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This thesis is the product of a knowledge acquisition effort, whose 

objective was to obtain information essential to the modelling and simulation of 

a robotically operated laboratory on board the forthcoming space station 

"Freedom". The information is represented using the system entity structure, 

a knowledge representation scheme that utilizes artificial intelligence concepts. 

The system entity structure details the design information and associated 

knowledge required for the intelligent autonomous operation of the space-

based laboratory. The approach is proven to be very beneficial for organizing 

and displaying the vast amounts of information that constitute this intricate 

system design. Knowledge management, representation, and the nature of a 

future software implementation are also addressed. 
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CHAPTER 1 

I N T R O D U C T I O N  

1.0 MOTIVATION AND ORGANIZATION OF THESIS 

The motivation for this thesis was the application of system entity structure 

concepts to organize, manage, record, and display the information, data, and 

knowledge related to a large-scale system design. This pursuit was conducted 

in conjunction with an endeavor, supported by NASA-Ames Research Center, 

to design a simulation environment for laboratory management by robot 

organizations aboard the forthcoming space station Freedom. The work has 

been designated as the "NASA A! Project" by the Electrical and Computer 

Engineering Department of the University of Arizona. The scope of this 

undertaking encompasses the broader, higher-level aspects of the overall 

system design, and as such, it provides an infrastructure integrating associated 

efforts on the NASA Al project. 

Chapter 1 elaborates on topics prerequisite to subject matter encountered 

throughout this thesis, such as modelling and simulation, representation 

schemes, object-oriented systems, and the system entity structure formalism. 

In Chapter 2, particulars of the space station Freedom design, the life sciences 

research laboratory, and artificial intelligence (Al) are delineated in an attempt 

to provide the background for Chapter 3, which applies the system entity 

structure concept, to the space station architecture. The current state of the art 

in laboratory automation and robotics is discussed in Chapter 4, then a system 

entity structure for the life sciences research laboratory is presented in Chapter 
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5. Finally, Chapter 6 concludes the thesis by summarizing and illustrating 

additional work that is required to realize the proposed software implementation 

for the system entity structure. 

1.1 COMPUTER MODELLING AND SIMULATION 

Computer modelling/simulation is an activity undertaken to verify and 

evaluate the design, understand the behavior, or optimize the operation of a 

system. Through the process of computer modelling/simulation, the effects of 

interventions on a system model can be ascertained before they are actually 

carried out on the real system. The increased decision making ability provided 

by the approach allows the selection of the most promising interventions. 

Models of real systems help us to predict their behavior and find actions that will 

achieve our goals. 

Engineers and scientists are confronted with the job of analyzing problems 

in the real world, synthesizing solutions to these problems, or developing 

theories to explain them. One of the first steps in any such effort is the 

development of a mathematical model of the phenomenon being studied. This 

model must not be oversimplified or the conclusions drawn from it will not be 

valid in the real world, however, the model should not be so complex as to 

unnecessarily complicate the analysis. According to Zeigler, there are three 

broad areas of intervention into a system; management, design, and control 

(Zeigler, 1984). Management has the most limited power of intervention as 

compared to design and control. In management intervention, one sets goals 

at higher levels and execution is carried out at lower levels. Control has more 
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power to intervene than management, but design has the greatest power of 

intervention into a system. In design, the designer creates the reality of a 

system, which is controlled by the system variables to implement prescribed 

management policy. 

System models can be developed by three different modelling methods; 

experimental, analytical, and causal. Experimental modelling is the selection 

of mathematical relationships which seem to fit observed input-output data. 

Experimental or data modelling involves least-squares data fitting and system 

identification techniques. Analytical modelling consists of a systematic 

application of basic physical laws to system components. Differential equations 

are used to physically model a system and its components, and continuous 

simulation languages are used to run these simulation models. Analytical 

modelling represents a quantitative approach to representing information about 

the real world. On the other hand, causal modelling involves representing the 

qualitative knowledge about a real world system in models. It can incorporate 

the causal relationships among components in a system by using discrete-

event modelling techniques. Discrete-event modelling represents a system as 

a set of objects and the ways in which objects interact with one another. A set of 

finite events represents the interaction among objects, which in turn change the 

state of the objects. The collective state of the objects defines the state of the 

system. Discrete-event simulation models have been used in many areas of 

system design such as manufacturing systems, communication networks, 

computer network protocols, and parallel computer architectures. In such 

application areas, discrete-event models are much more reliable and accurate 

than analytical models because in analytical modelling, certain aspects of the 
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system behavior under design have been omitted which are are not easily 

represented by differential equations. 

The Discrete Event System Specification (DEVS) formalism developed by 

Zeigler (Zeigler, 1976), is a mathematical formalism that provides a formal 

basis for specifying discrete-event models expressible within simulation 

languages. Discrete-event models can be specified in hierarchical, modular 

form so that simulation models of system components called atomic models, 

may be linked to one another to form coupled models representing a subsystem 

model. A coupled model may be linked with other coupled models to form a 

higher-level coupled model. Atomic and coupled models can be stored in a 

knowledge base called the model base so that they may be reused to develop 

hierarchical, modular discrete-event models of complex systems. 

Construction, testing and validation of simulation models can be done in a 

modular fashion with the DEVS formalism. Subsystem or component models 

can be developed independently, then thoroughly tested and verified before 

being integrated into a larger system model. Any model can be readily, and 

independently tested by coupling a test module to it. Test modules can be 

developed in a systematic manner using the concept of the experimental frame 

(See Zeigler, 1984). 

1.2 REPRESENTATION SCHEMES 

A representation scheme is a means of representing reality in computerized 

form. It is not only a method of holding information in memory, but a'iso 

includes the processes for operating on that information to access it, alter it, or 
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draw inferences from it. To characterize a representation, it is essential that 

both the memory organization and the operations be described. 

Representations develop incrementally with their origins based on the 

architecture of the human brain. Humans have the ability to represent objects, 

to associate properties with objects, relations with systems of objects, and to 

represent changes in the structure of objects (e.g., changes in object properties 

or movement of an object from one location to another). Visual imagery has 

been a troublesome topic in psychology because of the difficulty in obtaining 

objective evidence for its existence. Seeing things in the mind's eye is a 

frequent experience in everyday life with our mental images being picture-like. 

However, cognitive psychology research is just beginning to understand the 

part that visual imagery plays in the role of thinking. Nevertheless, from the 

standpoint of computer and brain architecture, these symbolic structures are 

called list structures and list processes. List processes operate on the list 

structures to provide very powerful and general mechanisms for representing 

objects, properties of objects, relations among objects, and changes in 

relational structure. 

A list representation is a means storing information in computer memory in 

lists or structures of lists. Unlike a pencil-and paper list in which items are 

arranged in a sequence on a page, in computer memory adjacent items on the 

list are not usually stored in adjacent physical locations. Instead, each item on 

the list is stored with the address of the item that is next on the list. These 

addresses essentially function as "pointers" to the next item on the list. A list 

can be scanned by following these pointers to each succeeding item. The list 

representation has several operators that can store, modify, or retrieve 
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information. When an item of information is stored in memory in lists, operators 

exist that find the next item on the list and insert the item of information in the list 

in memory. There are operators for deleting an item and performing other 

simple actions that depend on the associative structure of the memory. The list, 

or associative representation, involves storage in such a manner as to make 

these kinds of operations easy and fast. 

There are a number of other kinds of representations besides lists, such as 

sentential and pictorial representations. Sentential representations refers to 

the fact that information "in the head" or in a computer is represented in the form 

of sentences stated in some natural or artificial language, and that the 

inferencing processes are logical reasoning processes in this language. First-

order predicate calculus is the generic representation in this case which is the 

basis for logic programming and logic programming languages such as Prolog. 

There is no particular incompatibility between sentential representations and list 

structures. A basic element of a list structure representation can be a relation 

P(X,V), which may be read as "The value of property P of object X is V". To 

attain the full expressiveness of the predicate calculus, all that needs to be 

added is a way of representing connectives and quantifiers, which can easily be 

done with the list structure representation. Two representations are considered 

equivalent only to the extent that the same information can be stored in them 

and extracted from them with the same ease. List structures and sentential 

representations are not equivalent because they are not computationally 

equivalent (Langley, et al. 1987). The operations that are easily and quickly 

performed on list structures, such as moving a symbol from one list to another, 

or changing the value of a symbol on a list, are not the same as those that are 
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quickly performed in tlie sentential representation, such as constructing a new 

proposition that Is a consequence by modus ponens of two previous 

propositions. 

Pictorial representations or imaginal representations refer to an internal 

representation where the information it contains appears similar, and similarly 

organized to the information in an external diagram or picture. Furthermore, the 

inferences that can be drawn from it are similar in kind to those that can be 

drawn immediately from a diagram or picture. Mental images are related to 

these pictorial representations, but not in a way to imply that there are literally 

pictures in the human brain or computer memory. It simply implies that the 

information is stored in such a way, and in conjunction with operators, that the 

same information can be held and inferences drawn from it as if there were an 

actual visual stimulus before the eyes available for scanning. What is the 

relation of the list structure representation to the pictoriai representation? The 

answer is not an easy one because images can take on many forms and can 

exist at many levels of abstraction. An important characteristic of a pictorial 

representation is that each component occupies a specific spatial relation with 

other components. In a list structure, each component can be labelled with its 

position to represent the spatial relations with other components, and the two 

representations can be considered to contain equivalent information. However, 

if "pictorial" means to have the metrical properties and the properties of 

continuity of drawings on paper, then the list structure representation is 

inadequate in this regard. 
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1.2.0 Knowledge Representation Schemes 

Knowledge representation schemes have evolved from the needs of the 

artificial intelligence community. Artificial intelligence (Al) is a problem solving 

method that needs knowledge represented in such a manner that an 

inferencing mechanism can be employed. Knowledge representation schemes 

are needed for valid descriptions of a problem. Computer modelling/simulation 

also needs to represent knowledge in some way about a system so that we can 

observe the behavior of a system design model under varying test conditions. 

Knowledge-based simulation environments, such as DEVS-Scheme, have 

been developed due to a merging of Al and modelling/simulation techniques. 

DEVS-Scheme is an implementation of the DEVS formalism, which is 

principally coded in SCOOPS, the object-oriented superset of Scheme; 

Scheme being a Lisp dialect introduced by Texas Instruments. Since Al and 

modelling/simulation methodology are fundamentally different, their 

corresponding representation schemes require differing aspects of knowledge. 

There are many ways to represent knowledge, but there is no best or most 

useful representation for all classes of problems. 

In dealing with a structured representation of knowledge, one of the main 

issues that arises is the question of the level of detail that system knowledge 

should be represented at, or in other words, what should the primitives be? It 

is not clear in many domains what the primitives are. Also, there are some 

disadvantages to describing a knowledge in its low-level terms. It requires a lot 

of work to convert a "high-level" fact into a low-level primitive, plus when high-

level facts are broken down into low-level primitives a lot of memory is needed 
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to store the low-level primitives. However, the advantages of low-level 

primitives are that the rules for inferencing need to be developed only in terms 

of the primitives instead of trying to deal with the many interrelationships among 

higher-level facts that are associated with the knowledge in its original form. 

Additionally, when dealing with system knowledge in low-level primitive form, 

an easier implementation of an automatic planning process is possible. 

Rule-based representation is the most common knowledge representation 

scheme used in Al. A set of rules is used to represent knowledge about reality. 

A rule is a pair of condition and action statements that specify an action that will 

take place under a certain set of conditions when evaluated by a rule interpreter 

or inference engine. The rule-based knowledge representation scheme cannot 

model the casual knowledge or the structural knowledge of a system. 

Formal logic, also known as predicate calculus, is utilized for logical 

reasoning process representation in Al. Formal logic represents information in 

such a way that it can be checked by a user for its truth or falsehood. 

Knowledge representation using predicate calculus is a set of statements 

expressing basic facts and descriptions plus a method for deduction that 

deduces new facts by using known facts. 

A semantic network, or semantic net, is another knowledge representation 

scheme that is basically a graphical representation for the binary-predicate 

version of predicate calculus. It employs a node and an arc graphical notation 

to represent objects, actions, or events. Nodes of the network represent the 

objects: arcs show the relationship between them. The relationships between 

objects in a semantic net form a hierarchy and thus an inheritance mechanism 

exists. 
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Frame-based representations model real world systems with an underlying 

casual knowledge in a data structure called a frame. A frame is a template for 

holding related knowledge. It contains a set of slots that hold different types of 

information that can be associated with the frame. Frames are organized such 

that each frame can contain subframes arranged in hierarchical fashion, which 

allows them to share redundant information through an inheritance mechanism. 

A script is a frame-like structure that describes commonly occurring sequences 

of events in everyday situations. Scripts have been used extensively to aid in 

natural language understanding (Rich, 1983). 

Knowledge about systems can be represented in two basic forms, static and 

dynamic, with both forms being indispensable to completely model a system. 

System theory view of the world distinguishes between the structure and 

behavior of a system. The static knowledge or structure of a system, its inner 

constitution, can be represented by a decomposition and coupling scheme. 

The dynamic behavior can be incorporated in computer models of the system. 

In the DEVS-Scheme environment, a model base contains sets of models 

representing the behavioral knowledge of a system, and the structural 

knowledge of a system is represented in a knowledge representation scheme 

known as the system entity structure. 

1.2.1 The System Entity Structure 

The system entity structure (SES) is a knowledge representation scheme 

related to frame-theoretic and object-based representations (Zeigler,1984). It 

defines the boundaries of the system being modelled by enumerating the 
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system model components in a tree-like graph scheme. The system entity 

structure provides a declarative knowledge base where decomposition, 

taxonomic, and coupling constraint relationships are utilized to specify the 

configuration of a system and to enable different simulation models to be 

constructed on the basis of design objectives. 

The decomposition relationship represents how an entity may be broken 

down or decomposed into its various components at different levels of 

refinement. An entity is a conceptual component of the system that has been 

identified in a decomposition and for which a model may reside in the model 

base. A model of an entity is intended to represent an abstraction of a 

conceptual component of a "real world" system. Formally, the decomposition 

relationship can be considered an aspect, which is represented by a single 

vertical line in the SES labelled with the name of the aspect. An entity can 

possess many different aspects and thus many possible ways of decomposing it 

into subcomponents. The root node of an SES denotes the widest boundary of 

interest for a system and thereby defines the modelling boundaries. Since the 

root node is the top or highest levej entity in the SES, the successor nodes of 

the root are labelled by the names of the first level decomposition components 

of the root node entity. The repeated application of the decomposition 

relationship in an SES results in a hierarchical representation enumerating a 

system's components based on different aspects at different levels of refinement 

(i.e., a decomposition tree). As a path is traversed from root node to a leaf 

node, the type of node alternates entity/aspect/entity for each decomposition. A 

special kind of aspect called multiple decomposition models the concept of 

class and members of a class. The concept of class allows grouping together of 
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objects with similar attributes. A multiple entity represents the set of all 

members of an entity class, whereas the single entity represents an instance of 

an entity class. A multiple decomposition is represented by three parallel lines 

in the SES connecting a multiple entity and a single entity. 

The taxonomic or specialization relationship provides a means for 

classifying the variants that are possible for an entity. An entity may have many 

specializations, just as it may have many aspects. The class specialization 

relationship is represented by two parallel lines in the SES labelled with the 

name of the specialization. By repeated application of the taxonomic 

relationship in an SES, a specialization hierarchy is formed in which each 

successive level of the tree represents a more specialized type of the root class. 

Like a decomposition tree, the entities and specializations will alternate down 

any path traversed through the SES from the root node to a leaf node. 

Coupling constraints or synthesis relationships, which can be expressed in 

the form of production rules, indicate how some or all of the entities in a 

decomposition can be connected together to construct a "coupled" model from 

its components. These rules represent the constraints on how the components 

identified in a decomposition can be combined. Selection constraints limit the 

choice of an entity's variants in taxonomic relationships when configuring a 

system design. 

The system entity structure codifies most of a system's knowledge in the form 

of entities, their classes, properties, instances, and relationships and a smaller 

pad in a rule-base. This is unlike most expert systems, which contain most all 

of their knowledge in rule-based form. However, two expert systems: 

NEXPERT Object by Neuron Data and HUMBLE by Xerox Special Information 
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Systems both use knowledge representation schemes with objects so that the 

rules no longer carry the burden of describing all the knowledge. 

The system entity structure satisfies the axioms of uniformity, strict hierarchy, 

alternating mode, valid brothers and attached variables. The axiom of 

uniformity ensures that any occurrence of an entity, aspect or specialization has 

the same substructure and the same attached variable types. The strict 

hierarchy axiom ensures that no label on a node will appear more than once 

down a path through the SES. Alternating mode requires that the mode of 

each node on a path down through the tree has to alternate between 

entity/aspect/entity or entity/specialization/entity, starting with the root node as 

entity. Valid brothers axiom states that no two brothers have the same label and 

the attached variables axiom states that no two variables attached to the same 

item have the same type. 

Also associated with entities are slots for variables and parameters. 

Variables attached to a node in the SES represent the attributes (variables and 

parameters) associated with the entity labelled by that particular node. An 

attached variable has a name and a range set. The name is a distinct identifier 

and no two variables can have the same name. The range set is the set of 

values that the variable can assume. A variable name has a meaning 

associated with it that documents what the variable is representing, as well as 

what each of its range set elements signify. The range set elements are 

expressed in a unit of measurement. For example, a variable representing an 

entity's weight measurement could have units of pounds, kilograms, tons, etc. 

Class variables are associated with the multiple entities and instances variables 

with individual members of the class. The variable type "number" can always 



24 

be associated with multiple decompositions to indicate that a simulation model 

can be composed of multiple components of the same type, where the exact 

quantity will be Indicated by the value of the variable "number". Variables 

attached to entities in a taxonomic relationship represent the unique attributes 

associated with the specialized class labelled by the entity, and a specialized 

entity class inherits all of the attached variable types from its general class. 

As mentioned earlier, any representation scheme provides operations to 

manipulate the knowledge it contains. The system entity structure has 

operations to add and delete entity, aspect, or specialization nodes, and to add 

and delete attached variables. Other operations are available that flatten an 

entity structure by removing entities having both children and parent and then 

directly connecting the children to their respective parents; or that make a non-

leaf entity into a leaf entity by cutting all entities under the non-leaf entity and 

thereby constructing a substructure of the SES. (See Kim, 1988 for all available 

SES operations). 

One important SES operation stems from the fact that the multiplicity of 

taxonomic and decomposition relationships in a large SES leads to a 

combinatorial explosion of possible design substructures. It becomes 

necessary to reduce the complexity of the search process for admissible 

substructure model designs, besides reducing the size of the search space 

itself {Rozenblit and Huang, 1989). In an effort to reduce the number of 

alternative substructures, procedures that select appropriate models from a 

SES based on the objectives of the modelling study have been developed. 

They have been implemented in a operation called "pruning" (Rozenblit and 

Huang, 1987). The pruning operation is rule-based driven by constraint rules 
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that govern the selection and synthesis of entities defined in the specializations 

and aspects of the SES. These rules are derived fronri both the performance 

and the structural constraints of the design application. There are two major 

sets of rules: 1) for each specialization, we must specify a set of rules for 

selecting an entity (selection rules); and 2) for each aspect, we must specify 

rules that ensure that the entities selected from the specializations are 

configurable (synthesis rules). The pruning operation extracts a substructure 

from an SES based on design objectives. Pruning an SES is necessary 

because the SES is a generative scheme from which many sets of 

substructures can be derived. The pruning operation is used to produce valid 

substructures of the SES known as pruned entity structures or composition 

trees. From a problem solving standpoint, the nodes of the SES represent 

states which make up a search space. The process of composition tree 

generation can be thought of as a search directed by constraints through the 

search space consisting of the entities, their aspects, and their specializations. 

An inferencing scheme drives this search to produce a valid substructure that is 

based on objectives, requirements, and constraints. The resulting composition 

tree specifies a hierarchical model and serves as a basis for a retrieval from the 

model base of system model components. A model suitable for simulation is 

constructed by coupling model components together through an operation 

called transform. 

The transform operation searches the model base for components that are 

associated with the various nodes of the composition tree. When all the 

components have been found, they are synthesized into a simulation model by 

coupling them together in a hierarchical manner by employing the coupling 
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knowledge associated with the composition tree entities. The result of ihe 

transform operation is a simulation model that is ready to be executed. 

The DEVS-Scheme simulation environment can be used to develop DEVS 

models and save them in the model base. To organize the models in the model 

base a model base management system is needed; the system entity structure 

formalism is one such tool. The system entity structure formalisms and all 

associated operations have been realized in an system entity structuring 

program called ESP-Scheme (Zeigler, 1984). ESP-Scheme, a layer of DEVS-

Scheme, is a LISP-based object-oriented programming environment for 

organizing and managing models and experimental frames (Kim 1988). ESP-

Scheme supports the specification of the structure of a model, pruning the 

structure to a reduced one, and transforming the structure to a simulation model 

by synthesizing component models in the model base. The ESP-Scheme 

program helps to conceptualize and record a system entity structure before, 

during, and after model development. It is a tool for assisting in a top-down 

model design, and when additions or changes are made to a model as 

development proceeds it serves as a record of the modelled system. 

1.3 OBJECT-ORIENTED SYSTEMS 

Object-oriented programming paradigms and the discrete-event formalism 

are very compatible. The object-oriented programming paradigm is a technique 

that supports the concepts of object classes and message passing between 

objects. In such paradigms, an object that represents a real world component 
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of a system is a collection of data structures and associated operations. Also, 

the programming paradigms are directly related to the frame theoretic 

knowledge representation schemes of artificial intelligence. In such schemes, 

classes of objects form a taxonomical hierarchy which reduces the amount of 

redundant information by inheriting attributes and methods from general to 

more specialized classes. 

Object-oriented programming paradigms have a more decentralized style of 

decision-making than do conventional programming languages. By creating 

objects that may exist throughout the life of a program, such objects may act as 

experts in their own task assignments by incorporating the appropriate 

knowledge within their own definitions. Theses objects are the basic units of 

object-oriented programs. Each object has its own variables that represent its 

information, and procedures called methods which describe the manipulation 

of its variables. 

Object-based systems provide such desirable features as data abstraction, 

program modularity, structural knowledge representation, and inherit 

concurrency along with a powerful means for controlling access to shared data 

(Ramamoorthy and Sheu, 1988). Object-based computation is based on three 

concepts; object, message, and class. Objects encapsulate a private data set 

which can only be accessed or modified by their own methods or procedures in 

response to messages. A message sent to an object excites behavior that is 

specific to the object and the message. Therefore, all objects are responsible 

for their behavior. For all the objects that exhibit the same behavior, the code 

that implements this behavior is collected into a class. A class is an abstract 

object that defines the character and behavior of other objects. Objects of one 



28 

class might vary slightly from those of another class. A new class refines 

another old class if it implements only the variant behavior, while relying on the 

old class for the remainder of its behavior. This reliance by the objects of the 

new class on the old class is inheritance. Therefore, each object instantiates 

some class and classes can be arranged in a hierarchy in which methods 

(behavior) implemented at upper levels can be automatically be utilized by 

lower levels. 

In 1965, the discrete-event simulation language SIMULA introduced class 

inheritance and the association of both procedures and data structures with 

class inheritance. Smalltalk-80, an object-oriented programming language 

developed at Xerox Corp.'s Palo Alto Research Center, introduced the concept 

of the programming environment, the use of the mouse, and windowing. The 

phrase "object-oriented", as used in this sense, should not be confused with 

objects as used in a knowledge representation scheme such as the system 

entity structure. Even though the objects or entities in the system entity structure 

are related to model code in the model base, strictly speaking the basic 

concept of object-oriented is that pieces of code are objects that communicate 

among themselves by passing messages from one piece of code to another. 

Furthermore, the phrase "object-oriented graphics" refers to storing designs in 

the form of primitive, calculable shapes (i.e., circles, lines, rectangles, etc.) 

rather than in bit-mapped screens. 
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CHAPTER 2 

THE SPACE STATION PROGRAM 

2.0 THE SPACE STATION ARCHITECTURE 

The primary objective of the Space Station Program (SSP) is to provide the 

benefits of a permanently manned space-based facility that can accommodate 

specific user missions and support itself for extended periods. The space 

station will rely on the space shuttle for its initial launch and subsequent logistic 

support, therefore, it will be placed in low-Earth orbit (200-400 miles). As 

currently conceived, the space station will consist of manned and unmanned 

elements of modular design to facilitate evolutionary growth in capability, size, 

and technology advancements. It is envisioned that the manned orbiting base 

will provide long-term multifunctional facilities for crew and equipment, possess 

a high degree of on board autonomy to minimize ground dependence, and 

operate with other co-orbiting elements. Future mission operations will blend 

human and robotic roles to maximize human productivity inside, as well as 

outside the pressurized crew compartments. 

Many configuration concepts have been considered by NASA and its 

contractors. Of these, the "power tower" pioneered by Grumman was selected 

as the design configuration. The power tower design maximizes the 

accommodations of the current and future users while demonstrating 

acceptable design and operations characteristics (Kline, McCaffrey and Stein 

1985). It flies in a local vertical-local horizontal orientation with its keel along 

the local vertical and its solar array boom perpendicular to the orbit plane. The 
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Earth-pointed end of the space station keel contains Earth-looking payloads. 

The zenith-pointed end of the keel contains solar, stellar, anti-Earth viewing 

payloads, and communication antennas. Unmanned platforms will house 

instruments and experiments that by their nature must be isolated from the 

vibration and contamination levels expected on the space station. Tethered 

constellations of unmanned platforms can have ready access to space station 

resources through umbilical connections and thereby reduce the amount of 

power, data processing, control, and communication systems that they would 

have to carry as free-flyers. Attached platform payloads can be located at 

various places on the truss structure keel with the pressurized modules being 

located near the bottom of the keel. Servicing equipment can be located along 

the keel on either side. Gimbaled solar array wings provide full power at any 

relative alignment of the space station and the sun's rays. Heat rejection is 

provided by a combination of body-mounted radiators on the modules, 

deployed non-rotating radiators on the traverse boom and deployed rotating 

radiators near the bottom of the keel. 

The space station will be utilized for a number of different functions and will 

have to provide certain attributes to meet the requirements of a space test 

facility, transportation harbor, satellite servicing/assembly facility, observatory, 

and industrial park. A space station must encompass certain functional 

capabilities to provide required resources (i.e., electrical power) and 

operational needs (i.e., environmental control). Some of the parameters that 

have a major impact in the space station functional element design are: 

launch/return mass, launch/return volume, power consumption rate, heat 

rejection rate, data communication rate, and data storage requirements. Final 
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definition of the space station capabilities must be derived from studies of the 

mission operational requirements, alternate design concepts, and technological 

factors. Furthermore, a space station design must meet three objectives: 

performance, cost, and safety. The main objectives appear to be at odds 

because most performance and safety factor increases involve higher cost, 

consequently, the final space station configuration will strongly influence how 

these objectives are met. 

In general, a full capability manned space station will have six types of 

large external elements to meet the functional requirements: pressure vessels, 

external activity zones, solar arrays, radiators, communication antennas, and 

truss structures (Kline, McCaffrey and Stein, 1985). Two of these elements, 

pressure vessels and external activity zones, will provide direct service to the 

user in the form of laboratory, workshop, service, assembly, and storage 

facilities. The external activity zones should provide facilities for handling, 

servicing, assembly, testing, and storing a wide variety of payloads such as 

satellites. Solar arrays, radiators, and communication antennas will provide 

power, cooling, and data handling support functions. 

Modular design will be a major feature of the space station and is aimed at 

reducing development and procurement costs. It will be clearly visible in the 

modularity of the pressure vessel size, basic structure, and interior 

components. This major feature of the space station, commonality, begins at 

the subsystem level and extends through to the detailed components. 

Commonality goals are applicable to the modules, subsystems, and software. 

The application of commonality at higher levels is represented by the common 

module concept in which a standard pressure shell is used as a building block 
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for various space station modules. This is similar to commercial aircraft 

production in which a standard fuselage is outfitted for specific functions. A 

common module approach is based on a consideration of all of the space 

station pressurized module functional requirements. A cylinder or structural 

section is arranged with a floor and ceiling that are parallel to the longitudinal 

centerline. This arrangement, plus removable end cones, allows convenient 

access for ground buildup and check-out. Subsystems are common to all 

modules and are installed behind removable floor and ceiling panels to provide 

a clear interior for the installation of specialized functional equipment. Since 

the end cones are removable, full diameter structural sections can be added to 

the standard cylindrical segment to insert specialized interiors, such as 

modules without the standard floor and ceiling in that section. This design also 

allows for various sized modules by having a different number of standard 

cylindrical structural sections make-up a module. 

Various types and quantities of standard modular elements will be required 

for the initial buildup and expansion of the space station. The entire space 

station architecture should be built using multiples of these standard modular 

elements. Of these modular elements, one is a transportation vehicle known as 

the Orbit Transfer Vehicle (OTV), which will be needed to maneuver between 

the space station, the platforms, and free-flying satellites. It can be used to 

deploy and retrieve payloads of up to 22,000 kg to and from orbits that are 

hundreds of kilometers higher than the space station, even as high as 

geostationary orbits. 

Another type of transportation vehicle is the manned maneuvering unit 

(MMU), which will be used to transport an untethered astronaut to areas near 
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and around the space station to perform a variety of tasks such as servicing, 

repair, and replacement of equipment. Several MMU's can be stored and/or 

serviced on the station externally, or in an airlock. Final berthing of the MMU's 

to the space station is expected to be performed by a remote manipulator 

system (RMS) similar to the one that has been flown on the shuttle orbiter. 

Berthing is defined as the joining of two orbiting elements using a remote 

manipulator or similar device on one of the elements, whereas docking is 

defined as the joining of two orbiting elements using on-board propulsion to 

maneuver one of the elements. A docking module will be used to connect the 

shuttle orbiter to the space station, thereby allowing for the transfer of crew and 

materials. Therefore, a docking module is a type of interconnection module. 

Space station core systems are defined as those modular elements that are 

pressurized to provide an Earth-like environment for in-orbit ope.rations (Kline, 

McCaffrey and Stein 1985). For the initial operation of the space station, these 

functional elements will consist of habitation, laboratory, logistics, and 

interconnection modules. These four pressurized habitable modules would 

provide living quarters for the crew, command and control functions, resupply 

and stores for food and atmosphere, as well as general purpose and 

specialized laboratories. Habitation and laboratory modules would use the 

common module concept without structural modification and simply add the 

interior furnishings. Although it is desired to meet the objective of commonality 

with other station modules, the special requirements of the logistics module will 

probably necessitate a different design. The logistics module will require the 

addition of a pressurized tunnel attached to one end cone and an external 

structure to support tankage for water and atmosphere resupply. One of the first 
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logistics module design issues to be addressed is how much of it must be 

pressurized or maintained in a controlled environment, as well as the quantity to 

be carried externally. Liquids and gasses can be transported in their own 

containers in an unpressurized environment. Oxygen and nitrogen are 

expected to be carried in external cryogenic tanks, and water may be also 

carried externally in insulated tanks. These tanks can be carried by external 

attachment to the module and become "station tanks" when they arrive at the 

space station. Materials or subjects that cannot survive in a space environment, 

such as the plants and animals for the life sciences laboratory, will require 

environmental control. 

Logistics have more significance for the space station than for any previous 

space program. This is due to the variety and quantity of items to be transported 

to (or serviced at) the station, the expense of transporting these items, and the 

long-term nature of the operations. Space station activities and operations will 

require that supplies and equipment be periodically transported to and from 

earth in a logistics module. The logistics module will be designed so that it can 

be delivered and retrieved by the space shuttle orbiter. Two types of 

consumable items will be carried aboard the logistics module: short-term 

consumables and long-term consumables. Short-term consumables include 

food, water, clothing, hygiene items, housekeeping supplies, chemicals for 

removing carbon dioxide from the air, and atmospheric gasses (oxygen and 

nitrogen). Long-term consumables include space station spare parts and 

materials, and materials and equipment spares needed to resupply specific 

payloads (life sciences, materials processing, etc.). A hygiene facility module 

could be used to collect waste for return to Earth. Such a module would remain 
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connected to the space station until a subsequent orbiter resupply trip (the 

resupply interval is expected to be 3 months), at which time it would be 

exchanged with another module. The logistics module can be the repository 

for space station trash to be returned to Earth, or the waste could be placed in 

"garbage cans" that can be destroyed in a reentry orbit or deployed into deep 

space. 

The present limits of the space shuttle orbiter for transfer of cargo to orbit are 

a maximum design cargo mass of 65,000 lb and a maximum design cargo 

length of 60 ft (Kline, McCaffrey and Stein 1985). The orbiter has a 32,000 lb 

landing cargo mass limit, which is about half of the limit for transfer of cargo to 

orbit. Since "what goes up must come down", except for expendables such as 

propellants, half of the orbiters load should be propellants (tanks and fixtures 

masses included) and the other half should be a loaded logistics module not to 

exceed 32,000 lb. Initial sizing results in a pressurized module of 2780 ft \s(3 

(NASA 1985). Packing is another important logistics issue. All items inside or 

attached to the logistics module need restraint during boost to orbit and during 

coast in orbit. Internal storage racks are expected to accommodate a variety of 

supplies and equipment packaged in fitted Styrofoam-like material. Racks must 

be accessible for manual loading/unloading at the launch site and when 

berthed at the space station. The mass and volume of the containers should be 

added to that of the stores and should be within the limits of the logistics module 

design. The packaging size must also be compatible with the size of the 

module hatch openings and associated module aisle widths. 
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2.1 LIFE SCIENCES RESEARCH 

The space station scientific use can be divided into three broad categories: 

1) in-orbit assembly, servicing, and repair of spacecraft and experiments. 2) 

scientific missions, and 3) a base for missions to and from synchronous orbit, 

the moon, planets, and other distant locations. Space operations such as in-

orbit assembly, servicing, or repair are not considered mission categories. 

Potential scientific missions can be categorized as: 1) space science and 

applications, 2) space commercialization, and 3) technology development. 

Space science and applications is NASA's program to advance scientific 

understanding and potential economic activity by exploiting the spacefaring 

capabilities being developed by the rest of the agency (NASA 1985). The 

disciplines involved are astrophysics, earth sciences, solar system exploration, 

life sciences, materials processing, and communications. 

The life sciences discipline consists of four major functions: basic health 

care, human biomedical research, gravitational biology research, and 

regenerable life support systems research. The life science missions w/ill begin 

by monitoring and physiological measurement of the on board crew and are to 

be followed by laboratory experiments using animals and plants. Plant and 

animal vivariums will allow for studying animals and plants in an enclosed 

environment corresponding as closely as possible in soil, vegetation, etc. to 

their natural one. The purpose of these life science missions is to study the 

effects of long duration weightlessness effects on humans, animals, and plants 

in an space station laboratory facility. 
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All life that we know has been shaped by the environment of Earth; an 

environment that contains naturally occurring liquid water, a constant energy 

source (the sun), constant gravity, stable magnetic fields, effective radiation 

shielding, an appropriate atmosphere, and an ecosystem that continually 

recycles nutrients and waste products through physical, chemical, and 

biological processes. To support life in space, each desirable element of the 

Earth's environment must be engineered into a spacecraft's design. The first 

space station life support system will use substantially more consumable 

supplies than would be needed with a fully developed regenerative system. As 

the size and operational capability of the space station increases, the life 

support system will need to be enhanced, not only to expand capacity, but also 

to decrease dependency on consumables such as food, water, and 

atmospheric gasses. Regenerable life support systems research will seek to 

develop systems that can support human crews indefinitely in space using no 

external input except light energy. This research is aimed beyond the space 

station to provide life support to crews conducting planetary, and other long 

duration missions in which it is impractical to resupply food, water, oxygen, and 

other vital materials. The life sustaining requirements of the organisms that will 

live in space must be supplied by the regenerable life support system. These 

requirements are delineated through basic research of the processes by which 

life responds and adapts to the space environment. 

Some of these life sustaining requirements are being investigated on Earth 

by a non-government, privately funded project by Space Biospheres Ventures 

Corp. called Biosphere II (the Earth itself is Biosphere I). A biosphere is a 

stable, complex, evolving system containing life, composed of various 
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ecosystems operating in a synergetic equilibrium, completely closed to material 

input or output, but open to energy and information exchanges (Zeigler 1986). 

Biosphere 11 is a 20,000 ft^ structure with a 63 foot high vaulted roof that is being 

constructed 35 miles north of Tucson, Arizona. Biosphere II covers about 2.5 

acres and will include many species of plants, animals, and insects. It will be a 

mini-Earth with seven "biomes" - a tropical rain forest, savannah, marsh, salt 

water ocean, dessert, small farm, and human habitat. In September 1990, 

four men and four women will enter Biosphere II for two years and will be 

sealed off from the Earth's environment except for sunlight and 

communications. 

Microgravity, however, is the one factor that cannot be adequately 

simulated on Earth in a project like the Biosphere. Gravity plays a key role in 

much of biology. Gravitational biology (also called space biology) is the study 

of life in the space environment. Its scope includes all those disciplines from 

microbiology to ecosystem dynamics contained within the scope of the 

biological sciences on Earth. Gravity is believed or known to influence life from 

fertilization through birth, maturation, and death. Plants grow upward partly in 

response to gravity. Animals develop circulatory systems to distribute nutrients 

and skeletal systems for support in Earth's gravitational field. Embryonic 

development of higher animals may also be heavily influenced by gravity. One 

of the major areas for future study in space is animal development. Some 

issues in this area concern the effect of gravity on tissues whose function on 

Earth is skeletal support or circulation of blood and fluids against gravity. The 

mechanisms by which higher organisms discern direction and orient 

themselves in a one-g gravity field develop soon after conception. It is not 
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known if gravity is necessary to the embryonic development of those 

mechanisms. On Earth, phenomena such as the parental rotation of bird eggs, 

the self-generated rotation of frog eggs soon after fertilization, and the 

orientation of embryos in the rat uterus, support the notion that gravity is a 

significant factor in the production of offspring. 

To address these issues, a variety of plant and animal species must be flown 

in space. The 28th space shuttle mission (March 1989 Discovery flight) 

included experiments involving four rats and 32 chicken eggs in an effort 

designed to begin to address these issues. Small pieces of bone from the rats' 

legs were removed before launch to see how the bones would heal during five 

days of microgravity exposure. The rats were flown in a self-contained cage 

that required no astronaut handling, unlike a shuttle flight in 1985, when a rat 

cage aboard the Challenger spewed food particles and feces throughout the 

spaceship. Earlier experiments with rats have shown that minerals important to 

bone development, especially calcium, are lost during space flight. It is 

believed that bone strengthening minerals stop being produced by the human 

body after sensing the bones aren't needed for support in microgravity. 

Animals will be used for gravitational biology research just as they have 

been throughout the ages for medical research. Animal experiments lead the 

way to life saving medical advances on Earth and every step of man's journey 

into space must be preceded by animal experiments to acquire data to protect 

the astronauts of the future. To carry out research using animals and plants to 

study the physiological effects of zero-g and the general role of gravity on living 

systems, a vivaria or habitat for the specimens will be required. The vivaria 

must provide air, food, water, and waste treatment to keep the animals and 



40 

plants healthy and stable. It is projected that plants ranging in size from algae 

to leafy vegetables and animals ranging in size from mice to large primates will 

need to be accommodated. To determine the effects of gravity on genetics, 

reproduction, embryologica! development, maturation, and population 

dynamics, many generations of space-born plant and animal species must be 

studied. 

Basic health care will have to provide treatment for trauma, burns, infections, 

and psychological problems. Due to the varied activities that the space station 

crew will be called upon to perform, the potential for "industrial" accidents will 

be high. Infectious diseases will also be of concern in the closed environment 

of the space station, and methods to diagnose, treat, and possibly quarantine 

individuals must be developed. If a crew member becomes critically ill, that 

person cannot be returned to Earth immediately but must be treated and cared 

for in the space station facility. 

The availability of a space station provides an unparalleled opportunity for 

biomedical researchers to observe the long term effects of weightlessness on 

the human body, so that adaptation to microgravity can be studied. The 

fundamental purpose of human biomedical research will be to determine 

whether humans can remain healthy in a weightless environment for months to 

years of time. A number of biomedical problems affecting a variety of organ 

systems have been encountered during previous space flights. Among these 

include loss of skeletal mass and calcium, decreased red blood cell mass, 

increased numbers of white blood cells, changes in hormone concentrations in 

the blood, redistribution of body fluids, cardiovascular deconditioning, and 

atrophy of gravitational support muscles. It is not known whether these 
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problems stabilize, recover or acquire medical significance following several 

months or years exposure to near zero-gravity. 

2.2 THE LIFE SCIENCES RESEARCH MODULE 

One of the pressurized modules on the initial space station will house the 

life sciences research laboratory (LSR lab). The initial space station will 

consist of a 120 m^ pressurized laboratory module divided into two 60 

laboratories, one of which will contain the life sciences research laboratory 

(NASA 1985). Since pressurized volume in the space station is a premium 

commodity, it must be used efficiently. The internal configuration of the 

research laboratory could either be horizontal or vertical. The horizontal 

configuration was the design used for Spacelab, carried aloft in the space 

shuttle orbiter cargo bay, whereas, the vertical design was Skylab's, which 

rode into space on top of a Saturn V rocket. The vertical arrangement might 

give a better "packing ratio", but integration problems and ease of crew training 

indicate that the horizontal arrangement would be more beneficial (Kline, 

McCaffrey and Stein 1985). The internal options for the racks in the horizontal 

orientation of the laboratory can be either a spacelab, pentagon, or hexagon 

configuration. 

The life science research laboratory module must contain facilities to support 

"active" experiment requirements such as tissue analysis, microscopic 

examinations, chemical preparation and storage, surgery, and dissection 

(NASA 1985). Some experiments will be "passive" and simply require that 

specimens be maintained in the vivaria for long periods of time prior to study. 
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The equipment required by the life science disciplines would range from 

passive measuring devices to centrifuges of various sizes and holding facilities 

lor the specimens. The centrifuge facility is needed to provide a one-g control 

for the zero-g experiments and to study graded responses between zero-g and 

one-g. The centrifuge area would represent a one-g holding facility in which a 

limited number of plants and animals could remain until need for the zero-g 

experimentation. 

The location and operation of control centrifuges must be optimized to 

minimize the influence on the micro-g environment. Placing the lab in orbit may 

insure a low-gravity environment, but it may not provide a micro-g environment. 

The micro-g environment required for life sciences work is ~10"^ g (Kline, 

McCaffrey and Stein 1985). The acceleration felt at any point for a circular orbit 

satellite is approximated by the formula (Kline, McCaffrey and Stein 1985): 

In the formula, d is the distance in meters from the satellite center of gravity 

and w is the orbital rate in radians per second. This results in a fundamental 

requirement that a micro-g research lab should be no farther out than 10 meters 

from the composite center of gravity of the entire space station operating in a 

200 - 400 nautical mile altitude in order to achieve a microgravity level of less 

than 10"^ g. 

Furthermore, the centrifuge facility must allow the crew to pass through it to 

reach any one of two safety exits required on each module, which necessitates 

a torodial design for the facility. Safety exits and safe havens are to be 
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incorporated into the design of the space station to meet the objective of safety. 

Safe havens are to be provided to which the crew may retreat in the event of the 

development of a hazardous or life threatening condition. These safe havens 

shall be accessible at all times from anywhere within the space station, be 

isolated from the hazardous condition, and contain emergency equipment such 

as fire suppression, life support, communications, medical supplies, and 

provisions to maintain the crew for a period of time until rescue. 

A separate animal holding module docked to the research laboratory would 

simplify the exchange of an animal population. The increasing use of test 

animals and longer mission durations is likely to result in this requirement. The 

module could be brought back to Earth while the research laboratory module 

remains in orbit. The use of animals will also require an additional water supply 

(~ 100 g/day/kg specimen weight), extra food (~ 30 g/day/kg specimen weight), 

and additional oxygen (~ 1.04 g/g food). Storage space and tankage has to be 

provided either in the research lab or specimen holding module for these 

supplies between resupply periods. 

The materials management concept for the life sciences research laboratory 

is illustrated in Figure 2.1. The life sciences research laboratory's 

environmental control/life support system (ECLSS), which is a dedicated 

ECLSS, must be designed to operate as an integral part of the space station's 

ECLSS, a distributed ECLSS. The use of biological specimens will require 

adequate protection for the crew. This may be achieved by separate air 

revitalization and waste management systems for the vivaria, which would 

isolate the animals from each other as well as the crew. This would help to 

guarantee the health of the animals and undistorted test conditions. While 
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astronauts are working with animals (e.g., drawing blood, dissection, or biopsy), 

a glovebox will be utilized. Gloveboxes are totally contained areas that a crew 

member can access through two flexible hand and arm ports, similar to an 

isolation chamber employed in processing radioactive material. A glovebox 

provides bioisolation while manipulating animals and plants outside their 

habitats and prevents animal escape while working with them. It also allows for 

the handling of potentially hazardous materials, the containment of materials, 

and the collection of liquid, solid, and gaseous waste material. Waste 

generated by the animals should be collected and stored separately from 

human waste. The same storage and disposal methods will be used for all 

waste, which is of particular importance if water recovery is used in the overall 

space station ECLSS concept. Animal condensate could be recovered 

separately and used for specimen drinking water. 

ORBITER U/A^UNCH 

ORBITER RETURN 

FIGURE 2.1 MATERIALS MANAGEMENT CONCEPT FOR THE LIFE 

SCIENCES RESEARCH LAB 
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2.3 ARTIFICIAL INTELLIGENCE FOR THE SPACE STATION 

Artificial intelligence (Al) applications for space station automation can lead 

to advantages in crew safety, productivity, autonomy, and additional capability 

which could ensure successful, maximally efficient operation of the space 

station. The capability should be developed in the space station architecture to 

achieve low cost, easily maintainable, progressive, and evolutionary 

automation of systems and subsystems in order to achieve autonomy from 

ground-based control as well as the on board crew. Operations should allow 

flight crew to be used only for the performance of tasks where the crew 

member's ability and utility provide for an operational and a cost-effective 

alternative to the automation of such tasks. As an example, a dedicated data 

management system in the life sciences lab will allow many time consuming 

calibrations to be automated and achieve simultaneous data collection to 

reduce the need for valuable crew time. Furthermore, the research labs 

should be equipped and operated like ground-based research labs to 

accommodate with relative ease the scientists who will be using the labs. 

The right mixture of automation and crew for the performance of tasks is 

essential and must be established early in the design. Hooks and scars should 

be incorporated in the initial system design so as to accommodate future 

automation capabilities as they are developed. Hooks are provisions made in 

the computer software upon which future capability can be added or "hung". 

This saves expensive restructuring of the software when additional capability is 

needed. Scars are provisions made in the hardware to accommodate future 

additions in the same manner. 
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It is advantageous at this time to introduce NASA definitions for the various 

Al terms that are used in the course of this discussion. "Automation" is defined 

as the ability to carry out a pre-designated function or series of actions, after 

being initiated by an external stimulus without the necessity of further human 

intervention. "Autonomy", on the other hand, is defined as the ability to function 

as an independent unit or element over an extended period of time performing 

a variety of actions necessary to achieve pre-designated objectives while 

responding to stimuli produced by integrally contained sensors. "Robotics" is 

defined as the technology by which machines perform all aspects of an action, 

including sensing, diagnosis, planning, direction/control, and effective 

manipulation without human supervision (NASA 1985). 

The space station Al-based automation technology disciplines are: 

teleoperaiiuii/robotics, sensors, man-machine interface, expert/knowledge-

based systems, automatic planning and the space station information system 

(SSIS). The development of these technologies will be important for 

commercial, terrestrial applications as well as for the space station and will 

provide industry with vital automation skills for the future. 

Teleoperation and robotics involve a broad range of automation concepts for 

the space station from a very low to a very high level of autonomy. At the lowest 

level is teleoperation, which is the remote manual control of equipment that is 

capable of sensing, manipulation and/or mobility. The next level, telepresence, 

is teleoperation in which feedback of visual, tactile, auditory, or other sensory 

information from a remote work site is utilized to provide the operator the illusion 

of being there, so that a more precise control can be employed. Supervisory 

control is a mixture of manual and automatic control at the next level, which 
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begins to move to the following higher level of adaptive robotics when the 

amount of automatic control increases. Adaptive robotics is full automatic 

control by computer that reacts in a predetermined manner to data from sensors 

that input real-world external conditions. Intelligent robotics is adaptive robotics 

in which Al-based reasoning and planning develop the detailed control steps 

that either carry out high level instructions from people or respond creatively to 

unforeseen conditions and events during a task. Simulation of teleoperator and 

robot activity will play an important role in the development of these 

technologies. The ability to simulate the activity of a robot performing a task will 

be vital for automatic planning of robot tasks by artificial-intelligence techniques. 

Simulation will allow the planning program to evaluate different action plan 

sequences to find a feasible or even optimal procedure for accomplishing a 

task. 

Sensing involves the development of visual and tactile sensors to help the 

transition from the teleoperation level to the more automated levels of robot 

control. Algorithms and techniques that will achieve automatic interpretation of 

complex objects under variable lighting conditions will be basic goals. This will 

enable sophisticated object manipulation by robots and should be able to help 

mobile robots to determine their location in the space station "world". 

The space station is an example of supervisory control in which the crew 

interacts with the SSIS to set initial conditions for, intermittently adjust, and 

receive information about, a variety of complex and semiautomatic processes 

from a computer that closes a control loop through external sensors, effectors, 

and the task environment. This man-machine interface, sometimes called the 

operator-system interface (OSI), also facilitates communication between 
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ground-based personnel and the SSIS. There are two main topics in the 

design of man-machine interfaces: (1) the technology of the input/output 

devices which involves equipment such as displays, keyboards, light pens, 

joysticks, touch screens, the mouse, graphical input tablets, printers, and 

speech input/output devices; and (2) the human factors problems that arise in 

making effective use of these devices by improving collaboration between 

humans and computers. The reasoning and command capabilities of the 

astronaut should be extended by effective man-machine interfaces and a high 

level of machine intelligence for decision-making and control. Astronauts will 

need access to information at all levels of the system through information 

intensive displays, which will have much more information available in a single 

view than is currently available. Information should be represented with graphs, 

diagrams, and pictures in combination with text. Scenes of physical systems 

should be generated dynamically and logical processing should be provided to 

give real-time checking of constraints as per the task being performed. 

2.3.0 Expert or Knowledge-Based Systems 

Expert systems or more properly knowledge-based systems (because of the 

role that knowledge plays in such systems), will be used for maintenance and 

repair, expert process control, subsystem monitoring and control, intelligent 

autonomous robots, and as an astronaut's advisor. Expert systems for 

maintenance and repair will be used for servicing subsystems and satellites, 

carrying out routine tests, noting any possible deviance and flagging abnormal 

transient operation before a hardware failure occurs. In addition the isolation of 
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and diagnosis of faults will be needed as well as the ability to indicate methods 

of handling malfunctions in equipment. As an expert process controller in 

manufacturing, expert systems could be used for quality assurance by 

interpreting process deficiencies, and for process control by suggesting 

processing corrections to attain better results. Expert systems can be applied 

to monitor and control complex operations, such as the life sciences research 

laboratory, or the life support system. This use of expert systems would be 

more in the realm of "hard" automation, whereas their use in intelligent 

autonomous robots would be in the realm of "soft" or flexible automation. As an 

astronaut's advisor, an expert system could aid in the use of a complex 

program or complicated piece of equipment. The advisor could suggest 

parameter values, the meaning of certain system responses, and sequences of 

control actions. 

A schematic view of a space station knowledge-based system is shown in 

Figure 2.2. The central role of reasoning is seen to involve a knowledge base, 

reasoner and planner, and consistency maintainer. The reasoning portion 

receives information about the world both from the system interfaces 

(communication) and from the sensors (control/sensing), and integrates it with 

the information in the knowledge base using the consistency maintainer. The 

role of the consistency maintainer is to ensure that changes to the knowledge 

base entries do not cause inconsistencies. The output of the reasoning portion 

is used to communicate with other systems and to generate commands to the 

effectors and sensors. The representation of knowledge is a central issue in 

expert systems as it constitutes the basis for reasoning and explanation. The 

representation of knowledge in such systems should not require extensive 
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modifications wfien changes to the knowledge base are required. The 

knowledge-based system should be highly reactive because the domain is 

dynamic and therefore, the choice of the next action to be performed should be 

based on the current situation rather than on some fixed control structure. 

Because various subsystems will be operating simultaneously, it is important 

that the representation be sufficiently rich in order to reason about concurrency 

and subsystem interaction. It is also important that it be able to represent and 

reason about structures, mechanisms, processes, geometrical properties of 

objects, and in some instances in continuous time rather than discrete time. 

The multifaceted modelling approach, incorporating the system entity structure 

as the knowledge representation scheme of this dynamic domain, can be used 

to represent the state of the world at any particular instance in time, in order to 

enable reasoning about the effects of sequences of actions on the real world. 

COMMUNI C AT ION REASONING CONTROL/SENSING 

DA-A 
I NPO"^ 

SYSTEI-" 
INTEP~ACE5 

data 
CUTPU"! 

Ar.~ AIM 

^ :  V • 1 ;r '  - Wj' •'.1 1 " 
SI - J' • L J- •. 

C AZ' ' c \h* l.il JO J 
* C'oerat •  r ' ' J C  <.*u J  

"  r - ' e t a -  ^  c-ve" -

GC A_!I-
CAS' S. 

4 i 

r V c C"S 

r »  A ^ . s  
I ' -d'-. ' IC-^.S ; 

PE Asc A^.: 
P l  A \ ^ , E -

E.C I P(~^L^ 

iccr am: 

FIGURE 2.2 KNOWLEDGE-BASED SYSTEM FOR THE SPACE STATION 



51 

2.3.1 Automatic Planning 

Two types of automatic planning will be encountered in the space station: 

the scheduling of predefined activities and the planning of tasks. In the 

scheduling of predefined activities, one begins with a known set of actions, 

conditions to be met, and goals to be satisfied. The objective is to schedule 

such activities to make the best of the available resources and satisfy the goals 

as best as possible, while coordinating these activities with other concurrent 

functions of the space station. Some of these activities may be constrained to 

begin or end at certain scheduled times while some may be carried out in 

parallel. The necessary conditions are specified as are the things in the world 

that are changed by the actions of these activities. The critical path method 

(CPM) and program evaluation and review technique (PERT) are members of a 

family of scheduling techniques in which one uses a network representation of 

a proposed project to evaluate a plan for carrying out the project. CPM and 

PERT systems are commonly used, for example, on large scale construction 

projects for critical path scheduling and management control, but the activities 

are given by the user and are not planned by the system. For complex systems, 

further issues need to be considered which can add complications to the 

scheduling problem, such as interactions between subsystems, negation of 

effects of actions, re-establishing the original pre-conditions of actions when an 

action is retracted, and possibilities for deadlock. 

In task planning the goals to be achieved are given, but the actions required 

to achieve them are not. The task planner must select the appropriate actions 

and incorporate them into a plan for fulfilling the given goals. During the 
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execution of the plan, replanning may be necessary if unexpected situations are 

encountered such as mishaps or errors. A diagnoser will evaluate the current 

"world" situation and determine if there has been an error. The task planner is 

then informed of any error condition and the current plan of action is abandoned 

and a corrective plan of action is then adopted. 

Automatic task planning attempts to synthesize operational procedures or 

tasks from a large set of actions without manual intervention. If the number of 

actions is very small and the goals simple, then all combinations of actions can 

be tried to achieve the goals because the state space search can be performed 

in a finite time. However, in a practical application the combinatorial approach 

becomes unwieldy, and one must provide techniques that first try out the most 

relevant set of actions, where relevance is determined by the by the effect of 

each action on the world, or by heuristic rules that relate goals to actions. One 

technique is to develop a hierarchy of plans, each serving as a skeleton for the 

problem solving process at the next level of detail, thereby reducing complex 

problems to a sequence of much shorter, simpler subproblems (Sacerdoti 

1977). 

To develop a plan involving actions, it is necessary to represent the nature 

and effect of the actions to the degree of detail required by the complexity of the 

planning situation. The problem of representation is at the heart of the 

automatic planning process and a good representation is one that captures the 

way the action changes the world and what conditions are necessary for that 

action to be applicable to a particular situation. One must somehow indicate the 

properties of objects in this world that are important to actions, such as 

movability, hazards, and chemical and physical properties for example. It is 
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also necessary to model the environment and in more complex situations, the 

reasoning structures and goals of the agents carrying out the actions. Actions 

can either be deterministic or bo characterized by uncertainty concerning their 

effects. For deterministic actions, the representation must indicate the required 

conditions before, during, and after the action and the results or effects of the 

action. For probabilistic actions, the representation must indicate the 

probabilities of the results that can occur. Because planning is a problem 

solving activity that involves the exploration of alternative combinations of 

actions, a symbolic model of the real world, known as the world model, is used 

to enable simple simulations to be run as the plans are evolved. The world 

model is an abstraction or oversimplification of the real world. The system 

entity structure can be used as a knowledge representation scheme for 

representing the structure of the world model. 

Task planning systems can be logically divided into the following classes; 

Planning bv a Single Agent - given certain specific goals, the planner 

synthesizes a plan for control of a single agent, or of multiple agents under a 

single controller. This plan is created by determining which actions achieve the 

goals and in what sequence the actions should be performed. 

Planning bv Independent Agents - same as the preceding, except that 

now each agent creates plans independently such as multiple autonomous 

robots carrying out different operations on the same task or by assisting one 

another when help is required in carrying out a task. 

Geometn/'based Spatial Planning - this planning involves reasoning 

about time and space - e.g. how to repair a piece of equipment or how to plan a 

path from one location to another on the space station. 
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Some of the applications of planning systems to the space station are: 

Astronaut and Experiment Schedulinip - Schedule crew activities and 

coordinate experiments. 

Autonomous Robots - Plan the movements of an autonomous robots, 

taking into account the actions of other agents, both human and robotic. 

Servicing - Plan the service sequences for equipment maintenance. 

Maintenance - Synthesize tasks for fault diagnosis and repair. 

Process Planning - Plan the process operations of a manufacturing unit. 

Power Distribution - Plan the power load distribution as needed. 

2.3.2 The Space Station Information System 

The Space Station Information System (SSIS), also known as the Space 

Station Data System (SSDS), will be required to provide data base 

management, process control automation, signal processing, and support for 

artificial intelligence computations. The SSIS will need to manage a very large 

volume of data, perhaps on the order of 10 "I ^ bytes, both archival and 

dynamic (Firschein et al. 1986). Special techniques will be needed to handle 

the volume of data in order to provide rapid and logical flexible access to it 

through a hierarchy of storage devices. An important goal for the SSIS is an 

intelligent relational data base that integrates all on board data, including space 

station design information for support of on board maintenance, as well as 

operational data. The various models used to represent data must be 

integrated to support astronaut real-time problem solving. The data system 

must be able to derive any complex property about the state of the space 
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Station, which necessitates an intelligent data base management system that 

spans all SSIS data. 

Process control will Involve on board processes similar to common earth-

based functions, but the number of systems and the complexity of their 

interactions will demand new, more advanced automation to assist the crew, 

more sophisticated parallel processing, and improved techniques for fault 

tolerant design. 

Signal processing involves data from imaging devices, radars and the like in 

which the data rate is high and the processing algorithms may be very complex. 

Special-purpose computers will be required that achieve exceptional 

performance through the use of extensive parallelism, easy programmability, 

and the inclusion of symbolic processors within the same computers. 

As mentioned previously, knowledge-based systems will have an important 

role in the space station for planning, for scheduling, and for sen/icing of certain 

robot functions. There is a corresponding need for such techniques within the 

SSIS itself to provide intelligent extension of system functions, such as 

maintenance, security, and human command as in the "Astronaut's Assistant" , 

which will aid in the use of the SSIS. The support for artificial intelligence 

computations is best realized by the inclusion of symbolic processors within the 

SSIS. 

in additon to meeting the requirements of a computing service, the SSIS 

must also fulfill the following design objectives; 

Fault Tolerance and Recoverv - In the event of component failure, 

service must be maintained and critical data must be protected automatically, 

with a minimum of human intervention. 
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Security. Privacy, and Integrity - The SSIS will be shared by users who 

want to protect their data against unauthorized access, modification, or other 

abuse. Matters of concern will be the integrity of the SSIS itself especially in 

light of the fact of its vulnerability to possible penetration through covert use of 

the ground link or the implementation of alien functions in on board subsystems. 

Evolvability and Growth - The SSIS will change significantly during its 

lifetime to meet new requirements and benefit from new technology. Changes 

will include new subsystems and new kinds of data bases. 

Software Development and Modifications - The cost of space-qualified 

software may well be a significant portion of the SSP budget. Advances in 

software technology (e.g., very-high-level languages and intelligent software 

workbenches) will reduce the expense of ground-based software development. 

Accommodation of Emergencies - Emergencies will require creative 

reaction by the crew, such as in the event of a major loss of computing power 

that can demand significant computational power from remaining resources to 

carry out some critical computation. This capability will require powerful 

automatic functions for system diagnosis. 

There are three possible generic approaches to the physical architecture of 

the SSIS: centralized, distributed, and hybrid. NASA favors a hybrid approach 

which is a two-level system, with a single computer system serving space 

station-wide functions and a set of machines or local networks serving 

individual subsystem functions. Thus the SSIS can be viewed as a system of 

physically distributed computing elements, with some degree of dedicated 

functionality and control; organized in several networks and subnetworks. A 

total of five local networks will be located among the habitation and laboratory 
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modules. Various forms of hardware redundancy will be employed, e.g. 

dedicated or pooled spare processors. Initially, some processors will play 

central control roles, but in time the balance between central and distributed 

resources will shift toward more distributed processing to achieve higher and 

more efficient fault tolerance and parallel performance. 

The computing elements can be general-purpose computers, high-

performance special-purpose computers, and "smart" devices. The high-

performance computers will be optimized for one of a class of functions: 

numeric processing, symbolic processing, signal processing, or specialized 

computation such as display generation. Some computing elements will be 

clustered in local networks, linked to other SSIS networks via special 

gateways. Many services will require the integration of different processing 

types (e.g., logical, numerical, signal processing) that will reside in different 

processors. Networks must provide multiple redundant paths among computing 

elements where extreme reliability is an issue. There are many choices for 

structure such as star, ring, and mesh configurations: media such as wire, 

coaxial or fiber optics; and technology such as token or packet-based control. 

A variety of networks and intercomputer communication protocols will be 

used. The methodology used to develop the system architecture involves 

determining the degree of distributed processing that is needed. This is 

accomplished by analyzing functional interfaces, computation requirements, 

and the critical nature of each function. After a basic distributed architecture is 

designed, methods for interconnecting the distributed elements are determined 

through analyses of the characteristics of the network topologies and the 
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interfaces to be implemented. Finally, an approach to fault tolerance is 

determined and applied to the distributed network. 

An assessment of the requirements and the architecture of the SSIS will 

allow for the definition of the on board software and major software elements. 

SSIS software is divided into two major categories: system software and 

applications software. Five applications software areas are: station operations, 

personnel support, payload operations, communications management, and 

crew entertainment. Applications software is derived from the space station 

functional requirements. Support software is generic to all applications areas 

and used by each, therefore, it provides all support required by the applications 

software. 

There can be confusion among the physical, functional, and control 

architectures for the SSIS. For example, it is possible to have hierarchical 

control relations among machines whose communications is provided by a 

nonhierarchical network. Therefore, it is extremely important to distinguish 

between physical, control, and functional structures. It would be a mistake to 

design software that exploits a particular feature of a hardware component to 

achieve optimal economy and performance, but sacrifices future system 

evolvability. Message-based module communication (e.g., object-oriented 

programming); centralized directories of objects by name, location, and access 

authorization; and tagging of multiple attribute descriptors to individual data 

items would make it possible to reconfigure software among different physical 

structures with relative ease, even with strictly centralized hardware 

configurations. The ease of adding new computing elements to a modern 

communication network gives rise to a potentially serious problem; namely an 
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uncoordinated growth of machines with different operating systems, file 

systems, programming languages and protocols. Individual machines may be 

required for unique service (e. g. , LlSP-based machines), but their uniqueness 

can greatly impede system-wide measures for reliability management, data 

management, and security. An approach to this problem is to employ a 

scheme similar to the "ISO/OSI" model used in the area of network 

communications by the International Standards Organization multilevel protocol 

scheme: in which each layer of information transfer functions serves the needs 

of higher layers and effectively hides the details of its own implementation and 

those of the lower levels (See Figure 2.3). Independent evolution of hardware 

and software is greatly enhanced in the logical organization composed of a 

hierarchical ordering of functions from the abstract to the concrete. 

LAYER NAME PRINCIPAL FUNCTIONS 

5 MAN-MACHINE 
INTERFACE 

Multimedia display of information; 

Instructions in support of applications programs 

4 ASTRONAUT'S 
ASSISTANT 

Planning, status monitoring, explaining. Specialized 
languages in support of multiagent distributed expert 
systems 

3 INTELLIGENT 
SYSTEM 
AGENTS 

Specialized expert systems for management of the SSIS 
e.g., maintenance, configuration management 

2 DISTRIBUTED 
OPERATING 

SYSTEM 

Management of communication among computing elements, 
Management of redundancy to aclnelve fault tolerance, 
Scheduling of resources to optimize performance; 
Security management 

1 PHYSICAL 
RESOURCES 

Computing elements and their local operating systems 
and communication facilities 

FIGURE 2.3 LOGICAL ORGANIZATION OF THE SSIS 
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2.4 RECENT DEVELOPMENTS IN THE SPACE STATION PROGRAM 

IBM Corp. is building a prototype data management system for the space 

station Freedom that will be based on commercially available architecture, 

IBM's Micro Channel Architecture (MCA). NASA requires that new programs 

written specifically for the space station run in Ada, however, because there are 

commercial programs available for MCA it will be easy for NASA to use off-the-

shelf software instead of writing new programs in Ada (It will also save both time 

and money for IBM by using them). The company has delivered an early 

ground version of the space station hardware and software to NASA for use in 

testing designs of other subsystems. Programmers will use the prototype as a 

working model on which to write and test software programs. The space station 

will use a fiber-optic, token-ring local-area network that will connect distributed 

Intel 80386 processors, mass storage devices, and other devices. Basing the 

data management system on accepted industry standards should permit NASA 

to save time and money in the future. This flexibility could help NASA in its 

redesign of the space station in response to budget cuts. The new plan for the 

space station would reduce the crew size from eight to four, with a 

corresponding reduced requirement for systems. The new slimmed-down 

version of the space station could achieve permanent manned capability in 

June 1997. 
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CHAPTER 3 

THE SPACE STATION SYSTEM ENTITY STRUCTURE 

3.0 THE FREEDOM ENTITY STRUCTURE 

Figure 3.1 shows the root level of the SES for the space station Freedom. 

The space station as the root node defines the system boundary for modelling 

purposes. The interactions (inputs/outputs) that cross the system boundary 

between the space environment and the space station system are not as 

numerous as those that would be found in a terrestrial-based system. This is 

due to the limited transmission media and the isolated environment that the 

vacuum of space affords. Some of the space station system inputs are; (i) 

electromagnetic energy from the sun in the form of heat, light, and radiation; (2) 

electromagnetic energy in the form of communication signals: (3) magnetic or 

gravitational field influences: (4) material inputs in the form of atmospheric 

gasses, propellents, supplies, specimens, samples, and human input in the 

form of the space station crew. Material inputs can also introduce unwanted 

inputs into the system such as pests, virus, and disease. Some of the outputs 

from the space station are: heat radiated into space during the space station's 

night time hours, communication signals, propellent exhaust, samples, 

specimens, waste materials, crew members, and the space station's 

atmosphere during a mishap. 

If the space station is considered as being comprised of its larger external 

elements, as in the power tower configuration, then this viewpoint can be 

designated as the space station's "large elements aspect". In Figure 3.1, this 
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FIGURE 3.1 THE FREEDOM ENTITY STRUCTURE 

decomposition is seen to result in the entities; truss structures, external activity 

zones (e.g. attached platforms, RMS, satellite servicing facilities, etc.), pressure 

vessels, solar arrays, communication antennas, and radiators. The multiple 

decomposition of "pressure vessels" indicates that a space station model can 

consist of any number of pressure vessels. A pressure vessel is one of four 

types of modules: habitation, laboratory, logistics, or interconnection when it is 

specialized as "core systems". The physical decomposition of a pressure 

vessel enumerates its standard modular components: structural sections, end 

domes, and airlocks. 
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Laboratory modules can be classified as being research or materials 

processing. By classifying research laboratories into life sciences and 

microgravity, the life sciences research laboratory functional use can in turn be 

classified into: basic health care, human biomedical research, gravitational 

biology research, and regenerable life support systems research. 

Materials processing functions can be grouped into four major areas: 

Containerless Processing - This research investigates the processing of 

materials (i.e., heating, melting, cooling, and solidifying) without touching a 

container. 

Crvstal Growth and Solidification Processing - This discipline 

encompasses those experiments where materials are solidified or crystallized 

in a controlled manner from their liquid or vapor states, or from an aqueous 

solution. The materials involved are generally semiconducting ones. 

Fluid and Chemical Processincp - Studies the behavior of fluids and 

fluid-related processes to better understand the influence of gravity and gravity-

dominated behavior on ground-based processes. 

Biological Processing - involves the separation of biomaterials such as 

proteins and viable cells using techniques (i.e., isoelectric focusing) that utilize 

intrinsic properties of the material. 

Variables can now be attached to various nodes in the entity structure as 

seen in Figure 3.2. As stated previously in Chapter 2, the space station must 

meet the objectives of performance, cost, and safety. These are the objectives 

that drive the modelling study and are reflected in the entity structure by being 

attached to the "space station Freedom" root node. Instance variables of 

dimension, mass, and volume can be associated with pressure vessel and 
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inheritance results in occurrences of instance variables for laboratory module 

dimensions, laboratory module mass, and laboratory module volume, which 

are not explicitly shown. Power consumption, heat rejection, and data 

communication rate are also variables that can be attached to the entity 

"laboratory module". 

There are two transformation operations that can be applied recursively and 

cooperatively to reduce an entity structure to pure form, that is where all class 

specialization relationships have been removed, while preserving the 

knowledge embedded in the original entity structure. Transformation 1 applies 

whenever there are specializations directly under a multiple decomposition, 

whereas transformation 2 applies whenever specializations are separated by at 

least one aspect from a multiple decomposition. The application of 

transformation 1 to the core systems specialization under the pressure vessels 

multiple decomposition in Figure 3.1 results in the entity structure of Figure 3.3. 

Note that the core systems specialization has been removed and changed to an 

aspect, and the multiple decomposition of pressure vessels has been removed 

so that the core systems entities have now become multiple entities with 

pressure vessel appended to their names. Also, each core system pressure 

vessel now inherits the same the physical decomposition under it as the 

pressure vessel entity in Figure 3.1. After transformation 1 has been applied to 

the remaining specialization relationships in Figure 3.3, the resulting entity 

structure will appear as shown in Figure 3.4. The arrow line clusters in Figure 

3.4 indicate a continuation of SES substructures not explicitly shown due to 

space limitations, but in any event, they are analogous to a corresponding 

substructure that is displayed. 
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If the space station is now considered from the viewpoint of its "modular 

elements aspect", this additional decomposition results in the SES of Figure 

3.5 which illustrates only two of many possible aspects of the space station 

entity. Depending on the objective driving a particular modelling study, it may 

be advantageous to consider the space station from its modular elements 

aspect, as opposed to its large elements aspect. For example, if the objective 

was to ascertain cost, the large elements aspect of the space station would be 

the best to utilize for a modelling study for aggregation reasons. However, if 

performance was the criteria for a study, a more refined view of the space 

station would be required, hence modular elements would the better aspect to 

select. 

It should be apparent that applying the transformation operations to an SES 

unfolds the knowledge that the taxonomic relationship compactly encodes, 

thereby illustrating that the number of possible model alternatives is enormous. 

A complete SES of the space station will contain a very large number of entities, 

aspects, and specializations. Note that most of the multiple decompositions for 

the large elements and modular elements of the space station are not shown in 

any of the SES's. In addition, the attached variables and the coupling and 

selection constraints that are associated with every entity, aspect, or 

specialization are also not illustrated. In a representation as rich in knowledge 

as the SES, the problem of displaying all its pertinent information in an 

uncluttered, concise manner needs to be addressed in light of man-machine 

interface considerations. 
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3.1 FRAMES AND RULES ASSOCIATED SYSTEM ENTITY STRUCTURE 

In an effort to address the problem of organizing and displaying the 

knowledge contained in the SES, a frame-based scheme has been developed 

integrating the concepts of the SES into a knowledge representation scheme 

called Frames and Rules Associated System Entity Structure (PRASES) 

(Rozenblit, Hu, and Huang 1989). Employed for engineering design 

applications, FRASES facilitates the knowledge management task by utilizing 

efficient acquisition, representation, refinement, and inferencing techniques. 

FRASES is a superclass of the system entity structure in which all the axioms, 

operations, and relationships defined for the system entity structure are valid. It 

is a scheme that combines the entity-based representation with production rules 

and frames. In frame-based representation, a frame is a template containing a 

set of slots that hold different types of related knowledge associated with the 

frame. The production rules are used to generate design models that are 

represented in the entity structure, so that behavioral characteristics of the 

system can be experimented with by the process of simulation. Unlike rules 

however, frames are arranged in a hierarchical manner such that each frame 

can contain subframes, thereby enabling the sharing of information among 

frames through an inheritance mechanism. 

The frame structure used in FRASES is called an Entity Information Frame 

(EIF). It contains various slots for the attached variables, design specifications, 

and the synthesis and selection rules related to a particular entity. The EIF 

embodies both the static and dynamic knowledge needed for a design 

application by having a slot called ATTS for the attributes or parameters that 
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characterize an entity. These attributes or parameters are analogous to the 

attached variables of the entity structure, but are divided into two groups; static 

and dynamic attributes (Rozenblit and Hu, 1988). Static attributes (SATTS) are 

variables that describe an object's general information. For example, the 

SATTS of a logistics module are launch mass (65,000 lb), total volume (2780 ft 

3), and outside/inside dimensions. Dynamic attributes (DATTS) are variables 

that describe the design details and/or behavioral characteristics of an object 

and are further classified into performance attributes (PATTS) and Design 

Parameters. Performance attributes are related to the dynamic behavior of an 

object, whereas design parameters are used to describe the design detail of an 

object. The PATTS involved for a laboratory module are the total power 

consumed, the total heat rejected, and the overall communication data rate 

under different simulated operating conditions. Design parameters for various 

electrical equipment in a laboratory module are the design power consumption, 

the design heat rejection rate, and a design data rate in the case of automated 

analysis equipment. 

Another slot in the EIF is the Design Specification Form (DSF). It is used to 

accept the specification of objectives, constraints, and a criteria weighting 

scheme. The performance, cost, and safety objectives of a potential space 

station modular element design, as well as the constraint on the maximum cost 

and the trade-off between safety vs. cost (a criteria weighting scheme) would be 

contained in the DSF slot of an EIF for a particular modular element. 

Constraint Rules (CRS) is a slot containing the production rules used for 

generating a system configuration. As in the system entity structure, synthesis 
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rules are associated with aspects and selection rules are associated with 

specializations for pruning alternatives. 

The frame-based representation scheme can applied to the SES tree-like 

graph itself, in addition to the EIF concept of FRASES. The frame in this 

situation is a view of the SES at different levels of refinement or decomposition. 

This enables the information and knowledge contained in an extensive SES to 

be viewed in a concise manner on a relatively small monitor screen. As an 

example of a frame such as this, take the root node frame of the space station 

Freedom system entity structure as illustrated in Figure 3.6. It shows the large 

elements aspect and modular elements aspect, plus the additional distributed 

subsystems aspect for the space station Freedom root entity. The "distributed 

subsystems aspect" encompasses the central components of a subsystem that 

are shared with other dedicated subsystems of other space station elements 

(i.e., the Distributed ECLSS and the Dedicated ECLSS of Life Sciences 

Research Lab) that will be on board the space station. 

Each entity in the frame is represented as a labelled box, thereby 

reinforcing the object-based nature of entities. The next level of decomposition 

or subframe of a particular entity is indicated by an arrow pointing to a number, 

a frame number, as per Figure 3.6. The integer part of the frame number 

basically indicates the depth of refinement from the root node level within the 

SES, while the decimal part denotes one of many frames at a particular level. 

Of course, it would not be necessary to display these arrows and numbers if the 

representation scheme was actually implemented in an windowing 

environment, but they are useful for continuity on paper. 
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FIGURE 3.6 FREEDOM ENTITY STRUCTURE ROOT FRAME 

The top border o1 the trame is a menu that shows the options for displaying 

more detailed information about an entity. The "next frame" menu option would 

bring into view the subframe showing the substructure of the SES for a selected 

entity. The "entity model" menu option would display the software code used to 

model an entity or possibly some other information about an entity. The "ATTS" 

menu option would display both the static and dynamic attributes of an entity, 

whereas the "SATTS" option would show only the static attributes. Likewise, 

the "DATTS" option would display only the dynamic attributes if selected. For 

only the performance attributes of an entity, the "PATTS" option could be 
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chosen, and similarly the "Design Parameters" option. The "DSF" and "CRS" 

menu options would display the information that was discussed previously in 

conjunction with FRASES. An EIF for the design specification variables of 

performance, cost, and safety is shown for the space station Freedom root entity 

in Figure 3.6. 
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A keyboard-controlled cursor or mouse could be used to select an entity in a 

frame in association with selecting a menu option in order to display more 

detailed information about an entity. If the entity "pressure vessels" in Figure 

3.6 was selected, then the next frame of the SES for pressure vessels would 

appear on the monitor screen as per Figure 3.7. This figure also shows an EIF 
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for the SATTS of a pressure vessel, the result of selecting that menu option 

along with the entity. An EIF for the synthesis rules of the pressure vessel entity 

is shown in Figure 3.8. The rules indicate that a pressure vessel can consist of 

any number of structural sections, but will have to have exactly two end domes. 

Similarly, Figure 3.9 illustrates some EIF's for various space station subsystem 

entities. 
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5Y5"EM rNT-TY STRUCTURE 

FIGURE 3.8 EIF FOR PRESSURE VESSEL SYNTHESIS RULES 

The complete SES for the space station Freedom is included in Appendix 

"A" of this document where frames referenced in the text can be found. Frame 

SSF-1.1 shows the substructure of the SES for the multiple entity "laboratory 

modules" in the root frame. The multiple entity "laboratory modules" has a 
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multiple decomposition that results in the single entity "laboratory module". Due 

to the axiom of uniformity, note that this single entity carries the same 

substructure as the laboratory module entity of the core systems specialization 

of "pressure vessel" in frame SSF-1.0. 
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3.2 THE SPACE STATION INFORMATION SYSTEM ENTITY STRUCTURE 

Frame SSF-1.2 shows the "SSIS" subsystem of the space station Freedom 

distributed subsystems aspect of root frame. The function aspect displays the 

various duties that the SSIS will be required to undertake on board the space 

station. The system decomposition aspect indicates that the SSIS will be 

comprised of a number of management information systems. The system 

architecture of the SSIS can be either a centralized, distributed, or hybrid 

design as discussed in Chapter 2. Finally, the logical organization aspect 

enumerates the layers of functional hierarchy for the SSIS, which is modelled 

after the "ISO/OSI" multilevel protocol scheme used for network 

communications. 

Continuing to frame SSF-2.0 for management information systems, a single 

MIS is shown decomposed according to two different aspects and classified by 

three different specializations. MIS's will be utilized in the laboratory and 

habitation modules as per the MIS utilization specialization, and for a variety of 

functions as indicated in the MIS functionality aspect. The system software 

function specialization enumerates various MIS software uses. The physical 

decomposition aspect illustrates the various types of hardware that will make up 

a MIS. 
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3.3 ENVIRONMENTAL CONTROL AND LIFE SUPPORT 

SYSTEM ENTITY STRUCTURE 

The SES for the environmental control and life support system (ECLSS) is 

displayed in frame SSF-1.3. The ECLSS architecture specialization shows that 

the architecture of an ECLSS can either be distributed or dedicated, as 

mentioned before in regards to the life sciences lab. Various subsystems in the 

ECLSS are enumerated under the respective specialization. The two system 

configuration specialization entities shown are: the open-cycle system and the 

closed-cycle system. In its initial operation phase, the space station will rely on 

the shuttle orbiter transporting a logistics module for resupply of all of its 

consumables. This necessitates the selection of open-cycle system for the 

ECLSS system configuration; open cycle in the sense that none of the 

expendables are reclaimed for reuse. However as mentioned previously, 

regenerable life support system research will eventually result in a closed-cycle 

system that will enable long term functioning without resupply support from the 

ground. Nevertheless, in both of these system configurations a different system 

basis would be utilized. For example, a molecular sieve system could be 

employed for removing carbon dioxide and odor from the space station 

atmosphere. The molecular sieve system would contain absorbent canisters for 

removing water and carbon dioxide from the air and a charcoal canister for odor 

removal. Its basis would be physical/chemical and would probably be 

employed in the open-cycle system configuration. A closed-cycle system 

configuration would most likely result in a biological system basis, because 

plants and vegetation could take over the function of carbon dioxide removal. 
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The hybrid system basis would be in a system configuration overlap design. As 

the system evolves in self-supporting capability, one system basis is phased in 

and another is phased out. The system configuration and the system basis will 

also necessitate the need for different ECLSS subsystems. Consider the case 

of a closed cycle system configuration, whereby an expendables resupply 

system would not be required, but in turn a food supply system would be. 

The environment control subsystem of the ECLSS is illustrated in frame 

SSF-2.1, where it is shown to be decomposed into three more subsystems: 

atmosphere maintenance, water maintenance, and lighting systems. Some 

features of the atmosphere maintenance system have just been discussed, as 

have some water maintenance system functions in connection with the life 

sciences holding facility and material management in Chapter 2 (See Figure 

2.8). The lighting system would function for both the benefit of the human 

inhabitants as well as for the crop's photosynthesis needs. 

Frame SSF-2.2 shows the four classifications for the basis of a waste 

management system; mechanically based, biologically based, chemically 

based, and hybrid. A mechanically based system would include: solid and 

liquid waste processors, trash compactors, cage washers, and "garbage cans" 

that would hold waste material until it was disposed of properly. In a 

biologically based system, bacteria would be used to break down organic 

waste, as is done in sewage treatment, or as an alternative chemical treatment 

could be employed. A hybrid system basis would use each of these other 

systems to varying degrees in its design. 

The food supply system of the ECLSS is illustrated in frame SSF-2.3, which 

shows a production system and storage system as a result of a system 
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decomposition. Furtfier decomposition of the production system results in a 

number of entities, one being the growth medium. Growth medium can be 

specialized into two entities. One represents the standard way of growing crops 

in soil and the other the use of a hydroponic medium. A hydroponic medium 

does not use soil, but delivers nutrients to the roots of plants by having them in 

contact with a circulating nutrient solution. The choice of growth medium will 

obviously have an effect on the design of the plant nutrient supply system. The 

plant waste recycling system will handle the unusable portions of plants after 

they have been harvested. The system could be either biological or 

mechanical/chemical based for converting plant waste into fertilizer for future 

crops. The crop optimization system would obtain the maximum benefit from a 

crop by controlling all the adverse influences that could reduce productivity. 

One of these adverse influences is pests and the pest management system 

would have to handle both the insects and the diseases that could attack a crop. 

A knowledge-based advisory system will assist in identifying pests and 

suggesting methods of controlling or eradicating them. 

Frame SSF-2.4 illustrates the life elements that the ECLSS will have to 

accommodate and support. Plants and animals that will be used for life 

sciences research, plants that will be used in the food production system, 

humans as members of the crew, and unwanted guests in the form of microbes, 

such as bacteria and other microorganisms, will be the life forms that will inhabit 

the environment of the space station. 
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3.4 THE LIFE SCIENCES RESEARCH LABORATORY MODULE 

SYSTEM ENTITY STRUCTURE 

The life sciences research lab module shown in frame SSF-4.0 is an 

extension of the SES from both frames SSF-1.0 and 1.1. As previously 

discussed, the LSR laboratory will be utilized for the four major functions as 

illustrated in the life sciences function specialization of frame SSF-4.0. The lab 

module facility decomposition aspect results in the research laboratory facility 

and the specimen holding facility. The specimen holding facility is a separate 

structure attached to the research laboratory module, which will be used for 

holding plants and animals that will be used in life sciences experiments. 

In frame SSF-5.0, the research lab facility is decomposed according to a 

facility space decomposition and results in working space to carry out laboratory 

research, storage space above the ceiling and under the floor, space to install 

subsystems, space to install the racks that will hold equipment, laboratory 

supplies, lab work benches, etc., and space to allow for movement of the crew, 

equipment, and robots through the lab module (aisle space). The quantity of 

volume that will instantiate each of these entity's space-related variables will be 

determined by other factors in the overall design of the lab module, such as the 

external dimensions of the lab module, the internal orientation of the lab (i.e., 

vertical or horizontal), as well as the internal rack configuration. 

The physical decomposition of the research lab facility yields a multiple 

entity labelled "research lab structural sections". The life sciences research lab 

will be assigned 5.5 out of a total of 11 structural sections of the laboratory 

module pressure vessel. The other half of the pressure vessel module will 
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contain laboratory. Each structural section will contain a floor, a ceiling, and 

various types of racks. Also panels, consoles, and subsystems could be 

included in a structural section, as shown in the structural section aspect. 

Control panels or electrical distribution panels are examples of just some of the 

types of panels that could be in a structural section. Furthermore, control 

consoles for crew member interface to the SSIS may also be included. The 

internal rack configuration shows either spacelab, pentagon, or hexagon as 

possible configurations. Racks can be of various types, where some will be 

used to house laboratory equipment, others for storage of materials, some for 

laboratory workbenches, and others are glovebox racks. 

In frame SSF-5.1, the decomposition of the specimen holding facility entity 

shows the plant and animal vivariums as entities, as well as the gravity 

centrifuges. The 1g control centrifuge in the specialization of gravity 

centrifuges is the centrifuge that provides an artificial earth-like gravity to 

contain plants and animals for control purposes in gravitational biology 

experiments. The transfer centrifuge will be used to move specimens in and out 

of the 1g control centrifuge without having to stop its rotation and thus interrupt 

the 1g force on control specimens. The transfer centrifuge can be accelerated 

to the rotational velocity of the 1g control centrifuge and when velocities are 

matched, a specimen cage can be moved from one centrifuge to the other. 

Obviously, the transfer centrifuge must be physically adjacent to the 1g control 

centrifuge to easily move the specimen cages. The variable centrifuge will be 

used for studies involving graded responses between zero-g and 1g. 

The dedicated subsystems aspect in frame SSF-4.0 lists the subsystems that 

are indigenous to the laboratory itself. The laboratory management information 
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system is one such subsystem, in addition to the standard subsystems 

dedicated for use in the life sciences lab; the laboratory environmental control 

and life support system (LECLSS), the laboratory electrical power system 

(LEPS), the laboratory thermal control system (LTCS), the laboratory 

communication system, the laboratory fluid storage and handling system, and 

the laboratory structural/mechanical systems. The laboratory management 

information system is the subsystem that will be expanded in further detail in the 

next chapter, because it will provide autonomous functioning capability to the 

life sciences research laboratory. However, the current state of the art in 

laboratory automation and laboratory robotics will first be presented. 
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CHAPTER 4 

THE SPACE STATION AUTOMATED LABORATORY 

4.0 LABORATORY AUTOMATION AND ROBOTICS 

Laboratory automation has traditionally been thought of as computerized 

data acquisition and reduction. Over the past 10-15 years it has primarily been 

directed at the sample analysis and data processing realms in the laboratory 

(Knipe,1985). Currently, many laboratories have the capability to control 

analytical instruments automatically and feed the data produced by them into a 

automated information management system. Only recently, though, has 

laboratory robotics allowed the scope of laboratory automation to be expanded 

to include sample handling, sample preparation, wet chemistry procedures, 

process control, and instrumental analysis (Zymark Corp., 1988). Laboratory 

robotics enables multiple instruments, robots, and computers to work together 

to automate all laboratory methods, thereby complementing earlier advances in 

instrumental techniques and data handling procedures. The use of laboratory 

robotics has been an effective way to increase the efficiency, productivity, and 

quality of analytical measurements in the laboratory. 

The term laboratory robotics places misleading emphasis on the robotic arm 

rather than on an integrated system of standard laboratory operations where the 

robotic arm is primarily a materials handler and manipulator (Zenie, 1987). A 

robot is a device that can perform a series of programmed physical 

manipulations. Generally robots are used to move tools, equipment, or other 

objects in order to accomplish a work function. Presently available laboratory 
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robots consist of a mechanical arm that Is placed on or near the laboratory work 

bench. Any of several types of hands can be attached to the end of the arm to 

allow the device to grasp objects, make dilutions, or perform nearly any other 

laboratory function. Robots are particularly well suited to performing repetitive 

manipulations that are boring to humans. Generally robots do not function 

significantly faster than human technicians and often perform particular steps 

more slowly. However, robots have the advantage of not becoming easily 

distracted and of being able to continuously function for long periods of time. 

Often the unattended use of a robot permits assays to be performed around the 

clock rather than only during normal working hours, thereby increasing a 

laboratory's total sample throughput. 

Robots can be classified according to the type of motion the robotic arm can 

perform. The four most common types of robotic arms are the cartesian, 

cylindrical, revolute, and spherical types. The cartesian-type arm is the simplest 

and is capable of independent motion along any of the three cartesian axes (x, 

y, and z) in three dimensional space. The cylindrical-type arm can access any 

area in a cylinder around the robot. Of course, the arm cannot access the 

space occupied by the robot. Revolute-type arms grasp objects from above. 

They can reach over low-lying obstacles to grasp the desired object. 

Spherical-type arms approach objects from the side rather than from the top. 

They are similar to cylindrical-type arms in that they generally approach an 

object horizontally rather than vertically, like the revolute-type arms. The 

movement of both the revolute and spherical-type arms sweeps out a 

hemisphere above the base of the robot because the arms can rotate vertically 

as well as horizontally on the base. A revolute-type arm is used in the 
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laboratory robot sold by the Perkin-Elmer Corporation, whereas the cylindrical 

design is the basis of Zymark Corporation's laboratory robot. In the Zymark 

robot, the arm can move up and down along the axis that defines the height of 

the cylinder and can rotate around the cylinder at any height. The arm can 

rotate at any radius within a maximum that is defined by the extended length of 

the arm and a minimum that is defined by the radius of the body of the robot at 

the center of the cylinder. Furthermore, the hand of the robot can rotate around 

the arm in a twisting type motion. The choice of a particular robotic design is 

dependent upon the geometrical arrangement of the apparatus and objects that 

must be accessed by the robot. It is possible to extend the accessible volume of 

any robot by mounting the robot arm on a movable platform and hence creating 

a mobile robot. 

Motion of a robot can be accomplished in several ways. In industrial 

applications, where heavy objects must be moved, hydraulic drive systems are 

often used. Pneumatic systems are employed when speed of motion is a 

primary requirement. Laboratory robots are generally driven by electric servo 

motors or electric stepping motors. Digital stepping motors are convenient 

because they can easily be interfaced to a computer, however, they cannot be 

used to move heavy objects. (Of course, the weight of a object in a 

microgravity environment is of no concern.) In any case, a separate drive 

system is normally used tor each type ot motion that the robot can pertorm, thus 

allowing the robot to simultaneously perform more than one type of motion. In a 

cylindrical-type arm, a separate motor is used to rotate the robot arm about the 

base, to move the arm vertically, to move the arm horizontally, to rotate the 

hand, and to operate the hand mechanism. 
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Robot hands have been designed to grasp different types of objects, to 

filter, to operate a syringe, to operate switches, and to perform various other 

laboratory operations. Special applications require the design of a new hand. 

A great deal of effort has gone into designing robot hands that are versatile and 

that can mimic the many motions that are possible with a human hand (Braun, 

1987). However, such designs are highly complex and require relatively 

complex and lengthy computer programs to operate them. Consequently, 

laboratory robots generally have hands that perform single functions. General-

purpose laboratory robots usually have Interchangeable hands. After 

performing one function the robot deposits its hand In a specially designed 

holder, and mounts another hand that is capable of performing the next 

function. In some cases it is advantageous to use multipurpose hands. A 

multipurpose hand essentially consists of two or more hands simultaneously 

attached to a single robotic arm. Multipurpose hands are more cumbersome 

because the presence of additional hands on a single arm can sometimes 

hinder the manipulations of the robot. However, multipurpose hands can save 

time in exchanging hands. 

Robots are programmed using one of three methods: explicit programming, 

lead-through programming, and walk-through programming. Explicit 

programming consists of specifying the coordinate location to which the hand is 

to move, the pathway it is to follow, the acceleration, deceleration, velocity of 

motion, hand orientation during the motion, and any other variables necessary 

to define a particular robot function. Explicit programming most nearly 

resembles classical computer programming. It can be tedious, frustrating, and 

error prone. Lead-through programming consists of using a training pendant or 
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specially defined function keys of a computer keyboard to control the operation 

of the robot as it performs a function for the first time. A training pendant is a set 

of robotic controls that are mounted in a container about the size of a hand-held 

calculator. The motions and various functions performed during the robot's 

operational procedure are recorded in computer memory and later transferred 

to a hard disk or other storage device. During future procedures requiring the 

same operation, the recorded motions are read into computer memory and 

used to control the robot, hence the robot duplicates its movements made 

during the training process. Walk-through programming is similar to lead-

through programming, except that it can only be used for robots that have built-

in sensors that provide feedback to the computer controlling the robot. The 

feedback sensors provide information input while the robot is physically moved 

through a operational function. The positions, amount of movement, and other 

information is stored. The stored program is later used to control the robot. 

Sensors are used in conjunction with robots that respond to touch, position, 

or sight. Sensors that respond to touch usually consist of microswitches. They 

are often used in the hand of a robot so that when the robot contacts an object, 

the switch closes. Position sensors also use microswitches. As an example, a 

switch in the cell cavity of a spectrophotometer could be used to indicate that 

the robot had successfully placed a cuvet (a sample container) in the 

instrument. Sight sensors generally consist of a beam of light, possibly from an 

LED or a laser, that is reflected from or absorbed by an object in its path. The 

beam is typically detected by a photodetector that is attached to the apparatus 

through a light pipe or by a photodiode array. The presence or absence of an 
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object in the radiative beam can be detected. By using photodiode arrays, 

spatial information, such as the width of an object, can also be obtained. 

Laboratory robots emerged in the early 1980's as a new approach to 

automate sample handling and sample preparation in the laboratory to a level 

equivalent to that attained by laboratory instruments and computers. By 

automating sample preparation, the accuracy and precision of analytical results 

is improved because of the elimination of the human variability factor. Besides, 

manual sample preparation is labor intensive, time consuming, expensive, and 

disconnected from the automatic flow of information. Sample throughput, 

sample turnaround time, and productivity of laboratory resources are also 

improved by automating sample preparation. An additional advantage of 

automated sample preparation is that in certain instances it will avoid exposing 

personnel to hazardous environments and sensitive experiments to human 

contamination. 

Zymark Corp.'s laboratory robotics system, the "Zymate System", was 

commercially introduced in March 1982 and its technology has proceeded 

through several evolutionary development phases since then. The first phase 

enabled increased system functionality by acquiring the capability to perform 

the most common laboratory operations. During the next phase, an integrated 

system architecture allowed a shift from batch to serialized operation. In this 

integrated system, samples are automatically prepared and analyzed, while 

the resulting data can be tested for validity. This advancement has lead to 

improved reliability and more valid data results. The subsequent phase of the 

development of laboratory robotics brought improved robot systems that have 

resulted in higher performance, greater throughput, and the standardization of 
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hardware and software for faster system reconfiguration and flexibility. Today, 

robots function as part of an integrated system performing standard laboratory 

operations, such as weighing material and diluting solutions, which are 

incorporated into an overall automated laboratory procedure where samples 

are prepared, analyzed, and then the resulting data is tested for validity. The 

current phase of evolutionary development is the new methodology, that is, 

looking for innovative automated laboratory procedures that will exploit the 

capabilities of laboratory robots. 

In the past automated laboratory procedures have been developed to adapt 

to the strengths and weaknesses of human operators. Most new fields begin by 

emulating the familiar or conventional approaches. Man's first attempt to fly 

involved strapping on bird-like wings and jumping off a cliff. Any machine, if 

required to do the same job in the same way as a person, will probably be less 

efficient than a person. This approach has partially been the cause of the 

limited success of industrial robotics, up till now. In the past, robots made in 

the image of humans which had manipulators that were like human arms, 

grippers that grasped objects like human fingers, and sensing abilities 

comparable to human senses were thought to be able to outdo humans in cost 

and efficiency in industrial applications. However, the strategy hasn't worked 

because it assumed humans are optimally designed to perform manufacturing 

tasks. "Humans are designed to throw stones, pick berries, and climb trees 

(Seering, 1985)". When a task is creatively redefined utilizing the strengths of a 

machine, it will often be more efficient and produce higher quality results than a 

person. Then with this thought in mind, future automated laboratory 
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procedures should be developed that produce the desired improvement in 

efficiency and quality of results. 

Laboratory procedures can be categorized as either control intensive or data 

intensive. Control intensive procedures involve multiple tasks operating in 

parallel at times and requiring timing and event control. Data intensive 

procedures require the processing of large data arrays, such as chromatograms 

or spectra digital representations. Laboratory procedures can be complex and 

intricate, therefore in order to automate such a vast variety of methods, the 

laboratory procedures are broken down into sequences consisting of standard 

laboratory operations. These standard operations are the building blocks for all 

laboratory procedures. They can be combined in multiple arrangements to 

meet the specialized requirements of different laboratory tasks. Space station 

laboratory procedures include the analysis of samples, the acquisition and 

analysis of research data, the monitoring and control of experiments in 

progress, laboratory maintenance and housekeeping functions, such as the 

servicing and calibrating of laboratory instrumentation, and the disposal of 

waste material. 

At any rate, the success of a laboratory robotic application is not strictly 

dependent upon programming robots to do the procedures desired, its success 

is also dependent on how well, or how error free, the robots are capable of 

performing. The time and money invested in a robotic application must be offset 

by benefits such as reduced labor costs, increased capabilities, improved 

accuracy, etc. Considerable planning, a good working knowledge of the 

procedure being automated, and creative solutions to key problems in 

performing the required tasks, are all criteria that have in the past helped make 
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robotic applications successful in commercial laboratories (Cross, 1988). 

However, the complexity of the manipulation tasks may make some space 

station laboratory procedures more difficult to automate than others. 

Nevertheless, with today's technology and enough time and money just about 

any lab procedure can be totally automated with laboratory robotics, but not 

necessarily economically, even when contrasted with the cost of an astronaut's 

time in space. Therefore, some operational steps or tasks in a procedure, such 

as drawing blood samples from animal subjects, will still have to be performed 

by a crew member. The criteria for deciding on whether or not to automate a 

task should include a consideration of the perceptual abilities demanded by the 

task. If abilities are beyond the range of human limits, then consider 

automating the task. If the health and safety risks are outside tolerable human 

limits, or if the task involves fast computing ability, or if it is highly complex, 

repetitive, routine and demands precision, then consider automation. Possible 

reasons for rejecting automation include: if the frequency of the activity is 

insufficient to warrant automation costs, or if the automation equipment requires 

excessive weight, volume, or power. 

System flexibility is also vital to the success of an application and is of 

primary importance in a design. Three types of flexibility are possible: 

experimental, operational, and reconfigurable. Experimental flexibility permits 

laboratory operations to be accomplished on the basis of essential input 

parameters pertinent to an experimental procedure. Operational flexibility is 

facilitated by a program library of standard laboratory operations, any number of 

which can be selected to constitute a laboratory procedure. Reconfigurable 

flexibility allows for efficient system reconfiguration when new applications 
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arise. The laboratory robot system architecture must achieve the necessary 

flexibility by providing a foundation for continuing technology developments, 

w^hile still being able to function as an integrated system. The key elements of 

this architecture are: modular structure, utilization of proven laboratory 

techniques, ease of inputting information to the system, and compatibility 

between various components of the system such as automated instruments, 

computers, and robots. The first generation of laboratory robotic systems 

suffered from lack of flexibility since they were purchased and placed in service 

for a dedicated application. Only in laboratories where the same dedicated 

application is still part of laboratory routine, are these early robot systems in 

operation. But many laboratories purchased and programmed robots to 

accomplish operations that have been altered due to changes in the analytical 

methodology or the product line, so now these robots are sitting idle. The time 

and money required to reconfigure, reprogram, and revalidate these idle units 

for a new method is considerable and therefore, not economically feasible. 

PyTechnology^'^ is a new type of system architecture introduced by 

Zymark Corp. in 1986 that allows laboratories to install and implement a specific 

laboratory procedure by the selection of PySections. In Figure 4.1, a robotic 

system workcell depicting a sample of PyTechnology is shown. A robot is 

located in the center of a circle of surrounded by various PySection 

workstations. Dotted lines denote equipment located beneath the lab bench. 

The master laboratory station is for dispensing and aspirating solutions from 

sample containers. The power and event controller is used to control various 

switches that provide electrical power to equipment and input devices. Two 

pumps are provided to aspirate samples at the sipper station and to provide 
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water to wash the pH probe at the pH station. The external computer (IBM PC-

XT) is used to store data acquired from the spectrophotometer analyzer and is 

also interfaced to the robot controller. The advantage to the PySystem is that 

each of the PySections contains the necessary hardware and software 

necessary to accomplish a particular laboratory task. With PyTechnology, once 

the hardware is physically installed and the software is loaded into the 

controller, the operator indicates the location of the PySection to the robot and 

the section is ready to run. Since the assorted PySections can be installed and 

removed with relative ease, it is extremely easy to reconfigure a system 

allowing the laboratory to be much more flexible in its robotic operations. This 

combination eliminates one of the roadblocks to successful robotic 

implementation - large blocks of time which must be dedicated to a new robotic 

application. While the concept is very attractive it is not without its 

disadvantages. The number of operations that can be accomplished is limited 

to the number and type of PySections available. Furthermore, the space 

utilization is not as efficient with the PySystem as with earlier systems. A system 

architecture exploiting the concept of hardware and software modules that are 

based on standard laboratory operations, similar to the PySystem, should be a 

characteristic incorporated into the design of the automated laboratories on 

board the space station Freedom. 

The Freedom's life sciences research laboratory will utilize automated 

instruments, computers, and intelligent agents in the form of robots, not solely 

to execute sample handling and sample preparation in the course of conducting 

experiments, but also for analytical, maintenance, and housekeeping 

laboratory chores. Because the LSR lab is primarily intended for research 
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experiments, its laboratory automation system demands flexibility. It should 

allow for "flexible" automation by accommodating new, or revised, hardware 

and operating procedures as experiments or research trends warrant (the 

hooks and scars concept). Fixed or dedicated automation, on the other hand, 

is utilized for large quantities of standardized procedures such as those found in 

hospitals, clinical laboratories, and production processing facilities. Therefore, 

on board the space station Freedom's research labs where the exact details of 

future research experiments can not be foreseen at this time, the feature of 

flexible automation is an absolute necessity. 

-c'.vlp at.l 
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FIGURE 4.1 PyTechnologytm ROBOTICS SYSTEM WORKCELL 
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4.1 THE MODELLING AND SIMULATION OF INTELLIGENT AGENTS 

Cognitive abilities and decision-making capabilities for effective 

management of laboratory operations by intelligent agents (robots) are being 

developed, modelled, and demonstrated by simulation in the first phase of the 

NASA Al project using the DEVS-Scheme simulation environment. The 

simulation environment should enable a thorough study of the problems to be 

encountered in assigning the responsibility of managing a mission valuable 

process to an organized group of intelligent agents (See Zeigler, Cellier, and 

Rozenblit, 1988). 

The employment of modelling and simulation techniques to evaluate 

potential system designs capable of managing laboratory operations with 

intelligent agents could improve the possibility for the successful 

implementation of such a system in the future. By simulating laboratory tasks as 

executed by a robot or robots, the increase in productivity or sample throughput 

can be verified, so as to determine the effectiveness of performing the task with 

a robot. Moreover, the principal benefit of a modelling and simulation effort is 

the ease of evaluation and the ability to modify a design without having to 

actually implement it. New techniques for laboratory procedures that are better 

adapted to robot functionality can be tested and evaluated before actual 

implementation. 

A basic concern in modelling laboratory operations is determining a 

suitable set of standard laboratory procedures and then selecting the actions to 

be modelled that can be performed to embody any one of the laboratory 
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procedures. Further consideration must be given as to what will happen if a 

robot fails to complete an operation properly. Operation completion can be 

ascertained with microswitches, photosensors, tactile sensing of a robot's grip 

force, proper weight readings, etc. There are multiple facets in evaluating how 

well a design procedure performs. First, each task in the procedure is 

evaluated as to the reliability of the robot in performing it, i.e., how often failures 

occur. Second, the overall procedure is evaluated in terms of set design 

objectives such as throughput, data accuracy, and precision. Third, the 

procedure is evaluated to determine if modifications can be made to better fulfill 

any of the design objectives. 

Another concern in a robotic application design is the layout of equipment. 

Robot efficiency, speed, and sample throughput in performing an operation 

can be enhanced with a well designed equipment layout. By constructing a 

layout so that a robot's movements are relatively short distances with easy 

access to equipment, the number of different physical motions a robot must 

make will be decreased, which in turn reduces the number of statndard 

operations that need to be performed. Equipment layout considerations 

include laboratory space, utilities, and resource requirements, maintenance 

and human service access. 

4.2 THE LABORATORY MANAGEf^ENT INFORMATION SYSTEM 

The laboratory management information system (LMIS), shown in frame 

SSF-5.2 as a dedicated subsystem of the life sciences research lab module, is 

an instance of the general class of management information systems and thus 
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is a subsystem of the space station information system (SSIS). The LMIS 

manages the data intensive procedures in the laboratory, as well as the control 

intensive procedures. From the data management function aspect is derived 

the laboratory data base management system (LDBMS) in frame SSF-5.2 and 

likewise, from the operations management function aspect is derived the 

laboratory operations management system (LOMS). The LMIS consolidates the 

managing of experiments in the laboratory with the processing of the associated 

data acquired from the experiments. This system integration allocates a 

supervisory role for laboratory administration, operation, and data base 

management to the LMIS. 

The integration of control and data management functions into the LMIS 

places emphasis on the principal purpose for analysis in the laboratory - the 

ability to make timely, quality decisions based on valid data (Zenie, 1985). In 

response to poor data from an analysis sample, the LOMS can automatically 

run a calibration standard or a control sample through an analyzer, or rerun the 

sample under the same or modified conditions until valid data is assured by the 

LDBMS. In response to poor experimental data from long term life sciences 

experiments, the corrective action to be taken will be based on management 

decisions that will have to be made by the scientists who are conducting the 

laboratory experiments from ground-based control. For the near future, such 

management decisions are beyond the capability of autonomous systems. 

The scientists using the LSR lab can request that particular experiments in a 

life sciences discipline be carried out. In the event that the order was for an 

experiment the system that had not performed before, and hence had no 

knowledge of a procedure for it, a more detailed specification would be 
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required. The detailed specification would have to enumerate the standard 

laboratory operations to be performed and their sequence in the experiment. 

However, a more intelligent system might infer these necessary details from a 

natural language input format. In this case, the experiment could be specified 

stepwise, as in a laboratory experiment manual, or a cookbook recipe. An 

even more sophisticated and knowledgeable system, by inferencing from its 

understanding of experimental procedure and heuristics, could recommend 

and plan further types of experiments in the mode of an automated scientific 

discovery process (See Langley, et al 1987). Additionally, such a system 

might possibly even make the higher level management decisions necessary to 

correct the experimental procedure in response to poor data from a life sciences 

experiment. 

4.3 THE LABORATORY DATA BASE MANAGEMENT SYSTEM 

Frame SSF-6.0 exhibits the data processing functions of the laboratory 

data base management system (LDBMS). Data will be acquired, validated, and 

documented by the LDBMS. Experimental data is acquired from analytical 

instruments as a result of measurements made during the course of an 

experiment. Other data is acquired from laboratory equipment and 

instrumentation during routine operation to check on functional performance for 

quality control purposes. After it has been acquired, the laboratory data base 

management system (LDBMS) validates this data. Data is validated by 

comparing it to predetermined tolerances that delineate the accuracy and 

precision requirements specified for the experimental procedure and the 
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equipment performance. These tolerances can specify the accuracy in 

performing laboratory operations such as weighing a sample of material, to the 

overall precision and accuracy required of the data produced by the life 

sciences laboratory's experiments. Once the data has been validated, it can 

documented either by storing it in a data base archive, hard-copying it for 

space-based lab operators, or by transmitting it to the ground-based scientists. 

Data reduction transforms "raw" experimental data to usable information. 

Various laboratory data reduction methods are a illustrated in frame SSF-6.0. 

Digital filtering can be done in the time domain for high, low, bandpass, or notch 

filtering applications to eliminate noise from time-ordered data. If the data is 

represented in the frequency domain, then it can be multiplied by a filter 

function to remove noise that was possibly introduced by imperfections in the 

measurement device or processing technique. Peak integration, spectrum 

analysis, and molecular weight distribution are all data reduction techniques 

used in conjunction with raw data produced by such analytical instruments as 

chemical analyzers, chromatographs, and mass spectrometers. 

Data calculation concerns the determination of a value(s) for an unknown 

parameter that could be needed in a laboratory procedure. The unknown 

parameter value is calculated by using other known parameter values in an 

appropriate equation. A few possible data parameters that may require 

calculation during a procedure are illustrated in the frame. 

Data analysis encompasses the manipulation of data through numerical 

methods. Statistical methods comprise procedures that are model-independent, 

whereby data modelling procedures comprise model-dependent statistics 

(Press, et al 1986). Model-independent means those methods that 
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characterize a data set in general terms, e.g. mean, variance, standard 

deviation, median, etc. Data modelling incorporates fitting data to a theory, 

parameter estimation, least-squares-fit, etc. Linear algebraic equation 

techniques include the solution of the matrix equation A • x = b for the unknown 

vector X, the solution of more than one matrix equation A • xj = bj for a set of 

vectors Xj, j = 1,2, .. ., the calculation of the matrix A""!, and the determinant of 

a square matrix A. 

Fourier transform techniques are used for data that is represented in the 

frequency domain. A physical process can be described either in the time 

domain, by the values of some quantity as a function of time, e.g. h(t), or else in 

the frequency domain, where the process is specified by giving its amplitude h 

as a function of frequency f, that is H(f). These are two different representations 

of the same function and one goes back and forth between these two 

representations by means of the Fourier transform equations. 

Function evaluation methods might include: function evaluation at different 

numerical values of its arguments, the evaluation of derivatives and integrals of 

functions, and the interpolation and extrapolation of data resulting from a 

physical measurement that cannot be cast into a simple functional form. 

Function optimization involves finding the value of those independent 

variables where a function takes on a maximum or a minimum value. Then the 

values found for the independent variables are used to evaluate the function at 

the maximum or minimum. Constraint optimization embodies the area of linear 

programming, where both the function to be optimized and the constraints are 

both linear functions of the independent variables. The golden section search 

is a one dimensional optimization method based on successive bracketing of a 
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maximum or minimum value of a function. It does not require the calculation of 

the first derivative of the function, in contrast to other methods. Furthermore, in 

multidimensional searches the derivative required is the gradient, a vector 

quantity. 

4.4 THE LABORATORY OPERATIONS MANAGEMENT SYSTEM 

Figure 4.2 shows a sample architecture for the laboratory operations 

management system (LOMS). The LOMS is a knowledge-based system 

comprised of three main components; system interface; task planning, 

scheduling, and reasoning; and control and sensing. These three main 

components are denoted in frame SSF-5.2 under the LOMS architecture 

aspect, and in turn each of these main components of the LOMS is additionally 

decomposed into its component elements. A scientist's experiment order is 

passed to the planner and scheduler in the task planning, scheduling, and 

reasoning (TPS&R) component of the LOMS through the input port from the 

LMIS. The experiment order initiates one of the two types of automatic planning 

that was discussed in chapter 2, the planning of tasks. The planner formulates 

an initial plan by utilizing the laboratory knowledge base to determine the 

sequence of laboratory operations necessary to carry out the experiment order, 

plus the required equipment, materials, and resources. This initial plan is then 

conveyed to the simulator component. The simulator runs a simulation model 

of the initial plan, beginning with an initial laboratory world state, and 

determines the lab state changes that will transpire and the various dynamic 

resources, such as the electrical power, that will be consumed during the 
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course of the experiment. Conflicts and problems that arise can be resolved by 

modifying the initial plan into a revised plan. This process can be reiterated 

until an adequate experiment execution plan is developed. The scope of the 

other type of automatic planning mentioned in chapter 2, the scheduling of 

predefined activities, now comes into engagement. The implementation of the 

current experiment execution plan has to vie for time and resources with other 

predefined activities already in progress, or already scheduled to take place. 

Once this scheduling obstacle is overcome the plan is ready for execution. 

bvster; 
INTERFACE 

pla^r^i rjg, schedl..: 

LA? STATUS 

experi^.e 
ORDER 

FIGURE 4.2 LABORATORY OPERATIONS MANAGEMENT SYSTEM 
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The experiment execution plan is next sent to the control and sensing 

component of the LOMS. Here the executor issues command signals to the 

effectors, the hardware devices that actually manipulate the real laboratory 

environment, to generate the state changes germane to the execution plan. 

Some effectors that can initiate state changes in the laboratory are robots, 

solenoid valves, power switches, actuators, servo-motors, etc. Various kinds 

of sensors track both external observables and internal observables. Internal 

observables apply to the outputs of the effectors, whereas, external 

observables apply to the outputs of laboratory world. The perceptor transforms 

these two observables into state observables that are in turn furnished to the 

monitor element. The monitor feeds back state information to the controller to 

complete the control loop. The internal and external observables can permit the 

system to be cognizant of certain difficulties that may manifest themselves in 

effecting state changes. For example, assume the present operation is to fill a 

container with fluid from a storage rack outlet. The fluid flow is activated by the 

actuation of a solenoid valve that opens to allow the fluid to flow into the 

container from its storage tank. The state changes expected are in the 

container content volume and/or the container weight. After a certain period of 

elapsed time, what if the expected state changes have not occurred. This 

condition would be observed by a sensor detecting that the container had not 

filled, whereby, the perceptor would convey an improper state observable to 

the monitor. The internal observable in this situation would be a position sensor 

on the solenoid valve stem that would indicate the open and closed positions of 

the valve. Now, suppose the position sensor indicated that the solenoid valve 
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had not opened, this error condition would then depict a problem with the 

solenoid valve by a simple comparison of the internal and external observables. 

Conclusion - the container had not filled because the inlet solenoid valve did 

not opened. However, the more challenging problem would be if the position 

sensor indicated that the solenoid valve had indeed opened. There could be 

numerous causes for the error in this situation: a leak in the supply piping or the 

container itself, a leak caused by the improper alignment of the container and 

the storage rack outlet by a robot, a depletion of the fluid in storage tank, a 

clogged supply pipe line. Obviously, the error is more difficult to diagnose in 

this situation. 

Failure and error conditions are persistent phenomenons in sustained 

robotic operation. "Stupid" systems ignore trouble, they don't even recognize it. 

When it occurs, they continue blissfully on with their assigned task wreaking 

havoc. "Dumb" systems simply recognize a problem exists and cease operation 

until human intervention corrects it. "Smart" systems go beyond the simple 

problem detection and shutdown mode of operation, they are decision-

making/reasoning systems. They can alter their predefined course of action 

depending on the current error situation. 

The LOMS is envisioned to be a "smart" system. The reasoning portion of 

the PS&R component endows the LOMS with this ability. The monitor is 

constantly receiving from the simulator the expected outcome of any state 

change (expectations in Figure 4.2). Also, the monitor is constantly updating 

the laboratory world state in the knowledge base through a consistency 

maintainer. Thus, any variation between the expected outcome of a state 

change and the actual outcome, as detected by the monitor, is noted as an 



106 

anomaly whereby, the diagnoser in the TPS&R component of the LOMS takes 

over control. Employing the laboratory world state and by making inferred world 

state changes to the knowledge base, the diagnoser attempts to deduce the 

source of the anomaly. If successful, the diagnoser can instruct the planner 

and scheduler to revise its current execution plan in accordance with the 

deduced anomaly. In this manner, the system can alter its course of action to 

correct an anomaly, then later return to its previous operation in the execution 

plan. 

The LOMS of Figure 4.2 portrays a centralized single-layered system 

architecture for supervising, operating, and controlling the laboratory. These 

same capabilities can be allocated in a completely decentralized or even a 

hybrid system architecture. Controllers of complex intelligent systems are 

always multi-layered (Cellier, 1987). The innermost or lowest level control 

loops, which are either classical PID or state-feedback controllers, require the 

fastest rate of updating, but possess the least intelligence. While the outermost 

or highest levels are updated at the slowest rate, they also operate on the 

greatest scope of data and comprise the majority of intelligence in the system. 

Planning, supervising, and controlling can be performed by a single 

agent (the LOMS), by independent intelligent agents (robots), or in a hybrid 

system architecture. The manner in which knowledge is distributed among 

agents must be decided upon and is similar to contemplating how a colony of 

ants working together to construct a nest is managed. Each individual worker 

ant conducts its own small effort in overall construction, but the project must be 

controlled and managed in some sort of centralized manner because some 

workers can't be guided by one nest design, while other workers go by another. 



107 

Particular details of a nest design are also dependent on certain physical 

features of the earth where the nest is located. For example, which direction 

should a tunnel branch if a large rock is encountered during its digging? In a 

centralized system architecture, a certain individual ant could function as a 

construction manager to design the nest and guide the project, but then how 

are its instructions transmitted to the individual worker ants? On the other 

hand, in a decentralized system, the same standard blueprint for the nest 

design could be retained by each individual worker ant in order to guide them to 

a common design goal. But in this case, when deviations from the standard 

design must be made, how is the standard design revised in the same way by 

each individual ant? Therefore, possibly the ant colony's management is of a 

hybrid nature. In this situation, each individual ant retains an instinctive 

standard nest design that guides its own effort, but when unforeseen 

circumstances arise a manager decides the revision to the standard design. 

Similar issues will challenge an autonomous system design for the 

laboratory. For example, how much should each individual robot have to know 

about the overall laboratory environment in order to perform its individual 

assigned task? Or, how much related knowledge should the supervisory 

laboratory management system retain about the details of each individual task 

being carried out by a robot? 
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4.4.0 The Laboratory Knowledge Base 

The "smarts" of the LOMS is obviously dependent upon the quantity and 

quality of knowledge contained in the laboratory knowledge base. Moreover, 

merely to be able to operate and manage a laboratory with an intelligent agent, 

such as the LOMS, requires the agent to possess an adequate understanding 

of the laboratory environment in its knowledge base. Even though this 

knowledge is domain specific, as in any knowledge-based or expert system, it 

must be extensive and deep enough so that the agent, by inferencing from its 

store of knowledge, can hopefully manage all possible error situations, even 

those unforeseen. 

Previous laboratory robotic systems have managed error situations by 

strategically embedding throughout their programming decision-making 

problem handling subroutines which lie dormant during normal operation. The 

nature of these subroutines can be loosely categorized as either failure 

preventative or failure reactive. The former strives to avoid trouble; the latter 

confronts it head on. These decision-making subroutines take advantage of 

one of the best features of computers available in a robot's controller - the ability 

to make YES or NO decisions. First, the right question must be proposed to the 

computer- does problem "x" exist? Second, it must be able to answer the 

question - YES or NO. Third, the appropriate response for each answer must 

be provided. Framing the right question is simply a matter of writing the code in 

the right format, for example, IF such and such is true THEN do so and so. 

Answering is more complicated because the robot's controller needs 

information, which can come from two sources; external input, like sensors and 
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user supplied data, or internal reasoning, such as counters, calculations, and 

the automatic initialization of key variables to predetermined values. A robot 

may use this information to answer questions directly, or indirectly by inferring 

the answer from other data. For instance, if there was no change between the 

"dirty" weight of a container being cleaned and the "clean" weight, then 

conclude that the cleaning system is malfunctioning. Once the question has 

been answered, the robot's next move is automatically decided. This then is 

the mind of a machine: rigidly logical, painfully unimaginative, ruthlessly 

consistent, but also capable of dealing with the simple and orderly world of a 

laboratory if given enough information about it. 

As an example of this type of error programming, assume a robot is working 

with two hands which are defined by the varibles A.HAND and B.HAND. When 

hand "A" is loaded onto the arm of the robot, A.HAND will have a value of "1". 

When it is unloaded, A.HAND will automatically be reset to "0", and likewise for 

B.HAND. The program to load hand "A" might look like this: 

10 if a.hand =1 then 20 

OTHERWISE EXECUTE THE STEPS NECESSARY 

TO LOAD HAND "A" 

20 a.hand = 1 

Now suppose we want to protect the system from a situation where hand "A" 

is not loaded, but hand "B" is, and the robot is commanded to load hand "A". 

Now the program could be modified to look like this: 

10 if b.hand = 0 then 12 

11 unload b.hand 

12 if a.hand = 1 then 20 

OTHERWISE EXECUTE THE STEPS NECESSARY 

TO LOAD HAND "A" 

20 a.hand =1 
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Obviously, no amount of this type of programming can cover unanticipated 

error situations and render a robot fail safe. Instead of incorporating the error 

handling routines in the robot control programming, it would be better to infer 

from an adequate laboratory domain knowledge base the presence of error 

conditions, and then resolve the error condition in the mode previously 

explained for the LOMS. As another illustration of the advantage of utilizing a 

knowledge base approach, take the task of scheduling the actions of a robot to 

serially process samples through a single analyzer (pipelining). 

Analytical instruments are serial in nature and are well-suited for integration 

into serialized automation. Serialization means processing each sample 

sequentially through the steps of the procedure, but in addition, simultaneously 

having several samples at different steps in the procedure at any given time. 

Sample throughput is an important consideration in repetitive laboratory 

procedures, whether manual or automated. Therefore, a motivation exists to 

make the whole analytical procedure as efficient in performance as possible. In 

manual procedures, samples are often processed in batches, because people 

perform best doing one thing at a time. However, computers permit 

serialization because they are capable of keeping time and thus have multi

tasking ability. An analyzer is definitely the limiting factor for the sample 

throughput in an analytical procedure, as compared to other steps in the 

procedure, on account of the relatively long completion time for the analysis 

step (i.e., waiting for analysis results). 

In typical laboratory robotics applications, complex tasks are broken down 

into many small subtasks. Each subtask is then coded separately and combined 

in a hierarchical fashion to form "low level" programs. Finally, these low level 
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program elements are then combined into a "top level" program to accomplish 

the desired laboratory procedure. This is a very powerful approach if the 

automation task is clearly defined, and of course, if it is not prone to errors. 

Here is a top level program to process samples sequentially through a single 

analyzer: 

10 wait 

prepare 

analyze 

get.results 

goto 10 

This top level program is now expanded into a lower level program as 

follows: 

10 wait 

if samp.switch = 1 then samp.wait = yes 

else samp.wait = no 

if samp.wait = no then goto 10 

prepare 

get.sample 

prepare.sample 

analyze 

load.analyzer 

start.analyzer 

get.data 

wait until anal.busy = no 

unload.analyzer 

store. data 

goto 10 
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The state of the system is defined by state variables that are instantiated as 

sample processing takes place. SAf^P.WAIT refers to whether or not there are 

samples waiting to be processed. The value for this variable is determined by a 

sensor in the sample holding station, so that whenever there are any samples 

in the holder, SAMP.SWITCH is set to "1" and hence SAMP.WAIT is true. 

ANAL.BUSY indicates whether or not the analyzer is busy analyzing a sample. 

It is set by the lower level START.ANALYZER routine, the details of which are 

not specifically displayed at this level. Program control loops in WAIT until a 

sample is placed in the analyzer sample holder, then it advances to PREPARE, 

followed by ANALYZE, GET.DATA and then returns to check if there are any 

more samples in the analyzer sample holder. This program is fine if there is 

only one sample, but is not very efficient for sample throughput if there are 

many samples that need to be analyzed. In order to "serialize" the program and 

improve its performance, a sample should be prepared (as long as there is one 

waiting) while the analyzer is busy. The top level program now becomes more 

complex, due to the fact that the first sample has to be processed differently 

from the intermediate samples, and additionally, the last sample processed 

differently from the first and intermediate samples. A state table in figure 4.3 

clarifies the situation as to the action the robot should take depending on the 

state variable values. 
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SAMP.WAIT SAMP.PREP ANAL.BUSY ACTION 

YES NO X PREPARE 

X YES NO ANALYZE 

X YES YES GET.DATA 

NO NO YES GET.DATA 

NO NO NO WAIT 

FIGURE 4.3 STATE TABLE FOR SERIALIZATION OF ANALYSIS 

PROCEDURE 

The state variable SAMP.PREP indicates whether or not a sample has been 

prepared and is waiting for the analyzer. An "X" in the state table indicates a 

don't care condition for that state variable value. For the first sample in the 

serial processing sequence, the state situation is described by the first row of 

the state table. The action the robot would take would be to prepare the 

sample. Now the state situation described by the second row of the table 

applies, so regardless of the value of SAMP.WAIT, the action taken is to 

analyze the sample. Now if another sample were in the sample holder, the 

state situation is again described by the first row of the table, so the robot would 

prepare the next sample. Next the third row of the table describes the state, so 

the action is to GET.DATA when the previous sample analysis is finished. 

When the data results are obtained, the robot proceeds to analyze the next 

sample. So forth and so on for all the intermediate samples. When the last 

sample is in the analyzer, the state will be given by the fourth row entry in the 

state table, resulting in the GET.DATA action. The WAIT state is where control 

remains until at least one sample is placed in the analyzer sample holder. The 



114 

control flow can now be incorporated into a program to adapt to serial 

processing of samples as follows: 

10 if samp.switch = 1 then sam p. wait = yes 

else samp.wait = no 

15 if anal.busy=no then goto 20 

if samp.wait = no then goto 30 

if samp.prep = yes then goto 30 

else goto 40 

20 if samp.prep = yes then goto 50 

if samp.wait = yes then goto 40 

else goto 60 

30 get.data 

wait until anal.busy = no 

unload.analyzer 

store.data 

goto 10 

40 prepare 

get.sample 

prepare.sample 

goto 10 

50 analyze 

load.analyzer 

start.analyzer 

goto 10 

60 wait 

if samp.switch = 1 then samp.wait = yes 

else samp.wait = no 

if samp.wait = no then goto 60 

goto 15 
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Unfortunately, one has to carefully scrutinize the program to be assured that 

it does what Is expected. If another analyzer were added to the system in an 

effort to enhance performance, or if some other changes were to be made, the 

program would quickly become exceedingly difficult to understand and 

maintain. For example, the above program allows the robot to prepare only 

one sample during the time the analyzer is busy, even if other samples are 

waiting in the sample holder. In order to enhance performance, the robot 

should not be kept idle waiting for the data results from the previous analysis to 

be acquired. Therefore, the program should be modified to allow the robot to 

prepare as many of the waiting samples as possible while the analyzer is busy. 

The above program is not taking advantage of the integration of control and 

data procedures in the LMIS. This is due to the fact that control of the robot is 

being dictated by a data management function, that is waiting for a data 

acquisition function to be completed, before proceeding with another control 

operation. 

However, if the scheduling of actions decision-making process for the robot 

was embodied in a production rule format, it would be much easier to 

understand and modify than the above program. The interaction between many 

logic statements would not have to be contemplated because each rule can 

stand alone as an intelligible piece of information. Maintenance is also an 

advantage due to the fact that changes to a knowledge base are very easy to 

make, since the ordering of the rules does not effect the solution that the 

inferencing process produces. The rules for the scheduling of the robot actions 

in lieu of the above program would be: 



r1 if samp.wait = yes 

and samp.prep=no 

and anal.busy= no 

then first sample 

r2 if samp.wait = no 

andsamp.prep = no 

and anal.busy = yes 

then last sample 

r3 if not first sample 

and not last sample 

andsamp.wait = yes 

then intermediate sample 

r4 if not first sample 

and not last sample 

and not intermediate sample 

then no sample 

r5 if first sample 

then action = prepare 

r6 ifsample.prep = yes 

and anal.busy = no 

then action = analyze 

r7 if last sample 

then action = get.data 

r8 ifsamp.prep = yes 

and anal.busy = yes 

then action = get.data 
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r9 if intermediate sample 

andsamp.prep = no 

and anal.busy = yes 

then action = prepare 

r i o  i f  no  samp le  

andsamp.prep = no 

and anal.busy = no 

then action = wait 

Separating the knowledge about a laboratory from the procedures for 

operating a laboratory seems like a very natural thing to do. However, the 

concept that knowledge is somehow different from the rest of computer code 

and can be treated as a thing in itself has only recently been appreciated. 

When knowledge is interlaced with the rest of the code of a program, there is 

no easy way of using it for more than one specific purpose. With a knowledge 

base, knowledge is usable not only for the primary purpose of direct control but 

also for providing a picture of the current state of the process, as well as to help 

diagnose system failures as they occur. 

Frame SSF-8.0 shows a break down of the laboratory knowledge base into 

behavioral, meta, and structural knowledge. Structural knowledge refers to 

knowing how a system is constructed. The behavior of a system refers to what it 

does rather than how it is constructed. Normally structural knowledge is time-

invariant and thus static, while behavioral knowledge is always time-dependent 

and thus dynamic. Meta-knowledge is transcending knowledge about structural 

and behavioral knowledge. 
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Behavioral knowledge is the understanding of a system's behavior 

deduced from observations that are made over a period of time. Regarding 

system behavior, there is a differentiation between causal and empirical 

representations. Empirical representation means the actual records of data 

(time history of variable values) gathered from the real system or a model of it. 

Causal relationships are combined into units called models, which can be 

interpreted by a simulator to generate data in empirical form. The model base 

contains the models which are enumerated in the SES as entities. These 

models are procedural in nature and are expressed in classical, discrete, or Al-

derived formalisms. Causal models of a complex system can help us to predict 

the behavior of the system and assist in the planning of actions that will achieve 

our goals when intervening with the system. 

Meta-knowledge is the knowledge that a system has about its own structure. 

It includes the operations that can be used in acquiring, modifying, and utilizing 

the knowledge contained in the SES representation scheme. Meta-knowledge 

also includes procedural knowledge that must be provided to manipulate the 

elements in the modelling domain. The constraint rule base (CRS), the 

pruning, transform, and transfromation operations are examples of meta

knowledge. 

The structural knowledge in the LSR lab knowledge base is of two forms: 

CAD/CAM/CAE data bases, which contain spatial information, schematic 

diagrams or geometric models of laboratory equipment, and the LSR LAB SES. 

This LSR LAB SES entity represents a system entity structure within the space 

station Freedom system entity structure (SSF SES), which is essentially a case 

of a representation scheme within another representation scheme. The path 
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traversed from the root entity of the SSF SES has resulted in another SES 

entity. This SES entity is another dimension of structural knowledge, a whole 

domain of structural knowledge embedded within a domain of structural 

knowledge. The SSF SES in its representation of system structure reveals the 

hierarchical relationships among its entities. The occurrence of an entity 

labelled as the LSR LAB SES within the SSF SES is a manifestation of the 

interface, or the coupling, between two domains of structural knowledge. The 

LSR LAB SES is a component of the knowledge base of the LOMS, the LOMS 

is an entity in the SSF SES, and in turn the entire SSF SES could be 

considered as a part of the SSIS. This situation makes available to the SSIS all 

of the structural knowledge of the space station represented in the SSF SES, 

which includes the SSIS structure itself. Thus, the SSIS has knowledge of its 

own construction and structure, and hence possesses a structural meta

knowledge. 

Many of the entities that have been exhibited in the SSF SES represent 

similar embedded knowledge-base relationships, like the LSR LAB SES in the 

knowledge-base of the LOMS, and provide a means of coupling knowledge-

based systems. For example, the life support function in the LSR lab module 

will be managed by a knowledge-based system component of the ECLSS. 

This ECLSS knowledge-based system will provide reconfiguration 

management, data base management, monitoring and recording of variables, 

trend analysis, built-in testing, fault detection and identification, and assurance 

of atmospheric integrity (NASA, 1988). The knowledge base of this system will 

also have a structural knowledge component represented by an SES entity. 

This SES entity is a component of the ECLSS knowledge-based system, which 
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is in turn a component of the ECLSS. The entire ECLSS is a subsystem in the 

SSF SES, then the SSF SES is contained in the knowledge base of the SSIS, 

so that a coupling or interface between knowledge-based systems is exhibited. 

A situation analogous to embedded SES knowledge exists with the model 

base. Virtually the entities of an SES represent models in the model base, so a 

model of a model situation results. This recursion of models occurs, for 

example, in trying to achieve realism in the modelling and simulation of 

intelligent agents. Models of intelligent agents must be able to represent not 

only their decision-making capabilities but also the models on which such 

capabilities are based. Thus such a simulation model contains a model of the 

intelligent agent, which in turn has as components, not only a model of its 

decision-making component, but also a model of the model of the "real" system 

that the decision-making component uses to arrive at its decisions (See 

Zeigler, 1990 with respect to endomorphy). 

In the next chapter, the structural knowledge necessary for the LOMS to 

operate and manage the LSR laboratory will be discussed as the LSR LAB 

SES is unfolded. 
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CHAPTER 5 

A SPACE STATION LABORATORY 

SYSTEM ENTITY STRUCTURE 

5.0 THE LIFE SCIENCES RESEARCH LABORATORY 

An intelligent agent must possess a complete understanding of a laboratory 

environment, in order to be able to manage and conduct experiments in a 

research setting. A laboratory incorporates various kinds of equipment and 

materials in a physical location, where certain events take place brought about 

by operators executing a particular laboratory procedure during an experiment. 

In the course of operating a laboratory, a variety of material processes, such as 

a chemical reaction process or a physiological process, will occur and involve 

certain laboratory materials. These processes may cause a material to undergo 

a change into another material, or to change its phase or state, and as a result 

a change in some property of the material will occur. 

The LSR LAB SES represents the life sciences research laboratory domain 

of knowledge. Appendix "B" contains the complete LSR LAB SES where any 

frame referenced in the following text can be found. Frame designation starts 

over with a root frame instead of continuing with the next level of frame 

designation in the SSF SES, because the LSR LAB SES represents an entire 

new domain of knowledge. Elements of the LSR laboratory are displayed in 

the root frame of the LSR LAB SES: laboratory work space, laboratory robot 

system, laboratory materials, laboratory material processes, laboratory 

experiments, and laboratory equipment. The physical lab work space is 
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represented by the laboratory work space entity. The lab work space entity 

represents the configuration of the work space, that is an understanding of its 

physical boundaries, as well as, the layout of equipment and position of objects 

in the laboratory space. The quantity of physical space available for lab work 

will depend on the design configuration of the research lab facility. This 

volume quantity is regarded as a static attribute (SATT) associated with the lab 

work space entity. Frame SSF-5.0 exhibits some of the design configuration 

factors that will effect the value of this lab work space volume quantity, namely, 

the internal rack configuration in the laboratory. 

The laboratory robot system entity in the root frame symbolizes the model of 

the laboratory robot system and not the actual laboratory robot system. The 

actual laboratory robots have been designated as effectors by the nomenclature 

of the LOMS in frame SSF-5.2. There is one component of the laboratory robot 

system called the space manager, that will retain a global map of lab work 

space and keep track of all the objects and equipment within the lab. The 

space manager uses its knowledge of object and equipment locations to assist 

robots in locating items and in preventing collisions. A global space coordinate 

system can be applied by the space manager to track the position of robots and 

items throughout the lab. However, when mapping an item in a specific 

smaller area, such as a rack, a local space coordinate system can be 

employed. 

The laboratory robot system model will not be addressed in any further 

detail in this thesis. The design of the robot organization for laboratory 

management will be facilitated by other members on the NASA A! project team. 
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5.1 LABORATORY MATERfALS 

5.1.0 Substance Specialization 

First, let's define "substance" as being a synonym for "matter" or 

"material". Substances used in the laboratory can be classified into three broad 

categories: element, compound, or mixture, as illustrated in the substance 

specialization for the laboratory material entity in frame LSR-1.0. An element is 

a substance that cannot be broken down into simpler substances. Some 

examples of elements are iron, hydrogen, silicon, gold, iodine, and uranium. 

A compound is a substance made from two or more elements that are always 

combined chemically in definite proportions by mass. The combining of 

elements in definite proportions by mass is known as the "law of definite 

proportions". A compound can be formed or broken down by a chemical 

reaction, an event in which substances change into different substances. A 

mixture is a substance made from two or more elements or compounds 

combined physically, not chemically, in indefinite proportions. Mixtures do not 

obey the law of definite proportions and it is this feature which distinguishes 

compounds from mixtures. Mixtures can be separated only by physical means 

and not by carrying out any chemical reactions. A solution of sugar in water is 

a mixture of compounds because both sugar and water are compounds. The 

solution can be made as sweet and as thick as syrup or barely sweet at all. A 

physical means of separation would be to vaporize all the water in the solution 

by the application of heat and leave only the sugar behind as a solid. Thus all 

solutions are mixtures, another example of which is saline, a mixture of sodium 
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chloride and water. There are 106 elements, a few million compounds, and 

an almost infinite number of possible mixtures. 

An element can be classified in one of three categories under the element 

type classification in frame LSR-2.0: metal, nonmetal, or metaloid. The 

classification of an element into one of these three types is characterized not 

only by large differences in physical properties, but also in chemical properties. 

However, the criteria for classifying a substance as a metal or nonmetal is 

mostly based on an element's physical properties. For example, a metal is a 

good conductor of heat and electricity, whereas a nonmetal is not. However, 

carbon in the form of graphite is one exception to this rule (i.e., carbon arc 

lamps). A metal is ductile and a nonmetal is not; a metal is malleable and a 

nonmetal is not. Metaloids are elements that have properties that are partly 

metallic and partly nonmetallic, such as silicon, aluminum, germanium, and 

arsenic. 

An element can be also classified as radioactive or nonradioactive, as 

shown in the element class specialization of frame LSR-2.0. Of the 106 known 

elements, only 90 have been found to occur naturally in one form or another, 

the other 16 are man-made. Some of the naturally occurring elements are 

radioactive, however, all of the man-made elements are radioactive. 

The element group specialization shown in frame LSR-2.0 is based on one 

of the simplifying discoveries in the field of chemistry, which was that the 

elements could be grouped into a few families whose members had several 

similar attributes. The result of this grouping was the periodic table. The 

elements in the periodic table are sorted into vertical columns with each column 

holding one family. A vertical column is called a group, a horizontal row is 
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called a period. The element group specialization exemplifies various groups 

in the periodic table. The groups that lie in columns near the sides of the table 

are called the representative elements. Those in the columns in the center of 

the table are called the transition elements and the two rows of elements placed 

outside of the table are called the inner transition elements. Several of the 

groups of representative elements also have common family names. Frame 

LSR 3.0 shows some of the family groups for the representative elements. One 

group of elements is called the alkali metals because they all react with water to 

give an alkaline or caustic solution. Another group is the alkaline earth metals, 

elements commonly found in "earthy" compounds and that also react with water 

to give alkaline substances. The group called the halogens is named after the 

Greek word signifying salt-forming ability. The noble gases chemically react 

with nothing, except for some compounds with florine and oxygen that xenon 

and krypton form. Other groups of representative elements are simply named 

after the first member of the group, such as the carbon family, the nitrogen 

family, and the oxygen family. 

Another substance form is a compound, resulting from the substance 

specialization in LSR-1.0. Expanded in LSR-2.1, the decomposition of 

compound reflects the fact that compounds are composed of elements. The 

single entity class "element" will carry the same substructure as the entity class 

"element" in frame LSR 2.0. Additionally, there are several types o1 

compounds as illustrated in the type specialization for compound. A binary 

compound is one made up of only two elements. For example, most of the first 

20 elements of the periodic table form binary compounds with hydrogen: H2O, 

HF (hydrofluoric acid), HCL (hydrochloric acid), CH4 (methane), and NH3 
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(ammonia). A molecular compound is one that consists of molecules and is 

formed by covalent bonds, which usually occur between atoms of nonmetals 

and do not often involve the metals. A covalent bond is a type of chemical 

bond in which a sharing of an electron pair takes place and a chemical bond is 

the force of attraction between the atoms of the elements in a compound. 

Compounds can also be classified as organic or inorganic. The difference 

being in elementary composition - organic compounds contain carbon, and 

most inorganic compounds do not. Nearly all organic compounds also contain 

hydrogen and in addition some contain oxygen, nitrogen, sulfur, or one of the 

other nonmetal elements. Besides composition, another difference between 

organic and inorganic compounds is that covalent bonds are far more prevalent 

among the organic than the inorganic. This difference in the kinds of bonds 

also accounts for some of the important differences in physical properties 

between organic and inorganic compounds. Ionic compounds, mostly 

inorganic, have much higher melting and boiling points than the molecular 

compounds, mostly organic, because the force of attraction between ions is 

usually much stronger. No ionic compound is a liquid or a gas at room 

temperature, but many molecular compounds are. Not many organic 

compounds melt as high as 400 o C, and those that do usually char, turn black, 

because of the high temperature. Another difference between organic and 

inorganic compounds is that relatively few organic compounds dissolve in 

water, but many inorganic compounds are soluble. 

Functional groups are the basis for enormous simplification in organic 

chemistry, the organization of millions of compounds into just a handful of 

families. A functional group in an organic compound are the sites in the 
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molecule that function chemically. For example, the alcohol family, which 

contains hundreds of alcohol compounds, all have an -OH group attached to a 

carbon atom by a single bond. Furthermore, all compounds with this functional 

group display the same chemical reactions. There isn't a uniquely different set 

of reactions for each individual alcohol in the family, there is one set for all 

alcohols ( well, almost all - no classification scheme is perfect). Various 

functional groups of organic compounds are displayed in frame LSR-2.1. 

Another type of chemical bond is the ionic bond, which is the force of 

attraction between oppositely charged ions that constitute an ionic compound in 

the inorganic compounds. Ions are electrically charged particles of atomic size, 

as opposed to atoms, which are electrically neutral particles that are the 

smallest representative sample of an element. The principle types of an ionic 

compounds are: acids, bases, and salts. Water is nonionic, nonetheless, its 

molecules are constantly bumping into one another in erratic movements, and 

some of these collisions are violent enough for water to form ions. In a powerful 

enough collision of two water molecules, two ions form, the hydronium ion, 

H3O + , and the hydoxide ion, OH". As the ions move around, they can 

occasionally meet and remake two molecules of water. In other words, there is 

a dynamic equilibrium in water. Now an acid is an ionic compound that makes 

the concentration of hydronium ions in water higher than the concentration of 

hydroxide ions. Consequently, a base is an ionic compound that makes the 

concentration of hydroxide ions higher than the hydronium ions. A salt is an 

ionic compound in which the positive ion is a metal ion or any other positive ion, 

except for hydronium, and the negative ion is any ion, except for the hydroxide. 
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Frame LSR-2.2 displays the entity structure for mixture the third substance 

type in LSR-1.0. A mixture is seen decomposed into compounds and then a 

multiple decomposition into compound. Again the axiom of uniformity applies 

at this point, so that compound inherits all the substructure under the entity 

"compound" of frame LSR-2.1. Mixture type specialization exhibits two classes: 

heterogeneous and homogeneous. If the compounds and their phases in a 

mixture are uniformly distributed throughout the volume of the mixture, the 

mixture is said to be homogeneous. If the compounds and their phases are not 

uniformly distributed in a mixture, the mixture is said to be heterogeneous. A 

water and water-vapor mixture may be homogeneous if the water is in the form 

of tiny liquid droplets uniformly distributed throughout the volume of the mixture, 

or heterogeneous if the liquid is contained as a pool in the bottom of a container 

with the vapor above it. The term pure substance is used to designate a 

substance which is homogeneous and has the same chemical composition in 

all phases. Water is a pure substance since its chemical composition is the 

same in all phases, even for a mixture of liquid and vapor. A mixture of gases, 

such as air, behaves as a pure substance, but if the mixture is cooled such that 

some of the components condense out into a liquid phase, the mixture may no 

longer be considered as a pure substance since it does not have the same 

chemical composition in all phases. 

There are three chief kinds of homogeneous mixtures: solutions, colloidal 

dispersions, and suspensions. They differ fundamentally in the size of the 

particles involved, and the differences in size alone can cause important 

changes in some properties. A solution is a homogeneous mixture in which the 

particles that are mixed together are the size of atoms, ordinary ions, or 
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molecules whose formula weights are no more than a few hundred. One of the 

substances in a solution is called the solvent; it is the material into which we 

say that the other materials are dissolved. The other materials are called the 

solutes. Usually solutions are thought of as being liquid mixtures, but in 

principle the solvent may be in any state; solid, liquid, or gas, as can the solute. 

The solutes will not settle out of solutions under the influence of gravity, and 

they can't be trapped by filter paper. 

A colloidal dispersion is a homogeneous mixture in which the dispersed 

particles are large clusters of ions or molecules or macromolecules whose with 

formula weights are in the thousands and or hundreds of thousands. The 

particles in a colloidal dispersion can also be in any state and are referred to as 

the dispersed phase. The continuous matter into which the dispersed phase is 

scattered is called the dispersion medium and it too can be in any state. An 

emulsion is a colloidal dispersions of two liquids in each other, such as oil and 

vinegar. Some examples of colloidal dispersions include soapsuds, milk, dusty 

air, and jellies. When colloidal dispersions are in a fluid state (liquid or gas), 

the dispersed particles are not large enough to be trapped by ordinary filter 

paper during filtration. However, they are large enough to reflect and scatter 

light, which is called the Tyndall effect, after British scientist John Tyndall 

(Holum, 1982). Solutions do not exhibit the Tyndall effect. This effect is 

responsible for the obscuring character of smog, or the way sunlight sometimes 

seems to stream through a forest canopy. 

A suspension is a homogeneous mixture in which the dispersed or 

suspended particles are very large and they can settle out under the influence 

of gravity. A suspension such as clay in water has to be stirred or agitated 
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constantly to keep it from separating. The particles in a suspension are large 

enough to be trapped by filter paper. 

5.1.1 Laboratory Material Property Aspect 

A property is any characteristic that can be used to identify a substance. We 

recognize water, for example, by its properties of being essentially a colorless, 

odorless, tasteless liquid that can dissolve sugar and table salt but not butter. 

The properties of a substance depend on its constitution, the number of phases 

it can exist in, the homogeneous or heterogeneous nature of the substance, 

and the types of pertinent energy quantities involved with the substance. All of 

these factors have a bearing on the type of material property knowledge 

required. To determine the energy necessary to boil water, we need to know 

the energy of vaporization for water. To analyze a substance where electrical or 

magnetic work is involved, we need information concerning the electrical or 

magnetic properties of the substance. Early chemists classified substances on 

the basis of qualitative properties. They focused on such features as the tastes 

and textures of substances as well as their interactions with other substances. 

For example, they knew that the substance now called hydrochloric acid had a 

sour taste and that it combined with ammonia to form ammonium chloride, 

moreover, they also knew that sulfuric acid also tasted sour, and combined with 

ammonia to form ammonium sulfate. From facts such as these, the early 

chemists defined classes such as acids, alkalis, and salts. They formulated 

laws involving these terms, such as "acids taste sour" and "acids react with 

alkalis to form salts". Eventually, they came to view both alkalis and metals as 
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special cases of the more abstract concept of a base, and thus, they arrived at 

the more general rule that "acids react with bases to form salts". Although some 

exceptions to these statements were known, chemists found the laws sufficiently 

general to use in making predictions and in classifying new substances. The 

definition of the classes based on properties was at the center of the process of 

qualitative discovery for early chemists. Shared physical, chemical, electrical, 

magnetic, biological, or thermodynamic properties are useful means for 

classifying substances on a quantitative rather than qualitative basis. 

A physical property is one which can be measured without changing the 

substance into some different substance. The act of measuring the 

temperature of boiling water doesn't change the water into something else that 

isn't water, therefore, temperature is a physical property. Mass, length, and 

volume are some other physical properties of substances. Mass is the measure 

of the inertia of an object, meaning the ability of the object to resist a change in 

its motion. The resistance to any kind of motion inherent in any object is called 

inertia and mass is a quantitative measure of inertia. The volume of an object is 

its ability to occupy space, but space is defined by a more basic unit, length, 

the distance between two points in space. 

The ability of a substance to undergo a change into a different substance, 

one that usually has physical properties quite different from what was started 

with is called a chemical property. Therefore, a chemical property is one which 

involves the change of one substance into another substance. For example, 

charcoal is black - a physical property. Charcoal can burn in air to give carbon 

dioxide gas and heat - a chemical property. 



132 

A thermodynamic property may be described as any observable 

characteristic of a system: volume, specific volume (volume per unit mass), 

temperature, pressure, etc. Temperature is a measure of the heat content of a 

substance analogous to electric potential. Heat is the energy that transfers 

from a substance at a higher temperature to one at lower temperature, 

increasing the temperature of the cooler substance and possibly causing 

changes in the phases of either substance. Thus heat has both a temperature 

changing capacity and a phase changing capacity. Every substance has a 

property called its specific heat, which is the quantity of heat needed to raise 

the temperature of 1 gram of a substance by 1° C. Since thermodynamics 

involves energy and its transformation, thermodynamic properties embody the 

energy properties of substances, namely, the specific internal energy and the 

specific enthalpy. The state of a thermodynamic system can be described by its 

thermodynamic properties. However, to define the state of a thermodynamic 

system, the question arises as to how many properties will be necessary to 

accomplish this. Using the example of mechanics, in planar motion we need 

to specify only two coordinates, whereas in spatial motion three coordinates 

are needed to specify the position of a particle (the particle is the system in this 

case). Once the particle position is specified in cartesian coordinates, no 

additional information is required to know the position. The particle position 

may be specified in cartesian coordinates and also its spherical and cylindrical 

coordinates. However, these additional coordinates convey no new 

information; the state or position of the particle is completely specified with the 

cartesian coordinates and the other coordinates may be considered as 

functionally dependent on the cartesian coordinates. It should be noted that a 
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complete specification of the dynamical state of the particle will require a 

specification of the velocity coordinates as well as the position coordinates. 

In a thermodynamic system we also have certain primary properties which 

are necessary to define the state of a system and other properties that are 

dependent on these primary state variables. Certain properties of materials are 

functionally related: thermal expansion is related to temperature, the pressure 

of a gas is related to temperature and volume. The primary properties are 

treated as independent variables while the remaining properties are the 

dependent variables for use in an analysis. An ideal gas requires only two 

properties to define the state of the system, of which any two of pressure, 

volume, or temperature may be specified. 

Properties may be divided into two specific classes: intensive and extensive. 

An extensive property is directly proportional to the size of the sample or the 

mass of the system. Mass and volume are two well-known examples of 

extensive properties. An intensive property is independent of the sample's size 

or the quantity of matter enclosed by the boundary of the system and are usually 

more informative than extensive properties. Suppose there are two objects, A 

and B, and that the values of some of the properties (P) associated with these 

objects can be measured. Now suppose that A and B are combined to form a 

third object C, as in a chemical reaction. The property P can be called 

extensive if the relationship Pa + ^B = 'S true. In other words, P is 

extensive if and only if it is conserved upon combination of objects, and a 

property is intensive if it is not conserved. A property can be considered 

intensive if one of the relations < Xq < Xg or Xg < Xq < X^ is true. Thus, 

a property is intensive if the value of the combined components falls between 
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the initial values of the components, such that a form of averaging occurs. 

Density is a well known example of such an intensive property where mass (M), 

volume (V) and density (D) are related by the equation: D = M / V. The relation 

between extensive properties and this restricted form of intensive property is 

straightforward - the ratio of two extensive properties is an intensive property. In 

general, an extensive property when divided by the mass of a system or sample 

becomes an intensive property. Besides density, atomic weight, specific 

volume, temperature, and pressure are other examples of intensive properties. 

5.1.2 Material Phase Aspect 

Substances may exist in more than one phase and certain properties of a 

substance are dependent on its phase or phases that it exists in at any time. A 

substance in more than one phase, such as a mixture of water and water vapor, 

is one in which the liquid and vapor phases are present. A mixture of air, water 

droplets, and ice particles would be a three-phase mixture. The mixture of 

water and water vapor contains only one substance, water, whereas the air-

water-ice mixture contains two substances: water and air. A mixture of nitrogen 

and carbon dioxide at atmospheric pressure and temperature would contain 

two substances but only one phase - the gas phase. Frame LSR-1.0 under the 

material phase aspect lists the various phases that a material may exist in. For 

example, let us consider the behavior of one of the most common of all 

substances - water. Water may exist in its pure solid phase commonly known 

as ice, its pure liquid phase, its pure vapor phase commonly known as steam, 

a gas phase called superheated steam, and also equilibrium mixtures of its 
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liquid and vapor phases, of its liquid and solid phases, or of its solid and vapor 

phases. 

G a s  

cc 

A cr. Cl. 

V a p o r  

T E M P E R A T J  

FIGURE 5.1 PRESSURE-TEMPERATURE DIAGRAfVI FOR WATER 

Figure 5.1 is a pressure-temperature diagram illustrating these various 

phase regions for water. The fusion line represents the solid/liquid phase, the 

vaporization line the liquid/vapor phase, and the sublimation line the 

solid/vapor phase. When a solid changes to a liquid, a fusion process is said to 

have taken place; when a liquid changes to a vapor, it is a vaporization 

process: and when a solid changes directly to a vapor, it is called a 

sublimation process. In each of these thermodynamic processes, energy must 

be added to the substance to effect the change in phase. Water at atmospheric 

pressure (14.7 psi) may be made to exist in all three phases, as depicted by the 
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constant-pressure line AB in Figure 5.1. The temperature at which these 

phase changes will occur is dependent on the pressure exerted on the 

substance. At normal atmospheric pressure carbon dioxide will sublime, i.e., 

the solid (dry ice) will change directly to a gas with no intermediate change to 

the liquid phase. It is also seen from Figure 5.1 that a change in pressure will 

alter the freezing or vaporization point for water. An increase in pressure raises 

the vaporization temperature and lowers the freezing temperature. It should be 

noted that Figure 5.1 is not drawn to scale because the fusion line should be 

almost vertical, which means that a very large increase in pressure would be 

required to lower the melting temperature substantially. The triple point is the 

state where it is possible to maintain an equilibrium mixture of all three phases: 

solid, liquid, and vapor. The critical point is the state where the pure vapor 

phase has identical properties with a pure liquid phase at the same pressure 

and temperature. It is not possible to observe a distinction between liquid and 

vapor at supercritical pressures and temperatures. In other words, the surface 

meniscus separating liquid and vapor phases vanishes at the critical point. 

Operating above the critical point in the process of vaporizing a liquid may be 

beneficial in a space station laboratory, because a liquid surface meniscus is 

not possible in a microgravity environment anyway. 

The three equilibrium lines in Figure 5.1 (fusion, vaporization, and 

sublimation) are said to designate saturation regions. Thus we may say that the 

vaporization line represents the saturation region between liquid and vapor. 

The vapor which is present in such a mixture is called a saturated vapor, and 

the liquid present in the mixture is called a saturated liquid. To illustrate the 

nature of the saturation regions more clearly, a pressure-volume-temperature 



137 

(PVT) surface diagram for water, is shown in Figure 5.2. It has the same 

constant pressure line AB from Figure 5.1 superimposed on it. Notice from this 

diagram the fact that water expands upon freezing - the solid phase has a larger 

volume than liquid phase at the same temperature. Only two independent 

properties are needed to define the state of a pure substance like water in the 

solid region, therefore, point A represents an initial state for ice at a certain 

pressure and temperature. The application of heat at constant pressure will 

cause the temperature of the ice to increase until the solid-liquid saturation 

region is reached, at which point the ice will start to melt. The time it takes for 

the ice to reach the solid-liquid region from its initial state can be determined 

from a continuous dynamic model of the process with pressure and temperature 

as inputs. However, the melting or fusion process proceeds at constant 

temperature and pressure until all of the solid ice is transformed into a liquid. 

Temperature and pressure can not be used when the substance is in one of the 

saturation regions, because pressure and temperature are not independent in 

these regions, i.e., a line of constant temperature in a saturation region is also 

a line of constant pressure. Each saturation region represents a situation where 

the pressure and temperature remain constant while there is a significant 

change in specific volume. Therefore, specific volume may be used as the 

other independent property to define the state of a substance in the saturation 

regions. Further heating of the liquid increases its temperature as the process 

proceeds through the liquid phase until the vaporization line is reached, in the 

liquid-vapor saturation region, the increases in specific volume result from an 

increase in the fraction of the total mass that is present in the vapor phase. 

Further addition of heat after all the liquid has been evaporated, causes the 
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temperature of the vapor to rise and a superheated vapor or gas phase results -

point B in the figures. 
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FIGURE 5.2 PVT SURFACE FOR SUBSTANCE THAT EXPANDS UPON 
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5.1.3 Laboratory Material Hazard And Material Type Specializations 

Laboratory materials can be classified as hazards for a number of reasons, 

one of them being health related concerns. Frame LSR 2.3 discloses some 

health hazards that can be associated with substances. A carcinogen is a 

substance that causes cancer, a tumorogen is a tumor causing substance, a 

mutagen causes mutations, and a teratogen is a birth-defect causer. A toxic 

substance is one that acts as a poison. Phenol, an extremely poisonous 

antiseptic, germicide, and disinfectant, is thus classified as a toxin. A pathogen 

is any disease producing substance or microorganism. Pathogens are 

subclassified into viral, bacterial, or protozoan types. A viral pathogen relates to 

ultramicroscope or submicroscopic infective agents that cause various diseases 

in animals or plants. Viruses are capable of multiplying only in connection with 

living cells and are regarded both as living organisms and as complex proteins. 

Bacterial pathogens relate to the one-celled microorganisms which have no 

chlorophyll, multiply by simple division, and can be seen only with a 

microscope. Bacteria occur in three main forms: spherical (cocci), rod-shaped 

(bacilli) and spiral (spirilla). Protozoan pathogens relate to microscopic animals 

made up of a single cell or a group of more or less identical cells that live 

primarily in water, such as an amoeba. However, this classification also 

includes many parasitic forms. Specific material hazards are shown in frame 

LSR 2.4 and include highly acidic or caustic materials that may require special 

precautions in handling them. Flammable materials, of course, are those which 

easily catch fire, and oxidizers are materials that easily unite with oxygen to 

cause burning or corrosion. Radioactive materials beside being a specific 
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hazard could also be considered under the material health hazard 

specialization as a mutagen. Contaminants are those materials considered 

foreign to the space station laboratory atmosphere. Frame LSR-2.5 enumerates 

a few instances of these materials, based on the material phase of the 

contaminant. 

Going back to frame LSR 1.0, it is seen that materials can also be classified 

according to a type specialization that results in supply, waste, and laboratory 

experimental material categories. Supply materials are considered from the 

aspect of consumability in frame LSR-2.6, producing short-term and long-term 

classes for supply materials. One of the long-term consumables are 

experiment supply materials. These are materials whose classification is based 

on laboratory terminology used for describing laboratory experiments. 

Examples of such classifications as solutes, solvents, oxidizing agents, 

reagents, etc. are shown in LSR-2.6. Laboratory experimental material, 

exhibited in frame LSR-2.7, includes the animal and plant specimens for the life 

science experiments, as well as the experimental samples acquired from them 

and their environments for analysis purposes. 

5.2 LABORATORY MATERIAL PROCESSES 

Frame LSR 1.1 shows some of the laboratory material processes that may 

need to be modelled for the simulated operation of a laboratory: physical, 

thermodynamic, chemical, and biological processes. A physical process, as in 

the filling of a container with a quantity of liquid, involves the movement or 

displacement of material. A chemical process can be a chemical reaction, an 
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event in which materials change into different materials. The reaction can be 

symbolized by a chemical equation that uses symbols for the materials 

involved. The starting materials are called the reactants, and any materials that 

form as a result of a chemical reaction are called the products. A material in a 

reaction that is not changed chemically, but enables a reaction to occur or 

causes an increased rate of reaction is called a catalyst. A chemical reaction 

that requires a continuous input of heat is an endothermic reaction. A reaction 

such as combustion, which continuously generates heat, is an exothermic 

reaction. A redox reaction is one that is characterized by oxidation and 

reduction. Oxidation means the loss of electrons and reduction means the gain 

of electrons. Oxidation is impossible without reduction, because electrons 

cannot simply transfer into or out of a reaction system. A material that donates 

electrons and thereby causes another material to be reduced is called a 

reducing agent. A material that accepts electrons and causes another material 

to be oxidized is called an oxidizing agent. 

One type of biological process shown in LSR-1.1 is basal metabolism. 

Basal metabolism is defined as the sum total of all the chemical reactions that 

supply the energy for the minimum (basal) activities inside a living organism. 

These basal activities are the circulation of blood, respiration, the operation of 

various tissues and glands, the control of temperature, and the maintenance of 

muscle tone. The rate at which chemical energy is used for basal activities is 

called the basal metabolic rate. 

The remaining material process to discuss is thermodynamic. When a 

thermodynamic system changes from one state to another, it is said to execute 

a thermodynamic process. In mechanics, a system will not change its state 
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unless there is some interaction with its surroundings to change its spatial 

position and/or velocity. This interaction usually takes the form of an energy 

transfer into or out of the system. To cause state changes in a thermodynamic 

system, energy must also be input into, or taken out of the system. As an 

example of a thermodynamic system, consider a mass of ice in a container. 

The boundary of the thermodynamic system would be the inside surface of the 

container and the surroundings would consist of the container itself and the 

medium surrounding the container. Energy in the form of heat will be used to 

raise the temperature of the container of ice, thus causing the system to execute 

a thermodynamic process, such as the line AB process in Figure 5.2. In 

modelling this thermodynamic system, a quantity of heat as an output from the 

container model would be an input into a thermodynamic process model for 

water. 

Laboratory processes are continuous in nature and need to be analytically 

modelled by a continuous dynamical model (i.e., differential equations). In the 

physical process of filling a container with a liquid regions of operation are 

identified such as; " the container is empty", "the container is filling", "the 

container is full", "the container is overfilled". In a thermodynamic process 

phase regions are identified: solid, solid-liquid, liquid, etc. A continuous 

dynamical model is developed for each region and boundaries between 

regions are identified. A continuous simulation is then performed in order to 

determine the time-to-next-event for a transition from one boundary to another. 

The discrete event simulation model can operate under a form of control logic 

called event-based, so that this time-to-next-event can be scheduled around a 

time window. A time window sets a minimum and maximum time for the 
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expected event to be accepted as a valid sensor input to a nnodel component 

(See Zelgler, 1990). This-scheme allows for scheduling of events in the 

discrete event model that are continuous in nature. Continuous dynamical 

models are needed by a discrete event simulation environment for simulating 

material processes. The ability to call a continuous simulation language from 

the DEVS-SCHEME environment has been undertaken on the NASA Al project 

by utilizing the modelling language DYMOLA, and the continuous system 

simulation language DESIRE so as to obtain a state trajectory for continuous 

processes. DESIRE is able to process state-space models consisting of mixed 

differential equations and difference equations. 

5.3 LABORATORY EXPERIMENTS 

5.3.0 Laboratory Procedures, Unit and Elementary Operations 

Frame LSR-1.2 reveals the SES substructure for life sciences laboratory 

experiments entity in the root frame. The life sciences experiments are 

specialized into chemistry and gravitational biology type experiments. The 

disciplines that comprise these two major experiment categories and into which 

individual experiments can be classified, are also displayed. Laboratory 

experiments consist of laboratory procedures as exemplified in the 

decomposition of laboratory experiments. The life sciences experiments that 

will be conducted are of a very long duration, months and perhaps years, as 

contrasted with the duration of laboratory procedures. Procedures are standard 
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laboratory functions that can be executed many times over in the course of an 

experiment. Laboratory procedures are carried out in a specific sequence to 

constitute an experiment. In turn, a laboratory procedure is made up of various 

laboratory tasks, as portrayed in the procedure decomposition in LSR-1.2. A 

laboratory procedure is an orderly execution of laboratory tasks, such as step 

by step instructions that are carried out in a definite progression so that the 

procedure's desired outcome is achieved. Continuing to frame LSR-3.1, a 

laboratory task is shown decomposed into laboratory unit operations. Unit 

operations are the activities performed during a laboratory task; they are the 

actions that are carried out as part of a laboratory task. The lab task operator 

aspect in this frame allocates an operator for a laboratory task. Because of 

technological problems, prohibitive cost, or the resource availability involved in 

automating a task, some tasks or steps in a procedure may have to be 

performed by a crew member instead of a robot. Many of the life sciences lab 

tasks, such as drawing blood from animal specimens, will have to be 

performed by a crew member because the manual dexterity required is beyond 

the present ability of robots. Similarly, a unit operation, such as fill, could be 

performed by a robot or an automated piece of equipment. A robot could fill a 

syringe container with liquid by pulling back on the syringe's plunger, or the 

container could be filled by having the robot attach it to a liquid supply manifold 

fitting and then automatically introduce the liquid by opening a solenoid valve. 

If the unit operation is performed by a robot, then it can be additionally 

decomposed into robot elementary operations. The robot elementary 

operations displayed in LSR-5.0 describe the movements a robot must make in 

order to execute laboratory unit operations. In addition, further decomposition 
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of robot elementary operations results in robot motor commands, which are the 

low level control signals to the servo-motors and the actuators that produce a 

robot's actual physical movements. These robot motor commands are 

necessary in an actual robot implementation, but not in the modelling and 

simulation of laboratory robots. Therefore, robot elementary operations are 

the lowest level of functional decomposition dealt with for simulation purposes 

on the project, some of which are illustrated in the corresponding specialization 

of frame LSR-5.0. 

5.3.1 Laboratory Analytical Procedures 

Returning to frame LSR-1.2, laboratory procedures are shown classified into 

three types: analytical, logistics, and housekeeping. The analytical procedure 

is an integral part of all laboratory operations because all of the life sciences 

research data will be acquired by some kind of analytical procedure conducted 

in the lab. A totally automated analytical process accords a benefit regarding 

the factor of human variability in experimental data. This human variability 

factor could be significant, in light of the fact that numerous space station crew 

changes that will take place over the duration of the life sciences experiments. 

Proceeding to frame LSR-3.2, the tasks that comprise a laboratory analytical 

procedure are shown. The first task in an analytical procedure is sampling. A 

sample has to be obtained before an analytical measurement can be made and 

thus data acquired. Sampling unit operations in frame LSR 4.0 are actions 

such as collect, acquire, draw, dissect, or biopsy which embody a sampling 
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task. Also some sampling tasks that will be performed in the course of life 

science experiments are shown under the corresponding specialization. 

Returning to LSR 3.2, the next task in the analytical procedure aspect is 

seen to be sample preparation. Sample preparation includes the steps 

necessary to prepare the sample for analytical measurement by converting the 

sample into a suitable form. Some typical requirements for analytical 

measurement may be that a known mass of sample be at a detectable 

concentration, and free of chemical interferences or particulates. Sample 

preparation includes: dissolving or suspending solid samples into solutions 

compatible with the analytical measurement, extracting samples from solutions, 

removing contaminants and interfering substances from samples, 

concentrating or chemically modifying a sample to enhance detection or 

selectivity, or controlling the sample environment prior to analytical 

measurement. Suspending solid samples in solutions may involve pretreating 

a sample by homogenization. A number of sample preparation unit operations 

such as pretreat, are depicted in frame LSR 4.1 along with a few types of 

sample preparation tasks. Frame LSR 5.1 enumerates more refined types of 

pretreat unit operations, such as homogenize and purify, and then further 

refines purify into the specific purification techniques: chemical, ultraviolet 

radiation, ion exchange, and reverse osmosis. The condition sample 

preparation unit operation involves controlling sample environment by 

temperature, humidity, gravity, lighting, and atmosphere conditioning as 

exhibited in LSR-5.2. Extracting samples from solutions, removing 

contaminants or interfering substances, and concentrating a sample all come 

under the sample preparation unit operation of separate in frame LSR 4.1. 
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Frame LSR-5.3 depicts some of separate unit operations that may be needed in 

a laboratory. Dissolving involves combining a solid and liquid material and is 

classified under the combine sample preparation unit operation in frame LSR 

4.1, with LSR-5.4 showing various types of combine unit operations. 

Concentrating or chemically modifying a sample could be either a convert or a 

transform sample preparation unit operation. Convert involves changing 

substances into other substances through chemical reaction, biological 

fermentation, ionization, or synthesis, as the specialized convert unit operations 

portrayed in LSR-5.5 illustrate. Transform means to change the material phase 

of a substance through one of the unit operations listed in LSR-5.6. The fuse 

operation changes a material from the solid to the liquid phase, the vaporize 

operation from the liquid to the vapor phase, the superheat from vapor to gas, 

and the sublimate from solid to gas phase. In the other direction, solidify 

brings a substance into the solid phase and condense brings a vapor into the 

liquid phase. 

Next in the analytical procedure tasks aspect of frame LSR 3.2 is analytical 

measurement, the task in which experimental data is actually acquired. Frame 

LSR 4.2 shows a variety of analytical measurement tasks that will need to be 

carried out in the operation of the LSR laboratory. These analytical 

measurement tasks come under three kinds of unit operations: observe, 

measure, and assay. Frame LSR 5.7 illustrates that the observe unit operation 

constitutes macroscopic observation, such as that of the plant and animal 

specimens in their vivariums, microscopic observation for the examination of 

specimen tissue samples, and physiographic observation, such as the viewing 

and description of the features of exposed muscle in animals. Frame LSR 5.8 
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enumerates measurement parameter types for the measure unit operation. 

Values for specific variables for chemical, physical, electrical, and physiological 

parameters may need to be ascertained by measurement during the course of 

an experiment. One of physiological variables shown in LSR-5.8 is 

biopotential. Biopotentials are electric potentials that are produced as a result 

of electrochemical activity of a certain class of living cells known as excitable 

cells. Excitable cells are components of nervous, muscular, and glandular 

tissue. Bioelectric potentials are measured on the body surface of an organism 

and are the basis of electrocardiographs, electromyographs, and 

electroencephalographs. 

Frame LSR 5.9 shows that an assay can be one of four types: biological, 

chemical, physiological, or immunoassay. Immunoassay is an assay technique 

for analyzing and measuring the concentration of antibodies, hormones, etc. in 

a living organism in order to diagnose disease, or to detect the presence of a 

tumor or a drug. An assay could also be considered a type of measure 

operation. However, the reason an assay is performed is for determining 

chemical composition, not for the determination of one of the variable values 

listed in LSR 5.8 under the measure unit operation. Thus, assay is considered 

a different type of operation from measure. Furthermore, some analysts 

distinguish between an analysis and an assay, while others use analysis and 

assay Interchangeably. Nonetheless, a distinction will be made between 

these two terms. The entire process that leads to determining the identity or 

amount of a substance in a sample is analysis. Therefore, an analysis is a type 

of analytical procedure that consists of collecting a sample, possibly treating the 

sample either physically or chemically before performing a measurement on the 
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sample, then mathematically manipulating the data as required to obtain a 

meaningful result, and finally reporting the result. The assay, on the other 

hand, consists only of the measurement performed on the sample. 

5.3.1.0 Chemical Analysis 

The analytical procedure specialization in frame LSR-3.2 classifies 

analytical procedures into chemical, biological, or physiological analysis types 

of procedures. The chemical analysis procedure is further elaborated in frame 

LSR-4.3. Chemical analysis is divided into classical and instrumental analysis 

as shown under the chemical analysis specialization. Classical chemical 

analysis is the group of analytical procedures that only requires the use lab 

equipment, such as beakers, flasks, funnels, balance, etc., and other 

commonplace laboratory apparatus. Instrumental chemical analysis requires 

the use of an analytical instrument, in addition to some of the equipment that is 

used for classical analysis. Instrumental analysis utilizes analytical instruments 

to measure a physical or chemical property of the assayed substance, or to 

measure some factor that enables determination of a property of the substance, 

in the automated laboratory there is still a place for classical analysis, even 

though the majority of the procedures will utilize instrumental analysis. 

Classical analysis can be performed to check the results of an instrumental 

analysis in a quality control capacity. 

Another specialization used in frame LSR-4.3 is the function of a chemical 

analysis. If the function of a chemical analysis is to determine the identity of the 

substances in a sample, then this is a qualitative analysis, whereas, if the 
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function is to determine thie amount of a particular substance in a sample, then 

this is quantitative analysis. 

Regardless of whether classical or instrumental analysis is used, many 

quantitative analyses can be classified as being gravimetric or volumetric 

methods. A quantitative gravimetric analysis relies upon a critical mass 

measurement of the product of a chemical reaction, or a measurement of a 

mass change during a chemical reaction to determine the amount of a chemical 

reactant in a sample. A classical gravimetric analysis usually consists of a 

precipitation of a salt of the assayed substance. The precipitate is collected by 

filtration, dried, and weighed. Instrumental gravimetric analysis normally 

consists of heating the sample on a balance pan in an oven while observing the 

mass change. The temperature of the sample is plotted as a function of the 

mass of the sample. The technique is known as thermogravimetric analysis. A 

volumetric analysis relies upon a critical measurement of the volume of a 

chemical reactant to determine the concentration of the sample. Volumetric 

analyses are titrations in which a solution of one of the chemical reactants is 

added to a solution of a second chemical reactant. The first solution is the titrant 

and the second is the titrand. The sample can be either the titrant or the titrand. 

The volume of titrant added at the endpoint of the titration, detected by a 

solution color change, is measured and used to calculate the concentration of 

the sample. A classical volumetric analysis uses a chemical indicator to locate 

the endpoint of titrations in those cases where no color change is observed. An 

instrumental volumetric analysis detects the endpoint of titration by monitoring 

the pH of the solution using a laboratory pH measuring instrument. 
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A related concept to that of gravimetric and volumetric analysis is that of 

mass-based and volumetric chemistry procedures. A volumetric procedure 

would consist of filling a container with a substance to a predetermined level 

that indicates the volume that is equivalent to the desired weight of the 

substance. This method avoids having to carefully dispense precise amounts of 

substances into containers while on balances and thus is faster than accurate 

weighing. A mass-based procedure is performed by accurate weighing 

followed by a calculation of the concentration or other required parameters of 

the substance. In today's technology, weighing and calculating are fast, easy, 

and precisely executable robotic tasks. However, laboratory robotics initially 

began with the classic error of emulating the volumetric procedure because it 

was the procedure most efficiently performed by humans, rather than redefining 

the procedure to provide better results when using robots. In volumetric 

procedures, the critical vision needed to detect precise liquid levels, bubbles, 

and other interferences requires excellent human sight and judgement and 

exceeded the ability of laboratory robots. The space station laboratory's 

microgravity environment presents unique problems that will require a 

comparable redefinition of mass-based, volumetric, and other standard 

laboratory procedures. These problems include the necessity of avoiding a 

meniscus (air-liquid interface) when dealing with liquid levels in a volumetric 

procedure, and in mass-based procedures the relative difficultly of obtaining a 

mass measurement in a weightless environment. 
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5.3.1.1 Electroanalytical Methods 

Instrumental analysis traditionally is divided into three categories as shown 

in frame LSR-4.3, according to the type of property of the assayed substance 

that is measured or used during the assay. Electroanalytical methods are those 

that either an electrical signal is applied to one of the electrodes dipping into a 

sample solution or an electrical property of the sample solution is measured. 

Amperometry is the method in which the potential between two electrodes is 

controlled and the current measured. When the current between the electrodes 

is controlled and the potential is measured, the technique is potentiometry. 

When the quantity of electricity (coulombs) that is consumed during an 

electrochemical reaction is measured, the technique is coulometry. If the mass 

of a reaction product is measured the method is electrogravimetry. Because a 

separation occurs during electrogravimetry, it could also be classified as a 

separative method of instrumental analysis. Conductometry is the method in 

which conductance of the sample solution is measured, and voltammetry is 

when potential is applied to one of the electrodes while the current flowing 

through the electrode is measured. 

5.3.1.2 Separative Methods 

The separative methods take advantage of physical or chemical properties 

of the components of a mixture to separate the components. After the 

separation, the components can be individually assayed either qualitatively or 

quantitatively. Sometimes the separating instrument simultaneously performs 
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the separation and the assay, while in other cases the separation could be 

done prior to an assay by utilizing the separate unit operations of distillation, 

extraction, precipitation, filtration, osmosis, reverse osmosis, etc. for robot 

execution. 

Chromatography is the separation method by which a mixture is separated 

into its components as a result of the relative ability of each component to be 

flushed along or through a stationary phase (solid or liquid) and a mobile phase 

(liquid or gas). The sample is placed on the edge of the stationary phase and 

the mobile phase is allowed to flow over the stationary phase to sweep the 

sample along the length of the stationary phase. Components of the sample 

which more strongly adhere to the stationary phase are swept less rapidly along 

the length of the stationary phase compared to those components that adhere 

less strongly to the stationary phase. The result is a separation of sample 

components in space at a fixed time after the start of separation, or separation in 

time at a fixed distance along the length of the stationary phase. 

Chromatography is a valuable analytical tool because it can separate the 

components of a mixture while simultaneously providing both qualitative and 

quantitative analytical information about each component. 

The chromatographic analysis method by which sample components can be 

separated is classified into one of three types as illustrated in frame LSR-7.0: 

frontal, displacement, and elution. If the sample solution is continuously added 

to the stationary phase and the mixture components eluted from the stationary 

phase, the chromatographic method is frontal analysis. If a fixed volume of the 

sample solution is added to the stationary phase and then it is subsequently 

forced from the stationary phase by continuous addition of a solution of a 
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substance that is more strongly attracted to the stationary phase than are the 

sample components, the method is displacement analysis. Elution analysis is 

the most popular chromatographic method, which consists of placing the 

sample on the stationary phase in a single block and then eluting the 

components from the stationary phase with pure solvent (the mobile phase). 

Chromatography is divided into liquid and gas chromatography depending 

upon the state or nature of the mobile phase, as also illustrated in frame LSR-

7.0. Liquid chromatography is the general name for several techniques of 

chromatography which use a liquid mobile phase. Liquid-solid chromatography 

uses a liquid mobile phase and a stationary solid phase. Because it depends 

upon adsorption to the stationary phase, the technique is sometimes termed 

adsorption chromatography. Liquid-liquid chromatography uses immiscible 

liquids for the stationary and mobile phases and because the separation 

depends upon the ability of the mixture components to partition, i.e. divide 

themselves between two liquid phases, it is sometimes termed partition 

chromatography. Ion-exchange chromatography uses a cation or anion 

exchanger as the stationary phase. The mobile phase is normally water where 

sample component ions are attracted to exchange sites on the ion exchanger. 

In size-exclusion chromatography, a gel is used as the stationary phase with 

separation based on molecular size. In affinity chromatography a stationary 

phase preferentially binds a specific sample to it chemically and separation 

results from the chemical reactivity of the sample components with the 

stationary phase. 

There is a particularly useful form of liquid chromatography that is actually a 

subdivision of each of the previously described types. By decreasing the 
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particle size of the stationary packing material, the surface area of the 

stationary phase that is exposed to the mobile phase is increased. The result is 

a more efficient, but a more tightly packed column. To achieve the same 

mobile phase flowrate through the tightly packed column, it is necessary to use 

a higher inlet pressure for the mobile phase. This type of liquid chromatography 

using these tightly packed columns and relatively high inlet pressures is termed 

either high-performance-liquid-chromatography or high-pressure-liquid-

chromatography, with both names abbreviated as HPLC. HPLC is the most 

popular form of chromatography and is more useful for chemical analysis than 

the traditional column form type. Another form of liquid chromatography is 

plane chromatography, in which the stationary phase is held on or in a plane 

rather than in a column. The plane can be a glass or plastic plate (thin-layer 

chromatography) or a piece of filter paper or cellulose (paper chromatography). 

Gas chromatography is one of the most widely used methods for the 

separation and analysis of organic compounds. Gas chromatography is any 

form of chromatography in which the mobile phase is a gas. The mobile phase 

gas is called the carrier gas. The choice of carrier gas is sometimes dependent 

upon the type of detector used in the gas chromatograph. Helium is probably 

the most often used carrier gas, whereas hydrogen is not because of the fire 

hazard associated with it. The stationary phase can be either a solid 

adsorbent, or a liquid bonded on a solid support or coated on the walls of the 

column. If the stationary phase is a solid, the technique is gas-solid 

chromatography (GSC). If the stationary phase is a liquid, the technique is gas-

liquid chromatography (GLC). Two kinds of column types are used for gas 

chromatography. Packed columns are those which contain particles of the 
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Stationary phase packed into a metallic or glass tube. Open tubular columns 

constitute the type of columns that have the liquid stationary phase coated on 

the column's inner wall. Solid adsorbents used with GSC often include 

activated charcoal, graphitized carbon black, silica gel, alumina, ion 

exchangers, such as porous polymers, and molecular sieves. 

Electrophoresis in frame LSR-7.1 is the separative method of instrumental 

analysis that utilizes the mobility of ions toward an electrode of opposite charge 

to the ions and away from an electrode of similar charge to the ions. An 

electrical potential is used to separate relatively large biochemical ions 

according to their charge-mass ratio. Highly mobile ions move farther toward 

the electrode of opposite charge than the less mobile ions, therefore a 

separation occurs. The separation is most often performed on a paper or gel 

support that is permeated with an electrolyte solution. The sample is spotted on 

the gel or the paper, and an electric potential is applied across the support. 

Because electrophoresis requires application of an electrical signal, it could 

also be classified as an electroanalytical method. Some various electrophoresis 

techniques are displayed in frame LSR-7.1, with the electrophoresis gel 

technique refined a bit further than the others. 

The remaining separative method of instrumental analysis shown in LSR-4.3 

is mass spectrometry. Mass spectrometry is based upon the relative motion of 

the components of a gaseous mixture of sample ions in an electrical or 

magnetic field. The electrical or magnetic field causes the ions to move in 

different paths or at different velocities, thereby providing a separation of 

components. The relative motion of each ion is dependent upon the mass-

charge ratio of the ion. Mass spectrometry is primarily used to assay organic 
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compounds. The method can be used for both qualitative and quantitative 

chemical analysis. Mass spectrometry can only be used to separate gaseous 

Ions, therefore, non-gaseous samples are first converted to a gaseous ions 

prior to being separated. The conversion is facilitated by thermally heating and 

then ionizing the sample, or by Ionizing the sample directly by bombardment. In 

frame LSR-7.2 one of the ionic bombardment techniques shown is secondary 

ion mass spectrometry (SIMS). It is a technique in which a beam of primary 

ions strikes the surface of a solid sample with sufficient force that the ions 

become imbedded in the solid. The kinetic energy that is lost by the ions during 

the collision cause sputtering from the sample surface producing secondary 

ions which are in turn mass analyzed. A similar ionic bombardment technique 

where sputtering occurs from a liquid, is a technique known as liquid 

secondary ion mass spectrometry (LSIMS). Atomic bombardment is used in the 

same way that ionic bombardment is used to sputter ionic particles from the 

surface of a solid or a liquid. This atomic bombardment technique is known as 

fast-atom bombardment mass spectrometry (FABMS). Normally, ionic 

bombardment is used for the analysis of solid surfaces and atomic 

bombardment for liquid surfaces. 

Complex sample mixtures are rarely assayed directly, but are separated 

into components prior to introduction into a mass spectrometer. These 

combined techniques of mass spectrometry make use of a separative method. 

Of the several separative methods available, chromatography is most often 

used in conjunction with mass spectrometry. Both gas and liquid 

chromatographs have been coupled to mass spectrometers. The sample is 

inserted into the chromatograph and separated into components. The outlet 
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from the chromatograph is coupled to the inlet of the mass spectrometer. A 

mass spectrum of each component is obtained as that component leaves the 

chromatograph. When a gas chromatograph is coupled to a mass spectrometer 

the technique is known as gas chromatography mass spectrometry GC/MS. 

The coupling of high-performance liquid chromatography to mass spectrometry 

produces a useful combined technique known as liquid chromatography mass 

spectrometry LC/f^S. Interfacing a gas chromatograph to a mass spectrometer 

is easier than a liquid chromatograph because the sample component as it exits 

the GC is gaseous. Another combined technique that is useful is tandem mass 

spectrometry (MS/MS) in which two mass spectrometers are coupled to each 

other. 

5.3.1.3 Spectral Methods 

The instrumental spectral methods of analysis use an instrument to 

measure the amount of electromagnetic radiation (EMR) that is absorded, 

emitted, or scattered by a sample to perform an assay. If EMR is absorbed by 

the sample, the wavelength or frequency at which the absorption occurs can be 

used for qualitative analysis. The extent to which absorption occurs can also 

be used for quantitative analysis. If the sample either naturally emits radiation 

or can be forced to emit radiation by the application of energy, the wavelength 

at which emission occurs can be used for qualitative analysis and the intensity 

of the emission can be used for quantitative analysis. Except for naturally 

occurring radioactive materials, radiation can be emitted from a sample only 

after a sample has absorbed energy from some outside source. EMR that is 
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scattered from a sample can sometimes be used for qualitative and quantitative 

analysis. 

The functions of electromagnetic radiation for spectral methods of 

instrumental analysis are illustrated in frame 6.0. Because the atoms, 

molecules, and ions of materials can exist in many energetic states or levels, 

various ways are available for the use of EMR in chemical analysis: absorption, 

luminescence, and scattering. During absorption, energy from an incident 

photon can be absorbed by a chemical species with a resulting increase in the 

energetic state of the species. Luminescence occurs when a species in a 

higher energetic state relaxes to a lower state while simultaneously emitting 

EMR. Absorption in the ultraviolet and visible regions is associated with 

electron transitions between the highest occupied electron orbital and a higher 

unoccupied orbital. Luminescence corresponds to the opposite process. An 

electron that is in an excited electron level falls into a lower energy electron 

level with the simultaneous emission of radiation. The emitted radiation has a 

wavelength that is characteristic of the energetic difference between the two 

electron levels. Luminescence that occurs after excitation from absorption can 

be classified as either fluorescence or phosphorescence depending upon the 

manner in which the deexcitation takes place. Also, if the wavelength of the 

emitted radiation is identical to the wavelength of the exciting radiation, then 

the fluorescence is resonant fluorescence. However, if the fluorescent 

radiation occurs at a wavelength that is longer than the wavelength of the 

absorded radiation, then the type of fluorescence is normal fluorescence. 

Radiation scattering can occur as the result of several mechanisms, but 

there are two types which are of most concern in chemical analysis: Tyndall 
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scattering and Raman scattering. Tyndall scattering .occurs when radiation is 

passed through a colloidal or turbid solution. The diameters of the scattering 

particles in solution are approximately as large as the wavelength of the 

scattered radiation. Raman scattering occurs when the dimensions of the 

particles that cause the scattering are small in comparison to the wavelength of 

the incident radiation. 

Spectral methods vary according to the energy used for the assay. Assays 

can be performed using radiation in the ultraviolet-visible, infrared, 

radiofrequency, microwave, and x-ray spectrum regions. Fluorescent 

measurements are usually restricted to excitation in the x-ray and ultraviolet 

regions. Phosphorescent measurements are in the ultraviolet region and 

scattering in the visible region. Infrared spectrophotometry is the spectral 

method based absorption and emission of EMR energy in the infrared region to 

cause energetic transitions between vibrational or rotational states of 

polyatomic species. In a polyatomic species the total energetic change 

corresponds to the sum of the electron, vibrational, and rotational energetic 

changes. Changes between vibrational levels are of higher energy than those 

between rotational levels, and usually occur in the infrared region, whereas 

changes in rotational levels are observed in the microwave region. 

Electron spin resonance spectrometry is the spectral method of instrumental 

analysis that uses electromagnetic radiation in the microwave region of the 

spectrum. It is also known as electron paramagnetic resonance or electron 

magnetic resonance. Electron spin resonance occurs when a spinning electron 

in an externally applied magnetic field absorbs EMR to cause inversion of the 

spin state of the electron. Electron spectroscopy, another spectral method 



161 

shown in LSR-6.0, characterizes the electrons emitted from a sample due to an 

ionization process which occurs when a sample is bombarded with electrons, 

ions, ultraviolet radiation, or x-rays. Radiowave radiation is used in nuclear 

magnetic resonance spectroscopy as a method of orienting spinning nuclei in 

an externally applied magnetic field. Nuclei spin about their axes in a manner 

analogous to that in which electrons spin. In the presence of an externally 

applied magnetic field, a spinning nucleus can only assume a limited number of 

stable orientations. Absorption corresponds to reorientation to a less stable 

orientation within the magnetic field. Nuclear magnetic resonance 

spectroscopy consists of measuring the energy that is required to change a 

spinning nucleus from a stable orientation (lower energy) to a less stable 

(higher energy) one in a magnetic field. The major x-ray techniques that are 

used for analysis are absorption, emission, fluorescence, diffraction, electron 

probe analysis, and electron microscopy. 

Ultraviolet (U/V)-visible polyatomic spectroscopy is similar in basis to 

infrared spectrophotometry. Absorption or emission of electromagnetic 

radiation that is in the ultraviolet and visible regions causes electron transitions 

in the outer shell of atoms. U/V-visible absorption usually corresponds to 

excitation of an electron from a ground electron state to a higher electron state. 

However, the energetic transition can occur from any of the rotational and 

vibrational energy levels that are associated with the lower electron state to any 

of the rotational and vibrational levels associated with the higher electron state. 

Because so many different vibrational and rotational levels can be 

simultaneously occupied in many different molecules, broad absorptive bands 

in the UA/-visible region for polyatomic species are the result. 
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In a monoatomic species, discrete atoms are not attached to other atoms, 

therefore, they cannot possess vibrational or rotational energy levels. 

Because vibrational and rotational energy levels are not possible in atoms, 

only a single transition between each set of electron levels is possible. As a 

consequence the bands of emitted or absorbed radiation are narrow in atoms 

and are referred to as spectral lines. This is the basis of the U/V-visible 

monoatomic techniques in frame LSR-7.3. 

Atomic absorption spectrophotometry (AAS) is primarily used for 

quantitative rather than qualitative analysis. Since 1955 atomic absorption 

spectrophotometry has become one of the most popular and useful methods of 

chemical analysis (Braun, 1987). If the initial excitation of the atom or ion is 

caused by a process other than the absorption of ultraviolet-visible radiation 

and if emitted radiation is monitored, the analytical technique is atomic emissive 

spectrometry (AES). AES is divided into categories according to the source of 

the energy that causes the initial excitation. Flame emissive spectrometry uses 

a flame as excitation energy. Other forms of AES use a plasma, electricity, or 

some other nonflame heat source to excite the atoms. Atomic fluorescent 

spectrometry (AFS) uses radiation from a line or continuous source to excite the 

atoms to a higher electron state. The fluorescing radiation that is emitted as the 

electrons return to the ground state is measured and used for the analysis. 

Resonant ionization spectroscopy (RIS) uses the radiation form one or more 

lasers to successively excite an atom to an electron level above the ground 

state and to ionize the excited atom. Laser-enhanced ionization (LEI) uses a 

laser to excite a specific atom as in RIS. 
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5.3.2 Laboratory Logistics and Housekeeping Procedures^ 

Regressing to frame LSR-1.2, the laboratory procedure specialization is 

shown to Include two other procedures besides the laboratory analytical 

procedure: laboratory logistics procedures and laboratory housekeeping 

procedures. Logistics procedures involve the procurement, distribution, and 

maintenance functions in the laboratory as illustrated in frame LSR-3.3. 

Maintenance procedures are applied either for the repair or the servicing of 

laboratory equipment. Service procedures involve routine preventive 

maintenance that is performed at fixed intervals on equipment; the calibration 

of instruments used for analysis and the changing of equipment components 

such as filters, lubricants, column packings, etc. Repair procedures, on the 

other hand, are utilized for equipment breakdowns to diagnosis and replace 

faulty components in equipment. Distribution procedures handle the movement 

of material, tools, and equipment within the lab, plus moving supplies for the lab 

from the logistics module. Various distribution tasks are shown in frame LSR-

3.3. Procurement includes taking inventory of material consumables for the 

restocking laboratory consumables. 

Laboratory housekeeping procedures account for the types of laboratory 

functions that are similar to those performed in running a household. These 

include cleaning, waste disposal, the replenishment of vivarium food, water, 

and laboratory experiment materials. 
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5.4 LABORATORY EQUIPMENT 

5.4.0 Laboratory Equipment Type 

The laboratory equipment entity in the root frame of the LSR LAB SES is the 

foremost part of a substructure that represents all the various types of laboratory 

equipment. Laboratory equipment types are portrayed in frame LSR 1.3: 

laboratory housekeeping equipment, laboratory maintenance equipment, and 

laboratory experiment equipment. 

Laboratory housekeeping equipment includes waste processors and trash 

compactors under waste handling equipment, which will be utilized in 

conjunction with waste disposal housekeeping procedures. Similarly, animal 

cage washers, as depicted under the cleaning equipment specialization, are 

to be used with animal cage cleaning procedures. Also shown as an example 

of cleaning equipment, are laboratory material container washers, which will 

be used for cleaning material handling containers soiled during use in an 

experiment. 

Maintenance equipment is classified according to the facility related 

maintenance equipment specialization in the frame. Recall from the facility 

decomposition in frame SSF-4.0 that the LSR laboratory is comprised of the 

specimen holding facility and research laboratory facility. The maintenance 

equipment that will be needed for the animal and plant specimens, such as 

incubators and seed germinators, is different in nature from the equipment 
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needed to maintain such laboratory experiment related equipment as 

instrumentation. 

Laboratory experiment equipment is that which is related to or utilized in 

laboratory experiments. Its scope includes laboratory instrumentation, 

laboratory material containers, specimen handling equipment, such as animal 

squeeze cages, sample handling equipment, and laboratory tools, such as 

dissection kits and the various types of robot hands. 

Laboratory material containers are exhibited in frame LSR-3.6. Sample 

containers are used during an analytical procedure for holding materials that 

are classified as samples. The cell is a type of container for holding a sample in 

an analyzer. A septum sealed test tube is sealed with a thin rubber plug 

through which a syringe needle can be inserted to extract or inject fluid. A 

syringe can be classified as a sample container depending on its function in an 

analytical procedure. A pressure/vacuum bladder bottle (PVBB) consists of a 

flexible bladder, similar to a balloon, held within a rigid shell. The volume 

between the bladder and the inside shell of the bottle can be pressurized to 

collapse the bladder forcing fluid out, or evacuated to assist in filling it. The 

bladder is essentially always full, thereby avoiding a meniscus or air-liquid 

interface which presents difficulty in a microgravity environment. 

An animal cage and an animal cage waste tray are shown in the same 

frame as instances of a specimen container and a waste container, respectively. 

A working container is employed during a lab procedure for general material 

handling and as such can include syringes and PVBB's. The storage container 

specialization displays those containers used for high and low pressure gases: 

pressurized gas cylinder or gas bag; solid material containment: vacuum 
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sealed plastic bag; and a piston container for the containment of liquids without 

a meniscus. A piston container is based on the principle behind the PVBB. A 

closed-end cylinder is fitted with a piston to provide a varying internal volume. A 

liquid is introduced into the container through an inlet in the closed-end of the 

cylinder. The piston is spring-loaded or pressurized, in order to assist in 

emptying the container. 

5.4.1 Laboratory Instrumentation 

All laboratory instrumentation can be decomposed into functional elements 

as shown in the general instrumentation functional elements aspect of frame 

LSR-3.5. Functional elements are grouped according to some basic functions 

that are performed in almost all instruments. Functional elements are not the 

physical components of an instrument and therefore, a specific piece of 

hardware may perform several basic functions as represented by the one of the 

functional element entities. An understanding of the functional elements along 

with more detailed knowledge of specific components in an instrument, is 

information that can be utilized by maintenance and diagnostic procedures for 

the service and repair of lab instrumentation. Functional elements in general 

instrumentation are; measurand, transducer, signal conditioners, and 

auxiliary elements. 

The measurand is the physical quantity, property, or condition that an 

instrumentation system measures. Frame LSR-4.4 illustrates the parameter 

types and variables that can be measured by an instrumentation system and 

are seen to be identical to those in LSR-5.8. Again the axiom of uniformity has 
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been applied, because the same specialization, "measurement parameter", is 

used in both instances. 

A transducer element converts one form of energy to another, usually 

electrical. The transdjcer should respond only to the form of energy present in 

the measurand. Frame LSR-4.5 shows that for the transducer element aspect, 

a transducer can consist of a primary sensing element and a variable 

conversion element. The primary sensing element is that which first receives 

energy from the measured medium and produces an output depending in some 

way on the measurand. This output is some physical variable, such as 

displacement or voltage. In some cases it may be necessary to convert this 

variable to another more suitable variable while preserving the information 

content of the original signal. The element that performs this function is the 

variable conversion element. A bridge circuit is a variable conversion element 

that can measure small changes in resistance and produce corresponding 

changes in voltage as output. A pressure transducer is an example of a 

transducer containing both primary sensing and variable conversion elements. 

A pressure transducer may have a primary sensing element in the form of a 

diaphragm to convert pressure to displacement, and a variable conversion 

element in the form of a strain gage to convert displacement to an electric 

voltage. It should be noted that not every instrument includes a variable 

conversion element and that some instruments may contain several. Another 

classification for transducers is based on the transducer's energy source. 

Generating transducers produce their signal output from energy taken from the 

measurand while modulating transducers receive their energy from an external 

source. A modulating transducer provides its output by varying the external 



168 

energy according to the measurand. The energy source classification for the 

transducer can also be known as active and passive. For example, a 

photovoltaic cell is a generating (passive) transducer because it provides an 

output voltage related to its illumination without any additional external energy 

source. However, a photoconductive cell is a modulating (active) transducer 

since to measure its change in resistance with illumination one must apply 

external energy to the transducer. 

The operation of a transducer may be based on a number of different 

principles as exhibited in the transduction principle aspect of frame LSR-4.5. 

Displacement changes can be measured by variations in resistance, 

inductance, capacitance and the piezoelectric effect. Potentiometers and strain 

gages are two instances of transducers based on the resistive principle of 

transduction. A linear variable differential transformer (LVDT) is a transducer 

that uses the inductive transduction principle. Piezoelectric transducers use a 

piezoelectric transduction material, which is a material that generates an 

electrical potential when mechanically strained and conversely an electric 

potential can cause physical deformation to the material. Thermistors and 

thermocouples are transducers employing the thermal transduction principle, 

which is measuring temperature change by varying resistance (thermistor) or 

the generation of an emf (thermocouple). Examples of radiative transducers 

include thermal and photon detectors used for electromagnetic radiation (EMR) 

detection. The ultrasonic principle of transduction is utilized, for example, in 

ultrasonic flowmeters. 

Signal conditioners are another one of the functional elements displayed in 

LSR-3.5 and is further refined in frame LSR-4.6 where a few kinds of signal 
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conditioner are displayed: operational amplifier, instrumentation amplifier, 

active filter, or variable manipulator. Signal conditioners are essential because 

usually the output of a transducer cannot be coupled directly to the output of an 

instrument. Signal conditioners may amplify or filter the signal, or merely match 

the output impedance of the transducer to the instrument's output stage input 

impedance. Operational amplifiers (op-amps) are used as signal conditioners. 

Op-amps are perhaps the most widely utilized analog electronic component in 

instrumentation systems, where they form the basis of amplifiers, filters, and 

other analog and digital data processing elements. Op-amps can be used in 

different circuit configurations to provide a variety of signal conditioning as 

exemplified in the op-amp configuration aspect of LSR-4.6. Signal filtering is 

done by active filters that employ op-amps. Op-amps can provide different 

filtering capabilities, such as high-pass, low-pass, bandpass, or band rejection 

filtering. 

All kinds of amplifiers are used in instrumentation systems, however, a 

particular class and configuration are given the name "instrumentation 

amplifier", mainly to distinguish it from simpler op-amp circuits. An 

instrumentation amplifier is constructed using op-amps as building blocks. 

Whereas op-amps are basic building blocks adaptable to a wide variety of uses, 

instrumentation amplifiers are intended for specific applications. An isolation 

amplifier is a type of instrumentation amplifier that does not require a ground 

connection and thereby isolates the signal from ground, thus the rejection of 

interfering noise is improved. Charge amplifiers are used with piezoelectric 

transducers so as to provide advantages over the usual voltage amplifier. 

When a transducer requires ac excitation, such as with LVDT's, the carrier 
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amplifier is employed. The chopper amplifier is used in extreme low-noise and 

low-drift applications. 

In performing its intended function, an instrument may require that a signal 

represented by some physical variable be altered in some way by a variable 

manipulator. By manipulation it is meant that a change in the physical nature of 

the signal according to some definite rule takes place. This function is similar to 

the variable conversion element in a transducer, except that it is considered a 

type of signal conditioner is this case. An impedance converter can provide a 

very high input impedance while providing a large output voltage at a low 

impedance. It is used in piezoelectric signal conditioning applications. A 

voltage-to-frequency converter uses a form of frequency modulation where a do 

voltage input is converted to a periodic wave output whose frequency is 

proportional to the dc input. It is used in the integrating digital voltmeter, where 

a dc input signal is converted to a periodic waveform of proportional frequency 

and then is applied to an electronic counter for a fixed time interval. The result 

is an output proportional to the average dc voltage over the time interval. A 

frequency-to-voltage converter accepts input signals of any waveform and 

produces a time-varying dc output proportional to the rate at which the input 

signal crosses a fixed threshold. Frequency-to-voltage converters are used to 

obtain dc output signals from pulse-rate devices, such as turbine and vortex 

flowmeters. Analog-to-digital converters (A/D) change analog input signals to 

representative information in the form of fixed-bit digital words. Digital-to-

analog converters (D/A) perform the inverse function. 

Auxiliary elements are the final functional element portrayed in LSR-3.5 for 

the general instrumentation functional elements aspect. In frame LSR-4.7 the 
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power supply, calibration signal, control and feedback electronics, and the 

data handling element represent some of the auxiliary elements that could be 

contained in an instrument. Sometimes a calibration signal with the properties 

of the measurand can be applied to the transducer input to check the static and 

dynamic operating characteristics of an instrument. If the functional elements of 

an instrument are actually physically separated, then it becomes necessary to 

transmit the data from one functional element to another. An element 

performing this function is called a data transmission element. It may be as 

simple as a shaft and bearing assembly, or as complicated as a telemetry 

system for transmitting signals to ground-based control. Furthermore, if the 

information about the measured quantity is to be communicated to a human 

being, it must be put into a form recognizable by one of the human senses. An 

element that performs this translation function is called a data presentation 

element. Archival of data in registers, buffers, on hard disk, or any other type of 

storage media is handled by the data storage element. 

Laboratory instrumentation is classified back in frame LSR-3.5 into three 

types: laboratory analyzers, biomedical instrumentation, and measurement 

instrumentation. Laboratory analyzers are used for the assay of material 

samples during analytical procedures. Laboratory analyzers generally consist 

of the parts shown in the block diagram of figure 5.3. 
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FIGURE 5.3 AUTOMATED LABORATORY ANALYZER 

Because one or more of the components might not be needed for a 

particular analysis, some analyzers do not contain all of the parts shown in the 

figure. Because they are modular in design, individual components of the 

apparatus can be easily exchanged for other components when the analysis is 

altered. The sampler is the component into which the collected samples are 

placed and from which samples are drawn into the pump. Sample introduction 

is most often accomplished by having sample containers arranged on a rotary 

tray. The pump in figure 5.3 is often followed by a separator, which removes 

those sample components that might interfere with the analysis. The separated 

interferences can be discarded as waste or collected for further analysis. Often 

the separator is a chromatographic column, a precipitator and filter, or a dialysis 

membrane through which only the assayed substance and noninterfering 

solution components can pass. Separators are classified as sample handling 

equipment and are further subclassified as sample preparation equipment in 

frame LSR-3.7. Samplers are also classified under the sample handling 

equipment category as sampling equipment in frame LSR-3.7. Samplers are 

available for discrete solid samples and for continuous sampling of flowing 
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liquids and gases. Laboratory experiment related equipment used in sample 

preparation unit operations are instances of sample preparation equipment as 

members of the more general class, "sample handling equipment". Besides 

separators, there are pretreaters, conditioners, transformers, converters, and 

combiners as sample preparation equipment, specific examples of which are 

shown in frames LSR-5.10 through LSR-5.15. 

In some automated analyses a chemical reagent is added to the sample 

solution, after the removal of interferences. The reagent quantitatively reacts 

with the sample to yield an easily measurable reaction product. In many cases 

the reagent reacts to form a colored product that can be monitored 

spectrophotometrically. After the reagent is combined with the sample solution, 

it enters a reactor which allows the chemical reaction ample time to occur 

before analytical measurement takes place. In some analyzers a reactor is not 

used. Instead, the reaction is allowed time for completion by increasing the 

length of the sample flow route by coiling the tubing, or by delaying the sample 

for a certain period of time prior to its insertion into the analytical instrument. 

The first approach is often used with continuously flowing streams of samples: 

the second with discrete sample systems. The sample solution is sometimes 

held in a temperature controlled oven or constant temperature bath to help 

speed the completion of the reaction, or to ensure a constant reaction rate. 

The analytical measurement instrument can be a spectrophotometer, 

chromatograph, electroanalytical device, or some other analytical instrument. 

The analysis results are processed by a data handling element. 

In frame LSR-4.8 laboratory analyzers are shown decomposed into the 

components shown in Figure 5.3, plus four types of laboratory analyzers; 



174 

continuous-flow, flow injection, discrete sample, and centrifugal force. 

Continuous-flow analyzers are employed to assay individual samples in a 

flowing stream rather than in discrete containers. The sampler in this case not 

only introduces the sample into the pump, but also air and a rinse solution. The 

discrete liquid sampler first introduces a portion of the sample solution into the 

analytical stream, followed by a block of air, a portion of a rinse solution, a 

second block of air, and then the next sample. Flow injection analyzers inject 

the sample into a flowing stream of either a carrier liquid or a solution of 

chemical reagent. The sample is not separated from the remainder of the 

stream by blocks of air and wash solution. Centrifugal force analyzers consist 

of a wheel containing compartments for samples, reagents, and the detector 

measurement. As the wheel rotates, the solutions in the compartments closer to 

the center of the wheel are moved by centrifugal force through connecting 

channels to the outer compartments, which contain other solutions. During the 

process the sample and reagents are mixed and then forced into the outermost 

compartment, where a detector measures the concentration of the reaction 

product. Because many samples can be assayed both simultaneously and 

rapidly with a centrifugal force analyzer, the device is sometimes referred to as 

a parallel-fast analyzer. Discrete sample analyzers are designed to perform 

analysis of samples in reaction vessels (usually test tubes) in much the same 

manner that an analyst would manually perform the analysis. Rather than 

cause the sample to flow through tubing as continuous flow analyzers, discrete 

sample analyzers carry the sample in discrete containers through several 

stations in the apparatus. At each station a step in the analysis takes place; a 

chemical reagent is added, the solution is stirred, or a measurement is made. 



175 

Discrete sample analyzers utilize an assembly line approach to automation and 

are most suitable for robotic implementation. However, sometimes an analysis 

can be more efficiently performed using a continuous type laboratory analyzer. 

Biomedical instrumentation is elaborated in frame LSR-4.9. Two broad 

classifications are based on whether the instrument is used for medical or 

physiological parameter measurement. Physiological parameters can be 

grouped according to physiological systems, such as the cardiovascular, 

pulmonary, nervous and endocrine systems. A cardiovascular system 

instrument that will be utilized in the life sciences lab is the plethysmograph. A 

plethysmograph measures various body functions such as the velocity or 

volume of blood flow, heart rate, or breathing rate, and determines changes in 

the size of organs or limbs. A nervous system instrument shown in LSR-4.9 is 

an electromyograph, which measures the electrical potentials developed in 

muscle tissue and therefore is a measure of a biopotential. 

Measurement instrumentation is refined in frame LSR-4.10 into two classes 

of measurement instrument: analytical measurement and parameter 

measuring. Parameter measuring instruments measure various chemical, 

physical, and electrical parameters. Some examples of parameter measuring 

instruments are exhibited in the frame. Note that physiological parameter 

measuring instruments are not included in this classification. Measurement of 

physiological parameters will be handled exclusively by biomedical 

instrumentation equipment, which has been specified as a class of laboratory 

instrumentation in frame LSR-3.5. 

Analytical measurement instruments are classified on the basis of the three 

instrumental analysis techniques in frame LSR-4.10; spectral, separative, and 
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electroanalytical instruments. Spectral instruments are displayed in frame 

LSR-6.2, which shows that in addition to the general instrumentation functional 

elements there are components specific to spectral instruments. One of these 

specific components is an energy source. 

Various types of energy sources are illustrated in LSR-7.4 for spectral 

instruments. For example, atomic emission spectrophotometry can use flame, 

plasma, or electricity as an energy source (See LSR-7.3). Heat from a flame 

source provides the energy that is needed to cause excitation in the atom. A 

plasma source is a stream of gaseous Ions. An argon plasma sources are 

used for the atomization of samples in atomic absorption, atomic emission, and 

atomic fluorescence spectrophotometers. Magnetic sources are used in 

nuclear magnetic resonance spectrometers. However, probably the most 

utilized source in spectral instruments is the EMR source, of which there are 

two predominant types: continuous and line. Continuous sources are those 

that emit broad bands of radiation from which radiation of the desired 

wavelength is selected with a monochromator or a filter. A continuous source 

used in an atomic absorption spectrophotometer is the xenon-arc lamp. It uses 

electric energy to cause excitation of xenon at reduced pressure in an envelope 

and provides a continuous source of radiation over a particular wavelength 

range. X-rays are a continuous source that are generated with an x-ray tube by 

bombarding an appropriate target element with a beam of electrons. A heated 

filament is used as the source of electrons. The most common target elements 

used are tungsten or chromium. The other predominant type of EMR source is 

the line source, which are those emitting highly intense radiation only in the 

wavelength range that corresponds to the absorptive band for a particular atom 
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or group of atoms. The primary advantage of a line source is the high intensity 

that is achieved within a narrow bandwidth, but a major disadvantage is the 

need to change the line source whenever the substance that is to be assayed is 

changed. A line source used for atomic absorption and atomic fluorescence is 

the temperature-gradient lamp. It uses an electric heater to transform an atomic 

element into atomic vapor. A current is passed through the vapor, thereby 

causing excitation of the atoms, which subsequently emit radiation at 

wavelengths characteristic of the atomic element in the lamp. 

Another specific component of spectral instruments is the wavelength 

selector. Filters, a monochromator, or a filter-monochromator combination 

can be wavelength selectors in a spectral instrument, all of which are exhibited 

in frame LSR-7.5. Filters prevent the passage of radiation at all wavelengths 

except in a fixed-wavelength region. If filters are used, the primary filter is 

placed between the source and the cell, and the secondary filter is placed 

between the cell and the detector. Monochromators are used universally as the 

wavelength selector in atomic absorption spectrophotometers. A 

monochromator usually consists of entrance and exit slits, a prism or diffraction 

grating, and lenses or mirrors that are used to collimate or focus the radiation. 

The cell is a specific component that holds the sample to be analyzed in the 

path of the radiation emanating from the energy source. Cell types are 

displayed in frame LSR-7.6. The type of cell used for an assay is dependent 

upon the physical state of the sample. Furthermore, the material from which the 

cell walls are made must be transparent to wavelength of radiation employed 

during the assay, to allow the impinging radiation to pass through the cell 

enabling the detector to make a measurement. In atomic absorption 
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spectrophotometers, cells are used to convert polyatomic samples into atoms. 

In order for the cell to convert a polyatomic sample into atoms, the cell must 

usually be capable of supplying energy to the sample. Energy for the 

transformation Is usually supplied as heat from a flame or a furnace in heated 

type cells. In using a flame as a cell, a sample solution is aspirated into the 

flame as small drops of liquid. The solvent in the solution rapidly evaporates 

because of the heat from the flame. The solid particles of solute that remain 

melt to form a liquid, evaporate to a gas, and then dissociate into atoms. 

Radiation from the energy source passes through the flame and is partially 

absorbed by the sample atoms. The amount of absorption is monitored by a 

detector. 

Flames, furnaces, and plasmas have been used as cells in atomic 

fluorescence spectrometry. Unheated cells are used in certain methods of 

atomic absorption spectrophotometry and in U/V-visible spectroscopy. Here the 

sample is a liquid solution of the absorbing substance held in the path of the 

radiation by a unheated type of cell called a cuvet or cuvette. 

Detectors are displayed in frame LSR-7.7. Infrared detectors are classified 

as either thermal detectors or photon (quantum) detectors. A thermal detector 

is a transducer that changes thermal energy into an electric signal as its 

temperature Is altered. Thermal detectors can be classified as either 

thermocouples, thermistors, or pneumatic devices. A thermocouple consists of 

two dissimilar metallic wires joined at the ends. A change In temperature at the 

junction between the two wires causes an electric potential to develop between 

the wires. A thermistor Is a device that has an electrical resistance that is highly 

temperature dependent. Pneumatic devices respond to changes in volume of a 
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nonabsorbing gas or liquid with temperature changes caused by impinging 

radiation. Since a thermal detector is a transducer, the thermal detector 

entities in LSR-7.7 inherit all knowledge associated with the thermocouple and 

thermistor entities from their classification as transducers in LSR-4.5. 

A photon detector uses impinging radiation to excite electrons in a 

semiconductor material from a nonconducting to a conducting energetic level. 

During the process the electric resistance of the semiconductor is lowered. 

Infrared radiation is not sufficiently energetic to activate photographic film or to 

cause a response in photoelectric detectors such as phototubes and 

photomultiplier tubes. The photomultiplier tube serves as a transducer that 

converts electromagnetic radiation into an electrical signal. The tube consists of 

several types of electrodes enclosed in an evacuated glass envelope similar to 

an old radio tube. A phototube is similar to a photomultiplier tube, but does not 

contain the same kind of electrodes. A resonant detector consists of an 

evacuated envelope that contains atomic vapor of the assayed element. 

Radiation that strikes the detector causes excitation of the atoms and 

subsequent resonant fluorescence. The intensity of the radiation is measured 

with a photomultiplier tube. In photodiodes, electromagnetic radiation strikes 

the diode and penetrates into the depletion layer in a reverse-biased diode 

providing the energy necessary to change an electron in a bond to a free 

electron. The free electron contributes to the current through the diode, 

essentially changing electromagnetic radiation into an electric current. 

Types of spectral instruments are elaborated in LSR-6.2 under the spectral 

instrument specialization. A photometer is an instrument in which a filter 

provides radiation of the proper wavelength. A photometer that is used solely 
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with radiation in the visible spectral region and which relies on the human eye 

as a detector is a colorimeter. Colorimeters and photometers are used for 

quantitative analysis at a fixed wavelengths. A spectrometer is an instrument 

that is used to measure the intensity of radiation emitted by a sample with a 

photomultiplier tube or photon detector and uses a filter as a wavelength 

selector. The wavelength can either be fixed or scanned during the 

measurement. A spectrometer is not usually regarded as an instrument that is 

used to measure absorption. Devices that measure fluorescence, 

phosphorescence, or scattering are forms of spectrometers. An instrument that 

measures fluorescence is a fluorometer and an instrument that measures 

phosphorescence is a phosphorimeter. 

Quantitative analysis can be performed with scattered radiation using either 

a turbidimeter or nephelometer. Turbidimetric measurements consist of 

measuring the decreased intensity of the incident radiation that is caused by 

scattering, while nephelometric measurements consist of measuring scattered 

radiation rather than the decreased incident radiation. Raman spectra are 

obtained with a Raman spectrometer. Instruments used for electron spin 

resonance and nuclear magnetic resonance can also be classified as 

spectrometers. 

A spectrophotometer relies on a monochromator to select the wavelength of 

the radiation to be used. The wavelength can either be held constant during the 

analysis or scanned. If a fluorometer or phosphorimeter contains 

monochromators, the instruments are called a spectrofluorometer and a 

spectrophosphorimeter, respectively. 
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The other two types of analytical measurement instruments shown in frame 

LSR-4.10, separative and instruments, will not be discussed. However, frame 

LSR-6.3 illustrates a few of the separative instruments that could be found in a 

laboratory: mass spectrometer, liquid chromatograph, gas chromatograph, and 

electrophoresis apparatus, 

This completes the presentation of the LSR LAB SES. This extensive 

structure has attempted to represent in its entirety, all of the information, 

methods, materials, and equipment that may be encountered in a laboratory 

environment. Actually, it contains much more than would be found in any one 

type of laboratory. The LSR LAB SES can be pruned to exhibit the procedures, 

materials, and equipment utilized by any particular life sciences experiment. 

Selection of entities from the LSR LAB SES is guided by the requirements of 

the experiment execution plan that has been generated during the planning 

phase. Some planning examples are presented in the next chapter. 
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CHAPTER 6 

CONCLUSIONS 

6.0 HIERARCHICAL PLANNING 

The refinement of laboratory experiments into lower level primitive actions in 

the LSR LAB SES provides a means for the automatic planning of laboratory 

operations as part of an intelligent system function. A plan is any hierarchical 

process that can control the order in which a sequence of operations is to be 

performed (Rich, 1983). Planning is a Al technique involving decomposit ion of  

the or iginal problem into appropriate sub-problems and accounting for  

interactions among the sub-problems during problem solving. People exploit 

plans daily to achieve their goals by accessing a collection of stored standard 

plans that are used whenever appropriate. The general knowledge of how to 

drive a car is an example of a standard plan that may be used to operate any 

motor vehicle. Standard plans can be combined to produce larger plans for  

particular tasks at hand. 

Once a plan is carried out, the world state changes produced by the plan 

may not, in most situations, be undone. However, backtracking is allowed in 

an automated planning process. Dependency-directed backtracking is one 

type of backtracking method. The method consists of associating with each step 

of the plan the reason why it must be performed, in case problems arise and 

backtracking is needed. The sub-problems, or steps in the plan, should have 

only a local effect on each other, but sometimes they have a more global effect 
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on the overall outcome of the plan, In the case of something going wrong in a 

step. Knowledge of why a step is being performed can help ascertain the 

step's effect on the overall plan should error occur. The planning or search 

process should proceed backward from a goal state to an achievable initial 

state (goal-directed planning), because the branching factor is smaller in the 

search process and it is easier to record the dependency information. 

In Figure 6.1 is an example of a hierarchical laboratory execution plan for 

high performance liquid chromatography (HPLC) sample preparation. HPLC 

sample preparation is a laboratory analytical procedure task consisting of a 

number of laboratory unit operations: weigh, dissolve, extract and filter. The 

"weigh" laboratory unit operation is in turn comprised of a number of robot 

elementary operations; place, transfer and remove; plus the operations of tare 

and measure as data acquisition operations. The "place" operation is further 

decomposed into the robot motor commands which enable the placement of an 

object (container) in a particular location (the mass measuring device). 
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FIGURE 6.1 HPLC SAMPLE PREPARATION PLAN 
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6.0.0 Scripts 

Plans are comprised of sequences of typical events that occur in a 

characteristic context. These typical events can be represented in a frame-like 

structure called a script. A script is a structure that is used to describe a typical 

sequence of events in a particular setting, such as a laboratory. A script 

consists of a set of slots like a frame. Associated with each slot in a script is 

some information about what kinds of values it may contain, as well as a default 

value to be used if no other information is available. There is a slot to describe 

the entry conditions, which are the conditions that must be satisfied before the 

events in the script can occur. Another slot is for resultant conditions, which 

defines the state that will exist after the events in the script have occurred. There 

is a slot for props, such as the lab equipment, materials, and calculations that 

will be needed during script activities. A role slot is needed to describe the 

operators involved in the script events, and a slot is needed for the steps of the 

plan. In order to use a script, the appropriate script must be selected from 

memory and the unspecified slots filled in accordingly. 

One typical laboratory script will be the dilution of concentrated solutions 

to the concentration requirements of laboratory analytical procedures. 

Transporting concentrated solutions of various materials to the space station 

will always be cheaper than shipping dilute solutions. Chiefly the difference in 

mass involved will be in the form of water. Solution concentrations are 

described in a number of ways, depending upon how the solution will be 

utilized in a procedure. Every expression of concentration is a ratio of some 
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quantity of a solute to a particular unit of solution or pure solvent. For example, 

the molar concentration or molarity (M) of a solution is defined as: 

. x moles of solute mol 
Molarity (M) - solution ~ liter 

By expressing the concentration of a solution in units of moles of solute per 

liter of solution, concentration and volume data can be used in mole 

calculations instead of grams or moles, thereby providing an advantage in a 

microgravity environment, since it precludes the necessity of having to make a 

mass measurement. 

The number of moles of solute in a concentrated solution is: 

lit®''Sconcd soln * '^concd soln = ^^o'solute 

The number of moles of solute in a diluted solution is: 

''^®''Sdil soln * ^dii soln = f^ioldil soln 

If water is added to the concentrated solution to dilute it, then the number of 

moles of solute that will be present in the diluted solution will not change, 

therefore: 

litersconcd soln * ^concd soln = ''tersdil soln * '*^dil soln 

A script for diluting concentrated solutions is shown in Figure 6.2. The script 

entry conditions are that a pressure/vacuum bladder bottle (PVBB) containing 

50.0 ml of 1.0 M sulfuric acid needs to be reduced to a 0.1 M concentration. The 
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final volume of dilute solution required to achieve a 0.1 M concentration is 

calculated as 500 ml, thus 450 ml of water must be added to the concentrated 

acid solution. 

TASK-  DILUTE SOLUTION 

E n t r y  S t a t e  C o n d i t i o n s :  

A  Known volume of  a  concentrated 1  iqu id so lut ion regj i r ing the addi t ion o '  a  
volume oT" water  in  orde ' "  to  d i lu te tne concentrated solut ion 

R e s u l t a n t  S t a t e  C o n d i t i o n s :  

Tne concentrated l iqu id solut ion d i lu ted to a soeci 'ed lower concenf-at ion 

E q u i p m e n t :  

C o n t a i n e r ? ;  

lO" !  

Conta ine '  Tyoe PV3B : ; .ontane'  Volume 

Con:a ine '  Tyoe L i q u i d  Sto 'age lo-r .a i - ic- '  vo lume 

wo^Kinq 

Conta iner  Tyoe Syinge lo ' i ta ine '  vo lume 

Conta ine '  1  yoe Reagent  PV55 Conta ine '  vo lume 

MATERIALS 

r  nrr-atp- l  Solut ion (Too- ^o ln i  Sul fur ic-  And 

volume 50 0 ml  Mola ' i ty  '  0  r  

ni  i i i r  "="1 Sol:i- ton (Oil =.o In 5ur  ur ic  Acid 

Volume Mola l i ty  0 1 t '  

D a t a  C a l r u l a t i n n  

Volume 
5 0  0 m l  

concd soln "  ' ® ^  concd soln 
500 m 1 

d i l  so ln 0 1 r-1 
311 so ln 

500 m 1 

Volume 
water  d i lso ln - Volume 

cof icd so l ' i  
-11." -11 

T a s k  O p e r a t o r s :  

Crew Memoers 

RoDots 

FIGURE 6.2 DILUTE SOLUTION SCRIPT 
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6.0.1 Natural Language Understanding 

Scripts of all standard laboratory procedures will be needed so that 

experiments can be planned and carried out by intelligent agents in the 

laboratory environment. Scripts are also beneficial for a natural language 

interface to an autonomous system. Experiments could be requested by 

ground-based scientists without requiring a specialized programming ability. 

Scripts have used extensively to aid in understanding natural language (Rich, 

1983). A natural language description of the actual sequence of events to occur 

in a script may also be a convenient manner in which to specify standard 

laboratory procedures. 

Understanding written language is hard because it requires both linguistic 

knowledge of the particular language being used and world knowledge relating 

to the domain being described. A laboratory presents world knowledge in a 

limited domain, which should make understanding easier than for the entire 

scope of the English language. If experiments are described in a step by step 

manner, as is usually done, then only the need to understand a single sentence 

at a time rather than a group of sentences may suffice in the understanding 

process. Nevertheless, understanding groups of sentences, which requires the 

ability to find relationships among the sentences, may also be needed to plan 

for and carry out the operations implied in a natural language description of a 

procedure. 

The two necessary requirements for understanding sentences are: (1) each 

of the words in the sentence must be understood: (2) the structure that 

represents the meaning of the sentence must be formed. To understand 
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something is to transform it from one representation into another. The second 

representation can correspond to a set of laboratory actions or operations. 

Essentially, the transformation is a mapping from source language to target 

representation: Elements from one domain (words, sentences) are used to 

select appropriate elements in the other domain (operations, actions). The 

mapping can be designed so that for each written event, understood in its 

proper context, an appropriate action will be performed. Mappings can range 

from one-to-one, where each different statement maps to a single target 

element, to many-to-many. A many-to-many mapping is the more realistic 

situation in natural language understanding process, due to the fact that a given 

statement may have many meanings, thus many different target elements. 

Also, there are many ways to say the same thing, thus a single target element 

can map to a number of different source elements. 

As an example of using natural language to describe a laboratory 

procedure, see Figure 6.3. Here the dilute solution task is shown as a 

sequence of the three steps described in a script plan, with the mappings from 

language to laboratory operations. Note that the verbs in the sentences of a 

step map to elementary operations. In the first step, it is illustrated that the robot 

must carry out the elementary operation of "load" before "fill", even though this 

is not explicitly stated in the first step description. An autonomous intelligent 

agent must possess the intelligence to infer the necessary details in these kinds 

of situations. It would not be very practical, nor desirable to have to include 

provisions for handling all situations of this type in the description of a task. 

Now in step 2, a decision-making process is shown based on whether or not 

two robots have been assigned to carry out the dilution task. In step 3, the verb 
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"clean" in the description calls for a housekeeping task to be performed, 

thereby demonstrating that task scripts can be imbedded. A standard laboratory 

task, such as dilute solution, can be performed as a step in a laboratory 

procedure or experiment. 

TASK-  DILUTE SOLUTION 

STEP L;  F i l l  the work ing vessel  wi th  the calcu latea volume of  water .  

lEIemientary Operat ion -  Loac |  
r#1 L I r iv  e i ' t  ; ! i  v 'i l  ':-! loc - f  111 1 

~]  Loac 
•  1 svrmcc 

|P ick-up 1 1 in to rcDcl  
1 hare 

1 Move 1 

1 Atta ' .h l  

' i ' 
1 Ul\r^^r\ 1 

—  I I I !  
•iyf in t i r  

STEP 2i  Slow ly 20G Ihtr w alrt ;c I he COri,tH 'J a' rC S-: lu'. I'. I tit C il C J K T  pix 11 u'.tr II KMC 

lEtementary Operst icr  -  Acc |  

I Attachl  

I Empty I 

I  Un^t tacfT)  

• AO: 
water  to  
concc sc in 
conta iner  

I  EIrn.et i ta t  y  C>pet  d i ior -  -  Unk-ac 

I  Movr l  

I  Placr l  
Ur  Icac 
syrit'qe 
f run. 
robot  
hanc 

i Pick-

3E 
T w  I 5 t  

_ t.l -.ii-.r 
corcv 

I r  
: j n  '  

5TFP : i  Trar^s 'er  CI l i . : rc  sc lut  101 • l i .  s tc i  i :c<r  . i reSi r  1 C l rc i i  v i  '  an:e i  s  

1 E ler i 'entarv Operat ior :  -  "  ransfer  1 1 h ,m• ,-;sk,  r iKHi  l  

'' — 

— A3C 
Oi l  so l r  to  
s torage 
conta i r ier  

1 Move]  

1 At tach 1 

1 Empty 1 

1 Unat tach|  

— A3C 
Oi l  so l r  to  
s torage 
conta i r ier  

FIGURE 6.3 DILUTE SOLUTION SCRIPT STEPS 
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Now to illustrate the many-to-many mapping In the understanding of natural 

language and the linguistic knowledge needed, suppose that the phrase 

"prepare a dilute solution" were used in the description of a laboratory 

procedure step instead of "dilute solution". This phrase would imply that a 

solution was not currently being used in the procedure, but that one needs to 

be prepared from laboratory supply materials. On the other hand, if the phrase, 

"dilute solution", were used in a description of a step of a laboratory procedure, 

the entry conditions for employing the dilute solution task would be such that a 

solution was currently being utilized that is of too high a concentration for further 

use in the procedure. 

The script for the task "prepare a dilute solution" is shown in Figure 6.4. 

Note that the concentrated solution container is specified to be "liquid storage", 

instead of a PVBB as in the dilute solution task script. Also, the data calculation 

is different from the dilute solution script. This is because the goal is that 500 ml 

of diluted solution is needed and not that 50 ml of concentrated solution needs 

to be diluted. However, even though these differences exist between the two, 

plus the fact that in the phrase, "dilute solution", dilute is used as a verb, 

whereas in "prepare a dilute solution" it is used as a adjective, the mapping to 

elementary operations still results in the same ones being carried out as in 

dilute solution task (See Figure 6.5). The objects used (containers) and the 

goals sought differ, but in both cases basically the same script is employed. 



TASK: PREPARE A DILUTE SOLUTION 

Entry State Condit ions:  

A volume of liQulQ solution reouirea a: a lower concertratior. man is available ii i'.ci 

Resultant State Condit ions'  

The reqijlreo volume of licjuio solution at the specif leo lov;er ccrceniratiori 

Equipment :  

Containers:  

Conrentratpo 5olij; i^n 

Cortainer Type, LiQuic Storage Ccriairei volume 

Water 

Cchtainc-r Type Licuic Sicragi.- LOI'lail'';! vcluinf; 

W.rkirr; 

Centalner Ty|;<; 3VBE5 Lcr".aic'.-i lumc 

S* rp;:»nc 

Cortainer Typo Reacen: CciMaii^ri velum';. 

Materials: 

rrc'-'^prf^-'-c |i;' 1 T  ( C r  S' ii > ^uI'M -1, Lr \<2 
vcluiii';-. ^Iclc^n • u •-1 

Diluiec Solu'.ior- (Pil Soir' bul uri'. A C !•: 

vclurn';, 500 ml ^icldi r.y Ci " '^l 

Data Calculation: 

Volume 
corco so In 

500 ml 
oil solr. 

1 0 M 

- 0 ̂ oilsGln 

corcc solr 

50 0 ml 

Volume 
v.'ater volume , , _ 

ail sell velum'. 
U';!'';': solr' 

450 ml 

Task Operators:  

Crew i^iembers 

Robots 

FIGURE 6.4 PREPARE A DILUTE SOLUTION SCRIPT 
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TASK: PREPARE A DILUTE SOLUTION 

STEP 1: F i l l  the working vessel  wi th the calculated volume of  v<ater.  

Elementary Operat ion -  Load 

[Movel  

H 
Pick-up 

Load 

PVBB 

into robot 

hand 

-•I Elementary Operafon - I ̂  

i-, -1 
I Move 

I A t t a c h  I  

I Unattach] 

F i i :  
P V B B  

STEP 2- S'TAv'v ailfl rhp rnnfpntr.ifAii sr,iiifr,r, to wr,rl-'nn tr, nr.-n-.tp rr . t,.! 

^ 
^L ernrhldiy Opeidl . 'oh SI 'u lkr  

T n 

- f-M 
conco soTi 
to vvorkTig 

vesse'  

V — 
Move) 

- f-M 
conco soTi 
to vvorkTig 

vesse'  

l - ' e l  
• 

- f-M 
conco soTi 
to vvorkTig 

vesse'  

At tach 
- f-M 

conco soTi 
to vvorkTig 

vesse'  

1 • 'Ck up — 
- f-M 

conco soTi 
to vvorkTig 

vesse'  

1 !  F^l 1 

1 Unattach|  

- f-M 
conco soTi 
to vvorkTig 

vesse'  

|  "st |  

STFP 3- Transfer d ' luted solution to Storage vesse C ean conta 'ners 

1 Elementary Operat ion -  " I ransier |  Housekeep-ng 'ask - Clean |  

1 1 Move 
'  ^  

Housekeep-ng 'ask - Clean |  

j Attach 1 
- ACB 

Empty) 

i  
1 Unattach] 

d i ;  soin to 

storage 
container 

FIGURE 6.5 PREPARE A DILUTE SOLUTION SCRIPT STEPS 
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6.1 FUTURE DEVELOPMENTAL WORK 

6.1.0 A "Pruning-On-The-Fly" SES Operation 

The design process Is a series of successive refinements comprising two 

types of activities (Rozenblit, 1986). The first type of activity is "vertical" which 

concerns the specification of design levels in a hierarchical manner. The 

design levels are successive refinements of the system under consideration. 

This is what has been accomplished to a greater degree so far with the LSR 

LAB SES. At this stage of development, the LSR LAB SES represents only the 

declarative knowledge of the structure of the automated laboratory environment. 

It shows the components of the system and their relation to one another through 

aspects and specializations, but does not enable an inferencing mechanism to 

make use of its knowledge. What is needed is procedural meta-knowledge, or 

in other words, a knowledge of how to use this knowledge. This second type of 

activity is concerned with horizontal actions associated with the design levels 

and involves specifying more detailed information about SES entities. Such 

actions include developing rules so that an inference engine can utilize the 

SES knowledge. The design process should proceed along in both the vertical 

and horizontal activity directions. The designer should be able to structure 

designs, explore alternative structures, derive specifications, and make models 

at every level of abstraction. 

Examples of procedural knowledge (e.g., constraint rules) have been 

mentioned throughout the text during the development of the SES's. For 

example, in the laboratory materials topic, under the substance specialization 
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section, it is stated that mixtures do not obey the law of definite proportions, 

thus their components can only be separated by physical means and not by 

chennical reactions. Such knowledge could be used by the planner in the case 

where a mixture needs to be separated Into its components. Furthermore, this 

kind of information could also be helpful in identifying unknown material 

substances that may be encountered in the laboratory. In this case the LSR 

LAB SES knowledge would be utilized in a diagnostic expert system capacity. 

Such a diagnostic expert system could combine structural knowledge with 

reasoning about system behavior to diagnosis potential system faults. Faults 

could be isolated by simulating a faulty system and then comparing the 

observed behavior with actual system behavior (Kim, 1988). 

However, to utilize the LSR LAB SES knowledge in this fashion, an 

additional type of pruning operation would be required. The present pruning 

operation can select entities out of an SES based on varying design objectives 

and thus create a variety of pruned entity structures. However, after a model is 

synthesized from a pruned entity structure and is ready to be simulated, the 

model structure cannot be changed. Thus, the pruning operation as presently 

implemented basically handles a static system structure. However, the 

structure of a system may not be fixed as a system operates. Some intelligent 

systems, such as adaptive computer architectures, can change their structure 

dynamically to adapt to demands from the external environment (Kim, 1988). 

The LSR LAB SES pruned to represent the knowledge pertaining to a particular 

laboratory experiment certainly will not remain static once the experiment is 

underway: as the experiment progresses the state of the laboratory world will 

change. For example, material structures will change as a result of chemical 
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reactions or physical separation operations. To represent such changing 

structural knowledge, a dynamic pruning operation, a "pruning-on-the-fly" 

technique, needs to be realized. Such a pruning operation would select 

components out of the possible variants in the SES based on external 

requirements for a changing structure. 

6.1.1 A "Photosynthesis" SES Operation 

Another SES operation is also necessitated by the dynamic nature of the 

laboratory world. The need results from a demand to update and record state 

information, in order to maintain a homomorphic relationship between the real 

world and the world model (e.g., world state updates in Figure 4.2). As a 

system moves through its sequential states governed by its dynamic behavior, 

a recording of each of the system's states would provide a state history. This 

state history would be associated with the composition tree, or the pruned SES 

for a unique laboratory experiment. The operation would record the laboratory 

world state as an experiment progressed, thus providing a state history on a 

time basis, which be helpful for diagnostic backtracking. For example, the 

diagnoser in the LOMS could make use of laboratory world state history when 

dealing with anomalies and attempting to derive an alternative corrective 

execution plan during an experiment. The operation of recording system state 

history could be called photosynthesis, because it is allied with the SES tree

like graph representation the same as the pruning operation. 
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6.1.2 A Graphical User Interface 

An object-oriented graphical user interface should be developed to allow an 

SES to be displayed in a similar style to that presented for the SSF SES and 

LSR LAB SES. The current ESP-Scheme program is implemented in a textual 

format, which is fine for smaller size SES's, but it is not an adequate user 

interface when dealing with larger SES's. Information is initially input into ESP-

Scheme in a question and answer format by prompting the user to specify 

entity, aspect or specialization for each node of the SES graph. This feature is 

useful for initial knowledge acquisition and from this information the SES graph 

could be constructed. However, the ability to relocate and revise an SES on a 

graphical basis, instead of a textual one, is an extremely desirable feature. My 

experience with developing the SES's involved numerous revisions of frames 

and at times the complete reordering of frames as the SES grew in depth and 

breadth of knowledge. 1 found myself using "mental images" of the SES during 

the formulation stage of a particular substructure, and then possibly realizing 

that there was another level of refinement needed, or that the substructure 

belonged elsewhere in the overall SES representation. In some respects the 

experience was like solving a mental jigsaw puzzle of knowledge, and 

therefore i believe the graphical approach complements the way one views 

structural system knowledge in their own mind. In any event, a graphical 

representation is proof of the old adage that a picture is worth a thousand 

words. 
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The object-oriented graphical display of an SES should be done in a 

windowing environment, such as X-Windows, to provide the appropriate frame 

representation. The SES formalism and associated operations could be 

implemented in a module underlying the user interface, and thus wouid serve 

as a means to link data base information with SES objects (entities). Currently, 

ESP-Scheme stores a given SES as a linked-list data structure. This data 

structure could be modified to provide pointers both into the data base and to 

the objects representing entities in the object-oriented graphical user interface. 

6.1.3 An Object-Oriented Data Base Management System 

As has hopefully been demonstrated, the SES representation can 

adequately organize the knowledge and information relevant to modelling a 

large complex system. However, the knowledge representation of large 

complex systems will require enormous amounts of data storage capability 

(probably on the order of several gigabytes or more). Constructing an object-

oriented data base management system to handle such large amounts of data 

requires at least an object memory, virtual machine and a programming 

language that supports message passing. Object memory must be available to 

store all the objects in the modelled system. Usually the implementation details 

of an object memory are hidden from system users so they have the impression 

of a virtual space where objects can be created and stored. Smaller object-

oriented systems that are available on PC's have limitations on the order of 

16,000 objects and do not support enough virtual memory for large software 

projects (Gomsi and Desanti, 1987). A system with many objects and lots of 
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associated knowledge can not be main memory resident and therefore will 

have to rely on secondary storage. A virtual memory operating system uses an 

entire hard disk as object memory and handles page swapping between the 

hard disk and main memory in such a way that it gives the impression of a 

virtually unlimited main memory. A virtual machine can process messages sent 

to objects. It has the responsibility of reading and writing to object memory and 

making sure the proper method is invoked when a message is sent to an object. 

There have been two general approaches to implementing object-oriented 

data bases management schemes: extend the relational database model or 

support object-oriented programming with permanent storage. The approach 

of extending the relational database model would entail overlaying an object-

oriented system on top of a relational data base management system, thus 

creating an environment in which the strengths of both paradigms could be 

exploited. The relational data base provides a powerful paradigm for 

structuring data and an integrated multiuser system. However, relational data 

base theory and object-oriented programming are two different concepts 

offering two distinct paradigms on how to structure and manipulate data. The 

two paradigms can be integrated together as long as a map can be made 

between a row of a data base table and the attributes (instance variables) of an 

object in the base language chosen to implement the object-oriented overlay. 

An object can be identified with a row in the data base table and attributes 

identified with columns. Both the data base system and the object-oriented 

system can then use the same entities from their respective paradigms. The 

data base system thinks it is manipulating rows and columns in tables, while the 

object-oriented system thinks it is manipulating objects and attributes. 
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Whereas the object-oriented system can manipulate most of the features of the 

relational data base, the big problem with this approach is that the underlying 

data base management system cannot manipulate the object-oriented 

environment. The main drawback is that the data base query language is 

oriented toward using data dictionaries to manipulate and retrieve information. It 

would be extremely powerful if object-oriented expressions could be used in 

addition to or instead of data dictionary symbols. Another drawback with the 

approach is that the relational data bases have no capability to represent 

inheritance, nor do they distinguish between knowledge about a class and 

knowledge about an instance of a class. These drawbacks have brought about 

research to develop object-oriented data base management systems to support 

object-oriented programming with permanent storage. Object-oriented data 

bases directly address information retrieval as compared to relational data 

bases overlaid with an object-oriented system. 

In addition to providing an organizational principle for data, there has been 

a concern among researchers with the issue of data base consistency and 

consequently integrity constraints have been emphasized. Integrity constraints 

are rules used to define the static and dynamic application properties that are 

not conveniently expressed using a data model's object and operational 

methods. Although object management systems and data base management 

systems share similar problems, existing techniques been developed for 

relational data bases which may not apply in object-oriented environments. 

Data bases typically take an extensional view of their information, whereas 

knowledge bases take the intensional view. For example, a data base system 

looks at each record and tests whether the record is the data required by the 
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application; a knowledge-based system would apply the principles of logic to 

the rules that define the knowledge and through inferencing attempt to derive 

the appropriate answer. However, to apply knowledge you need data and 

sometimes lots of it. Knowledge processing relates to and can interact with its 

predecessor, data processing. The lessons learned from data processing 

experience should be heeded in developing large-scale knowledge-based 

systems, because there's no point in reinventing the wheel. 

Two applications of object-oriented data bases are in computer-aided circuit 

design and knowledge-based software development (Ramamoorthy and Sheu, 

1988). A partial list of products that have taken the approach of extending the 

relational data base model includes POSTGRES (Stonebaker and Rowe, 

1986), GENESIS (Batory et al., 1986), STARBURST (Schwartz et al. , 1986), 

and PROBE (Dayal et al., 1985). 

6.1.3.0 The SES and the Object-Oriented Data Base 

Another advantage of an object-oriented data base is the availability of 

organizational principles which are important for application domains with: (1) 

highly structured components, and (2) where different levels of abstraction are 

desired (Ramamoorthy and Sheu, 1988). Obviously, the SES is an application 

domain with both of these organizational features, as well as the constraints for 

handling data base consistency. These constraints are the production rules 

used for the synthesis and selection relationships that determine the coupling 

together of components of a model. The static and dynamic attributes of the 

EIF, in conjunction with the production rules, provide the integrity in the SES 
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framework for data base consistency. An integration of the SES formalism with 

an object-oriented data base management system would allow: (1) disk 

management for when objects become numerous and require secondary 

storage, (2) concurrent accesses to objects (entities) and the ability to share 

objects efficiently, (3) object management for when relationships among objects 

become very complex, and (4) the ability to provide annotation for objects so 

that memos can be attached to objects to serve as memory joggers for 

modellers during model development. Object-oriented data base management 

systems that have been developed include Gemstone (Maier, 1986), Jasmine 

(Marczullo and Wiebe, 1986) and G-Base by Graphael that is available for Tl's 

Explorer environment and is written in common Lisp. It manages any type and 

amount of information - alphanumeric, text, graphic, and audio - without wasting 

critical resources, because all data resides on disk rather than in virtual 

memory. 

6.1.4 Scientific Discovery Programs 

The knowledge acquisition effort required to complete the LSR LAB SES is 

an enormous undertaking that may never be finished, or in other words, may 

never reach a steady state condition. The laboratory knowledge base will 

always require modification and revision as new information is received and 

new insight and understanding is achieved (my own experience with the LSR 

LAB SES knowledge acquisition can attest to this fact). A self-learning system 

capability would definitely make the knowledge acquisition task considerably 

easier than explicitly providing all facts and data needed in the knowledge 

base. Advancements in machine learning could provide such capability in the 
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future. Recent developments from research in machine learning may also 

revolutionize available methods for studying large data bases. AUTOCLASS is 

one of these developments (See NASA,1988). AUTOCLASS is a tool for 

identifying the subclasses into which a large set of data naturally falls. The 

initial application involving the classification of large volumes of astronomical 

infrared data was highly successful. AUTOCLASS was able to discriminate 

among highly spectral data and provide statistical evidence for a new class of 

infrared objects. 

Research into the scientific discovery process at Carnegie-Mellon University 

has made progress related to machine learning by developing computer 

programs that simulate human thought processes to make scientific discoveries. 

Their starting point for such research is contemporary information-processing 

psychology, or cognitive science and their ultimate goal is to provide a 

comprehensive theory of the processes that scientists employ in making 

scient i f ic discoveries (See Langley et al .  1987). Current ly accepted theory in  

this domain suggests that the processes of scientific discovery may be 

explainable simply as special  c lasses of problem-solving processes used in  

other domains of problem solving. This possibility has provided the central 

heurist ics used in construct ing the computer programs that are capable of  

making nontr iv ial  scient i f ic discoveries whose method of operat ion is based on 

heuristic selective search. The heuristic-search paradigm has become the core 

of a theory of human problem solving. An information-processing system 

creates problem representat ions and searches select ively through trees of  

intermediate situations, seeking the goal situation and using heuristics to guide 

its search. 
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The thesis that scientific discovery is a problem solving process that can be 

simulated by computer is not completely novel. It traces its roots to the GPS 

program (General Problem Solver) and a paper delivered in 1958 by Newell, 

Shaw, and Simon (See Newell et al. 1962 and 1963). One of the earliest 

attempts to model scientific discovery was the simulation work of Donald Gerwin 

in 1974. Gerwin was interested in how humans infer numerical laws or 

functions from knowledge of specific data points. Even though Gerwin's model 

could only solve a very restricted range of problems, it was an important step in 

understanding the discovery process. DENDRAL was an early expert system 

that identified organic molecules from mass spectrograms and nuclear 

magnetic resonances. It can also be viewed as a discovery program. The 

scientific discovery programs developed at Carnegie-Mellon (BACON, 

GLAUBER, STAHL and DALTON) have been used to make rediscoveries of 

known scientific fact when provided with the appropriate input data. They could 

be possibly employed in a self-learning capacity in conjunction with the LSR 

LAB SES. Scientific discovery programs using the known facts and data 

already contained an SES, could discover new information and knowledge 

which could be added to the SES's knowledge domain. 

6.1.4.0 The BACON Programs 

The scientific discovery program work at Carnegie-Mellon began with a 

sequence of simulation programs called BACON, named after Francis Bacon, 

because they incorporated many of his ideas on the nature of scientific 

reasoning. The research on BACON began in the mid 1970's whose goal was 
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to develop general purpose, mostly descriptive discovery systems. Rather than 

rely on domain-dependent heuristics, as many of the earlier discovery systems 

have done, BACON incorporates weak yet general heuristics that can be 

applied to many different domains. The systems are general in the same sense 

that the General Problem Solver of Newell, Shaw, and Simon was general. 

The first in the sequence of programs, BACON.1, uses a general 

representation and a few heuristics to discover an impressive range of empirical 

laws involving two numerical terms, such as Boyle's law, Galileo's law of 

uniform acceleration, and Ohm's law. 

6.1.4.1 The GLAUBER Program 

GLAUBER is an Al system that operates in the domain of scientific discovery 

for transforming data into qualitative empirical laws. Given a set of 

observations or data, GLAUBER defines abstract classes and formulates laws 

stated in terms of those classes. For example, in GLAUBER a node may 

represent a particular chemical reaction, some of whose attributes are the 

inputs to the reaction and its outputs. The value of inputs is a list of chemical 

substances that are required for the reaction; the value of outputs is a list of the 

substances produced by the reaction. The chemical hydrogen chloride (HCL) 

reaction with ammonia (NH3) could be represented by the proposition; (reacts 

inputs {NH3 HCL} outputs {NH4 CL}). Relations can also occur between facts 

involving predicates. For instance, the observation that hydrogen chloride 

tastes sour would be represented as: (has-quality object {HCL} tastes {sour}). 

The system is named after Johann Rudolph Glauber, a seventeenth-century 
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German chemist who played an important role in the development of acid-base 

theory. GLAUBER does not perform experiments, rather, it uses as input a list 

of facts or observations provided by the programmer and searches for 

qualitative laws that summarize these data. 

6.1.4.2 The STAHL Program 

In addition to the qualitative and quantitative description of chemical 

reactions, another goal is to determine the components of various substances. 

Finding components is an important facet of atomic theory which from the outset 

postulated primitive building blocks for the observed substances, 

Componential models provide simple explanations of the hidden structures of 

individual substances. Information about chemical reactions can also prove 

useful in this regard. The STAHL program accepts an ordered list of chemical 

reactions as input, and generates as output a list of chemical elements and the 

compounds in which they are components. For STAHL being an element is a 

property relative to the chemical reactions available. From descriptions it is 

given of chemical reactions, STAHL derives componential models of the 

substances involved in those reactions. The program may be viewed as 

representing a chemist-theoretician who considers empirical data and 

postulates components for the chemicals involved in the data. STAHL does not 

design its own experiments, but could be extended to include this ability. 

STAHL incorporates specific knowledge about the constitution of objects and 

the conservation of basic substances. It constructs explanations in the form of 

descriptions of underlying structures of substances and reactions. At the 
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beginning it is driven by data, but aftv9r it has made conjectures about the 

hidden structures it is also driven by these conjectures- that is, by theory. It 

employs general-purpose heuristics, and it can use them to choose among 

multiple conclusions and to deal with some inconsistencies in its results. The 

system's initial state consists of a set of reactions represented in the same 

format used by GLAUBER. The inputs and outputs of the reactions given to 

STAHL are to be regarded as observable substances. STAHL does not explain 

how the observers chose the substances in terms of which they described the 

reactions; these choices are already assumed in the descriptions of the inputs 

and outputs. What STAHL explains is how, with the same set of heuristics for 

reasoning but with different descriptions of the observations, different theories 

could account for the same set of experiments. STAHL incorporates several 

inference rules for analyzing chemical reactions and building componential 

models. The most basic of these rules deals with simple synthesis and 

decomposition reactions and allows the system to infer the components of a 

compound. The rule for Infer-Components can be stated as follows: 

Infer-Components 

If A and B react to from C. 

or if C decomposes into A and B, 

then infer that C is composed of A and B. 

All chemical reactions are not as simple as this, and STAHL includes 

additional rules for more complex reactions in order to transform them, so they 

can be matched by the Infer-Components rule above. For example, in a 
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reaction involving a catalyst, the catalyst substance needs to be canceled from 

both sides of a reaction equation by the reduce rule: 

Reciuge Riilg 

If A occurs on both sides of a reaction, 

then remove A from the reaction. 

A third rule that STAHL incorporates leads at first to more complex 

statements of reactions, but may make it possible to apply the reduce rule. It is 

the substitute rule: 

Substitute Rule 

If A occurs in a reaction, 

and A is composed of B and C, 

then replace A with B and C. 

These three basic operators are complemented by two other operators 

concerned with determining when two apparently dissimilar substances are 

actually the same. identify-Components applies when two componential 

models that have been inferred for a given substance differ by only one 

element. In this case, STAHL infers that the differing elements are identical 

and replaces all occurrences of one by the other. Identify-Compounds carries 

out the same action with regard to compounds, applying when two apparently 

different compounds have found to contain exactly the same elements. One 

could view these as the same operator applying under slightly different 

conditions. 
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Identifv-Components 

If A is composed of B and C, 

and A is composed of B and D, 

and neither C contains D nor D contains C, 

then identify C with D. 

Identifv-Compounds 

If A is composed of C and D, 

and B is composed of C and D, 

and neither A contains B nor B contains A, 

then identify A with B. 

6.1.4.3 The DALTON Program 

•ALTON is a discovery system concerned with the structural atomic model 

of substances. It is named after John Dalton, who was one of the earliest 

proponents of atomic models. The program begins with information similar to 

that available to chemists in the year 1800: a set of chemical reactions and 

knowledge about the components of the substances involved in each reaction. 

It does not invent atomic hypothesis, rather it employs a representation of 

chemical reactions and substances that embodies the hypothesis and can be 

regarded as a theory-driven system for reaching conclusions about atomic 

weights. For instance, DALTON is told that hydrogen reacts with oxygen to form 

water, and that hydrogen reacts with nitrogen to form ammonia. It is also told 
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that water has hydrogen and oxygen as its components, whereas ammonia has 

hydrogen and nitrogen, and that hydrogen, oxygen, and nitrogen are elements. 

Thus, DALTON accepts as input the type of information that STAHL generates 

as output and therefore they could be linked together. DALTON represents this 

information in a manner identical to that used by GLAUBER and STAHL. 

•ALTON'S goal is to develop a structural model for each reaction and the 

substances involved in it. Moreover, the system knows that two quantities are 

important in a reaction: the number of molecules of each substance that take 

part in the simplest form of the reaction and the number of particles (atoms) of 

each element in a given molecule. Two operators exist for formulating structural 

models based on this knowledge: SPECIFY-MOLECULES and SPECIFY-

ELEMENT. DALTON is somewhat related to the DENDRAL system because 

both are concerned with the formulation of structural models of substances. 

DENDRAL accepted two pieces of information as input: the chemical formula for 

a molecule and its mass spectrogram. Its goal was to infer the structure of a 

compound in terms of the connections of its elementary components. Since 

there are many different ways to connect a set of atoms, this task has the 

potential to generate considerable search. DENDRAL uses extensive amounts 

of domain-specific knowledge in the field of organic chemistry to constrain the 

possibilities and reduce the search space. However, DENDRAL and DALTON 

are also quite different because DENDRAL was primarily concerned with 

imitating twentieth-century organic chemistry, and thus incorporated several 

centuries' accumulated knowledge about substances, their structures and their 

reactions. In contrast, DALTON is concerned with a much earlier stage in the 

discovery process, in which early chemists were attempting to formulate models 
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on the basis of rather sparse knowledge. The two systems lie at two ends of a 

spectrum. DALTON studies simple discoveries in a knowledge-poor 

environment, whereas DENDRAL studies more complex discoveries in a 

knowledge-rich environment. 

6.2 SUMMARY 

The process of acquiring the knowledge that has been exhibited in the LSR 

LAB SES has increased my own understanding of the laboratory environment 

considerably. However, the experience has not made me an expert, by any 

means, in any specific topic. On the contrary, only the surface of the 

knowledge has been probed in any particular area. As a result, even as 

extensive as the present LSR LAB SES is, it is still a partial framework of the 

total knowledge required for an accurate, realistic modelling and eventual 

operation of an autonomous laboratory. Knowledge acquisition is just the first 

stage in the design process of constructing a complete laboratory knowledge 

base. Additional detailed information should be obtained from consulting with 

more knowledgeable individuals in the specialities encompassing the LSR LAB 

SES knowledge, such as a chemistry expert for additional laboratory material 

information. A practical understanding of laboratory equipment and practices is 

not in the realm of expertise for members of the NASA Al project. Therefore, 

the LSR LAB SES and related information presented in this thesis hopefully will 

provide a better insight into the modern laboratory environment and assist in the 

laboratory modelling/simulation effort. 
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MATERIALS 

LABORATORY 
ROBOT SYSTEM 

LABORATORY 

MATERIAL 
PROCESSES 

1 . 1  

W 

o 
b 

K) 
to 



NEXT 
FRAME 

ENTITY 

MODEL 

ATTS DATTS 
SATTS 1 DATTS PATTS 1 DESIGN PARAMETERS 

DSP CRS 
LIFE SCIENCES RESEARCH LAB 

SYSTEM ENTITY STRUCTURE 
FRAME 1.0 

LSR ROOT FRAME • LABORATORY ELEMEt^S ASPECT 

1 
LABORATORY 

MATERIALS 

LABORATORY 
MATERIAL 

MATERIAL 
HAZARD 

SUBSTANCE I 
1 

MAlt RIAL 
PROPERTY 

HEALTH 
i 

SPECIFIC 

I 

2.3 

2.4 

-|ELEMENTt-»- 2.0 

I CONTAMINAi?r}-» 2.5 

— COMPOUND 2 .1  

I MIXTURE[-• 2.2 

H PHYSICAL 

-I CHEMICAL 

- THERMODYNAMIC 

- ELECTRICAL 

— BIOLOGIC^ 

—n— 
LAB MATERIAL 

TYPE 

TT 
MATERIAL 

PHASE 

SUPPLY 2.6 -I SOLID I 

- WASTE 

LABORATORY 
EXPERIMENTAL 

MATERIAL 

LIQUID 

VAPOR 

2.7— GAS 

SOLID/LIQUID 

LIQUID/VAPOR 

SOLIDA/APOR 

W 
3D 

lo 



NEXT ENTM' ATTS DATTS 
FRAME MODEL SATTS 1 DATTS PATTS DESIGN PARAMETERS 

DSF CRS 
LIFE SCIENCES RESEARCH LAB 

SYSTEM ENTITY STRUCTURE 
FRAME 1.1 

LSR ROOT FRAME - LABORATORY ELEMEmS ASPECT 

MATERIAL PROCESS 

THERMODYNAMIC! I BIOK^ICALI 

BIOLOGICAL PROCESS CHEMICAL PROCESS 

CHEMICAL REACTION 

REDOX 

PHYSICAL CHEMICAL 

REACTION 

EXOTHERMIC ENDOTHERMIC 

BASAL METABOLISM 

LABORATORY 
MATERIAL 
PROCESS 

UBORATORY 
MATERIAL 

PROCESSES 

CO 
3] 

ro 
Oj 



NEXT ENTITY ATTS DATTS 
DSF CRS 

LIFE SCIENCES RESEARCH LAB 
FRAME 1.2 

FRAME MODEL SATTS 1 DATTS PATTS 1 DESIGN PARAMETERS 
DSF CRS 

SYSTEM ENTITY STRUCTURE 
FRAME 1.2 

LSR ROOT FRAME - LABORA TOR Y ELEMENTS ASPECT 

i 
LABORATORY 
EXPERIMENTS 

LABORATORY 
EXPERIMEr^fT 

I 
LIFE SCIENCES EXPERIMENT y 

CHEMISTRY GRAVITATIONAL 
BIOLOGY 

r 

LABORATORY 
PROCEDURES 

CHEMISTRY 
DISCIPLINE BIOLOGY DISCIPLINE 

LABORATORY 

PROCEDURE 

i 
GENERAL 

BIOLOGICAL 

I MICROBIOLO^ 

I MOLECULAR BIOLOGYl [ 

I GENETICS} [ 

ORGANIC 
I 

HEMATOLOGVf 

RADIOLOGICAL RADIOBIOLOGY 

CELLULAR BIOLOGY 

PHYSIOLOGY 

EMBRYOLOGYl 

n— 
LAB PROCEDURE 

I 

LABORATORY 

ANALYTICAL PROCEDURE 

LAB PROCEDURE 
DECOMmSfTION 

ECaOGY 

MORPHOLOGY 

LABORATORY 

LOGISTICS PROCEDURE 
I 

LABORATORY 
HOUSEKEEPING PROCEDURE 

3.2  

3 .3  

3 .4  

LABORATORY 

TASKS 

~~r~ 

3.1  



NEXT 
FRAME 

ENTITY 
MODEL 

ATTS DATTS 

SATTS 1 DATTS PATTS DESIGN PARAMETERS 
DSF CRS 

LIFE SCIENCES RESEARCH LAB 
SYSTEM ENTITY STRUCTURE 

FRAME 1.3 

LSR ROOT FRAME - LABORATORY ELEMEmS ASPECT 

LAB EQUIPMENT TYPE 

FACILITY RELATED 
MAINTENANCE EQUIPMENT 

lABORATORY 
HOUSEKEEPm EQUIPMENT 

EXPERIMENT RELATED 

3.6 CLEANt^ 
EQUIPt^NT WASTE HANDLING 

EQUIPMENT 

WASTE 
PROCESSORS 

HOUSEKEEPING 

Toas 

TRASH 
COMPACTORS 

LABORATORY 
TOOLS 

ANIMAL CAGE 
WASHERS 

LABORATORY 
EQUIPMENT 

WASTE 

HANDLING 
EQUIPMENT 

LABORATORY 

INSTRUMENTATION 

LAB MATERIAL 
CONTAINER 
WASHERS 

LABORATORY 
MATERIAL CONTAINERS 

LABORATORY 
MAINTENANCE 

EQUIPMENT 

LABORATORY 

EXPERIMENT 
EQUIPMENT 

SPECIMEN 

HANDLING EQUIPMENT 

SAMPLE 
HANDLING EQUIPMENT 

LABORATORY 
HOUSEKEEPING 

EQUIPMENT 

RESEARCH LAB 
FACILITY 

MAINTENANCE 
EQUIPMENT 

SPECIMEN HOLDING 

FACILITY 

MAINTENANCE 

EQUIPMENT 

W 
JJ 

CO 

to 



NEXT 
FRAME 

ENTITY 

MODEL 

AT" TS DATTS 

.«?ATT.S DAHS PATTS 1 DESIGN PARAMETERS 
DSF CRS 

LIFE SCIENCES RESEARCH LAB 
SYSTEM ENTITY STRUCTURE 

FRAME 2.0 

FRAME LSR 1.0 • LAB MATERIAL SUBSTANCE SPECIALIZATION 

ELEMENTCLASS FLfl̂ r^GROUP ELEMENT TYPE 

3.0  

METALOID 

— METAL 

NONMETAL 

RADIOACTIVE 

I- NON - RADIOACTIVE 
•RANSITION ELEMENT 

L- INNER TRANSITION ELEMENT 

REPRESENTATIVE ELEMENT 

U) 
JO 
r\D 
b 

to 

-u 



NEXT 
FRAME 

ENTITY 
MODEL 

ATTS DATTS 

SATTS1 DATTS PATTS 1 DESIGN PARAMETERS 
DSF CRS 

LIFE SCIENCES RESEARCH LAB 

SYSTEM ENTITY STRUCTURE 
FRAME 2.1 

FRAMES LSR 1.0 & 2.2 • LAB MATERIAL SUBSTANCE SPECIALIZATION 

COMPOUND TYPE COMPOUND, 

BINARY 

INORGANIC FAMILY FUNCTIONAL GROUP 

I NONIONjC I lONICl ALCOHOL 

KETONE 
IONIC TYPE NON IONIC TYPE 

ETVER CARBOXYLIC ACID f 

I CARBOHYDRATE f-
H ACID I 

HBASE 
WATERI 

DISULFIDE 
^ SALT 

LIPID 

AMIDE 

AMINE 

ESTER 

PROTEIN 

ORGANIC ELEIVENT 

ELEMENTS 

MOLECULAR 

MERCAPTAN 

INORGANIC 

HYDROCARBON 

COMPOUND 



NEXT ENTITY ATTS DATTS 

FRAME MODEL SATTS DATTS PATTS DESIGN PARAMETERS 
DSF CRS 

LIFE SCIENCES RESEARCH LAB 
SYSTEM ENTITY STRUCTURE 

frame 2.2 

FRAME LSR 1.0 - LAB MATERIAL SUBSTANCE SPECIALIZATION 

i 
MI)aURE 

I 
MIXTURE DECOMPOSITION 

COMPOUNDS 

COMPOUND 

T" 
2 .1  

MIXTURE TYPE 

JT 
HETEROGENEOUS HOMOGENEOUS 

HCMOGENEOUSnPE 

i 
COLLOIDAL 
DISPERSION 

DISP 
1 

ERSION 

1 

SOLUTION I I SUSPENSION 

EMULSION 

CO 
3] 

Kj 



NEXT 
FRAME 

ENTITY 
MODEL 

ATTS DATTS 
SATIS 1 DATTS PATTS 1 DESIGN PARAMETERS 

DSF CRS 
LIFE SCIENCES RESEARCH LAB 

SYSTEM ENTITY STRUCTURE 
FRAME 2.3 

FRAME LSR 1.0 - LAB MATERIAL HAZARD SPECIALIZATION 

HEALTH HAZARD 

MUTAGEN 

PATHOGENIC HAZARD 

I VIRAL| 

BACTERIALl 

TOXIN 

HEALTH 

PATHOGEN TUMOROGEN 

PROTOZOAN 

TERATOGEN CARCINOGEN 

(/) 

K) 
LK) 
-J 



NEXT 

FRAME 

ENTITY 

MODEL 

ATTS DATTS 
SATTS 1 DATTS PATTS 1 DESIGN PARAMETERS 

DSF CRS 
LIFE SCIENCES RESEARCH LAB 

SYSTEM ENTITY STRUCTURE 
FRAME 2.4 

FRAME LSR 1.0 • LAB MATERIAL HAZARD SPECIALIZATION 

'SPECIFIC I 

SPECIFICHAZAPD 

ACIDIC CAUSTIC OXIDIZER FLAMMABLE RADIPACTIVE 

W 
J3 
ro 
•ti. 

to 

00 



NEXT 

FRAME 

ENTITY 
MODEL 

ATTS DATTS 

SATTS 1 DATTS PATTS DESIGN PARAMETERS 
DSF CRS 

LIFE SCIENCES RESEARCH LAB 

SYSTEM ENTITY STRUCTURE 
FRAME 2.5 

FRAME LSR 1.0 • LAB MATERIAL HAZARD SPECIALIZATION 

CONTAMINANT 

LIQUID 

CONTAMINANT MA TERIAL 
PHASE 

SOLIDl G AS I 

LIQUID 
CONTAMINANT 

SOLID 
CONTAMINANT 

GAS 
CONTAMINANT 

WASTE WATER 

URINE 
I 

FOOD JUICES 

HAIR 

SKIN 

FECES 
~~T~ 

PARTICLES 

I I 
PARTICLE TYPE 

AMMONIA 
I 

METHANE 
I 

CARBON DIOXIDE 
I 

TOXIC GASES 

METALLIC INORGANIC ORGANIC 

W 
J3 
!\3 
in 

to 

vC 



NEXT 
FRAME 

ENTITY 

MODEL 

ATTS DATTS 

SATTS 1 DATTS PATTS 1 DESIGN PARAMETERS 
DSF CRS 

LIFE SCIENCES RESEARCH LAB 

SYSTEM ENTITY STRUCTURE 
FRAME 2.6 

FRAME LSR 1.0 - LAB MATERIAL TYPE SPECIALIZATION 

1. 
SUPPLY 

CONSUMABILITY 

r 
SHORT-TERM 

SHORT-TERM 
CONSUmBLES 

HOUSEKEEPING SUPPLIES 

n 
HOUSEKEEPING 

SUPPLY MATERIALS 

i 

LONG-TERM 

1 
LONG-] WM 

CONSUM 

1. 

1 
VIVARIUM FOOD VIVARIUM WATER EXPERIMENTSUPPLY 

MATERIALS 
EQUIPMENT SPARE PARTS 

I 
EXPERIMENT 

RELATED MATERIALS 

CLEANING 
AGENTS 

COLUMN 
PACKINGS 

ADSORBENTS 
I 

1 
BUFFERS 

ABSORBENTS REAGENTS 

SOLUTES 

SOLVENTS 

OXIDIZING 
AGENTS 

DISTILLED 
WATER 

DESICCANTS CATALYSTS 
X 

REDUCING 
AGENTS 

DENATURING 
AGENTS 

PRODUCTS 

REACTANTS 

Oi 
u 
ro lo 

-t:-
O 



NEXT ENTITY ATTS DATTS 
DSF CRS 

LIFE SCIENCES RESEARCH LAB 
FRAME 2.7 

FRAME MODEL SATTS 1 DATTS PATTS 1 DESIGN PARAMETERS 
DSF CRS 

SYSTEM ENTITY STRUCTURE 
FRAME 2.7 

FRAME LSR 1.0 - LAB MATERIAL TYPE SPECIALIZATION 

LABORATORY 

EXPERIMENfTAL 
MATERIAL 

EXPERIMENTAL 
MATERIAL 

EXPERIMENT 
SPECIMEN 

EXPERIMENT 
SAMPLE 

PLANT] URINE TISSUE ANIMAL BLOOD 

SAMPLE; 

WATER 

SPECIMEN 

FECAL ]SALIVA| FSOIL 

ANIMAL SPECIMm 

RODEMT FEUNE CANINE PRIMATE 

W 
33 
rv) t-o 



NEXT ENTITY ATTS DATTS 
DSF CRS 

LIFE SCIENCES RESEARCH LAB 
FRAME 3.0 

FRAME MODEL .SATTS 1 nATTS PATTS 1 DESIGN PARAMETERS 
DSF CRS 

SYSTEM ENTITY STRUCTURE 
FRAME 3.0 

FRAME LSR2.0 - ELEMENT GROUP SPECIALIZATION 

REPRESENTATIVE ELEMENTI 

REPRESENTATIVE ELEMENT FAMILY GROUP 

HALOGENS NOBLE GASES CARBON FAMILY ALKALI METALS OXYGEN FAMILY NITROGEN FAMILY ALKALINE EARTH METALS 

C/) 

CO to 
b 

to 



NEXT 
FRAME 

ENTfTY 
MODEL 

ATTS DATTS 

SATTS DATTS PATTS 1 DESIGN PARAMETERS 
DSF CRS 

LIFE SCIENCES RESEARCH LAB 

SYSTEM ENTITY STRUCTURE 
FRAME 3.1 

LAB UNIT 
OPERATION 

DECOM^SrriON 

FRAME LSR 1.2 - LABORATORYPROCEDiX^EDECOMPOSITION 

LAB TASK DECOMPOSmON LAB TASK 
OPERATOR 

ROBOT 

LABORATORY 

TASKS 

LABORATORY 

TASK 

LABORATORY 
UNIT OPERATIONS 

LABORATORY 
UNIT OPERATION 

ROBOT 
ELEMENTARY OPERATIONS 

5.0 

LAB UNIT OPERATION 
AUTOMATION 

i 
I ROBOTIC I 

AUTOMATIC 

CO 

CO lo 
-U-
'-•J 



NEXT ENTITY ATTS DATTS 

FRAME Mooa SATTS 1 DATTS PATTS DESIGN PARAMETERS 
DSF CRS 

LIFE SCIENCES RESEARCH LAB 

SYSTEM ENTITY STRUCTURE 
FRAME 3.2 

FRAME LSR 1.2 - LAB PROCEDURE SPECIALIZATION 

LABORATORY 
ANALYTICAL PROCEEXJFIE 

ANALYTICAL PROCEDURE TASKS 

i 

4.0 
4.1 

SAMPLING 

1 

SAMPLE 
PREPARATION 

ANALYTICAL 
MEASUREME^^" 

4.2 

ANALYTICAL PROCEDUPE 

y 
PHYSIOLOGICAL 

ANALYSIS 

BIOLOGICAL 

ANALYSIS 

CHEMICAL 
ANALYSIS 

4.3 

U) 
3 
00 

Kd 
lO 
-U 



NEXT ENTITY ATTS DATTS 
DSF CRS 

LIFE SCIENCES RESEARCH LAB 
FRAME 3.3 

FRAME MODEL SATTS 1 DATTS PATTS 1 DESIGN PARAMETERS 
DSF CRS 

SYSTEM ENTITY STRUCTURE 
FRAME 3.3 

FRAME LSR 12- LAB PROCEDURE SPECIALIZATION 

MAIMTENANCE 

TT 
MAINTENANCE TASK 

2 
REPAIR SERVICE 

1 
SERVIC fTASK 

1. 

CALIBRATE INSTRUMENTATION 

I 
CHANGE EQUIPMENT SERVICABLE 

COMPONENTS 

I 
LABORATORY 

LOGISTICS 
PROCEDURE 

n 
LOGISTICS PROCEDURE 

PROCUREMENT DISTRIBUTION 

PROCUREMENT TASK 

1 
RESTOCK LAB 
CONSUMABLES 

DISTRIBiniONTASK 

s 
ANIMAL TRANSFER BETWEEN FACILITIESl 

PLANT TRANSFE R FROM GERMINATOR TO PLANT CHAMBER 

I 
STORE TISSUE SAMPLES 

PLANT HARVEST 

O) 
3] 
CO 
CO 

'-ft 



NEXT 

FRAME 

ENTITY 
MODEL 

ATTS DATTS 

SATTS 1 DATTS PATTS 1 DESIGN PARAMETERS 
DSF CRS LIFE SCIENCES RESEARCH LAB 

SYSTEM ENTITY STRUCTURE 
FRAME 3.4 

FRAME LSR 1.2 - LAB PROCEDURE SPECIALIZATION 

HOUSEKEEPING PROCEDURE 

CLEANING 

CLEANING TASK WASTE DISPOSAL TASK REPLENISH TASK 

lANIMAL CAG"E1 ANIMAL food] 

WORKBENCH SEED PLANTING 

PLANT CHAMBER 

REPLENISHMENT 

ANIMAL WATER 

PLANT NUTRIENT SOLUTION 

ANIMAL CAGE WASTE TRAY 

LABORATORY EXPERIMENT WASTE 

LABORATORY 

HOUSEKEEPING 

PROCEDURE 

0) 
J3 
CO 

X-
Cn 



NE>Cr ENTITY ATTS DATTS 

FRAME MODEL SATTS 1 DATTS PATTS DESIGN PARAMETERS 
DSF CRS 

LIFE SCIENCES RESEARCH LAB 

SYSTEM ENTITY STRUCTURE 
FRAME 3.5 

4.4 

FRAME LSR 1.3 • EXPERIMENT RELATED EQUIPMEm SPECIALIZATION 

GE^ERAL LABORATORY 
INSTRUMENTATION INSTRUMENTATION 

FUNCTIONAL 

4.9 

MEASURAND TRANSDUCER AUXILIARY ELEMENTS SIGNAL CONDITIONERS 

UBORATORY 

ANALYZERS 

MEASUREMENT 
INSTRUMENTATICN 

BIOMEDICAL 
INSTRUMENTATICN 

LABORATORY 
INSTRUMENTATICN 

4.5 4.6 4.7 

(/) 
U 
CO 

tn 



NEXT 

FRAME 

ENTITY 

MODEL 

AITS DATTS 

SATTS 1 DATTS PATTS DESIGN PARAMETERS 
DSF CRS 

LIFE SCIENCES RESEARCH LAB 

SYSTEM ENTITY STRUCTURE 
FRAME 3.6 

FRAME LSR 1.3 - EXPERIMENT RELATED EQUIPMENT SPECIALIZATION 

CONTAINER TYPE 

SAMPLE CONTAir^R SPECIMEN CONTAINER WASTE CONTAINm STORAGE CONTAINER WORKING CONTAt^ 

SYRINGE I CELL 

SYRINGE 

ANIMAL CAGE 

SPECIMEN 
CONTTAINER 

GAS 

BAG 

STORAGE 
CONTAINER 

SAMPLE 
CONTAINER 

WORKING 
CONTAINER 

PISTON 

CONTAINER 

ANIMAL CAGE 

WASTE TRAY 
SEPTUM SEALED 

TEST TUBE 

VACUUM SEALED 
PLASTIC BAG 

PRESSURIZED 
GAS CYLINDER PRESSUREA/ACUUM 

BLADDER BOTTLE 

PRESSUREA/ACUUM 

BLADDER BOTTLE 

UBORATORY 
MATERIAL CONTAINERS 

LABORATORY 
MATERIAL CONTAINER 

W 
J3 
CO 

CD 

lO 
-I-
oc 



NEXT ENTITY ATTS DATTS 

FRAME MODEL SATTS 1 DATTS PATTS 1 DESIGN PARAMETERS 
DSF CRS 

LIFE SCIENCES RESEARCH LAB 

SYSTEM ENTITY STRUCTURE 
FRAME 3.7 

FRAME LSR 1.3-EXPERIMENT RELATED EQUIPMENT SPECIALIZATION 

AUTO SAMPLERS 

n 
AUTO SAMPLER 

SAMPLING 
EQUIPMENT 

k 

cor îriNuous 

FLOW 
DISCRETE 
SAMPLE 

i 
SAMPLE 

HANDLING EQUIPMENT 

SAMPLE HANDLIN3 
EQUIPMENT 

k 

INJECTORS 

SAMPLING 
EQUIPMENT 

SAMPLE 
PREPARATION 

EQUIPMENT 

SAMPLE 
PREPARATION 

EQUIPMENT 

rr 
SAMPLE PREPARATION 

EQUIPMENT 

t 
PRETREATERS 

coromoNERs 

5.10 

5.11 

I SEPARATORSI-^ 5 12 
I , 

TRANSFORMERS|-»- 5.13 
X 

CONVERTERS 
I 

5.14 

C O M B I N E R S 5 . 1 5  CO 
D 
W to 

j-



NEXT ENTITY ATTS DATTS 

FRAME MODa SATIS 1 DATTS PATTS 1 DESIGN PARAMETERS 
DSF CRS 

LIFE SCIENCES RESEARCH LAB 

SYSTEM ENTITY STRUCTURE 
FRAME 4.0 

FRAME LSR 3.2 - ANALYTICAL PROCEDURE TASKS ASPECT 

SAMPLING 
UNIT OPERATION 

1 r 

COLLECT 

DRAW 

I DISSECTl 

BIOPSY 

ACQUIRE 

i 
SAMPLING 

ix: 
SAMPUNG TASK 

ANIMAL EXCRETAl 
COLLECTION 

ANIMAL BLOOD DRAW 

T 
ANIMAL DISSECTION 

PLANT TISSUE SAMPLE ACQUISITION 

ANIMAL MUSCLE BIOPSY 

(/) 
J3 

o 
lo 

o 



NEXT ENTITY ATTS DATTS 

FRAME MODEL SATTS 1 DATTS PATTS DESIGN PARAMETERS 
DSF CRS 

LIFE SCIENCES RESEARCH LAB 

SYSTEM ENTITY STRUCTURE 
FRAME 4.1 

FRAME LSR 3.2 - ANALYTICAL PROCEDURE TASKS ASPECT 

SAMPLE PREPARATION 
UNIT OPERATION 

SAMPLE PREPAflATION TASK 

SNAP FREEZING OF TISSUE SAMPLE 

CHEMICAL FIXING OF TISSUE SAMPLE 

ANIMAL ANESTHESIAn"RANOUILIZE 

CONVERT 

PRETREAT 

SAMPLE 
PREPARATION 

J3 
-Pw lo 



I 

NEXT 
FRAME 

ENTFTY 

MODEL 
ATTS DATTS 

SATTS 1 DATTS PATTS 1 DESIGN PARAMETERS 
DSF CRS 

LIFE SCIENCES RESEARCH LAB 

SYSTEM ENTITY STRUCTURE 
FRAME 4.2 

FRAME LSR 3.2 • ANALYTICAL PROCEDURE TASKS ASPECT 

ANALYTICAL 
MEASUREMENT 

UNIT OPERATION 

I 
OBSERVE [>• 5.7 

MEASURE 5.8 

I ASSAY t-»- 5.9 

1 
ANALYTICAL 

MEASUREMEI^ 

I 

ANALYTICAL MEASUREMENT TASK 'EASL t 
ANIMAL MASS MEASUREMENfT 

X 
PLANT MASS MEASUREMEMT 

X 
OBSERVATION OF PLANT AND ANIMAL SPECIMENS'] 

TISSUE SAMPLE MASS MEASUREMENT 

ELECTROMYOGRAPHY ON PRIMATES 
I 

PLASMA VOLUME MEASUREMEMT IN PRIMATES 

MEASURE OXYGEN CONSUMPTIOWCARBON DIOXIDE PRODUCTION 

OF ANIMAL SPECIMENS 

X 
MEASURE SPECIMEN ELECTROPHYSIOLOGICAL PARAMETERS 

MEASURE SPECIMEN EMG ACTIVITY 
T 

SPECIMEN METABOLIC BALANCE MEASUREMENT 

LOWER BODY NEGATIVE PRESSURE MEASUREMENT OF PRIMATES 
T 

PHYSIOGRAPHY OF EXPOSED MUSCLES IN PRIMATES 

r-
(/) 
J3 

lO 
iv) '-/I 

u 



NEXT ENTITY AITS DATTS 
FRAME MODEL SATTS 1 DATTS PATTS 1 DESIGN PARAMETERS 

DSF CPS 
LIFE SCIENCES RESEARCH LAB 

SYSTEM ENTITY STRUCTURE 
FRAME 4.3 

FRAME LSR 3.2 - ANALYTICAL PROCEDURE SPECIALIZATION 

CHEMICAL ANAL YSIS 
FUNCTION 

r 
JL 

QUALITATIVE QUANTITATIVE 

SPECTRAL 

T" 
6 . 0  

1 
CHEMICAL ANALYSIS 

"T! 
CHEMICAL 

ANALYSIS METHCD 

i 
1 

VOLUMETRIC GRAVIMETRIC 

SEPARATIVE 

SEPARATIV^ METHOD 

CHROMATOGRAPHY 

ELECTROPHORESIS 

MASS SPECTROMETRY 

•7.0 

7.1 

• 7.2 

CHEMICAL ANALYSIS 

_i L 
INSTRUMENTAL 

ANALYSIS 

rr~ 
INSTRUMENTAL 

ANALYSIS TECHNIQUE 

CLASSICAL 

ANALYSIS 

If 

ELECTROANALYTICAL] 

ELECTROANAYTICAL METHOD 

|AMPEROMETRY| 

I VOLTAMMETRYl 

I POTENTIOMETRYI 
I 

CONDUCTOMETBY 

COUL^ETRYI 

ELECTROGRAVIM ETRY 

W 
30 

CO 

lO 
*-/l 



NEXT ENTITY ATTS DATTS 
DSF CRS 

LIFE SCIENCES RESEARCH LAB FRAME 4.4 
FRAME MODEL SATTS 1 DATTS PATTS 1 DESIGN PARAMETERS 

DSF CRS 
SYSTEM ENTITY STRUCTURE 

FRAME 4.4 

FRAME LSR 3.5 - GENERAL INSTRUMEhfTATION FUNCTIONAL ELEMENTS ASPECT 

I MEASURAND 

MEASUREMENT PARAMETER 

ELECTRICAL I PHYSIOLOGIC^ CHEMICAL] 

ELECTRICAL VARIABLE PHYSIOLOGICAL VARIABLE PHYSICAL VARIABLE CHEMICAL VARIABLE 

BIOPOTENTIAL 

CONCENTRATION 

MASS 

VOLTAGE 

PRESSURE 

PHYSICAL 

VISCOSITY 
IMPEDANCE 

DISPLACEMENT 

CONDUCTIVITY/ 

RESISTIVITY 

ELECTROMAGNETIC RADIATION 

CO 
33 

to 



NEXT ENTITY ATTS DATTS 
DSF CRS LIFE SCIENCES RESEARCH LAB FRAME 4.5 FRAME MODEL SATTS 1 DATTS PATTS 1 DESIGN PARAMETERS 
DSF CRS 

SYSTEM ENTITY STRUCTURE 
FRAME 4.5 

FRAME LSR 3.5 - GENERAL INSTRUMENTATION FUNCTIONAL ELEMENTS ASPECT 

I TRANSDUCE^ 

TRANSDUCTION PRINCIPLE TRANSDUCER ELEMEmS TRANSDUCER ENERGY SOURCE 

GENERATING 

MODULATINGI 

THERMAL TRANSDUCm RESISTIVE TRANaXXm 

OPTICAL THERMAL INDUCTIVE RADIATIVE RESISTIVE CAPACITIVE 

THERMISTOR 

ULTRASONIC PIEZOELECTRIC 

STRAIN GAGE 

TTHERMOCOUPLE 

PRIMARY SENSING 

POTENTIOMETER 

VARIABLE CONVERSION 



NEXT ENTITY ATTS DATTS 

FRAME Mooa SATTS 1 DATTS PATTS DESIGN PARAMETERS 
DSF CRS 

LIFE SCIENCES RESEARCH LAB 

SYSTEM ENTITY STRUCTURE 
FRAME 4.6 

FRAME LSR 3.5 • GENERAL INSTRUMENTATION FUNCTIONAL ELEMENTS ASPECT 

SIGNAL CONDITIONER 

OP-AMP CONFIGURATION FILTER TYPE 
AMPLIFIER TYPE MANIPULATION El£MEm 

LOW>ASS| 
DIFFERENTIAL 

RECTIFIER 

DIFFERENTIATOR 

INVERTER 

BANDPASS 

HIGH-PASS 
FOaOWER 

ACTIVE FILTER 

COMPARATOR 

LOGARITHMIC 
CARRIER 

AMPLIFIER 

CHARGE 
AMPLIFIER BAND-REJECTION 

SIGNAL CONDITIONER 

CHOPPER 

AMPLIFIER 

ISOLATION 
AMPLIFIER 

IMPEDANCE CONVERTER 

OPERATIONAL AMPLIFIER VARIABLE 

MANIPULATOR 

ANALOG-TO-DIGITAL 

CONVEfTTER 

DIGITAL-TO-ANALOG 
CONVERTER 

INSTRUMENTATION 
AMPLIFIER 

FREQUENCY-TO-VOLTAGE 
CONVERTER 

VOLTAGE-TO-FREQUBJCY 
CONVERTER 

CO 
D 

O) 
i-o 
'.yi 
O 



NEXT ENTITY ATTS DATTS 
DSF CRS 

LIFE SCIENCES RESEARCH LAB FRAME 4.7 
FRAME MODa SATTS 1 DATTS PATTS DESIGN PARAMETERS 

DSF CRS 
SYSTEM ENTITV STRUCTURE 

FRAME 4.7 

FRAME LSR 3.5 • GENERAL INSTRUMEMTATION FUNCTIONAL ELEMENTS ASPECT i 
I AUXILIARY ELEMENTS | 

I AUXILIARY ELEMENT j 

AUXILIARY ELEMENT 

DATA HANDLING ELEtJENTFUNCTION 

FCWER 
SUPPLY 

DATA 

STORAGE 

CALIBRATION 
SIGNAL 

DATA 
TRANSMISSION 

DATA 

PRESENTATION 

CONTROL 
AND FEEDBACK 

ELECTRONICS 

DATA 

HANDLING ELEMEMT 

(/) 
JJ 
•ta. to 



NEXT ENTITY ATTS DATTS 

FRAME MODEL SATTS DATTS PATTS 1 DESIGN PARAMETERS 
DSF CRS 

LIFE SCIENCES RESEARCH LAB 

SYSTEM ENTITY STRUCTURE 
FRAME 4.8 

FRAME LSR 3.5 - LABORATORY INSTRUMENTATION SPECIALIZATION 

LABORATORY ANALYZER LABORATORY ANALYZER 
DFCOMPOSmON 

SAMPLER I 

PUMP 

COMBINER 

SEPARATOR 

CHEMICAL REACTOR 

WASTE CONTAINm 

REAGENTCONTAINER 

LABORATORY 
ANALYZER 

LABORATORY 
ANALYZERS 

DATA HANDLING 

ELEMENT 

TEMPERATURE CONDfTIONER 

CONTINUOUS-FLOW 
ANALYZER 

FLOW INJECTION 
ANALYZER 

DISCRETE SAMPLE 
ANALYZER 

CENTRIFUGAL FORCE 

ANALYZER 

ANALYTICAL MEASUREMENT 
INSTRUMENT 

W 
3D 

00 

lo 

OO 



NEXT ENTITY ATTS DATTS 

FRAME MODEL SATTS DATTS PATTS DESIGN PARAMETERS 
DSF CRS 

LIFE SCIENCES RESEARCH LAB 

SYSTEM ENTITY STRUCTURE 
FRAME 4.9 

FRAME LSR 3.5 - LABORATORY INSTRUMENTATION SPECIALIZATION 

BIOMEDICAL 

INSTRUMENT 

BIOMEDICAL 
INSTRUMENTATICN 

BIOMEDICAL INSTRUMENTPARAfi/ETER 

i 
MEDICALI 

X 
PHYSIOLOGICAL 

PHYSIOLOGICAL SYSTEM 

NERVOUS 

CARDIOVASCULAR SYSTEM INSTRUMENT NERVOUS SYSTEM INSTRUli/ENT 

ENDOCRINE PULMONARY CARDIOVASCULAR 

ELECTROMYOGRAPH PLETHYSMOGRAPH 

CD 

lO 



NEXT ENTfTY ATTS DATTS 
DSP CRS 

LIFE SCIENCES RESEARCH LAB FRAME 4.10 
FRAME MODEL SATTS DATTS PATTS DESIGN PARAMETERS 

DSP CRS 
SYSTEM ENTITY STRUCTURE 

FRAME 4.10 

FRAME LSR 3.5 - LABORATORY INSTRUMENTATION SPECIALIZATION 

MEASUREMENT INSTRUMENT 

INSTRUMENT MEASURING PARAMETER ANALYTICAL MEASUREMENT INSTRUMENT 

6.2 ELECTRICAL PHYSICAL 

ELECTRICAL PARAMETER 
MEASURING INSTRUMENT 

CHEMICAL PARAfJETER 
MEASURING INSTRUMENT 

PHYSICAL PARAfJETER 
MEASURING INSTRUMENT 6.3 

FLOWMETER VOLTMETER 

AMMETER 

CHEMICAL 

pH METER 

MASS MEASURING DEVICE 

MEASUREMENTT 

INSTRUMENT 

MEASUREMENT 
INSTRUMENTATION 

PARAMETER 
MEASURING 
INSTRUMENT 

ELECTROANALVTICAL 

INSTRUMEm" 

ANALYTICAL 
MEASUREMENT 
INSTRUMENT 



NEXT ENTITY ATTS DATTS 
FRAME MODEL SATTS 1 DATTS PATTS 1 DESIGN PARAMETERS 

DSF CRS LIFE SCIENCES RESEARCH LAB 

SYSTEM ENTITY STRUCTURE 
FRAME 5.0 

FRAME LSR 3.1 - LABORATORY UNIT OPERATION DECOMPOSfTION 

1 
ROBOT 

ELEMENTARY OPERATIONS 

ROBOT 
ELEMENTARYOPERATION 

I 
TI 

ROBOT 
ELEMEMTARY OPERATION 

DECOMmsmON 

ROBOT ELEMENTARY OPERATION 

ROBOT 
MOTOR COMMANDS 

1 1 •"T" 1 1 1 Ti . 
[ MOVE 1 1 WEIGH 1 PLACE! FILL! SHAKE ATTACH 1 UNATTACHI !TWIST| 

REMOVE! 1_MIXJ 1 INJECT EMPTY | ADDJ TRANSFER GRASP UNGRASP 

ROBOT 
MOTOR COMMAND 

ROBOT MOTOR COMMAND 

^ 

ARM 
UP/DOWN 

ROTATE ARM 
CLOCKWISE/ 

COUNTHRAOCKWISE 

ARM 
IN/OUT 

HAND 
LEFT/RIGHT 

TWIST HAND 
CLOCKWISE/ 

COUNTERCLOCKWISE 

FINGERS 
OPEN/CLOSE 

HAND 
UP/DOWN 

TURN BODY 
LEFT/RIGHT 

PROPEL BODY 
FROWARD/BACKWARD 

C/5 
33 

o 
(O 
o 



NEXT ENTITY ATTS •ATTS 

FRAME MODEL SATTS 1 DATTS PATTS 1 DESIGN PARAMETERS 
DSF CRS 

LIFE SCIENCES RESEARCH LAB 

SYSTEM ENTITY STRUCTURE 
FRAME 5.1 

FRAME LSR 4.1 - SAMPLE PREPARATION UNIT OPERATION ASPECT 

i 
PRETREAT 

PRETREATUNIT OPERATION 

AGITATE HOMOGENIZE 

CHEMICAL 

i 
STERIALIZEj | PURIFY| 

I 
EMULSIFY SONICATE 

PURIFICATION TECHNKXE 

ULTRAVIOLET 
RADIATION 

ION REVERSE 
EXCHANGE OSMOSIS 

C/3 
3J 
cn to 

lo 



NEXT 

FRAME 

ENTITY 

MODEL 

ATTS DATTS 

SATTS 1 DATTS PATTS 1 DESIGN PARAMETERS 
DSF CRS 

LIFE SCIENCES RESEARCH LAB 

SYSTEM ENTITY STRUCTURE 
FRAME 5.2 

FRAME LSR 4.1 - SAMPLE PREPARATION UNIT OPERATION ASPECT 

I 
CONDfTION 

CONDfTIONING PARAMETER 

TEMPERATURE HUMIDITY GRAVITY LIGHTING ATMOSPHERE 

n 
ATMOSPHERE CONDITIONING 

'J 

L 
—n 
COm^MOOE 

rJ* 
VACUUM INERT GAS ATMOSPHERE AIRFLOW 

BLANKET COMPOSrTION RATE 

w 

tn 
fV) 

lO 

OJ 



NEXT ENTITY ATTS DATTS 
DSF CRS 

LIFE SCIENCES RESEARCH LAB 
FRAME 5.3 

FRAME Mooa SATTS DATTS PATTS DESIGN PARAMETERS 
DSF CRS 

SYSTEM ENTITY STRUCTURE 
FRAME 5.3 

FRAME LSR 4.1 • SAMPLE PREPARATION UNIT OPERATION ASPECT 

J_ 
SEPARATE 

SEPARATE UNIT OPERATION 

EXTRACT PRECIPITATE DISTILL IcONCENfTRATE ELUTE FILTER DIFFUSE DECANT DRY CUT ADSORB | CENTRIFUGE| 

C/3 
33 
tri to 

CO 



NEXT ENTITY ATTS DATTS 

FRAME MODEL SATTS 1 DATTS PATTS 1 DESIGN PARAMETERS 
DSF CRS 

LIFE SCIENCES RESEARCH LAB 
SYSTEM ENTITY STRUCTURE 

FRAME 5.4 

FRAME LSR 4.1 - SAMPLE PREPARATION UNIT OPERATION ASPECT 

COMBINE UNIT OPERATION 

TITRATE) I TEMPERL | ABSORBJ DILLTTE DISSOLVE 

COMBINE 

W 
a: 

lO 
o 



NEXT ENTITY ATTS DATTS 
FFIAME MODEL SATTS DATTS PATTS 1 DESIGN PAFIAMETERS 

DSF CFIS 
LIFE SCIENCES RESEARCH LAB 
SYSTEM ENTITY STRUCTURE 

FRAME 5.5 

FRAME LSR 4.1 - SAMPLE PREPARATION UNIT OPERATION ASPECT 

CONVERT UNIT OPERATION 

REACT I0NI2E SYNTHESIZE 

W 
J3 
Ol 
bi 

I o 
c^ 



NEXT ENTITY ATTS DATTS 
FRAME MODEL SATTS 1 DATTS PATTS I DESIGN PARAMETERS 

DSF CRS LIFE SCIENCES RESEARCH LAB 
SYSTEM ENTITY STRUCTURE 

frame 5.6 

FRAME LSR 4.1 - SAMPLE PREPARATION UNIT OPERATION ASPECT 

TRANSFORM UNIT OPERATION 

FUSE SOLIDIFY VAPORIZE SUBLIMATE CONDENSE SUPERHEAT 

TRANSFORM 

cn 

Ul 
O) 

lO 



NEXT E^^"(TY AITS DATTS 
FRAME MODEL SATTS 1 DATTS PATTS DESIGN PARAMETERS 

DSF CRS 
LIFE SCIENCES RESEARCH LAB 

SYSTEM ENTITY STRUCTURE 
frame 5.7 

FRAME LSR 4.2 • ANALYTICAL MEASUREMENT UNTT OPERATION ASPECT 

hU I OBSERVE 

OBSERVATION METWO 

MICROSCOPIC MACROSCOPIC PHYSIOGRAPHIC 



NEXT 
FRAME 

ENVrPi' 
MOl'.)EL 

ATTS DATTS 
SATTS 1 DATTS PATTS 1 DESIGN PARAMETERS 

DSF CRS 
LIFE SCIENCES RESEARCH LAB 
SYSTEM ENTITY STRUCTURE 

frame 5.8 

FRAME LSR 4.2 - ANALYTICAL f^ASUREMENT UNIT OPERATION ASPECT 

i MEASURE' 

MEASUREMEtq PARAMETER 

PHYSICAL VARIABLE PHYSIOLOGICAL VARIABLE CHEMICAL VARIABLE ELECTRICAL VARIABLE 

BIOPOTENTIAL 

CONCENTTRATION 
FLCW 

MASS 

VOLTAGE 

CURREM" 

CHEMICAL PHYSICAL ELECTRICAL 

VISCOSITY IMPEDANCE 

PHYSIOLOGICAL 

DISPLACEMENT 

CONDUCTIVITY/ 
RESISTIVITY 

ELECTROMAGNETIC RADIATION 

CO 
33 

lO 
o 



NEXT ENTITY ATTS DATTS 

FRAME MODEL SATTS 1 DAHS PATTS 1 DESIGN PARAMETERS 
DSF CRS 

LIFE SCIENCES RESEARCH LAB 
SYSTEM ENTITY STRUCTURE 

frame 5.9 

FRAME LSR 4.2 - ANALYTICAL MEASUREMEhfT UNIT OPERATION ASPECT 

i 
ASSAY 

"TT 

i CHEMICALI I IMMUNOASSAY BIOLOGICAL PHYSIOLOGICAL 

0) 

CD 
lO 

O 



NEXT ENTITY ATTS DATTS 

FRAME MODEL SATTS 1 DATTS PATTS 1 DESIGN PARAMETERS 
DSF CRS 

LIFE SCIENCES RESEARCH LAB 
SYSTEM ENTITY STRUCTURE 

frame 5.10 

AGITATOR 

MIXER 

STIRRER 

SHAKER 

FRAME LSR 3.7 - SAMPLE PREPARATION EQUIPMENT SPECIALIZATION 

AGITATOR 

X 
STERIALIZER 

i 
PRETREATERS 

PRETREATER 

PRETREATER 

HOMOGENIZER EMULSIFIER SONICATOR PURIFIER 

HCMOSpgE/ R 

I 
BLENDER 

GRINDER I 

ATOMIZER 

(/) 
DD 

o 
lO 



NEXT ENTITY ATTS DATTS 

FRAME MODEL SATTS 1 DATTS PATTS 1 DESIGN PARAMETERS 
DSF CRS 

LIFE SCIENCES RESEARCH LAB 
SYSTEM ENTITY STRUCTURE 

frame 5.11 

FRAME LSR 3.7 - SAMPLE PREPARATION EQUIPMENT SPECIALIZATION 

i 
CONOmONERS 

CONOmONER 

CONDITIONER 

; 
SNAP ANIMAL 

FREEZER WARMER 

ANESTHETIC/TRANQUILIZER 

APPARATUS 
TEMPERATURE CCMROLLED 

APPARATUS 

GRAVITY 
CEMTRIFUGE 

HUMIDOR DESICCATOR 

cn 

oi 
to 

lO 



NEXT ENTfTY ATTS DATTS 
CRS 

LIFE SCIENCES RESEARCH LAB 
frame 5.12 FRAME MODEL SATTS 1 DATTS PATTS DESIGN PARAMETERS 

CRS 
SYSTEM ENTITY STRUCTURE frame 5.12 

FRAME LSR 3.7- SAMPLE PREPARATION EQUIPMENT SPECIALIZATION 

I SEPARATORS 

I I I  
i sepafy\to^ 

SEPARATOR 

CONCEHTmrOR TRAP 

DRYER 
TYPE 

FILTER 
TYPE 

TRAP EXTRACTOR 
TYPE DISTILLATION 

APPARATUS 
ELEMENTS 

I TUBEI PAPER 

i RECEIVER URINE 

FILTER DRVER 

COLUMN 
VACUUM 

DIALYZER 
VACUUM 

MEMBRANE 

MOISTURE 

LIQUID-SOLID 

EXTRACTOR 

LIQUID-LIQUID 

ADSORPTION 
COLUMN 

SEPARATORY 
RJNNEL 

MOLECULAR 
SIEVE 



NEXT ENTfTY AITS DATTS 

FRAME MODEL SATIS DATTS PATTS DESIGN PARAMETERS 
DSF CRS 

LIFE SCIENCES RESEARCH LAB 
SYSTEM ENTITY STRUCTURE 

frame 5.13 

FRAME LSR 3.7- SAMPLE PREPARATION EQUIPMEm'SPECIALIZATION 

TRANSFORMER 

HEATER CONDENSER 

TRANSFORMERS 

EVAPORATOR 

TRANSFORMER 

SUBLIMATION 
APPARATUS 



NEXT ENTfTY ATTS DATTS 

FRAME MODEL SATTS 1 DATTS PATTS DESIGN PARAMETERS 
DSF CRS 

LIFE SCIENCES RESEARCH LAB 
SYSTEM ENTITY STRUCTURE 

FRAME 5.14 

FRAME LSR 3.7- SAMPLE PREPARATIONEQUIPMEmSPECIALIZATION 

i. 
CONVERTERS 

n 
CONVERTER 

CQfV|E|77Efl 

1 1 
CHEMICAL 
REACTOR 

IONIZER FERMENTOR CHEMICAL 
REACTOR 



NEXT ENTITY ATTS DATTS 
FRAME MODEL SATTS 1 DATTS PATTS 1 DESIGN PARAMETERS 

DSF CRS 
LIFE SCIENCES RESEARCH LAB 
SYSTEM ENTITY STRUCTURE 

FRAME 5.15 

FRAME LSR3.7- SAMPLE PREPARATION EQUIPMENT SPECIALIZATION 

COMBINERS 

COMBINER 

COMBIf^R 

DILLTTER ADDITION 
FUNNEL 

AUTOMATIC 
TITRATOR 

DISSOLUTION 
APPARATUS 

ABSORPTION 
APPARATUS 



NEXT 
FRAME 

ENTfTY 
MODEL 

ATTS DATTS 
SATTS 1 DATTS PATTS 1 DESIGN PARAMETERS 

DSF CRS 
LIFE SCIENCES RESEARCH LAB 
SYSTEM ENTITY STRUCTURE 

FRAME 6.0 

FRAME LSR 4.3 • INSTRUMENTAL ANALYSIS METHOD SPECIALIZATION 

i 

rr 

SPECTRAL 

Z3Z 
ELECTROmGNETIC RADIA TION FUNCTION 

1 
ABSORPTION LUMINESCENCE! 

1 

DEEXCq-ATION 

SCATTERING 

—n— 
SCATTERING TYPE 

8 

PHOSPHORESCENCEI 
1 r  1 

I FLOURESCENCEI I TYNDALLI | RAMAN | 

T1 
FLOURESCENCE TYPE 

I 
NORMAL RESONANT 

SPECTRAL METHCn 

INFRARED 
SPECTROPHOTOM ETRY 

ELECTRON SPIN 
RESONANCE 

SPECTROMETRY 
I 

ELECTRON 
SPECTROSCOPY 

I 
NUCLEAR 
MAGNETIC 

RESONANCE 
SPECTROSCOPY 

X-RAY 

TECHNKXIES 
X 

U/V - VISIBLE 

POLYATOMIC 
SPECTROSCOPY 

U/V • VISIBLE 
MONOATOMIC 
TECHNIQUES 

7.3 CO 

cn 
b 

lO 

•-J 



NEXT ENTITY ATTS DATTS 

FRAME MODEL SATTS 1 DATTS PATTS DESIGN PARAMETERS 
DSF CRS 

LIFE SCIENCES RESEARCH LAB 
SYSTEM ENTITY STRUCTURE 

FRAME 6.1 

FRAMES LSR 3.5 & 5.8 • PHYSICAL VARIABLE SPECIALIZATION 

DISPLACEMENT VARIABLE 

POSITION I FORCE ACCELEFTATION 

DISPLACEMENT 

03 
JJ 
o> lO 

oc 



NEXT 
FRAME 

ENTriY 
MODEL 

ATTS DATTS 
SATTS 1 DAHS PAHS 1 DESIGN PARAMETERS 

DSF CRS LIFE SCIENCES RESEARCH LAB 
SYSTEM ENTITY STRUCTURE 

FRAME 6.2 

FRAME LSR 4.10 - ANALYTICAL MEASUREMEMT INSTRUMENT SPECIALIZATION 

SPECTRAL INSTRUMENT 
SPECIFIC COMPONENTS 

I 
E^ERGY 
SOURCE 

I 

7.4 

WAVELENGTH 
SELECTOR 7.5 

CELL 
~r~ 

7.6 

DETECTOR 7.7 

i 
SPECTRAL 

INSTRUMENT 

I 

PHOTOMETER 

11 
PHOTOMETER TYPE 

JL 
COLORIMETER 

SPECTRAL INSTRUMENT 

SPECTROMETER 

—N— 
SPECTROMETER TYPE 

FLUOROMETER 
X 

PHOSPHORIMETER 

TURBIDIMETER 
I 

NEPHELOMETER 
I 

RAMAN SPECTROMETER 

ESP SPECTROMETER 

NMR SPECTROMETER 

SPECTROPHOTOMETER 

SF^CTROPHofOMETER TYPE 

SPECTFTOFLUOROMETER 

SPECTROPHOSPHORIMETER] 

(/) 
J3 

P 
iv) 



NEXT E^^"RTY ATTS DATTS 

FRAME MODEL SATTS 1 DATTS PATTS DESIGN PARAMETERS 
DSF CRS 

LIFE SCIENCES RESEARCH LAB 
SYSTEM ENTITY STRUCTURE 

frame 6.3 

FRAMELSR4.10 • ANALYTICAL MEASUREMEm INSTRUMENT SPECIALIZATION 

SEPARATIVE INSTRUMENT 

MASS SPECTROMETER 
SPECIFIC COMPONENTS GAS CHROMATOGRAPH 

SPECIFIC COMPONENTS 
LIQUID CHROMATOGRAPH 
SPECIFIC COMPONENTS 

INLET SYSTEM 

SCXJRCE 

PUMP 

INJECTOR] 

INJECTOR 

COLUMNS 

DETECTOR 
DETECTOR 

DETECTOR 

FLOWMETER 
FLOWMETER 

MASS ANALYZER 

CARRIER GAS 
SUPPLY 

PRESSURE 
REGULATOR 

MASS SPECTROMETER 

SEPARATIVE 
INSTRUMENT 

FLOWCONTRA 
VALVE 

LIQUID 
CHROMATOGRAPH 

GAS 
CHROMATOGRAPH 

ELUATE COLLECTION 
CONTAINER 

ELECTROPHORESIS 
APPARATUS 

MOBILE PHASE 
SUPPLY CONTAIHFFL 

W 
J3 
CD 

CO 
ro  
oc 



NEXT 
FRAME 

ENTITY 
MODEL 

ATTS DATTS 
SATTS 1 DATTS PATTS 1 DESIGN PARAMETERS 

DSF CRS 
LIFE SCIENCES RESEARCH LAB 
SYSTEM ENTITY STRUCTURE 

FRAME 7.0 

FRAME LSR 4 J - INSTRUMENTAL ANAL YSIS SEPARATIVE METhlOD SPECIALIZATION 

CHROMATOGRAPHY 

T 
T7 

CHROMATOC?RAPHIC 
ANAI YSIS METHOD 

i FRONTAL] 

i DISPLACEMENT] 

i ELUTIONJ 

i LIQJIDI 

CARRIFR GAS GSC ADSORBENT GAS TFCHNiajF CQ UMN TYPE 

PACKED HELIUM I IQJID TFCHNiniJF 

HYDROGEN I 

"hto i PLANE i 

PIANFMFTHDD NITROGEN 

ARGON 

THIN-LAYERl 
r ' 

i PAPER! 

ION EXCHANGE 

AFFINITY I 

ALUMINA 

SILICA 
GEL 

CARBON 
DIOXIDE 

SIZE EXCLUSION 

OPEN 
TUBULAR 

CARBON 
BLACK 

GAS-SOL ID 
(GSC) 

POROUS 
POLYMERS 

ACTIVATED 
CHARCOAL 

GAS-LIQUID 
(GLC) 

TRADITIONAL 
COLUMN 

PARTITION 
(LIQUID-LIQUID) 

CO 

-vj 

b 



NEXT ENTITY ATTS DATTS DSF CRS LIFE SCIENCES RESEARCH LAB FRAME 7.1 FRAME MODEL SATTSIDATTS PATTS 1 DESIGN PARAMETERS DSF CRS SYSTEM ENTITY STRUCTURE FRAME 7.1 

FRAME LSR 43 - INSTRUMENTAL ANAL YSIS SEPARATIVE METHOD SPECIALIZATION 

ELECTROPHORESIS 
—n 

Fl FCTROPHORFSIS TFCHNtajF 2^ 

i. 

PAPER CELLULOSE CELLULOSE 
ACETATE NITRATE 

TWO-
DIMENSIONAL 

GFI TFfHNiaJF 

ISLABI 

GRADIENT) 

SDS 

ROD 

r 
GEL ISOELECTRIC 

FOCUSING 
IMMUNO

ELECTROPHORESIS 
ISOTACHOPHORESIS 

M 

STARCH 

AGAROSE 

POLYACRYLAMIDE 

00 
:D 

to 
oo 
to 



NEXT ENTITY ATTS DATTS DSF CRS LIFE SCIENCES RESEARCH LAB FRAME 7.2 FRAME MODEL SATTS IDATTS PATTS I DESIGN PARAMETERS 
DSF CRS 

SYSTEM ENTITY STRUCTURE 
FRAME 7.2 

FRAME LSR 43 - INSTRUMENTAL ANAL YSIS SEPARATIVE METHOD SPECIALIZATION 

rOMRINFn TECHNIOJE ROMRARnMFNT TFCHNIQUF 

I ATOMIC IONIC 

imC BOMBARDMENT TFCHNIQUF ATOMIC BOMBARDMENT TFCHNIOif 

MASS SPECTROMETRY 

TANDEM MASS SPECTROMETRY 
(MS/MS) 

GAS CHROMATOGRAPHY/ 
MASS SPECTROMETRY (GC/MS) 

LIQUID CHROMATOGRAPHY/ 
MASS SPECTROMETRY (LC/MS) 

LIQUID SECONDARY ION 
MASS SPECTROMETRY 

(LSIMS) 

SECONDARY ION 
MASS SPECTROMETRY 

(SIMS) 

FAST-ATOM BOMBARDMENT 
MASS SPECTROMETRY 

(FABMS) 



NEXT ENTITY ATTS DATTS DSF CRS 
LIFE SCIENCES RESEARCH LAB FRAME 7.3 

FRAME MODEL SATTSIDATTS PATTS J DESIGN PARAMETERS 
DSF CRS 

SYSTEM ENTITY STRUCTURE 
FRAME 7.3 

FRAME LSR 6.0 - SPECTRAL METHOD SPECIALIZATION 

MONOATOMIC TFCHNiajF 

RADIATION SOURCF 

ELECTRICITY PLASMA FLAME LASER 

U/V - VISIBLE 
MONOATOMIC 

TECHNIQUES 

U/V - VISIBLE 
MONOATOMIC 

TECHNIQUE 

ATOMIC FLUORESCENCE 
SPECTROMETRY 

ATOMIC ABSORPTION 
SPECTROPHOTOMETRY 

ATOMIC EMISSION 
SPECTROPHOTOMETRY 

RESONANT 
IONIZATION 

SPECTROSCOPY 

LASER-ENHANCED 
IONIZATION 

SPECTROSCOPY 



NEXT ENTITY ATTS DATTS DSF CRS 
LIFE SCIENCES RESEARCH LAB 

FRAME 7.4 
FRAME MODEL SATTS 1 DATTS PATTS 1 DESIGN PARAMETERS 

DSF CRS 
SYSTEM ENTITY STRUCTURE 

FRAME 7.4 

FRAME LSR 6.2- SPECTRAL INSTRUMENT SPECIFIC COMPONENTS ASPECT 

JL 
ENERGY SOURCE 

SajRCF TYPE ! 
FMRSajRCFF MISSION 

1 
CONTINUOUS 

"~n— 
I INF ^RCF 

X-RAY 
TUBE 

XENON-ARC 
LAMP 

TUNGSTEN 
FILAMENT 

LAMP 

I LINE I 
IT 

I INF SajRCF 

ELECTRODELESS 
DISCHARGE LAMP 

HOLLOW-CATHODE 
LAMP 

TEMPERATURE 
GRADIENT LAMP 

I LASER 

MERCURY-ARC 
LAMP 

11 11 
FLAME 1 1 PLASMAl ELECTROMAGNETIC 

RADIATION (EMR) 
1 MAGNETIC 1 ELECTRICAL 1 ELECTROMAGNETIC 

RADIATION (EMR) 

(/) 
X) 
-sJ 

K> 
OO 
Ut 



NEXT ENTITY ATTS DATTS DSF CRS 
LIFE SCIENCES RESEARCH LAB FRAME 7.5 

FRAME MODEL SATTS 1 DATTS PATTS 1 DESIGN PARAMETERS 
DSF CRS 

SYSTEM ENTITY STRUCTURE 
FRAME 7.5 

FRAME LSR 6.2 - SPECTRAL INSTRUMENT SPECIFIC COMPONENTS ASPECT 

SELFC.TIQNPEVICE 

FILTERSI IJ-IONCXIHROMETER 

WAVELENGTH 
SELECTOR 

FILTER-MONOCHROMETER 

(/) 
X) 
-vj 
Ln N) 

00 
ON 



NEXT ENTITY ATTS DATTS 
DSF CRS 

LIFE SCIENCES RESEARCH LAB FRAME 7.6 
FRAME MODEL SATTS 1 DATTS PATTS 1 DESIGN PARAMETERS 

DSF CRS 
SYSTEM ENTITY STRUCTURE 

FRAME 7.6 

FRAME LSR 6.2 - SPECTRAL INSTRUMENT SPECIFIC COMPONENTS ASPECT 

rw 

CFII TYPE 

t l  

1 1 
1 UNHEATEDl 1 HEATED 

II 
/yA/wryrorr// 

V 

1 1 
HFATFDCFII 

V 
1CUVETI FLAME 

1 1 1 
FURNACE 

1 1 ' 

1 PLASMA] 

(/) 
X) 

TvJ 
b\ 00 



NEXT ENTITY ATTS DATTS DSF CRS LIFE SCIENCES RESEARCH LAB FRAME 7.7 FRAME MODEL SATTS 1 DATTS PATTS 1 DESIGN PARAMETERS DSF CRS SYSTEM ENTITY STRUCTURE 
FRAME 7.7 

FRAME LSR 6.2 - SPECTRAL INSTRUMENT SPECIFIC COMPONENTS ASPECT 

DETECTOR 

TYPL 

I PHOTOELECTW] i PHOTODIOPn RESONANTI 

PHOTm FCTRIC nFTFCTOR 

PHOTOTUBE PHOTOMULTIPLIER 
TURF 

I INFRAREDl 

i r  

I THERMAL 

THFRMAI nFTFCTOR 

THERMISTOR I 

PHOTON 

THERMOCOUPLE 

PNEUMATIC DEVICES 
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