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Abstract In spacecraft telemetry, expert systems
technology is being used to manage the complexity
generated by the greater number of complex measurands.
The telemetry subsystems usually have multiple
configurable roles; hence, there are similar rule bases in
existence for different subsystems.  There is a need to extract
reusable components from such systems so that they can be
adapted and integrated for newer missions. A semi-
automated tool, such as Pragati's MVP-CA (Multi-
ViewPoint Clustering Analysis) tool, can provide a valuable
aid  for comprehension, maintenance, integration and
evolution of these expert systems by structuring a large
knowledge base in various meaningful ways. The similarity
in existing telemetry rule bases is exploited by applying the
MVP-CA tool to “mine” the knowledge existent in them.
This knowledge can serve as a handle to fuse information
from different rule sets and formulate new rule sets for
further mission planning activities. We will discuss issues
about indexing, retrieval and adaptation of the rule sets by
describing a support architecture needed in the MVP-CA
tool for investigating the identification of potentially
reusable clusters and linking it with case-based reasoning
technology.
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1. Introduction

The increased number and complexity of spacecraft
mission measurands and the evolution of ground
systems architectures that support multiple
configurable roles have emphasized the need to
alleviate the mission operator workload.  Rule-based
expert systems are a common technology used to
manage this complexity; yet a rule set created for a
particular mission is often developed in a stand-alone,
ad hoc manner.  The consequence of this practice is
that rule-based systems are redeveloped each time the
system changes [1].  Moreover, due to the critical
nature of these applications, much more stringent
standards have to be imposed now on their ability to
provide reliable decisions in a timely and accurate
manner. Pragati's Multi-ViewPoint-Clustering

Analysis (MVP-CA) tool provides a framework for
clustering large, homogeneous knowledge-based
systems from multiple perspectives [8]. It is a semi-
automated tool allowing the user to focus attention on
different aspects of the problem, thus providing a
valuable aid for comprehension, maintenance,
verification and validation (V&V), integration and
evolution of knowledge-based systems.

The MVP-CA tool has recently been adapted for
clustering telemetry knowledge bases. We present here
some preliminary results of applying the MVP-CA
tool on some telemetry expert systems. In particular,
results exposing verification and validation (V&V)
problems in the rule bases have been discussed in
[11,12]. We will briefly discuss here our next step of
extracting reusable components in a systematic
manner by proposing an integration of the MVP-CA
tool with case-based reasoning (CBR) technology.
Issues relating to indexing, retrieval and adaptation of
the rule sets can be addressed effectively when the two
technologies are integrated.

2. Motivation

Expert systems are increasingly being used as
intelligent information specialists in cyberspace, both
for civilian and military applications. In spacecraft
telemetry, expert systems technology is used to
manage the complexity generated by the greater
number of complex measurands [7]. Spacecraft
satellite telemetry (sub) systems have a unique
characteristic in that they usually have multiple
configurable roles; hence, there are similar rule bases
in existence for different subsystems. As new missions
get planned the number of such rule bases with similar
structures keeps growing. Also, as new knowledge
evolves due to new technology in the market, these
systems have to be adapted to incorporate/reflect the
changes in technology. Each mission has its own rule
set to be applied and each one of them has the
potential to grow into a monolithically large
unmanageable system. The phenomenon of  “add a
rule each time” to take care of different situations in
any expert system, leads very quickly to an
uncontrolled proliferation of rules in the expert



system. Due to the data-driven nature of expert
systems, as the number of rules of an expert system
increase, the number of possible interactions between
the rules increases exponentially. The complexity of
each pattern in a rule compounds the problem of
management of rules even further. Documentation has
the danger of becoming obsolete very quickly, as
software developers do not always have the necessary
discipline to keep updating their documentation.
Furthermore, defining any requirements or
specifications up front in such a rapid prototyping and
iterative development environment, even though they
are desirable, becomes an impractical and moot
question. Even if they were specified, as any software,
conventional or knowledge-based becomes more
complex, common errors are bound to occur through
misunderstandings of specifications and requirements
[2].

It is therefore desirable to have an analysis
tool that exposes a developer to the current software
architecture and semantics of the knowledge base in
such a dynamically changing development
environment, so that the knowledge base can be
comprehended at various levels of detail. To achieve
this goal, the knowledge in the system has to be
suitably abstracted, structured, and otherwise clustered
in a manner that facilitates software engineering
activities [5,6]. Hence, by exposing the knowledge
contained in the knowledge-based system through
the Multi-ViewPoint Clustering Analysis tool, we
formulate a basis for addressing reusability,
maintainability, and reliability issues for such systems.

3. Multi-ViewPoint Cluster Analysis
(MVP-CA) Technology

Existing approaches to structuring systems are limited
in a major way. They only provide a single viewpoint
of a system.  We believe that no one single
structuring viewpoint is sufficient to comprehend a
complex system. In this paper we show the feasibility
of applying Pragati’s Multi-ViewPoint-Clustering
Analysis (MVP-CA) methodology on satellite
telemetry rule-based systems for reusability. MVP-CA
framework has the potential to be extended to
incorporate case-based retrieval and adaptation
technology for reusability of clusters generated
through the MVP-CA tool.

Our approach hinges on generating clusters
of rules in a large rule base, which are suggestive of
mini-models related to the various sub domains being
modeled by the expert system. These clusters can then
form a basis for understanding the system both
hierarchically (from detail to abstract) and
orthogonally (from different perspectives). An

assessment can be made of the depth of
knowledge/reasoning being modeled by the system
which can pave the way for adapting the clusters for
new specifications in new systems.

3.1 Overview of the MVP-CA Tool

Pragati's Multi-ViewPoint-Clustering Analysis (MVP-
CA) tool provides such a framework for clustering
large, homogeneous knowledge-based systems from
multiple perspectives. It is a semi-automated tool
allowing the user to focus attention on different
aspects of the problem, thus providing a valuable aid
for comprehension, maintenance, integration and
evolution of knowledge-based systems. The
generation of clusters to capture significant concepts
in the domain seems more feasible in knowledge-
based systems than in procedural software as the
control aspects are abstracted away in the inference
engine. It is our contention that the MVP-CA tool can
form a valuable aid in exposing the conceptual
software structures in such systems, so that various
software engineering efforts can be carried out
meaningfully, instead of in a brute-force or ad-hoc
manner [2,10]. In addition, insight can be obtained for
better reengineering of the software, to achieve run-
time efficiency as well as reduce long-term
maintenance costs. It is our intention to provide a
comprehension aid base first, through our MVP-CA
tool, for supporting all these software engineering
activities. The MVP-CA tool consists of a Cluster
Generation and a Cluster Analysis Phase. Together
they help analyze the clusters so that these clusters
can form the basis for any software engineering
activities.

The multi-viewpoint approach utilizes
clustering analysis techniques to group rules that share
significant common properties and then it helps
identify the concepts that underlie these groups. In the
Cluster Generation Phase the focus is on generating
meaningful clusters through clustering analysis
techniques augmented with semantics-based
measures. In this phase, the existing rule base along
with a concept focus list feeds into a front end
interpreter. The interpreter parses the rule base and
transforms it into an internal form required by the
clustering tool. The clustering algorithm starts with
each rule as a cluster. At each step of the algorithm,
two clusters which are the most “similar'' are merged
together to form a new cluster. This pattern of
mergings forms a hierarchy of clusters from the
single-member rule clusters to a cluster containing all
the rules. “Similarity” of rules is defined by a set of
heuristic distance metrics for defining the distance
between rules.



 One of the most significant ways a user can
effect the clustering process is through his choice of a
distance metric. Distance Metric measures the
relatedness of two rules in a rule base by capturing
different types of information for different classes of
expert systems [3,4]. There are five different distance
metrics that we have implemented so far.
Classification systems yield easily to a data-flow
grouping and hence information is captured from the
consequent of one rule to antecedent of other rules.
This defines our data-flow metric. In a monitoring
system since the bulk of domain information required
for grouping is present in the antecedents of rules, the
antecedent distance metric captures information only
from the antecedents of rules. Alternatively, grouping
the rule base on information from the consequents
alone, gives rise to the consequent metric.  The total
metric is general enough and captures information
from both sides of rules to take care of systems where
a combination of the above programming
methodologies exists.

4. Reusability of Rule Sets

In the MVP-CA-based environment, it is envisioned
that legacy expert systems can be clustered into rule
sets of semantically related rules as shown in Figure 1.
Once we have a mechanism for decomposing the
expert systems in various meaningful ways, relevant
rule sets from different expert systems can be retrieved
and assimilated through case-based retrieval (CBR)
and analogical reasoning techniques [14]. In fact, the
sets of rules could be “wrapped'' in such a manner that
commercial CBR tools could be used to retrieve the
relevant rule sets as and when required. Once the

appropriate rule set has been retrieved through the
Cluster Interface Definition (CID), they can be
adapted for the new mission’s functionality as needed.
For the new evolving prototypes, providing insight
into the continually changing models through the
MVP-CA tool can prove to be a valuable aid in their
transition to an operational stage. Such an
environment could then support the orderly and
reliable transition of evolving, complex, knowledge-
based system software in the satellite telemetry
domain, so that such systems can be reused for new
scenarios.

This environment will focus on the issues of long-
term maintenance, reusability and evolution of
mission-specific rule sets in spacecraft telemetry
systems.  Preliminary investigation is currently under
way to study how case-based retrieval and storage
techniques could be used effectively for storing and
retrieving such CIDs defining the rule clusters. Our
research efforts address the possibility of providing a
software environment which enables semi-automatic
detection, storage, retrieval and adaptation of these
rule sets so that reusability of existing rule sets can be
addressed across missions in a systematic and
disciplined manner [13]. It is envisioned that some
form of case-based storage and retrieval techniques
will be incorporated into the MVP-CA methodology
for reuse of rule sets, so that a full-scale prototype
environment can be built. Such an environment will
alleviate the developer from the tedious burden of
manually inspecting large and complex legacy rule
bases before building a new rule base for the next
similar mission.

Figure 1: Using MVP-CA technology and CBR tools for management of telemetry rule sets
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Even though our ideas are being applied to
telemetry applications primarily, the methodology for
reusability being advocated here can be transitioned to
other knowledge-based applications areas such as,
medical, forensics, civil engineering and others. Also
the clustering methodology in the MVP-CA
technology is not dependent on any particular
knowledge representation scheme or the language of
the knowledge-based system; hence, the MVP-CA
methodology can be integrated into any environment
that encapsulates domain knowledge in a regular form.

4.1 Reusable Rule Sets in Telemetry
Systems

In our preliminary study we have manually identified
several rule sets from telemetry systems that could be
viable candidates for reusability. Informal discussions
with some domain experts in telemetry systems have
corroborated our results. Currently, from the MVP-CA
tool we aid the user in detecting potentially reusable
clusters and then provide him with an infrastructure to
first describe the cluster in free-form text and then ask
him to describe it with a few keywords. We also ask of
the expert how he/she envisions retrieving it. In other
words, what is the most likely manner in which
another domain expert may want to recall this cluster
in future.

A representative stable group for the concept
of inclination (INCL) from Aerospace’s SEAS rule
base is presented in Figure 2. Spacecraft
Environmental Anomalies (SEA-ES) is an expert

system developed by The Aerospace Corporation,
Space and Environment Technology Center for use in
the diagnosis of satellite anomalies caused by the
space environment. The satellite anomalies to be
detected by the rule base ranges from surface
charging, bulk charging, single-event effects, total
radiation dose, and space-plasma effects. Various
parameters play a role in the determination of these
anomalies such as, orbit of the satellite, the local
plasma and radiation environment, satellite-exposure
time, hardness of the circuits and their components
etc.

The cluster in Figure 2 shows the relationship
between different orbit types, inclination types,
perigee and apogee. Concepts such as inclination are a
supporting domain concept in this rule base, that the
MVP-CA tool allows us to identify through the
clustering of rules. The key features for indexing for
such a cluster will be INCL, INCLIN, PERIGEE,
APOGEE and ORBIT. The interrelationships across
these concepts could be documented in an annotations
window, and their various possible values or value
ranges could get represented through templating,
discussed in the next section. These rule sets can thus
become viable candidates for potential reuse. In future
if another type of orbit needs to be specified, the
developer needs to retrieve this cluster, and be careful
of not infringing one of the already specified ranges
for the various orbit types.

XTE knowledge base from NASA provided a very
rich environment for finding reusable rule clusters. X-
Ray Timing Explorer (XTE) is an expert system
written in GenSAA (Generic Spacecraft Analyst

Rule#     Rule Description
  * 138  INCL BT -5 5 => INCLIN = EQTRL
  * 139  INCL BT 5 30 V INCL BT -5 -30 => INCLIN = L_INCLIN
  * 140  INCL BT 30 60 V INCL BT -30 -60 => INCLIN = I_INCLIN
  * 141  INCL BT 60 80 V INCL BT -60 -80 => INCLIN = H_INCLIN
  * 142  INCL BT 80 90 V INCL BT -80 -90 => INCLIN = PLR
  * 173  PERIGEE BT 96 145 ^ APOGEE BT 320 480 ^ INCL BT 80 100 => ORBIT = LOW1
  * 175  PERIGEE BT 200 300 ^ APOGEE BT 200 300 ^ INCL BT 45 70 => ORBIT = STS57L
  * 177  PERIGEE BT 280 420 ^ APOGEE BT 280 420 ^ INCL BT 45 70 => ORBIT = STS57H
  * 179  PERIGEE BT 480 720 ^ APOGEE BT 480 720 ^ INCL BT 45 70 => ORBIT = ERBS
  * 174  PERIGEE BT 135 205 ^ APOGEE BT 185 276 ^ INCL BT 85 105 => ORBIT = LOW2
  * 180  PERIGEE BT 630 770 ^ APOGEE BT 630 770 ^ INCL BT 90 105 => ORBIT = L^SAT
  * 181  PERIGEE BT 735 900 ^ APOGEE BT 750 920 ^ INCL BT 90 110 => ORBIT = DMSP
  * 183  PERIGEE BT 800 980 ^ APOGEE BT 820 1000 ^ INCL BT 90 110 => ORBIT = IRAS
  * 176  PERIGEE BT 240 360 ^ APOGEE BT 240 360 ^ INCL BT 20 35 => ORBIT = STS28L
  * 178  PERIGEE BT 400 600 ^ APOGEE BT 400 600 ^ INCL BT 20 35 => ORBIT = STS28H
  * 185  PERIGEE BT 400 600 ^ APOGEE BT 31600 47500 ^ INCL BT 52 78 => ORBIT = MOLNIYA
  * 182  PERIGEE BT 700 860 ^ APOGEE BT 700  860 ^ INCL BT 95  120 => ORBIT = GEOSAT
  * 184  PERIGEE BT 1035 1265 ^ APOGEE BT 1080 1320 ^ INCL BT 81 99 => ORBIT = NOVA
  * 186  PERIGEE BT 15900 23800 ^ APOGEE BT 16300 24600 ^ INCL BT 50 75 => ORBIT = GPS
  * 187  PERIGEE BT 28600 43000 ^ APOGEE BT 28600 43000 ^ INCL BT 0 10 => ORBIT = GEOSYNC

Figure 2: Candidate reusable SEAS rule group



Assistant), which is a superset of Clips. GenSAA was
built by NASA to serve as a development and
application environment for building expert systems at
various NASA control centers. XTE is a health and
safety monitoring rule base, checking the various
onboard subsystems on the satellite, such as attitude
and control system, power subsystem, thermal
subsystem, solar array subsystem, spacecraft data
subsystem, transponder subsystem, and many others.

A couple of representative clusters from this
knowledge base are presented below. In Figure 3, we
present a group of rules, which set the Receiver in one
of two modes,  lock or search. Contents of this group
of rules for Receiver 1 is presented in an abbreviated
form. Receiver 2 had the same set of rules for the
different mode switches as well. By highlighting the
similarity across the rules in this set, the MVP-CA tool
brings to our attention, the high level functionality of
the rule set. If this functionality can be captured in a
template form we can generate more such sets of rules
for different receivers.

In Figure 4 we present another representative
cluster from the XTE knowledge base which watches
the telemetry and statistics monitor (TSM). A close
inspection of the rules themselves in Figure 4 reveals
the potential reuse capability of such a rule set. The
CID definition for this rule set would have to
incorporate a general name, for example, “TSM
watch” rules for indexing purposes. (Notice a possible
anomaly in rule tsm-0-22-watch that is really watching
the range, 0 through 16 instead of 0 through 22, as
suggested by the rule name.) We would like to match
up the CID definitions obtained from domain experts,
with features to be utilized for our case-based indexing
scheme for the clusters.   

MVP-CA tool’s contribution, in the context
of reusability of software systems, is to ease the
process of populating repositories of reusable

components by semi-automatically flagging rule sets
in existing knowledge bases.

4.2 Adaptability of Telemetry Rule Sets

The overall environment for reuse as envisioned in the
MVP-CA tool is conceptualized as a problem space,
which is indexable by CIDs and a solution space,
which stores the adaptable and reusable clusters. As a
new specification comes in, the CBR technology
enables us to pull out the relevant clusters through
retrieval algorithms. The adaptable cluster is then
pulled out and a new rule cluster for the new mission
is formulated.

In our case of adapting the rule clusters to the
problem at hand, we would have to identify the
parameters, which will take on different values for
different missions. We illustrate this aspect by
handworking through a rule set, shown in Figure 5,
which we obtained during our interactions with the
NASA flight engineers. Since they were
contemplating on putting it in their reuse repository,
we chose to work with them on templating such a
cluster. This set of rules is part of a background
monitoring system and its functionality is to basically
infer the telemetry data quality from the main-frame
data quality (MF-QUALITY). These rules are a part of
TPOCC (Transportable Payload Operations Control
Center) where the process XTE_DECOM is defined
and active. Each of the rules in the set basically checks
if the frame synchronization is in place, and what
types of data-quality are being obtained from the main
frame. It then asserts the deduced fact and sends the
appropriate message. Thus, there are certain portions
of the code, which are, like the constants of an
equation; the rest are the variable parameters.

(defrule rcvr-1-lock2search ""
   (Mission XA1CARLK#XTE_DECOM

?r1&:(neq ?r1 LOCK))
   ?x1 <- (Inferred SC-Rcvr-1-Lock

?r3&:(neq ?r3 Search))
=>  ...
   (SendMessage "MessageWindow" Status
    "Reciever 1 went from Locked to Search"))

(defrule rcvr-1-search2lock ""
   (Mission XA1CARLK#XTE_DECOM  LOCK)
   (Mission XA1RCVLK#XTE_DECOM  LOCK)
   ?x1 <- (Inferred SC-Rcvr-1-Lock  Search)
   (Inferred valid-telemetry  valid)
=>  ...
   (SendMessage "MessageWindow" Status

Figure 3: Reusable Cluster from XTE  rule base for Receiver Lock and Search

76  rcvr-1 lock2search
77  rcvr-1-search2lock
78  rcvr-2-lock2search
79  rcvr-2-search2lock



One of the most practical ways in which such
information about a cluster can be captured is through
the generation of a template for the cluster [13]. Since
the underpinnings of a reusable cluster will necessarily
be the degree of similarity of rules within that cluster,
trying to encapsulate this knowledge in a template
form is a first step towards making the cluster
reusable.

The challenge in this situation was to locate
the static or constant portions of the code and set it off
from the parameterizable or variable portion of the
code. In other words, when two rules are deemed
similar to a certain degree, one would like to know to
what extent and what type of similarity it is. It is
postulated that given such a group, it is feasible to
create a template, which would look like the one
shown in Figure 6. A new <name-of-rule> is
generated for each of the different rule cases for
checking data quality. For this set of rules the Mission
name, MF_QUALITY and process name,
XTE_DECOM, is fixed; hence we did not
parameterize it. However, in building the indexing
scheme for such a representative cluster we may want
this to be filled in as a slot in the attribute fields as
shown in Figure 7.  Thus, Figure 7 represents a higher
level of abstraction for the cluster, than Figure 6. The
former is a means of storing and retrieving the cluster
templates. Once retrieved, the necessary open slots can
be instantiated with the new mission needs and names.
Thus we can build a case library of such rule sets,
indexable through the CIDs, such as given in Figure 7,
and we can then, retrieve for the user, relevant

parameterizable templates which could be adapted for
the situation at hand. Such templates would abstract
the structure of the rule set and can be used for
generation of new rule sets. A possible set of cluster-
identification parameters is shown in Figure 7.

M. Wolverton and B. Hayes Roth's [14] work
on Knowledge-Directed Spreading Activation seems
to be a very applicable technology in our context for
case retrieval in the following manner. It retrieves
analogical cases stored in a large semantic network by
using task-specific knowledge to guide a spreading
activation search to a case or concept in memory that
meets a desired similarity criterion. Both similarities
and dissimilarities guide the search process. Thus, if
knowledge about clusters and their (dis) similarities
with each other could be stored in an appropriate
fashion in the CID, this technology could be overlaid
on the CBR commercial tool's functionality so as to
make it applicable for retrieval of rule sets generated
from large multi-use knowledge-base systems through
the MVP-CA tool.

We showed the feasibility of taking a CID for
a representative cluster such as specified above, and
populating the case base with the appropriate features
to index into the clusters. An index is really a piece of
information about the cluster that can be stored in a
computational data structure so that it can be searched
and retrieved quickly. We do provide a mechanism in
our interface to store unindexed information as well
with each cluster, because it may provide contextual
information that could be of value to the user, but
which may not play a role in the retrieval process.

(defrule tsm-0-22-watch ""
?o1 <- (TSM-FAIL ?etime "ACS" ?id&:(and (>= ?id 0) (<= ?id 16)) ?thresh)
?o2 <- (acs-tsm-status ?)
?o3 <- (Inferred POWER-TSM-STATUS ?)

...
;**********************************************************************
(defrule tsm-24-watch ""

?o1 <- (TSM-FAIL ?etime "SC" 24 ?thresh)
?o2 <- (Inferred POWER-TSM-STATUS ?)

...
;**********************************************************************
(defrule tsm-25-watch ""

?o1 <- (TSM-FAIL ?etime "SC" 25 ?thresh)
?o2 <- (Inferred POWER-TSM-STATUS ?)

...
;**********************************************************************
(defrule tsm-26-32-watch ""

?o1 <- (TSM-FAIL ?etime "SC" ?id&:(and (> ?id 25) (< ?id 33)) ?thresh)
?o2 <- (Inferred POWER-TSM-STATUS ?)

Figure 4: Telemetry and Status Monitoring Reusable Cluster from the XTE  rule base

2  tsm-0-22-watch
65  tsm-62-64-watch
12  tsm-24-watch
13  tsm-25-watch
39  tsm-68-watch
14  tsm-26-32-watch
17  tsm-65-66-watch



5. Conclusions

We have shown that the MVP-CA prototype tool is
able to extract various views of expert systems
through the clustering of rules.  The rule clusters form
a basis for understanding the system for various
software engineering activities because they are
suggestive of various rule-models inherent in the
software system.  Information can be fused from
various reusable clusters to develop new mission
systems. Even though the technolgy has been applied
to expert systems, it is applicable to any information
system which has a regular grammar.

Given the successful development of the MVP-CA
tool, software developers will be in the position to
leverage the knowledge of existent systems in building
new ones in a reliable and efficient manner.
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