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Abstract—This paper extends previous work characterizing thatthe MTBF has improved but a huge gap still exists between
mobile robot failures by including recent data and organizing the research and field robots.
failures according to a novel taxonomy which includes human
failures. Failure type and frequency data were collected from II. RELATED WORK
fifteen robots representing three manufacturers and seven models . . . .
over a period of 3 years, in a variety of environments. The data  Previous work by CRASAR includes a detailed analysis
was analyzed using standard manufacturing measures for product on the failures encountered while using robots in the World
reliability. Statistical analysis shows that the time between failures, Trade Center (WTC) rescue operation reported by Micire in
time to repair, and downtime vary widely. For this reason the [8]. In 2003, this work was expanded by adding an analysis

means reported here are not statistically significant. The results . .
do show that the overall mean time between failures (MTBF) and on failures encountered during the day to day use of robots

availability have improved since the previous analysis but are still PY CRASAR [2]. The findings showed an average MTBF of
low. The MTBF across all robot types was found to be 24 hours 8 hours (6 for field robots) and availability of less than 50%
and availability was 54%. The analysis showed that the control (64% for field robots). The effectors were the most common
system was the most common source of failures (32%), followed gqrces of failures (42%) for field robots. Overall the control

by the mechanical platform itself. It also showed that different svstem was the second most frequent source of failures at
components caused failures at different relative rates depending Y qu u fu

on the body type of the robot. 29%. This paper extends the study completed a year ago in
2003 with the addition of a complete taxonomy of mobile
|. INTRODUCTION robot failures, inclusion of an additional year's worth of logs,

Data about how robots fail is needed for a variety of reasorstatistical analysis of the results, and the addition of human
Many model-based fault-tolerant systems, such as [7] and [1&]ilures.
require the type and frequency of failures. Common failures The results from eight studies conducted by TECO, part
and the conditions in which they are most likely to occuof the Maneuver Support Center at Fort Leonard Wood, have
are important information for manufacturers as well. Sudbeen posted to the Department of Defense Joint Robotics
data can be used in both the design and testing phasesPafgram[12]. The overall goal of the studies was to evaluate
product development to improve the reliability of the nexhe feasibility of using the robotic platform for its assigned
generation of robot platforms. Failure data are also neededtasks in the Future Combat System (FCS). These studies
allow researchers and program managers to better estimate &wate performed on a wide variety of platforms: small mobile
control development time. platforms, several bulldozers, and a modified M1 tank. TECO

The extensive use of mobile robots over the past three yehes reported a MTBF of less than 20 hours, similar to the 24
at the University of South Florida (USF) has produced a reasdrsurs found here.
able database of mobile robot failures and their characteristicsin addition to the 10 studies listed above, a workshop on
The Center for Robot-Assisted Search and Rescue currently hatsots used in museums produced two studies on the reliability
twenty-one robots from six manufacturers. CRASAR spend$ mobile robots actively used for long periods of time. Both
more than 200 hours per year using the robots in the field. studies were focused on presenting their respective platforms

This paper examines the user logs and collected failused briefly mentioned the MTBF in order to help categorize the
type and frequency data of the most heavily used robots pErformance of those systems. Nourbakhsh [11] describes a set
CRASAR. The failures were categorized using a newly devedf four autonomous robots used for a period of five years as
oped taxonomy of robot failures described in Sec. lll. Standafdll-time museum docents. Their robots reached a mean time
manufacturing measures for the reliability of a product wetwetween failures of 72 to 216 hours. In [14] Tomadis al.
also used to examine the data (Sec. IV in terms ofitlean time described a robot used for a shorter period of time, and reported
between failuresavailability, and average downtimeThese a MTBF of 7 hours.
results were further examined in Sec. V using basic statisticalOther efforts have concentrated on identifying the weak-
analysis methods for physical failures (frequency, componengsses of robots in field applications but have not provided
research vs. field, impact), human failures, and repairabilityuantitative failure data. In [1] Blitch provides a survey of
The expected probability of failure associated with each leaf the mobility problems. Casper, Micire, and Murphy [4] present
the taxonomy tree is provided. The paper concludes in Sec. &Idiscussion of the constraints which the USAR application



domain places on robotic technology. In [9] Murphy, Casper,
Hyams, Micire, and Minten discuss the same issues as Casper
et al [4] but provide some additional discussion on the need
for adjustable autonomy.

Ill. TAXONOMY OF FAILURES

For the purposes of this paper,failure is defined ashe
inability of the robot or the equipment used with the robot to
function normally Both complete breakdowns and noticeable
degradations in performance are included. In order to gain
insight into how and why mobile robots fail, a taxonomy Fig. 2. Field X man-packable inspection robot in a confined space.
was developed and is illustrated in Fig. 1. This taxonomy
draws from therobotic42], human-computer interacti¢hO],
and dependability computif§] communities. fifteen robots represent seven different models made by three

Failures are categorized based on the source of failure andnufacturers. Thirteen of the robots serve in field domains.
are divided intophysical and human categories, following Field robots are expected to work outdoors, though generally
dependability computing practices. Physical failures subdividé@t in rain or snow. They are intended to be able to handle
into classes based on common systems found in all roeugher terrains, tolerate dirt and dust, even multi-story falls.
platforms, these beingffector, sensor, control system, powerThe two indoor robots are the more traditional research robots,
and communicationsEffectors are defined aany components with small, narrow wheels suitable for operating on smooth flat
that perform actuation and any connections related to thosairfaces.
componentsThis category includes for example, motors, grip- To maintain focus on how and how often robots fail rather
pers, treads, and wheels. The control system category inclutfean which robots fail, the paper labels the three manufacturers
the on-board computer, manufacturer provided software, afy X, Y,andZ, and the models are labeled with..G Table
any remote operator control units (OCU) I includes the label for the robot's manufacturer and model as

Human failures (also called human error) are subdividedell as the number of each type of robot used in the lab, the
into design and interaction subclassesMistakesare caused robot’s size, communication method(s), whether it is a tracked
by fallacies in conscious processing, such as misunderstanddigvheeled vehicle, and the general application for which it
the situation and doing the wrong thin&lips are caused was designed. The size of a robots is eithen-packableor
by fallacies in unconscious processing, where the operatoan-portablg8]. A man-packable robot can be safely carried by
attempted to do the right thing but was unsuccessful. one person. A man-portable robot is larger than a man-packable

Each failure, regardless of physical or human, has twebot but can still be transported in an automobile and can be
attributes,repairability andimpact The severity of the failure lifted in and out by one or more people.
is evaluated based on its impact on the robot's assigned taskRobot Models A and B were designed for chemical and
or mission. A terminal robot failure is one that terminatesnuclear inspection, though they were used for urban search
the robot's current mission, and reon-terminalfailure is one and rescue (USAR) and military operations in urban terrains
that introduces some noticeable degradation of the roboffdOUT). Models C and D were specifically designed for
capability to perform its mission. The repairability of the failurdlOUT, while E and F were designed for general outdoor
is described as eithdield-repairableor non-field-repairableA  research. Model G was intended for indoor research.
failure is considered field-repairable if it can be repaired underField X A and B model robots are the smallest robots
favorable environmental conditions with the equipment thaxamined and are no larger then 15.5 by 30.5 cm, see Fig. 2.
commonly accompanies the robot into the field. For exampBpth are tracked vehicles and do not have onboard computers.
if a small robot which is transported in a single backpadRoth have a microphone, speaker, a motor-driven manual-focus
encounters a failure, the tools required for the repair wouldCD camera, and a camera tilt unit with halogen lighting.
have to fit in the backpack along with the robot and its suppdvtodel B robots also have the ability to adjust the shape of
equipment in order for the failure to be classified as fieldheir chassis to raise or lower the camera tilt unit and change

repairable. the track profile.
Field Y's C model was a precursor of the D model robots.
IV. METHODS Both are about the size of a large backpack, see Fig. 3. They

This section describes the equipment used, the methodol@gg tracked vehicles with onboard computers and carry multiple
for data collection, which data were collected, and the calculeameras and lighting. The Model C robots also have a set

tions used to generate the results presented in Sec. V. of 13 sonar range sensors. Both were developed for MOUT
operations though only the Model D is durable enough for such
A. Robots operations.

Of the twenty-four mobile robots used at USF over the pastField Y E and F models are larger, wheeled robots with
three years, fifteen were considered by this analysis. Theakfferential steering. Model E has a footprint of 78 by 62 cm
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Fig. 1. The taxonomy of mobile robot failures used in this analysis. Classes are shown with solid lines, and attributes with dashed lines.

TABLE |
THE ROBOTS AND SOME OF THEIR CHARACTERISTICS
Model Size Manufacturer | # Comm. Drive Purpose
A man-packable| Field X 1 Tether Track | inspection
B man-packable| Field X 3 Tether Track | inspection
C man-packable| Field Y 3 Wireless | Track | MOUT
D man-packable| Field Y 4 Both Track | MOUT
E man-portable | Field Y 1 Both Wheel | outdoor research
F man-portable | Field Y 1 Both Wheel | outdoor research
G man-portable | Indoor Z 2 Wireless | Wheel | indoor research
Summary 15

Model G robots, shown in Fig. 4, are cylindrical in shape,
with a 53 cm diameter. Both are wheeled robots with syn-
chronous, non-holonomic drive systems. These robots have two
onboard computers with a sensor suite which can include tactile,
ultrasonic, and basic vision systems.

Another important factor to consider when comparing robot
models is their maturity. The Field X robots are the most
mature; over ten years of experience with similar platforms
proceeded the design of these robots. The G model was devel-
oped in 1996. Both E and F models have been in production
for about six years. The C model robots were first developed
in 1999 and went through several major modifications during
the next two years. The D model is the newest, it was first
produced in 2001.

B. Data Collection

User and failures logs served as the sources of data for this
analysis. A total of 171 failures were recorded over a period
of three years, specifically June 21, 2000 through January
Fig. 3. A man-portable general purpose field robot (top), and a MOUT fiel%io’ 2903' Prior to February 2002, m.formal r.ecords were ke_pt
robot exploring a rubble pile (bottom), all from manufacturer Field Y. including changes to the robots and information about ongoing

repairs. Starting in February 2002 formal failure and user logs
were kept. The user logs were entered by robot operators and
the failure logs were recorded by the person who performed the

compared to 104 by 81 cm for Model F. Both carry onboard

computers and multiple cameras. The E model robots are smap " Since then over 2100 hours of usage have been logged,

. . |{lcluding 500 hours of field work. The following information
enough to be used for both indoor or outdoor research projec s.s athered for quantitative analvsis-

The larger, Model F, robots are less maneuverable, but had'® 9 quantitativ ysis:

much longer battery life and can carry smaller robots like the « which robot was involved

Models C and D. « who repaired it




TABLE Il
OVERALL FREQUENCY AND MTBF BROKEN DOWN BY MANUFACTURER.
ABOVE ARE THE RESULTS OF THE2Z003ANALYSIS, AND BELOW THE 2004

ANALYSIS.
Manu. # Failures | Failures/hr| MTBF (hrs)
Field X 37 0.17 6.03
Field Y 44 0.16 6.13
Indoor Z | 16 0.05 19.50
Overall 97 0.12 8.29
Field X 58 0.12 8.74
Field Y 89 0.06 15.77
Indoor Z | 25 0.01 91.81
Overall 172 0.04 23.99

# Failures Caused by ¢ (@)
Total # Failures

The statistical analysis of the results consisted of calculat-
Fig. 4. An Indoor Z research robot. ing the confidence intervals for the mean-based results and
the probability-based results. The mean-based results (MTBF,

MTTR, and Average Downtime) were analyzed using the

P(c|failure) =

« the date the failure was discovered standard equation (5) for the 95% confidence interval where

« the date the failure was fixed m represents the sample mean. Confidence intervals for the
« the total repair time component probabilities were similarly calculated using equa-

« which component failed tion (6) where s represents the sample probability. Due to the
« where the failure occurred inclusion of estimated usage times, it should be noted that the
« where the repair was performed 95% confidence intervals for MTBF are approximations.

C. Calculations

All the formulas used for reliability analysis of the data were m — 1.964/ W <p<m+1.964/ W (5)

taken from the IEEE standards presented in [13]. The mean time

between failures or MTBF is calculated by equation (1). This s(1—s) s(1—s)

metric provides a rough estimate of how long one can expect to 5§ =196y ——= < < s+ 1.964/ —— (6)

use a robot without encountering failures. Another metric used " K

in this analysis is the failure rate, which is simply the inverse

of MTBF. Availability is calculated using (3), where the Mean This section examines the physical and human failures

Time To RepairMTTRis defined as in (2). recorded to date. It is organized to coarsely follow the taxonomy
presented in Sec. lll. Physical failures are examined first, fol-
lowed by human failures, and then the repairability of failures

(1) is considered. The last subsection is limited to the repairability
of the physical failures, as this information was not documented
for the human failures.

)

V. RESULTS

i, Hours Usage Betweeh; and F;_;

>
MTBF = -
# Failures

# Hours Spent Repairing

MTTR =

# Repairs A. Physical Failures
MTBE Physical failures are considered in terms of their frequency,
Availability = —————— - 100% (3) the probability that the cause was a particular type of compo-
MTBF + MTTR nent, and their impact measured by availability and downtime.

It may be recalled that the usage logs do not cover the entirel) Failure Frequency:Table Il shows how frequently failures
time-frame in which the failures occurred. In an attempt toccur with the robots. It shows the total number of failures
remedy this discrepancy, logs were added for every failurecorded, the overall frequency of failures (in failures per hour),
which did not already have a corresponding entry in thend the mean time between failures (MTBF), in hours. The
usage logs. The estimated usage hours for the added logs failares are grouped by manufacturer, with overall statistics
calculated based on the average duration of recorded usage [mgsided at the bottom.
for that type of robot. The statistical analysis showed that the time between failures

Other values included in this analysis were calculated usifactive usage time, not idle time) took on a broad range of
standard formulas. For example, the probability that a failux@lues, resulting in extremely wide confidence intervals for the
was caused by a component type c is simply (4). mean. For example, statistical variance of the means in Table Il



TABLE Il

=)
B

[mcontral System COMPARISON OF THE PERFORMANCE OF RESEARCH AND FIELD ROBOTS
06 W|E fiector H ONLY FAILURES IN THE TARGET ENVIRONMENT ARE INCLUDED. THE
-[ OP oot UPPER TABLE SHOWS THE RESULTS OF THROO3ANALYSIS, AND BELOW

05 Ocomms H 2004
2 1 | mSensing THE ANALYSIS.
= 04 S Manufacturer| Type % of Usage| Failures/hr| MTBF (hrs)
E T Field X Field 94% 0.16 6.14
R F Field Y Field 28% 0.16 6.27
o T El HES : Indoor Z Research| 100% 0.05 19.50

0.2 4 : Ty Field X Field 80% 0.10 10.27

T | Field Y Field | 24% 0.21 4.57
01 4 T . Indoor Z Research| 94% 0.01 149.08
|:| h T T T

Field ® Field % Incdoar £ Oneral|

study that were manufactured by Field X are tracked. Overall,
Fig. 5. Probability that a failure was caused by a component type. tHrown tracks are the most common form of effector failure.
Other examples of effector failures are Model B’s pinion gear
becoming stripped or the same gear’s pin breaking, and the
lie between 294 and 8,465 hours. The result of this variant@lure of a motor-amp on the Model E.
is that the MTBF’s arenot very reliable predictors for the The communications category has become more common
time that the next failure will occur given the time of the lastiue to increased use of wireless robots over the past year. The
failure. It also means that the differences in MTBF betwedsredominant failure is communication loss. According to the
the manufacturers are not statistically significant. They do stilata, the least common sources of failure for these robots are
provide a good summary of the information found in the loggensing and power failures. This is due in part to the fact that the
and a general assessment. manufacturers purchase mass produced sensors. Conversely, the
Comparing these results with those found in 2003’s analysigoot’s effectors, control, and power systems are custom built.
shown in Table Il shows that the overall MTBF has improvedhe most common failed sensor is the camera. It is also the
by almost a factor of three. Each manufacturer's MTBF alggnly sensor which appears in every robot’s sensor suite. Power
improved, with Indoor Z showing by far the most improvementnay be more reliable than the other systems since it is the least
Based on the results which are presented in Sec. V-A.4, itaflected by environmental hazards.
unlikely that this resulted from an actual improvement in the 3) Research versus field robotst order to compare research
reliability of the robots. Instead, an additional year’s worth cdind field robots it is important to consider only failures which
usage logs and the discovery of archived information on whercurred in the environment for which each robot was designed.
the Indoor Z robots were used prior to logging, provided bettdp accommodate this, only in-lab usage and failures were
records (and subsequently estimates) of actual usage time. considered for research robots, while only usage and failures
2) ComponentFigure 5 was generated using the componeitt the field were considered for field robots. For reference, the
categories defined in Sec. lll. As in the previous table theumber of in-lab or in-field failures is copied from Table .
failures are grouped by manufacturer with the overall probahe percentage of usage in the target environment over all the
bilities for each category shown at the bottom of the figuréecorded usage is also included. The performance in terms of
The sample probabilities are shown as bars with double ‘failure metrics is captured in the overall frequency of failures
lines showing the confidence intervals which resulted from tiaéd the mean time between failures (MTBF).
statistical analysis. In comparison to 2003, the gulf between field and indoor
The most common source of failures is the control system. labots has increased dramatically. Again, this appears to be
most of these cases the robot was unresponsive and the solutiod to the innovative capabilities of these robots, and the
was to cycle the power; the source of these problems remainkerent difficulty in constructing robots which can operate in
unknown. Other examples of control system failure include unstructured, outdoor environments. Robots manufactured by
corrupted hard drive on an Model C, a timing delay whickield Y in particular have a much lower MTBF in the field
hung the boot process on the same Model C, and electricampared to their combined field and lab MTBF. The likely
problems in Model B's OCU. In 2003, effector failures were theeason for this is that field environments are more challenging.
most common followed by the control system. The differenddnother reason is that the less reliable Field Y platforms were
between effector and control system relative frequenciesused more often in the field then the less fragile (but larger)
significant only if a 50% confidence interval is used. Both amgatforms and that only 28% of Field Y usage was in the field.
significantly more common than the other categories. This year, therefore, the more reliable platforms had a better
Tracked vehicles continue to be more susceptible to effectdrance of influencing the overall results.
failures then their wheeled counterparts. This is reflected in the4) Impact: Table IV shows the collective impact of these
fact that Field X is the only manufacturer for which effectofailures as measured lavailability andaverage downtimeThe
failures is the most common. All of the robots examined in thigrojected availability of the robot is included as a percentage of



TABLE IV TABLE VI

AVERAGE DOWN TIME AND AVAILABILITY . ABOVE ARE THE RESULTS OF FREQUENCY AND IMPACT OF REPAIRABILITY.

THE 2003ANALYSIS, AND BELOW THE 2004ANALYSIS. Manu. Field Repaired Not Field Repaired
Manu. Availability | Average Downtime (Nrs) _ % Ave.Downtime(hrs) | % Ave.Downtime(hrs)
Field X | 84% 105 Field X | 52% | 0.18 7% | 92.2
Eield Y 24% 353 Field Y 36% | 0.34 62% 19.9
Indoor Z | 94% 61 Indoor Z | 0% | N/A 100% | 0.3
Overal | 47% 543 Overall | 35% | 0.28 65% | 37.3
Field X 17% 49.6
Field Y 57% 121
Indoor Z | 99% 0.3
Overall | 54% 232 and percentage of slips. The results are broken down by event

with overall values provided at the bottom.

In studying these results it is important to keep in mind that
time. This metric, also called reliability, should be interpretef{'€ data set, time frame, and range of environments are very
as the probability that the robot will be free of failures at 4Mited as compared to the results examined throughout the rest
particular point in time. The average downtime is also includeflf this analysis. The studies did not document the time of each
Average downtime is the average amount of time between tigdure therefore the MTBF had to be calculated as the total
occurrence of the failure and the completion of the repair thii$ad€ time divided by the total number of failures, instead of

fixed it. In the table failures are again grouped by manufacturffie €quation specified in Sec. IV-C. Itis also important to note
and then summarized. that in the WTC studies, for some forms of human failures,

As with MTBF (see Sec. V-A.1) theowntimeand time to the duration was recorded rather then the number of individual

repair (used to calculate availability) varied widely, and thd@ilures. For the purposes of this analysis, each duration value
results are also not reliable predictors for future failures. Digcorded was considered to be a single failure. Therefore the

to a large MTBF and small MTTR, Indoor Z's availability ishumber of failures used in this analysis represents the minimum

above 99%, almost double that of either of the field groups. THIR actually occurred. .

is likely due to the fact that these robots are used exclusively'@Pleé V shows that human failures occurred more often

indoors and rarely venture out of the safely controlled 1a#-1ng the actual USAR response as compared to the field

environment. experiments. Considering the difficulty of navigating a collapse
In comparison with the 2003 results (also shown in Table I\3t€ s large and compact as the WTC disaster, compounded by

average downtime is considerably lower. The overall avera[;@fk:é'gue and risk to personal safety, this result is expected. On
downtime has improved by a factor of ten. For all but Field® othgr hand, the ratio of m_|stakes to slips is smﬂa_r de_sp_lte
X, this has resulted in an increase in availability. Since tijBese differences. More data is needed to determine if this is a
majority of robots analyzed in 2003 were also used in tH#lversal attribute of human-robot interaction.

2004 analysis, it is again unlikely that the reliability of theC
robots themselves have improved due to changes in operator ) ]
and technician behavior. By learning each robot's common Table VI compares the rates of physical failures that were
failures, downtime can be reduced as commonly failed paftgld-repaired and those that were not. For each the percentage
can be ordered in advance and more reliable robots candefailures and average downtime are included. It should be
used in place of more fragile platforms. From a more glob8Pted that these results are basediell repairedfailures rather

Repairability

point of view the result is the same, the human-robot systéfen field-repairablefailures as defined in Sec. lIl. In theory,

has become more reliable over time. field-repaired failures are a subset of the field-repairable set, as
) some failures which might have been repaired in the field may

B. Human Failures not have been. Average downtime is the average amount of time

The failure logging procedure used for the past year andoatween the occurrence of the failure and the completion of the

half records only physical failures, but other studies performeepair that fixed it. The failures are grouped by manufacturer
in previous work covered both physical and human failureand then summarized at the bottom of the table.
Two field events, a set of field experiments with Hillsbourgh As expected, the average downtime for field repaired failures
County Fire Rescue[5] and the WTC rescue response[3],[&,very low compared to those that were not field repaired, with
were analyzed in previous work by CRASAR. Those studigke exception of Indoor Z for whom all repairs were performed
recorded the number and type of failures encountered as welthe lab. Based on Table VI, not field repaired failures occur
as the duration of the tasks performed. In each study a mixtunere frequently. This is probably the main reason for the overall
of human and physical failures were documented. 54% availability. A good example of the impact of repairability

Table V isolates the human failures and categorizes thésthe difference in availability of Field X robots over the past
based on the taxonomy presented in Sec. Ill. The field evemar. The analysis performed in 2003 showed that 70% of
and the task the operator was asked to perform with the robloeir failures were field repairable and their availability was
are included followed by the total duration of that task, tot&@l4%. In this year's analysis, only half were field repairable and
number of failures, MTBF in hours, percentage of mistakeayailability dropped to 17%. The failures which contributed to



TABLE V
HUMAN FAILURE ANALYSIS RESULTS.

Field Event Task Duration | # Failures| MTBF (hrs) | % Mistakes| % Slips
Field Experiments[5]| Climb Stairs 24 min 3 0.13 33% 67%
WTCI3][8] Search Small Voids| 55 min 15+ 0.06 40% 60%
Overall 79 min 18 0.28 39% 61%

this decline were typically severe and very difficult to diagnosand research robots is wider than expected. Field robots fail
These factors are likely to have reduced the positive impaubre often by a factor of 10, probably due to the demands of
that experienced operators and technicians had on the averfégld environments. Though MTBF and average downtime have
downtime for other common failures. Field Y’s improvemenimproved compared to 2003, the reliability is still low, with an
over the 2003 results is also due to a difference in the relatigeerall availability of 54%. The current complexity level of the
frequency of field repaired failures, which is up by 22%.  systems and difficulty in maintaining quality control for these

, low volume products are suspected to be the underlying causes
D. Composite of the observed low overall availability.

Fig. 6 provides a summary of the findings in terms of the physical failures occurred, on average, once every 24 hours
taxonomy presented in Sec. lll. The probability that a giveand human failures occurred once every 17 minutes of robot
failure is of a given class is displayed beneath each class lgahge time. Statistical analysis shows that the time between
(node) in the taxonomy tree. The ranges of the confidenggiures, the time to repair, and the downtime vary widely
intervals for the component categories are not included becausgrefore none of the differences between related means can
they are more difficult to interpret in this form. Instead, onlye considered to be reliable predictors for future failures. The
the sample probability used to generate those intervals is pggntrol system (32%) was the most common source of failures
sented. The probability of a failure being caused by the contiglth effectors as the second most common at 27%. Based on
system or the effectors or is near two thirds. Communicatiofife statistical analysis either could be more common and both
failures are less frequent with 16% of the fa”ures, fO”OWchcur more often then the other Categories of failures.
by sensing and power at 12%. Of the human failures, slips ar@iore work is needed to understand human failures. This
more common with 61% of documented failures and mistakg§a|ysis could only examine under 20 failures. Only the fre-
comprising 39%. Since the physical and human failure resufigency, MTBF of 17 minutes, and type of failure, 61% were
came from different sources, the relative frequency of physicg|ps and 39% were mistakes, could be determined from the
versus human failures cannot be determined from this studynformation gathered. Reliable data collection methods, like

The field-repairable attribute is similarly marked with thenose in place for physical failures, need to be developed and
probability that a given failure will have one or the othefmplemented. Design failures, in particular appear to be missing
attribute value. Not field repaired failures are more COMMQAt least in quantitative form) from the literature.
than field repaired failures, with 65% of the failures covered The results of the statistical analysis presents additional
in this analysis. Note that this categorization is not equivalegpportunities for future work. Isolating the factors responsible
to field-repairable and non-field-repairable failures as defings} the |arge variance in time between failures will lead to a
in the taxonomy (see Sec.lll). Procedures for using the robgfSeper understanding of the conditions in which robots fail. A
in the field are currently under development and have ngmilar analysis for the repair time may lead to an objective,

been completed to a point where this categorization is can d@antitative measure of the severity and (with downtime) impact
consistently applied. For now, which failures were and were ngf 5 given failure.

repaired in the field provides a deterministic estimator for this
attribute. Design failures (under human failures) and the ter- ACKNOWLEDGMENTS
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