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(57) ABSTRACT 

Amonitoring system for a fleet of vehicles includes at least 
one data acquisition and analysis module (DAAM) mounted 
on each vehicle in the fleet, a control module on each vehicle 
in communication with each DAAM, and terminal module 
located remotely with respect to the vehicles in the fleet. 
Each DAAM collectsianalyzes sensor data to generate 
analysis results that identify the state of a plurality of 
systems of the vehicle. Each vehicle’s control module 
collects/analyzes the analysis results Gom each onboard 
DAAM to generate vehicle status results that identify poten- 
tial sources of vehicle anomalies. The terminal module 
collectdanalyzes the analysis results and vehicle status 
results transmitted from each control module from the fleet 
of vehicles to identify multiple occurrences of vehicle 
anomalies and multiple occurrences of those vehicle systems 
operating at a performance level that is unacceptable. 
Results of the terminal module’s analysis are provided to 
organizations responsible for the operation, maintenance 
and manufacturing of the vehicles in the fleet as well a s  the 
plurality of systems used in the fleet. 

77 Claims, 5 Drawing Sheets 

I 
18 

CoLLEcnm 
AND ANALYSIS 



U.S. Patent Apr. 12,2005 Sheet 1 of 5 US 6,879,893 B2 

f ’* rl* 

I - 0 . 0  

-?-- 
1 TERMINAL 

COLLECT10 N 
AND ANALYSIS 

MODULE 
J 

FLEET 
RESULTS 

OPERATIONS 
FUNCTIONS FU NCTl ON S 

FIG. 1 

r 1 4 5  P4 
a -147 

PROGRAMMABLE 
DIGITAL 

INTERFACE 
SENSOR 

L 1 4 1  I 

1 / . - -  - / 
. I  

~~~ 

PROCESSOR COMM UN CAT1 ON S 

t 1 1 

&I MEMORY MANAGEMENT 

142 T I 148 

FIG. 2 



U.S. Patent Apr. 12,2005 Sheet 3 of 5 

RULE 
NO. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

A 
S 
S 
S 
S 
S 
S 
L 
L 
L 

- 

Grade 1.a 

0.0 

B 
S 
S 
S 
L 
L 
L 
L 
L 
L 

- 

FIG. 5 

C 
S 
M 
L 
s 
M 
L 
S 
M 
L 

- 

US 6,879,893 B2 

D 
S 
S 
L 
L 
L 
L 
L 
L 
L 

- 

support - 
minimum maximum 

FIG. 6A 



U.S. Patent Apr. 12,2005 Sheet 2 of 5 US 6,879,893 B2 

rl65 

164 

BASELINE 
DATA 

160 

COMMUNICATIONS 
3 -162 i 

Y 
TCAM 

*rl= INTERFACE 

FIG. 3 

CCAM(S) 

t /--l8l 

l e o l  Y 
PROCESSOR 

FLEET 
RESULTS 

I INTERFACE I 

FIG. 4 



U S .  Patent Apr. 12,2005 Sheet 4 of 5 US 6,879,893 B2 

minimum 

Grade 1 

a 

maximum 
FIG. 6B 

minimum 

I 

FIG. 6C 
maximum 

maximum minimum FIG. 6D 



U.S. Patent Apr. 12,2005 

CONSEQUENCES USERSUPPLIED - 

Sheet 5 of 5 

202 
COMPARE 

CONSEQUENCES 

US 6,879,893 B2 

USERSUPPUED 

NUMERICAL VALUES 
UMlTS ON 111, 

DEVELOPMENT TOOL'S 
DESIGN VECTOR 

NOT 
SATlSFl ED EVALUATE 

DESIGN VECTOR 
CONSTRAINTS 

INFERENCE 
ALGORITHM 

USERSUPPLIED 
ANTECEDENTS 

I EVALUATE 
ERROR 

ERROR ACCEPTABLE 
DESIGN VECTOR I TUNED 

*08 7 
ERROR 1 TOO GREAT 

DEVELOP I NEWDESIGN 

I I VECTOR I 1 I 

FIG. 7 



US 6,879,893 B2 
1 

TRIBUTARY ANALYSIS MONITORING 
SYSTEM 

CLAIM OF BENEFIT OF PROVISIONAL 
APPLICATION 

Pursuant to 35 U.S.C. 8 119, the benefit of priority from 
provisional application US. Ser. No. 60/411,012, with a 
filing date of Sep. 30, 2002, is claimed for this non- 
provisional application. 

ORIGIN OF THE INVENTION 

This invention was jointly made by employees of the 
United States Government and a contract employee during 
the performance of work under a NASA contract which is 
subject to the provisions of Public Law 95-517 (35 USC 
202) in which the contractor has elected not to retain title 
and may be manufactured and used by or for the government 
for governmental purposes without the payment of royalties 
thereon or therefor. 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
This invention relates to automated and autonomous 

monitoring systems. More specifically, the invention is an 
automated and autonomous monitoring system that i) per- 
forms data collection and analysis thereof at various data 
collection nodes onboard each vehicle in a fleet, ii) passes 
analysis results up to an onboard vehicle terminal and then 
on to a fleet-wide terminal for further analysis processing, 
and iii) notifies interested parties of problems with indi- 
vidual vehicles and fleet-wide problems (e.g., related to 
vehicle usage, maintenance, performance, damage or 
degradation) indicated by the analysis results. 

2. Description of the Related Art 
Monitoring the performance of mechanical or structural 

systems is increasingly being accomplished with automated 
systems that collect performance data and present same to a 
user for analysis. The collected performance data can be 
related to system usage, maintenance, damage or degrada- 
tion. Data collection typically requires specifically-designed 
data sensing and collecting hardware that must be integrated 
into the particular system being monitored. As a result, there 
is a great deal of time and expense associated with such 
application specific designs. Data presentation can come in 
the form of “data versus time” or “data versus other key 
parameter variation” plots, alarm notifications when a par- 
ticular monitored sub-system’s upper or lower threshold is 
reached, and/or large blocks of raw sensor data which must 
be collected, stored and analyzed at some later time. 
However, the value of such presentation is limited. While 
notification alarms present a form of real-time data analysis, 
the alarm generally relates to an individual sub-system’s 
performance without considering how this might be indica- 
tive of a broader system problem. On the other hand, if data 
is presented in the form of blocks of data or plots of data, 
analysis thereof must take place “off line” at some point later 
in time. Furthermore, such analysis is performed manually, 
thereby requiring personnel to do so. 

The above-described problems associated with current 
performance monitoring systems are further exacerbated 
when the performance of a number of similar systems is to 
be monitored. For example, it would be desirable to monitor 
fleets of vehicles (e.g., aircrafts, ground vehicles, undenva- 
ter vehicles, etc.) that utilize identical or similar sub-systems 
in order to determine if there is  a fleet-wide problem. 

2 
However, using current technology, data from individual 
vehicles in the fleet would have to be collected and then 
analyzed for problematic trends. Such analysis may be too 
little or too late to prevent a catastrophic system failure. 

5 
SUMMARY OF THE INVENTION 

Accordingly, it is an object of the present invention to 
provide an architecture for autonomously monitoring a 
group of identical or similar systems such as a fleet of 

Another object of the present invention is to provide a 
monitoring system that can be adapted to workwith a variety 

Yet another object of the present invention is to provide a 
monitoring system that can collect and analyze performance 
data related to each vehicle in a fleet of such vehicles in 
order to provide an indication of possible fleet-wide 
problems, and then automatically notify interested parties of 

2o such fleet-wide problems as well as any problems with 
individual vehicles. 

Other objects and advantages of the present invention will 
become more obvious hereinafter in the specification and 
drawings. 

In accordance with the present invention, a monitoring 
system for a fleet of vehicles includes at least one data 
acquisition and analysis module (DAAh4) mounted on each 
vehicle in the fleet. Each DAAM i) collects data indicative 
of measurable attributes of the vehicle, ii) analyzes the data 

30 to generate analysis results that identify the state of a 
plurality of systems of the vehicle based on the measurable 
attributes, and iii) transmits at least a portion of the analysis 
results. A control module is mounted on each vehicle and is 
in communication with each DAAM mounted on the 

35 vehicle. The control module i) collects the analysis results 
transmitted from each DAAM, ii) analyzes the analysis 
results so-collected to generate vehicle statu. results that 
identify potential sources of vehicle anomalies based on the 
state of the plurality of systems, and iii) transmits the 

40 analysis results so-collected and at least a portion of the 
vehicle status results. A terminal module, located remotely 
with respect to the vehicle, is  in communication with the 
vehicles in the fleet. The terminal module i) collects the 
analysis results and vehicle status results transmitted born 

45 each control module from the fleet of vehicles, ii) analyzes 
the analysis results and vehicle status results for the fleet of 
vehicles to generate fleet results that identify multiple occur- 
rences of vehicle anomalies and multiple occurrences of 
those vehicle systems operating at a performance level that 

50 is unacceptable, and iii) transmits the fleet and individual 
vehicle results for use by a plurality of organizations to 
include organizations responsible for the operation, 
maintenance, monitoring and manufacturing of the vehicles 
in the fleet as well as the plurality of systems used in the 

lo vehicles. 

-F --.-*..-- *,. l... -.,--:*..--a “I J J J L C U J  L” uc UIU”II”lr”. 
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55 fleet. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a top level schematic view of an embodiment of 
a tributary analysis monitoring system in accordance with 
the present invention; 

FIG. 2 is a schematic view of a data acquisition and 
analysis module of the tributary analysis monitoring system; 

FIG. 3 is a schematic view of a control and analysis 

FIG. 4 is a schematic view of the terminal collection and 
analysis module of the tiibutarj analysii monitoring system; 

MI 

65 module of the tributary analysis monitoring system; 
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FIG. 5 is an example of an antecedentconsequence each DAAM 14 are analyzed in relation to one another to 
decision rule matrix used by the fuzzy logic expert system identify potential sources of anomalies on vehicle 12. That 
development tool of the present invention; is, performance and “health” (Le., the extent to which a 

FIGS. 6A4D are graphic depictions of exemplary lin- system is not degraded Or damaged) of individual sub- 
guistic variable parameterized f u u y  membership functions 5 systems are analyzed collectively in order to determine 
for the antecedents and consequences in the decision rule locations on the vehicle where sub-system degradation is 
matrix example in FIG. 5; and occurring. The identification of any such sub-system 

FIG. 7 is a flowchart of the process used to tune the design degradation, improper usage, improper maintenance or other 
vector of parameters defined by the parameterized fuzzy 

collected from a vehicle’s DAAM 14, are forwarded to a 
remotely-located terminal collection and analysis module 

DETAILED DESCRIPTION OF THE (TCAM) 18 that defines the third operational level of 
INVENTION monitoring system 10. This process is repeated for each of 

Refernhg now to the drawings, and more particularly to vehicles 12 in the fleet. The forwarding of information from 
FIG. 1, an embodiment of a tributary analysis monitoring 15 each CCAM 16 to TCAM 18 will typically occur in a 
system in accordance with the present invention is shown wireless fashion (e.g., using RF, infrared, or any other 
and referenced generally by numeral 10. By way of illus- medium for wireless communication). 
trative example, monitoring system 10 will be described for TCAM 18 analyzes the information collected from each 
its use in monitoring a fleet of vehicles 12 (e.g., ground CCAM 16 in order to identify any sub-system problems or 
vehicles, aircraft, underwater vehicles, etc.) where each 2o source of vehicle anomalies that occur for multiple ones of 
vehicle in the fleet issimilar or nearly identical in design and vehicles 12. Thus, TCAM 18 evaluates the above-described 
construction, although vehicle parts and sub-systems may first and second operational level analyses to determine if 
originate from different vendors. Although vehicle fleet there are any situations or sub-systems that require further 
monitoring is provided as an example, the invention is not attention on either an individual vehicle or fleet-wide basis. 
limited thereto. It can also be applied to the monitoring of 25 Note that the number of occurrences signaling the need for 
other systems such as manufacturing plants, structures, further attention can vary depending on the importance of a 
including buildings and bridges, and patients under medical particular sub-system or source of vehicle anomaly. 
care. The results of the analysis performed by TCAM 18 are 

Monitoring system 10 will first be described in terms of transmitted to interested organizations, such as those 
a general overview with the aid of FIG. 1. There are three 30 involved with manufacturing functions 100 (e.g., sub- 
operational levels to monitoring system 10 with the first two system vendors and their factories, factories for the assem- 
levels being maintained onboard each vehicle 12 and the bly of the vehicles, etc.), operations functions 101 and/or 
third level being maintained at a location that is remote from maintenance functions 102 of vehicles 12. Such transmis- 
each of vehicles 12. sions can occur autonomously via processing control sys- 

At the first level, each vehicle 12 has one or more data 35 tems internal to TCAM 18. Since analysis of the data 
acquisition and analysis modules 14 (or DAAMs as they will collected from individual vehicles has already been 
be referred to hereinafter) located through vehicle 12. Each performed, functions 100, 101 and/or 102 receive informa- 
of the DAAhts 14 collects data in its locale onboard vehicle tion on which they can act immediately. The transmission of 
12 for a variety of measurable physical attributes (e.g., fleet results can occur, for example, via wireless communi- 
sound, temperature, acceleration, vibration, stress, loads, 40 cation links, via e-mail, via file transfer protocols, etc. The 
pressure, etc.). The various attributes are sensed in and choice of one or more transmission media is not a limitation 
around sub-systems of vehicle 12 and Serve as indicators of, of the present invention. 
for example, usage, maintenance, performance or degrada- Should there be only one vehicle, TCAM 18 can be 
tion thereof, damage, etc., related to particular sub-systems. eliminated and the identification of any such sub-system 
As used herein, the term “sub-system” includes, but not 45 degradation, improper usage, improper maintenance or other 
limited to, structural components or portions of the vehicle, vehicle anomaly source, as well as the analysis results 
mechanical systems, electrical systems, hydraulic systems, collected from the vehicle’s DAAh4 14, can be transmitted 
and pneumatic systems. The collected data is analyzed directly to interested organizations. 
locally at each Of DAAMs 14 with the results of the analysis Referring additionally now to FIG. 2, an embodiment of 
(e%, sub-system Performance, integrity, damage Or  50 one DAAM 14 is shown in schematic form, DAAM 14 
degradation) being forwarded to an onboard command con- includes a programmable digital interface 140 for sampling 
trol and analysis mdu le  ( c c m )  16. Note that the term data from a plurality of sensors 141, each of which is 
“analysis results” used herein can indicate both acceptable mounted on vehicle 12 to me-e some attribute at a 
and unacceptable levels of system usage, maintenance andl particular location on vehicle 12. Sensors 141 can be pre- 
or performance. 55 existing sensors (Le., not part of DAAM 14) mounted on 

The forwarding of the analysis results related to the vehicle 12 and physically connected (e.g., by wire or flex 
vehicle’s sub-systems can be accomplished by hard-wire circuits) to D M  14, or sensors 141 can be included as part 
coupling between each DAAM 14 and CCAM 16. However, of DAAM 14. Programmable digital interface 140 can be 
for e a x  of installation and maintenance, communication any user-configurable device (e.g., programmable logic 
between each DAAM 14 and CCAM 16 can occur in a 60 device, field programmable gate array, etc.) that is config- 
wireless fashion (e.g., using radio, microwave or infrared urable with specifications typically contained in a user- 
frequencies). For example, in terms of aircrafts, communi- supplied file. Programmable digital interface 140 is capable 
cation can be carried out at a radio frequency of 433 MHz of sampling data collected by sensors 141 in accordance 
to avoid conflict with other onboard communication or with user-supplied sampling requirements 142 (e.g., sam- 
navigation systems. 65 pling rate, duration, starthtop time, etc.) that can be speci- 

CCAM 16 defines the second operational level of moni- fied for each sensor 141. The number of sensors sampled by 
toring system 10 where the first level’s analysis results from each DAAM is controlled by programmable digital interface 

source, as as the analysis 
membership functions 10 
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140. Sampling requirements 142 can be supplied and ule 143. Power management module 148 cycles power to 
changed via instructions received through a communication communications module 143 in an “on-off fashon. During 
module 143. Such instructions can originate at the vehicle’s the “power on” times, communications module 143 per- 
CCAM 16, or could be relayed by CCAM 16 if they forms its transceiver functions. Power is supplied to com- 
originate from the monitoring system’s TCAM 18. Addi- 5 munications module 143 as long as needed for the current 
tionally or alternatively, sampling requirements 142 could transceiving operations to be completed. However, if no 
be supplied directly to programmable digital interface 140 signals are broadcast or received within a short time (e.g., 2 
by means of a hardwire (serial) line (not shown). milliseconds) after the “power on” condition is initiated, 

The digital data samples collected by programmable power management module 148 turns off the power for a 
digital interface 140 are supplied to a processor 144 that specified period (e.g., 2 seconds) before turning the power 
performs the first level analysis thereof. In general, the first on again. 
level analysis involves comparing the Various measured Referring additionally now to FIG. 3, an embodiment of 
attributes with known acceptable performance levels. and a vehicle’s ccm 16 is shown in schematic form. 
then evaluating the meaning of such comparisons when one Ee2tic2e-.l C-~AJ.! lr; Fr.x.,;”es cnE.lnd nc-.l co2,ze! 
or more of the measured attributes indicates an unacceptable instructions for each DAAM 14 as well as perfoms the 
performance level. can be based On, for l5 second level of analysis for monitoring system 10. CCAM 

amp1itude Or frequency Of data, 16 includes a communication 160 for communica- 
tion with each DAAM 14 onboard it’s vehicle (as indicated 
by two-headed arrow 161) and for communication with the 
fleet’s TCAM 18 (as indicated by two-headed arrow 162). 
Transmissions to each D M  l4 can power 

quantitative reduction algorithms which are well know to 
those skilled in the art, or subjective analysis using fuzzy 
logic. 

line data 145 (e.g., envelopes and/or profiles associated with 

unacceptable levels for the individually-measured attributes for queries to DM 
as well as interpretations of what unacceptable levels of transmissions collected from each Dm l4 can 
performance may indicate. ~ ~ ~ l i n ~  data 145 can be 25 include the afore-described analysis results, status signals 
by: i) a memory storage device storing known performance from each DAAM 14, etc. Transmissions to TCAM 18 can 
metrics, ii) a neural network trained to establish performance include analysis results from the vehicle’s DAAMs 14, 
metrics and patterns thereof when the vehicle is known to be vehicle level analysis results generated by CCAM 16 (to be 
operating properly, or iii) a combination of memory storage described below), status signals from CCAM 16, etc., while 
and neural network devices. 3o transmissions received from TCAM 18 can include requests 

Analysis performed by processor 144 can utilize an expert for processing results, operational instruction updates, etc. 
system to incorporate both subjective human reasoning and In terms of analysis results collected from the vehicle’s 
other analysis algorithms to identify the state of various DAAMs 14, CCAM 16 includes a processor 163 for per- 
sub-systems (e.g., structures, mechanical devices, electrical forming the second level of analysis for monitoring system 
devices, etc.) of the vehicle. In some instances, a single 35 10. One goal of analysis performed at a vehicle’s CCAM 
measured attribute may serve as the means for evaluating the level is  to determine if any analysis derived from one 
state of a subsystem. For such cases, simple comparisons DAAM has a relationship to that derived from other DAAM 
with baseline data 145 will identify the state of the sub- (s)  onboard the vehicle. For example, there may be a spatial 
system. However, it is more common that various levels of distribution of anomalies observed by multiple DAAMs that 
performance or a number of measured attributes must be 40 is indicative of a particular problem. Another example is the 
evaluated collectively to accurately evaluate the state of a use of triangulation to locate an anomaly sensed by multiple 
sub-system. In these cases, processor 144 must be able to D M s  onboard a vehicle. 
weigh the signi6cance of the relevant measured attributes in As in the hst level of analysis, processor 163 utilizes an 
relation to one another. Thus, processor 144 will incorporate expert system such as a fuzzy logic-based expert system 
an expert system such as a fuzzy logic-based expert system. 45 which may require baseline data 164 to perform its analysis. 
As is known in the art, fuzzy expert Systems apply inference At this second level of analysis, CCAM 16 evaluates the 
logic based on subjective reasoning and quantitative analy- state of the sub-systems determined and transmitted by each 
sis. Fuzzy logic is used to emulate predicate reasoning (Le., DAAM 14 with the goal of such evaluation being to identify 
if “ A  then “B’) for many combinations of antecedents “A” potential murces of vehicle problems (e.g., in terms of 
which are used to form a consequence “B”. Fuzzy logic can 50 component damage and/or performance degradation) based 
also emulate human qualitative reasoning with the capability on the state of vehicle sub-systems. That is, processor 163 
of incorporating multiple qualitative objectives. applies inference logic based on vehicle sub-system states. 

Analysis results in terms of the state of sub-systems of For example, such inference logic might take the form of “If 
vehicle 12 can be archived using a memory 146 and can be sub-system X is in state A and sub-system Y is in state B, 
transmitted to the vehicle’s CCAM 16 as indicated by 55 then vehicle problem Z may be C.” It is to be understood that 
two-headed arrow 147. Since only analysis results are trans- the inference logic may evaluate more or less than two 
mitted from communications module 143 (as opposed to sub-systems. Further, sub-system states from different 
large amounts of raw sensor data collected by programmable DAAMs 14 can be evaluated at processor 163. In essence, 
digital interface 140), telemetry congestion between this allows CCAM 16 to evaluate overall vehicle health as 
DAAMs 14 and CCAM 16 is essentially nonexistent. 60 known relationships between sub-systems are taken into 
Furthermore, it may not be necessary to transmit all analysis account by the fuzzy inference logic. 
results. For example, if one or more sub-systems are work- The results generated by processor 163 (referred to herein 
ing correctly, it may only be necessary to transmit analysis as “vehicle status results” which are indicative of a fusion of 
results related thereto on a periodic basis as a means of the sub-system analysis results from the vehicle’s DAAMs 
indicating proper operation of DAAM 14. 65 14), as well as the analysis results from each of DAAMs 14, 

To conserve power, DAAM 14 can also include a power are forwarded to communication module 160 for transmis- 
management module 148 coEpled to communications mod- sions as signals 162 to TCAM 18. Such transmissions can 

To accomplish this, processor 144 is supplied with base- 20 

the measurable attributes) indicative of acceptable/ O4/power Off requirements 142, requests 
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occur autonomously or when requested by TCAM 18. For interplationiextrapolation with fewer rules than traditional 
example, in the case of vehicles traveling great distances binary expert systems, ii) their robustness, and iii) their 
such as aircraft, T C m  18 may be located at one or more ability to produce good results in cases where mathematical 
airports, Each TC- 18 can antinually transmit query descriptions O f  the systems being analyzed are not available 
signals which would be answered by aircraft in the fleet 5 or are of questionable fidelity. However, to date, one must be 

airport. Conversely, if the fleet of vehicles are maintained in 
when those aircraft are on the ground at the respective 

relatively close proximity, transmissions to TCAM 18 can be 

in fuuzzY logic in Order to deskn an expert 
system based thereon. 

The Present invention this Problem by PrOVid- 
scheduled to take place automatically either as problems are that can be 

identified or on a periodic basis, As with the first level used at each analysis level in the present invention. The 
analysis results, it may be desirable to periodically send a”ows users to a logic 
vehicle status results that indicate no problems as a means to system by providing the to the 
verify the operational integrity of monitoring system 10. 
Vehicle status results can also be archived using a memory i) sets of antecedentconsequence decision rules of the 
165. form “IfAisS and i f B  is M and C i s  L, then D is L”, 

where A, B, C and D are linguistic variables; A user interface 166 can be provided to allow a user 
onba rd  the vehicle to control functions of a selected ii) sets of numerical values for each of the linguistic 
DAAM 14, control data download5 from DAAMs 14 or variables (i.e., numerical values for the A’s, B’s, C’s 
uploads from TCAM 18, control retrievals from or erasures and D’s associated with each rule); and 
of memory 165, etc. Realization of mer interface 166 can 20 iii) lower and upper limits for the numerical values 
take the form of a personal computer, a personal data associated with each linguistic variable. 
assistant, a dedicated keypad, etc., the choice of which is not Each Usr-suPPlied decision rule is ofthe form of a single 
a limitation of the present invention. antecedent and single consequence or a union of multiple 

a fleet-wide TCAM 18 is shown in %hematic As 25 form of a rule could be “If A is S and if B is M and C is L, 
mentioned above, TCAM 18 provides the third level of then D is L.” When there is an intersection of antecedents 
analysis for monitoring system in order to identify (i.e., antecedents combined using the “or” conjunction) such 
fleet-wide problems and transmit identification of such prob- as “If A is S or if B is M, then D is L,” the rule is reduced 
lems to relevant organizations, TCAM l8 includes a to a collection of rules with single antecedents and single 
munication module 180 for communication with each of the 30 consequence such as “If A is S, then D is L” and “If B is M, 
vehicle’s CCAM 16 (as indicated by two-headed arrow 181) then is L‘” 
and for communication of the fleet results to relevant By way of illustrative example, nine decision rules are 
organizations (as indicated by arrow 182). Transmissions to shown in a matrix form in is 

ing a expert system 

processor Onboard each DAAMp Or TCAM: 

Referring additionally now to FIG, 4, an embodiment of antecedents and a sing1e consequence. For the 

where a 
each ccAM 16 can include requests for results and opera- provided for each linguistic variable (e.g., a column for each 
tional programming changes for each vehicle3s ccAM 16 35 of A, B, C and D in this case). The first three columns are 

antecedents and the last column is the consequence. The 
elements for each column are the fuzzy term sets for the 

sets S and L). Each row of the matrix is a unique decision 

and/or DAAMs 14. 

DAAMs l4 and passed through 
status results (generated at CCAM 16) are provided to a 4o rule. 

Each analysis (generaled at linguistic variables (e,g,, linguistic variable B has fuzzy term 
16) and 

processor for performance Of the third level Of mentioned above, the user is ah to supply a in the present invention. 14.5 with each Of the first 
levels, processor 183 utilizes an 
fuzzy 
is performed for 

second 
as a 

table of desired numerical values for the anteedents and 
cons,=quences described in the decision rule matrix, A mini- 
mum of one set of numerical values is required for each 

in the fleet reporting to TCAM 45 decision rule. However, providing multiple sets of numerical 

system 
expert system. This third level Of 

18. For example, such inference logic might take the form of 
“If sub-system X is in state A for R vehicles, then notify 
vendor D that its sub-system may be problematic.” It is to be 

inference logic statement. In general, the third level of so 
analysis in the present invention “looks” for clusters of 
similar results as an indication that these may be indicative 
of a problematic sub-system in each vehicle in the fleet. If 
such clusters exist in the fleet, the expert system also 

tions functions 101 and/or maintenance functions 102 
should be notfied. 

The fleet results generated by Processor 183 (as Well as 
the results from vehicle’s DAAMs 14 and CCAM 16) are 
t ~ ~ ~ ~ ~ ~ i t t e d  by cm~~munications module 180 to One Or more 60 
of manufacturing functions 100, Operations functions 101 
and Dl~IlknanCe fundOll.5 102. Fleet results can a h  be 
archived wing a memory 184. TCAM 18 can be controfled 
via user interface 185. 

fuzzy logic-based expert system. The advantages associated 
with using fuzzy logic expert systems include: i) 

values for each decision rule win result in better tuning of 
the expert system, 

In accordance with the present invention,s fuzzy 
understood that several sub-systems Can be imbedded in an system development tool, the decision de matrix is used to 

the fuzzy expert system. First, the number of 
linguistic variables and the number of fuzzy sets for 
each linguistic variable are automaticauy determined by 
evaluating changes in adjacent elements of the 
decision de matrix. Next, of all combinations 

&le decision des that the may have omitted, Finally, 
the sets of numerical values are used to tune the fuzzy 
membership functions for all term sets belonging to a 
respective linguistic variable. 

More specifically, the development tool automatically 
develops parameterized fuzzy membership functions from 
the decision rule matrix using a membership distribution 
(e.g., a membership distribution such as triangular, 
rectangular, monotonic, bell-shaped, trapezoidal, etc.). For 

Each analysis level of monitoring system 10 can utilize a 65 example, parameterized fuzzy membership functions for the 
four linguistic variables A, B, C and D (shown in the FIG. 
5 decision rule matrix) are shown in FIGS. 6A-6D, respec- 

determines which Of manufacturing functions loo, Opera- 5s of antecedents and consequences are used to identify pas- 
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tively. In the illustrated example, the parameterized fuzzy design vector is considered to be tuned (as indicated at block 
sets use a triangular membership distribution but any of the 206) so that the fuzzy inference algorithm so-configured at 
other afore-mentioned membership distributions can be block 200 is the tuned fuzzy expert system. However, if the 
used. In each of FIGS. 6 A 4 D ,  the first and last sets are errors are unacceptable, the design vector is changed at 
defined as having membership grades of 1.0 at the minimum 5 block 208 using one of the afore-mentioned optimization 
and maximum support b i t s ,  respectively. nus, two Param- techniques. Constraints on the design vector (e.g., range of 
eters are used to define membership distributions Of  the first values) can be evaluated in the process at step 210 

where the membership grade is 0.0, and the firstilast abscissa ,-iated with each linguistic variable, The resulting (updated) 
where the membership grade is 1.0. Intermediate sets (e.g, design vector is used to reconfigure the hZy inference 

and 1 s t  Sets. The a’s are to define the base abscissa using the user-supplied limits on the numerical values a m -  

set M, are defined using three parmeters the a’s are used algorithm at block 200 as the iterative process starts anew. 
to define the base and apex abscissa for the triangular 
membership function distributions used. The membership 
fuuiikii has 2 gidc of 1.G 2; thc Z ~ ~ ; C X  f ~ :  a!! SX!: k!~r- 

ne advantages of the present invention are numerous. 
n e  architecture described herein provides a framework for 
tributary anaiysis. Each operarionai ievei is capabie ul‘ 

autonomous analysis with a trained expert sys- 
tem, ne expert system is which makes it 
adaptable to be trained to both a user’s subjective reasoning 

A a,, a2, a3 and a4 and existing quantitative analytic tools. All measurements at 
B: a5, a6, a7 and a, the lowest operational level are reduced to provide analysis 
C: %. alOI a,,, a,:, a13. a14 and a15 20 results necessary to gauge changes from established base- 
D: a16. a 1 7 7  a,, and aI9 lines. These changes are then collected at the next level to 
Membership grades range from 0 (nonmembership) to identify any global trends or common features from the prior 

1.0 (complete membership). Minimum and maximum sup- level. This process is repeated until the results are reduced 
ports determine the range of values for which the linguistic at the highest operational level. In the framework, only 
variables are valid. All fuzzy sets for a respective linguistic zs analysis results are forwarded to the next level to reduce 
variable can only be defined within the bounds of the telemetry congestion. Additionally, the invention can be 
minimum and maximum supports. The membership func- retrofitted into existing systems using a suitable housing and 
tions can overlap, which allows a value of the linguistic mounting hardware with “bolt-on/bolt-off simplicity. Fur- 
variable to have membership in more than one fuzzy set. The ther discussion of the present invention is provided in 
resulting parameters a,, . . . , a,,, that are used to define all 30 Woodard et al., Development and Flight Testing of an 
antecedent and consequence membership function distribu- Adaptable Vehicle Health-Monitoring Architecture, NASA/ 
tions are combined together to form a design vector. In the TM-2003-212139, January 2003, pp. 34, and Woodard et al., 
illustrated example, n=19. Development and Flight Testing of an Adaptable Vehicle 

Next, the development tool of the present invention, Health-Monitoring Architecture, AIAA Journal of Aircraft, 
optimizes the design vector to thereby tune the fuzzy expert 35 Vol. 40, No. 5, both of which are hereby incorporated by 
system. In general, the objective of tuning is to reduce error reference. 
between the set of consequences supplied by the user (for a Although the invention has been described relative to a 
set of antecedent combinations) and the set of consequences specific embodiment thereof, there are numerous variations 
produced by a fuzzy inference algorithm configured with the and modifications that will be readily apparent to those 
same set of anteccdent combinations and the design vector. 40 skilled in the art in light of the above teachings. For 
When the error is reduced below a desired level, the fuzzy example, many or all of the elements and operational 
expert system (Le., defined by the design vector and the features of each DAAM 14 can be integrated into a single 
user-supplied antecedent combinations) is tuned. The tuning microchip using a system-onchip design. The obvious ben- 
process is iterative with new design vectors being produced efits of such a construction include reduced size, mass and 
using standard optimization techniques such as numerical 45 power requirements, flexible external interface connections, 
optimization, gradient searches or genetic algorithms. For and simplified softwarehardware integration. It is therefore 
numerical optimization, see Woodard et al. in “ANumerical to be understood that, within the scope of the appended 
Optimization Approach for Tuning Fuzzy Logic claims, the invention may be practiced other than as spe- 
Controllers,” IEEE Transactions on System, Man and cifically described. 
Cybernetics-Part B; Cybernetics, Vol. 29, No. 4, 1999, p. 50 What is claimed as new and desired to be secured by 
565-569, and Stanley E. Woodard and Devendra P. Garg,A Letters Patent of the United States is: 
Numerical Optimization Approach for Tuning Fuzzy Logic 1. A monitoring system for a fleet of vehicles, comprising: 
Controllers, Third Joint Conference on Information at least one data acquisition and analysis module 
Sciences, Durham, N.C., Mar. 1-5, 1997, the contents of (DAAM) mounted on a vehicle in the fleet, each said 
both of which are hereby incorporated by reference. 55 DAAM ’, a flowchart Of the tuning process i) collecting data indicative of measurable attributes of the 

vehicle, is illustrated. Initially, a fuzzy inference algorithm at block 
200 is configured with the user-supplied antecedents (e.g., 
the design ii) analyzing said data to generate analysis results that 

identifies the state of one or more sub-systems of the vector of a’s. The fuzzy inference algorithm so-codigured 60 vehicle based on said measurable attributes, and generates a set of consequences (referred to herein as “test 
consequences,~) which are at block 202 with the iii) transmitting at least a portion of said analysis results; 
wr-supplied consequences (e.g., the numericd values -- a control module mounted on the vehicle and in c o r n u -  
ciated with linguistic variable D in the illustrated example). nication with each said DAAM mounted on the vehicle, 
The difference between the user-supplied consequences and 65 said control module 
the test consequences are numerical errors that are evaluated i) collecting said analysis results transmitted from each 
at block 204. If the errors are within acceptable !bits, the said DAAM, 

mediate sets. Thus, the linguistic variables and associated 15 
parameters for the decision rule matrix example in FIG. 5 
are given as follows: 

now to 

B,s and c,s) and the development 
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ii) analyzing said analysis results socollected to generate 
vehicle status results that identify potential sources of 

12. A monitoring system for a fleet of vehicles, compris- 
ing: 

vehicle anomalies based on the state of said one or 
more sub-systems, and 

iii) transmitting said analysis results so-collected and at 5 

least a portion of said vehicle status results; and 
a terminal module located remotely with respect to the 

vehicle and in communication with the vehicle as well 
as other vehicles in the fleet wherein each of the other 
vehicles in the fleet is equipped with their own said at lo 
least one DAAM and said control module, said termi- 
nal module 

i) collecting, from the fleet of vehicles, said analysis 
results and said vehicle status results transmitted from 
each said control module, 

ii) analyzing, for the fleet of vehicles, said analysis results 
and said vehicle status results transmitted from each 
said control module to generate fleet results that iden- 
tify multiple Occurrences of said vehicle anomalies and 2o 
multiple occurrences of ones of said one or more 
sub-systems operating at a performance level that is 
unacceptable, and 

iii) transmitting said fleet results for use by one or more 
interested organizations. 

2. A monitoring system as in claim 1 wherein said one or 
more interested organizations comprises one or more orga- 
nizations responsible for the one or more of operation, 
maintenance, monitoring, and manufacturing of the vehicles 
in the fleet and said one or more sub-systems used in the 3o 
fleet. 

3. A monitoring system as in claim 1 wherein each said 
DAAM, each said control module and said terminal module 
includes an expert system for performing said analyzing 
function associated therewith. 

4. A monitoring system as in claim 3 wherein each said 
expert system is a fuzzy expert system. 

5. A monitoring system as in claim 1 wherein each said 
DAAM includes means for providing baseline data for each 
of said measurable attributes, said baseline data defining an 4o 
acceptable level of performance for each of said measurable 
attributes. 

6. A monitoring system as in claim 5 wherein said means 
for providing said baseline data is a memory device. 

7. A monitoring system as in claim 5 wherein said means 45 
for providing said baseline data is a neural network trained 
when the vehicle is koown to be operating correctly. 

8. A monitoring system as in claim 1 wherein said 
terminal module transmits autonomously. 

15 

25 

35 

- .  9. A monitoring system as in each said 50 or more interested organizations comprises one or more 
DAAM comprises: organizations responsible for the one or more of operation, 

programmable means for sampling said data in actor- maintenance, monitoring, and manufacturing of the vehicles 
dance with user-supplied criteria; in the fleet and said one or more sub-systems used in the 

means for providing baseline data for each of said mea- fleet. 
surable attributes, said baseline data defining an accept- 55 14. Amonitoring system as in claim 12 wherein each said 
able level of performance for each of said measurable expert system is a fuzzy expert system. 
attributes; 15. A monitoring system as in claim 12 wherein each said 

a processor coupled to said programmable means and said DAAM includes means coupled to said DAAM’s expert 
means for providing said baseline data, said processor system for providing baseline data thereto for each of said 
analyzing said data so-sampled in relation to said 60 measurable attributes, said baseline data defining an accept- 
baseline data to generate said analysis results; and able level of performance for each of said measurable 

communication means coupled to said processor for attributes. 
broadcasting said analysis results. 16. A monitoring system as in claim 15 wherein said 

10. A monitoring system as in claim 9 wherein said means for providing said baseline data is  a memory device. 
17. A monitoring system as in claim 15 wherein said 

11. A monitoring system as in claim 10 wherein said means for providing said baseline data is a neural network 
trained when the vehicle is known to be operating correctly. 

processor incorporates an expert system. 

expert system is a fuzzy expert system. 

65 

- 
at least one data acquisition and analysis module 

(DAAM) mounted on a vehicle in the fleet, each said 
DAAM having 

i) a programmable digital interface for collecting data 
indicative of measurable attributes of the vehicle, 

ii) an expert system coupled to said programmable digital 
interface for analyzing said data to generate analysis 
results that identifies the state of one or more sub- 
systems of the vehicle based on said measurable 
attributes, and 

iii) communication means coupled to said DAAM’s 
expert system for transmitting at least a portion of said 
analysis results; 

a control module mounted on the vehicle and in commu- 
nication with each said DAAM mounted on the vehicle, 
said control module having 

i) communication means for the transmission and recep- 
tion of signals, said control module’s communication 
means receiving said analysis results transmitted from 
each said DAAM, and 

ii) an expert system coupled to said control module’s 
communication means for analyzing said analysis 
results so-received to generate vehicle status results 
that summarize the state of relationships between said 
one or more sub-systems, wherein said control mod- 
ule’s communication means transmits at least a portion 
of said vehicle status results; and 

a terminal module located remotely with respect to the 
vehicle and in communication with the vehicle as well 
as other vehicles in the fleet wherein each of the other 
vehicles in the fleet is equipped with their own said at 
least one DAAM and said control module, said termi- 
nal module having 

i) communication means for the transmission and recep- 
tion of signals, said terminal module’s communication 
means receiving said vehicle status results transmitted 
from the vehicle and each of the other vehicles in the 
fleet, and 

ii) an expert system coupled to said terminal module’s 
communication means for analyzing said vehicle status 
results so-received to generate fleet results that sum- 
marize the state of said one or more sub-systems and 
said relationships between said one or more sub- 
systems for the fleet, wherein said terminal module’s 
communication means transmits said fleet results for 
use by one or more interested organizations. 

13. A monitoring system as in claim 12 wherein said one 
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18. A monitoring system as in claim U wherein said 
terminal module’s communication means transmits said 
fleet results autonomously. 
19. A monitoring system for a fleet of vehicles, compris- 

at least one data acquisition and analysis module 
( D M )  mounted on a vehicle in the fleet, each said 
DAAM having 

i) a Programmable digital interface for collecting data 
indicative of measurable attributes of the vehicle, 

ii) a fuzzy logic expert system coupled to said program- 
mable digital interface for analyzing said data to gen- 
erate analysis results that identifies the state of one or 
mo;c sLb-sys;cx of ;he .,*eh;c!e box:! sG.’ mp9. 
surable attributes, and 

iii) communication coup1ed to said DAAM’s 
expert system for transmitting at least a portion of said 
analysis results; 

a control module mounted on the vehicle and in commu- 
nication with each said DAAM mounted on the vehicle, 2o 
said control module having 

i) communication means for the transmission and recep- 
tion of signals, said control module’s communication 

receiving said analysis results transmitted from 
each said DAAM, and 

ii) a fuzzy logic expert system coupled to said control 25 fleet. 

iv) minimizing said ditferences by optimizing said design 
vector wherein said fuzzy inference algorithm 
so-configured with said user-supplied antecedents and 
said design vector so-optimized defines said fuzzy logic 

20. Amonitoring system as in claim 19 wherein each said 
D M  includes means coupled to said J ~ A A M ’ ~  expert 
system for providing baseline data thereto for each of said 
measurable attributes, said baseline data defining an accept- 

10 able level of performance for each of said measurable 
attributes. 
21. A system as in claim 20 wherein said 

for providing said basebe data is a memory device. 
22. A monitoring system as in ciaim 20 wherein said 

1s means for providing said baseline data is a neural network 
trained when the vehicle is known to be operating correctly. 
23. A monitoring system as in claim 19 wherein said 

terminal module’s communication means transmits said 
fleet results autonomouly~ 
24. A monitoring system as in claim 19 wherein said one 

or more interested organizations comprises one or more 
organizations responsible for the one or more of operation, 
maintenance, monitoring, and manufacturing of the vehicles 
in the fleet and said one ore more sub-systems used in the 

5 expert system. ing: 

module’s communication means for analyzing said 25. A system for a group Of systems, 
analysis results so-received to generate vehicle status 
results that summarize the state of relationships 
between said one or more sub-systems, wherein said 
control module’s communication meam transmits at 30 
least a portion of said vehicle status results; 

a terminal module located remotely with respect to the 
vehicle and in communication with the vehicle as well 
as other vehicles in the fleet wherein each of the other 
vehicles in the fleet is equipped with their own said at 35 

nal module having 
i) communicatiori means for the transmission and recep- 

tion of signals, said terminal module’s communication 
means receiving said vehicle status results transmitted 
from the vehicle and each of the other vehicles in the 
fleet, and said DAAM, 

module’s communication means for analyzing said 45 
vehicle status results so-received to generate fleet 
results that summarize the state of said one or more 
sub-systems and said relationships between said one or 
more sub-systems for the fleet, wherein said terminal 
module’s communication means transmits said fleet 
results for use by one or more interested organizations; 
and 

each said fuzzy logic expert system incorporating a tool 
for development thereof, said tool being supplied with 
a plurality of decision rules indicative of user-supplied 55 
consequences based on user-supplied antecedents 
indicative of said measurable attributes, said tool 

i) generating a design vector of parameters that defines all 
antecedent and consequence membership function dis- 
tributions associated with said plurality of decision 60 
rules, 

ii) conEguring a fuzzy inference algorithm with said 
user-supplied antecedents and said design vector, 
wherein test consequences are generated thereby, 

iii) comparing said test consequences with said user- 65 
supplied consequences wherein differences therebe- 
=een are generated, and 

prising: 
at least one data acquisition and analysis module 

(DAAM) mounted on a system in the group, each said 
DAAM 

i) collecting data indicative of measurable attributes of the 
system, 

ii) analyzing said data to generate analysis results that 
identifies the state of one or more sub-systems of the 
system based on said measurable attributes, and 

least one D M  and said control module, said termi- iii) transmitting at least a portion of said analysis results; 
a control module mounted on the system and in commu- 

nication with each said DAAM mounted on the system, 

i) collecting said analysis results transmitted from each 

ii) analyzing said analysis results socollected to generate 
system status results that identify potential sources of 
system anomalies based on the state of said one or more 
sub-systems, and 

iii) transmitting said analysis results so-collected and at 
least a portion of said system status results; and 

a terminal module located remotely with respect to the 
system and in communication with the system as well 
as other systems in the group wherein each of the other 
systems in the group is equipped with their own said at 
least one DAAM and said control module, said termi- 
nal module 

i) collecting, from the group of systems, said analysis 
results and said system status results transmitted from 
each said control module, 

ii) analyzing, for the group of systems, said analysis 
results and said system status results transmitted from 
each said control module to generate group results that 
identify multiple occurrences of said system anomalies 
and multiple Occurrences of ones of said one or more 
sub-systems operating at a performance level that is 
unacceptable, and 

iii) transmitting said group results for use by one or more 
interested orga~zations.  

10 said control module 

ii) a fuzzy logic expert coupled to said 
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26. A monitoring system as in claim 25 wherein said one 
or more interested organizations comprises one or more 
organizations responsible for the one or more of operation, 
maintenance, monitoring, and manufacturing of the struc- 
tures in the group and said one or more sub-systems used in 5 
the group. 

27. A monitoring system as  in claim 25 wherein each said 
DAAM, each said control module and said terminal module 
includes an expert system for performing said analyzing 
function associated therewith. 

28. A monitoring system as in claim 27 wherein each said 
expert system is a fuzzy expert system. 

29. A monitoring system as in claim 25 wherein each said 
DAAM includes means for providing baseline data for each 
of said measurable attributes, said baseline data defining an 
acceptable level of performance for each of said measurable l5 
attributes. 
30. A monitoring system as in claim 29 wherein said 

means for providing said baseline data is a memory device. 
31. A monitoring system as in claim 29 wherein said 

means for providing said baseline data is a neural network 20 
trained when the structure is known to be operating cor- 
rectly. 

32. A monitoring system as in claim 25 wherein said 
terminal module transmits autonomously. 
33. A monitoring system as in claim 25 wherein each said 25 

DAAM comprises: 
programmable means for sampling said data in accor- 

means for urovidinp. baseline data for each of said mea- 

10 

dance with user-supplied criteria; 
I - _  surable attributes, said baseline data defining an accept- 30 or 

maintenance, monitoring, and manufacturing of the systems attributes; 
a processor coupled to said Programmable  XIS and said in the group and said one or more sub-systems used in the 

means for providing said baseline data, said processor group, 
analyzing said data so-sampled in relation to said 35 39. Amonitoring system as in 37 wherein each =id 
baseline data to generate said analysis results; and expert system is a fuzzy expert system. 

communication means coupled to said processor for 40. Amonitorkg system as in claim 37 wherein each said 
broadcasting said analysis results. DAAM includes means coupled to said DAAM’s expert 

34. A monitoring system as in claim 33 wherein said 4o system for providing baseline data thereto for each of said 
measurable attributes, said baseline data defining an accept- 

35. A monitoring system as in claim 34 wherein said able level of performance for each of said measurable 
attributes. 

interested organizations comprises one or 
able level of performance for each of said measurable organizations responsible for the one or more of operation, 

processor incorporates an expert system. 

expert system is a fuzzy expert system. 

of systems is selected from the P U P  consisting of manu- 45 means for providing said baseline data is a memory device. 
facturing plants, structures including buildings and bridges, 42. A monitoring system as in claim 40 wherein said 
vehicles, and patients under medical care. means for providing said baseline data is a neural network 
37. A monitoring system for a P U P  of System, Corn- trained when the system is known to be operating correctly. 

prising : 43. A monitoring system as in claim 37 wherein said 
at least one data acquisition and analysis module terminal module’s communication means transmits said 
@M) mounted on a system in the group, each said group results autonomously. 
DAAM having 44. Amonitoring system as in claim 37 wherein the group 

i) a programmable digital interface for collecting data of systems is selected from the group consisting of manu- 
indicative of measurable attributes of the system, facturing plants, structures including buildings and bridges, 

ii) an expert system coupled to said programmable digital 55 vehicles, and patients under medical care. 
interface for analyzing said data to generate analysis 45. A monitoring system for a group of systems, com- 
results that identifies the state of one or more sub- 
systems of the system based on said measurable at least one data acquisition and analysis module 
attributes, and (DAAM) mounted on a system in the group, each said 

iii) communication means coupled to said DAAM’s 6o DAAM having 
expert system for transmitting at least a portion of said i) a programmable digital interface for collecting data 
analysis results; indicative of measurable attniutes of the system, 

a control module mounted on the structure and in com- ii) a fuzzy logic expert system coupled to said program- 
munication with each said DAAM mounted on the mable digital interface for analyzing said data to gen- 
system, said control module having erate analysis results that identilies the state of one or 

i) communication means for the transmission and recep- more sub-systems of the system based on said measur- 
tion of signals, said control module’s communication able attributes, and 

36. Amonitoring system a~ in claim 25 wherein the group 41. A monitohg system as in claim 40 wherein said 

prising: 

6s 

16 
means receiving said analysis results transmitted from 
each said DAAM, and 

ii) an expert system coupled to said control module’s 
communication means for analyzing said analysis 
results so-received to generate system status results that 
summarize the state of relationships between said one 
or more sub-systems, wherein said control module’s 
communication means transmits at least a portion of 
said system status results; and 

a terminal module located remotely with respect to the 
system and in communication with the system as well 
as other systems in the group wherein each of the other 
systems in the group is equipped with their own said at 
least one DAAM and said control module, said termi- 
nal module having 

i) communication means for the transmission and recep- 
tion of signals, said terminal module’s communication 
means receiving said system status results transmitted 
from the system and each of the other systems in the 
group, and 

ii) an expert system coupled to said terminal module’s 
communication means for analyzing said system status 
results so-received to generate group results that sum- 
marize the state of said one or more sub-systems and 
said relationships between said one or more sub- 
systems for the group, wherein said terminal module’s 
communication means transmits said group results for 
use by one or more interested organizations. 

38. A monitoring system as in claim 37 wherein said one 
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iii) communication means coupled to said DAAM’s 48. A monitoring system as in claim 47 wherein said 
expert system for transmitting at least a portion of said means for providing said baseline data is a neural network 
analysis results; trained when the system is known to be operating correctly. 

a control module mounted on the system and in commu- 49. A monitoring System as in claim 45 wherein said 
,,ication with each said DAAM mounted on the system, 5 terminal module’s communication means transmits said 

group results autonomously. said control module having 
50. A monitoring system as in claim 45 wherein said one i) communication means for the transmission and recep- 

tion of signals, said control module,s or more interested organizations comprises one or more 
organizations responsible for the one or more of operation, means receiving said analysis results transmitted from i o  maintenance, monitoring, and manufacturing of the systems each said DAAM, and in the group and said one or more sub-systems used in the 

ii) a fuzzy logic expert system coupled to said control group. 
module’s communication means for analyzing said 
analysis results so-received to generate system status 
results that summarize the state of relationships 
between said one or more sub-systems, wherein said 
control module’s communication means transmits at 
least a portion of said system status results; 

a terminal module located remotely with respect to the 
system and in communication with the system as well 2~ 
as other systems in the group wherein each of the other 
systems in the group is equipped with their own said at 
least one DAAM and said control module, said termi- 
nal module having 

i) communication means for the transmission and recep- 25 
tion of signals, said terminal module’s communication 
means receiving said system status results transmitted 
from the system and each of the other systems in the 
group, and 

ii) a fuzzy logic expert system coupled to said terminal 3O 
module’s communication means for analyzing said 
system status results so-received to generate group 
results that summarize the state of said one or more 
sub-systems and said relationships between said one or 
more sub-systems for the group, wherein said terminal 35 

~~ 

transmits said group or more interested organizations comprises one or more 
results for use by one or more interested organizations; 
and 

each said fumy logic expert system incorporating a tool 
for development thereof, said tool being supplied with 40 
a plurality Of decision rules indicative O f  user-supplied 
consequences based on user-suPPlied antecedents 
indicative of said measurable attributes, said tool 

i) generating a design vector of parameters that d e h e s  all 45 
antecedent and consequence membership function dis- 
tributions associated with said plurality of decision 
rules, 

ii) configuring a fuzzy inference algorithm with said 
user-supplied antecedents and said design vector, 

said test consequences with said user- 
consequences wherein differences therebe- 

organizations respons~le for the one or more of operation, 
maintenance, monitoring and manufacturing of the system 
and said one or more sub-systems used in the system. 
53, Amonitoring system as in claim 5 1  wherein each said 

DM, each said control module and said terminal module 
includes an expert system for performing said analyzing 
function associated therewith. 

54. Amonitoring system as in claim 53 wherein each said 
expert system is a fuzzy expert system. 

55. A monitoring system as in claim 51 wherein each said 
DAAM includes means for providing baseline data for each 
of said measurable attributes, said baseline data defining an 
acceptable level of performance for each of said measurable 
attributes. 

56. A monitoring system as in claim 55 wherein said 
means for providing said baseline data is a memory device. 

57. A monitoring system as in claim 55 wherein said 
said differences by optimizing said design 55 means for providing said baseline data is a neural network 

trained when the structure is known to be operating cor- 
rectly. 

58. A monitoring system as in claim 51 wherein said 
control module transmits autonomously. 

59. A monitoring system as in claim 51 wherein each said 
DAAM includes means coupled to said DAAM’s expert Dm comprises: 
system for providing baseline data thereto for each of said programmable means for sampling said data in accor- 
measurable attributes, said baseline data defining an accept- 
able level of performance for each of said measurable means for providing baseline data for each of said mea- 
attributes. 65 surable attributes, said baseline data defining an accept- 

47. A monitoring system as in claim 46 wherein said able level of performance for each of said measurable 
means for providing said baseline data is a memory device. attributes; 

wherein test consequences are generated thereby, 
;ii) 

tween are generated, and 

vector wherein said fuzzy inference algorithm 
so-configured with said user-supplied antecedents and 
=id design vector so-optimized defines said fuzzy logic 
expert system. 

iv) 

4. A system as in claim 45 wherein each said 6o 

dance with user-supplied criteria; 

51. A monitoring system for a system, comprising: 
at least one data acquisition and analysis module 
(DAAM) mounted on the system, each said DAAM 

i) collecting data indicative of measurable attributes of the 
system, 

ii) analyzing said data to generate analysis results that 
identifies the state of one or more sub-systems of the 
system based on said measurable attributes, and 

iii) transmitting at least a portion of said analysis results; 
a control module mounted on the system and in commu- 

nication with each said DAAM mounted on the system, 
said control module 

i) collecting said analysis results transmitted from each 
said DAAM, 

ii) analyzing said analysis results so-collected to generate 
system status results that identify potential sources of 
system anomalies based on the state of said one or more 
sub-systems, and 

iii) transmitting said analysis results so-collected and at 
least a portion of said system status results for use by 
one or more interested organizations. 

52. A monitoring system as in claim 51 wherein said one 



US 6,879,893 B2 
19 20 

a processor coupled to said programmable means and said 
means for providing said baseline data, said processor 
analyzing said data so-sampled in relation to said 
baseline data to generate said analysis results; and 

broadcasting said analysis results. 

69. A monitoring system as in claim 63 wherein said 
control module’s communication means transmits said sys- 
tem results autonomously. 
70. A monitoring system as in claim 63 wherein the 

communication means coupled to said processor for 5 system is selected from the group consisting of a manufac- 
turing plant, a structure including a building and a bridge, a 

60. A monitoring system as in claim 59 wherein =id vehicle, and a patient under medical care. 
processor incorporates an expert system. 
61. A monitoring system as in claim 60 wherein said 

expert system is a fuzzy expert system. 
62. A monitoring system as in claim 51 wherein the 

system is selected from the group consisting of a manufac- 
turing plant, a structure including a building and a bridge, a 
vehicle, and a patient under medical care. 

71. A monitoring system for a system, comprising: 
at leas1 one data acquisition and analysis module 

(DAAM) mounted on the system, each said DAAM 
having 

i) a programmable digital interface for collecting data 
indicative of measurable attniutes of the system, 

ii) a fuzzy logic expert system coupled to said program- 
63. A monitoring system for a system, comprising: mable digital interface for analyzing said data to gen- 
at least one data acquisition and analysis module erate analysis results that identifies the state of one or 

(DAAM) mounted on a system, each said DAAM more sub-systems of the system based on said measur- 
having able attributes, and 

i) a programmable digital interface €or collecting data 2o to said D m ’ s  
indicative of measurable attributes of the system, expert system for transmitting at least a portion of said 

ii) an expert system coupled to said programmable digital analysis results; 
interface for analyzing said data to generate a control module mounted on the system and in commu- 

nication with each said DAAM mounted on the system, results that identifies the state of one or more sub- 
systems of the system based on said measurable 25 said control module having 
attributes, and i) communication means for the transmission and recep- 

tion of signals, said control module’s communication iii) communication means coupled to said DAAM’s means receiving said analysis results transmitted from expert system for transmitting at least a portion of said 
analysis results; each said DAAM, and 

ii) a fuzzy logic expert system coupled to said control 
module’s communication means for analyzing said a control module mounted on the system and in commu- 30 

analysis results so-received to generate system status nication with each said DAAM mounted on the system, 
said control module having results that summarize the state of relationships 

i) communication means for the transmission and recep- between said one or more sub-systems, wherein said 
tion of signals, said control module’s communication control module’s communication means transmits at 
means receiving said analysis results transmitted from 35 least a portion of said system status results for use by 
each said DAAM, and one or more interested organizations. 

ii) an expert system coupled to said control module’s 72. A monitoring system as in claim 71 wherein each said 
communication means for analyzing said analysis DAAM includes means coupled to said DAAM’s expert 
results so-received to generate system status results that 4o system for providing baseline data thereto for each of said 
summarize the state of relationships between said one measurable attributes, said baseline data defining an accept- 
or more sub-systems, wherein said control module’s able level of performance for each of said measurable 
communication means transmits at least a portion of attributes. 
said system status results for use by one or more 73. A monitoring system as in claim 72 wherein said 
interested organizations. 45 means €or providing said baseline data is a memory device. 

64. A monitoring system as in claim 63 wherein said one 74. A monitoring system as in claim 73 wherein said 
or more interested organizations comprises one or more means for providing said baseline data is a neural network 
organizations responsible for the one or more of operation, trained when the structure is known to be operating cor- 
maintenance, monitoring, and manufacturing of the system rectly. 
and said one or more sub-systems used in the system. 75. A monitoring system as in claim 71 wherein said 
65. Amonitoring system as in claim 63 wherein each said control module’s communication means transmits said sys- 

expert system is a fuzzy expert system. tem results autonomously. 
66. A monitoring system as in claim 63 wherein each said 76. A monitoring system as in claim 71 wherein said one 

DAAM includes means coupled to said DAAM’s expert or more interested organizations comprises one or more 
system for providing baseline data thereto for each of said 55 organizations responsible €or the one or more of operation, 
measurable attributes, said baseline data defining an accept- maintenance, monitoring, and manufacturing of the system 
able level of performance for each of said measurable and said plurality of sub-systems used in the system. 
attributes. 77. A monitoring system as in claim 71 wherein the 
67. A monitoring system as in claim 66 wherein said system is selected from the group consisting of a manufac- 

means for providing said baseline data is a memory device. 60 turing plant, a structure including a building and a bridge, a 
68. A monitoring system as in claim 66 wherein said vehicle, and a patient under medical care. 

means for providing said baseline data is a neural network 
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trained when the system is known to be operating correctly. * * * * *  


