, these plots were obtained 
using Equations (3.98), (3.99), and (3.104). 
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Table 3-1: SSAV (n = 1) vs p, values for a robot-safety system with constant failure rate 
and gamma distributed faiIed system repair rimes. 

SSAV, II SSAV. SSAV, SSAV, (1 SSAV, SSAV, (1 SSAV, 

Table 3-2: SSAV (n = 1) vs p, values for a robot-safety ystem with constant failure rate 
and Weibull distributed failed system repair thes.  

- --- -- 

SSAV, II SSAV, SSAV, 1) SSAV. 11 SSAV, 

Table 3-3: SSAV (n = 1) vs p, values for a robot-safety system with constant failure rate 
and log-normal distributed failed system repair times. 

SS AV, SSAV, SSAV, SSAV, SSAV" SSAV, 
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Table 3-4: SSAV (n = 2) vs ri, values for arobot with constant failure rate and various 
fded system repair time distributions. 

Weibull 
(P=Z.2) - 

SSAV, - 
3933 

3498 

-8250 

,8089 

.7976 

.7893 

- 
SSAV, - 
.8603 

. M 7  

SI55 

.4294 

.3680 

.3219 - 

- 
SSAV,, - 
.8933 

.a99 

3 0 7  

.4206 

.3576 

,3109 - 

SSAV, - 
3603 

.843 1 

3327 

,8258 

,8209 

.8172 - 
System parameter values: Ad = 0.0003, 

pl = 0.0006, 

Table 3-5: SSAV (n = 1) vs p, values for a robot with constant failure rate and various 
failed system repair time distributions. 

Rayleigh 
(WeibuII, /3 =2) 

SSAV, 

9823 

.983 1 

.9836 

9839 

.9841 

9843 

SSAV, - 
.4843 

S758 

5315 

.6690 

,6959 

.7 162 - 
System parameter values: A, = 0.0005, 

p,= 0.0007, 
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Rayleigh (Welbull, $ = 2 h  

Rayleigh (Welbull, P = 2) 
Weibull (P = 1.4) 
lognormal (a = .4) 

0.6-_ 
cn 

I 1 J I 
0.0000 0.004 0.0008 0.0012 0.001 6 0.0020 0.0000 0.0004 0.0008 0.0012 0.0016 0.0020 

Safety Unit (Mechanism) Repair Rate, p,hr Safety Unit (Mechanlsm) Repalr Rate, p, 

Exponential (gamma or Weibull, P = 1) 

a, 
Q 
5 0-4 -- 
4.d 

Figure 3.8. Steady state a v a i l a b i .  (n = 1)  vs p, plots for a robot with constant failure rate and for various failed system repair time 
distributions when (a) robot working with an operating safety mechanism, (b) robot working with or without the safety 
mechanism. More specificdly, these plots were obtained using Equations (3.98) - (3.104). 

Erlang (gamma, g = 1.2) 
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3.4.2 Time Dependent AvailabïIitp AnaIYsis 

Inserthg n = 1 into the generalized Equations (3.63) - (3.65) developed in Section 3.3.2, 

we obtajn the following Laplace transfomis of the robot system probability expressions with 

constant repair rate: 

where 

Using Equation (3.105), the Laplace transform of the robot system availability with an 

operating safety mechanism is given by 

Similarly, ushg Equation (3.105), the Laplace transform of the robot system availability 

with or without a working safety mechanism is expressed by 
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Inserthg n = 1 into the generaiïzed Equations (3.70) - (3.72) developed in Section 3.3.2, 

we obtain the foliowing Laplace transfomis of the robot system probability expressions with 

nonconstant repair rate: 

Using Equaîion (3.110), the Laplace transfomi of the robot system avaïiability with an 

SimilarIy, using Equation (3.1 IO), the Laplace transform of the robot system availabdity 

with or without a working safety mechanisrn is expressed by 



Generalized time dependent probabiüty and availability expressions can be obtained by 

inverthg Equations (3.105) - (3.1 14). For example, using Equation (3. los), the robot 

system uptime probability expressions are &en by 

where F,, ... ,FI,, are constants and k,, ... , k, are real and unique roots of the polynomial, 

B(s) [Le,. Equation (3.107)]. The symbols F, to F,, are defined in Appendix D. 

Using Equations (3.115) and (3.116), the robot system generalized availability 

expressions, AV&) (with an operatmg safety unit) and AV#) (with or without an operating 

safety unit) are given by 

and 

The algebraic generaIized derivation cm become tediousm, speciaily, as the number of 

robotç inmasa. AIternatiiveIy, numerical solutions and approximation are always feasible. 

They play an important role in applications, for which a digital cornputer becornes an 

indjspensabk tooL Numerical probability expressions can be obtained for the robot system 
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with constant repair rate (i.e., B = 1) and non-constant repair rate (Le., p = 2) by setting: 

in Equations (3.105) - (3.107) and (3.1 10) - (3.1121, respcctively, and taking inverse 

Laplace transfom of the resulting equations. For P = 1, the uptime probability expressions 

are 

P,(t) - 0.1674 e Y 0.0035 ee + 0.0028 eh' 

- e '&(O. 173 8 Car (kg) - 1 1 2094 Sin (kz)) 

Utïkhg Equations (3.1 19) and (3.120), the robot system availability numerical expressions 

are 

AV (i) = PJt)  = 0.4353 + 0.0032 e Y  + 0.0032 e5' r# 

+ e k410.5583 Cos(k5t) - 5.8817 Sin(k,t)) 

and 

= q 0  + P,(O 

- 0.6027 + 0.0067eQ + 0.006ey + 

O L41~ -0.3845 Cos ( k 4  + 5.3277 Sh (k5t)) 
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For p = 2, the up-time probability expressions become 

Using Equations (3.123) and (3.124), the robot system availability numencd expressions 

are 

AV,(t) = PJt) - 0.3115 + 0.2496e4' + 

eQ( 0.0012 coç(R,t) - 0.0007 sin(k,t)) + 

e 0 .O003 cos (kg) - 0 .O01 sin (ksi)) + 

ek*( 0.4374 ~ s ( k + )  - 0.1304 sin(k,t)) 

and 
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AV,(f) - P,(t) + Pl@) = 0.4313 - 0.0632 e LX' + 

eQ( 0.0023 cos(k3t) - 0.0012 sin(k,t)) + 

e k41 0.0007 cos (k#) - 0 .O02 sin (k,t)) + 

e kd( 0.6288 cos(k,t) + 0.176 sin(k,t)) (3.126) 

State probability plots of the robot system with constant repais rate (P = 1) and the 

specined system parameter values are shown in Figure 3.9. Using Equations (3.121) and 

(3.122), tirnedependent availability plots of the robot system with an opemting or a failed 

safety mechanism are shown in Figure 3.10. More detailed inspection of the robot system 

state probability and availability can be made by referring to Tables 3-6 and 3-7, respectively. 

State probabiiity plots for the robot system with non-constant repair rate (P = 2)  and the 

sp&ed system parameter values are shown in Figure 3.1 1. Using Equations (3.125) and 

(3.126), time-dependent availability plots of the robot system with an opemting or a failed 

safety mechanism are shown in Figure 3.12. More detailed inspection of the robot system 

state probability and avaiLabliey can be made by referring to Tables 3-8 and 3-9, respectively. 
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Table 3-6: The-dependent probabiiity ( n = 1) values for a robot with constant failure and 
repair (p = 1) rates. 

800 1200 

Time, (hm) 

Figure 3.9. Tirnedependent probability ( n = 1) plots for a robot with constant failure 
and repair (p = 1) rates. 
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Table 3-7: Simedependent availability (n = 1) values for a robot with constant failure and 
repair (p = 1) rates. 

Time, (hrç) 

i E 

Figure 3.10. Availability (n = 1) plots for a robot with constant failure and repair rates. 
More specificdy, the plots were obtained using Equations (3.121) and 
(3.122). 

Time-Dependent Availability (P = 1) lTl 



Table 3-8: Timedependent probabiïty ( n = 1) values for a robot with constant failure rate 
and gamma distributed (P = 2) f d e d  system repair time distribution. 

II T~~ (1 TirneDependent Probability (P = 2) 

800 1200 

Time, (hrs) 

Figure 3.1 1. Timedependent probability ( n = 1) plots for a robot with constant failure 
rate and gamma distributed (P = 2) failed system repair tirne distribution. 
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Table 3-9: Tirnedependent avaiIability ( n = 1) values for a robot with constant failure rate 
and gamma distributed (P = 2) fded  system repair tune distribution. 

Tirne, (hrs) 

Figure 3.12. Availabüity (n = 1) plots for a robot with constant failure rate and gamma 
disaibuted (P = 2) faüed system =pair time distribution. More specifically, 
the plots were obtained using Equations (3.125) and (3.126). 
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3.4.3 ~ o b o t  System Reliabdity and M m  

Inselting n = 1 into the generalized Equations (3.82) - (3.84) developed in Section 3.3.3, 

we obtain the following Laplace transforms of the state probabilities: 

where 

Inverting Equations (3.127) and (3.128), yidd the following general the-dependent 

probabillty expressions: 

where 
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Using Equation (3.130), the reliability of an imparable robot system with an operating 

safety unit is 

Similarly, the reliability of an imeparable robot system with or without a safety unit is given 

by 

Using Equation (3. lX), the mean t h e  to failure is 
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Sirnilarly, Ïntegrating Equation (3.136), the mean time to failure is 

3.4.3. I Reliability and MTTF Numericol Examples 

Seaing: 

h,=0.0005, hi= 0.0003, A,= 0.0015, A,=0.0004, p, = 0.0005 

into Equations (3.130) - (3.134), time-dependent pro bability plots are s ho wn in Figure 3.13. 

Equation (3.132) represents the probability of the robot system failing with an incident 

krt l l ig  system parameter values into this equation, Figure 3.14 shows the robot incident 

probability for various safety unit repair rates. 

Substituthg the above parameter values into Equations (3.135) and (3.136), the 

reliabiüty plots for various safety unit repair rates are shown in Figure 3.15. UtiliSng 

Equations (3.137) and (3.138), MTW plots of the robot as a function of sdety system 

failure and repair rates are shown in Figure 3.16. 

More detailed inspection of the robot system state probability, incident probability, 

reliability, and MTïF can be made by refemng to Tables 3-10 to 3- 13, 'espectively. 
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Table 3-10: Tirne-dependent probability (n = 1) values for an irreparable robot 
system. 

I i h  

pendent Probability 

800 1200 

Tirne, (hrs) 

Figure 3.13. Thedependent probability (n = 1) plots for an irreparable robot system. 
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Table 3-11: Robot failing with an incident probability values for various given values 
of the safety unit repair rates. 

Incident Pro bability, P,(t) 

O 2000 4000 6000 8000 1 O000 

Time, (hrs) 

~ & u r e  3.14. Plots of Equdon (3. IX), robot systern failing with an incident for vaious 
safety unit repair rates, p,. 



Sec, 3.4 SpeciaL Case ModeZr: (n = 1) 107 . - 

Table 3-12: Reliability (n = 1) values of an irreparable robot system with various given 
values of safety mechanism repair rates. 

Table 3-13: MTIF (n = 1) values of an heparable robot system as a function of safety 

3 

unit failure and repair rates, respectively. 

Mean Time To Failure 

Time 

O - 
500 

1000 
M 

1500 

2000 

Failure 
rate, A, 

pi = 

1 

EL(t) 

,6065 

.3679 

.2231 

.1353 

1 
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0.0 0, 
O 400 800 1200 1600 2000 

Time, (hrs) 

Figure 3.15. ReWility (n = 1) plots of an irreparable robot system with various specified 
vdues of safety mechaniSm repair rate; (a) robot working with an operating 
safety mechanism; (b) robot working with or without a sSety mechanism. 
More specincaily, the plots were obtained using Equations (3.135) and 
(3.136). 
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0.0000 0.0004 0.0008 0.0012 0.0016 0.0020 

Safety Unit (Mechanisrn) Failure Rate, l$hr 

0.0000 0.0004 0.0008 0.0012 0.0016 0.0020 

Safety Unit (Mechanism) Rapair Rate, klhr  

Figure 3.16. M ï T F  (n = 1) plots of an imparable robot system as a function of safety 
mechanism hïlure and repair rates. More specÏfically, the plots were obtained 
using Equations (3.137) and (3.138). 
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SPecial Case Mode1 II: (n = 2) 

Figure 3.17 represents the txansition diagram for a system containing one robot and two 

safety units. It can be obtained kom the generalized model in Figure 3.2 for n = 2 [115]. 

Figure 3.17. State space transition diagram for a system containhg one robot and two 
safety units (n = 2). 

The conesponding systern of integro-merential equations for the model in Figure 3.20 can 

be extracted firom the generalized Equations (3.1) - (3.8) by setting n = 2. Thus, the set of 

differcntial equations becomes 

5 



At time t = O, P , ( O )  = 1, P,(O) = O, p,(x,O) = 0, for k = 3, 4, 5. The prime denotes 

differentiation with respect to t h e  t. 

3.5.1 Çteadp S tate Availability Analpis 

As time approaches infinity, state probabilities reach the steady state. Inserthg n = 2 into 

the generalized Equations (3.25) - (3.27) developed in Section 3.3.1, we get the following 

steady state probabiIities: 
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@k P , = - E J x ]  (for k = 3 , 4 , 5 )  
D 

where 

The robot system steady state availability with at least one working safety unit is: 

SimiMy, the robot system steady state availability with or without the working safety units 

is given by 

For various robot systern repair time distributions, the values of D [Le., Equation (3. M8)] 

are obtained as follows: 
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For the robot system repair time x, represented by a gamma distribution, we get 

For p = 1 in Equotion (3. M), the robot system repair time x is represented by an 

exponentid dis tribution, therefore 

For the robot system repair time x, represented 

(3.152) 

by a Weibd distribution, we get 

1, 
2 5 

1 " P l  
D = D , -  C W ,  + C O,(-) - F(-J 

r- O L- 3 P, P P 

For p = 2 in Equation (3.153), the robot system repair time x is represented by a Rayleigh 

distribution, thus 

For the robot system repair tirne x, represented by a log-normal disaibution, we get 

where 



hto Equations (3.149) and (3.150) and performing numerical analysis, we can obtain robot- 

safety s ystem steady state availability numerical values. 

Figures 3.18 - 3.20 show plots of the robot-safev system steady state availability for 

gamma, Weibiin, and log-normal distributions, respectively. These plots indicate the steady 

state avaiiabiiity as a function of safety unit (mechanism) failure rate, Ac The objective is 

to examine the robot long term avaitability for dif5erent distributions' properties and compare 

hem with those obtained in Section 3.4.1. 

To inspect robot system repairability, Tables 3-14 to 3-16 present steady state 

availability for gamma, Weibull, and log-normal distributions, respectively. These tables 

indicate the steady state values as a function of safety unit (mechanism) repait rate. p,. 

Ag@ the objective is to examine the robot long term availability for different distributions' 

properties and compare hem with those obtained in Section 3.4.1. 

For the sake of cornparison, all distributions are pnxented on the same figure. For all 

dismbutions, Figures 3.21 and 3.22 show plots of the robot-safety system steady state 

availability as a function of safety unit (mechanism) failure (13 and repair (p,) rates, 

respectively. More detalized inspection of Figures 3.2 1 and 3.22 can be made by re fehg  

to their associated tabular values which are given in Tables 3-17 and 3-18, respectively. 
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Çafety Unit (Mechanisrn) Failure Rate, Afir 

.& 0.8 - - 
3 
3 0.7 - 
2 
Q 

0.6 - 
a 
% os- 
8 
Co E 0.4 - 
PJ 
Q) & 0.3 - 
2 $ 0 2 -  

Figure 3.18. Steady state availability (n = 2) vs A, plots for a robot with constant failure 
rate and for gamma distnbuted failed system repair times; (a) robot working 
with at k t  one safety unit, (b) robot working with or without a safety unit 
More specifically, these plots were obtained using Equations (3.149) - 
(3.152). 

8 0.1 - 
a 

0.0 I I I I i 
0.0000 0.0004 0.0008 0.0012 0.0016 0.0020 

Safety Unit (Medwnism) FaiIure Rate, Qhr 
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0.0 f 1 1 1 I 1 
0.0000 0.0004 0.0008 0.0012 0.0016 0.0020 

Safety Unit (Mechanism) Failure Rate, Xfir 

Çafety Unit (Mechanism) Failure Fhte. X/hr 

Figure 3.19. Steady state availability (n = 2) vs A, plots for a robot with constant failure 
rate and for Weibull distributed Eiiled system repair times; (a) robot working 
with at Ieast one safety unit, (b) robot working with or without a safety u n i t  
More specificatly, these plots were O btained using Equations (3. Mg), 
(3.150), (3.153), and (3.154). 
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0.0000 0.0004 0.0008 0.0012 0.0016 0.0020 

Safety Unit (Mechanisrn) Failure Rate. XJhr 

g 0.1 - 
a 

0.0 

Figure 3.20. Steady state availability (n = 2) vs As plots for a robot with constant failure 
rate and for log-normal distnbuted failed system repair &es; (a) robot 
wosking with at  ieast one safety unit, (b) robot working with or without a 
safety unit. More specincally, these plots were obtained using Equations 
(3.149), (3.150), and (3.155). 

h, = 0.0003. & = 0.0004, Ir= 0.0005 
~=y=0.~,y=0.~7.p4=0.~8,~=0.0008 

I I I 1 1 

0.- 0.0004 0.- 0.0012 0.0016 0.0020 

Safety Unit (Mechanisrn) Failure Rate. LJhr 
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Table 3-14: SSAV (n = 2) vs p, values for a robot with constant failure rate and gamma 
disüibuted failed system repair Mies. 

Table 3- 15: SSAV (n = 2) vs y, values for a robot with constant fidure rate and Weibull 
distibuted failed system repair times. 

SSAV, (1 SSAV, 

Table 3-16: SSAV (n = 2) vs p, values for a robot with constant faüure rate and log 
normal distributed failed systern repair times. 

SSAV, SSAV, 
- - 

SSAV, (1 SSAV, SSAV, 

0.5369 

0.5693 

0.5922 

0.6090 

0.6221 

SSAV, 

0,7064 

0.7405 

0.7@1 

0.78 14 

0.7946 

SSAV, 

0.8599 

0.8660 

0.8702 

0.8733 

0.8757 
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Table 3-17: SSAV (n = 2) vs As values for a robot with constant failure rate and various 
failed system repair time distributions. 

exponentiai 
(gamma$ =l )  

A s  

.0000 

-0004 
, 

-0008 

.O012 

.O016 

0.002 

Weibuil 
(P=1.4) 

Rayleigh 
(Weibull, P=2) 

ErIangian 
(gamma, p =a 

SSAV, SSAV, 

,4737 

.4092 

.3323 

,2749 

.2330 

2017 

SSAV, - SSAV, SSAV, SSAV, SSAV, - 
.9361 

-8352 

.7058 

-6022 

S225 

-4603 

-- 

SSAV, - 
,9854 

3820 

.7483 

A405 

3 7 1  

.49 18 - 

SSAV, - 
.9361 

.9324 

.9277 

.9240 

.Wll 

.9 189 

SSAV, 

System parameter values: A, = 0.0003, 

Table 3-18: SSAV (n = 2) vs p, values for a robot with constant failure rate and various 
failed system repair time distributions. 

Weibull 
(P=1.4) 

Rayleigh 
(Weibull, P =2) 

SSAV, SSAV, SSAV, SSAV, - SSAV, - 
.8599 

.8650 

SSAV, - 
.8084 

.8361 

3563 

A717 

,8838 

.8936 

System parameter values: A, = 0.0005, 
p, = 0.0006, 



Robot-Safety Syslm Steady State Availabllity, SSAV, 

Robot-Safety System çteady Sate Availability, SSAV, 





Substitutmg n = 2 into the generalized Equations (3.63) - (3.65) developed in Section 3.3.2, 

we obtam the foilowing Laplace aansforms of the robot system probability expressions with 

constant repair rate: 

where 

Ushg Equation (3.156), the L a p k  transform of the robot system availabiiity with at Ieast 

one working safety unit is given by 

SimilarIy, using Equation (3.156), the Laplace transform of the robot system availability 
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with or without a w o r h g  safety mechanism is expressed by 

Substituting n = 2 into the generalized Equations (3.70) - (3.72) developed in Section 3.2.2, 

we obtain the following Laplace transfonns of the robot system srate probability expressions 

with nomconstant repair rate: 

a 
Pt@> = (for i = O, 1,2) 

se8 (s) 

Usbg Equation (3.161), the L a p h  transform of the robot system availability with at least 

one working safety unit is 

using Equation (3 611, the Laplace transforrn of the robot system 

with or without the working safety mechanism is expressed by 
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2 

2 C a,(.> 

Numericai probabiby and availability expressions can be obtauied for the robot system with 

constant (i.e., p = 1) and non-constant (Le., p = 2) repair rates by setting: 

into Equations (3.154) - (3.158) and (3.159) - (3.163), respectively, and taking inverse 

Laplace transform of the resdting equations. For P = 1, the uptime probability expressions 

are 

Pl@) - 0.2259 - 0.6227ek1' + 0.0032eY + 0.0027er 

+ e k470. 3 909 Cm (k#) - 0 -493 8 Sin (k,t)) 

where 
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Using Equation (3.166), the robot system availability with two working safety units is 

AT&) = P,(t) = 0.3093 + 0 .W48 e 'lt+ 0 .O003 e + 0.001 e '* 
k r (3.169) 

+ e '(0.2946 Cos (k+) - 0.7329 Sin (Q)) 

Similarly, utilizing Equations (3.166) and (3.167), the robot system availability with one 

w o r h g  safety unit is 

= 0.5352 - 0.2279 ekl* + 0.0035 e Y  + 0.0037 e Y  + 

e '71.6855 Cos (kg) - 1.2267 Sin (k,t)) 

Also, robot system availability with or without a working safety unit cm be obtained by 

summing Equations (3.166) - (3.168). 

AVr@) = P0(9 + P,(O + P,(O 

= 0.6221 + 0.0345 et'' + 0.007eLZ' + 0.0061 eh' + 

e k411 .33 03 Cm (ksi) - 0.1244 Sin (k5t)) 

For p = 2, the up-time probability expressions becorne 

Po@) = 0.2244 4 0.3151 ekl' + 0.1029 e Y  

e 4r( 0.0004 cos (k4t) - 0.0003 sin(k,t)) + 

er (  - 0.0001 u>s(k6t) - 0.0002 sin(k6t)) + 

e4( 0.3571 cos(k8t) - 0.2898 sin(k,t)) 
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where 

Using Equations (3.172) - (3.1741, the numerical the-dependent availability of the robot 

with safety units in various operating conditiens are 

AV,,(t) = P,(t) + Pl@) = 0.3636 - 0.3575 ek" + 0.1048 eV 

ee( 0.0018 cos(R,t) - 0.0007 sin(k4)) + 

e ?( 0 .O005 cas (kd) - 0 -00 11 sin (kg)) + 

eLZ( 0.6982 cos(k,t) - 0.0627 8in(k8t)) 

and 

A V p )  = P,(O + P,(t) + P,(O 

= 0.4266 - 0.1409 e ''* - 0.0658 e Y 

e %( 0.003 cos (RJ) - 0.00 1 sin (k4t)) + 

ee( 0.0013 cos(k& - 0.002 sh(k6t)) + 

ee( 0.5871 cos(k8t) + 0.2477 sin(k8t)) 
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where 

AV,,(t) = Robot-safety system üvailability at time t when the robot is working 
with both safèty units. 

AV,,(t) = Robot-safety system avdability at time t when the robot is working 
with only one safety unit 

AV,(t) = Robot-safety system availability at time t when the robot is working 
without a safety unit (both safety units have failed). 

State probability plots of the robot systern with constant repair rates (P = 1) and the 

specified system parameter values are shown in Figure 3.23. Usinç Equiitions (3.169) - 

(3.171), thedependent availability plots of the robot working with safety uni& in various 

operathg conditions are shown in Figure 3.24. More detailed inspection of the robot sys tem 

state probability and availabiüty c m  be made by refenhg to TdbIes 3-19 and 3-20, 

respec tively. 

State probability plots for the robot system with non-constant repair rates (P = 2 )  and 

the specified system panmeter values are shown in Figure 3.25. Using Equations (3.175)- 

(3.177), tirne-dependent availabilicy plots of the robot working with safety units in various 

operating conditions are shown Ui Figure 3.26. More detaïIed inspection of the robot system 

state probability and availabilty c m  be made by refemng to Tables 3-21 and 3-22, 

respectively. 
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Table 3-19: The-dependent state probabilicy (n = 2) values for a robot with constant 
failure and repair ( p = 1) rates. 

Time Dependent ProbabiIity (P = 1) II 

800 1200 

Time, (hrs) 

Figure 3.23. Tirne-dependent state probability (n = 2) plots for a robot with constant 
failure and repair ( p = 1) rates. 
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Table 3-20: Tirnedependent availability (n = 2) values for a robot with constant failure 
and repair ( p = 1) rates. 

Time, (hrs) 

Figure 3.24. Availability (n = 2) plots for a robot with constant failure and repair rates. 
More q d f i d y ,  the plots were obtained using Equations (169) - (3.17 1). 



Sec. 3.5 Special Cuse Model II: (n = 2 )  130 

Table 3-21: The-dependent state probability (n = 2)  values for a robot with constant 
failure rate and gamma distributed (P = 2) fded system repair times. 

Time Dependent Probability 

800 1200 1600 2000 

Tirne, (hrs) 

Figure 3.25. Tirnedependent state probability (n = 2) plots for a robot with constant 
failure rate and gamma disaibutecl (P = 2) failed system repair times. 



Sec.3.5 SpecialCaseModeZII: (n =2)  131 

Table 3-22: The-dependent availability (n = 2) values for a robot with constant failure 
rate and gamma distnbuted (P = 2) faüed system repair times. 

11 Tvnr 11 T h e - 7  pendent Avnilability ( P = 2) 

Figure 3.26. 

0.0 1 I 1 I I I 

O 400 800 1200 1600 2000 

Time, (hrs) 

Avahbility (n = 2) plots for a robot with constant fdure rate and gamma 
distributed (P = 2) failed system repair times. More specincally, the plots 
were obtained using Equations (175) - (3.177). 
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3.5.3 ~ o b e t  System ReIiabiLty and M m  

Substitutmg n = 2 into the genenlized Equations (3.82) - (3.84) devebped in Section 3.3.3, 

we obtain the followinç Laplace transfoms of the state probabilities: 

Y ,@) 
P,(S) = (for i = o Y 1 , 2 )  

S ~ S )  

Y ,(SI 
Pk@) = (for k = 3 , 4 , 5 )  

s * Z ( s )  

Expanding equations (3.178) and (3. l'El), result in the following Laplace transforms of the 

state probabilities. 
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where 

Ushg Equations (3.18 1) - (3.183), the Laplace tmsform reliability of an imparable robot 

system with safety units in various operating conditions are 
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where 
%(s) = Laplace transfonn reliability of an irreparable robot system when the 

robot is working with two safety units. 
KI(s) = Laplace transform reliability of an irreparable robot system when the 

robot is working with one safety unit 
&(s) = Laplace transform reliability of an irrepmble robot system when the 

robot is working without ~afety unit. 

Invertmg Equations (3.188) - (3. NO), yield the general robot system reliability expressions 

in thne domain. For example, Equation (3.188) becornes 

where r, and r, are the two roots of the numerator in Equation (3.188), and r,, r,, and r, are 

the three r d  and unique roots of its polynomial function, Z(s). 

Using Equaiions (188) - (1901, the robot system mean time to Mure are 

where 

M'TEP2 = Robot system mean time to failure when the robot is working with 
two safety uni&. 
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M?TF,, = Robot system mean tirne to failure when the robot is working with 
one safety unit 

M'ITFf = Robot system mean t h e  to fidure when the robot is workinp without 
a safety unit. 

3.5.3.1 RJiability ancIMrITF NurncticaI.ExampIcs 

Setting: 

A, = 0.0005, = 0.0003, ri-, = 0.0004. A, = 0.0005, p, = pz = 0.0006 

hto Equations (3.181) - (3.187) and inverting the resulting equations. we c m  obtaui state 

numerical probability expressions for the robot and plot them as a function of time. Time- 

dependent probability plots are s h o w  in Figure 3-27. 

Equation (3.184) represents the Laplace transfomi of the robot system failinp with an 

incident Inserting system parameter values into this equation and inverting the results, 

Figure 3.28 shows the robot incident probability for various safety unit repair rates. 

Substituthg the above parameter values into Equations (3.188) - (3.190) and invertinç 

the results, the reliability plots for vilnous safety unit repair rates are shown in Figure 3.29. 

Utilizing Equations (3.192) - (3.194), MTTF plots of the robot as a function of safety 

system failure and repair rates are shown in Figure 3.29. 

More detailed inspection of the robot systern state probability, Incident probability, 

reliabzty, and MTTF c m  be made by refemng to their associated Tables 3-23 to 3-26, 

respectively. 
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Table 3-23: Tirnedependent probability (n = 2) values for an irreparable robot system. 

The Dependent Probability 
- -- 

U t )  

800 1200 

Time, (hrs) 

Figure 3.27. Tirnedependent probability (n = 2) plots for an irreparable robot system. 
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Table 3-24: Robot faiiing with an incident probabiüty values for various given values 
- 

of the safety unit repair rates. 

Robot Failing With an Incident Probability, P,(t) 

2000 4000 6000 8000 10000 

Tirne, (hrs) 

Figure 3.28. Plots of Equation (3.184), robot system faüing with an incident for various 
safety unit repair rates, p, and p2 
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Table 3-25: Reliability (n = 2) values of an irrepanble robot under va13ous conditions. 

Time 
Oirs) 

Table 3-26: MTïF (n = 2) values of an imparable robot under various conditions. 
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0.0 5, 
O 400 800 1200 1600 S000 

Time, (hrs) 

Figure 3.29. Reliability (n = 2) plots of an irreparable robot s ystem with various specined 
values of safety mechaniSm repairrates; (a) p, = p, = 0, @) p, = p2 = 0.0006. 
More specincaly, the plots were O btained using Equations (3.188) - (3.190). 
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0.0000 0.0004 0.0008 0.0012 0.0016 O.Oû20 

Safety Unit (Mechanism) Failure Rate, l$hr 

Safety Unit (Mechanism) Repaïr Rate, p,ihr 

Figure 3.30. MTïF (n = 2) plots of an imparable robot system as a function of safety unit 
failme and repair rates. More specificdy, the plots were obtained using 
Equations (3.192) - (3.194). 
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3.6 Discussion and  onc cl usions 
This chapter presented various mathematical models to investigate performance indices for 

a system compriseci of a robot openting with redundant safety units. A blrick diagram of 

a system containing one robot with n-redundant safety units is shown in Figure 3.1 and the 

corresponding state space transition diagrun is @en in Figure 3.2. Genewlimd expressions 

were deveioped for the robot openting with a working safety unit and for the robot 

operathg with/without the workinç safety unite). Developed expressions included, steady 

state availability, tirnedependent availability, reliability, and mean time to fÿilure. 

Suppkmentary variables technique was used to produce a s ystem of integro-differential 

equations. Time was set to infinity (or P1(t) = O) which resulted in developing generalized 

steady state availability expressions for a robot with constant or non-constant repair rates. 

Various repair time distributions were considered for the robot in the faiied state. With the 

exception of exponential (one parameter distribution), gamma, Erlang. Weibull, Rayleigh, 

and log nonnal were the two panmeter distributions selected to fit the robot's failed system 

repair times. These distributions are popular lifetime mode1 distributions with many 

engineering applicabilities. Each distribution is explaineci sepantely in Appendix Al. 

Tirne-dependent probability and availability expressions were developed with the aid of 

the Laplace transfoms. G m a  distribution was selected to represent the robot's failed 

system repair tirne distribution since it possesses a rational Laplace transfomi white other 

dismiutions do not Although the Laplace transform of the robot system availability may 

be simple to find, inxrting them is not an easy task. The andytical inversion of a rational 

finction may not be attractive because of the inherent difnculties connected with the 
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cdculation of the mots of a polynomid, especidly, as the number of robots increases. For 

this, numerical rnethod was considered simply because they do not require complex 

algebraic Laplace transform inversion. The resulting availabiliry expressions were for the 

robot system with constant or nonconstant repair rates. 

Genenlized rehbility and mean tirne to fÿilure (MTTF) expressions were developed by 

setting robot system repair rate equal to m. A set of first-order differential equations were 

obtahed and with the aid of Laplace transforms, generalized reliability and MTîF 

expressions were developed. 

To examine robot system performance indices, mathematical analysis were performed 

for two special case models. Availability, reliability, and M m  expressions were obtained 

for the robot system working with one safety unit (Le., n = 1) and for the robot system 

working with two safety units (ie., n = 2). To validate these expressions, numerical analysis 

were performed and the results were demonstrated by means of plots and tables. Plots were 

obtained by inserthg failure and repair parameter values into the generalized expressions. 

For most engineering applications, the value of the robot faüure rate (A,.) usually lies 

between the range 0.002 - 0.0004 [124] and the safety system failure rate (Ax ) was assumed 

to be 0.0008 DO]. Furthermore, the repair panmeter values were assumed to be greater 

than the Mure rates. Nonetheless, there are many documents available that contain fdure 

rates for various engineering parts [log]. 

The selected repair parameter values may yield unrealisticly high mean time to system 

repair (ie., over 1000 hours). Although this fact may affect the degree of confidence in the 

numerical results, it will not affect any of the analysis or any expressions developed in the 

study. The rok of rhe parameter values were to validate the genedized expressions only. 

In fact, any other repair parameter values may be chosen but the resuliing plots will be 
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similar. Appendix E presents plots for some other repair parameter values obtained from 

an xtual field data. 

The following conclusions are associated with the models in this chapter. 

When the failed robot system repair time x was represented by a gamma distribution, 

the steady state availability decreued as the shape parameter P, increased. This trend 

was evident in both special case models. 

When failed wbo t system repair time x was represented by a Weibull distribution, the 

steYly state avaiiability ùicreased as the shape parameter, P, increased. This trend was 

evident in both special case models. 

When failed robot system repair t h e  x was represented by a log normal distribution, 

the steady state availability dropped as the standard deviation, a, increased. This trend 

was evident in both special case models. 

For ail failed system repair distributions, robot scifety steady state availability decreased 

as the safety unit fdure rate increased. This trend was evident in both special case 

models. 

For a l l  fded system repair distributions, robot steady-safety state availability increased 

as the safety unit repair rate increased. This trend was evident in both special case 

models. 

nie Weibun dûaibuted failed system repair time dipiayed the highest vdues of system 

steady state availability while the Er1angia.n distributed failed system repair rime 

produced the least values for the system steady state availabiiity. This trend was evident 

in both special case rnodels. 

If the robot system performance indices is correlated with a working safety unit, then 

its steady state availability, time dependent availability, reliability, and mean time to 
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failure increased 3s the number of safety units increased. For exûmple, system 

availability increased by about 181 when two safety uni& were employed instead of 

one. 

8. If the robot system performance indices is independent of its safety unit operating 

condition, then its steady state availability, time dependent availabbility, reliability, and 

mean tirne to failure value marçinally increased as the number of safety units' increased. 

For example, system availability increased only by about 3% when two safety units 

were employed instead of one. 

9. Trends for tirne-dependent availability results were similar with those found for the 

steady state availabiïty. 

10. Robot faüing probability with an incident decreased 3s the safety mechankm repair rate 

increased. 

11. Robot failing probabïiity with an incident increased as the incident failure rate, A,, 

increased. 

12. Robot failinyi probability with an incident decreased as the nurnber of safety units 

Hicreased. For exarnple, incident probability reduced by almost 50% when two safety 

units were employed instead of one. 



STOCHASTIC ANALYSIS 
OF A SYSTEM C O N T r n N G  

N-REDUNDANT ROBOTS 
WITH 

ONE SrhFETY UNIT 

4.1 Introduction 

Chapter 3 dealt with a system containhg one robot with n-redundant safety units. This 

chapter is concerned with the reversed scenario of Chapter 3 in which analyses are 

conducted for a system contahg rr-redundant robots with one safety unit [114,11Sc]. An 

application of this chapter may be exemplified as the situations where identical robots are 

to be used to carry out similar activities. Situations like these arise where the degree of 

sensitivity of a particular task is high. For arample, the success of the recent mission to the 

planet Mars is completely reliant on the inherent reliability of the robot "Galileo". If 

something was to go wrong with the Gaiïleo, the whole mission wiii halt and billions of 
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dollars wiU be lost. Thus, as the degree of an operation's sensitivity increases, so does the 

importance of the redundancy. Construction of permanent space stations have already been 

proposed and robots d be the main workers to build them. Identical robots will be used 

to carry out similm activities and they will be working alongside with humans. This 

humawrobot interaction must be safe to ensure success, 

S i d a r  to Chapter 3, a generaliied model of the robot-safety system is introduced and 

generalwd expressions are developed. For the sake of cornparison, two special cases of the 

general model are also presented resulting in the formation of numerical expressions and 

various plots demonstrating the end resuit. In special case mode1 1, two robots (n = 2) are 

working with one s ~ e t y  unit, whereas, in speciai case model II, three robots (n = 3) are 

working with one sdety unit. 

4.2 Robot-Safetp Spstem Description 

The block diagram ofn-redundant robots and a safety unit is shown separately in Figure 4.1. 

The correspondhg state space transition diagram of this robût-safety system is shown in 

Figure 4.2. 

Figure 4.1. The block diagram 05 (a) n-identicai robots, (b) safety unit. 
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Figure 4.2. The state space transition diagram of robot-safety system comprised of n- 
identical robots with one safety unit The numerai in circles, diamond, and 
squares denotes the system state. 

At time t = 0, the safety unit and n-robots begin operating. The basic system may be 

degraded either due to the failure of a robot or the safety unit. From degradation state due 

to the fail,ure of a robot, the system may degrade further after the Eiilure of the second, third, 

fourth, . .. working robot or the failure of the safety unit Both, the robot and the 

saféty rnechnism are subject to repair after each failure. From degradation state due to the 
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failure of the safety mit, the system may also degrade fiinher after the failure of the second, 

thud, fourth, ... (n-I)'h working robot Consequently, the oved l  robot system is degraded 

to states having only one robot working with a fded or an operathg safety unit. The sys tem 

fails whenever the single operating robot fails, and fully failed system may be rzpaired. 

The numerals or Ietters (as applicable) in each box in Figure 4.2 represent correspondinç 

robot systern states. For i = O, sdety unit and n-robots are working nonnally. For i = 1, 

safety unit and n - 1 robots operating nomally while one robot has fded. For i = 2, 

dety  unit and n - 2 robots operating n o d y  white two robots have failed and so on. For 

i = n - 1, one robot working with an operating safety unit  

For j = n, safety unit has faied while n robots operating nomally. For j = n + 1, one 

robot has failed while n - 1 robots are working with a faüed safety unit. For j = n + 2, 

two robots have failed while n - 2 robots working with afailed safety unit and so on. For 

j = 2n - 1, one robots working with a failed safety unit. For k = 2n and k = 212 + 1 all robots 

have failed. 

4.3 Generalized Robot- Safetp System Analpis 
The following syrnbols are associated with the models in Chapter 4. 

i P state of the overall robot system: i = 1,2, ... , n - 1. 

j f' state of the overall robot system: j = n, n + 1, ... , 2n - 1. 

k Km state of the overall robot system: k = 2n, 2n + 1. 

As Constant failure rate of the safety unit 
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Constant failtue rate of the rubot(s). 

Constant repair rate of the safety unit. 

Constant repairrate of the robot in state i; i = 1,2, ... , n - 1. 

The-dependent repair rate when the robot system is in state k and has an 

elapsed repair time of x; for k = 2n, 2n + 1. 

The probability that at time t, the f a  robot system is in state k and the elapsed 

repair t h e  lies in the interval Lx, x + dr]; for k = 272, 2n + 1. 

Probabiliv density function. 

pdf of repair t h e  when the robot systern is in state k and has an elapsed time of 

x ; f o r k = 2 n , h +  1. 

Probability that the robot system is in state i at time t; for i = 0, 1, ... . n - 1. 
Probabili~ that the robot system is in state j at time t; for j = n, n + 1, ... , 212-1. 

Probability that the robot systern is in state kat t h e  t; for k = 212, 2n + 1. 

Laplace ttansfom variable. 

The Laplace transfomi of Pi(?). 

The Laplace transform of P,(t). 

The Laplace transfom of P,(t). 

Robot system stteady state availabiliv when the robot systern is working with an 

operating safety unit 

Robot system steady state availab'i when the robot system is working with or 

without the safety unit 

Laplace transform of the robot svstem availabilitv when the robot svstem is 
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working with an operating safev unit 

SSAV,(s) Laplace transform of the robot system availability when the robot system is 

working with or without the safety unit. 

R&) Laplace transform of the robot system reliability when the robot system is 

working with an operating safety unit 

hW Laplace transfonn of the robot systern reliability when the robot systern is 

worbg  with or without the safety unit. 

MTïFO Robot system mean time to failtare when the robot system is working with an 

operathg safety unit 

Robot system mean time to fdure when the robot system is working with or 

without the safety unit. 

The analyses presented in this chapter are subject to açsumptions such as follows: 

The system is composed of one safety unit and n identical robots, 

The redundant robots are active or operating simultaneously, 

Statistically independent robots and safety unit failures, 

Robots and their associated safety unifs failure rates are constant, 

Safety unit and robot(s) repair rates are constant, 

Failed robot system (i.e., total system) repair rates can be constant or non- 

constant, 

A repaired robot(s) unit is as good as new, 

A repaired safety unit is as good as new, 

The overall system fails only when the al1 active robots fail, 

No repair is perfomed whenever robots and safety unit are in the same failure 

mode with the exception of al1 robot failures. 
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Using the supplementary variables technique, the corresp onding system of integro- 

differentiial equations for the model given in Figure 4.2 is 

a 
+ - + rim@) p,W) = 0 (for 

where 

a, = Cf + A, + p, 

Cf = (n - S)A, 

P = 0 

an = CO + Ps 
1 = 0 , 1 , 2  ,..., n -  1 
n = No. of Robots 
No. of m e s  = 2n + 1 

The associated boundary conditions are as follows: 
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ph(',') = Cn- 1 Pz, - 1(') (4.8) 

At tmie t = O, P,,(O) = 1, and al i  other initial state probabilities are equal to zero. The prime 

denotes differentiation with respect to time t. 

4.3.1 %ady State AvaiIabïIity halYsis  

As time approaches S t y ,  Equations (4.1) - (4.7) reduce to Equations (4.10) - (4.16). 

respective1 y. 

2n*l  

d 
-P@ = - u,.&)pk(x) (@ k = Zn, Zn + 1) 
dz 
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where 

a, = C, + b,  + p, 

C, = (n - i ) A r  

Pd = 0 

an = CO + PI 
i = O , 1 , 2 ,  ..., n - 1  
n = No. of Robots 

No. of M e s  = 2n + 1 

The associated boundary conditions becorne: 

Solvhg Equation (4.16), the resulting expression is : 

obot The state condition of the probability, P,(t), that due to a fadure the r 

under repak, is 

Substituthg Equation (4.19) h t o  Equation (4.20), we have 

Inserting Equations (4.17) and (4.18) into Equation (4.21), we get: 

(4.19) 

s ystem is 
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where 

which is the mean t h e  to robot system repair when the failed robot system is in state k and 

has an elapsed repair tirne of x, or the expected value of x . The failed robot system mean 

t h e  to repair, Em, represented by various repair t h e  distributions are defined in Sections 

3.2.1.1 - 3.2.1.4, and are explained in details in Appendix Al. 

Solving Equations (4.1 1)- (4.15), (4.22), and (4.23), together with 

Ieads to the following generai fonn of the steady state probabzties: 

where a, a,, o, ... , a,,, are the constants assotiated with the state probabilities Po, P,, 

, . , Ph+ Consequently, the robot system steady state availability with an operating 
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safev mit is: 

Similarly, the robot system steady state availability with or without a workuig sdew unit is 

For various robot system repair h e  distributions, the values of D [i.e,. Equation (4.28)] are 

obtained as follows: 

When the faied robot system repair t h e ,  A-, i s  grunma distributed, the mean time to 

repair is @en by Equation (3.31). Thus, substituting Equation (3.3 1) into Quation (4.28), 

we get 

Substituthg P = 1 in Equation (4.31), we get the robot failed system repair time, x, 

represented by an exponential distribution. Thus, Equation (4.3 1) becomes 
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When the failed robot system repair tirne, x, is Weibull disaibuted, the mean time to repair 

is given by Equatioc (3.34). Thus, substituting Equation (3.34) into Equation (4.28), yields 

Substituthg P = 2 in Equation (4.33), we get the robot failed system repair t h e ,  x, 

represented b y a Rayleigh distribution. Thus, Equation (4.33) becomes 

When the failed robot system repair time, x, is log-normally distnbuted, the mean time to 

repair is @en by Quation (3.40). Thus, substituting Equation (3.40) into Equation (4.281, 

we get 

4.3.2 Time ~ e ~ e n d e n i t  Avadabikty AnaIysis 

Using Laplace Tmnsform and the initial conditions in Equations (4.1) - (4.91, we get the 

following expressions: 

2n+l  
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where 

a, = Cf + A.< + p, 

c, = (n - i ) l  

Pro = 0 

an = CO + P x  
i - 0 J . 2 ,  ... , n - 1 
n = No. of R o b o ~  

No. of stades = 2n + 1 

Solving Equation (4.42), the resulting expression is: 
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The Laplace transform of  the probability, P,(t), that due to a failure the robot system is 

under repair, is 

Substituthg Equation (4.45) into Equation (4.46), we get 

Substituting Equations (4.43) and (4.44) into Equation (4.47). and we obtain the following 

generalized probability expressions when the robot system is in the failed state. 

where 

where q,(x) is the rabot failed system repair time probability density fimction. 
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Solving Equations (4.37)- (4.41), (4.48). and (4.49), together with 

we obtain the following Laplace transfoms of the state probabilities: 

Pp) = 
q4 

(Tor j = n , n + 1 , n + 2  ,..., 2n-1) 
PB (s) 

respectively. For a known robot failed system repair time distribution, one can invert 

Equations (4.53) - (4.56) and obtain the corresponding tune-de pendent probability 

For the robot systern repair time x repasenteci by a gamma distribution, the pmbabiüty 

de* function @dfl of tk repair time is given by Equation (3.30). For P = 1 in Equation 

(3.30), the failed robot system repair rate is constant and its repair time is exponentially 

distributed. Therefore, Equation (3.30) yields: 
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The equivalent Laplace transform expression is 

iV,(s) = 
Cr, (for k = Zn, Zn + 1) 

+ Pk 

Substituthg the above result in Equations (4.53) - (4.56), we obtain the following set of 

state probability expressions: 

PAS) = 
p) 

Vm i = O ,  1,2, ..., n - 1) 
PB (s) 

Pks) = 
BI("> vm j = n , n + l , n + 2  ,..., Zn-1) 

s*B (s) 

Using Equation (4.58), the generalized Laplace aansform of the robot system availabdity 

with an operating safety unit is given by 

Using Equations (4.58) and (4.59), the generalized Laplace transform of the robot system 

availabüity with or without a working safety unit is 
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Invertmg Equations (4.58) - (4.63), we can obtain the robot-safety system time-àependent 

probability and availability expressions. 

For p = 2, the fai7ed robot system repair rate becomes nonconstant and its repair t h e  

is represented by an Erlangian distribution. Thus, Equation (3.30) yields: 

The quivalent Laplace transfom expression is 

Substihiting the above result in Equations (4.53) - (4.56), we obtain the following set of 

state probability expressions: 

a ,Cs> 
Pt@) = @!or i = O, 1,2 ,..., n - 1 )  

PB (s) 

Pp) = 
",@> 

Vbr j = n , n + l , n + 2  ,..., Z n - 1 )  
PB (s) 
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Using Equation (4.65), the generaked Laplace transform of the robot system availability 

with an operating safety unit is given by 

Ushg Equations (4.65) and (4.66), the generalized Laplace nzinsfonn of the robot system 

availabüity with or without a working safety unit is 

1-0 I -  n 
n - l  21-1 

2n- 1 "" s2ea(s)  

k - k  (S + 1 
Inverthg Equations (4.65) - (4.70), we can obtain the robo t-safety s ystem tirnedependent 

state probabiiïty and availabüity expressions. 

4.3.3 Robot System RekabiIity and MTTF 

Setting pm1(x) = pd2. +i,(x) = O in Equations (4.1) - (4.9), we can investigate system 
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reliability of an heparable robot system with a repairable safety unit. Utilizing the Markov 

method, the system of differential equations becorne 

where 
QI = Cl + + pli 
C = (n - i ) l r  

Pd = 0 

an - Co + P, 
i = 0 , 1 , 2 ,  ..., n -  1 
n - No. of Robots 

No. of stafes = Zn + 1 

At time t = O, P,(O) = 1, and all other initial state probabilities are qua1 to zero. The 
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prime denotes differentiation with respect to time t. Taking Laplace transform in Equations 

(4.62) - (4.69) and solving the resulting set of equations, we obtain the following 

generalized Laplace transforms of state probabilities: 

with an operating safety unit is 

n -  1 

Utilinng Equation (4.83), the robot system mean time to failure is 
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USng &uations (4.79) and (4.80). the generalized Laplace transform of the robot systern 

reliabili~ with or without an operathg safety unit is given by 

The mean time to failure under this condition is 
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4.4 Special Case Model 1: (n = 2) 
F i p  4.3 ~epresents the state space transition diagram for a system contaullng two robots 

and one safety unit B can be obtauied from the generalized model in Figure 4.2 for n = 2. 

Figure 4.3. State space transition diagram of a system containing two robots (n = 2) and 
one safety unit 

The correspondinç systern of integro-differential equations for the model given in Figure 4.3 

be extracmi h m  the generalized Equations (4.1) - (4.9) by setting n = 2. T'us, the set 
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of differential equations becomes 

where 

a,, = Co + A. 

a, = Cl + A. + llrl 

a2 = Co + P, 
a, = C, 
Co = 2 A r  

Cl = A r 

The associated b o u n d q  conditions are as foliows: 

At time t = O, Pfl) = 1, and ail other initial state probabilities are equd to zero. The prime 

denotes differentiation with respect to tirne t. 
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As time approaches uifinity, state probabilities reach the steady state. Inserthg n = 2 into 

the genedvxd Equations (4.25) - (4.28) developed in Section 43.1, we çet the following 

steady s tate probabilities: 

where 

The robot system steady state avaiIability with an operating safety unit is 

Similarly, the steady state availability of the robot system with or without an operating 

safety unit is expressed by 



Sec. 4.4 Special Case Mode1 1: (n = 2 )  169 

For various robot system repair tirne distributions, the values of D [Le., Equation (4.97)] are 

For die robot system repair tirne x, represented by a gamma distribution, we get 

When P = 1 in Equation (4.100), the robot system repair time x is represented by a 

exponential distribution, therefore 

For the robot system repair t h e  x, represented by a Weibd distribution, we get 

D = D , =  

When P = 2 in Equation (4.102), the robot system repair time x is represented by a 

Rayleigh distribution, dius 

For the robot system repair cime X, represented by a log-normal distribution, we get 
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into Equations (4.98) and (4.99) and p e r f o h g  numerical analysis, we can obtain robot- 

safety system s-dy state availability numerical values. 

Figures 4.4 - 4.6 show plots of the robot-safety system steady state avaiiabilty for 

gamma, WeibuU, and lognormal distributions, respectively. These plots indicate the steady 

state availabiiiiy as a hct ion  of safeiy unit (mechanism) faiture rate, Ag. The objective is to 

examine the robot sys tem long term availabiiity for Werent distributions' properties (e.g., 

merent shape parameters of gamma distribution). 

To inspect robot system repairability, Tables 4-1 to 4-3 present steady state availability 

for gamma, Weibiill, and log-normal distributions, respectively. These tables indicate the 

steady state values as a function of safety unit (mechanisrn) repair rate, p, Again, the 

objective is to examine the robot long term avallability for different distributions' properties. 

For the sake of cornparison, aU distributions are presented on the same figure. For al1 

distributions, Figures 4.7 and 4.8 show plots of the robot-safeq system steady state 

avaiIability as a function of safety unit (mechanism) failure (13 and repair (pJ rates. 

respectively. More detailized inspection of Figures 4.7 and 4.8 can be made by referring to 

their associated tabula. values which are given in Tables 4-4 and 4-5, respectively. 

The trends shown by these figures and tables are discussed in the concluding section of 

this chapter. 
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Safety Unit (Mechankm) Failure Rate. P r  

Figure 4.4. Steady state avaihbility (n = 2) vs h, plots for a robot system with constant 
Wailure rate and for gamma distributed failed system repair times; (a) robot 
systern working with an operathg safety unit, (b) robot system working with 
or without the safety unit. More specifically, the plots were obtained using 
Equations (4.98) - (4.10 1). 
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Figure 4.5. Steady state avaiiability (n = 2) vs A, plots for a robot system with constant 
Mure rate and for Weibull distributed failed system repair times; (a) robot 
system working with an operating safety unit, (b) robot system working with 
or without the safety unit More specifically, the plots were obtained using 
Equations (4.98), (4.99), (4.102), and (4.103). 
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Y 0.0 ), 
0.0000 0.0004 0.0008 0.0012 0.0016 0.0020 

Safety Unit (Mechanism) Failure Rate, AJhr 

0.0000 0.0004 0.0008 0.0012 0.0016 0.0020 

Safety Unit (Niechanism) Failure Rate. mr 

Figure 4.6. S teady state avanlability (n = 2) vs A, plots for a robot s ystem with cons tant 
failure rate and for log-normal distributed faüed systern repair times; (a) 
robot system working with an operating safety unit, @) robot system 
working with or without the safety unit. More speciflcally, the plots were 
obtained using Equations (4.98), (4.99), and (4.104). 
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Table 4-1: SSAV (n = 2) vs pS valu- for a robot system with constant fatlm rate and 
gamma distributed faiIed system repair times. 

SSAV, II SSAV, 

Table 4-2: SS AV (n = 2) vs p. values for a robot system with constant failure rate and 
Weibull distributed faüed system repair times. 

SSAV, 

0.7359 

0.7400 

0.7429 

0.7450 

0.7478 

SS AV, SSAV, 
- .  

SS AV, SSAV, 

Table 4-3: SSAV (n = 2) vs p, values for a robot system with constant failure rate and log- 
normal distributed failed system repair tirnes. 

SSAV, SSAV, 
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Table 44: SSAV (n = 2) vs As values for a robot system with constant failure rate and for 
various failed sy&m repair t h e  distributions. 

exponential 
(gamma, /3 = 2 )  

Weibull 
(C3=1.2) 

Rayleigh 
Weibull, P =2) - 

SSAV" - 
.6644 

.3372 

.Z27 1 

.1716 

.1381 

.Il57 - 

- 
SSAV, - 
.6644 

S965 

,5753 

S653 

S598 

.5563 

- 
SSAV, 
I 

-9933 

Sc04 

.3911 

.3007 

.2443 

.2059 - 

- 
SSAV, - 
,9699 

.543 1 

.3780 

.2903 

.2357 

J985 

SSAV, II SSAV, SS AV, - 
-9699 

-9609 

.9577 

.9561 

.9552 

,9547 - 
Systern parameters: A, = 0.0005, 

Table 4-5: SSAV (n = 2) vs ps values for a robot system with constant failure rate and for 
various failed system repair time distributions. 

Weibull 
(Pd.2) 

Rayleigh 
(WeibuU, P=2) - 

SSAV, - 
5321 

5374 

.59 10 

S936 

S956 

,5972 - 

- 
SSAV, - 
.3916 

,4446 

.4809 

S072 

.527 1 

S428 

- 
SSAV, - 
A28 1 

4847 

.523 1 

S508 

,5719 

S883 - 

SSAV, SSAV, - 
.7359 

.7400 

,7429 

.7450 

.7465 

.7478 - 

SSAV, - 
.go64 

.go93 

.9113 

-9 127 

,9 138 

-9 146 

- - 

SSAV, - 
.9588 

,9596 

.9601 

9605 

.9608 

.9610 

SSAV, 

System parameters: 1, = A, = 0.0005, 
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Figure 4.7. Steady state availability (n = 2) vs A, plots for a robot system with constant failure rate and for various fniled system rep& 
t h e  distributions when (a) robot system working with an operating safety unit, (b) robot system working with or without 
the safety unit More specifically, these plots were obtained using Equations (4.98) - (4.104). 
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Figure 4.8. Steady state availability (n = 2) vs plots for a robot system with constant failure rate and for various failed system repair 
tirne distributions when (a) robot system working with an operating safety unit, (b) robot system working with or without 
the safety unit More specifically, these plots were obtained using Equations (4.98) - (4.104). 

Erlang (gamma, 8 = 2) 
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4.4.2 T h  ~ e p n d e n t  AvaiIabditp Analpis 

Substitutuig n = 2 into the generalized Equafions (4.58) - (4.6 1) developed in Section 4.3.2, 

we obtain the followhg Laplace ti;insforms of the robot system probability expressions with 

constant repair rate: 

a p) 
Pl@) = (for i = O , i )  

sa B (s) 

where 

a s )  = S(S 4 al)(s + a2)(s + a3 )  

a ( s )  = s(s + a&s + a&, 

a,(s) = S(S + aJ(s + a&, 
a,@) = ~ ( 2 5  + a, + a$l,Co 
a,(s) = (2s + a, 4 a2)ArCoCl 

as(4 = (8 + a2)@ + aj)CoCi 

Using Equation (4.1051, the Laplace transform of the robot systern availability with an 

operating safety unit is aven by 
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SimÏiarly, using Equations (4.105), and (4.106). the Laplace transforrn of the robot system 

availability with or without a working an operating safety unit is expressed by 

Inserthg n = 2 into die generalized Equations (4.65) - (4.68) developed in Section 3.3.2, 

we obth  the following Laplace transforms of the robot system probabiiity expressions with 

non-constant repair rate: 

"pl 
(for j = 2,3) 

PB (s) 

Using Equations (4.11 1), the Laplace transfomi of the robot system availability with an 

operating safety unit is 
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Similarly, using Equations (4.11 1) and (4.112), the Laplace transform of the robot system 

availability with or without an operating safety unit is expressed by 

Numerical probabüity and availability expressions for the robot system with constant (Le., 

p = 1) and non-constant (Le., p = 2) repair rates can be obtained by setting: 

into Equations (4.105) - (4.110) and (4.11 1) - (4.1 16), respectively, and taking inverse 

Laplace transform of the resuiting equations. For P = 1, the up-time probability expressions 

are 

P,(t) = 0.2382 + 0.4704 e4t  + 0.0028 e Y  + 0.02eY + 

e k4(0.2686 Cos (k#) - 0.1327 Sin (v)) 
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Pl@) - 0.1401 - 0.5895 e 'lt + 0.0725 e + 0.0278 e " + 

e k410.3491 Cos (k,t) + 0.0006 Sin (kst)) 

P,(t) = 0.2889 + 0.2786 ekit - 0.0115 e Y - 0.0627 e 5t + 

e "(- 0.493 3 Car (k5t) + 0.409 1 Sin (k5t)) 

where 

Using Equations (4.117) and (4.118), the numencal availability expression for the robot 

system operating with a workuig safety unit is 

Using Equations (4.1 17) - (4.120), the numencal avdability expression for the robot 

system operating with or without a working safety unit is given by 

AV,M - P*(O + Pl@) + P,(O + q t )  

0.7416 - 0.1024 ekl* + 0.0409 e Y  + 0.0012e5* + (4.122) 

e k41~ .3 187 Cos (k#) + 0 .Z88S Sin (kg)) 
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Similarly, for P = 2, the up-time probabiIi~ expressions are 

P,(t) - 0.1919 + 0.4508eL" + 0.0007eq - 1 . 4 8 * 1 0 ' ~ e ~ ~  + 

0.0001 e + ee(0.0833 Cm(k&) - 0.02983 Sin (k&) + 

e +(O .2733 Cos (R$) - O .O7 1 Sin (Q)) 

P&) = 0.06 - 0.227ek" - 0.0473 eQ - 1.75*10-'~e'~ + 

O .O001 e " + e @(O .os65 Cos (kg) - O .O057 Sin (kg)) + 

e &(O. 1278 Cos (k&) + 0.0406 Sin (kat)) (4.125) 

O .O00 1 e k4t + e &(- 0.2428 Cos (k#) + O .O784 Sk(k#)) + 

e 0.2583 Cos ($t) + 0.3454 Sïn (k&) (4.126) 

where 

Ushg Equations (4.123) and (4. KM), the numencal availability expression for the robot 
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system operating with a working safety unit is 

AV rz (t) = 0.3047 - 0.0542 ekl' + 0.0083 eS1 - 9.7540-'~e%' + 

0.0001 e + ee(0.2281 Cos (k6t) - 0.046Sin(k6t)) + 

e " r ( 0 ~ 1 2 9  cos (kg) - 0.007 sin (k*~) )  (4.127) 

Using Equations (4.123) - (4.126), the numencal availability expression for the robot 

system opentinç with or without a working safety unit is given by 

9 h' - AVr(t) = 0.5975 - 0.0521 e '11 + 0.0003 e - 2.37.10- e 

0 .O0003 e + e r(0.07l8 Cos (k& + 0 .O267 SVi (k&) + 

e w ( ~ .  3 825 Cos (k& + O .3 79 1 Sin ( k , ~ ) )  (4.128) 

State probability plots for the robot system with constant repair rates (Le., P = 1) and 

the speci;fiied system panmeter values are shown in Figure 4.9. Using Equations (4.121) and 

(4.122), time dependent availability plots of the robot system with an opemting or a failed 

safety unit are shown in Figure 4.10. More detailed inspection of the robot system state 

probability and avdability can be made b y refering to Tables 4-6 and 4-7. respectively. 

State probability plots for the robot systern with non-constant repair rate (Le., P = 2) 

and the specified systern parameters are show in Figure 4.1 1. Using Equations (4.127) and 

(4.128), tirne-dependent availability plots of the 'obot system with an operating or a failed 

safety unit are shown in Figure 4.12. More detailed inspection of the robot system state 

probability and availability can be made by refemng to Tables 4-8 and 4-9, respectively. 
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Table 4-6: Time-dependent probabfity ( n = 2) values for a robot system with constant 
failure and repair (p = 1) rates. 

T i e  Dependent Probability (P = 1) 

O 400 800 1200 1600 2000 

Tirne, (hrs) 

Figure 4.9. Tidependent probability ( n = 2) plots for a robot system with constant 
failure and repair (p = 1) rates. 
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Table 4-7: Time-dependent availability ( n = 2)  values for a robot system with constant 

Figure 4.10. 

800 1200 

Time, (hrs) 

Availability (n = 2) plots for a robot system with constant failure and repair 
rates. More specificdy, the plots Nere obtained iiSing Equations (4.121) and 
(4.122). 
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Table 4 8 :  Time-dependent probability ( n = 2) values for a robot system with constant 

Time Dependent Probabili~ (B = 1) 

O 400 800 1200 1600 2000 

Time, (hrs) 

Figure 4.1 1. Time-dependent probabrliv ( n = 2) plots for a robot system with constant 
failure rate and gamma distributed (P = 2) failed system repair times. 
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Table 4-9: Thedependent availability ( n = 2) values for a robot system with constant 
failure rate and gamma distributed ( P = 2) failed systern repair times. 

The-Dependent Availability ( P = 2) 

O 400 800 1200 1600 2000 

Tirne, (hrs) 

Figure 4.12. Availability (n = 2) plots for a robot system with cons tant failure rate and 
gamma distributed (P = 2) failed system repair times. More specifically, the 
plots were obtained using Equations (4.127) and (4.128). 
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Inserthg n = 2 into the generalized Equations (4.79) - (4.82) developed in Section 4.3.3, 

the followinç Laplace trrinsforms of the state probabilities. 

Y ,(4 
(for i = O, 1) 

s* Z(s) 

Y 
p&) = (for R = 4 , 5 )  

S ~ S )  

where 

Remanging Equation (4. lX), we get 

Z(s) = 

where 

z* = 

z1 = 

z2 = 

z3 = 

z4 = 
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Using Equation (4.129), the Laplace transform of the robot system reliability, &(s), with 

an operating safety unit and with partial repair action is 

Utilizing Equations (4.133) and (4. lM), the robot system mean time to failure is 

Simhrly, Laphce W o m  of the robot system reliability, q(s), with or without the safety 

unit operating and with partial repair action is expressed by 

The robot system mem t h e  to failure (MTT'FJ under this condition is 
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4.4.3.1 ReI~àbiIit~ andMTTF NumwiccSEÏarnpIes 

Setting: 

in Equations (4.1?.9) - (4.13 1) and inverting the resulting equations, we c m  obtain state 

probability numerical expressions for the robot system and plot them as a function of time 

as  s h o w  in Figure 4.13. 

Inseaing the above parameter values into Equations (4.134) and (4.136), and inverthg 

the TeSuIts, Figure 4.14 shows robot systern reliability plots for various values of safety unit 

Also, ushg Equations (4.135) and (4.137), robot system mean tirne to failure plots are 

show in Figure 4.15. 

More detaild inspection of the robot system state probability, reliabili ty. and MTïF can 

be made by rekning to their associated values tabulated in Tables 4-10 to 4-12, 

res pectively. 
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Table 4-10: 

h 

Tihe 
ms> 

O 

500 

1000 

1500 

2000 

Time-dependent probability (n = 2) values for an irrepanble robot systern. 

T h e  Dependent Probability 

O 400 800 1200 1600 2000 

Time, (hrs) 

Figure 4.13. The-dependent probability (n = 2) plots for an ineparable robot systern. 
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Table 4-1 1: Rebbïlity (n = 2)  values of an irreparable robot system with various safety 
unir repair rates. 

Table 4- 12: MlTF (n = 2) values of an imparable robot system as a function of safety 
unit failure and repair rates. 

Failure Mean Time To Failure 
rate, A, 

- 

rate, ~ r ,  

0.0000 

0.0004 

0.0008 

0.00 12 

0.00 16 

0.0020 
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O 400 800 1200 1600 2000 

Time, (hrs) 

0.0 1 I I I I 1 

O 400 800 1200 1600 2000 

Tirne, (hrs) 

Figure 4.14. Reliability (TI = 2) plots of an imparable robot system with various repair 
conditions: (a) p, = 0.0006, pr, = 0.0007, (II) 14 = ki = O. More specincaily, 
the plots were obtained ushg Equations (4.134) and (4.136). 
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0.0000 0.- 0.- 0.0012 0.0016 0.0020 

Safety Unit (Mechanism) Failure Rate. i yh r  

Safety Unit (Mechanism) Repair Rate, pfir 

Figure 4.15. M?TF (n = 2) plots of an irreparable robot system as a function of safety 
unit fdure and repair rates. More specincally, the plots were obtained using 
Equations (4.135) and (4.137). 
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4.5 Spciâl Case Mode1 II: (n = 3) 

Figure 4.16 represents the transition diagram for a system containing three robots and one 

safety unit. It is obtained from the genemlized model in Figure 4.2 for n = 3. 

Figure 4.16. State space transition diagram of a system containing three robots (n = 3) 
and one safety unit 

The corresponding system of integro-dBerential equations for the model given in Figure 

4.18 can be exmcted fkom the generalized Equations (4.1) - (4.9) by setting n = 3. Thus, 

the set of differential equations becomes 
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7 

where 

The associated boundary conditions are as follows: 

At thne t = O, P,(O) = 1, and al1 other initial state probabilities are equal to zero. The prime 

denotes differentiation with respect to time t. 
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4.5.1 Steady State Avai1ab;Zitp Analpis 

As time approaches uifinity, state probabilities reach the steady state. Inserting n = 3 into 

the genembzd Equations (4.25) - (4.28) developed in Section 4.3.1, we get the following 

steady smte probabilities: 

where 

The robot system steady state availability with an operathg safety unit is 

Similarly, the steady state availability of the robot system with or without an operating 

safety unit is expressed by 
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For various robot system repair t h e  distributions, the values of D [Le., Equation (4.150)] 

are obtained as foilows: 

For the robot systern repair tirne x, represented by a gamma distribution, we get 

For p = 1 in Equation (4.153), the robot system repair time x is represented by an 

exponential distribution, therefore 

For the robot system repair time x, represented by a W e i b d  distribution, we get 

For p = 2 m Equation (4. lS), the rotrot system repair tirne x is represented by a Rayleigh 

distribution, thus 

For the robot systern repak time x, represented by a log-normal distribution, we get 
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where 

into Eqizations (4.151) and (4.152) and perfomiing numerical analysis, we cm obtain robot- 

safety system steady state availability numerical values. 

Figrires 4.17 - 4.19 show plots of the robot-safety system steady state availability for 

gamma, Weibd, and lognormal distributions, respectively. These plots indicate the steady 

state availability as a fiuiction of safety unit (rnechanism) failure rate, As. The objective is to 

examine the robot system long term availability for different distributions' properties and 

compare them with those obtained in Section 4.4.1. 

To inspect robot system repairability, Tables 4-13 to 4-15 present steady state 

availabriity for gamma, Weibull, and log-nomal distributions, respectively. These tables 

indicate the steady state values as a function of safety unit (mechanisrn) reppair rate, p, 

Again, the objective js to examine the robot long tem availability for dBerent distributions' 

properties and compare them with those obtained in Section 4.4.1. 

For the sake of cornparison, all disaibutions are presented on the same figure. For aU 

distributions, Figures 4.20 and 4.21 show plots of the robot-safety system steady state 

availahility as a function of safety unit (mechanism) fdure  ( A 3  and repair (Q rares, 

respectively. More d e t a k d  inspection of Figures 4.20 and 4.21 cm be made by refemng 

to their associated tabular values which are given in Tables 4- 16 and 4-17, respectively. 
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0.0000 0.0004 0.0008 0.0012 0.0016 0.0020 

Safety Unit (Mechanism) Failure Rate. ;yhr 

Figure 4.17. Steady state availabiliéy (n = 3) vs h, plots for a robot s ystem with cons tant 
Mure rate and for gamma distributed failed system repair tirnes; (a) robot 
system working with an operathg safeîy unit (b) robot system working with 
or without the safety unit More specficaIly, the plots were obtained using 
Equations (4.15 1) - (4.154). 
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0.0000 0.0004 0.0008 0.0012 0.0016 0.0020 

Safety Unit (Mecfianism) Failure Rab. IJhr 

Safety Unit (Mechanisrn) Failure Rate. LJhr 

Figure 4.18. Steady state avaifability (n = 2) vs A, plots for a robot system with constant 
fidure rate and for Weibull distributcd failed system repair times; (a) robot 
system workhg with an opemting safety unit, @) robot system working with 
or without the safety unit. More specifically, the plots were obtained using 
Equations (4.15 l), (4.152). (4.155), and (4.156). 
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Figure 4.19. 

0.0 1 1 I I 1 1 
0.0000 0.0004 0.0008 0.0012 0.0016 0.OOM 

Safety Unit (Medranism) Failure Rate, v r  

0.0000 0.0004 0.0008 0.0012 0.0016 0.0020 

Safety Unit (Mechanism) Failure Rate. ÂJhr 

Steady state availability (n = 3) vs A, plots for a robot system with constant 
failure rate and for log-normal distributed failed system repair tirnes; (a) 
robot system working with an operating safev unit, @) robot system 
worbing with or without the safety unit More specifically, the plots were 
obtained using Equations (4.151), (4.152), and (4.157). 
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Table 4-13: SSAV (n = 3) vs p, values for a robot systern wiih constant f du re  rate and 
for gamma distributed failed system repair times. 

.. - -- 

SSAV, II SSAV, 

Table 4- 14; SSAV (n = 3) vs p. values for a robot system with cons tant failure rate and 
for Weibull distnbuted failed systern repair times. 

SSAV, 
PB 

0.0000 

0.0005 

0.0010 

0.0015 

0.0020 

SSAV, 

P = m x P  

SSAV, 

03049 

0.3270 

0.3433 

0.3557 

0.3735 

- - 

SSAV, 

Table 4-15: SSAV (n = 3) vs p, values for a robot system with cons tant failure rate and 
for log-normal distributed failed system repair times. 

-- 

SSAV, 
P b  

k 

0.0000 

0.0005 - 
0.0010 

0.0015 

0.0020 

-- -- 

SSAV, 

u 

SSAV, 

0.3930 

0.4204 

0.4405 

0.4558 

0.4776 

SSAV, SSAV, SSAV, SSAV, II SSAV, 
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Table 4-16: SSAV (n = 3) vs ri, values for a robot system system with constant failure 
rate and for various failed system repair time distributions. 

Er1 ang ian 
&amma, P =2) 

exponen tial 
(sarnma,p =l) 

Weibull 
(P=1.2) 

Rayleigh 
(Weibull, P=2) - 

SSAV, 

- 
SSAV, SSAV, SSAV, SSAV, SSAV, SSAV, SSAV, 

System parameters: A, = 0.0005, 

Table 4-17: SSAV (n = 3) vs p, values for a robot system with constant failure rate and 
for various failed system repair time distributions. 

exponen tid 
ka=a*P =u 

Weibull 
(0 =1.2) 

Rayleigh 
(Weibuil, p=2) - 
SSAV, - 
.3912 

-4186 

.4386 

.453 8 

.4658 

.4755 

SSAV, SSAV, 
11111 

-630% 

.6335 

.6355 

.6370 

.6382 

.6392 

SSAV, SSAV, SSAV, - 
.9926 

.9927 

,9928 

.9928 

9929 

,9929 

System parameters: A, = A, = 0.0005, 
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CL, = . ~ ~ , ~ ,  = pe = .0007, pre = ,0008, p,, = ,0009 
, kr = ,0005 

Rayleigh (Weibull, p = 2) 

Exponential (gamma or Weibull, p = 1) 
Erlang (gamma, #3 = 2) 

- 

Exponential (gamma or Weibufl, fl = 1) 

Eriang (gamma, p = 2) 

0.0000 0,0004 0,0008 0.0012 0.0016 0.0020 

Safety Unit (Mechanlsm) Failure Rate, AJhr 

0.00ûO 0.0004 0.0008 0,0012 0,0016 0,0020 

Safety Unlt (Mechanlsm) Fallure Rate, kJhr 

Figure 4.20. Steady state availability (n = 3) vs A, plots for a robot system with constant failure rate and for various fniled system repair 
fie distributions when (a) robot system working with an operating safety unit, (b) robot systern working with or without 
the safety unit. More specifically, the plots were obtained using Equations (4.1 5 1) - (4.157). 
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Rayleigh (Welbull, $ = 2) 
Welbull (g = 1.4) 

/ lognomal (a = 0.4) 

1 / / / r Exponential (gamma or Welbull, @ = 1) 
Erlang (gamma, $ = 2) 

Safety Unit (Mechanlsm) Repalr Rate, pJhr 

1.0 2 Rayleigh (Welbutt, B = 21 

Safety Unlt (Mechanlsm) Repalr Rate, pJhr 

3 0.7 - 
q 

0.6 -' 

Figure 4.21. Steady state avaüability (n = 3) vs plots for a robot system with constant failure rate and for various failed system repair 
the  distributions when (a) robot system working with an operating safety unit, (b) robot system working with or without 
the safety unit More specifically, the plots were obtained using Equations (4.151) - (4.157). 

Erlang (gamma, fi = 2) 
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Substituting n = 3 into the generalized Equations (4.58) - (4.6 1) developed in Section 4.3.2, 

we obtain the following Laplace vansforms of the robot system state probability expressions 

with constant repair rate: 

where 

Using Equation (4.158), the Laplace transfomi of the robot system availability with an 

operating safety unit is aven by 
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Sirnilarly, using Equations (4.158) and (4.159), the Laplace transform of the robot systern 

with or without a workuig safety unit is expressed by 

Inserthg n = 3 into the generalized Equations (4.65) - (4.68) developed in Section 4.3.2, 

we o b t h  the foIlowing Laplace transforms of the robot system probability expressions with 

nonconstant repair rate: 

Pî(s) = vî i - O , I , Z )  
se l3  (s) 

a,@) Pics> = (for j = 3 . 4 3 )  
PB (s) 

Ushg Equation (4.164), the Laplace transform of the robot systern availability with an 

operathg safety unit is 
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Similady, using Equations (4.164) and (4.165), the Laplace transfomi of the robot system 

availabilxty with or without a working safety unit is expressed by 

Numerical probabdity and avahbiiity expressions can be obtained for the robot system with 

constant (te., p = 1) and non-constant (Le., p = 2) repair rates by setting: 

in Equations (4.158) - (4.163) and (4.164) - (4.167), respectively, and taking inverse 

Laplace W o r m  of the resultmg equations. For P = 1 the-dependent availabilig, AV,(t) 

(with the safety unit working) and AVr(t) (with or without an operating the safety unit) are 

expressed by 

AV (t) - 0.4365 - 0.1583 ekl' + 0.2584eQ - 0.0581 e5' + 0.1745 e k4t + r8 

and 

O . O M N  e @ + e kd(~ .os24 Cos (k#) + 0.3275 Sin (k,t)) 



Sec. 4.5 Special Case Mode1 II: (n = 3) 210 - . - - 

where 

k1 - - 0.0029 

k, - - 0.0027 
k, - - 0.0019 

k, - - 0.0013 
k, = - 0.0009 

k, - - 0.0007 
k, - 0.0004 

SimilarIy, if the failed robot system repair rate is non-constant (i.e., P = 2), then, numerical 

availability expressions become 

AV (t) = 0.3714 - 0.0306 e Y  - 0.0001 eq - 3-91 t 10-'0e Y + 0.0001 e k4t + 
tl 

( O  . 9 0 (k) + 0 2323 (k&) + 

eV(0.l596 Cos(k$) + 0.1585 Stn(k8t)) + 

e &(O. 3 547 Cos (k,,t) + 0.1696 Sin (k,,t)) 

and 

AV (t) = 0.0.7017 + 0.0144 ekit + 0.0005 eV - 1 . 3 t 1 0 ' ~ e ~  - 0.0001 e r 
k4t - 

er(0.0331 Cos(k6t) + 0.1695 Sin (k&) + 

eY(0.i505 Car(k,t) + 0.1139 Sm (k&) + 

e v((~. 1656 Cos (klot) + 0 -4256 Sin (klot)) 

w here 
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Ushg Equations (4.170) - (4.173), time-dependent availabïliw plots for P = 1 and f3 = 2 

are s h o w  in Figures 4.22 luid 4.23, respectively. More detailed inspection of the robot 

system avaiktbility cm be made by refening to Tables 4- 18 and 4-1 9, respectively. 
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Table 4-18: Time-dependent avadability ( n = 3) values for a robot system with constant 
failure and repair (p = 1) rates. 

. -- 

Tirne-Dependent Availability (P = 1) 

Figure 4.22. Avakbility (n = 3) plots for a robot system with constant failure and repair 
rates. More spexiscally, the plots were obtained using Equations (4.170) and 
(4.171). 



Sec. 4.5 Special Case Model II: (n = 3) 213 

Table 4-19: The-dependent avaiIability ( n = 3) values for a robot system with constant 
failure rate and gamma distributed (P = 2) faiied system repair time. 

Time-Dependent Availability (P = 2) 1 li--GG-lF 

O 400 800 1200 1600 2000 

Time, (hrs) 

Figure 4.23. Availability (n = 3) plots for a robot system with constant failure rate and for 
gamma djstnbuted (P = 2) fded system repair t h e .  More specificdiy, the 
plots were obtained using Equations (4.172) and (4.173). 
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4.5.3 Robot Sptem Rekability and MTTF 

Inserthg n = 3 into the generalized Equations (4.79) - (4.82) developed in Section 4.3.3, 

the foilowing Laplace transforms of the sute probabilities. 

Using Equation (4. l'Pt), the Laplace W o m  reIiability of an irreparable robot system with 

an operating safety unit is 
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SimilarIy, the Laplace transform reliability of an irreparable robot system with or without 

an operating safety unit is expressed by 

Using Equations (4.178) and (4.179), the robot system mean time to failures are 

and 
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in Equations (4.174) - (4.177) and invening the resulting equations. numericd t h e -  

dependent probability expressions c m  be obtained for the robot system. 

Inserting the above parameter values into Equations (4.178) and (4.179), and inverting 

the results, Figure 4.24 shows robot system reliability plots for vario us values of sdety unit 

repair rates. 

Also, using Equations (4.180) and (4.1811, robot system mean time to failure plots are 

shown in Figure 4.25. 

More detailed inspection of the robot system reliability and MTTF cm be made by 

refening to their associated values mbulated in Tables 4-20 to 4-21, respectively. 
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Table 4-20: ReliabIlity (n = 3) values of an irreparable robot system with vanous safety 
unit repair rates' specified parameter values. 

Table 4-21: M'ïTF (n = 3) values of an irreparable robot system as a function of safety 
unit failure and repair rates. 

Repair 
rate, ~ r ,  

3 

Y 

Mean Time To Fdure Failure 
rate, A6 

0.0000 

0,0004 

0.0008 
I 

0.00 12 

0.00 16 

0.0020 



Sec. 4.5 Special Case Model II: (n = 3) 218 

O 400 800 1200 1600 2000 

Tirne, (hrs) 

(a) 

0.0 1 I I 1 I I 

O 400 800 1200 1600 2000 

Time, (hrs) 

Figure 4.24. Reliabüity (n = 3) plots of an irreparable robot system with various repair 
conditions: (a) p, = 0.0006, y, = p, = 0.0007, (b) p, = p,, = p, = p6 = 
Cin= O. More specifcally, the plots were obtained using Equations (4.178) 
and (4.179). 
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Safety Unit (Mechanism) Failure Rate, AJhr 

WûW 0.0004 0.0008 0.0012 0.0016 0.0020 

Safety Unit (Mechanism) Repair Rate, pJhr 

Figure 4.25. MTTF (n = 3) plots of an irreparable robot system as a function of safe ty 
unit failure and repair rates. More specincally, the plots were obtained using 
Equations (4.180) and (4.18 1). 
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4.6 Discussion and Conclusions 

The relation bctween safety and reliabrtity c m  be very cornplex. The interests of reliabfity 

and safety coincidc in preventing equipment failures, for when there are no failures no 

production time is lost and no public nsk is caused. Reliabiüty and safety however, rnay 

sometimes corne into contlict From a safety point of view design and procedpres may be 

trlted toward shutting down the robot@) at the first sign of trouble so that risk is minunized. 

From a reliabiiity standpoint, however, management may be inclined to keep the robot(s) 

at pace and wait untü actuai failure before shutting down, or to make repain whenever 

possible while the robot(s) are on he. Criteria must be carefully worked out for risk 

management so that the public is protected, and so that the robot(s) can be operated without 

fiequent and undesireci shutdowns. 

In the mode1 presented in this chapter, the robots were assumed to operate 

hdependently which meant they may continue working with or without the safety unit 

operating (Le., working or failed). A fded  robot however, rnay be repaired only when the 

safety unit is functioning. C e W y ,  other repair scenarios for the robots and its safety uni: 

c m  be rationalized, this entirely depends on the objectives of the operation. For the 

purposes of this study, the objective of this model was restricted to maximize robots' 

productivity and to the certain extent ensure safety. 

Thus, this chapter presented various mathematical models to investigate performance 

indices for a system comprised of redundant robots operating with one safety unit. A 

generalized model (Figure 4.2 on page 147) was developed illustrating the state space 

traoston diagram of n-identical robots operating with one safety unit. With the aid of the 
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supplementvy variables technique, generalized steady state and ùme-dependent availability 

expressions were develo ped. Using Laplace transforms, generalized reliabiiity and mean 

time to faüure (nI'TTF) were also developed for an irreparable robot system. 

To examine robot system performance indices, mathematical analysis were perfomed 

for two special case models. For n = 2, the system consisted of two robots with one safety 

unit, and for n = 3, the system consisted of thi-ee robots with one safety unit. Availability, 

reliability, and M m  expressions were obtained for these special case and were validated 

by means of numencal analysis. 

For the purpose of cornparison, failure and repair parameter values used in this chapter 

were kept similar to those used in Chapter 3. Again, the selected repair parameter values 

may yield umealisticly high mean time to system repair (i.e., over 1000 hours). But, the 

main purpose here was to demonstrate the validity of the resulting expressions rather than 

to give real life vdues to these parameters. However, Appendix E presents steady state and 

time dependent availability plots for more redistic practical repair parameter values (i.e., 

mean t h e  to repair of 8 hours). 

The following conclusions are associated wiîh the models in this chapter. 

When the failed robot system repair time x was represented by a gamma distribution, the 

steady state avaiiability decreased as the shape parameter P, increased. This trend was 

evident in both special case rnodels. 

When the failed robot system repair t h e  x was represented by a Weibull dismbution, 

the steady state availability increased as the shape parameter, P , increased. This trend 

was evident in both special case models. 



Sec. 4.6 Disc~issinn and Conclusions 222 . - 

When the failed robot system repair time x was represented by a log normal distribution, 

the steady state avdability dropped as the standard deviation, o, increased. This trend 

was evident in both special case models. 

For all f$kd system repair disuibutions. robot system steady state avnilability decreased 

as the safety unit failure rate increased. This trend was evident in both special case 

models. 

For aii failed system repak distn'butions, robot system steady state availability increased 

as the safety unit repair rate increased. This trend was evident in both special case 

modeis. 

The Weibtdl distributecl failed system repair time displayed the highest values of system 

steady state avdability while the Erlangian distributed failed system repair t h e  

produced the least values for the system steady st3 te  availability. 

If robot system performance indices is comlated with a working safety unit, then its 

steady state availab'ity, t h e  dependent availabilis: reliability, and rnean time to failure 

decreased as the number of robots increased. For e m p l e ,  system avnilability decreased 

by about 15% when three robots were employed instead of two. 

If the robot system performance indices is independent of its safety unit operating 

conditions, then its steady state availability, time dependent availabbility, reliability, and 

mean tirne to failure value marginally increased as the number of robots increased. For 

emple ,  system availability increased by about 5% when three robots were ernployed 

instead of two, 



STOCHASTIC ANA1,YS IS 
OF ROBOT SYSTEMS 

WITH NON-CONSTANT 

5.1 Introduction 

In the models presented in Chapters 3 and 4, safety unit failure and repair rates were 

assumed to be constant. The exponential distribution is usually employed to represent the 

Ek time of electronic parts. Since the majonty of the items that make up a safety unit are 

eiectronic parts, this assurnption may well be suited. Although for mmy systems, assuming 

a constant faüure rate is legitunate and simplifies computations, we unfortunately cannot 

v e a  how valid a constant-hazard mode1 is unless the acaial failure data is available, For 

example, robots are rnulti-disciplined systems which make use of mechanical, electronic, 

hydraulic, and pneumatic parts. Many factors could affect their failure rates including 

components durabïiity, wear & tear, software or hardware faüures, correct use of the robot, 
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environment wherc the robot is operating in, etc ... Thus, ail of the potemial sources of 

fidues make constant fatl.ure rate assumption impractical, and one should consider a non- 

cons tant failure rate. Furthemore, ro b O ts rnultiplicity and their utiIization in sometimes 

hostile envkonments contribute to a phenornena commonly known as cornmoncause 

failures. Braadly stated, a common-cause failure may be deked as [IO71 multiple items 

rnaKunction due to a single cause. Examples of causes of comrnon-cause failure include loss 

of power, design enors, i.regUiar operathg environment such as high (or low) temperatures 

and humidity, catastrophic extemai events such as floods, &es, and earthquabes. 

This chapter presents a study of robot systems h a ~ g  nonconstant failure rates. A 

method generaIly hown as the device of stages or simply the stages method is used to deal 

with systems h v h g  nonconstant failure rates. This method is described in Appendix C 

[4i6]. 

Basically, the chapter is divided into three sections. A robot systern with rn failure 

modes is modeled in Section 5.2. Using the stages method and the supplementary variables 

technique, generalized steady state availability expressions are O btained for a robot systern 

with nonanstant fr3ure and repair rates. To validate the applicability of the stages method 

to thk mode4 Madcov method is also used to obtain the generalized steady state availability 

expressions and the results are compared with those obtained with the stages method. 

Once the applicability of the stages method is validated, the method is used in the specid 

cases of the generalized models presented in Chapters 3 and 4. Sections 5.3 and 5.5 present 

analyses for a system containhg one robot with two safety uni@ and a system cantaining 

two robots with one safev unit, respectively. These models are similar to those presented 
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in Sections 3.5 and 4.4, except that non-constant common-cause failure is added to the 

overall robot systems failed s a s .  This adds an important dimension to the o v e d  faüure 

definition of the robot systems. Using the supplementary variables and the stages method, 

steady state availability expressions are developed and the results are demonstrated by 

nieans of plots. The appkabifity of the stages method to the models in Sections 5.3 and 5.4 

are also verüied by using the Markov method. 

5.2 Robot Sptems With Non-Constant Failure Rates 

When the time to failure of a robot is assumed exponentially distributed, then the Markov 

method is quite useful to obtain performance indices. However, when the fadure rate of a 

robot becomes non-constant, Markov method is no longer valid and the process becomes 

non-Markovian. There are not many methods available which deal with systems widi non- 

constant failure rates. In Chapters 3 and 4, the method of supplementary variables was 

used to deal with models having arbitmy repair rates. Unfortunately, this method is not 

applicable in the robot's operating states. Block diagrams and the joint density function 

method may be suitable techniques but their practicality diminish as the sys tems' complexity 

increase. 

Another approach to work with the nonconstant failure or repair rates is calIed the 

device of stages. The basic principle smounding the stages method is based on the 

assumption that the time tiIi transition nom the system's operating state to the system's failed 

state is the sum of infinite number of exponential distributions. The sum of exponentially 

distributed random variables arise naturally in the theory of Markov chains, as the time is 
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required to make several transitions. This rnechanism, through insertion of dummy stages, 

can be used to generate non-exponentid transition limes. 

The state space transition diagrarn of a robot system with nt failure modes is shown in 

Figure 5.1. At t h e  t = 0, the robot systern begins operating and may fail due to rn sources 

offidures. The failure times are the summation of n independent exponentially distributed 

random variables repmnted by dummy or sub-states (stages). The purpose of the dummy 

States is to extend the application of o r d i q  Markov processes so as to include non- 

exponendal disaibutions of time to failure. The distributions which resuit fiom the dummy 

state approach are distribution of sums of independent exponential random variables. They 

belong in the family of general Erlangian distribution. 

The funy Eziled robot systern may be repaVed and the failed robot system repair rates are 

&O assumed nonconstant. The analysis presented in this section are subject to assumptions 

such as follows: 

The system is composed of one robot, 

The robot mzy fail in m failures modes, 

Robot's failure rates rnay be constant or non-constant, 

Robot's repair rates may be constant or non-constant, 

Repaired robot is as good as new. 
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Figure 5.1. Tht state space transition diagram of a robot system with m non-constant 
failure and repair rates. 

The following symbols are associawl with the model: 

j state of the robot: j = 0, 1,2, ... , m. 

i P sub-state: i = 0, 1,2, ... , n. 

Constant failure rate of the sub-states. 

pi Steady state probability of the robot in state j: for j = 0, 1, 2, ... , m. 
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cijw Tirne-dependent repair rate when the robot is in state j and has an elapsed repair 

t h e  o f x ;  for j  = 1, 2, ... , m. 

p,(x. t )  Ax The probability that at thne t, the failed robot system is in state j and the elapsed 

repair time Lies in the interval [x, x + Ax] ; for j = 1, 2, .. . , m. 

~ d f  Probability density function. 

c&w pdf ofrepair t he  when the robot systern is in state j and has an elapsed time of 

x;forj= 1,2 ,... ,m. 

SSAV Robot system steady state availability. 

Usbg the rnethod of device of stages cornbined with the supplementary variables technique, 

the differentid equations associated with the mode1 in Figure 5.1 are as foUows: 
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The associated boundary conditions are as follows: 

P,(OJ> = Afin) pl(,)(t) j = ls 2, 3¶  ... , m) (5.12) 

At tDne t = O. P a )  = 1, and all other initial state probabilities are equal to zero. The prime 

denotes Werentiation with respect to time t. 

As time approaches infinity, Equations (5.1) - (5.12) reduce to Equations (5.13) - (5.24). 
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d 
- ~ l ( x ) = - p / ( x ) p k x )  (for j =  Iy2,3, ... m) 
& 

Solving Equation (5.21), the resulting expression is: 

The steady state condition of the probabiliy, p ,  that due to a faiture the robot system is 

under repair, is 
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Substituting Equation (5.25) into Equation (5.26). we have 

Substituting Equation (5.24) into Equation (5.27), we get: 

where 

which is the mean t h e  to robot systern repair when the failed robot system is in state j and 

has an elapsed repair t h e  of x, or the expected value of r Solving Equations (5.14) - 

(5.20), and (5.28), together with 

yield the following generalivrd steady state probabilities: 

where 
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(for j = 1,2, 3, ... ,m) 

(5.32), the steady state availability of the robot system is given by 

R n 

where 

m = Number of robot failure modes; m = 0, 1,2, ... 
n = Nurnber of sub-states or stages before failure; n = 0, 1,2, ... 

EjCxl = Robot mean t h e  to repair 
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Robot rnean tirne to repair, EJx]]. cm be errpressed for various repair time distributions. The 

mean t h e  to robot system repair, Ej[x], represented by a gamma distribution is given by 

Equation (3.31), or 

Therefore, Equation (5.36) becomes 

When there are no stages before system failure, one must obtain the conventional Madcov 

processes. For a robot system with one failure mode (m = l), no sub-states (n = O), 

constant repair rate (Le., p = 1), and the following parameter assurnptions: 

Equation (5.38) becomes 

CL 

This result agrees with those obtained in Appendix C2 Fquation (Cï)], Appendix C3 

Fquation (C27)], and Appendix C4 [Equation (C43)]. 
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5.2.3 Special Case ~ o d e l  Numerical Example 

m = 1 (or robot systerns with one failure mode), 
p = 1 (or robot systems with constant repair rate), 
pi = ~ 1 2  = ... = H, = p = 0.0006, and 
A, = A, = ... = a,= A 

into Equation (5.38), Figure 5.2 shows the steady state availability plots of a ribot system 

wah hcreashg number of sub-states befoïe failure (Le., n 2 O). More detailized inspection 

of Figures 5.2 can be made by refenkg to its associated tabular values given in Tables 5- 1. 

The tcends shown by these values are discussed in the concluding section of this chapter. 
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TabIe 5-1: SSAV vs A values for a robot with increasing nurnber of stages before failure. 

Steady State Availability 

distribution (constant failure rate) 

Figure 5.2. 

0.0000 0.0004 0.0008 0.0012 0.001 6 0.0020 

Failure Parameter, Uhr 

Steady state availability plots of a robot systern with one failure mode and 
increasing number of stages before failure (n 2 O). More specifically, the 
plots were obtained using Equation (5.38). 
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5.3 Robot Sptems ~ i t h  Redundant Safety Units 

In the models presented in Chapters 3 and 4, failure rates were assumed constant and purely 

due to the system (mechanical or electrical) faults. But, what if failure rates were non- 

constant? Or, fdures could not be blamed on neither mechanical nor electrical faults? 

Furthemore, in the previous two chapters, two events were assumed to take place fiom 

the operating state (Le., state O) of the robot-safety system: either the robot fails or the 

d'&y unit fds .  But, what if both the robot and the safiety unit failed at the same time? An 

ment such as this is generally known as a cornmon-cause failure which was described in the 

introductory section of this chapter. At present, it is widely believed that the reliability and 

safety evaluation of engineering systems would be incomplete and would lead to overly 

optimistic results if cornmon-cause failure possibilities and probabilities were discounted. 

An extensive study of redundant reliability systems with comrnon-cause failures was 

presented by Anudec, in 1994. 

It is therefore in the spirit of these legitimate questions and the likelihood of the 

comrnon-cause failures that the following analysis is aimed at obtaining the generalized 

steady state availability of robot-safety systems susceptible to common-cause failures, 

particularly non-constant. 

The state space transition diagram of a system containhg a robot with two safety units 

subjected to non-constant cornmon-cause failure rate is shown in Figure 5.3. The robot and 

'Amde, O.C., The Analysis of Redundant Reliability Systems With Common-Cause 
Failures, P D .  Dissertation, Department of Mechanicd Engineering, University of Ottawa, 
Ottawa, Canada, 1994. 
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its associated safety units start operating at t = O (Le., state O). From its operating s tate, the 

robot-safety system can rnove to thm rnuniany exclusive states fiom their nomal opemting 

s tate: 

The robot operating with one safety unit while the other safety unit has failed 

(state 1 ), 

Safety unes iunctioning normally but the robot has failed (state 5j. 

Robot system fails due to a common-cause failure (state 6). 

From the degradation state 1, the robot-safety system cm move to two mutually exclusive 

states: 

The robot operating and both safety units have failed (state 2), 

The robot failed while one safety unit is still working (state 5), 

From the degradation state 2, the robot-safety system cm move M e r  to two rnutually 

exchsive states 

The robot fails with an incident (state 3), or, 

The robot fails safely (state 4). 

The following assurnptions are associated with the analysis presented in this section: 

Times to failure other than of common-cause failure rates are assumed 

constant. 

Times to common-cause failure are non-constant. 

f o  simplify the model, cornmon-cause failure event is assumed to take place 

only from state 0, only. 

System fails when the robot fails. 

The failed system repair times other than of safety unas repair rates are non- 
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constant. 

Once repaired, the robot or its safety units are as good as new. 

Figure 5.3. State space transition diagram of a system containing one robot and two 
safiety units. The robot is susceptible to cornmoncause fdures which may 
be constant or non-constant. The numerai in each box represents: 
O (Robot working with two safety units), 
1 (Robot working with one safety unif the other safety unit has failed), 
2 (Robot working without safety units, both safety units have failed), 
3 mobot fded  with an incident), 
4 (Robot failed safely), 
5 (Robot failed while both safety units working normdy), 
6 (Robot faüed due to the common-cause failure). 
Note: 6,,,, 6,,, ... , 6,) denote dummy or sub-states. 
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The following symbols are associated with the model: 

p state of the overall robot systern. 

Dumrriy or sub-states: i = 1, 2, ... , n. 

t h e  

Constant failure rate of the safety units. 

Constant failure rate of the robot failing with an incident 

Constant failure rate of the robot failing safely. 

Constant failure rate of the robot. 

Cornmon-cause Mure rate broken into i-exponentially disaibuted faiiure rares: 

i = O ,  1,2, ... ,n. 

Constant repair rate of the safety unit; for j = 1,2. 

Finite repair time interval. 

Time-dependent repair rate when the failed robot system is in state j and has an 

elapsed repair time of x; for j = 3,4,5, 6. 

The probability that at t h e  t, the failed robot system is in state j and the elapsed 

repair time lies in the interval [x, x + 4; for j = 3,4,  5,6.  

Probability density function. 

pdf of repair time when the fded system is in state j and has an elapsed time of 

x; for j = 3,4, 5,6. 

Steady-state probability that the robot system is in state j; for j = 0, 1, ... , 6. 

Robot system steady state availability when the robot system is working with an 

operating safety unit. 
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SSAV, Robot system -y state availabili~ when the robot system is workuig with or 

without a safety unit 

Using the stages method and the supplementary variables technique, the corresponding 

system of integro-differential equations associated with the rnodel described in Figure 5.3 

is 

where 

The associated boundary conditions are: 
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At time t = O, &(O) = 1 and a l l  other initial srate probabilities are equal to zero. The prime 

denotes differentiation with respect to t h e  t. 

As time approaches bfkity, Equations (5.40) - (5.50) reduce to Equations (5.51) - (5.61), 
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SolWig differential Equation (5.57), we get 

The steady state condition of the probabzty that due to a failure the robot system is under 

repair, is 

Substituthg Equation (5.62) into Equation (5.63). we have 

Substihiting Equations (5.58) - (5.61) into Equation (5.64), the resulting expressions are 
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which is the mean time to robot system repair when the faüed robot system is in state j and 

has an elapsed repair time of x, or the expected value of r SoIving the set of Equations 

(5.52) - (5.561, and (5.65) - (5.68), together with 

leads to the following steady state probabilities: 
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where 

Using Equations (5.70) and (5.72), the robot system steady state avaiiability with an 

operating safety unit is: 

Simiiarly, using Equations (5.70) and (5.72), the robot system steady state availability with 

or without a working safety unit is given by 

For r3, = A=, = ... = AN,, = A,, Equations (5.73) - (5.75) become 

and 
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where n is the number of stages before failure and q[x] k the robot mean time to repair 

which can be exprssed for various repair time distributions. The mean tirne to robot system 

repair, E,,x], represented by a gamma distribution is given by Equation (3.31), or 

For p = 1, the fded robot system repair tirnes are constant and for n = O (Le., no stages 

before fdure), we get constant comrnon-cause failure rate. Thus, for P = 1 and n = 0, 

Equations (5.76) and (5.77) yieId steady state availabilities of a robot-safeiy system with 

constant failure and repair râks. Or, 

For an integer n > 0 (Le., 1,2, ... , and so on), Equations (5.76) and (5.77) yield robot steady 

state availabiiity with non-constant common-cause failure rate. 

The applicability of the stages method to the mode1 psented in this section can be 

validated by using the Markov method. This is s h o w  in the followuig section. 
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5.3.2 ~orkovian RepresenMion of The Special Case ~ o d e l  
In the last section, the method of stages was used to represent non-exponential cornmon- 

cause fdure rates. n-stages were inserted between the operating and the failed States, for 

when there are no stages before system Mure, one must obtain the same results as with the 

conventional Markov processes. For the sake of cornparison, the following analysis is 

conducted using the Markov method and results are compared with those obtained in 

Sections 5.3.1. 

The state space transition diagram of a system containing a robot with two safety units 

subjected to constant common-cause failure is s h o w  in Figure 5.4. 

Figure5.4. Stacespacetransitiondiagramofasysremcontainingonerobotandtwo 
safety units. The robot is susceptible to constant common-cause failws. 
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Ushg the Markov method, the set of differential equations associated with the mode1 given 

in Figure 5.4 is: 

where 

At t h e  t = O, P,(O) = 1 and al l  other initial state pro babüities are equai to zero. The 

prime denotes differentiation with respect to tirne t. As time approaches innnity. Equations 

(5.83) - (5.89) reduce to Equations (5.90) - (5.96), respectiveiy. 
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(5.92) 

(5.93) 

Solving Eqiiations (5.91) - (5.96), together with 

result in the following steady state probabilities: 
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Uihg Equation (5.98). the robot system steady state availability with an operating safety 

units and the robot system with or with a working safety units are given by 

and 

where 

Comparing these results with those obtained in Section 5.3.1, it is clearly evident that 

Fiquaiions (5.10 1) - (5.103) are in agreement with Equations (5.80) - (5.82), respectively. 

This verifies the appiicability of the stages rnethod to the model. 

5.3.3 Special Case Mode1 ~ u m e r i c a l  Example 

m Equations (5.76) and (5.77), Figure 5.5 shows plots of the robot steady state availability 

(SSAV) vs cornmon-cause failure parameter (A=). The plots indicate SSAV for a robot 

systcm with constant repair rate and increasing number of stages (n) before system failm. 

The correspondhg values associated with Figure 5.5 are given in Table 5-2. The mnds 
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shown by these values are discussed in the concluding section of this chapter. 

Table 5-2: SSAV vs A, values for a system containing one robot with redundant safety 
units. Common-cause fdure rate is non-cons tan t and ail other failm and repair 
rates are constant. 

SSAV, 

0.4353 

0.3229 

0.2566 

0.2 129 

0.1819 

0.1588 

SSAV, 

0.6027 

O A470 

0.3553 

0.2948 

0.25 19 

0.2 199 

SSAV, SSAV, SSAV, SSAV, SSAV, SSAV, 

(cons tant common-cause failure rate) 
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A., = 0.0003, h, = 0.0004, A,= 0.0005 

p, = 0.0006, )i, = 0.0007, li, = 0.0008. p, = 0.0009, p, = 0.0005 

0.0000 0.0004 0.0008 0.0012 0.0016 0.0020 

Common-Cause Fallure Parameter, A$r Common-Cause Fallure Parameter, h&r 

Figure 5.5. Steady state avdability vs h, plots for a systern comprised of a robot and redundant safety units. Comrnon-cause 
failure rate is non-constant and ail other failure and repair rates are constant; (a) robot working with an operating safety 
unit, (b) robot working with or without the safety unit. More specifically, the plots were obtained using Quations (5.76) 
and (5.77). 
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5.4 Redundant Robots ~ i t h  One Safety Unit 

The objective of this section is to examine the effect of a nonconstant cornmontause 

failure rate on a system compnsed of two robots with one safety unit Similar to Section 

5.3, stages method is used to obtain steady state availability expressions and its applicability 

is varified b y means of the Markov method. 

The state spacc transition diagram of a systern containing two robots and one system 

unit subjected to the common-cause fdure  is s h o w  in Figure 5.6. Identical robots and the 

associated safety unit start operating at t = O (i.e., state O). From the operating state, the 

robot-safèty system cm move to three mutuaILy exclusive states fiom their normal operating 

S m :  

Redundant robots are operating but the safety unit has failed (state I), 

Safety unit is functioning normally but one robot has failed (state 2), 

Robot system failed due to a common-cause failure (state 6). 

From degradation state 1, the overall system is M e r  degraded to a state having only one 

robot working with the faileù safety unit (state 3). The system fails whenever the single 

operating robot fails (states 4 and 5), and fully failed system is repaired. The following 

assumptions are associated with the analysis presented in this section: 

The system contains one safety unit and 2 identical robots, 

The redundant robots are active or operating simu%aneously, 

Statistically independent failures, 

Times to failure other than thal of cornmon-cause failures are assumed 

constant, 
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The overall system fails only when both robots fail, 

The failed systern repair times other than of safety unit repair times are non- 

constant, 

A repaired robot or the safety unit is as good as new. 

Figure 5.6. State space transition diagram of a system containing two robots and one 
safety unir The robot system is susceptible to cornmon-cause fdures which 
may be constant or non-constant The numeral in each box represents: 
O (Both robots and the safety unit are working nomally), 
1 ( M y  one robot working with a working safety unit), 
2 @oth robots working while the safety unit has failed), 
3 (Only one robot working with a failed safety unit), 
4 (E3oth robots dong with the safety unit have faüed), 
5 (Both robots failed while the safety unit is operational), 
6 (Ro bot-safety system failed due to a cornmon-cause failure). 
Note: 6 ,,,, 6,, ... , 6,,, denote dummy or sub-states. 
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The following synbols are associated with the model: 

i j* state of the overall robot system. 

z Dummy or sub-states: i = 0, 1.2, ... , n. 

A s  Constant failure rate of the safety unit 

Ar Constant failure rate of the robot. 

A-,, Cornmon-cause Mure rate broken into i-exponentially distributed failure rates: 

fori=O, 1, 2, ..., n. 

Cr, Constant repair rate of the safety unit 

Pr Constant repair rate of the robot. 

p,<x) Tirnedependent repair rate when the robot is in state j and has an elapsed repair 

time of x; for j = 4,5,6. 

p,<x,t)dr The probabüity that at time t, the faied robot system is in state j and the elapsed 

repair time lies in the interval Ex, x + Ax]; for j = 4 5,6. 

Probability density function. 

pdf of repair time when the robot system is in state j and has an elapsed t h e  of 

x; for j = 4,5,6. 

Steady state probability that the robot is in state j at time t; for j = 0, 1, ... , 6. 

Robot system steady state availability when the robot system is working with an 

operating safety unit 

Robot system steady state availability when the robot system is working with or 

without the safety unit. 
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USng the stages method and the supplernentary variables technique, the corresponding set 

of integro-differential equations associated with the model described in Figure 5.6 is 

where 

The associated boundary conditions are: 



At time t = O, P,(O) = 1 and dl other initial state probabilities are equal to zero. The prime 

denotes differentiation with respect to tirne t. 

As t h e  approaches innnity, Equations (5.104) - (5.114) reduce to Equations (5.115) - 
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Solvbg differential Equation (5.122), we get 

The steady state condition of the probability that due to a failure the robot system is under 

repair, is 

Substituting Equation (5.126) into Equation (5. lU), we have 

Substituting Equations (5.123) - (5.125) into Equation (5.128), the resubg expressions 

are 
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where 

which is the mean t h e  to robot system repair when the failed robot system is in state j and 

has an elapsed repair time of x, or the expected value of x- Solving the set of Equations 

(5.116) - (5.12 l), and (5.129) - (5.13 1). together with 

leads to the following 

(Tor 
P" D 

where 

steady state probabilities: 

j = O, 1,2,3) 
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Using Equations (5.133) and (5.135), the robot system steady state availability with an 

operating safety unit is 

Similarly, using Equations (5.133) and (5. I35), the robot system steady state availability 

with or without a working safety unit is given by 

For Ad = = ... = A,,, = A,, Equations (5.137) and (5.138) become 

and 

where 

where n is the number of stages before failure and Ej[x] is the robot mean time to repair 

which can be expressed for various repair t h e  dimibutions. The mean tune to robot system 

repair, E,[xJ, represented by a gamma distribution is given by Equation (3.31), or 
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For p = 1, the fded robot system repair times are constant and for n = O (i.e., no stages 

before failure), we get constant common-cause failure rate. Thus, for P = 1 and n = 0, 

Equations (5.139) and (5.140) yieId steady state availabilities of a robot-safety system with 

constant failure and repair rates. Or, 

For an integer n > O (Le., 1,2, ... , and so on), Equations (5.139) and (5.140) yield robot 

system steady state avaihbility with non-constant common-cause failure rate. 

The applicability of the stages method to the mode1 presented in this section can be 

validatecl by ushg the Markov method. This is shown in the following section. 

5.4.2 Markovian Representation of The SpeciaI Case ~ o d e l  
For the sake of cornparison, the following analysis is conducted using the Markov method 

and results are compared with those obtained in Sections 5.4.1. The state space transition 

diagram of a system containing two robots with one safety unit subjected to constant 

common-cause failure is shown in Figure 5.7. 
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Figure 5.7. S tate space transition diagram of a system containhg two robots and one 
safety unit The robot system is susceptible to constant common-cause 
failures. The numerai in each box represents: 
O (Elo th robots and the safety unit are working normally), 
1 (Only one robot working with a workuig safety unit), 
2 (Both robots working while the safety unit has failed), 
3 (Only one robot working with a failed safety unit), 
4 (Bath robots dong with the safety unit have failed), 
5 (Both robots faiIed while the safety unit is operational), 
6 (Robot-safety system fded  due to a common-cause failure). 

Ushg the Markov method, the set of differential equations associated with the mode1 given 

in Figure 5.7 is: 
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(5.146) 

P&) + aq,(t) = ~q') 

p;(O + a$,(') = kPi(') + 21Pz(f) 

where 

At t he  t = O, Po@) = 1 and all other initial state probabilities are equai to zero. nie prime 

denotes merentiation with respect to time t. As time approaches infuiity, Equations (5.146) 

- (5.152) reduce to Equations (5.153) - (5.159), respectively. 
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Solvhg Equations (5.154) - (5.159), together with 

resdt in the following steady state probabüities: 

Using Equation (5.16 1 ), the robot systern s teady state availability with an operating safety 
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uni& and the robot system with or with a working safety uni& are given by 

and 

where 

Comparing these resu1t.s with those obtained in Section 5.4 4.1, it is clearly evident that 

Equations (5.164) - (5.166) are in agreement with Equations (5.143) - (5.145), 

respective1 y. 

5.4.3 SpciaI Case Mode1 Numerical Example 

Sett.g : 

A, = A, = o-ooos. 
p,=0.0006, p,=0.0007, ~=0.0008, p,=0.0009, p,=O.OOOS 

in Equations (5.139) and (5.140), Figure 5.8 shows plots of the robot steady state 

availabdity (SSAV) vs commun-cause failme parameter (rl,). The plots indicate SSAV for 

a robot systern with constant repair rate and increasing number of stages (n) before system 

failure. The conespanding values associated with Figure 5.8 are given in Table 5-3. The 

trends shown by these values are discussed in the concluding section of this chapter. 
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Table 5-3: SSAV vs A, values for a system consist of two robots and one safety unit 
Cornmon-cause failure rate is non-constant and ai l  other failure and repair rates 
are constant. 

SSAV, SSAV, 

0.7416 

0.6229 

OS370 

0.4209 

0.3798 
dis tribu tion 

SSAV, 
- - -  

SSAV, SSAV. 1) SSAV, 

common-cause 

SSAV, 

0.6373 

0.5736 

0.5214 

0.4780 

0.4412 

0.4097 

SSAV, 
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5.5 Diss~ssion and Conclusions 

Although the component redundancy improves system reliability, it is impossible to ensure 

near-perfkt system reliabiiity due to the possib'itity of common-cause failures. Theoretically, 

the higher the component redundancy, the pater the overall system reliability. Ln reality, 

the higher the equipment redundancy level, the grezter the possibility of a common-cause 

failm. 

This chapter marked two important issues with respect to the robot systems stochastic 

analyses. The first issue was concernai with robot systems having nonconstant fâilure 

rates, and the second addressed the possibility of the occurrence of common-cause failures. 

Arobot system with m-failue modes was modeled in Figure 5.1 and with the aid of stages 

method in combination with the supplementary variables technique, generalized steady state 

availshüiry expressions were developed. Other performance indices such as tirne dependent 

av&ilitys reliability, and mean time to faiiure were negiected because the main purpose 

of this chapter was to validate the applicability of the stages method to carry out non- 

constant failure rate analysis. 

The concept of the stages method thrives from the fact that the distribution of the sum 

of n independent exponentid random variables is gamma distnbuted. The sum of 

exponentially disûibuted random variables arise naturally in the theory of Markov chains, 

as the time required to make several transitions. This mechanism, through the insertion of 

dummy States, can be used to generate non-exponential transition times. 

In Sections 5.3 and 5.4, the nonconstant failure analysis was extended to the special 

case models p m n t e d  in Chapters 3 and 4. Non-constant common-cause failure rates were 
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added to the existing rnodels and generalized steady-state availabüity expressions were 

obtained for a system containing one robot with two identical safety URits, and a system 

containhg two identical robots with one safety unit. The main conclusion that can be drawn 

fkom this chapter can be sumrnarized as follows: 

Stages method can be used for the stochastic analyses of systems with nonconstant 

faim and repair rates. The basic principle associated with the stages method is the fact 

that through insertion of n-dummy states between the operating and the failed states, 

non-exponential transition times can be generaîed. The applicability of the stages 

method can be demonstrated by means of Markov models. For n = O or simply zero 

d m y  states, one m u t  obtain times to failure following the exponential distribution. 

Thus, for n = O, using the stages method, one must obtain the same results as the 

Markov method. This fact was demonstrated in Sections 5.2 - 5.4 and results were 

identical, 

As the number of stages (sub-states) increase, so does the system availability. The 

increase in sub-states delays the time taken for the system to reach the failed state, 

hence, elevating the robot system availability. 



DISCUSSIONS, 
CONCLUSIONS, 

AND 
FUTURE DIRECTIONS 

Discussions 

This study presented a stochastic anaiysis of robot-safety systems. Literature and 

publications related to robot reliability and safety were collected and the most suitable 

reliability and safety evaiuation techniques were identified. 

In Chapters 3 and 4. analyses were conducted in relation to a system consisting of one 

robot with n-identical redundant safety units and n-identical redundant robots with one 

safety unit, respectively. Generalized expressions for such relevant system performance 

indices as the steady state avaiiabiiity, tirne dependent availability, rereliabfity. and mean time 

to faim were developed. nie Markov method and supplementary variables technique were 

utüized to obtain these performance indices. Markov method was used in models where 

faim and repair rates were assumed constant The rnethod of supplementary variables was 

269 
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employai to deal with the non-Markovian models where the repair rates were assumed non- 

constant. Using both methods, steady state availability expressions were obtained Various 

fàiIeâ system repair t h e  dism%utions (Le., exponential, gamma, Weibull, Rayleigh, and log- 

normal distributions) were considered to fit the failed robot system repair times. 

Genemüzed timedependent av&b%ty expressions were also developed with the aid of the 

supplementary variables technique. Only the gamma distribution was selected to represent 

the robot's fded  system repair time distribution. The reason for this was the fact that 

gamma distribution possesses a rational Laplace tmnsform and other distributions do not 

Generalized mliability and mean time to failure 0 expressions were developed by 

setting the robot's nipair rate equal to zero. A system of first-order differential equations 

were obtained and with the aid of Laplace transfoms, generalized rehbility and MTïF 

expressions were developed. Specid cases of the generalized rnodel were presented and 

nurrierical analysis were performed resuiting in the formation of numerical expressions and 

various plots demonsttating the end result. 

h Cnpter 5, the study was m e r  extended to indicate the relevance of non-constant 

faim rates to the earlier models, partic&ly, nonconstant cornontause failure rate. The 

method of stages in combination with the suppIementary variables technique were used to 

deal with robot systems having non-constant failure and repair rates. A robot system with 

m-failure modes was modeled and generaüzed steady state availability expressions were 

developed. To validate the applicability of the stages method to these models, Markov 

method was &O used to develop steady state availability expressions and the results were 

cornpared with those obtained with the stages method. Using the stages method, for n = O 
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or simply zero stages before system ure, exponentinlly disaibu ted times to failure were 

O btained. This memt that for n = 0, using the stages method, one must obtain the same 

results as the Markov method. This fact was dernonstrated in Sections 5.2 - 5.4 which the 

results were identical. 

The andyses were extended to the models presented in Chapters 3 and 4 where non- 

constant common-cause failuse rates were added to the existing models and steady state 

availabiüty expressions were obtained. Again, stages method was verified by means of 

Markov method in which the results were identical. 

Overd, this study treated the robot-safety systems by mems of the stochastic 

processes. Although the nature of the treatment was mathematical, the intent was not tu 

present mathematics for its own sake, but rather, its ultirnate usehlness in engineering 

application. Stochastic processes present a valuable tool for investigating reliability and 

availabrlity problems. 

6.2 Conclusions 

The main results associated with Chapter 2 can be summarized as follows: 

1. The most frequent safety analysis techniques which are equdly applicable in robotics 

are failure mode and effect analysis (FMEA) and fault-tree analysis F A ) .  

2. After considering such factors as simplicity -d effecaveness, the most appropriate of 

the analytical rnethods are as follows: 

Failure Mode and Effects Analysis (FMEA) 

Fault Tree Analysis (FI'A) 
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Blockdiagram 

Combinational models (Le., cornbined Fault Trees and block diagram) 

Markov and Non-Markovian Models 

The following generd conclusions c m  be made with the results associated with Chapters 

3 and 4, unless ~therwise stated: 

When the failed robot system repair tirne x was represented by a gamma distribution, 

the steady state availability decreased as the shape parameter P, increased. 

When Eiiled robot system repair t h e  x was represented by a Weibull distribution, the 

steady state avaïlability increased as the shape parame ter, P , increased. 

When faiied robot system repair time x was represented by a log normal distribution, 

the steady state availability dropped as the standard deviation, O, increased. 

For a l l  failed system repair distributions, robot system steady state availability 

decreased as the safety unit faüure rate increased. 

For all failed system repair distniutions, robot system steady state availability increased 

as the safety mit repair rate increased. 

The Weibun distributed failed system repair tirne disphyed the hiphest values of system 

steady state availability while the Eriangian distributed failed system repair tirne 

produced the least values for the system steady state availability. 

If the robot system performance indices is correlated with a workinç safety unit, then 

its steady state avaüability, time dependent availability, reliabiIity, and mean time to 

failm increased as the number of s3fety units increased. For example, systern 
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availability bcresed by about 18% when two safety units were employed instead of 

one. This trend was applicable to Chapter 3 only. 

8. If the robot system performance indices is independent of its safety unit operating 

condition, then its steady state availability, time dependent availability, reliabiliw, and 

mean time to faim value marginrùly increased as the number of safety units increased. 

For example, system availability increased only by about 3% when two safety units 

were employzd instead of one. This trend was applicable to Chapter 3 only. 

9. Robot failing probability with an incident decreased as the safety mechankm repair rate 

increased. This trend was applicable to Chapter 3 only. 

10. Robot failing probabiliv with an incident increased as the incident failure rate, A,, 

increased. This trend was applicable to Chapter 3 only. 

1 1. Robot failing probability with an incident decreased as the number of safety unis 

hcreased. For example, incident probability reduced by alrnost 50% when two safiety 

units were employed instead of one. This trend was applicable to Chapter 3 ody. 

12. Ifrobot system performance indices is correlated with a working safety mit, then its 

steady state avdability, h e  dependent availability? diability, and mean time to failure 

decreased as the n~rnber of robots increased. For example, system availability 

decreased by about 15% when three robots are employed instead of two. This trend 

was applicable to Chapter 4 only. 

13. If the robot system performance indices is independent of its safety unit operating 

conditions, then its steady state availability, time dependent availability, reliability, and 

mean time to fairne value marginally increased as the number of robots increased. For 
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exampIe, system availability increased by about 5% when three robots are employed 

instead of two. This îrend was applicable to Chapter 3 only. 

The main conclusions that c m  be  drawn from Chapter 5 cm be sumrnarized as follows: 

Stages method is a valuable tool to deal with systems havin, a non-constant failure or 

repair rates. 

As the number of stages (sub-states) increase, so does the system availability. The 

increase in sub-states delays the t h e  taken for the system to reach the failed state, 

hence, elevating the robot sys tem availability. 

E;inally, the fàiIure rates selected in this stud y were extmcted fiom publkhed literature 

[30, 1241. The repair parameters were assumed to be slightly higher than the faihre rates 

which may yield high mean tune to system repair. This exercise would only affect the 

numerical results but not the expressions. The basic reason for selecting low repair 

parameter values was so that the resulting plots can be plotted with a çood clarity- In fact, 

for any other parmeter values, s h i h  plots wiu be obtained. Appendix E presents plots for 

some other repair parameter values obtained fkom field data. 

6.3 Future Directions 

The study cm be M e r  expanded to obtain performance indices for a system containhg 

n-redundant robots with n-redundant safety units, identical or non-identical. 

In this study, only the common-cause failure rate was assumed non-constant, this can 
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also be stretched further to consider time-dependent failure rates for other sources of 

farlures. 

Aithough the component redundancy improves system reliability, it is often limited by 

financial constraints and cost benefit concerns. Therefore, a furthes snidy can be 

conducted to consider the cost element. It rnay be practicai to consider optimizing the 

number of sâfety unis which is essentid to satisQ not only the reliability and safety but 

also the cost. 

Due to computatiod difficulties, it is very difficuit to Învea resulting Laplace transfom 

expressions from sdomain to time domain of those equations with a degree of 

polynomials greater than three, and consequentiy resdt in the inability to obtain general 

time-dependent expressions in those cases. Further sîudies should perhiips be conducted 

to deal with such difficulties. The simulation technique may be considered as an option 

despite its difficulties, time consumption and high costs. 

In this study, exponential, gamma, Erlangian, Weibull, Rayleigh, and log normal 

distributions were selected to fit the fai1ed robot system repair times. Although these 

two-parâmeter dismiutions (2PD) are popular Metirne models, they are limited in their 

modeilhg capability. For example, if it is determined that the robot has a bath tub 

shaped hazard function, h(x), none of these distributions wiU be appropriate unless a 

piecewise mode1 over segments of the life time are used. The hazard functions of these 

distributions are either saictly increasing or decreasing with the exception of the log 

nomal distribution which has an upside d o m  bath tub shaped hazard function where 

h(x) increases initially and then decreases. Analyses can be extended to consider other 
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two-parameter distributions such as muth, Log logistic, inverse Gaussian, exponential 

power, Makeham. The exponential power distribution (EPD) may be the best choice to 

consider for further analysis. EPD has two properties that makes it unique. Firsf the 

hazard function increases exponentidly h r  large t, and second. the EPD is one of the 

few two-panmeter distributions that has a hazard function that can assume a bath tub 

shape. Three-parameter distributions (3PD) including Pareto, Gornpertz, and 

genedzed Pareto may also be practical since they take into account the possibility of 

accidental deaths by inctuding an extra panmetes. One other feature of 3PD is that they 

have increasing, decreasing, and bath tub shaped hazard function. 
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PROBABILITY 
DISTRIBUTIONS: 

This section teviews various probabiiity distributions, panicularly, exponentiaï, gamma, 

Weibull, hyleigh, and log-normal. Except the exponential distribution, the rest of the 

aforementioned distributions are considered as two parameter disttibutions (2PD). Two 

parameter distributions have scale and shape parametus. Scale parameters are used to 

cxpand or contract the time axis by a factor. The shape parameter affects the shape of the 

probability &nsity function and determines whether a distribution has increasing or 

decreasing hazard rates. Each distribution is summarized by its probabilistic pmperties 

including, density function @.d.fl, ~liability function, hazard function, and the expected 

value of a density function. 
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A.2 Terms and ~efinitions 

1) IfXis a continuous randorn variable and has a density functionflx), then the probability 

that X lies between two hits  is given by 

2) H systern diabi l i ty  is the probabili~ that the system operates successfully for a given 

period of time, then using Equation (Al), the reliability function of the system is 

3) The hazard function which is tirne to system failure can be deiived by using Equations 

(Al) and (A21 

4) Mathematical expectationd of a probability distribution function which is a measure of 

the location of the probabiüty can be obtained by severai different methods. Two of 

those methods are as follows: 

dHogg, R.V. and Tanis, E.A., Probability and Statistical Inference, Macmillan PublishYig 
Inc., New York, 1977. 
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where 

Equation (A6) is also caUed the moment-generating function. 

A.3 Expnential Distribution 

A random variable X is said to have an exponentid dimibution if its p.d.f is defined by 

Equation (A7) [107]. 

Using Equation (A3, the hazard function is constant and is given by 

The moment generating function is 

Solwig Equation (N), we obtain 

it M(t) - - 
i l - t  

A 
Z(t) = ln- 

A - t  
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The probabüity distribution for various A values are shown in Figure Al. 

Figure Al. Exponential probabillty distribution function for various A values. 

A.4 Gamma Disdution 

Ifnr) does not follow the exponential distribution, the hazard rate is then time dependent 

The m d o m  variable X has a gamma distribution if its p.d.f is denned by Equation (A12) 

[i07]. 

where p is a shape parameter, h is a scale parameter, and r(P) is the gamma function. 

Gamma distribution possesses two speclal cases. When P = 1, in Equation A12, the gamma 

distribution is equivalent to the exponential distribution which is indicated in Figure A2. 

When P > 1, a gamma random variable has the E r h g  distribution which is the s u m  of n 

exporiential random variables. The probability density function is illustrated for 1 = 1 and 



Apjxdix A.4 Gamma Distribution 321 

various p values in Figure A 2  

X 

Figure A2. Gamma probabüity density function for A = 1 and various P values. 

The hazatd function of the gamma distribution is given by 

w h e ~  r(P,A.x) is the incomplete 

2 0 ,  p > o  

gamma function and is defined by the integral 

For h = 1 and various p, the hazard function increases when P > 1, decreases for P < 1, and 

is constant when p = 1. Using Equation A6, The moment generating function is 



and 

AS Weibd Distribution 
The random variable X has a Weibull distribution if its p.d.fis defined by Equation (A16) 

[107]. 

where p and A. are shape scale parameters, respectively. Two specid cases of the WeibuU 

distribution are of interest When P = 1 and P = 2. in Equation (A16), a Weibull random 

variable becomes exponential and Rayleigh distributions, respectively. Often, in engineering 

applications the value docated for P is between 1 and 5. Weibull probability density 

fhction $ shown in Figuie A3 for A. = 1 and various f3 values. The hazard rate of a Weibuil 

distribution is 

The shape parameter P detemines whefier the hazard function is an increasing (P > 11, a 

constant (p = 1). or decreasing (P c 1) function of time. Plots of Equation (A17) are 
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shown in Figure A4. The mean of a Weibull distribution is' 

Figure A 3  Weibull probability density function for A = 1 and various P values. 

Figure A4. 

2 - 

CI 

S I -  
R 

O -4 

Weibull hazard function for A = 1 and various P values. 

'Tsokos, C.P., Probability Distributions: An Introduction to Theory with Applications, 
Duxbury Press, Wadsworth, Ca., 1972, pp.290-29 1. 
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Although, Weibull and gamma distributions have similar probabüity density function plots. 

tkir aerences becorne apparent when k i r  hazard hct ions  are compared. A metirne with 

a gamma distribution will have an exponential tail, whereas, Weibull's hazvd function 

possesses no boundrules and increases polynomially . 

As indicated in Section k 5 ,  Rayleigh disaibution is a special case of Weibuil distribution 

for p = 2. Thus, Rayleigh distribution p.d.fbecomes 

The expected value of a Rayleigh distribution is 

A m d o m  variable X has a log-normal distribution if its p.d.fif given by 

where Inx is the nanual loganthm of x with a rnean and variance and a, respectively. The 

conditions on parameters are given as follows: 
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I 

and 

The expected value of a log-nomai distribution is 



APPENDIX B 
USEFUL 

RELHABILITY 
RELATIONSHlPS 

Gedrebbility analysis of models usually concem with the system reliabüi~, the system 

mean time to faim and the system variance of time to failure. For instance, reiiability of a 

system at any given t h e  is the sum of al i  uptime state probabilities and is expressed by 

nK mean tirrae to failure or simply MTTF is the expected value, mathematicdy defined as 

the first moment of the fatlm time distribution and cm be exp~ssed in different forms: 



where R(s) is the Laplace transform of system reliability R(t). 

In the above e;rpreSSions, we are prhmdy d e h g  with system failure conditions. When 

system may be repaired on fdure however, the interest is not wholly in the fist t h e  to 

failure, or fust time to failme within P given intemal, but whether the system is mailable 

and fiinctioning, or is not functioning. Thus, availability at time t is the probability that the 

system is functioning at t h e  t, and is the sum of the uptime probabilities, or; 

From initial value theorern, the point-wise availability or system sterrdy-srate availability is 

given by 

A 

S U V  = LBn [s *AV(s)] = Lim [s PAS)] 
G.0 $4 i -  O 



APPENDIX C 

SUPPLEMENTARY VARIABLES, 
AND THE DEVICE OF STAGES 

METHODS 

A stochtic process is a Evnily of random varizbles observed at different times and d e h e d  

on a specifïed probability spacef. When al l  the random variables are exponentially 

distributed, the associated stochastic process is a time homogenous Markov process. The 

inters tate transition rates are constant and availabiLity computations are relatively simple. 

When, however, some of the random variables have non-exponential distributions, the 

interstate transition rates become functions of the time spent in States and the process 

becomes non-Markovian The solution of non-Markovian models are generally B c ~ l t  and 

'~amakumar, R, Engineering Reliabrlity: Fundarnentals and Applications, Prentice-Hall, 
Inc., New Jersey, 1993. 



Appendix C.2 Murkov Merhod 329 

the anal- tediniques are usuaiiy of limited application in practical problems. There are 

few methods avaüable to represfghent a nonexponentially distributed random variable, 

supplementary variables is one method and the other, t!ie device of stages. Markov method, 

supplementary variables technique, and the stages method are explained in the foliowing 

sections. 

The followïng example demonstrates the applicability of the Markov rnethod to a repairable 

robot -111 The trimition diagram of a repairable robot system with constant failwe and 

=pair rates is shown in Figure Cl. Tht assurnptions associated with the mode1 in Figure Cl 

are 

1. System failure i s  statisticalIy independent 

2. System f a i l w  and repair rates are constant 

3. Fuliy repaUed system is as good as new. 

Robot constant rcpair ra~t 

Figure Cl. State space transition diagram for a robot system with constant failure and 
repair rates. 
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The foiiowhg equations translate the robot system diagrammatically described in Figure C 1. 

P,(t + At)  = P,(t)(l - A$') + Pl(t)p$t (Cf ) 

+ At) = P,(t)(l - ppt) + P,(t)A$t Cc21 

State of the system; j = O means the robot is openting nomaiiy, j = 1 means 

robot system has faiIed. 

The probability that the robot is in state j at tirne t for j = 0,l. 

Constant failure rate of the robot system. 

Transitional probability of failure of the robot in finite tirne interval At. 

The probability that the robot system is in state j at tirne t + At for j= 0,1. 

Probabiüty of no Mue in thne interval At when the robot system is in state 

O. 

Constant repair rate of the robot system. 

Transitional probabiiity of restoration of the robot in finite t h e  intemal At. 

Probability of not restoruig the robot system in t h e  interval At. 

Equations (Cl) and (C2) can be rewritten as 

Taking the Laplace transforms of Equations (C3) and (C4) and solving the resulting 

equations, we get 
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Pi@) - Ar  

s 2  + (p, + A$s 

Inverting the above equations, we c m  obtaui t h e  dependent probability expressions. In 

practice, we are usuaiiy concerned with the proportion of potential ninning time that the 

robot is avaiiable (up-the). Applying the final value theorern, the robot steady state 

availabiiity (SSAV) and unavailability (SSUA) are as foUows: 

The following example demonstrates the applicability of the supplementaiy variables 

technique to repairable robot systems. The transition diagram of a repairable robot system 

with nonanstant repair rate is shown in Figure C2. Sufncient nurnber of supplementary 

variables are added to the definition of the robot's failed States which leads to the Markov 

processes. The assumptions associated with the mode1 in Figure C2 are 

1. System fdure is statistically independent 

2. System fadure and repair rates are constant 

3. Ftiiled system repair times are arbitrary distributed. 
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4. Fully repaired system is as good as new. 

Robot wnsttmt failwe rate 

Robot non-constant repas rate 

Figure C2. State space transition diagram for a repairable robot system with non- 
constant repair rate. 

The following notation is used in the development of this model: 

denotes thejth state of the robot system; j = O (robot is operating normally), 

j = 1 (robot system failed). 

the probability that the robot is in state j at time r for j = 0,l. 

the probabüity that at time t, the robot system is in state 1 and the elapsed 

repair time lies in the interval [x, x + hr]. 

constant failure rate of the robot system. 

=pair rate and probability density of repair times, respectively, when robot 

system is in state 1 and has an elapsed repair time x. 
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Using the supplementary variables technique, the conespondhg integrodifferential 

cquations associated with the Figure CS are 

The associated boundary condition is 

P ( 0  9 = A rP,(o 

As the  a m a c h e s  infinity, the system naches steady s*ite and Equations (Cg) - (Cl11 

becorne 

Using the integrating factor method and solving Equation (C13), we get 

The steady state condition of the probability, P,, that due to a failure the robot system îs 

under repair, is 
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Substituting Equation (C15) into Equation (C16), we have 

Substituting Equation (C14) into Equation (C17), the resulting expression is 

which is the mean thne to robot system repair when the failed robot system is in state 1 and 

has an ekpsed repair time of x, or the expected vaiue of x. The robot mean time to repair, 

a x ] ,  cm be expressed for various repair tirne distributions which is given by 

where q(x) is the repair t h e  probabiIity density function (pdfi. Using Equation (C18) and 

lead to the foiiowing steady state probability solutions: 

Using Equation (C21), robot system sready state availability is 
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If the fâkd robot system repair timc x is gamma disaibuted, the probability density function 

of the repair time is expressed by 

where x is the repair tirne, I'( P) is the gamma function, p and p are the shape and scaie 

parameten, respectively. Thus, the mean t h e  to robot system repair, E[x], for the gamma 

distribution is 

Substituting Equation (C25) into Equation (C23), we get 

For f3 = 1. the =pair time is constant and the probability density of =pair times is 

exponentidy distributed. Thus, Equation (C26) becomes 

'Ibis result agrees with Equation (C7). For P = 2, the repair t h e  is nonconstant and the 

probability density of repair times is Erlangian distributed. Therefore, Equation (C26) 
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Steady state availability vs p,plots are shown in Figure C3 for various values of P. The 

figure indiates that as P increases steady state availnbility decreases, therefore, 

exponendally distnbuted failed system =pair times yields the highest values for the long run 

avail;ibifity. This behavior is expected because for f3 > 1, the gamma distribution has a 

strictly increasing hazard function, h(x). The instantaneous repair rate for the system is 

B y substitutmg difkrent values of P in Equation (C24), various probability density functions 

@dB of the failed system repair time c m  be obtahed. Figure C4 shows the instantaneous 

repair mte for P = 1,2,3, and 4 as a function of tirne. From the figure, it is clearly evident 

that thc instantaneous repair rate decnases as p inmases, therefore, steady-state availability 

should be expected to decrease. Also, it is imperative to note that for al l  values of P, s 

lifetime with a gamma disiribution will have an exponential tail, hence, 

where p is the scde parameter. 

Steady state availabiliity plots vs A, plots for daerent fded systern repair time distributions 

(k, Weibull, Rayleigh, and log nomal) are also shown in Figure C5. 
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SSAV = CL/&+$&) 
Ar = 0.0006 

Figure C3. Steady state availabiiity vs hplots for different P values. 
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Figure C4. Instantaneous repair rate vs t h e  for different P values when C( = 0.0021. 
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Figure C5. Steady state availabiiity vs 1, for various failed system repair time distributions. 



Appendix C.4 Device of Stages Method 339 

Device of Stages MetLod 
Consider the two--te (up and down) system shown in Fi y r e  C6 which is in operation over 

r long period of time. System's down state is nontonsrnt and is replaced by n stages in 

series. The time till transition h m  the failed smte to n stages before total repair is the sum 

of all transition times 2, _ , , r, ..., t,, _, The time-to-repair for each transition is 

assurned exponentially distributed and thus ta is the sum of aU exponentially distributed 

random variables which rcsults in nontonstant system rcpair rate. nius, the o v e d  

transition before system faüure in Figure C6 is 

Ihis procedure is calied the device of stages and its application involves some 

approximation 12341. 

Figure C6. State space transition diagram for a robot system with nonconstant repair 
rate. Down s tate replaced by n stages in series. 

The wmponding system of differential equations associated with mode1 in Figure C6 are 
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As time approaches infinity, Equations ((231) - (C34) reduce to Equations (C35) - (C38), 

S o l h g  Equations (C35) - (C38), together with 

iead to the foilowing system up state probability expression. 

But SSAV = Po, therefore, 
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This mode1 c m  k simplified by assuming that p, = j.i, = ... = p,, = p, = gr With this 

assumption, ail the n exponentialiy disaibuted durations wiil be identicai. Therefore, 

When n = 1. we have the conventiond constant h m a d  mode1 with one up state and one 

down state, both exponetially distributed. Namely, 

This TeSult agnes with Equations (C7) and (C27). When n = 2, the down state consists of 

two stages in series representing a special Erlmgim distribution, or, 

By cornparison, the resdts obtained by the method of stages agree with those by the 

Markov method and the supplementary variables technique. 
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SYMBOLS 

The rea3 and unique roots of Equations (3.1 15) and (3.1 16). 

where 
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APPENDIX E 
Miscellaneous Plots 

In Chapters 3 and 4 numencal equations were obtained by uisertinç arbitrary repair 

panmeter values (p, = 0.0006/hr, p,= 0.0007/hr7 p, = 0.0008/hr, p, = 0.0009h) into the 

generalized steady state and tirne dependent availability expressions and perfomiing 

numerical analysis. This section provides results for sorne other repair parameter values 

which were obtained from an actuai field data. 

For any system to be usefd its mean time to repair m u t  be rnuch smaller than its mean 

t h e  to failue, dius in this study, repair rates were assumed to be comparable to failme rates 

but greater. In practice, the values of the basic system parameters are ûssessed fiom field 

data. Critchlow [98] assessed the reliability of a robot comprised of components for which 

failure and repair rate data were available £rom a data base. He recommended that well- 

designed robots are expected to have a useful life of at least 40,000 working hours, Mean 

Tirne To Failures (MTïF) of at l e m  400 hours/failure(A. r 0.0025), and a Mean Tirne To 

Repair of no more than 8 hourshepair (p r 0.125). Thus semng: 
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into Equations (3.98) - (3.104), we obtained robot-safety system steady state availability 

numericd values. Figures E 1 shows plots of the mbot-safety system steady state availability 

for various repair time distributions. These plots indicate the steady state avdability as a 

function of safety unit (mechanism) failure rate, A,. The plots clearly indicate similar trend 

as for those obtained in Chapters 3 and 4, except that the steady state availability in this case 

is much higher. This was anticipated since the repair parameter values are much greater. 

Inserting the same above parameter values into Equations (3.121) and (3.122), the-  

dependent availability plots of the robot system with an openting or a failed safety 

mechanin are shown in Figure E2. Comparing these plots with availability plots obtained 

in Chapters 3 and 4, one can observe the obvious similarities. 

An increase in the robot system reliability and rnean h e  to failure with greater robot 

system repair rate is also depicted by Figures 3.15 and 3.16. 
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Figure El. Steady state availabZv (n = 1) vs A,, plots for a robot with constant failure rate 
and for various failed system repair time distributions. More specifically, these 
plots were obtained using Equations (3.98) - (3.104). 
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Figure E2. Availability (n = 1) plots for a robot with constant failure and repair rates. 
More specificaIly, the plots were obtained using Equations (3.121) and 
(3.122). 
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