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ABSTRACT

An experimental warﬁihg system hasibeen iﬁstalled on the Gulf
Freeway in Houston as a méansvof alerting drivers approaching cfést v
type vertical curves of stoppages downétreambof the crest. Successful
autométic operation of thé warning system is dependent upon the re-
liability of the system components. Earlier studies showed that the
developed control logic is responsive tb étoppage wavés providing the
hardware functions properly. The studies also indicated a relatively
high fréquency of detector failures. The frequency of detector fail-
ures prompted a study to evaluate the reliability of the warning éystem
based on. the detector failure and repair‘rates'experienced’on the Gulf
Freeway sﬁrveillance and control system to ascertain whether &etectqr
- redundancy or improved maintenance wouid be necésSafy.k Classicél
models relat;ng to reliability of maintained and non-maintained systems
were eﬁployed. |

Reliability functions for warning signs installed at isolated

locations are also presented.

Key Words: Freeway control, traffic surveillance, driver communications,

traffic detectors, reliability.
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SUMMARY

This report is concerned with an analysis of detector reliability
associated with the safety warning system on the Guif Freeway. Earlier
'reports indicated that the software is responsive to stqppageywaves during
moderate and heavy flow providing the detectors function properly. A
dne-lane contrdl criterion resulted in 100 percent wave detection; whereas,
96 percent of the waves were detected using a two-lane control criterion.

Malfunctions and repairs of all the Gulf Freeway surveillance and
control hardware including the 96 detector subsystem were reéorded for a
five-month period beginning in Deceﬁber; 1971. The data revealed thét 54
failures occurred during the analysis period - 47 detector, 6 computerd.
hardware, and 1 cable failures.  Detectors failed at a raté of 3.78vx.10-4
’failures per detector hour. Detectors ﬁere repaired at a rate of 0.23
repairs per hodr. Relays accounted for 40.5 percent of thé detectqr failures.
Also,‘40.5 percent of the detector failures resultéd from fhe internal
circuitry.

Using the above data and employing classical models for maintained
and non-maintained systems, the availability of the detector subsystem
associated with the thrée warning devices on the Gulf Freeway was analyzed
to ascertain whether detector redundancy would be desirable‘forbthe
operational system. The availability of the 30-detector subSysfém_was found
to be 0.95 and 0.99 for the one- andvtwo-lane criteria, respectively.
These results assume that all other hardware is funétipning.‘

Following the above analysis period, changes‘were‘made to the system
as a requirement before‘the Texas Highway Department puréhased the deteétion
and ramp control system from the supplier. In addition, multiplexing

equipment and detectors were added to the system for the increasing research
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and operational program. A follow—up.study was conducted during a five-
month period beginning in March, 1974, to evaiuate the effects of these
changes with respect to the reliability of fhe detectors used for the
warning system. | |

The results of the follow—upbstudy revealed that changes in the systém
design have significantly reduced the detecfor failure rate. During the
follow-up study 49 failures occurred - 20 detector, 21 multiplexer, 4
computer hardware, and 4 cable failures. A comparison of the initial and
vfollowfﬁp study data, revealed that the number of detector failures dropped
ffom 47 to‘20,,a reduction of 57vpercent. The most significant reduction
was attributed to the relay problems that reduced from 19 to 3, an 84 percent
reduction. Although detector failures were reduced, multiplexer failures
accounted.for a relatively high propbrtion of the system failures. Deteétqrs
failed at a tate of 1.47 x 10_4 failures per detector hour; detectors were
repaired at é rate of 0.14 repairs per hour. The availability (reliability)
of the 30-detector subsystem used with the warning system was’found to bev0.96
~and 0.99 forvthe‘onef and two—lane'control criteria.

Analysis was also made of an isolated warning sign instéllation where
full time maintenance personnel may not be available. The reliability
of such a system assuming that the detector failure rate is the same as
experienced on the Gulf Freeway during the follow—uﬁ study are shown in
Figure’S—l. One curvé illustrates the reliability of a single warning
sign installation using energy as a control cfiterion. This requires
double loop detectors on all lanes both upstream and ddwnstream of fhe
curve crest--a total of 12‘detectors. The second curve assumes that lane
0ccupancy will be used as a éontrol variable, thus requiring only 6 detectors.

Figure S-1 can be useful in establishing a periodic detector preventive
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maintenance policy for the isolated Warning system. For example,vassumingb
that the operating agency decides that it is pot willing to accept less
than a 0.70 probability that the system has failed due to the detectors,
then the detectors_should be serviced every 9 days for the 12-detector

system and every 17 days for the 6-detector system.

Implementation

The results of this research have assisted the projéét perSOhnel‘
in analyzing the detectof and maintenance requirements for fhe safety
warning system on‘the Gulf Freeway and are thus important for designing
systems for implementation on other freeways. The results also focus
attention on the types and frequency of hardware problems that were
experienced on one operational surveillance and control system and should

‘be helpful in deciding where improvements need to be made.
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INTRODUCTION

Remp control has resulted in significant imprevements in‘peek
period freeway operation and reduction of accidents. Certain safety and
operationai proBlems cohtinue to exist because of geemetric_features of
the freeway and environmental phenomena that reetrict driver sight dis~-
tences, For example, the grade line and alignment of several freeways
are such that sufficient sight distance is not always available for the
motorist‘to confirm his expectations of traffic flow downstream. Prob-
lems arise due to unexpected traffic stoppages resulting from accidents,
~stalled vehicles, etc., or from stoppagevWaves generated during peak
period flow.

An experimental warnihg system has been installed on»the inbound con-
‘trol section of the‘Gulf Freeway in Houston es an approach to reducing
the effec;s of the above prpblem (1). The purpose of the system is‘to
assist the freeway driver approaching crest type vertical curves in formu-
lating his expectations of the actual downstream treffic flow by alerting
him of stoppage waves downstream of the crest.

Three overpasses were selected as the sites for pilot installations
to study the effectiveness of the warning system, to deveiep eutomatic con=-
trol algorithms, and to further evaluate the design concepts. The'syefem
currently consists of a static sign w&th attached flashing beacons
(Figure 1) 1oeated upstream of each overpass crest, and a flashing beacon:
mounted on the bridge rail on the top of each crest (Figure 2). The warn-
ing signs are controlled automatically by a digital competer. Double loop
detectors are installed on each lane and located on both sides of the three
overpasses as shownAin Figure 3. Since one of the five detector stations

serves as the downstream station for onme subsystem and as the upstream station



Figure 1 - Warning Sign with Flashers

Figure 2 - Flasher Unit at Crest of Overpass
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for the next subsystem, only 30 detectors are included in the installation.
The primary function of the detectors downstream of the overpass is to sense
" stoppage waves in order to activate the warning sign. The upstream detectors

would indicate the time that the sign should be turmed off.

- Problem Statement

Suécessful automatic operation of the wafning system is‘dependeht ﬁpén'
the'reliability of the»software and hardware components. Earlier stpdieé
(2,3) showed that the developed control logic is respbnsive‘tq all stoppage
waves providing the defettors function properly. During the dévelopmenf
of the computer control logic, a relatively high frequency of détectof fail~
ufes was noted. Because of the function of the system, it is important
that it respond to all stéppage waves and maintain an extremely low level
of false acfivations.' Detectorﬁfailures, of course, would have adverse
conéequences on the system. Due to the relatively high frequency of
detector failures while the system was being developed;’a study was con-
ducted to.evaluate the reliability of the warning system based on the
detector failure and repair rates expefienced on the Gulf Freeway to
ascertain whether detector redundancy was neceséary to ihérease the felia;
bility of the warning system. The study also provided some insight re- 

garding hardware failures and maintenance requirements.

Control Parameters and Criteria

The computer algorithms which have been successfully deVeloﬁed and
Iimplemented for the Gulf Freeway warning system utilize either‘traffic'
‘energy, speed; or ‘occupancy as control variables 2,3). Stoppagé waves are
predigted at the downstream detector station whenever tﬁe control variable

reaches a predetermined critical value. Likewise, the stoppage waves are



éensed tb pass over the crest of the overpass when the variable at thevup—
stream detector station reaches a critical valﬁe. Although the performance
of each control variable is about the same on thé averége; energy was
selected for the system in Houston because qf certain desirable features.
vThe enéfgy’variable is more responsive to slow moving trucks during the off-
peak period and in mény cases sounds an alarm when barticulgr hardware
problems arise.

Two‘control'approaches have been previogély tested. 1In one:approach,
referred to as the‘one-lane criterion, a warning device is attivated’when—
ever any one of the three lanes indicates the presence of a stoppage wave.
The secondkapproaCh was developed in an attempt to compensate for the
detector failures experienced at the time of system development. This
approach is referred to as a two-lane control criterion and it relies on
information from a second lane to verify conditions on the first. In other
‘words, the warning device is not activated until detectors on two lanés
sense the presenéé of stoppage waves. Tests have shown that the one-lane
criteridﬁ logic»wés respbnsive to all stoppége wéves studied in relation to
the existihg detector locations and subject to the proper funcfibniﬁg of the
detecﬁérs. The two-lane control logic was responéive to 96 percent of'the
caséé studied. The relative responsiveﬁess of the system for each of the

criterion using energy as the control variable is shown in Figure 4.

Detection System

Figure 5 denotes the basic functional deéign of the detection system;
With the exception of the cable, all components and equipment were leased
from the supplier. The initial system was puf into operation sometime in
1967. There were 26 main lane detectors and 37 entrance and exit ramp

detectors. Each of the 63 detectors was implemented as depicted in Figuré 5.
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The relay in the Control Center is an interface between the fiéld voltages
aﬁd the voltages used in the computer and control system. The control
system (ramp control operations) was designed to operate‘on 2§'volts DC.
The detection system was designed by the supplier to operate between 52
volts DC and 72 vdlts DC. The increased research prégram on‘the Gulfk
Freeway in later years required additional detectors. Thirty-three new

detectors were installed in 1969, raising the total to 96 detectors.



METHOD OF STUDY

Malfunctions and repairs of all the Gulf Freeway control and communi-
cations'hardware'subsystems including the 96 detector subsystem were main- v
tained for.a five—mnnth period beginning in Décember,‘1971.v The data were
coilectedvto éstablish the reiative degrée-of’suBsystén failures and
specifically tondetermine the failuré ratés-and repair rateé for nhen
netector subsystem. Classical models relating to reliability;of maintained
and non—maintained systems were employed to ascertain the relinbility-Of
ﬁhe'detector subsystem to establish Whethgr detector redundancy WOuld be
reqniredvin order to operate the automatin narning system with a high.v
degree of confidence.

Followingbthe above‘analysis period, changeé were néde to the system
as a'requiremént before the Texas Highway Department purchasén'thé detectionv
and contfol system from the supplier. The specifics of.ﬁhese changes are
discussed later on page 21, 1In addition, multiplexing equipmgnt and
'détectors were added to the system forvthe increasing researcn.énd opefn%
tional system. A follow-up étudy was condncted duringva five-month |
neriod beginningnin March, 1974, to evalunte the’effecté of these ghanges
with respect to the reliability ofvthe detectors used for the warning

~ system.



'HARDWARE SUBSYSTEMS - INITIAL EVALUATION

’vTablé'l sunmarizes the failures experienced on the Gulf Freeﬁay’dur-
ing the’initial five-month aﬁalysis period for the‘primary subsystems that
'are'relaﬁed to;thé,operatioﬁvof the safety warning systemf:'The‘dété do
not include the failures experienced with the cloSed circuit teleﬁiéion'
subsystem or with the ramp control signais.‘

' The results reveal that there were 47 detector; 6 éoﬁputer hardware,
and 1 céble failures during the initial analysis period. ‘Generally,’thé
compﬁter hardware failures wefe’attributed to eléctrical power failUreé;

In a&ditibn, 6ne»incident of a cable problem odcurted_When the main cabie
was accidentally cut by akconstnuCtion>crew. Ih general, thié ty?é,of‘
problem is‘rare and>injthe long run would constitﬁte an insignificant per-
centage of the subsystem failures.

Tﬁe data also reveal that detector failures represented 87 ?ércent-of
~ the proBlems experienced with the hardware that would ge,associated with
a real-time freeway warning system. When the computer fails, the enti:e
éysteﬁeis inoperative, When a detector fails, a portion of the contro1vand
commuﬁication system becomes‘inoperative. A computef failufe is éasiiy |
recégnize&, but,detéctor’failures‘are more difficult toidetect.durihg con~
trol opefatiohs, and thus the control strategies can easily becdme ih-.v
effective, | |

Table 2 illustrates the types of detectof'problems expérienced on
the Gulf Freeway during the five-month analysis period. Relayvburns andf
iﬁternalicitcuitry problems accounted for 81 perﬁént of the 47 féilﬁres
-(40.5 pércent relay burns, 40.5 percent circuitry failures). 'Theré‘was'only
Aong'case of faélure of the loop itself, 'In éddition, 17 percent of the
failures weré attributed to other problems such as bibwn fuses, defedtive

wiring from the freeway lanes to the control box, etc.
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Table 1

SUBSYSTEM FATLURES
(December 1971 through April 1972)

Number of Percent of
Type Failures ‘ Failures
Detector 47 ‘ 87
Computer Hardware 6 11
Cable 1 2
Wiring (Office) -0 0
54 100
Table 2
DETECTOR FAILURES
(December 1971 through April 1972)
Number of Percent of
Type Failures ' Failures
Relay 19 40.5
~ Internal Circuitry 19 40.5
Other 8 17.0
Loop : 1 | 2,0
47 100.0

11



It should be noted that the relatively high ffequency‘of detector
failures, particularly the relay contact burns, was due in part to the
equipment configuration én the Gulf Freeway. During the development.of
the safety warning system, the surveillance subsystem was operating between
52 and 72 volts DC, whereas the relay contacts were rated for 28kvolt DC
operation., The increased voltage was necessary due to the extensive

length of the communications cable and associated interconnections.
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ANALYSIS OF DETECTOR SUBSYSTEM RELIABILITY EFFECTIVENESS - INITIAL EVALUATION

General

There is a similarity between reliability prdblems of maintained
systems to‘problems of,queueing fheéry. Forbexample, in the géneral‘quéue—
ing problem one is concerned with the serving‘of‘arrivals with the objective
of minimizing the length of the waiting line. The analogy here is that the
repairman is the server of equipment failures, and the oEjective is to
minimize system downtime,

A full description of the reliabiiity of a given system which can be
maintained requires a specification of: 1) the equipment failure process,
2) the system configuration, 3) the repair process, and 4) the state in
whiéh the system is to be defined as failed. If the times between indi-
yidual equipment failures follow the negativebexponential distribution,
and the times~to-repair are also exponentially distributed, then classi-

cal models of maintained systems can be used in analyzing system reliability.

Measure of System Reliability Effectiveness

| Several measures of system reliability effectiveness are available for
consideration (ﬁ). The selection of an appropriate measure of effective¥
ness is detérmined primarily by the mission of the system. Availability
is one measure of system reliability effectiveness applicable to maintained
systems., It is defined as the proportion of time the system will spend in
acceptable states. Because of the pérticular mission of the safety warn-
ing system, detector availability waé selected aé the measure of system

reliability effectiveness.
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Assumptions

The control and communication system on the Gulf Freeway is operated
each week day from 6 a.m. to 6 p.m. Consequently, any malfunction that
developed after 6 p.m. was noted the following morning. In addition, all
repairs were made during the 12-hour operational period. For the purposes
of this study, the aséumption was made that one repairman would be used to
service the 96-detector subsystem. Since the 30 detectors used for the
warning system are more critical than the remaining detectors because of
the function they serve, these 30 detectors would receive priority by
the repairman on a first-come-first-serve basis. |

If traffic arrives randomly on a highway, the arrivals will foilow
a Poisson distribution. The headways or times between arrivals will
follow a negative exponential distribution. Similarly, since the detectors
fail randomly, the detector failures can be assumed to be Poisson distri-
buted; thus the time between failures will follow a negative exponential
distribution. Likewise, the times-to-repair were assumed to follow a
negative exponential distribution. (A Chi-Square Goodness of Fit test was
appliéd to the repair data and tﬁe results indicated that the data did not
quite fit a negative exponential distribution. However, the fit was
relatively close. It was felt that the small sample size may have'in—
fluenéed the fit. To make the analysis tractable, the negative exponential

distribution was assumed).

Failure and Repair Rates

The frequency of detector failures during the intitial five-month
analysis périod is shown in Table 3. Also presented is the total time of

failure, which in effect constituted the repair time for the detectors.

From these data, a failure rate, A, of 3.78 x 10_4 failures per detector

14



Table 3

DETECTOR FAILURES BY MONTH
(December 1971 through April 1972)

Month

December.
January
February
March
April

TOTALS

Failure Rate, A

Repair Rate, u =

Number Total Time
of , of Failures
Failures v (Hours)
6 , 32.00
19 99.17
10 ' 20,16
8 | 37.67
4 _16.50
47 205.50
47 féilureS‘ 4

= 3,78 x 10

~ 96 det. x 108 days x 12 hrs/day failures/detector-hr

47 Repairs _ .
205.5 hrs. 0.23 repairs/hr.

15



hour, and a repair rate, u, equal to 0.23 repairs per hour are computed.

One~Lane Criterion

For thé purposes .of this analysis, fhe three warning devices are con-
sidered as one complete system. All the detectors must.function to have -
an operating system. As mentioned earlier, 30 basic detectors are used to
operate the three warning devices on the Gulf Freeway. Thus, the system
is considered as being in a failed state when any one detector is defective.
The reliability analyzed refers to the availability of all three warning
devices operating simultaneously. The mathematical models and reliability
computations are presented in the Appendix.

From page 35 in the Appendix, it is shown that for the one-lane control
criterion, there is a 95 percent chance that.all 30 detectors will be
functioniﬁg. Thus there is a 95 percent chance that all three safety warning
subsystems would be available assuming that all other hardware components

are functioning.

Two—-Lane Criterion

For a two-lane criterion, the availability function is slightly more
complex. This criterion requires that the energy variable can be measured
in at least two lanes. The reader is reminded that the system consists of
3 warning devices having a total of 30 detectors. The system is in a failure
state when any one of the devices is inoperative. Thus, at most, two
detectors in the same lane can fail at each detector station without the
system réaching a failure state. Thﬁs, if a total of 10 detectors failed
in one lane, the system would still be operational. However, if detectors
fail in two lanes at a particular station, the system is considered un-
available.

From page 36 of the Appendix it is shown that there is a 99 percent

16



chaﬁce that the system would be available using a two-lane control criteriqn.
The results indicate that the system availability using a two-lane control
criterion is quite acceptable. However, it must be emphasized that, based
on the results of previous studies (g), if would be expected that the
warning system would be late in responding to fouf percent of the stoppage
waves. Although the availability for the one-lane critgrion‘is lower

(i.e., 0.95), it is expected that this control approach would be responsive
to all stoppage waves. Based on these results, it does not seém imperative
tb add redundant detegtors to the system.  This does not rule out thé
desirability of édding an additional detector station farther downstream

to provide an earlier warning of stoppage waves.
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SYSTEM MODIFICATIONS

In 1972, the Texas Highway Department, as é requirement béfore pur-
chasing the detection and control system, requested that the supplier'find
and implement a workable, permanent solution to the relay contaét burn
problem. The problem that developed was the contacts in the detector re-
lay were being burned off because of high DC voltage and current. The
burn problem caused high resistance wheﬁever the relay was acti&ated by a
vehicle passing ovér the loop. As the buildup between the contacts grew,
the.accuracy of the detector was affected until it no longer gave any
vehicle indications. The only solution that could be found (at that point
in time) was’to réplace the relay in the detector whenever it gave grossly
incorrect data. The supplier furnished relays and worked on a fix to this
problem for several years. Several "fixes" wére tried but had no real
effect on the totai Burn problém.

The‘supplier designed and implemented a solid-state electronic de-
tection interface that replaced each relay coil in the Control Centér for
a total of 160 solid-state relays. Figure 6 denotes the basic arrangement
: of'the‘detection éystem. Each solid-state circuit was placed between the
old mechanical interface relay and the assigned detector lines in the cable.
‘The voltage placed on the detector relay contacts is 15 volts DC.

Figure 7 illﬁstrates the basic arréngement of those detectors intercon-
nected with the multiplexing equipment that was added to the system in 1972,
In addition to the above changes, more detectors were added to the

system raising the total number of detectors to 105,

18
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HARDWARE SUBSYSTEMS - FOLLOW-UP STUDY

Tablé 4 summarizes the hardware failures during the five-mdnth_foilowf
up study in 1974, - A total of 49 failufes occured duringkﬁhis period. De-
tectors and multiplexers accounted for 41 ahd 43 percent of the’faiiures,
respectively. The remaining failures werebequally distributed bétween
~computer hardware and the cable.

A comparison of the data during the initial studies and the follow-
up studies, shown'in Table 5, reveals a 9 percent reduction in failures.
Although deﬁecﬁor problems dropped 57‘percent from 47 to 20 failurés,
multiplexef failures accounted for a relatively high proportion of the
system failures, |

The types of detector failures during the follow-up study are pre-
sentgd in Table 6, Table 7 is a comparison of detector failure types
during the initial and follow—up studies. The results show an 84 pefcent
reduction in relay burn problems, 42 pércent reduction in internal |
circuitry failures, and an 87 percent drop in other types of pfoblems.
These reductions were accompanied with a 400 percent rise (1 to 5) in
loop failures.

The results of the aﬁalysis reveal ﬁhat the changes in the system

design have significantly reduced the detector failure rate.
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Table 4

SUBSYSTEM FAILURES
(March 1974 through July 1974)

Number of Percent of
Type Failures Failures
Detector 20
Multiblexer' 21
Computer Hardware 4 8
Cable 4 8
Wiring (Office) _Q 0

49 100
Table 5

COMPARISON OF SUBSYSTEM FAILURES -
INITIAL STUDY VS, FOLLOW-UP STUDIES

Type
Detector
Multiplexer
Computer Hardwére
Cable

Wiring (Office)

'Number of Failures Percent
Dec, 71 =~ Apr, 72 Mar. 74 - July 74 Change
47 20 =57
- 21 -
6 4 -33
1 4 +300
0 0 -0
54 49 -9

22



Table 6

DETECTOR FAILURES
(March 1974 through July 1974)

Number of Pércent of
Type , Failures - Failures
Relay | 3 | 15
Internal Circuitry ' 11 , 55
Other 1 5
Loop ) 25
20 100
Table 7
COMPARISON OF DETECTOR FAILURES -~ |
INITIAL STUDY VS FOLLOW—U? STUDY
Number of Failures .  Percent
Type Dec, 71 - Apr. 72 Mar. 74 = July 74 ~  Change
Relay 19 : -3 o | -84
Internal Circuitry 19 | 11 -42
Other 8 1 : -87
Loop 1 5 +400
47 20 -57
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ANALYSIS OF DETECTOR SUBSYSTEM RELIABILITY EFFECTIVENESS-
' FOLLOW-UP STUDY

Failure and Repair Rates

The total time and the frequency of detector failures during the five-
month follow-up study are shown in Table 8. The failure rate, A, was
computed to be 1.47 x 10_4 failures per detector hour with a repair rate

of 0.14 repairs per hour,

One-Lane Criterion

As discussed earlier, the three warning devices are considered as one
complete systeﬁ. All tﬁe detectors must function to ﬁave an operating
system. Equation 5 in the Appendix can thus be used to analyze the avail-
ability of the warning system for the special case of a 30-detector system.
Subsﬁituting the computed values for the failure rate (A = 1.47 x 10—4) and
‘ repair rate (u = 0.14), the steady-state availability of the 30-detector

. warning system is computed to be:
A=P = 0.96
. [o] )

For the revised system, under steady-state cohditions there is a 96
pércent chénce tﬁat all 30 detectors wili be functioning. Thus, there is
a 96 percent chance that all three safety warning subsystems would be
aVailable assuming fhat all other hardware components are functioning.

The pfobability of having 1 or 2 detectors out of operation can like-

wise be computed.

P, = 30p P_ = 0.030
- B9 9 2, |
P, = =>4~ p° P_ = 0.0005

24



-Table 8

DETECTOR FAILURES BY MONTH
(March 1974 through July 1974)

Number' Total Time
» of ’ of Failures
Month"  Failures (Hours)
March | 3 - 22,5
- April : » 5 » : 3 64.75
May 3 31.5
June 4 16.5
July 11.0

N
ol
)—i
o
(o)}

.

o
U

20 failures

| - —.4
d - 105 det. x 108 days x 12 hrs/day 1.47 x 10

failures/detector-hr,

Failure Rate, A

RepairyRate, uy = %%g%%%iﬁgsf = 0,14 repairs/hr.
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Two-Lane Criterion
The availability function under steady state conditions for the two-
lane criterion is given by Equation 10 in the Appendix. Sﬁbstituting the

appropriate values results in

A

Po = 0.96 + 1(0.030) + 0.862(0.0005)

>
It

0.99

The results indicate that based on the current detector failure rate and
repair rate, the 30-detector warning system would be operational 99 percent
of the time assuming that all other hardware components were functioning

-properly.
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RELIABILITY ASSUMING NO MAINTENANCE

The preceding analysis is based on the failure and repair rates
experienced on the Gulf Freeway system. Since the warning system on the
freeway is part of a large control and communications system, full~time
maintenance personnel are available, It is anticipated that operating
agencies will implement similar types of warning systems at isolated free-
way locations where stoppage problems exist., In these cases, full~time
maintenance personnel may not be available to service the system,
Therefore, it was of interest to determine the effects on tﬁe system if
no maintenance were performed on the detectors.

If the detectors were not maintained, then the reliability, R, is a

function of time and can be written as follows:

where
t = Time
A = Failure rate per detector

n Number of detectors

If a single warning sign was instailed at an i1solated location on a
freeway with three lanes in each direction, the control logic using energy
as a control variable require 12 detectors, ﬁwo on each lane both upstream
and downstream of the crest. If a one-lane control criterion is employed,
the system would fail whenever one detector fails. Assuming that the fail-
ure rate is the samé as that currently experienced on the Gulf Freeway
(Table 8), the reliability for a non-maintained system, then, 1s computed as

follows:
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, -4
R(t) = o~(12)(1.47 x 107Dt _ -0.0018¢

(21)
The reliability function for the single warning systémvrequiring 12
detectors and requiring 24 hours a day operétion is shoﬁn in Figure 8,
The plot illustrates the rapid change in reliability in a matter of days.
Now if lane occupancy is used as the control variable, theh only six
detectors would be required. The reliability would be computed as follows:

-4
R(e) = o~ (6)(1.47 x 107Me _ -0.0009¢

The réliability function for this system is presented in Figure 8;

The curves presented in Figure 8 would be of some value in determin-
ing the frequency of maintenance that would be required to assure a selected
level of acceptability. For example, if the agency was willing to operate
a 12-detector system with at least a 50 percent probability that the systeﬁ

is functioning (again assuming all other hardware is operational) then from

Figure 8, the deté&ctors should be serviced at 17-day intervals.

Discussion

The analysis presented in this paper relates to thevdetecfor failures
and maintenance practices as experienced on the Gulf Freeway Surveillance
and Control system and should be regarded as such. The results may not be
directly translatable to other systems because the hardware failures and
maintenance practiées may differ. The authors believe that comparable data
from other systems will help shed some light on hardware problems so that a
greater effort can be made to solve common problems.

It is our hope that the results‘have focused attention on the degree

of maintenance necessary for reliable systems especially with respect to
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detectors and types of hardware problems that have been experienced on

one operational system.
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MODELS AND COMPUTATIONS

Assumptions

The following implications relate to the assumptions that the individual
detectors fail in accordance with the negative exponential distribution
and that the times-to-repair are also exponentially distributed:
1. The conditional probabilities of failure and of repairing
a detector are constant.

2. The probability of a single detector failure in the time
interval t to t + dt, given that it was working at time t, is
Adt, where A is the failure rate.

3. The probability of repairing a detector in the time interval
dt, given that it was not working at time t, is pydt, where u
is the repair rate.

4. The major portion of failures can be repaired in a short time

and those that take a long time to repair occur infrequently.

5. Only one detector will fail during time interval dt. Similarly,

only one detector can be repaired at a time.

One Lane Criterion

With the assumptions previously discussed, it has been shown that the
following steady state probabilities apply for the general case of n

detectors and r repairmen (4):

n!
P = B Tk °kPo sker (1)

- n! r.p.
Pk (n-k)!r! P (r) Po S k>r (2)

(€8]
(&5



where

Pk = Probability of being in state Pk
k = Number of detectors down
n = Number of detectors in the system
s =X

u

Availability is the measure of system reliability effectiveness selected for
the analysis of the safety warning system. Availability is the proportion
of time that the system will spend in acceptable states. The steady-state
availability, A, of a system can be computed from the following

relationship (4):

-1
a<p = | 3 Bl ,omo__nl__ re <
o k=0 (n-k)!k! o+ £ (n=k)!r! L (3)
k=r ‘

For the case of one repairman, Equation (3) reducés to the following:

~1
n
=P = nt_ k
% kio @)1 P - )

For the special case of a 30-detector system, Equation (4) can be written

as follows:

-1
aop o| 0300 ok
0 |ymp GO-RYT P | (5)

Substituting the computed values for the failure rate (1=3.78 x 10_4) and
the repair rate (u = 0.23), the steady-state availability of the warning

system becomes
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A= P = 0.95 | ; (6)

Under steady-state conditions, there i1s a 95 percent chance that all 30
detectors will be functioning. Thus, there is a 95 percent chance that
all three safety warning subsystems would be avallable assuming that all
other hardware components are functioning.

The probability of having 1, 2, or 3 detectors out of operation can

likewise be computed.

_ (30) (29) 2 _ :
P, = =S=y== " P_ = 0.001 (8)
_(30) (29) (28) 3, _ '
P, X p~ P = 0.00002 ®

Two—Lane Criterion

The availébility function under steady-state conditions for this case

is given by the following relationship:

10
A=P + I CP : (10)
° 4o k'k
where Ck is a coefficient which is equal to the ratio of the number of
ways in which k detectors can fail and yet the system be operable, to the

total number of ways in which k detectors can fail, Thus, the availa-

bility of the 30-detector system is given by:

A=10,9 + C1(0.045) + 02(0.001) + C3(0.0Q002) + e (11)
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The coefficient, C1 is computed as follows:

Number of ways in which 1 detector can
. Bystem be available

fail and yet the

1  Number of ways in which 1 detector can

If one detector fails, the system would still be

Likewise for C2 and C3,

30 6
(75) - 5 [(;) -3]
c, = - 2 % 2 = 0.862
("y)

CH -5 1S + 26 1) - 31
C3 = 30 = 0.621
&3

The availability of the 30-detector system using

criterion, therefore, is

fail (12)

~avallable, therefore

(13)

(14)

(15)

a two—-lane control

j

A = 0,95 + 1(0,045) + 0.862 (0.001) + 0.621 (0.00002) (16)

A = 0.99

(17)

Thus, there is a 99 percent chance that the system would be available

using a two-lane control criterion.
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