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CHAPTER 1. 

INTRODUCTION 

This thesis explores various problems that arise when planning for constructing an assembly 

structure from its structural description. The purpose ofdlis exploration is twofold. One is to bring 

the manufacturing considerations to bear during the design phase. Currently. a designer of an assem­

bly structure. an assembly designer. receives little feedback from the manufacturing engineer during 

the design phase whether the designed assembly strucrure is assemblable. An automatic assembly 

planning system can provide such a feedback from which the assembly designer may improve the 

structural model immediately rather than having to wait until the manufacturing phase of the 

designed product 

The other purpose is to study the issues in building a more autonomous system. interacting with 

the physical environment. as an avenue of conducting Artificial Intelligence (AI) research. The phy­

sical environment can be viewed as a spatially and temporally structured object Its scenery is 

comprised of the physical objects at different positions and having its own internal structure. Funher­

more, the scenery changes in time due to some physical processes of the environment, maybe ini· 

tiated by an action. A sequence of changes of the scenery constitutes a temporal object. In order to 

perceive and interact with the environment, an intelligent agent needs to be able to build and use 

descriptions of the spatial and temporal objects. Funhennore. these two types of descriptions are 

inexorably intertwined with each other. 

To pursue the goal of constructing an assembly structure. the planner needs a description of the 

assembly structure as a goal statement. a spatially structured description. Then. the planner produces 

the plan of pursuit as a sequence of assembly steps. A sequence of assembly steps describes an 

assembly process. a temporally structured object. Then, the act of assembly planning is building a 

1 
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relationship between these two types of descriptions. Therefore. planning for an assembly structure 

• and learning from the assembly planning ex.periences require solving the pertinent issues in building 

an autonomous intelligent machine that perceives and interacts with the physical environment. 

To limit the scope of the problem. this thesis research does not explore the object manipulation 

in favor of the more impending research issues for the assembly planning. This subject is a focus of 

modem robotics research and we do not have to start from scratch when carrying out interfacing with 

a manipulator when the assembly planning problem is expanded to consider object manipulation. In 

fact. the geometric representation of the environment. adopted in this research, is based on the world 

modeling component of many proposed intelligent robotic systems [Fahlman 1974; Wesley &. 

Lozano-Perez &. Liebennan, 1980]. An assembly task domain is so complex that it requires 

conglomerate research efforts from different areas; therefore. one of the main concerns of this 

research is their interfaces and hence. the geometric modeling system is used to model the environ­

ment. 

1.1. Problem Specification 

An assembly is a collection of components that are brought together to fonn a connected struc­

ture. A component occupies a fixed volume of space. and its shape does not change, a rigid body: 

Le,: no deformation or breakage of the components are allowed. A pair of components may be 

brought together to establish a kinematic connection. Objects connected by non-kinematic structural 

connections (those achieved by gluing, welding, or squeezing. for example) are not considered as 

separate components of an assembly. 

The tenn. "assembly". may denote the structure resulting after an assemblage or the action of 

the assemblage although the word "assembly" does not have a verb fonn in the dictionary. Here. we 

use "target assembly" for the structural specification of the assembly and "mating operation" for the 



3 


assembly action bringing together two structures to fonn their kinematic connections simultaneously. 

The objective of the assembly planner is to generate an assembly sequence. consisting of mating 

operations, so that there is a collision-free path for each mating operation. 

1.1.1. Blocks World 

Traditionally, the difficulty of the mechanical assembly domain has been controlled by resttict­

ing the number of different predicates and axioms. For example, in a blocks world. only a few primi­

tive symbolic predicates are known: "ON" for a spatial relationship. "ON·TOP·OF" for spatial occu· 

pancy, and "SUPPORT" for stability. This approach has two drawbacks. First. too many aspectS of 

the physical world are being modeled without an adequate fidelity [Hayes. 1979]. The physical world 

is governed by dynamics: spatial. kinematic. and kenetic aaributes (this thesis models only spatial 

and kinematic aaributes). In order to capture all these aspects of the physical world. the model is 

diluted at the expense of a broad coverage of all these laws. As a consequence. although a blocks 

world domain concerns assemblies. this domain model is virtually useless when e~tending the model 

to cover more realistic mechanical assemblies. consisting of components with complex shapes and 

many linkages. 

In this thesis. the difficulty is controlled by a simulation. Tbe physical environment for the 

assembly actions is simulated with a small subset of the physical laws. This approach is to sacrifice 

the broad coverage at the expense of the increased coverage of those laws of the simulated environ­

ment. 

The second drawback is that the domain is modeled at such a high level of abstraction that it is 

hard to devise an interface to the real world without arbitrary assumptions that are completely hidden 

from the reasoner of the domain model. As a result. the interface between the high level reasoner and 

the robot is achieved with arbitrary pieces of knowledge for the task at hand that are too little 
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understood to lay a foundation for future work.. The environment should be modeled in a graphic 

detail so that an interface with the real world is not such a paramount difficulty in itself. Only a few 

AI researcher felt that this was necessary [Fahlman, 1974; Popplestone & Ambler & Bellos, 1980; 

'. 
Segre. 1987] for robotic assembly. 

1.1.2. Scope of the Implementation 

The thesis research was studied by implementing a computer program. 'The program is called 

NOMAD for NOnnative Mechanical Assembly Device. NOMAD covers a broad area from assembly 

design to planning vertically. NOMAD integrates from the assembly design phase to planning and 

learning aspects of the assembly planning, a vertical approach. 

A horizontal approach would be to solve a single problem completely among the many prob­

lems in the area of the assembly design and planning. The horizontal approach to a problem domain 

would be appropriate if the structure of the problem domain is already well-understood: the isolatable 

subproblems and their interrelationships. However. this is hardly the case with the assembly task 

domain. A vertical approach has been taken to uncovet the structure of the assembly task domain and 

to study the synergistic interrelationships between the uncovered subproblems. 

A ramification of this vertical approach is that individual subproblems uncovered during the 

course of the investigation may nol be completely solved. In particular. many mechanisms developed 

for NOMAD are incomplete and limit~ to a small variety of types of cases because the completeness 

of the mechanisms was sacrificed when a new problem important toward a venical integration was 

uncovered and the current problem was well-enough understood so that addressing the new problem 

immediately would not have caused a sever breakage in the venical integration. On the other hand, 

the new problem is bypassed when 
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(1) 	 the new problem was being addressed by other researchers and it was unlikely that investigating 

them would unveil any new insights without launching a project for another PhD dissertation: 

e.g.• trajectory planning (to be discussed). and 

(2) 	 the new problem could be solved easier when the input information is augmented: e.g .• a sen­

sory feedback for reasoning about ranges. 

1.2. Overview of the Approach 

An assembly designer models the shapes of the components (or simply components) using a 

geometric modeling system (OMS) and places them in the environment by specifying their initial 

positions. The components and their positions comprise the scene of an environment that is 

represented by a position map. Then. he designs the target assembly by specifying the components 

and their kinematic connections. 

The kinematic connections are specified symbolically in terms of the mating conditions 

achieved by a mating operation: the local spatial and kinematic constraints between the geometric 

features of the components. The assembly planner must envision the possible configurations after 

mating operations in order to project the effects of planning a sequence of mating operations. This 

thesis develops the Spatial Reasoning Engine (SRE) that infers the relative positions of the objects in 

multiple reference frames. their kinematic degrees of freedom. methods for combining local spatial 

constraints between features of the objects. and distances. 

To assemble the target assembly. all the specified kinematic connections should be achieved so 

that the mating operations do not interfere with each other. This is ensured by imposing precedence 

constraints between the mating operations. The precedences are imposed by detecting spatial 

interferences of the swept volume by a mating operation with the occupied space by the components 

already assembled. forming a subassembly. This thesis presents a "first-principle" planning method 
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based on the projection of the ill-effects of the spatial interferences. 

Unfortunately. the "first-principle" plan generator may have to examine all the possible 

sequences of mating operations to discover all the precedence constraints, a combinatorially explo­

, 	 sive process. To limit the number of spatial interference checkings. the target assembly is hierarchi­

cally organized, forming an assembly hierarchy. Using the assembly hierarchy as an abstraction 

hierarchy of the assembly planning problem, the assembly planner may reduce the number of spatial 

interference checkings by limiting the spatial interferences within each subassembly of the hierarchy. 

Note, this strategy assumes that the assembly hierarchy is a "correct" abstraction hierarchy. There­

fore, the saving by constructing the assembly hierarchy is conditional on the correctness of the hierar­

chy as an abstraction hierarchy. 

In order to guarantee the correctness of an abstraction hierarchy, an exhaustive spatial interfer­

ences between sibling subassemblies should checked, losing the savings. Therefore. there are no sav­

ings by constructing the assembly hierarchy unless there exist a theory of constructing a "correct" 

abstraction hierarchy from the target assembly specification or the system can somehow bring previ­

ously checked assembly experience to bear in constructing an assembly hierarchy of a new target 

assembly. Here. a heuristic method for constructing an assembly hierarchy is presented for the 

former case; a learning method is presented for the latter case. 

Instead of building a fool-proof assembly hieran:hy initially, the learning method constructs an 

assembly hieran:hy from the memory of previously constructed assembly plans and their target 

assemblies. Assuming the assembly hierarchy is correct, the assembly planner generates the final 

assembly sequence from the hierarchy. However, when the assembly hierarchy is incorrect, it is 

detected and the planner assimilates the failure by limiting the scope of the application of the assem­

bly plans and their target assemblies. When successful. the planner may extend the scope of the 

applied assembly plans and their target assemblies. The thesis presents a framework for learning by 
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assimilating new assembly planning experiences and planning hierarchically by applying them in new 

assembly task situatio~. 

The assembly planning experiences are assimilated as the groupings and the precedence rela­

tio~ between their components. A grouping is a collection of components like an assembly structure 

but it can be assembled by fixing one component. called a base, and mating the rest of the com­

ponents in some sequence. an assembly subsequence. The assembly hierarchy construction is divided 

into two steps: forming groupings of components and organizing lhem into subassemblies. Then, the 

assembly subsequences from the groupings in the hierarchy are resolved into an overall assembly 

sequence. 

nus resolution requires inference of precedence relatio~. The sequence of mating operatio~ 

from some of the groupings may be inco~istenL This thesis develops a pr~cedence calculus to 

detect inco~istencies and to derive additional precedences. 

1.3. Contributions 

nus research confronts the problems in integrating multiple heterogeneous areas that would not 

have come up if each area were studied in isolation. This section will examine these problems and 

their solutio~ abstractly from the view of the overall organization of the thesis research before delv­

ing into their technical discussio~ in the rest of the thesis. 

1.3.1. Position Map 

It is necessary that the assembly planner must envision many possible subassembly states as 

scenes of the environment. If each new scene is represented distinctly after a mating operation. it 

would be wasteful because most of the positions of objects are not changed after the operation. 
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Funhermore. given a scene. the number of relative positions is exponential. Consider each geometric 

feature as a node and a link between nodes as their relative positions. Then. the number of possible 

relative positions would be [~] where N is the number of geometric features. Only a small number 

of them (typically one to three) are relevant to the mating operation. Therefore, multiple scenes 

should be represented efficiently and the relative positions should remain implicit in the scene 

representation until they are required. 

This thesis develops a position map. A node in the position map is a geometric feature and each 

directed link from node A to B is labeled with a homogeneous transformation matrix (explained in 

the next chapter) representing relative spatial positions of A with respect to B. A graph spanning 

algorithm is used to compute relative positions between two nodes of the graph. Because all the 

geometric features of an object are positioned with respect to its base frame, only the links from the 

inertial frame of the world to the base frames of the objects in the environment are needed to 

represent the scene. When the number of components are within a reasonable number, all the base 

links can be used to represent each scene. 

1.3.2. Spatia) Reasoning Engine 

Kinematic connections between components of an assembly structure are specified by the 

assembly designer in tenns of their mating conditions. Therefore, a mating condition should be easy 

to use and based on the notions familiar to the designer. Possible mating conditions include an 

against condition between two planar faces and an aligned condition between two axes. 

1.3.2.1. Layered Computation 

A mating condition between two object features constrain the relative positions between two 

objects. SRE determines if the consuaints from each mating condition can be composed by a special 
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purpose matching procedure. a linear numerical method. or a full-fledged non-linear numerical tech­

nique. Funhennore. it detennines the extent of the freedom of motion between them to maintain con­

tacts between the two geometric features being mated. 

1.3.2.2. Conditional Effects in Applying a Mating Operator 

Previously [Fikes & Nilsson, Iml], an operator application tranSforms the current world model 

by deleting and adding literals in the world model. The added literals constitute the add-list of the 

operator and deleted literals constitute delete-list of the operator. The literals are added and deleted 

independently. However, this assumption may fail due to conditional effects: the effects of applying 

an operator are dependent on the other literals in its add-list and the literals in its delete-list. 

Here, a mating operator may achieve multiple mating conditions at the same time. The overall 

effect of the mating operation is a function of the local effects of achieving individual mating condi­

tions and the current positions of the components. The displacement and rotations to achieve a mat­

ing condition are dependent on the current locations and orientations of the mating geometric 

features. SRE combines the displacements and rotations from each mating condition. This process­

ing is dependent on all the mating conditions and the current geometric mating features simultane­

ously. 

... 1.3.3. Assembly Hierarchy 
'r' 

The assembly planner organizes the goal statement involving the mating conditions of the target 

assembly into an assembly hierarchy. This goal hieran:hy represents structuring the problem into lev­

els of the abstractions so that given a level, only the goals at that level are considered for the plan­

ning, ignoring the goals at lower levels of abstraction. 
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A traditional planner constructs a hierarchy by the subgoaling method of the means-ends 

analysis: that is. given a conjunction of individual goals. a goal statement. an operator is planned that 

would satisfy some of the individual goals. If some preconditions of the operator are not met. they 

become pan of the goal statement; this process recurs to form a subgoal hierarchy, 

1.3.3.1. Two--Fold Assembly Hierarchy Construction via Groupina 

Components of a target assembly are collected into separate groupings prior to constructing an 

assembly hierarchy. A grouping participates in constructing an assembly hierarchy as a subassembly. 

but the difference between a grouping and a subassembly is that a subassembly is fonned in the con­

text of an assembly hierarchy while a grouping is context independent As a result, the assembly 

hierarchy construction is divided into grouping formation and hierarchy fonnation. The latter 

requires an "Abstraction Calculus", This thesis does not present any general-purpose solution to this 

problem. However, the distinction between the grouping and the' hierarchy fonnations is made 

because the fonner requires recalling mechanism while the latter requires a inference mechanism. 

Currently. the assembly hierarchy is fonned semi-automatically: the system may query the user to 

fonn the assembly hierarchy for complicated assemblies. 

The benefit of fOnning an intermediate structure like a grouping before constructing an assem­

bly hierarchy from the target assembly is threefold. First. the assembly experience is broken into 

smaller pieces for each grouping rather than it is remembered as a single episode with one gigantic 

assembly hierarchy. This increases the applicability of the assembly experiences in a new assembly 

task situation because only their groupings needs to bear resemblance to the portion of the target 

assembly to be remembered. Second, a gigantic hierarchy that is rarely applicable is a waste of 

storage to memorize, A grouping takes up less space and. therefore. is less expensive to keep, The 

final point is a conjecture: it seems we are not good at memorizing a complicated structUre like an 
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assembly hierarchy at one iUlp. This hierarchy is the manifestation of accumulating the previous 

chunks into a new chunk: note this definition is recursive. 

1.3.3.2. Liaison-based Assembly Hierarchy Representation 

Previously, an assembly hierarchy was represented by a component hierarchy [Ko & Lee, 

1987]: a subassembly is a collection of subassemblies and components. When a component belongs 

to more than one subassembly. the component hierarchy yields an entangled hierarchy. This is a 

problem for the planner that uses an assembly hierarchy as a goal hierarchy because multiple tasks in 

the subassemblies are interacting through the shared components. Here, the hierarchy is constructed 

based on the pair-wise relations. the kinematic liaisons (to be explained later). When the subassem­

blies do not share the kinematic liaisons. the liaison-based representation forms a tree-like structure 

for the assembly hierarchy even if they share components. 

1.3.4. Precedence Calculus 

In general, it is necessary to specify a precedence between the boolean combinations of the mat­

ing operations. For example, "Mate part A with B before mating part C with B or 0 with B". More­

over. all. the precedence relations may be inconsistent when they are posted from the empirically 

learned experience of the precedence constraint" Decause the learning process may yield faulty con­

!> 	
cepts for a precedence relation. Therefore. the constraint propagation technique [Allen. 1983J for 

temporal reasoning is not sufficient. Instead. the precedence calculus is developed to reason from the 

precedence relations between boolean combination of mating operations and can detect inconsisten­

cies so that it can detect the maximal environment under which all the precedences are Consistent. 



1.3.5. Conjunctive Goal Interaction via Collision Physics 

Domain-independent planners are concerned with the detection and repair of the conjunctive 

goal interaction [Waldinger. 1977J. 'There. the focus was to detect interactions in the plan structure 

.. by analyzing what became true and false after a hypothetical operator application (add and delete 

. lists) and reorder them to avoid such interactions. Therefore. their method was domain-independent 

but required add and delete lists of the operators of the domain. 

Unfortunately, it is impossible to detect the interferences from the add and delete lists between 

mating operators because the interaction is caused by the swept volume tilI.ring the mating operation 

that is not amenable to add and delete list style of operator modeling. Therefore, the previous con­

junctive goal interaction method is useless. Rather, this thesis presents the conjunctive goal interac­

tion detection by projecting the effects of constructing a partially assembled structure with the 

remaining mating operations. Hence, this approach to conjunctive goal interaction does not rely on 

the add and delete lists of an operator but on the physics of the environment. collision physics. 

1.3.6. Empirical Assembly PlaMinl and Leaminl 

The collision physics is a complete and sound theory of the assembly task domain. However, it 

is intractable in general to apply the theory directly because collision avoidance problem is exponen­

tiaf[Donald. 1984]. Alternatively. this thesis develops a learning method that builds a memory struc­

ture that is empirically sound and complete for the scope of the tasks experiences so far as an approxi­

mate task theory. This empirical knowledge is built by accumulating the macro-operators empiri­

cally; unlike STRIPS [Fikes & Hart & Nilsson, 19721. the macro-operators are accumulated analyti­

cally using Explanation-based Leaming method [Segre. 1987J. 
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1.3.6.1. Combining Spatial and Temporal Structure Learning 

The physical environment can be viewed as a spatially and temporally structured object. Its 

scenery is comprised of the physical objects at different positions. They are spatially structured. 

Funhermore. the scenery changes with time due to physical processes occurring in the environment. 

A sequence of changes of the scenery constitutes a temporal objecL In order to perceive and interact 

with the environment. the domain theory as a model of the environment should include both spatial 

and temporal concepts. 

Learning structural concepts has been a long standing research problem in machine learning. 

So far. learning from spatially structured objects and learning from temporally structured objects have 

been studied independently. Initially. the former concentrated on domain-independent methods for 

learning structural concepts [Winston. 1970: Larson. 1977; Stepp. 1984]. Recently. the latter concen­

trated on domain-independent methods for learning from a temporal sequence of objects, qualitative 

process prediction [Michalski & Ko & Chen. 1987; Chen, 1988]. This research focuses on learning 

the structural descriptions involving both the spatial and temporal relationships because of the follow­

ing conjecture: the constraims from the spatial and temporal information are inexorably inter-related 

and should be studied together. 

To generalize from multiple spatial sttuCtuleS. the objects from each structure should be 

mapped with the corresponding objects from other structures. In general. the problem requires solv­

ing subgraph isomorphism problem: NP-complete. However. the spatial structures in this thesis. 

called groupings, are associated with the sequence of mating operators as a planning episode. Map­

ping between the groupings can proceed after mapping between their associated sequences of mating 

operators. This problem of mapping two sequences is polynomially bound. This thesis demonstrates 

that the subgraph isomorphism problem can be overcome when taking advantage of the interaction 

between spatial and temporal constraints of the physical environment. 



14 


1.3.6.2. Constructive Induction 

A constructive induction is a form of induction that generates hypotheses including descriptors 

not present in the input data but constructed by the system [Michalski 1983]. NOMAD develops a 

novel constructive induction method. 'The method is based on deductive restructuring of the training 

instances to generate new "interesting" instances that are not covered by the current working 

hypotheses in memory so that the system may shift its focus of attention from the woddng hypothesis 

to a new hypothesis guided by the new instances. 

1.3.6.3. Constructive Closed·loop Learning 

The learning strategy used by NOMAD is that the planner may start from incorrect and incom­

plete task theory but can modify and augment its current task theory and hopefully, the process con· 

verges to a tractable, correct and complete task theory with sufficient experience. ibis requires more 

powerful learning strategy than anyone learning mechanism like empirical inductive learning (En.) 

and explanation-based learning (EBL). 

A constructive closed-loop learning (CCL) is a unifying learning strategy that subsumes both 

En. and EBL {Michalski &. Ko. 1988; Kodratoff &. Michalsld, 19891. A CCL mechanism adaptS its 

inference modes to the learning situation according to the relevance of its prior knowledge: the CCL 

mechanism may find background knowledge using a deductive inference when it logically implies the 

observation of interest; otherwise. it resorts to an inductive inference to tind an additional (or 

modified) knowledge that would explain the observation. NOMAD is one of the first implementa­

tions of the CCL learning paradigm. 
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Geometric Model 

of Parts 

Assembly 

Scenario 

World Model 

Mating 
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Training 

Instances 

Failures/Successes 
Credit Assignment of Plan Steps 

Figure 1.1 NOMAD Architecture 

1.4. Outline or the Thesis 

The thesis is organized following that of NOMAD. Fig. 1.1 shows the overall architectUre of 

the system. Each oval is a processing element and the rectangles are data elements. Chapter 2 

describes the world modeling through a graphic simulation of the envirorunent. Chapter 3 describes 
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the assembly design in terms of the mating conditions, providing the specification of the target 

assembly. Chapter 4 describes the spatial reasoning engine (SRE) that can compute the relative posi­

tions of the components satisfying the mating conditions simultaneously. 

An assembly planning is carried out in two ways: one is projection-based and the other is 
l. 

experience-based. Olapter S describes a projection-based approach to an assembly planning: it 

detects goal interactions by a spatial envisiorunent of mating operations and posts constraints to avoid 

such interaction as a precedence between mating operations. Olapter 6 describes a planning method 

from planning experiences stored in memory as well as the plan execution and monitoring for the 

credit assignment for the learner. Olapter 7 describes the learning procedure thal accumulates the 

planning experiences from the planning episodes. 



CHAPTER 2. 

ENVIRONMENT MODELING 

An assembly operation effects the change in the position of an object in the environment and 

the change is determined by the set of mating conditions to be satisfied and the current position of the 

object. Hence. the correct perception of the position of objects in the environment is crucial to the 

success of an assembly operation. The perception internalizes the environment into an internal 

description in its memory. a world model [Fikes &. Nilsson 1971]; this internalization process from 

sensory input is beyond the scope of this thesis research. 

This process is simulated by user-defined interpretive routines: they internalize the graphical 

deSCription of the environment by translating the description into a memory structure. Fig. 2.1 shows 

two distinctions. A scene modeler models the shapes of objects and their positions in the physical 

environment (its snapshot) by a geometric modeling system (OMS). A world modeler internalizes 

the graphic representation of the scene into the memory as a poSition map. 

Scene Modeler World Modeler 
I 

I I 

I 
ISnapshot of the Physical -""" vEnvironment 

Oraphic 

Representation 

I 
I 

A Position 
Map

-....,; 

Figure 2.1. Three-Tiered A pproach to Obtaining a World Model (position Map) 
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Currently. a world model captures a static image of the physical envirorunent. However. 

objects may move about and interact obeying many principles in the physical envirorunent: collision. 

conservation of momentum. friction. and stability. The focus of this research is on the interaction 

between the collision. physics of the physical envirorunent and the assembly task knowledge used to 

generate assembly sequences. Although geometric modeling of the shapes of solid objects is well-

understood. it is a research problem to model physical principles efficiently. For a geometric simula­

tion of a collision detection. OMS should create an envelope of space that an object may go through 

when it is moving and check for any intersection with other objects in space. called a sweeping 

volume. This test becomes almost impossible when other objects are moving as well. Even when all 

obstacles are stationary. a naive approach would test for intersection of the sweeping volume with all 

the obstacles. Furthermore. each intersection is very computationally intensive if the shapes are com­

plicated. Here, the collision detection is simulated by the user input: that is. the user may envision 

whether a moving object collides with other objects using the graphic display of the scene as an aid 

and infonns the reasoner of unintended collisions during an assembly operation. 

2.1. Object Shape Modeling 

The shape of an object is modeled by its bounding faces. Since a face may have holes. the 

boundary of a face is formed by its outermost boundary and the inner boundaries formed by the holes: 

each of them is represented by a sequence of edges. called a loop. Hence. a face is bounded by a loop 

or multiple loops. Funhermore. a face is associated with an outer nonnal that points out of the object 

to distinguish inside from outside of the object. This scheme is called a boundary representation (B­

rep) of an object. 

A cube shown in Fig. 2.2 (a). A coordinate system is affixed to the cube. called a base frame. 

and the cube is modeled with respect to the base frame. Fig. 2.2. (a) shows the It. y. and z axes of the. 
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(a) 

PO= {LO} FI= {LI} F2 ={L2} 
Fl= {L3} F4= [IA} F5 ={LS} 

(b) 

LO = (eO. e9. e4. eS) LI =(el, elO. e5. e9) L2 = (e2. elt, e6.e 10) 
L3 =(e3. eS, e7, ell) IA =(e4, e5, e6, e7) LS =(eO. el, e2. e3) 

(c) 

eO = <v0. vI> el = <vi. v2> e2 =<v2. v3> e3 = <v3, yO> 
e4 =<v4, v5> eS =<vS. v6> e6 =<v6. v7> e7 =<v7. v4> 

e8 = <YO. v4> e9 = <vI. vS> elO = <v2. v6> ell =<v3, v7> 
(d) 

vO =<0.0,0> vi = <1.0,0> v2 = <1.1.0> v3 =<0. t ,0> 
v4 =<0,0,1> vS =<1,0,1> v6 =<1.1.1> v7 =<0,1.1> 

(e) 

Figure 2.2. Boundary Representation of a Cube 
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base frame. 

B-rep of the cube is sho\\lTl in Fig. 2.2 (b). (c). (d). and (e). A cube consists of six bounding 

faces: FO. Fl. n. F3. F4. and FS. A face. FO. contains a single loop. LO. Fl contains L1 and so on. 

These are described in Fig 2.2 (b). A face may contain more than one loop when the face contains 

~ 	 holes. A loop consists of edges. LO consists of four edges: eO. elf e2. and e3. The rest of the loops 

with their edges are described in Fig. 2.2 (C). An edge is a sU'aight line segment bounded by a pair of 

vertices. An edge, eO. is bounded by a pair of vertices, vO and vI. Fig. 2.2 (d) shows the rest of the 

edges of the cube. A vertex is modeled by its location. called a vtnt:r pOiN. 'The vertex point is 

described with respect to the base frame. Fig. 2.2. (e) shows all the vertices and their vertex points 

with respect to the base frame. 

All the geometric information of the boundaries (faces. loops, edges, and vertices) of an object 

is represented with respect to its base. When an object moves, the base frame affixed to the object is 

moved accordingly. The geometric infonnation of the boundaries with respect to the base does not 

change unless the object changes its shape. Since the solid is not allowed to deform by the motion. 

only the base of an object needs to be updated when the object moves. 

Shapes can be altered or constructed by two kinds of operations: resizing and boolean opera­

tions. A resizing operation stretches or shrinks an object along the axes of the inertial reference coor­

dinate sY,stem of OMS. A boolean operation between a pair of objects creates a new object by sub­

tracting an object from the other. unioning or intersecting them. 

1.1.1. Resizing Operation 

The x positions of all the vertices of an object are altered proportionately by a scale factor Sz 

along the x axis of the reference coordinate system of OMS; likewise scaled for their y positions (s,) 

and for z positions (s,). These scaling transformations are carried out by multiplying the following 
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transfonnation matrix to each venex points: 

S. 0 0 0 
o Sy 0 0 
o 0 s, 0 
o 0 0 1 

No scaling along x axis is necessary by setting Sit. to one. Likewise, Sy and s. can be set to one when 

scaling along y and z axes are not necessary. The result of resizing operation is stretching or shrink­

ing an object along the axes of the inertial reference frame of OMS. Note. only geometry is affected 

by this resizing operation but topology of the shape description stays intact. 'The topology can be 

altered by the boolean operations. 

2.1.2. eSG Boolean Operation 

It would be cumbersome for a user to specify all the boundary information for an object model: 

the vertices, edges, and faces of the cube in Fig 2.2 by hand. When a complicated object is modeled, 

it would be even more difficult. Therefore, object modeling should make use of similar object 

models that are already designed in the library. That is. when the user has to specify the boundary 

information for B-rep of an object, elfoRS in designing one object model is not easily brought to bear 

when designing other object models with minor alterations. 'The user will benefit greatly from tools 

enabling the use of old object models in building new object models. 

Boolean operators are used to construct union, difference. and intersection of different object 

models that may be primitives like the cube of Fig 2.2 or previously modeled objects, maybe using 

boolean operations. Hence. the output object representation of the boolean operation should be uni­

fonnly represented as the input object representation: B-rep. This user-interface Originates from the 

constructive solid geometry (eSO) [Requicha & Voelcker 1983]. As a result. an object created by 

one user may be used or incrementally modified by others or himself at a later time: a design effon is 
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shared and incremental. 

One implementation of the CSO approach fonns a binary tree where internal nodes are boolean 

operators and leaf nodes are primitives [Monesson 1985]. This computational structure implicitly 

detennines the shape of an object; this impliCit object representation is time consuming when the 

computations of relevant infonnation is duplicated across multiple renderings of objects and 

geometric reasoning with them. However. B-rep of an Object explicitly models the object so that 

most of the computations are compiled into the representation when the object is created. As a result, 

B-rep is more efficient for multiple renderings and geometric reasoning. 

Here. the OMS evaluates the user commands in terms of CSO boolean operations and creates 

B-rep of the resulting object OMS computes all the boundary infonnation of a new Object from the 

boundary infonnation of previously built objects. A boolean operator takes the B-rep of two objects 

as input. A sequence of boolean operators can be composed because both the input and output 

objects of the operators are in the same representation. B-rep. Furthennore. the command sequence 

acts like a schema that can be evaluated to create many. different instances with identical shapes. 

Currently, a cube is the only primitive object model of OMS but additional primitives can be 

defined without any change to the modeler itself: its implementation is independent of any particulars 

of the cube. For example, it would be straightforward to increase the types of primitives even funher 

with pyramid, tetrahedron or any polygonal. objects. However, primitives with curved surfaces like a 

sphere are not directly modeled because OMS is not equipped with solving non-linear equations. 

This limitation can be overcome by linear approximation of curved surfaces: e.g., a cylinder may be 

approximated by many-sided polygon. 
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Figure 2.3. Difference Operation ofObject2 from Objectl 
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2.1.3. Steps to Object Modeling by a Boolean Operation 

Here, the user interface makes use of both boolean and resizing operators. In Fig. 2.3, objectl is 

a primitive. cube of a unit size; object2 is an elongated rectangular polygon along the x axis of its 

base by a resizing operator. Then. the base of object2 is placed with respect to object I 's base as the 

inertial reference frame so that object2 is overlaid at the volume enclosed by the dashed lines and the 

boundary edges of objectl. Then. input these twO objects to the difference operator that forms new 

vertices. edges, loops. and faces for the resulting object. The preliminary steps (resizing and placing 

the objects in common reference frame) are identical to all the other boolean operators. 

2.2. Position and Displacement Modeling 

A poSition in 3D space is specified with respect to some coordinate frame. There are many 

types of coordinate systems but here. the coordinate frames are represented with respect to a right­

handed canesian coordinate system (a frame. for shon), shown in Fig. 2.4: x, J. and z are the axes 

and 0 is the origin. The location of a point in the 3D world, p in Fig. 2.4, is specified with respect to 

z 

xl 

Figure 2.4. Coordinate Frame 



the frame by the displacements along the x, y. and z axes of the frame from its origin: x 1, y t, and z L. 

An orientation is specified by a normal vector (a unit segment of the arrow from 0 to p) with respect 

to the frame: the cosines of the angle between the vector and the x axis (ex). the vector and the y axis 

(~). and the vector and the z axis (~) in Fig. 2.4. 

The position of a solid object is specified by the location of a point on the object (the origin of 

the base frame affixed to the object by convention) and the orientation of the object (the orientation of 

any of x. y, and z axes of the base frame l ). Therefore. a position is specified by six parameters: three 

of the location and three for the orientation. These parameters are called six degrees of freedom 

(DOF) of the poSition of an object because if any of them is undetermined. the position of the object 

with respect to the undermined parameter and object is free to move with changing the parameter. 

A displacement operator moves an object by a translation. a rotation, or both. The displacement 

is specified in terms of the six parameters. A mating operation between a pair of components 

involves the displacement of one component with respect to another such that the two components 

satisfy their mating conditions in the target assembly. 

2.1.1. Position Representation 'ria Homoaeneous Transformation Matrix 

The translation parameters for the base frame (A) with respect to some coordinate system (B). 

represented by the origin point of A frame with respect to B: <Ps 1''1 I'"l:>T or If. The rotation param­

eters are represented by x, y, and z axes of the A frame: <ns,ll'l,ll, ,0:>T or If for x axis of A with 

respect to B, <oStOy.oz.O:>T or if for y axis, and <a",oy,or.O:>T or 1I for z axis. In short, these vectors, 

ft. rI,lI/1, collectively describes A with respect to B and form a homogeneous transformation matrix 

[Paul 1982]: 

IThc other two axes IlC fixed when thc direction of onc of the axes is determined 



f'I. o. a. PI 
f'I, 0., a., p.,

HJ= f'li 0, ar PI 
000 I 

Note. this representation is redundant because there are twelve entries but only six degrees of 

freedom. Each element of matrix H. can be addressed by specifying the entry name. For example. the 

first row and column element of H is addressed by II. (H) or II. when H is obvious from the context. In 

addition. each column can be addressed by Tf. 11. II. and,. 

2.3. Scene ModeUna and its Renderina 

Once all the objects are modeled. they are "placed" on the screen by specifying the homogene­

ous transformation matrices of their base frames with respect to the world coordinate systtm that is 

fixed throughout the geometric modeling. The objects are displayed by orthographic projection on a 

plane. First. represent all the edges of the screen with respect to the world coordinate system: then, 

project them to the plane. Currently. the rendering routines like hidden line removal. lighting. and a 

perspective projection, have not been implemented because they bear little bearing toward the main 

concern of the assembly planning of Ibis thesis research. Furthermore. there are many commercially 

available graphics packages for the graphic rendering purpose. However, the user may view the 

scene at different angles by specifying different projecting planes as viewing screens. 

2.4. World Modelina by the Position Map 

The object models and their placements signify the graphic representation of the scenery. The 

scenery is perceived by transfonning the graphic representation into a digraph, called a posilion map. 

Paul [paul. 1982] used a similar structure called a transfonn graph. There. the usage was mainly for 

deriving the proper transforms for the theoretical analysis of the robot manipulators. 
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Here. the position map is to represent state of the world. The map includes the digraphs for 

parts. a node for the world coordinate system (world reference node). and the edges from the world 

reference node to the base nodes of pan digraphs. These edges are labeled by homogeneous transfor­

mation matrices signifying the positions ofobjects in the scene. 

2.4.1. Part Digraph in the Position Map 

To generate the position map. B-rep of an object is converted into a digraph that contains a base 

node and nodes for other geometric features: outer normal of a face by a face node and a center axis 

of a cylindrical hole by an axis node. The edge from the base to a face node is labeled oy a homo­

geneous transformation matrix whose It is the outer-nonnal of the face and fllies on the plane of the 

face. 1r is along one of the edges of the outermost loop of the face. and 1I is chosen following the 

right-handed coordinate system. The face node contains ranges along 'It and·lI with respect to the 

frame for the face. approximating the area of the face. 

The edge from the base to an axis node is. again. labeled by a homogeneous transfonnation 

matrix whose fllies on the intersection of the axis and the outer surface; II is along the axis pointing 

inwards from fl. The axis node has a range information along II approximating the length of the axis. 

Because of the convention for choosing fI and lI, the range is between 0 and some positive number. 

Note, the range is specified with respect to the frames of each geometric features: the face and axis 

features. 

A simplest external representation of an object is a unit cube. The cube shown in Fig. 2.S (a) 

has its own base. and six faces: faceI. face2. face3. face4. faceS. and face6. So. its internal represen­

tation has seven nodes: one for the base and six for the faces. An edge from the reference coordinate 

system of OMS to the base is labeled by a frame. <x~.y~.z(J,p~> where .iO denotes x coordinate axis 

with respect to the reference coordinate system. y~ for y coordinate axis. t for the z coordinate axis. 
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face6 
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(a) B-rep of a cube and its Pan Digraph 

1 0 0 0 
o 0 -1 0 

<.d,yl,zlpl>= 0 1 0 0 
00 0 1 

-o2.y2,z2p2> = 

o 0 -I 0 

-1 0 0 1 


-o4,y4,z4p4> = 0 1 0 0 -oS,yS,zSpS> = 
000 1 

o 0 1 1 
1 000
0 1 0 0 
000 1 

1 000 
o 100 
0 0 1 1 
000 1 

-1 0 0 1 
o 0 1 1 

-o3,y3,z3p3> = 0 1 0 0 
o 0 0 1 

1 0 0 0 
0-1 0 0 

-o6,y6,z6p6> = 0 0 -1 0 
o 0 0 1 

(b) Homogeneous Transfonnation Matrices Labeling the Edges 

Figure 2.5. External and Internal Representation of a Cube 

and i"fJ for the location of the origin. In Fig. 2.S (b), an edge from the base to facet, a face node, is 
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labeled with a frame: <.z1.),1.:1..01:> where z 1vee.), 1vee,z1, and p1 are If. If. d. and " of face 1 

respectively; similarly for faces 2 through 6. The origin of its frame. p1. is at p-o. The ranges along x. 

and y axes of facel frame are between 0 and 1; here. these ranges exactly describe the boundary. 

However. in general when the boundary of a face is not rectangular. the ranges only approximate the 

exact boundary of the face. These ranges are useful when computing the ranges of the degree of free­

dom variables (they are discussed in the next chapter). 

1.4.2. Multiple Scenes with the Position Map 

In the position map. a ·world* node corresponds to the world coordinate system of the screen. 

The position of an object in the screen is represented by a matrix labeling a directed edge from 

·world· node to its base node. The matrix is called a base frame that represents the position of the 

base affixed to an object with respect to world coordinate system. The scenery is represented by 

edges from ·world· node to base nodes of all the objects in the working space; multiple scenes are 

maintained by multiple collections of these edges. Neither face frames nor axis frames are changed 

since objects are assumed to be rigid. 

The cube is rotated counter clockwise with respect to y axis of the world reference frame and 

translated along its y axis by 2. Cubes before and after the motion are shown in Fig. 2.6 (a). 

<.r.y~II> is the frame for ·world· and the original base frame of the cube. The new base frame of 

the cube after the InUlSformation with respect to *world· is <z-oJ'-o,z-o..o-o:>: 

0.707 0 0.707 0 
o 1 0 2 

<.z-o,y-o.z-o,p-o:> = -0.707 0 0.707 0 
o 0 0 1 

The position map is labeled with <.z-OJ'-o,z-0..0-0:> and all the local face frames of the cube with respect 

to *world· are easy to compute: face 1 frame with respect to ·world* is computed by matrix.­
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Figure 2.6. The Scene and the Position Map 
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0.707 	 0 0.707 0 
o 	 I 0 2

Framel:f,~t, = <.x1,y1.:1.p1>x<.:c-o.y-o.:~.p-o> = -0.707 0 0.707 0 
o 	 0 0 I 

0.707 	 0.707 0 0 
o 	 0 -1 2 

= -0.707 0.707 0 0 
o 	 0 0 1 

1 0 0 0 
o 0 -1 0 
o 1 0 0 
00 0 1 

2.4.3. Reasoning with the Position Map 

The position map makes it easy to compute spatial relationships between any pair of its nodes: 

we just have seen how to compute the face frames with respect to ·world· when an object moves. In 

general, to compute a spatial relation ofnode2 with respect to nodel, 

(1) 	 find a path from nodel to node2, and 

(2) 	 multiply homogeneous transformation matrices of the labels associated with edges of the path 

appropriately. 

A path from node 1 to node2 is found by a traversal algorithm: it should trea1 the directed edges of the 

position map as undirected edges during the traversal and collects them into a path in a sequence. 

When a path is found from node 1 to node2, collect the proper matrices of the edges in the path: a 

proper matrix depends on the directed edge. When an edge in the path links node-a to node-b while 

the traverser went from node-b to node-a, the proper matrix is the inverse of the matrix labeling the 

edge; otherwise, the label is the proper matrix as it is. 

Suppose you want to compute the spatial relation of facet with respect to face2 in the scene of 

Fig. 2.6 (b). The labels of the path from face2 to facel are <.:c1.y1.z1.p1> and <.x2.y2.z1,p'2>. 

http:c1.y1.z1.p1
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Because the path requires the edge from face2 to base. inverse of <.x1.y1..i~~~:i·h is required: 

o I 0 0 
00 1 0 

<.x1.y1..z1.p1.>-1 = I 0 0 -1 
000 1 

1ben. face! with respect to face2. Fr~IIf:J. is a matrix multiplication of <.x1,y1.z1.p1> and 

<.x1,y1..z1,p"h-l : 

00-1 0 

Fr~/:t:l =<.x1,y1.z1.p1>x<.x1.y1.z1.p1>-1= ?~ g .?1 
00 0 1 

http:x1,y1.z1.p1
http:x1.y1..z1.p1


CHAPTER 3. 

ASSEMBLYDESIGN 

When individual objects are designed. an assembly structure is formed by including the objects 

as its components and by specifying the connections between the components in the assembly struc­

ture. These connections are formed by positiOning the objects where they can form a joint: a 

kinematic connection to be described later in the chapter. Therefore. the main tasks in the assembly 

design are to design individual components and to specify their connections in the target assembly. 

The computer aided design (CAD) systems have provided tools for the component design and 

increasingly more products are designed by CAD systems. However, many of the products are 

assemblies; hence. CAD systems should provide tools for the assembly design [Lee & Gossard 1985J 

in addition to those for the component design. 

The assembly design creates a target assembly: its geometric and topological structure. The 

geometric structure of the target assembly is created when the geometric structure of its components 

are designed by the component design system using the boolean operators. as discussed by the previ­

ous chapter. Then. the topological structure of the target assembly is represented by a diagram. called 

target assembly diagram: the main subject of this chapler. 

Furthermore. the assembly design should be tested for its assemblability [Ko & Lee 1987}. This 

test requires an assembly planner that can decide whether the assembly is feasible to construct by 

creating an assembly plan. As a result, the target assembly diagram specifies the tasks to be per­

formed by the assembly planner. this chapter examines the assembly design as a task speCification 

process for the assembly planner. 
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3.1. User Interface for the Assembly Design 

Assembly design is carried out by the user with a CAD system. The level of user instructions to 

the CAD system is the subject of this section. 

3.1.1. Coordinate-based Approach 

The interfaces in commercial CAD systems are awkward because repositioning of individual 

components are done by: 

• pointing to an object using a mouse, and dragging to its desired joint configuration; then, select 

a joint type (to be discussed shortly) from a pop-up menu and its associated axes of kinematic 

degrees of freedom, or 

• specifying a homogeneous transformation matrix directly and then select their jOint type from a 

menu and their axes of kinematic degrees of freedom. 

The former is easier but lacks accuracy while the latter is more precise but lacks ease of usage. For 

either method, the user has to specify the translations and rotations necessary for repositioning indivi­

dual components manually, a time consuming process. It would be better if the kinematic connec­

tions can be specified without sacrificing the accuracy. 

3.1.2. Feature-based Approach 

An assembly is designed to serve some function. With the coordinate-based approach, little of 

the functional requirements of the assembly design are reftected in the representation of the target 

assembly. Rather, an assembly design should be expressed in terms of the linguistic features describ­

ing the shapes, the spatial relations, and the motions: hence the need for the feature-based approach. 
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The feature-based approach allows the user to design in tenns of features of the shapes and their 

symbolic relationships capturing the required spatial and kinematic requirements. However. with the 

feature-based approach. the coordinate infonnation should be inferred from the features and their 

symbolic relationships. The coordinate infonnation is necessary for the graphical display or for the 

robotic manipulation of the assemblies. In NOMAD. the assembly design adopts the feature-based 

approach. 

3.2. Taraet Assembly Diaaram 

The taraet assembly diagram is a "meta" construct over the position map wherein the nodes 

denote the base nodes of the position map and the edges, called "kinematic liaisons". denote their 

kinematic linkages in the target assembly. The target assembly diagram is based on the ear:lier work 

by Bourjault. He characterizes an assembly as a liaison. diagram [De Fazio & Whimey, 1988]: a 

labeled graph wherein nodes represent parts and edges between nodes represent user-defined relations 

between pans. called "liaisons". 

The liaison diagram allows the user to assign any relational meaning between pans to a liaison 

while the kinematic liaison is limited to only kinematic relations. Funhermore, two components. 

connected by a kinematic liaison. should form physical contacts to serve some mechanical purposes. 

Funhennore. nodes in the target assembly diagram are base nodes of the position map rather than 

pans. In short. the target assembly diagram can be viewed as a specialization of the liaison diagram. 



3.2.1. Related Concepts to Kinematic Liaisons 

3.2.1.1. Virtual Link 

The kinematic liaisons of the target assembly diagram are closely related to the concept of a vir­

tuallink [Lee &: Gossard. 1985]. A virtual link denotes a coMeCtion between two mating structures: 

two subassemblies. two components. or one subassembly and one component. Because a subassem­

bly is a hierarchical entity. a virtual link involving subassemblies is defined in the context of a partic­

ular assembly hierarthy. 

In-comparison. a kinematic liaison is specified independent of any particular assembly hierar­

chy. Instead. the assembly hierarthy is constructed during the planning phase rather than during the 

design phase. As a result. the assembly hierarchy construction is independent of the assembly design 

processes. However. the assembly design considerations are peninent to the assembly hierarthy con­

struction. For example. an engine assembly is designed as a subassembly of the car. TIle engine 

subassembly represents a functional unit as a power plant of the car as well as a structUral unit that 

can be assembled or disassembled collectively. 

These distinctions stem from the property of the hierarchical representation to facilitate an 

abstraction mechanism. Because different types of abstractions are required by the assembly design 

;_ and planning phases, separate hierarchies should be constructed for each type of abstractions: tunc­

_ tional hierarchy for the former and structural hierarchy for the latter. Here, the assembly hierarchy is 

constructed only during the assembly planning phase (the type of abstraction represented by the 

assembly hierarthy will be discussed in Chapters S and 6). 

Lastly. the virtual link allows both a kinematic and a dynamic linkage information such as a 



37 


conditional attachement1 [Wesley & Lozano-Perez & Lieberman & Lavin & Grossman 1980). 

3.2.1.2. Joint (Lower·Pair) 

A jOint between two geometric features, each from different objects denotes a kinematic con­

straint between them. Their relative spatial movements are constrained geomeUically as a function of 

six parameters denoting three translational degrees of freedom and three rotational degrees of free­

dom. The geometric features related by a joint is called elemenlS. A joint and its pair of of elements 

is called a pair. In 1875 [Kennedy. 18761, Reuleuax distinguished the joints into six types: prismatic, 

cylindriCal. spherical, revolute, screw, or planar joint: a pair from these six joint types is called a 

lower-pair [Kenedy 1876; Hanenberg & Denevit 1964]. Their kinematic properties are shown in the 

Fig. 3.1. 

The kinematic properties of these joint types has been made precise by a homogeneous transfor­

mation matrix [Oenevit & Hanenberg, 1955], modeling the motions of the lower-pair joints. The 

matrix has historically been called an A matrix. The main application of their approach has been the 

mechanism simulation of an assembly structure when pans are already in place. 

Because their approach assumes all the parts are in their assembled positions already. there are 

no displacements necessary to bring about the joint However, for the assembly construction task:., 

components may be initially at arbitrary positions and they should be brought together in space to 

form an assembly. Hence. their displacements as well as modeling the mechanism behavior are 

necessary (the subject of the next chapter). 

The kinematic liaison represents the overall kinematic constraint between base nodes of two 

components while a joint represents a kinematic constraint between their local geometric features. 

Then, a kinematic liaison may represent the resulting kinematic constraint from multiple lower-pairs. 

I A conditional attachment may have a relative motion if Ibe applied force is peater Iban some threshold. 
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(b) Cylindrical Joint(a) Prismatic Joint 

(c) Spherical Joint (d) Revolute Joint 

(f) Planar Joint (e) Screw Joint 

Figure 3.1. Six Lower Pairs and their Kinematic Properties 
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Top Face 

HEAD 
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Hole Axis 

Figure 3.2. Elements of PIN and HEAD and their Joint Formation 

For ex.ample, in Fig. 3.2, when the PIN is lowered. its bottom face forms a planar joint with the top 

face of the HEAD. Funhermore. the center axis of the HEAD forms a cylindrical joint with the hole 

axis of the HEAD. Overall. the HEAD and PIN form a revolute jOint: that is. the kinematic liaison 

between base nodes of HEAD and PIN represents a revolute joint, consisting of planar and cylindrical 

joints. 

3,,%.1.3. Matina Condition 

These individual local kinematic constraints are related to the mating conditions [Popplestone 

& Ambler & Bellos 1980J. A mating condition denotes both the joint to be established and the neces­

sary displacements. For ex.ample, the planar and cylindrical joints are established by satisfying dif­

ferent types of mating conditions: against and aligned mating conditions (to be discussed shortly). In 
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shon, a kinematic liaison may contain more than one mating conditions. Funhermore, a mating con­

dition denotes not only the final joint properties but also the displacements required to achieve the 

joint. That is, a mating condition is a function of both the initial configuration of pans and their joint 

configuration. 

3.2.2. Specifying a Mating Condition 

NOMAD allows the user to specify the kinematic constraints of the kinematic liaison indirectly 

in tenns of the mating conditions. Each mating condition specifies the transformation from the 

current configuration to the joint configuration between local geometric featun:s. When the jow 

allows the kinematic degrees of freedom, different transformations are allowed as long as they differ 

only by the kinematic degrees of freedom of the joint However. the ttansformation should not be too 

wild: the elements of the joint shoUld keep a physical contact. Here, ranges of the degree of freedom 

variables are restricted to satisfy this constraint (to be discussed in Olapter 4). 

In order to specify a mating condition. the user specifies the pair of geometric features (ele­

ments of the joint) and the type of the joint that they form: a mating condition for each of the six jow 

types in Fig. 3.1. There could be other mating conditions for additional joint types however. the com­

pleteness of the mating conditions should be tested with many assembly examples. 

As an example. a mating condition between two planar faces to fonn a planar joint may be 

specified and is called an against mating condition. Another example is a mating condition between 

two axes to fonn a cylindrical joint, called as an aligned mating condition. The assembly of the PIN 

and HEAD in Fig. 3.2 is specified by an against mating condition between the bottom and top faces 

and an aligned condition between the center and hole axes. Chapter 4 develops a method that derives 

the overall kinematic constraint. forming a revolute joint, between PIN and HEAD from each indivi­

dual against and aligned mating conditions. Next two sections describe the mating conditions in the 
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conteltt of the position map framework. 

3.2.2.1. Against Maling Condition 

Suppose f1 and 12 of Fig. 3.3 are two planar face nodes. The frames for n and f2 with respect 

to some common reference coordinate system are <1t.V.M1JI> for fl. and <.Z"..-I.lf> for f2. 

Remember M1 and r are outer normals of n and f2 respectively; fI and 11 lie on the planes of n and f2. 

Informerly. two planar faces are against each other when they lie in the same plane and face 

each other: that is, M1 and t are antiparallel and fI and 11 lie in the same plane. In addition, two planar 

faces form a planar joint the planar joint allows t.hr\:e degrees of freedom: one rotational degree of 

freedom around the outer normals when they are andparallel and two tranSlational degrees of freedom 

on the plane share~ by the two faces. The degree of freedom variables are associated with a range 

f2fl 

Figure 3.3. Object Features (Kinematic Elements) 

w 

p.J----..... v 

u 

z 

0;.----... y 

x 
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restriction so that two faces form a physical contact However, this is in general a function of all 

three degrees of freedom variables and edges of the loops in the faces. NOMAD approximates the 

restrictions by the translational degrees of freedom along It and V of n if the object of 12 is moved for 

their mating using the range information of f1 and 12. Chapter 5 details the mechanism using an 

example. 

3.2.2.2. AlilDed Matina Condition 

Here, suppose fl and 12 are the axes nodes. An example would be a center axis of a hole, the 

hole axis in Fig. 3.2. Again, the frames for f1 and 12 with respect to some common reference coordi­

nate system are <iI,V,VIJ/> for fl. and <.ItYJ!P> for 12. ,Remember VI and t are along the axes of f1 

and f2 respectively; 1. lies on the intersection of the axis and the outer surface. Infonnerly. two axes 

are aligned each other when they are collinear and coincident More precisely. when f1 and 12 are 

aligned, !'it and r are collinear and f1 and d are lying along a common axis. In addition, they form a 

cylindrical joint with two degrees of freedom: one rotati'onal degree of freedom around the common 

axis, and one translational degree of freedom along the common axis. The range information can be 

derived similarly. 

3.2.3. Example of Taraet Assembly Diaaram 

As an example. Fig. 3.5. shows two components: "Bench" on the left and "Beam" on the right. 

Bench constains faces. f1 and 12; Beam constains faces. f3 and f4. The assembly of the Bench and 

Beam is specified by two mating conditions: Faces, f1 and 0. are against each other and faces .12 and 

f4, are against each other. State, S1, shows before their mating conditions are satisfied and S2 shows 

afterwards. 
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Figure 3.S. Bench Assembly Specification of its Assembled State 
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Against 

Against 

(a) 

fi 

bl 

(fin) 

(b) 

Figure 3.6. Target Assembly Diagram for Bench Assembly 
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Fig. 3.6 (a) shows the target assembly diagnun on the abstract where nodes are base nodes of 

Bench and Beam, bi and b2. Here. the names of components themselves are used to denote bl and 

b2. The kinematic liaison is labeled by two against mating conditions between them. Fig. 3.6 (b) 

shows the detailed representation at the target assembly diagnun overlaying the position map for 

Bench and Beam. 





CHAPTER 4. 

SPATIAL REASONING ENGINE 

The spatial reasoning engine (SRE) is a set of inference procedures, reasoning about the 

geometric and the topological relationships between the geometric features of the objects in the posi­

tion map. SRE can be used for computing a new position of a component after mating with another 

component or for envisioning a subassembly after all the mating conditions of its components are 

satisfied. resulting in the final joint with kinematic 1 degrees of freedom (OOF). 

Given one or more mating conditions between a pair of components. SRE computes the dis­

placements of one component to the other component. satisfying their mating conditions simultane­

ously. 

Given: 

• 	 Current position map of the pair of components: their geometric features and their current posi­
tions. 

• A set of mating conditions to be satisfied after the assembly operation. 

Determine: 

• 	 Displacements including the translations and rotations that would achieve the given mating con­
ditions. 

The DOF is represented by variables. called DOF variables. When the final joint allows DOF, 

there are infinitely many possible displacements satisfying the final joint condition. Therefore, all the 

valid displacements (a group of rigid transformations) are represented by a homogeneous transform a­

tion matrix whose entries may contain the symbolic constraint equations in terms of the DOF vari­

abIes. Furthermore, after displacements, all the mated geometric features should be physically in 

1Ampere coined the tenn, kinematics, derived from Ihe Greek word for motion. cinematique: a geometric science of motion 
[Hartcnberg &; Denevit 1964]. 
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contact: they should intersect in space. This is managed by the range restrictions on the DOF vari­

ables. 

In order to execute the mating operation. the kinematic DOF variables should be grounded: that 

is. the variable should be instantiated to a numerical value so that the position of the object can be 

fully determined so that the scene can be displayed graphically. 

The DOF variable should be grounded within its specified range to ensure the contacts. The 

grounding within the range determined locally between two mating components may be an overcom­

mitment when the grounded value is later determined to be unacceptable because a placement of an 

object using the grounded value hinders later mating operations. Therefore. the satisfaction of other 

mating conditions in the target assembly may further constrain the choice of numerical values for 

grounding a DOF variable. 

At wom, considering the mating conditions of an assembly in their entirety may be necessary to 

minimize backtracking from a grounded value. The backtracking alters the placement of a com­

ponent and may destroy the placements of other components in the assembly structure built so far. In 

short, SRE should be capable of determining spatial relationships from any subset of all the mating 

conditions, collected from the kinematic liaisons in the target assembly diagram. 

4.1. Previous Researches to the Inference of Positions 

4.1.1. Algebraic Approach 

Inference of positions from mating conditions was originated from intelligent robotics [Pople­

stone & Ambler & Belos, 1980]. Their objective was to elevate the manipulator-level instructions to 

the level of specifying only spatial-relationships between objects. This requires deriving 
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manipulator-level instructions automatically from the spatial-relation specificatiolt 

The objects were modeled by the collection of geometric features participating in the spatial 

relationships rather than by a geometric modeling system. The derivation of the displacements were 

carried out by an algebraic system. modeled by a set of rewrite rules with the following operators: 

twix, trans. neg. vee. cos. sin. The inference of positions from the mating conditions is carried out by 

solving the equations algebraically and contributed to the apparent inefficiency of the method. The _ 

concept of twix and trans were incorporated in SRE. 

4.1.2. Numerical Approach 

More recently. it was realized that inference of positions is necessary to support an assembly 

design in the CAD environment {Lee & Gossard 1985; Lee & Andrew 1985]. The term, "mating con­

dition", originated from their work. 

The necessary displacements were derived by solving a set of simultaneous constraint equations 

derived from each mating conditions numerically. Some of these equations involve trigonometric 

functions. m~eling the rotations. As a result, their method involved solving a non-linear set of equa­

tions. 

All the twelve entries of a homogeneous matrix are considered as independent variables and 

their constraint equations were explicitly posted as pan of the simultaneous set of equations. There 

was more equations and unknowns than minimal number to compute the spatial displacements. 

Furthermore. there were usually more equations than the number of unknowns. It was necessary to 

isolate the same number of independent equations as the number of unknowns: a type of reasoning 

over the form of equations. 
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In order to solve the non-linear equations. it was necessary to guess the initial values of the unk­

nowns so that the numerical solution method converges. Because initial values detennine the initial 

configurations of the components. the designer supplied the initial configurations of the parts in the 

assembly. As a result. the designer was not completely freed from specifying the positions of the 

components: this is unavoidable when the constraint equations involve non-linear terms. 

SRE extends the above method in three ways. First. computing displacements for each mating 

conditions is compiled into the algorithm using a vector algebra instead of posting the same set of 

equations everytime a mating condition is used to derive the displacements. Second. it layers the 

computation according to the degree of difficulties from simple matching to linear equation solving 

by Gaussian elimination method. and eventually to solving non-linear set of equations. Note, if a 

simple matehing is sufficient to solve the constraint equations, then the numerical method is not used 

at all. Third, each DOF variable is restricted to an interval so that the range of displacements can be 

derived for the contact constraint 

4.2. Spatial Reasoning from Mating Conditions 

SRE first computes a homogeneous transformation matrix. satisfying the geometric definition of 

the mating condition, given in the previous chapter. For multiple mating conditions, the matrices for 

each mating condition are compared and simplified using a symbolic equation simplifier and a con­

stanl domiNJIJCe rule (to be explained shortly). Then. its DOF variables are constrained to achieve 

the contact. That is. the DOF variables of the resulting joint are restricted by an intersection of the 

ranges of the individual DOF variables from each mating conditions. 

The following sections describe an algorithm. deriving the homogeneous transfonnation matrix 

from an against mating condition under the position map framework.. In the interest of clarity, the 

position map is simplified: the base nodes of the mating components and the ·world· node of a 
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position map were simplified to a single node. In the simplified position map. an edge links a feature 

node to a common reference coordinate system marked by 'T'. Furthermore. in order to simplify 

duplicating the whole position maps at different stages of the operation of the algorithm. a geometric 

feature at different stages is represerued by attaching a subscript: e.g .• f Ii denotes the feature. f 1. at 

the ith stage. 

4.2.1. DecoupUng Kinematic Constraints or Against Mating Condition 

The geometric definition of an against mating condition is given in the previous chapter. Note. 

the definition of the against mating condition is divided into rotational and translational components: 

the rotational component specifies zt and w to be antiparallel and the translational component 

specifies" and 71 to be coplanar. after achieving the against mating condition. 

It is known that a transformation matrix that would rotate around a unit vector. r. by an angle, 

e. is: 

k"lve+ce k.. k,ve-k,se k.. k.ve+k,se 0 
k.. k,ve+k.se k,lve+ce k,k,ve-k.. se 0 

Rot•.e= k.. k,vrK,se k,k,ve+k.. se k,lve+ce 0 
o 0 0 1 

where Ce and Se are cos(9) and sin(9) respectively and Ve =l-ce [Paul 1982]. 

~ USing the above transformation matrix, the Y and ware made antiparallel by deriving the ( that 

is orthogonal to the plane formed by r and W. Rotate T around r by the angle e to make r anti-

parallel to w. 

e=180 - acos (T' W) 

(=1 wxztl 

ROIFrame/2 = R01U Frame 2{2 

where 1 wxT 1 is a unit vector and ROIFrame/l is a new frame of f 2 after rotation. In Fig. 4.1. f 21 

http:k,ve+k.se
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represents the featu.re 12 after RolFrafM/ l transformation. 

The translational component is derived by noting that once 12 is oriented antiparallel to 1 1. the 

origin of 12 with respect to current frame of1 1 should be reduced to 0 along its current z axis. Offset 

represents 12 with respect to 1 I after orientation 

Of/Setff = Frame III RotFrame{l 

Note that Frame 1/1 and Frame If! are inverse to each other. Inverse of a homogeneous U'3IlSforma­

tion matrix requires little computation. Inverse of H in Chapter 2 is: 

II" ,., II, -,. 

0" 0, 0, -" 
a" a, a, -,. 
o 0 0' 1 

Let the z component of translation vector. p,(Of/Stt). is d. Let us denote a translational matrix with 

three degrees of freedom (P". p, ,and p. ) as Tr(p" ,p,,p.). 

DotFra.me 

---~""'/22 -----~..... /21 ----.... 12. 
Tr{O,O,d) Tr(d",d,.O} Rot•.• 

Figure 4.1. Position Map 

http:DotFra.me
http:featu.re
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1 0 0 pal
o lOp, 

Tr(p • .p.,.pl)= 00 1 PI: 

o 0 0 1j 
So, the new frame off 2 that satisfies against mating condition with f 1 is: 

AgainstFrame{Z =RotFrame{Z Tr(O,O,d) 

4.2.1. Degrees or Freedom ror Matina Conditions 

The kinematic degrees of freedom are preserved by allowing numerical equations with variables 

in the matrix. As a result. symbolic equations should be manipulated to infer spatial relationships. 

For example. against mating condition allows one rotational degree of freedom and two translational 

degrees of freedom. Here. 12z may rotate around its current z axis by 9 and translate in x-y plane by 

d. and d.,. The new transformation matrix with DOF variables (9. d., d,) for the against mating con­

dition is derived by matrix multiplication: 

DofFrame{Z =AgainstFrame{Z Tr(d",d, ,0) Rotz,e 

4.2.3. Reasoning about Ranges 

When two geometric features mate by an against mating condition. they should be in contact 

physically: Le., their planes should intersect in space. So. the above transformation alone is still 

underconstraining because depending on DOF variables, the two planes may not touch each other. 

The spatial contacts are enforced by the range constraints of the DOF variables of the against mating 

conditions: e, d • • and d, . 

Unfortunately. the range of one DOF variable may be a function of other DOF variables. For 

example, the two unit squares of Fig. 4.2 should be against each other. Then, the two squares mate 

by a translation of square2 along x. axis. d." between -3 and -1 with its current orientation. When you 
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reorient square2 bye, shown in Fig. 4.2(b), the range constraints on d~ is a function of e where 

OS9S180. 

-2-cos(e) s d~ S cos(90-9)-1. 

Hence. translational degrees of freedom in against mating condition between two planes are functions 

of the rotational OOF. e. and their boundaries: a notable exception is circular planes because the 

shape is invariant with respect to any orientation. 

In general. each bounding edges from the mating planes should be tested for intersection when 

the shape of the plane irregular. In this work. we envelope the plane by a rectangle: ranges along the 

x and y axes of the face frame. affixed to the plane. For an against mating condition. the displace­

ments necessary to achieve spatial contacts are derived from the respective envelopes and the rota­

tional dependency is ignored. Therefore. the displacements may not ensure spatial contacts; instead. 

it approximates the nearby regions. A complete geometric solution may not be necessary when the 

yy 

square1 eDB 
1 

.. 
0 x 

1 2 3 0 1 2 3 

(a) 
(b) 

Figure 4.2. Mating Square2 against Square! 
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geometric constraint is augmented with the force sensors that can "feel" the contacts through an 

exploration of the nearby space in small increments: similar to the compliant motion in the robot con­

trol [Mason 1979]. 

4.2.4. Case Study: a Bench Assembly 

Using the Bench assembly as an example, Fig. 4.3 (a) shows Bench is the component on the left 

and Beam is positioned to the right The dimension of the Beam is 1 by 0.5 by 1 along x. y and z axes 

respectively. Three geometric features are shown in the figure for each component. one base and two 

face features. Remember. in the position map. the frame of the base, base frame, of an object is 

represented with respect to the world inertial reference frame, ·world·, and all the other features of 

the object are defined with respect to its base. Here, / 1 and /2 are face features whose frames are 

defined with respect to the base. b 1. of the Bench and / 3 and /4 with respect to the base of the Beam. 

b 2: their homogeneous transforms are given in Fig. 4. 3(b). Suppose the comer of the Beam between 

/3 and /4 is fit into the groove of the Bench between /1 and / 2. Then. two against mating condi­

tions should be satisfied between / 1 and /3 and between /2 and /4. Do/Frame 3 is derived as the 

new base frame of b 2 with respect to BaseFrame2 after mating /1 and / 3. 

ee, se, 0 dl 
o 0 1 -1.5 

Do/Frame 3 = se, -ee, 0 dr2 
o 0 0 1 

Here. at. dt. and dl are the rotational OOF variable and two translational DOF variables of the against 

mating condition between / 1 and /3. Do/Frame 3 is with respect to the BaseFrame2. Here, the new 

translational DOF variable is along the x: and z axes with respect to the initial base frame of the Beam 

in Fig. 4.3 (BaseFrame 2); notice that the translational component with respect to the y axis of 

BaseFrame2 is fixed to -1.5. This can be checked intuitively because when the Beam is reoriented so 

~at / 1 and /3 are against to each other, the translation along y direction of the base frame of the 



x 

55 


z z 

01 zl 

z2 

y2 

(0,0.5,0) 
yy 

(1.0,0);;-------__ ;.;---~"7--- z4 

Frame lit = 

Fr"-. 3fj -= 
-'... n 

BaseFrame 1)J.,,,,. = 

(a) meuic Models of Bench (at left) and a B (at righ 

1 0 0 0 

g~I ~ °i5 

000 1 

1 0 0 0 
0 -I 0 0 
0 0 -I 0 
o 0 0 
 1 

1 000 
o 1 0 0 
0 0 1 0 
000 1 

1 00 0 
o 1 0 1 

Frt11M 21t = 0 0 1 0.5 
000 1 

-1 00 1 
o 0 1 0.5 

Frt11M4U = 0 1 0 0 
o 00 1 

1 000 
o 1 02 

BaseFrame 2~ = 0 0 1 0 
000 1 

(b) Geomeuic Features 
Figure 4.3. Bench and a Beam 
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el 
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Figure 4.4. Computing the Spatial Relationships of the Beam 
and the Bench from Two Against Mating Conditions in the Position Map. 

Beam is the only one that is fixed. Similarly for 12 and 14, the new base frame of the Beam with 

respect to BaseFrame 2 is DoIFra1M 4. 

Ce, 0 se, ca.+dr-l 
-sa. 0 ca. Sa.+d4-2 

DolFrame4= o -1 0 1 
o 0 0 1 

where 9l • d3 and d4 are the DOF variables of the against mating condition between 1 2 and 14. 

4.2.4.1. Range Restrictlon$ on OOF Variables 

The objective of this section is to combine the range constraints of individual translational OOF 

variables from the two against mating conditions (dl.d2.d3 and d4). The combination requires com­

paring them in the common reference frame. Furthermore, the range constraints of individual OOF 

variables are derived from the extremes along the x and y axes of the face frame. approximating the 

http:dl.d2.d3
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bounds of the face. 

Each face is associated with minimum and maximum values along the x and y axes of the 

frame, affixed to the face feature. For 11, 8x 1 and OYI are the bounding parameters along x and y axes 

with respect to its own frame respectively as: 

~Yl~.5 

Likewise, the bounds of I 2. 13, and 14 are derived from the geometric models of the Bench and the 

Beam where 8xl and 8n for 12. 8x3 and 8Y3 for 13, and 8x. and 8y. for I 4. 

Note, a point is translated at different coordinate systems by the following relationship: 

'a =H:,,, 
where,o and,,, are describing a point in frame a and b respectively. 

In order to compare the bounds of13 (8x 3and 8Y3) with those ofl 1 (8x. and 8y.), the bounds of 

I 1 are transformed to the face frame affixed to I 3 as the common reference frame, RelFrame1 is a 

transformation matrix for the frame of11 with respect to I 31 in Fig. 4.3 (a); it is derived by travers­

ing the following nodes in the position map of Fig. 4.4: 131, b20. *world*, b 10. and 110 and collect­

ing the frames in the path. 

1 0 0 0 
o -1 0 3

ReLFrame 1=AgainslFrame 3-1xBaseFrame2-1xBaseFrallV lxFrame 1= 0 0 -1 0 
o 0 0 1 

RelFrame I is the frame of 110 with respect to that of 131 and can be visualized in Fig. 4.5. x3, y3. 

and z3 are axes of 131 and xl, yl. and zl are axes of 110. Using ReLFrame 1. 8Xl and 8Yl of 11 are 
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z3 

y3 yl 

x3 ~Zl 
xl 

Figure 4.5 Face Frame of/10 with respect to that of /31 

translated into Ox{ and 8y\', the bounds respect to /3\. Note, the minimum and maximum points of 

the boWlds are: 

o 
o 

Minimum = 0 Ma:dmum = 
I. 

1 
0.5 
0 
1 

Translate the maximum bounds with respect to /31 for Ox I' and gy I' with respect to /31: 

1 0 0 0 1 
o -1 0 3 0.5 
o 0 -1 0 0 
o 0 0 1 1 

Therefore. 

2.Ssay I'S) 

Then. the bounds of the displacements (dl and di) are derived from the bounds of /3 and /1 in the 

common reference frame of/.3\ as follows: 
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-ts dl =Sx{-OX3 Sl 

2.5s d2 = oy (-~Y3 S3.S 

Using the SUP-INF method [Bledsoe 1974]. the translational displacements of OotFrame3 derived 

using the above inequalities as the context. 

-IS pz(DofFramt!3!=d\ Sl 

O.SS p, (DofFrame 3!=dr2 Sl.S 

Similarly from the against mating condition betweenf2 andf4, the translation components are com­

puted using the range context of Ce, and se, as between· 1 and 1: 

-IS pz(DofFro.rn,e4) s3 

-3oSs p,(DofFro.rn,e4) SO 

4.2.4.2. Combining the Effects from Multiple Mating Conditions 

In general. there is more than one mating condition for a kinematic liaison between two com­

ponents and it is necessary to combine the kinematic constraints from each mating condition. The 

method is explained by an example of Fig. 4.3 (a). 1bere. two against mating conditions are specified 

between the Bench and the Beam. In the previous section, we already analyzed the kinematic con­

straints from each of the two against mating conditions and the ranges of the displacements were 

derived. 

Note. DofFr0.m4 3 is a new base frame of the Beam with respect to its initial base frame which 

mates f 1 and f3. DofFro.rn,e4 is a new .base frame of the Beam with respect to its initial base frame 

which mates f2 and f 4. Then, the new matrix combining the local effects (DofFrame 3 and 

DofFr0l1ll!4) is subsumed by both DofFrame3 and Do/Framt!4. That is, each entry of the new entry 
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should be a refinement of the corresponding entries from DofFrame3 and DofFrQJPl44: an equality is 

assened for each corresponding entry and the 12 simultaneous equations are shown in Fig. 4.6. 

Before solving the simultaneous set of equations by a numerical method. SRE reduces the fOITl1 

of the equations to simplify the equation solving task by: 

constant dominance rule 

if one of the corresponding entries is a constant, the constant dominates over any expressions 

except other constants, 

constant propagation rule 

when a constant corresponds to a single term, alI the occurrences of the term are replaced by the 

constant. 

The above rules are used to reduce the form of the equations, simplifying the numerical computation 

task. The constant dominance rule and constant propagation rule work in conjunction. In Fig. 4.6. 

a., states that ca. is one. One dominates over Ce,' Using the constant propagation rule for the equality 

of 11., Ce, is one; d 1 =d 3 using the rule for p •• 

11" : rei, =ell. ",: O=-Se. 1I,:SI,=O 

0.: SI, =0 0,:0=0 0,:-('1,=-1 

a.: 0= Se, a.,:l=ee. a,:0=0 

p.,: -l.5 = SI.+d4-2 p,: dr2= 1 

Figure 4.6, Set of 12 Equality Equations 
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This method layers the problem-solving according to their difficulty. In general. it is necessary 

to solve non-linear simultaneous set of equations with a numerical method such as the least-square 

method: a computationally expensive procedure. Here. a more powerful, therefore expensive, numer­

ical method is deployed only when simpler method fails. As a result, reasoning over the fonn of equa­

tions layers the deployment of the computational procedures according to their difficulty. 

Furthermore. an inconsistency is detected when two corresponding entries are reduced to dif­

ferent constants. Such inconsistencies are manifested when the component geometries are incon­

sistent with the assembly geometry designed by the topological specifications: mating conditions. 

This is a useful feedback for an assembly designer who may modify the component geometry or the 

assembly speCification. 

Here. the equationS of Fig. 4.6 are reduced to only a single variable. dl and the transformation 

matrix. subsumed by both DofFrame3 and DofFrame4. is: 

1 0 0 dl 
o 0 1 -1.5 

RotTranslonn (Bench ,Beam) :: o -1 0 I 
o 0 0 I 

Note. there is only one translation DOF variable along x axis of the initial base frame. BaseFrame2. 

d 1: a prismatic joint. Using the ranges of pz (DolFrame 3) and pz (DoI Frame 4); 

-IS p'I.(DofFrame3)=d1 Sl 

-IS p'I.(DoIFrame4) S3 

The range of d 1 is an intersection of the above two inequalities: 



CHAPTER S. 

ASSEMBLY PLANNING FROM THE FIRST PRINCIPLES 

When an assembly is being designed. it is necessary to determine whether the design can be 

realized. This decision can be broken into checking for the manufacturabiliry and assemblabiliry of 

the design. ManufacturabUity can be determined by planning for manufacturing individual com­

ponents. called a process planning; assemblability by planning for assembling the components. called 

an assembly planning. The latter denotes a process of creating a plan structure that can be used to 

bring the individual components together to satisfy their topological and kinematic relationships. 

specified by the assembly designer. in the target assembly diagram. 

The assembly planning activity requires predicting the consequences of planning each assembly 

step. This prediction requires the knowledge of an assembly task theory. Using the first principles of 

the physical environment as the task theory, an assembly planner can simulate individual assembly 

steps and thereby. can predict their consequences. Newtonian mechanics is the first principle of the 

physical environment. However. using the Newtonian mechanics as an assembly task theory is 

intractable. In fact. this chapter shows that reasoning even from the restricted theory of the 

Newtonian mechanics. the collision physics. is intractable with increasing number of components. 

This chapter describes the assembly planning from the first principle of the simulated environ­

ment. a collision physiCS. by projecting the effects of planning a mating operation using the collision 

physics. To overcome the complexity barrier of this approach. the next chapter describes another 

approach to assembly planning from the previous assembly experiences called empirical assembly 

plaMing. 

62 
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5.1. Assembly Planning from Collision Physics 

The planner should impose the precedences that would avoid an assembly sequence whose ini­

tial subsequence constructs a subassembly that prevents a collision-free path for an assembly step of 

the latter subsequence. The assembly planning is based on the spatial interferences between com­

ponents or subassemblies during their mating operation. 

The precedence constraints are detected by checking spatial interferences between a pair of 

subassemblies or components. For example. consider the Bell-Head assembly in Fig. 5.1. Fig. 5.2 

shows that the PIN and the RING are already assembled and the HEAD is being assembled by 

traversing the environment: the striped regions mark. the swept volumes of the HEAD. However. the 

space, occupied by the PIN, intersects with the swept volume of the HEAD in Fig. 5.2 (a) and with 

the swept volume of the RIN'G in Fig 5.2 (b). Therefore. the HEAD should be assembled before the 

PIN or the RING. 

With this precedence constraint, four assembly sequences are possible: <RING. HEAD. PIN>, 

PIN 


RING 


Figure 5.1. Bell-Head Assembly 
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Figure 5.2. Assembling HEAD when PIN and RING are in place 
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<PIN, HEAD, RING>, <HEAD, PIN, RING>, or <HEAD, RING, PIN>I. To determine the pre­

cedence relations between the PIN and the RING, Fig. S.3 (a) shows the first sequence and last 

sequence when the HEAD and the RING are in place and the PIN is being assembled. Because the 

swept volume of PIN does not intersect, the PIN can be assembled_ Likewise, Fig. S.3 (b) shows the 

second and third sequence when the PIN and the HEAD are in place, the RIN'G can be assembled. 

Therefore, both sequences are admissible and no precedences are necessary between assembling the 

PIN and the RIN'G. Therefore, the only precedence constraint is that the HEAD should precede the 

PIN or the RING and all the four sequences are admissible. 

5.1.1. Assemblability from Accessibility 

The above interference checking using a swept volume (called spatial envisionment) determines 

the accessibility of a moving component to its goal position in the presence of other components 

already assembled. An assembly step is feasible if the final position is accessible. The accessibility 

is determined by envisiOning a collision-free path for the mating operatioll When no collision-free 

path can be found, the planner discovers precedence constraints like in the previous section. 

Currently, a failure to find the collision-free path is reported by the user as a precedence violation 

during the envisionmenl 

5.1.1.1. Assemblability YS FIND-PATH Algorithm 

Computing the collision-free path is related to the FIND-PATH problem [Brooks & Lozano-

Perez 1983]. The problem is to find a continuous path for an object with an initial location and orien­

tation to reach the goal location and orientation in the envirorunent, cluttered with the obstacles. 

Furthermore, the traversal should follow a path without any collisions with the obstacles. a collision­

• 

. I~HEA.D. RING. PIN:> represents a sequence of components. being assembled. 
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Figure 5.3. Interference Oteckings between PIN and RING 
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free path. 

For the assembly planning problem. a component of a target assembly is moved to reach its 

assembled position as a goal position by traversing the environment. occupied by the assembly com­

ponents that are already in their assembled positions. Other components in their initial poSitions are 

located where they do not interfere with any mating operations so that any interferences that are 

detected during the assembly operations are attributed to the components already in their goal (assem­

bled) positions. Then. the objective of an assembly planning is to devise a sequence of changes to the 

environment so that a collision· free path can be found for each assembly operations by a FIND­

PATH algorithm. 

Because a comprehensive FIND-PATH algorithm shall extend the notion of accessibility, the 

notion of the assemblibility by the assembly planner depends on the FIND·PATH algorithm used by 

the planner. When no assembly sequence for a target assembly can be constructed with limited 

FIND-PATH algorithm for the interference checking. it may be possible to construct an assembly 

sequence for the target assembly with more powerful FIND-PATH algorithm. As a result. unless the 

FIND·PATH algorithm is complete. a failure to find an assembly sequence for a target assembly does 

not imply the target assembly is not intrinsically assemblable. 

Although there exists an algorithm. solving the FIND-PATH problem completely in 3D with all 

six degrees of freedom (three translational and three rotational). the algorithm is not polynomially 

bound [Donald 1984]. Hence. currently, any approach to assembly planning with a comprehensive 

FIND-PATH algorithm is computationally intractable. To compound the difficulties. the number of 

spatial interference checkings grows exponentially with the number of components. as shown in the 

nex.t section. 



........ 
"e:r 

~ 
" " 

" 

68 

5.1.2. Analysis or The Number of Interference Checkings 

This section analyzes the maximum number of interference checkings with N components. 

Consider the worst case by assuming any subset of the components fonns a subassembly. \\'hen i 

components are already assembled, a spatial interference should be checked with any subset of the 

rest of N-i components except the empty set: 2....... -1 spatial interference checkings as shown in 

Fig.SA. 

Possible subsets of the 


rest of the (N - i) components 


one possible subset 

Already Assembled 

i Components 

0 

Interference Checkings 

Figure SA. Number of Spatial Interference Checkings with i Components 
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Because there are [1] possible assemblies with i components that are already assembled. there 

are (1] (2N ..... -l) spatial interference checkings. Note. this compleltity analysis assumes that assem· 

bling a subassembly. A. to another subassembly. B. requires a separate test from B to A. Finally. the 

total number of spatial interference checldngs is: 

Solve the above formula using the binomial theorem as follows: 

3N = (1+2)H 


= [~] l~N+['YJ 112N-1+ . . . +[~] IN2° 


Similarly. 

Using the above equations. solve: 

ll[1] (2N- i _l) 

=ll[1] 2N ..... -ll[1] 

Therefore, the total number of spatial interference checkings grows exponentially with respect to N. 

the number of components. 
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5.1.3. Assembly Hierarchy as an Abstraction Hierarchy 

In order to limit the number of the spatial interferences, the assembly problem should be 

decomposed into pieces. The pieces are more or less disjoint and they together cover the entire prob­

lem. For each subproblem, it is further decomposed until the problem can be easily solved. This 

decomposition process constrUcts a hierarchy of assembly subproblems 

Considering the target assembly as a goal expression, the individual goals are hierarchically 

organized and each level forms an an abstraction level so that the planner considers only the indivi­

dual goals that are important at a given level of abstraction. 1bis process forms a tree-like decompo­

sition of the goal expression, a goal hierarchy. 

The goal hierarchy is formed by decomposing the target assembly into subassemblies and each 

subassembly is further decomposed in~o smaller subassemblies forming an assembly hierarchy. 

Therefore, a goal hierarchy is synonymous with an assembly hierarchy. An assembly hierarchy 

represents the abstraction hierarchy of the assembly problem correctly when the sibling subassem­

blies are independent (disjoint). With a correct assembly hierarchy. the planner checks only the 

siblings of a node in the assembly hierarchy because no interference checkings are necessary for the 

children of the sibling subassemblies if the hierarchy is correct. With a correct hierarchy. the number 

of spatial interference checkings is reduced dramatically. 

Suppose N (2"-1 for some integer M) components are hierarchically organized as the nodes of 

a binary tree, as shown in Fig. 5.5. For each internal node (a node with children), its two children are 

ordered by a spatial interference checking. Then. the total number of spatial interference checkings is 

the number of internal nodes that is linear with respect to the number of components, N while it is 

exponential in general as shown in the previous section (3N-2N+I+l): 

M2 - 1-I=¥ 
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Figure 5.5. Binary Tree 

5.1.3.1. Abstraction Principles or the Assembly Hierarchy 

With an assembly hierarchy. the final assembly sequence should be derived from the structure 

of the assembly hierarchy. reflectina the hierarchical structure. as well as from the collection of the 

assembly subsequences detennined for each subassembly. The hierarchical sttucturina is reflected by 

additional precedences. derived from a dictionary definition. 

A subassembly should follow two principles: Subassembly Precedence Constraint (SPC) and 

Subassembly /tukpendence Constraint (SIC). SPC states that the assembly steps of the assembly 

sequence for a subassembly ("assembly steps in a subassembly" for shon) should precede those in the 

parent assembly. SIC states the assembly steps between sibling subassemblies in the assembly hierar­

chy are carried out independently. If it is necessary to interleave assembly steps between sibling 

subassemblies. then they are not independent. 
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so 


Figure 5.6. Schematic Diagram of an Assembly Hierarchy 

Schematically. suppose Sl and S2 are subassemblies of SO as shown in Fig. 5.6. Here. we 

incorporate more specialized version of SIC: if NOMAD stans constructing a subassembly. it com­

pletes the construction of the subassembly and all of its subassemblies. That is. if S 1 is being con­

structed and S2 is not completed yet. then none of the assembly steps of S2 can be carried out during 

the construction of S1. Therefore. the assembly steps of S2 should follow those of S1. TIlis interpre­

tation of SIC can be logically expressed as: 

3 assembly-step} E S}, assembly-step2 E S21 

assembly-step} < assembly-step2:::::> 


'V assembly-step3 E S}, assembly-step4 E S21 

assembly-step3 < assembly-step4 


Likewise. SPC can be logically expressed as: 

'V assembly-step E SO, subassembly-step E S} u S21 

subassembly-step < assembly-step 


where "<" represents a precedence relation between assembly steps: stepl < step2 means stepl should 

precede step2. The assembly planner uses SPC and SIC to introduce additional precedences 
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refiecting the structure of the assembly hierarchy as additional precedences in the final assembly 

sequence. 

5.1.4. Related Work: Plannina with a Goal Hierarchy 

The assembly hierarchy is a goal hierarchy for the planner to decomp:>se the planning tasks 

hierarchically. Many previous planning systems have used the tenn "goal hierarchy", This section 

disambiguates them in comparison to the use of the assembly hierarchy as an abstraction hierarchy. 

5.1.4.1. Subaoal Hierarchy 

Most STRIPS-type planners construct a goal hierarchy by a goal regression mechanism. A 

regression of a goal over an operator spawns subgoals that when satisfied. would guarantee that 

applying the operator will achieve the goal, A goal regression stops when all the subgoals ate achiev­

able in the initial situation. This goal hierarchy can better be names as a "subgoal hierarchy" because 

the subgoal hierarchy is not an abstraction hierarchy of the original goals. 

5.1.4.2. Linear Approximation 

The linear approximation of the conjunctive goals [Sussman 1973] is to make believe that each 

conjuncts ate independent and they will not interact. hence individual goals are separately planned for 

in sequence and their individual plans are assumed to be additive by concatenation. Here, the goal 

hierarchy for the conjunctive goals is a linear sequence. In a tree structure, the first goal of the 

sequence is the only leaf, the last goal is the root with only one path from the root to the leaf. 

The linear approximation can only create a fixed sequence of goals for the goal hierarchy. Here, 

the goal hierarchy is a tree structure, supporting partial ordering of goals and can be built dynami­
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cally. Note. the non-interaction assumption between goals in the linear approximation is the SIC for 

the assembly hierarchy. 

5.1.4.3. Criticality Value Assignment 

ABSTRIPS [Sacerdoti 1974] assigns a criticality value to each predicates of a problem domain 

a priori. When planning for a problem, multiple goals were planned according to their predicate criti· 

cality value. This planning paradigm is called a hierarchical planning because the problems, denoted 

by the highest criticality value predicates, are planned for before planning for predicates with lower 

criticality value. However. the criticality values were fixed across different problem-solving 

episodes. 

Therefore, the individual goals can be partially ordered. extendeding the linear ordering of goals 

by the linear approximation above. However. ABSTRIPS can only construct a single assembly 

hierarchy. so to speak. after giving the same problem many times because its criticality value does not 

change with the amount of the experience. Furthermore. the criticality is assigned either by a domain 

independent (weak) fixed stratesr or by the user. Funhermore. if the problem contained many predi­

cates with same criticality values. ABSTRlPS resorted back to the linear approximation. 

In the assembly task domain. the goal description is the structural and kinematic description of 

the target assembly diagram: the mating conditions. Because there are only limited number of dif­

ferent types of mating conditions. the criticality values among the mating conditions would not dis­

tinguish among the same type of mating conditions. Therefore. the criticality assignment would not 

introduce much hierarchical structuring over the problem space. Funhermore. it is incorrect to assign 

a fixed criticality value to the whole type of mating condition because it is often that the aligned con­

dition should precede against condition and vice versa depending on the assembly situation. 

l-yne predicates that can not be satisfied by any available operalOB are assigned the highest criticality values. 
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. NOMAD constructs the assembly hierarchy by two different methods. The next section illus­

trates a hierarchy formation using a domain dependent heuristic based on the topological structure of 

the target assembly diagram. The next chapter will describe a hierarchy formation based on the the 

previous assembly experiences. As a result, different hierarchies are formed with the different experi­

ences. In terms of the criticality assigrunents, the dynamic hierarchy formation above is equivalent to 

the criticality values and their effectiveness from one planning episode are transferred to other similar 

assembly tasks in the future. 

5.1.5. Case Study: Bell-Assembly 

The collision-physics based assembly planning approach was applied to a moderate size target 

assembly with 13 components, the Bell-assembly shown in Fig 5.7 (a). Its target assembly diagram is 

described in Fig. 5.7 (b). The diagram shows additional mating conditions that were not explained in 

Chapter 3: tight-fits and contact. Tight-fits condition specifies an aligned condition with no rotational 

degrees of freedom: contact condition is an ad hoc mating condition to prevent any relative degrees 

of freedom between mating features. 1bese mating conditions require kinetic semantics but the 

kinetics is beyond the scope of the simulated environment. However, they are introduced to cope 

with this example. Therefore, their applicability is limited to this example. 

5.1.5.1. Assembly Hierarchy Formation 

The assembly hierarchy formation is based on the target assembly diagram. Identify the com­

ponent, called a base component, which is connected to the gratest number of components by the 

kinematic liaisons of the non-subassembly type. A kinematic liaison is classified as a subassembly 

type when the mating components has any relative degrees of freedom. Gather all the components 

connected to base component by the kinematic liaison of the non-subassembly type. Call the gath­
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Figure 5.7 Bell-Assembly 
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ered components as satellite components of the base component, satellites for shan. The collection 

of the base and satellite components is called a grouping. 

The grouping formation by gathering satellites is recursively applied with each satellite of the 

grouping as a new base component. Therefore, the groupings are hierarchically organized. Same 

procedure is applied for the components not covered by any of the groupings. 

Using the target assembly diagram of Fig. 5.7 (b). Body is chosen because it is connected by 

greatest number of kinematic liaisons. five. The kinematic liaisons between Body and Head and Pin 

are subassembly type. The satellites of Body are Cover, Rod 1. Rod 2, Fixer, and Terminal Base. A 

grouping is formed for each satellite as a base. The Terminal Base as a base component collects 

Ground Terminal and Plus terminal as its satellites. Likewise for Fixer, Cover, Rod 1. and Rod 2. 

When this process has not yet covered Head and Pin. Choose any because neither of them are con· 

nected by a kinematic liaison of the subassembly type. Head is a base component with no satellites; 

likewise for Pin. This process results in the component hierarchy in Fig. 5.8 as its assembly hierar· 

chy. 

5.1.5.2. Assembly Sequence Generation 

All the precedence relations of the Bell assembly is generated from the Bell assembly hierarchy 

in Fig. 5.8. From the SPC. the assembly hierarchy provides the following precedence constraints: 

[Tenninal Base, Ground Terminal] < [Body, Terminal Base] 
[Terminal base, Plus Tenninal] < [Body, Terminal Base] 
[Fixer, HammerJ < [Body. Fixer] 
[Rod 1. Coildrum 1] < (Body. Rod IJ 
(Rod 2. Coildrum 2] < (Body. Rod 2] 

where [Body, Terminal Base] means the assembly step to establish the mating conditions of the 

kinematic liaison between Body and Terminal Base. 
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Body Head Pin 

Fixer Terminal Base cover Rod 1 Rod 2 
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Hammer Coildrwn 1 Coildrum 2 

Figure 5.8 Component Hierarchy of Bell Assembly 

Ground Terminal Plus Terminal 

Then. precedence relations between assembly steps for satellites are found by their pairwise 

spatial interference checkings in post order. No interferences are detected between the assembly 

steps for Plus and Ground Terminals. For the Body grouping, the spatial interferences are checked 

between the assembly steps for the satellites. Compare the assembly steps for Terminal Base and for 

Cover. Assembly steps for the grouping for Terminal Base (Terminal Base, Plus Terminal. and 

Ground Terminal) should precede that of Cover because when cover is assembled to the Body. the 

grouping can not be assembled to the Body. 

[Body, Terminal Base] < [Body, Cover] 

Similarly, the rest of the precedence relations are discovered: 
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[Body, Rod 1] < [Body, Fixer] 

[Body, Rod 1] < [Body, Terminal Base] 

[Body, Rod I] < [Body, Cover] 

[Body. Rod 2] < [Body. Fixer] 

[Body. Rod 2] < [Body. Terminal Base] 

[Body. Rod 2] < [Body. Cover1 

[Body, Fixer1 < [Body, Terminal Base] 


For comparing Head, Body, and Pin, consider Body as the base because it is the largest object and 

therefore, most cumbersome to move. Then. similar analysis as the Bell-Head Assembly of Fig. 5.1 

except that RING is replaced by Body. 

[Body. Head1 < [Body. Pin1 

Using the transitivity propeny of "<" relation, the final assembly sequence can be generated from the 

precedences found for the Bell assembly. 



CHAPTER 6. 

EMPIRICAL ASSEMBLY PLANNING AND EXECUTION 

The complexity reduction via the assembly hierarchy in the previous chapter is predicated on 

the "correcOless" of the assembly hierarchy: all its subassemblies satisfy the SIC and SPC criteria for 

generating the final assembly sequence. The heuristic fonnation of the assembly hierarchy is "heuris­

tic: it may produce incorrect assembly hierarchies. 

Unfortunately. there is no general theory that would construct an assembly hierarchy correctly 

without checking spatial interferences between subassemblies of the hierarchy. There are two 

approaches. One is to ask the user to specify the subassemblies during the assembly design phase as 

included pans like specifying the components. However. this would simply push many of the plan­

ning tasks to the user. Instead. this chapter investigates another approach to generate the hierarchy by 

neither being told nor using a fixed set of heuristic hierarchy formation strategies. The difficulty with 

the second approach is: 

(1) 	 in order to reduce the number of spatial interferences, an assembly hierarchy should be con­

structed and 

(2) 	 in order to ensure the correctness of the assembly hierarchy. the spatial interferences should 

checked for the subassemblies. 

This cyclical dilemma is overcome by the empirical assembly plaMer that is not concerned 

with constructing the "correct" assembly hierarchy and sequence everytime. Rather, the assembly 

planner of this chapter is concerned with learning to construct correct assembly hierarchies and 

sequences eventually after trial-and-error in many planning episodes. 

80 
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Each assembly construction is assimilated as assembly scenarios in memory. Using the com­

piled knowledge of the assembly scenarios, the assembly planner avoids dupUcating assembly hierar­

chy formations that failed; thereby, an assembly hierarchy formation in the future will be correct for 

more cases than before. This chapter presents the planning and execution processes by the empirical 

assembly planner. 

6.1. Empirical Planning Method 

This section presents an empirical p/o.nning method that is used as a basis for developing the 

empirical assembly planning. Empirical planning (EP) involves both planning and learning. As a 

planner, EP generates a plan for the given task situation from. the store of schemas in memory. The 

schemas are of two type.s: one is a generalized description of a task situation and the other is a gen­

eralized description of a plan segment that can be used to achieve some task situation. These two 

types of schemas are interrelated forming pairs: each pair consists of a schema for the plan segments 

(plan schema) and another for the task situations the plan segments achieve (task schema). 

Given a task situation and store of schemas in memory, the planning process proceeds in three 

steps: 

(1) using the task schemas in memory. form subtask situations of the given task situation. 

(2) post the plan segments of the subtask situations as candidate subplans, 

(3) combine the subplans into a coherent plan for the given task situation. 

A task schema in memory is instantiated with respect to the task situation. Each instance 

represents a subtask situation for which plan segments are generated by instantiating the plan sche­

mas associated with the task schema. These subtask situations form decompositions of the given task 

situation and their plan segments represent candidate subplans. These subplans are posted to 
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determine those that are mutually inconsistent because they can not be combined into a coherent plan. 

The subtask situations are partitioned into maximally consistent sets. The subplans of the subtask 

situations of a consistent set are mutually consistent. 

Given the consistent set above. EP combines the subtask situations of the set into a hierarchy. 

The hierarchy represents a hierarchical decomposition of the task situation or an abstraction hierar­

chy. Using the hierarchy, the planner generates the final plan by combining the subplans according to 

the abstraction hierarchy. 

The planner's predicted success of the final plan may fail when the schemas used by the planner 

are incorrect: EP does not assume the correctness of the schemas in memory. EP monitors the execu­

tion of the final plan to empirically validate or to invalidate the schemas used by the final plan. As a 

leamer, EP assimilate the empirical validations and invalidations of the schemas in memory. The 

learning task is to accumulate empirically correct and complete schemas that can be used for the 

range of task situations to be encountered. 

6.2. Empirical Assembly Plannin&IExC!Cution 

EP method is applied for the assembly task situations called emprical assembly planning. The 

empirical assembly planner creates an assembly sequence from the assembly scenarios, the empirical 

observations of what schemas has and has not worked before. An assembly planning generates the 

final assembly sequence by the memory instantiation of these schemas and the manipulation of the 

instances. The planner monitors the results of executing the final assembly sequence. The success of 

executing a plan segment. posted by an assembly planning scenario. of the final assembly sequence 

empirically validates the scenario while the failure empirically invalidates the scenario. These empir­

ical observations are used by the learning element to modify the schemas. This section discusses the 

assembly planning and execution phase. The next chapter will describe the learning mechanisms in 
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detail. 

6..1.1. Assembly Planning Episodes and Scenarios 

An assembly planning episode is a building block by the assembly planning and an assembly 

scenario is a canonical chunk of the memory from which assembly planning episodes are created. 

This section describes the representation of assembly planning episodes and scenarios and the assem­

bly planning episode formation. The assembly scenario formation is described in the next chapter. 

6.2.1.1. Assembly Planning Episode 

A grouping is a task situation describing a target assembly that can be assembled as a uniL The 

assembly task can be achieved by fixing one component of the grouping. called a base. and by mating 

the rest of the components of the grouping, called satellites. to the base in sequence according to an 

assembly sequence. Each step of the assembly sequence specifies a mating operation between a satel­

lite and the base. An assembly sequence is a potential plan segment of the final assembly sequence. 

The relationship between a grouping and an assembly sequence is maintained by a link. A pair 

of a grouping and an assembly sequence represents an assembly planning episode. Note. by execut­

ing an assembly sequence. a grouping is fonned and the grouping is unique with respect to the 

kinematic degrees of freedom of the structure: that is. different configurations of the grouping are 

congruent as long as they satisfy all the kinematic constraints of the grouping. However. there may 

be more than one assembly sequence that can be used to construct the grouping. Therefore. a group­

ing may be linked to more than one assembly sequence. 

Fig. 6.1 diagrams a grouping wi th fl + I components with an assembly sequence: assemble from 

Sat-l to Sat-n in sequence. A circle represents a component. The circles are labeled by mnemonic 
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mating 
conditions 

< < < 

Figure 6.1. Diagram for an Assembly Planning Episode 

abbreviations according to the roles of the components in the grouping. The circle with "Base" 

represents a base component and the circles with "Sat-I ", "Sat-2". and "Sat-n" represent satellite com­

ponents. 

The assembly sequence associated with the grouping is shown in the diagram by the edges 

labeled by "<" between satellite components. 1bis is a shorthand: the precedence relations are 

between the assembly steps for satellites to be mated with the base component. However. an assem­

bly sequence can be unambiguously represented by ordering just the satellites in the context of a 

grouping. "Sat-I" is the first satellite to be assembled to the "Base" and "Sat-n" is the n-th (also the 

last) satellite to be assembled. 

The edges. labeled by mating conditions. represent the kinematic liaison between components. 

The mating conditions and me components represent structural content of an assembly planning 

el'isode and the assembly sequence represents procedural content. The diagram integrates me 



structural content, the base component. satellite components. and their mating conditions. with the 

procedural content. a sequence of satellites. The structural content belongs to a grouping and the pro­

cedural content belongs to an assembly sequence as a plan segment for the grouping. The mating 

conditions between satellites in parentheses are included in the assembly sequence because they 

specify kinematic consuaints between satellite components although they represent structural content 

of an assembly planning episode. 

Consider the Bell·Head assembly of Fig. 5.1 as a target assembly. A final assembly sequence is 

formed by fixing the PIN as a base and assembling the HEAD to the PIN and then. assembling the 

RING. This assembly planning episode is represented by the diagram in Fig. 6.2. 

6.2.1.2. Assembly Scenario 

An assembly scenario is ageneralized description of assembly planning episodes. The structure 

of a scenario reflects those of the assembly planning episodes. A scenario is represented by a pair of 

against 

aligned 

< 
(against) 

Figure 6.2. Bell-Head Assembly Planning Episode 
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a grouping schema and a precedence schema. A grouping schema of an assembly scenario is a gen­

eralized description of the grouping of the assembly planning episode and a precedence schema is a 

generalized description of the assembly sequences. A pair of a grouping and a precedence schema 

represents a unit of an assembly experience. called an assembly scenario. 

Grouping and precedence schemas have inner structure like the objects they are describing. A 

grouping schema describes a collection of groupings. A grouping schema contains a component 

schema for the base. a base schema. as a generalized description of all the base components of its 

groupings. the component schemas for the satellites of its groupings (base and satellite schemas. 

respectively). and schemas for their mating conditions. Inversely. a grouping may be described by 

more than one grouping schema where the grouping is shared by multiple grouping schemas. 

Precedence schemas as its grouping describes a collection of assembly sequences. A pre­

cedence schema is associated with a grouping schema by a link to specify the order of mating opera­

tions for its satellite schemas like the link. between the assembly sequence and a grouping. 

An aSsembly scenario is represented by a diagram resembling the diagrams of their instances as 

assembly planning episodes above. For example. a diagram for the schemas of the Bell-Head assem­

bly planning episode is shown in Fig. 6.3. SBase is a base component schema. a generalized descrip­

tion of a base component. PIN. SSat-l and SSat-2 are the component schemas for the satellites: 

HEAD and RING. 

Like the assembly planning episode, the precedence relations between assembly steps for the 

satellite schemas are shown by ordering between satellite schemas in the diagram by "<" label. The 

grouping schema in Fig 6.3 shows the precedences relations between the assembly steps for $Sat-1 

and for $Sat-2 by an ordering between them and the mating condition between them in parentheses. 
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against 

aligned 

< 

(against) 

Figure 6.3. Bell-Head Assembly Scenario 

6.2.1.3. Assembly Planning Episode Formation 

Assembly planning episodes are formed either by instantiating the assembly scenarios in 

memory or by the user. The user may inform the planner of the groupings and their assembly 

sequences through question/answering session. the assembly planning episodes. This is necessary 

when the memory contains incomplete assembly scenarios to cover the new task situation. Other­

wise. the schemas are instantiated to generate assembly planning episodes. 

Given a taraet assembly. the planner first forms groupings by instantiating the grouping sche­

mas with the substJUctures of the target assembly. These groupings decompose the problem of 

assembling the whole target assembly into subproblems for assembling the groupings. For each 

grouping, the precedence schemas linked to its grouping schema are instantiated in the context of the 

bindings for the grouping to form assembly sequences for the grouping. They represent alternative 

plan segments that can be used to plan for assembling the grouping. Each pair of a grouping and an 

assembly sequence as an assembly planning episode is a building block (or the assembly hierarchy 
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fonnation. 

For example. the grouping schema of the Bell-Head assembly scenario can be instantiated by 

the following bindings: 

SBase <.> PIN 

S5at·l <.> HEAD 

$5at-2 <-> RING 

The precedence relation of the schema states: 

[SBase. S5at·l] < [SBase. SSat-21 

Using the above bindings. the following assembly sequence is fonned: 

[PL\I, HEAD] < [PIN. RING1 

This Bell-head assembly planning episode is diagramed in Fig. 6.2. 

6.2.2. Assembly Hierarchy 

The groupings represent separate decompoSitions of the original problem -- assembling the tar­

get assembly. These decompositions should be hierarchically organized to specify the hierarchical 

decomposition of the original problem. fonning an assembly hierarchy. An assembly hierarchy is 

used by the planner as a goal hierarchy. This section describes the representation and fonnation of 

the assembly hierarchies. 

The representation of the assembly hierarchy as a goal hierarchy should facilitate the reasoning 

task by the planner. This criterion detennines the representational choices for an assembly hierarchy. 

This next section describes the pros and cons of two different representational choices for the assem­

bly hierarchy: component-based and liaison-based hierarchy representations. 
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6.2.2.1. Component· Based Representation 

Intuitively. an assembly hierarchy represents a component hierarchy: that is, the assembly 

hierarchy is composed of components and subassemblies and a subassembly is composed of com­

ponents and smaller subassemblies. The component hierarchy is natural when planning an assembly 

operation because each assembly operation is moving a component at a time and an assembly opera­

tion can be associated with each component of the hierarchy. For that reason. the case study for the 

Bell assembly in the previous chapter constructs the assembly hierarchy according to the component­

based representation. Fortunately, none of the components are shared across different sibling 

subassemblies. Unfortunately, such a representation of the assembly hierarchy often results in an 

entangled hierarchy, not a tree. 

6.2.2.1.1. Entangled Hierarchy 

A subassembly is designed as a functional unit: it supports some subfunctions of the overall 

function. Also. it is designed as a unit of assemblage. These dual roles determine subassemblies in 

the assembly design. 

It is often a good design practice for a single component to serve multiple functional roles, the 

"function sharing" [Ulrich & Seering 1988]. As a result. multiple subassemblies as functional units 

often share common components because they serve multiple functions from each subassembly. 

With the common components. a component-based hierarchy often fOnDS an entangled hierarchy. 

Unfonunately, an entangled hierarchy is ill-suited as a goal hierarchy for the assembly planner. 

For example, consider the target assembly in Fig. 6.4. Suppose the components I, 3. and 4 

belong to the subassembly-I; the components 2. 4, and S to the subassembly-2. The component­. 
based assembly hierarchy issbown in Fig. 6.5. The component 4 is shared by the subassembly-I and 

subassembly-2. 
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2 

4 

51--__-. 

Figure 6.4. Subassemblies 

assembly 

Figure 6.S. Component-based Assembly Hierarchy 

The plarmer considers the assembly hierarchy as a goal hierarchy and assembles subassembly-l 

to subassembly-2 as assembly units. Subassembly-l is assembled as a unit while subassembly.2 is 

stationary as a unit (all of its components are stationary). This is impossible because the component 4 

should be moving and stationary simultaneously during the assembly operation. Hence. the planner 
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should make these two subassemblies disjoint by excluding the component 4 from the subassembly-l 

to make it stationary or by excluding from the subassembly-2 to make it assemblable as part of the 

subassembly-I. Both operations will partially destroy the assembly hierarchy. Therefore, it is 

cumbersome to treat a component-based assembly hierarchy as a goal hierarchy. 

6.2.2.2. Liaison-Based Representation 

Instead, the assembly hierarchy is represented in terms of the kinematic liaisons in the target 

assembly diagram: a subassembly consists of liaisons and smaller subassemblies. Even though two 

subassemblies may share a common component, the assembly hierarchy maintains a tree form as long 

as each subassemblies contains distinct kinematic liaisons. The good design practice of "function 

sharing" does not encou~ge the sharing of kinematic liaisons for the subassembly design. Further­

more, this investigation suggests subassemblies should be designed so that they do not share 

kinematic liaisons. 

usembly 

1\ 1-2 

1 ­ 3 I -4 

Figure 6.6. Liaison-based Assembly Hierarchy 
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The liaison-based assembly hierarchy of Fig. 6.5 is shown in Fig. 6.6 for a comparison: a tree 

structure even though the component 4 is shared between subassembly-l and subassembly-2. 

Although components are shared across multiple subassemblies, a tree like structure results as long as 

kinematic liaisons to the common component are not shared among them. Here, although the com­

ponent 4 is shared between subassembly-1 and subassembly-2 but their two kinematic liaisons. 1-4 

and 2-4, are distinct. 

The liaison-based assembly hierarchy representation is based on the vinual-link based represen­

tation of an assembly hierarchy that was developed in the context of an assembly design [Lee & Gos­

sard 1985]. A vinual link may link between subassemblies, components and any combinations of 

them. As a result. the subassemblies in an assembly hierarchy consist purely of vinuallinks. On the 

other hand. because a kinematic liaison may link between only components. a subassembly in an 

assembly hierarchy consists of two distinct types. kinematic liaisons and subassemblies. The 

schematic diagram of the assembly hierarchy is shown in Fig. 6.7. 

Fig. 6.7 shows a general schema for an assembly hierarchy. Each box represents nodes of the 

hierarchy: internal nodes (nodes with children) and external nodes (nodes without any children). 

Here. an external node is a kinematic liaison of the target assembly diagram; an internal node 

represents a subassembly (a root subassembly is called an assembly). This schematic digram 

represents the internal structure of a subassembly node: two fields for the liaisons and its children 

subassemblies. These distinctions are implicitly represented by the two types of edges in the assem­

bly hierarchy diagram. One type of an edge connects between subassemblies and another between a 

subassembly and a kinematic liaison. 
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Assembly 

Subassemblies Subassemblies 
............ I-------r----------i 

Liaisons Subassemblies 

Subassemblies Subassemblies 

Liaisons Subassemblies Liaisons Subassemblies 

Figure 6.7. Schematic Diagram of an Assem bly Hierarchy 
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6.2.2.3. Assembly Hierarchy Formation 

With the target assembly diagram. the system fonns an assembly hierarchy in two steps: (1) 

partition the assembly planning episodes into sets of groupings whose assembly sequences are mutu­

ally consistent. and (2) given a consistent set of groupings. construct a hierarchical structure. 

This separation is based on the observation that the type of knowledge used to construct an 

assembly hierarchy is qualitatively different from the construction of the assembly planning episodes. 

The fonner requires reasoning about a hierarchy design in general .- SPC and SIC of subassemblies 

are the manifestations of the general abstraction principle. The laner requires a recall mechanism or 

the user input 

6.2.2.3.1. Candidate Groupings 

Some of the assembly planning episodes may be inconsistent with each other because their 

assembly sequences are mutually contradictory: a kinematic liaison (KL-l) precedes another 

kinematic liaison (KL-2) by one assembly sequence and KL-2 precedes KL-I by another assembly 

sequence. Using the precedence calculus (to be explained shortly). the assembly planning episodes 

are partitioned into consistent sets. A consistent set includes assembly planning episodes whose 

assembly sequences are mutually consistent 'The groupings of these assembly planning episodes are 

called candidate groupings. They are used to create the subassemblies of an assembly hierarchy. 

6.2.2.3.2. Hierarchy Construction Strategies 

A subassembly is created from mating conditions of a grouping. "Subassemblies" field may 

contain children subassemblies fonned by other candidate groupings. A subassembly is a hierarchi­

cal structure because it may contain other subassemblies as parts. In contrast, a grouping is a Hat 
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structure because it may not contain other groupings as its parts. 

Currently. the assembly hierarchies are fonned using heuristic strategies. Each strategy is illus­

trated by examining a case. The cases assume that the Bell-Head assembly scenario in Fig. 6.3 is 

resident in the memory. All the assembly planning episodes formed from Fig. 6.3 are consistent so 

that the candidate groupings are all the groupings instantiated from the grouping schema of Fig. 6.3. 

6.l.1.3.l.1. Implicit Grouping 

An implicit grouping occurs with the lack of complete coverage by the candidate groupings of 

the target assembly. Fig. 6.8 (a) shows the target assembly structure to be constructed and Fig. 6.8 

(b) shows its target assembly diagram. The grouping in Fig. 6.9 (a) is fonned from the Bell-Head 

grouping schema with the bindings: SBase to the component 2. SSat-l to the component 1. and SSat-2 

to the component 3. The grouping covers kinematic liaisons between the components 2 and 1 (2-1). 

and between the components 2 and 3 (2-3). 

Using the grouping. Subassembly-l is fonned and it includes the kinematic liaisons covered by 

the grouping: 2-1. 2-3 and 1-3. However. the kinematic liaison between components 1 and 4 (1-4) is 

not covered by any grouping: it is a left-over kinematic liaison. In general. the left-over kinematic 

liaisons are collected into an implicit grouping and a subassembly is fonned for the implicit grouping 

as well nus subassembly follows all the other subassemblies that are fonned by the explicit group­

ings. Here. it follows Subassembly-l by making Subassembly-l to be its subassembly. The final 

assembly hierarchy is shown in Fig 6.9 (b). 

Intuitively. we tend to solve those problems for which we have a solution before attacking the 

rest of the problem although this strategy rarely succeeds. Similarly. the implicit grouping is assem­

bled after the subassemblies are formed by explicit groupings. Incidentally. the assembly hierarchy 

will produce an incorrect assembly sequence. nus hierarchy will be criticized later during the 
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(b) Target Assembly Diagram 


Figure 6.8. Assembly for Degenerate Case 




against 
against 

aligned 

< 

(against) 

(a) Assembly Planning Episode 

Assembly 

Subassembly-l 1·4 

(b) Assembly Hierarchy with the Grouping 


Figure 6.9. Hierarchy Formation with an Implicit Grouping 


execution phase and this grouping schema will prevented from producing a grouping for a similar w-

get assembly diagram after the learning phase (ibe learning process is explained in the next chapter). 
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6.2.2.3.2.2. Case (or Multiple Groupings 

An assembly hierarchy may be organized from the interrelationships between the groupings. As 

an example. consider an assembly with some "twisted pans" in Fig. 6.10 (a). The groupings. 

Grouping.l and Grouping-2 in Fig 6.10 (b) and (c). are formed using the Bell·Head grouping schema 

in Fig. 6.3. The bindings for Grouping-l are SSase with the component A. $5at-l with the com­

ponent S. and $5at-2 with the component C so that Grouping-l covers their kinematic liaisons: A-B.­

B-C. and A-C. The bindings for Grouping·2 are SSase with the component C. $5at-l with the com­

ponent D. and $5at-2 with the component F so that Grouping-2 covers CoD. D-F. and C-F. 

Comparing between Grouping-l and Grouping-2. the component C is a satellite component of 

Grouping-l and is a base component of Grouping-2. It would make the assembly of Grouping-2 

more difficult if that component is already assembled as a satellite of Grouping-! because the 

environment will be cluttered by the components of Grouping-l when the components. D and F. are 

assembled to the component C. As a result. Grouping-2 should be assembled as a subassembly 

before Grouping-l is assembled. Therefore. a subassembly is formed with the Grouping-2. 

Subassembly-l. that is made a subassembly of the assembly, formed with the Grouping-l. 

Subassembly-! contains the kinematic liaisons. covered by Grouping-2 and the assembly contains 

those by Grouping-I. The final assembly hierarchy is shown in Fig. 6.10 (d). 

6.2.3. Precedence Posting 

Because a precedence is a relation between events. the assembly subsequence is transformed 

into a sequence of assembly events by associating an event with each assembly step of the sequence. 

Furthermore. the ordering relations of the assembly subsequence are transformed into a conjunction 

of precedence relations between adjacent assembly events. For example. a sequence of A-event. B­

event and C-event will be represented by a conjunction of two precedences: 



99 


cA 

B 

against 

aligned 

< 
(against) 

(a) Twist Assembly 

against 

aligned 

1----<-0 
(b) Grouping·} (against) 

(c) Grouping-2 

Assembly 

Subassembly-} A-B B-C A-C 

C-D O-F C-F 

(d) Assembly Hierarchy 

Figure 6.10 Twist 
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A-event < B-event and B-event < C-event. 

Here. "<If denotes a precedence relation. The full precedence constraint language is described 

shortly. 

The precedences are posted at two different stages of the planning process: collecting candidate 

groupings and generating the final assembly sequence and monitoring the execution. After the candi­

date groupings and their assembly subsequences for a target assembly are fonned by the grouping for­

mation process, all the assembly subsequences are used to post the precedences. They are used to 

isolate sets of consistent groupings as candidate groupings whose assembly subsequences are mutu­

ally consistent. After the assembly hierarchy is formed, the precedences are posted from the assem­

bly subsequences participating in the hierarchy as well as from SPC. Then. the posted precedences 

are resolved into a linear sequence of the assembly steps and the assembly sequence is posted by a 

conjunction of precedence relations of adjacent assembly steps for the execution monitoring. 

6.2..3.1. Assembly Planning from a Precedence Specification 

Alternatively, the precedences may be posted through a question/answering session [BouIjault 

1985: De Fazio & Whitney, 1988]. The precedences were specified between the liaisons of the 

liaison diagram and boolean combinations thereof. Their main concern was two-fold: to minimize 

the n~mber of questions and to generate all the viable assembly sequences from the user-provided 

precedences between a liaison and a boolean combinations of the liaisons. The user specified to the 

following two questions: 

1. What liaisons must be done prior to doing U AiSON i? 

2. What liaison must be left undone after doing UAiSON f? 

The first question asks the user for the boolean combination of liaisons that precedes a single liaison. 

UAiSON i; the second question for the boolean combination of liaisons that follows a single liaison, 
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UAISON i. Note. the boolean combination of the liaisons are allowed only either left or right hand 

side of ~e precedence relation. "<". 

From the user-input of precedences. all the viable assembly sequences that were consistent with 

the specification were represented in a space-efficient manner using lattice-like structure. They 

developed a precedence calculus for the user-specified precedences. Because the precedences were 

provided by the user. the precedence specification was consistent. As a result. their precedence cal­

culus mechanism fails when the precedence specification was inconsistent. 

6.2.4. Precedence Calculus 

On the other hand, because the precedences are posted from the empirically learned knowledge 

(the precedence schemas in memory) by NOMAD. they may not be mutually consistent. 1be pre­

cedence calculus developed here. detects inconsistencies in the precedence specification. Further­

more. the precedence constraint language allows boolean· combinations of assembly events (or liais­

ons) to appear both left and right hand side of the precedence relation. 

The precedence calculus is used at two different stages: isolating aconsistent set of groupings 

and identifying the precedences that cause a failure when simulating the execution of the final assem­

bly sequence. The former is carried out after the assembly sequences of the candidate groupings are 

posted. The latter is carried out by first posting the assembly precedences from the assembly hierar­

chy and detect execution failures by precedence violation (to be discussed shortly). 

Each assembly step is associated with a temporal interval when the assembly step is active. an 

assembly event. An assembly event is represented by a temporal interval whose start time signifies 

when the assembly event starts and the end lime signifies when the assembly event terminates. An 

interval is represented by a continuous line segment in the time line because the assembly event is 

active during the time interval without any suspension or resumption. The precedences are relations 
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between the assembly events. 

The next section describes the precedence constraint language. The language allows boolean 

combinations of assembly events. The inference rules of the precedence constraint language are 

developed into a calculus, the precedence calculus. 

6.2.4.1. Precedence Constraint Language 

Fig. 6.11 shows two intervals whose corresponding events are labeled by "event!" and 

"event2". Furthermore, the bounds of the intervals are marked by their start and end time as "stan" 

and "end" respectively. Furthermore, it shows that the end time of event! is smaller than the stan 

time of event2 using the "Time Line" as a metric: the eventl must precede the eventl: 

event 1 <: eventl 

start end 

I event! 

start end 

I event2 

.. 
TimeUne 

Figure 6.11. Precedence between Assembly Eventl and Event2 
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A precedence between two events is posted when the planner decides to wait for the completion 

of the eventl before initiating the event2. Funhennore. the precedences are limited to the temporal 

constraints between events without any overlapping intervals. As a result, the negation of a pre­

cedence is its inverse. 

not (event2 < eventl ) <=> (eventl < even(2) 

That is, the event2 follows the eventl if and only if the event! precedes the event2. The next twO 

sections discuss the necessity of including conjunctive and disjunctive combinations of the assembly 

events in the precedence constraint language. For the next few sections, stability is considered as part 

of the assembly criteria to illustrate the need for boolean combination of assembly events in the pre­

cedence specification. 

6.2.4.1.1. Precedence over the Conjunctive Events 

Consider an assembly in Fig. 6.12 (a) where the BEAM is balanced by two triangles, the L­

triangle and the R-uiangle. Both triangles should be assembled before the BEAM is assembled in 

order to balance the BEAM. L-event denotes the assembly event for the L-triangle: R-event denotes 

the event for the R-triangle: B-event denotes the event for the BEAM. 1ben. this precedence con­

straint is expressed as: 

( L-event & R-event) < B-event 

Fig 6.12 (b) shows an assembly whose BOTTOM is supporting TOPI and TOP2 so that BOT­

TOM should be assembled before TOP I and TOP2 are assembled. 

B-event < ( T l-event & T2-event ) 

where B-event for the assembly event of BOTTOM, Tl-event for TOPI, and TI-event for TOP2. 
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BEAM 

(a) Conjunctive Assembly Event on the Left Hand Side 

TOPI EJ 
BOTIOM 


(b) Conjunctive Assembly Event on the Right Hand Side 


Figure 6.12. Assemblies requiring Conjunctive Assembly Events 


6.2.4.1.2. Precedence over Disjunctive Events 

In Fig. 6.13 (a), either the SUPPORT-lor the SUPPORT-2 are sufficient to balance the BEAM. 

As a result. the assembly events for the SUPPORT-! (SI-event) or for the SUPPORT-2 (S2-event) 

must precede the assembly event for the BEAM (B-event): 

(SI-eventl S2-event) < B-event 

Fig 6.13 (b) shows an assembly where INSERT should be assembled either before WRAPPER 

or CAP: 
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BEAM I 

SUPPORT-2 

I SUPPORT-l I 

(a) Disjunctive Assembly Event on the Left Hand Side 

WRAPPER 

(b) Disjuncti.. e Assembly Event on the Right Hand Side 


Figure 6.13 Assemblies requiring Disjunctive Assembly Events 


I-event < (W-event IC-event) 

where I-event for the assembly event of INSERT, W-event for WRAPPER. and C-event for CAP. 

6.2.4.2. Reasoning with the Precedences 

This section describes inference rules for the precedence constraint language. In this section. 

A-event. B-event. and C-event are assembly arbitrary events. 
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6.2.4.2.1. Inference Rules for Conjunctive Events 

When both A-event and B-event precede C-event, the last of A-event or B-event should precede 

C-event. However. the relative ordering between A and B events are unimportanL Funhermore. they 

may not overlap so that either A-event precedes B-event in the top dotted box in Fig 6.14 or B-event 

precedences A-event in the bottom dotted box in Fig. 6.14. However, in either case. A-event 

r----------------------------------------1 
t 
I 

B-event I 
IC-event I 

L ________________________________________ ~ I I 

OR 

r----------------------------------------1
I 

IB-event 

IA-event I 
IC-event I 

I
L ________________________________________ ~ I I 

Time Line 

Figure 6.14. (A-event & B-event) < C-event 
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precedes C-event and B-event precedes C-event: 

( A-event & B-event) < C-event 
=> 

( A-event < C-event ) and ( B-event < C-event) 

Note "=>" reads "reduces to" and "&" is a combiner for the conjunctive assembly events while and is 

a boolean conjunction. Likewise, for the conjunctive assembly events on the right hand side: 

C-event < ( A-event & B-event ) 
=> 

( C-event < A-event) and ( C~vent < B-event) 

6.2.4.2.2. Inference Rules for the Disjunctive Events 

In Fig. 6.13 (a), if the SUPPORT-l is assembled after the BEAM, then the SUPPORT-2 must 

be in place to support the BEAM: if B-event precedes S l-event, then S2-event must precede B-evenL 

Conversely, if the SUPPORT-2 is assembled after the BEAM. then the SUPPORT-l must be in place 

to support the BEAM: if S2-event precedes B-event, then S l-event must precede B-evenL 

Consider three assembly events, A-event, B-event, and C-event. ordered by a precedence rela­

tion: A-event or B-event must precede C-evenL Either A-event precedes C-event or C-event precedes 

A-event because there are no intersecting intervals. Suppose A-event precedes C-event. Then. no 

additional precedences are needed to ensure the above precedence constraint. However, if C-event 

precedes A-event. then Boevent must precede C-event to ensure the above disjunctive precedence 

constraint: the bottom dotted box in Fig. 6.15. Similarly, ifC-event precedes Boevent. then A-event 

must precede C-evem: the top dotted box in Fig. 6.15. In short. 

( A-event I B-event) < C-event 

=> 


« C-event < A-event)::::> (B-event < C-event» 

and 

« C-event < B-event)::::> (A-event < C-event» 
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Here, ,"', is a disjunctive combination of assembly events and :::::> is a logical implication. 

Funhermore. consider the case when the disjunction is at the right hand side: e.g.• C-event must 

precede A-event or B-event. 

C-event < ( A-event IB-event ). 

C-event < B-event
j----------------------------------------,
I 

IA-event 

C-event 

I 

B-event 

I 
I I 

~----------------------------------------~ 

C-event < A-event 
r----------------------------------------,
I 

IB-event I 
C-event 

I I 
A-event

1----+ 
I 

----------------------------------------~ 

.. 
Time Line 

Figure 6.15. (A-event I B-event) < C-event 
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If A-event precedes C-event, then C-event must precede B-event; if B-event precedes C-event. then 

C-event must precede A-event: 

C-event < ( A-event IB-event ) 

=> 


( A-event < C-event ) ::> ( C-event < B-event ) 

and 

( B-event < C-event)::> (C-event < A-event) 

6.2.4.2.3. Inference Rules with Negation 

When C-event may not precede both A-event and B-event. A-event or B-event must precede C-

event, 

not ( C-event < ( A-event & B-event ) ) 

=> 


(A-eventl B-event) < C-event 


When both A-event and B-event may not precede C-event. C-event must precede A-event or B-event, 

not « A-event & B-event) < C-event) 

=> 


C-event < (A-event IB-event) 


Thirdly, when it is not the case that either A-event or B-event may precede C-event, neither A-event 

nor B-event may precede C-event: that is. C-event must precede both A and B events: 
not ( ( A-event IB-event ) < C-event ) 

=> 
C-event < (A-event & B-event) 

Similarly. the last case is: 

not ( C-event < ( A-event IB-event ) ) 

=> 


( A-event & B-event ) < C-event 


Fig. 6.16 shows a comprehensive list of inference rules developed in this section. 
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Conjuntive Events 

1. ( A-event & B-event ) < C-event 
=> 


( A-evem < C-event ) and ( B-event < C-event ) 


2. C-event < (A-event & B-event) 
=> 


(C-event < A-event) and (C-event < B-event) 


Disjunctive Events 

3. ( A-eveml B-event) < C-event 
=> 


( ( C-evem < A-event) :::> ( B-event < C-event) ) 

and 

( ( C-evem < B-event ) :::> ( A-event < C-event) ) 

4. C-event < ( A-event IB-event ) 
=> 


( A-evem < C-event ) :::> ( C-evem < B-event ) 

and 

( B-event < C-event):::> (C-event < A-event) 

Negations 

5. not (event2 < event 1 ) <=> (event1< event2) 

6. not ( C-event < ( A-event & B-event ) ) 
=> 


( A-evem IB-event ) < C-event 


7. not « A-event & B-event) < C-event) 
=> 


C-event < (A-eventIB-event) 


8. not ( ( A-event IB-evem ) < C-event ) 
=> 


C-event < (A-event & B-evem) 


9. not (C-event < ( A-eventl B-event» 
=> 


( A-event & B-event ) < C-event 


Figure 6.16 Comprehensive List of Precedence Inference Rules 
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6.2.4.2.3.1. Analysis or Bourjault's Approach 

In Bourjault's original work [De Fazio & Whimey, 1988]. the precedences were specified by 

asldng the user the following two yes-no questions with a negation: 

1. Is it true that Lj cannot be done after Lj and ~ have been done? 

2. Is it true that Li cannot be done if Lj and ~ are still undone? 

Li' Lj' and Lk are liaisons in the liaison diagram. Equivalently. these liaisons are assembly events in 

the precedence calculus. The first question is asking the truth value of: 

not ( ( Lj & ~ ) < Li ) 

Pushing the negation inwards, the precedence relations is reduced to: 

L. « L.IL )
1 J Ie. 

The second question is asking the truth value of: 

not ( Lj < ( Lj I~ ) ) 

Pushing the negation inwards. the precedence relation is reduced to: 

(L. & L )<L.
J Ie. I 

6.2.5. Executing the Final Assembly Sequence 

From the assembly hierarchy. the final assembly sequence is generated as a sequence of the 

assembly steps. Each assembly step is camed out by a mating operation whose postconditions are the 

mating conditions between the geometric features of the fixed component (a base component of some 

grouping, used in the assembly hierarchy) and those of a moving component (a satellite component of 

the grouping). The mating operator is executed by SRE that computes a graphic translations and 

rotations of the satellite component. 

The position map is used to represent the scene so that the assembly instruction updates the 

position map for the new scene after the assembly step. Multiple position maps can be maintained 
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efficiently because only the base frames of all the objects of the scene have to be maintained for the 

scene. 

6.2.5.1. Execution Monitoring 

The user has to alen the monitor during the assembly if any of the mating operation fails 

because there are no collision free paths for the mating object to its final assembled position. 

Currently. the user inspects which components of the already constructed subassembly are causing 

the blockage. Then. he contradicts the existing precedence relations of the current assembly sequence 

that caused assembly steps to be planned prematurely so that their objects are prematurely assembled. 

That is. the execution failures are monitored by the user and are simulated by the precedence viola­

tions of the assembly sequence. 

For example. in assembling the Bell·Head of Fig. 6.1. if the RING is assembled to the PIN 

before the HEAD. the HEAD can not be assembled to the PIN because the PIN and the RING 

together block any collision free paths as shown in Fig. 6.2: HEAD should be assembled before either 

the PIN' or the RING. Because the PIN is the base component. assembling the HEAD should precede 

assembling the RING. Therefore. the assembly planning, based on the collision physics. predicts this 

impasse by envisioning the failure and avoids it during the planning. In the empirical assembly plan­

ning approach. the planner does not plan by envisioning the collisions but rather from previously 

learned schemas for the groupings and the assembly sequences. As a result. the execution allows the 

system to backtrack on previous decisions and avoid the impasse when encountered with "similar" 

target assembly. 

Eventually. GMS should be equipped with a trajectory planner that would detect obstacles in 

the scene during an assembly operation. Then. using the panially executed assembly procedure. it 

may assen these additional precedence relations autonomously when no collision free paths exist. 
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Assembly SUUCt\ll"e 

to be built 

Experience in memory 
grouping/precedence schemas) 

All groupings and precedences 

Consistent sets of groupings 

Consistent groupings Choose one (user) 

Assembly hierarchy 

Final assembly sequence Reasoning with SPC and SIC 

-------....~1101 ~ail""" (precedence violations) 

Environment Feedback (user) 

Figure 6.17. Overall Planning and Execution Processes 
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6.2.6. Summary of Empirical Assembly Planning/Execution 

The assembly planning, execution and user interactions are swnmarized in a flowchart fonnat in 

Fig. 6.17. The retangles are data and the ellipses are procedures. The user interactions are marked by 

"user" in parentheses. 





CHAPTER 7. 

EMPIRICAL MACRO-OPERATOR SCHEMA LEARNING 

In Chapter S, the collision physics, the first principle of the environment. was used to project the 

effects of planning assembly steps. The planner used the collision physics as a task theory. Unfor­

tunately, reasoning from the collision physics as an assembly task theory was intractable. In order to 

plan for mechanical assemblies in the physical world. the planner requires the entire Newtonian 

mechanics in addition to collision physics. Therefore, the planning task is even more intractable. 

However, people as intelligent planners could solve the mechanical assembly problems long 

before Issac Newton! Hence, an intelligent planner may not require the first principles of the physical 

world to deal with the mechanical assembly task domain. Hence, humans must be, at least initially. 

empirical planners. 

An empirical assembly planner reasons from an empirical assembly task theory that is described 

in terms of the observable features. The theory is used directly by the assembly planner: the problem 

of assembling the target assembly is decomposed into the subproblems of assembling its groupings 

and to suggest their correct solutions as assembly plan segments of the final assembly sequence. 

Therefore, large ponion of the planning task becomes a perceptual task requiring less reasoning than 

the projection-based planners. 

However, the empirical assembly task theory is necessarily approximate because the theory is 

formed from empirical observations inductively. Reasoning from an empirical assembly task theory 

is trading the soundness and completeness of reasoning from the first principle with the tractability of 

the empirical theory. The learning task of an empirical assembly planner is not LO discover a causal 

theory but rather to formulate an adequate enough task theory that can be used to plan for the scope of 
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assembly task. situations to be encountered. 

Previously. planning systems fonnulated the task theory as macro-operator schemas. These sys­

tems generalized a planning episode into a macro-operator schema carefully so that the schema is 

guaranteed to be correct The generalization was deductive -- analytic macro-operator schema learn­

ing. described in the next section. 

On the other hand. the empirical assembly planner accumulates the assembly planning episodes 

as macro-operator schemas as an empirical assembly task theory. They are formed by an inductive 

generalization of the planning episodes, emprical macro-operator schema karning. 

7.1. Analytic Macro-operator Schema Learning 

Previous systems [Fikes & Nilsson. 1972: Segre. 1987]1 that learned from planning episodes 

used a planning model based on the state-space model of problem-solving. The planning model had 

three main ingredients: operator schemas, a world state description, and a goal swe recognizer. 

Then, a planning episode was generated. 

(1) 	 . by instantiating the operator schemas with respect to the world state as operators and then, 

applying each operator in some sequence to ttansform the world state until a goal state is gen­

erated and recognized or 

(2) 	 by the user who may instruct the sequence of operators. 

A macro-operator schema is a generalized description of the planning episode and is stored as a 

planning experience. With macro-operator schemas. a planner may avoid generating a sequence of 

primitive operators when it can be generated by a singk application of the macro-operator schema in 

1Although ARMS system by Segre is not a planning system but rather an understanding system, it had all the ingredients of 
a planning system. 
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memory. The sequence of operators is an instance of the macro-operator schema called a macro­

operator. The macro-operator may shorten the search process when it forms a part of the final plan. 

Previously, a macro-operator schema was learned by a deductive generalization of a planning 

episode, explanation-based learning (EBL) [~itchell & Keller & Kedar-Cabelli, 1986: De Jong & 

Mooney. 1986]. The constants of a plan episode was generalized minimally so that the operator sche­

mas together with domain specific knowledge logically implies the macro-operator schema after the 

generalization. The generalization was deductive; hence, the learning is called analytic macro­

operator schema learning. 

7.2. Empirical Macro·opera~or Schema Learning 

NOMAD accumulates the planning episodes in its macro-operator schemas as planning experi­

ences like STRIPS and ARMS. Unlike them, macro-operator schemas are formed by inductively 

generalizing planning episodes. As a result. using the macro-operator schemas. the assembly planner 

may construct an incorrect assembly sequence. Monitoring the execution of an assembly sequence 

empirically validates or invalidates the macro-operator schemas used to generate segments of the 

sequence. 

In Chapter 6. NOMAD, as a domain-dependent planner, names the elements of the macro­

operator leaming systems specially. A precedence schema is comparable to a macro-operator 

schema. An assembly sequence of the precedence schema is comparable to a macro-operator. A 

grouping schema represents the effect list of a macro-operator schema. 1bere is no comparable struc­

ture for the precondition of the macro-operator schema because the only operator of NOMAD is the 

mating operator and the mating operator is always executable. It may fail if there is no collision-free 

trajectory for accessing a volume of space where to achieve the desired configuration. This condition 

constrains the operator during its operation rather than before. 
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In the pla.nnin& model in the previous section, the plans are generated usin& a search mechanism 

in the space of world states to explore alternative concatenations of the operators to reach the goal 

state. In comparison. NOMAD constructs plans from a memory instantiations and an organization of 

the instances as described in the previous chapter. To restate the planning process in tenns of the 

macro-operator learnin& systems. NOMAD 

(1) instantiates the macro-operator schemas, 

(2) combines the macro-operators by organizin& them into a hierarchy. and 

(3) generates the final plan from the hierarchy. 

The next section will describe the related researches in machine learning. The rest of the sec­

tions will describe how NOMAD learns the grouping and precedence schemas from assembly plan­

ning episodes. 

7.2.1. Structural Concept Learning 

Learning methods based on an empirical &eneralization require comparing objects as instances 

or non-instances of a concept to uncover similarities and dissimilarities. A plan structure is a highly 

structured object consisting of diverse kinds of operators and temporal constraints between them. In 

general. a structured object consists of component objects and relations among them like an assembly 

structure or a plan instance. 

When comparin& two structured objects, a component object from one structured object 

corresponds with one from the other structured object, known as the object-correspondence problem. 

Suppose there are Mdistinct objects in each of two instances; there are M! possible object correspon­

dences between them. assuming one-to-one mapping (the complexity is worse otherwise). Therefore. 

comparing two structured objects is an inherently explosive process. To compound the difficulties, 
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many instances should be compared to uncover regularities. 
i 

On the other hand. when an object is described purely in terms of its attributes. the inner-

structure of the object is abstracted out. Hence. comparing many instances described in terms of attri­

butes is feasible because it requires no mechanism for the object·correspondence problem. Most 

machine learning research in empirical generalization learned from the attribute-based training 

instances. 

This simplifying assumption allowed researchers to concentrated on the generalization mechan­

isms without worrying about the object-correspondence problem. The main leaming task here is to 

find a plausible generalization covering all the positive instance of a concept but none of the negative 

instances of the concept This effon contributed to the development of many useful symbolic gen­

eralization techniques [Quinlain. 1983; Chen. 1988] and a theory of generalization as an inference 

process [Michalski. 1983]. 

Nonetheless. it has been a long standing research problem in machine learning to learn from 

structured objects. So far. learning from spatially structured objects [Wmston, 1970; Larson. 1977; 

Stepp. 1984J and from temporally structured objects [Michalsld & Ko & Chen. 1987; Chen. 1988] 

have been studied independently. An assembly structure is a spatially structured object: an assembly 

sequence is a temporally structured object. Learning the macro-operator schema involves learning 

from the groupings and assembly sequence segments: the former are spatially structured objects and 

the latter are temporally structured objects. Therefore. it is necessary for NOMAD to be able to learn 

from both spatially and temporally structured objects. 

Furthermore. these systems were designed for answering how to learn structural concepts but 

leave the task of determining when and whar concept to learn to the user. This learning paradigm by 

itself is inadequate for leaming tasks involving planning experiences. When the learned concepts are 

used and does not cause any failure. the concepts are empirically validated to the extent that the 
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concepts are used so far. On the other hand. when the learned concepts are used and cause a failure. 

the concepts should be eliminated or changed. The "when" question should be answered in some way 

for any "incrememal" learning systems from positive and negative examples including some of the 

above systems [Winston, 1970; Chen, 1988] 

Determining what concept to learn becomes important for learning from planning experiences 

because a planner invokes multiple concepts to construct a plan. The planner should maintain which 

concepts are involved in each planning step so that when a failure occurs, only some of the concepts 

used by the planner are responsible for the failure. In short. a system that learns from planning 

experience should determine when and what concept to learn as well as how to learn the concept. The 

next two sections reviews the previous works in the empiricalleaming from sttuctured objects. 

7.2.1.1. Empirical Learning from the Spatially Structured Objects 

Winston's seminal work. (Winston, 1970] developed a domain·independent method for learning 

structural concepts from the visual scene. It divided the objects of the scene into groups based on 

observed similarities and dissimilarities, a grouping procedure. Each grouping as a suuctured object 

is compared with other structu.red object as instances or non-instances of a sttuctural concept, a com­

parison procedure. 

The grouping procedure was later improved by a..USTER [Stepp,. 1984]. It developed" a 

number of useful similarity metrics for the clustering criteria and heuristic control algorithm for the 

hierarchical cluster formation. The comparison procedure was improved by INDUCE [Larson, 19771. 

It introduced an explicit two·layered approach to the object comparison where the structural relations 

(links) were matched before the object attributes were compared. 

The comparison procedure used a network. matching algorithm for the subgraph isomorphism 

problem: each structured object is represented by a labeled graph and multiple structured objects are 
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merged by common subgraphs from each graphical representation of the objects. These systems were 

applied to the recognition of spatial structures. None of the systems by themselves would be able to 

learn interesting macro-operators in the assembly task domain if they are applied without any further 

processing. 

7.2.1.2. Empirical Leamina from Temporally Structured Objects 

Learning systems above handle sequences like any other structures ignoring the temporal con­

straints in learning such structures. Recently.leaming from temporally structured objects [Michalski 

& Ko & Chen, 1987; Chen, 1988] was studied as a separate learning problem. 

In SPARC2 [Michalski & Ko & Chen, 1987]. the learning task: was to induce a pattern from a 

sequence of objects or events, described by multiple attributes. The pattern can explain a sequence 

including the future events. The generalization mechanism used the syntactic constraint of the types 

of rules. Each different syntactic constraint was categorized as rule models. For a given rule model, 

the input observation was transformed specially before the inductive generalization was applied to 

parts of the transformed data. 

Each object is a part of an interdependent structured object and the task is to hypothesize the 

whole object from the pans. This learning required a "pan-to-who1e" generalization mechanism. 

The inte"elationships between parts themselves describe the concept 

On the other hand. the structural concept learning systems in the previous section were given 

each training instance as an independenl member or a non-member of a concept. They required an 

"instance-to-class" generalization3• 

'Sequential PAttern ReCognition 

lCtass is synonymous with concept. 
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In "instance-to-class" generalization, the observed differences were used indirectly in the con­

cept formation: it was used to modify the concept description but they themselves were not pan of the 

concept description. For example. Winston's system modified the object model incrementally from 

the observed difference between training instances with emphatic relations like must and must-not 

links. 

Like the learning systems in the previous section. neither SPARC nor ~ can learn macro­

operators for the empirical assembly planner because it requires mechanism for learning from both 

spatially and temporally structUred objects. 

7.2.1.3. Object-correspondences between Macro-operators 

In general, a robOt plan may consist of grasping. positioning, and mating operations. A grasp­

ing operation in one plan structure may not correspond to a positioning operation in another plan 

structure. When a plan structure contains diverse kinds of operators, it is cumbersome to compare 

multiple macro-operators or any of their substructures because the comparison may require additional 

transformations in order to make the comparison between homogeneous structUres. 

An assembly planning episode of NOMAD is represented homogeneously as a sequence of mat­

ing operations. It is sufficient to represent an assembly sequence for a grouping as a sequence of its 

satellites. Comparing multiple assembly sequences for a grouping is equivalent to comparing multi­

ple sequences of its satellite components. 

A component is represented by vertices, edges, and faces. A component as pan of an assembly 

structure is considered as a primitive object whose inner structures are abstracted out. As a result, the 

comparison between assembly sequences with respect to a grouping is reduced sequences of 

attribute-based representation of the satellite components. 

"Time-based Inductive Machine [Chen. 1988] 
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7.2.1.3.1. Levels of Representation 

The representation of an object as a structured entity or a primitive object depends on the levels 

ofabstraction that are required for a particular inference task. These levels of abstraction result in a 

hierarchical structure. 

An assembly hierarchy represents levels of representation of goals for the assembly planner. 

The children subassemblies in the assembly hierarchy represent single entities with respect to the 

parent subassembly in deriving the assembly sequence. Because the assumptions behind forming 

each subassembly as an indivisible single entity may fail. SPC and SIC are used to detect such 

failures and correct the responsible schema used to form such an abstraction. 

7.2.2. Representation ,and Processing of Internal Structures 

This section introduces the internal structUres of the diagram and informal representations of the 

various constructs of the empirical assembly planner in the previous chapter. Furthermore. this sec­

tion follow the sequence of the planning process of the previous chapter: target assembly. grouping 

and assembly sequence segments. assembly hierarchy formations. Then, a schema formation pro­

cedure is described. 

7.2.2:1. Target Assembly 

Fig. 7.1 (a) shows WEDGE assembly as a target assembly and the target diagram in Fig. 7.2 (b). 

Note, a circle denotes a component and its label denotes the part number: e.g., the circle with 19 

inside denotes [PART19]. The target assembly is represented internally as a field and a value pairs. 

The field names and their meanings are as follows: 

NAME: name of the assembly 
PARTS: components thaI are parI 0/ the assembly 
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(b) Target Assembly Diagram 

Figure 7.1. WEDGE Assembly 

(a) 

LIAISONS: kiMmatiC liaisons ofthe tMget assembly diagram 
HIERARCHIES: alternative assembly hierarchies for the assembly 

LIAISONS contain the kinematic liaisons between parts of the target assembly diagram. 

Liaison([pARTl9].[pART20]) contains all the mating conditions between geometric features of 

[PART19] and [PART20l -- an aligned condition between the center axis of [PARTI9] and the center 

axis of the hole of (PARTIOl. Fig. 7.2 shows the WEDGE assembly. Al in HIERARCHIES field is 

formed as the root assembly hierarchy after the groupings and assembly sequences are determined. 
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~AME; WEDGE 

PARTS; ([PART19) [PART20] [PART2l]) 

LIAISONS:(l.iaison([PART20J.[PART21]) Liaison([PART19J,[PART21 J) Liaison([PARTl9).[PART20J) 

HIERARCHIES: (A 1) 


Figure 7.2. Internal Structure of WEDGE assembly 

7 .2.2.2. Grouping and its Assembly Sequence Segment 

When there are no relevant schemas in memory to the given target assembly. the system asks 

the user for the groupings and their assembly sequence segments: a sequence of satellites for each 

grouping. An internal structure of a grouping is as follows: 

INDEX: index to distinguish the grouping from others 
GSCHEMAS: grouping schemas subsuming this grouping 
BASE: base component 
SATELLITES: list of satellite components 
LIAISONS: list ofkinematic liaisons between the base and satellites 
PINSTS: alternative assembly sequences used to order the satellites 

For the target assembly of Fig. 7.2. a grouping is formed by the user: [p ART19] as a base com· 

ponent and [PART20] and [PART21] as satellites. Fig. 7.3 shows internal structure of the grouping. 

Gl·1. GSCHEMA·I is a grouping schema It is generated when the grouping's assembly sequence 

segment. PI·t, is used to plan a successful assembly plan and Gl·1 is missing a grouping schema 

which is the case here because the user created iL All the kinematic liaisons between the base and 

satellite components are copied from those specified by the target assembly diagram: 

Liaison([p ARTI9].[P ART20) and Liaison([P ART19],[PART21 D. 

When a grouping is specified by the user, its assembly sequence is also specified by the user. 

An internal structure of an assembly sequence for a grouping is as follows: 

INDEX: index to distinguish the groupingfrom others 
PSCHEMAS: precedence schemas subsuming this assembly sequence 
GINST: a grouping for which this is an assembly sequence 
SEQUENCE: sequence ofsatellites 
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INDEX: I 
OSCHEMAS: (OSCHEMA-I) 
BASE: [PARTI9] 
SATELLITES: ([PARTIO] [PARTIl]) 
LIAISONS: (Liaison([PARTI9].[PART20]) Liaison([pART19],[PART2I])) 
PINSTS: (PI-I) 

Figure 7.3. Orouping Structure: 01-1 

DIFF-SEQUENCE: the symbolic derivative ofSEQUENCE as a sequence ofdifference ofadjacent objects 
LIAlSONS; kinematic liaisons between satellites 

For 01-1. the user specifies to assemble [PARTIO] before [PARTIl]. The sequence is intemal­

ized into PI-I. Fig. 7.4 shows the internal structure of PI· I. Diff·pan([pARTIO].[pARTII]) contains 

all the difference of attributes between [PARTIO] and [p ARTII]. 

In the previous chapter. a pair of a grouping and its assembly sequence is represented together 

in a diagram as an assembly episode. Fig. 7.S shows the diagram representation corresponding to 

01·1 and PI·} together above. 

7.2.2.3. Assembly Hierarchy 

After groupings and assembly sequences are detennined. they are partitioned into maximally 

consistent sets of groupings whose assembly sequences are mutually consistent is determined. From 

INDEX: I 

PSCHEMAS: (pSCHEMA-2 PSCHEMA-l) 

GINST: 01-1 

SEQUENCE: ([PARTIO] [PARTII]) 

DIFF-SEQUENCE: (Diff-part([PARTIOJ.[pARTI1]))) 

LIAISONS: (Liaison([P ARTIO].[P ARTII])) 


Figure 7.4. Assembly Sequence for a Orouping: PI-I 
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Figure 7.S Assembly Episode Diagram for WEDGE Assembly 

a consistent set of groupings, an assembly hierarchy is fonned. The internal structure of an assembly 

hierarchy is as follows: 

INDEX: index to distinguish itself from other assembly hierarchies 
GINST: a grouping used to create this assembly hierarchy 
BASE: a base component usually not used exceptfor implicit grouping 
SATELLITES: also.jor implicit grouping 
SUB HIERARCHIES: children subassembly hierarchies 

Liaisons field of Fig. 6.7 in the previous chapter is implicitly represented inside the grouping of 

GINST. Subassemblies field is SUBHIERARCHIES. 

For the TRIANGLE assembly as a target assembly. GI-l covers all the components and no 

alternative groupings are fonned. Therefore. the hierarchy fonnation procedure bypasses the determi­

nation of the consistent set of groupings. Using GI·l. the assembly hierarchy is formed with depth O. 

AI. that is shown in Fig. 7.6. 
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INDEX: I 
OINST: 01·1 
BASE: (PART19] 
SATELLITES: ([PART20] [PART21D 
SUBHIERARCHIES: 0 

Figure 7.6 Assembly Hierarchy: At 

7.2.2.4. Support Structure Embedded in the Assembly Sequence 

After the hierarchy is formed. the plarmer posts the precedence relations of the final assembly 

sequence with the support structure. A precedence relation of the final assembly sequence may be 

assened by instances of the schemas in memory. the subassembly precedence constraint (SPC) or 

indirectly by the user who forms groupings and their assembly sequences. The user formed Ol·t and 

PI·t in the ongoing example. 

A grouping and SPC together may support a precedence relation between assembly steps of a 

subassembly and those of the parent assembly when the grouping is used to create the subassembly. 

An assembly sequence segment posted by a precedence schema supports all the precedence relations 

derived from the sequence segmenL The user supports a precedence relation indirectly by creating a 

grouping and its assembly sequence. Additional precedence relations are derived using the pre­

cedence calculus. 

Continuing with the WEOOE assembly as an example. Fig. 7.7 shows the support structure. 

The precedence relation from PI·t. its source of support, is all the precedence relation in the final 

assembly sequence: 

[[PARTIO].[PARTt9]] < [[PARTII].[PARTl9]]. 

In general. all the precedence relations of assembly sequence are asserted as statements into an asser­

tional database. Using the inference rules of the precedence calculus. the support structure for pre· 
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cedence relations are maintained. 

7.2.2.5. MonitorinK an Execution Failure 

As described in the previous chapter, an execution failure is simulated by a precedence viola­

tion. The execution monitor reports a failure to mate a component by asserting a precedence relation 

that contradicts a precedence relation of the final assembly sequence that is responsible for blocking 

the collision-free path of the mating component. 

With the precedence violation. the system examines the sources supponing the violated pre­

cedence relation of the assembly sequence. Then. it generates a culprit list. a list of candidate 

instances of the schemas in memory whose application is responsible for the failure. The credit­

assignment of the responsible suppon is domain dependent and will be described with individual 

learning scenarios shortly. 

7.2.2.6. Formation or Updates of the Schemas 

Note. NOMAD does not attempt to replan right away when the assembly sequence fails. By 

monitoring the execution of an assembly sequence. the empirical assembly plannefaccumulates the 

evidence for or against the schemas used to create the segments of the sequence. In response. the 

PI-! [[PARTIO].[PART19]J < [[pARTI IJ.[PART1911----C>-­
Figure 7.7 Suppon Structure for WEDGE assembly 
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schemas are updated with plan failures. However. because the schemas are modified and updated by 

assimilating the planning episodes as experiences. it does not repeat the same failure. Hence. it 

indirectly corrects its mistake. 

After monitoring the execution of the final assembly sequence. the groupings and assembly 

sequence segments used to create the assembly sequence are assigned whether they are positive or 

negative instances of some schema in memory. If there are no schemas associated with an instance. 

then it is created by the user and new schemas is formed from the instance. 

In the ongoing WEDGE assembly example. the assembly sequence succeeds. PI-l is a positive 

instance of some precedence schemas that not yet exist. 01·1 is also a positive instance because its 

only assembly sequence is a positive instance. Because they are fonned by the user and missing 

schemas. new schemas are created from the instance. 

7.2.2.6.1. Grouping Schema 

An internal structure of a grouping schema is as follows: 

INDEX: index numbers grouping schemas uniquely 
BASE: base component schema 
SATELLITES: satellite component schemas 
LIAISONS: liaison schemas 
OINSTS: pairs ofa grouping and the bindings ofschema variables and their instances in the grouping 
POS·OINSTS: positive groupings 
NEO-GINSTS: negative groupings 
PSCHEMAS: precedence schemas that are used to order satellite schemas 

Fig. 7.8 shows the new grouping schema formed for 01·1. GSCHEMA·1. S denotes a variable. 

Spart1. Spart2. and $part3 are variables denoting component schemas. SLiaisonl and $Liaison are 

variables denoting liaison schemas: a generalized description of a kinematic liaison. Currently. only 

one instance is collected for GSCHEMA-t, 01·1. GINSTS contain the binding list of GI-l: a variable 

of the grouping schema and with an instance in the grouping. For example. Spartl of GSCHEMA·l 

is bound to [PART-l9] of GI·1. POS·GINSTS and NEG·OINSTS collect positive and negative 
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INDEX: 1 
BASE: Spanl 
SATELLITES: (Span2 Spanl) 
LIAISONS: (SLiaison2 SLiaisonl) 
GINSTS: «GI-l (Spanl . [PART19]) (Span3 . [PART20]) 

(Span2. [PART21])(SLiaisonl .Liaison([pARTl9].[PART21])) 
(SLiaison2 . Liaison([PARTl9],[PART20J))) 

POS-GINSTS: (GI-l) 
NEG-GINSTS: 0 
PSCHEMAS: (pSCHEMA-2 PSCHEMA-l) 

Figure 7.8 Grouping Schema for GI-1 

instances of the GSCHEMA-l that are determined by.the execution monitor. PSCHEMAS field con­

tains a list of alternative precedence schemas used to order the satellite schemas of the grouping 

schema like PINSTS ~eld for GINST. 

7.2.2.6.2. Precedence Schema 

Internal structure of a precedence schema is as follows: 

INDEX: index that uniquely identifies the precedence schema 
GSCHEMA: grouping schema/or which the precedence schema is used to order the satellite schemas 
SEQUENCE: sequence 0/satellite component schemas 
DIFF-SEQUENCE: symbolic differential ojthe sequence 
POS-PINSTS: positive instances 0/ the pschema 
NEG-PINSTS: negative instances 0/ the pschema 

POS-PINSTS and NEG-PINSTS are positive and negative assembly sequences or instances of a 

precedence schema PI-l fonned by the user is a positive instance of both precedence schemas. 

Using PI-I. two alternative precedence schemas are formed, PSCHEMA-l and PSCHEMA-2. Their 

only difference is between SDiff-panl and SDiff-part2. They are alternative generalizations of Diff­

pan«(PART20],(PART21]) which is described by a conjunction of differential selectors [Michalski. 

Ko & Chen, 1987]: 
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INDEX: 2 

GSCHEMA: GSCHEMA-I 

SEQUENCE: (Span3 Spart2) 

DIFF-SEQUENCE: (SDiff-pan2) 

POS-PINSTS: (pl· I ) 

NEG-PINSTS: 0 


(a) PSCHEMA-2 

INDEX: 1 

GSCHEMA: GSCHEMA·l 

SEQUENCE: (Span3 Spart2) 

DIFF-SEQUENCE: (SDiff-part1) 

POS-PINSTS: (PI-I) 

NEG-PINSTS: 0 


(b) PSCHEMA-l 

Figure 7.9 Two Precedence Schemas from PI·I 

[dloc-b([pART20],[pART2I]) <.: 0][dloc·g([PART20].[pART2I]) > 0]. 

The differential selectors are derived from individual locations of the parts in global and base coon1i­

nates. Dloc-b computes the difference between locations with respect to the base coordinate and 

dloc-g with respect to the global coordinate. the coordinates are shown in Fig. 7.1. Alternative gen­

e~alizationsof Diff-pan([pART20],[pART21]) by dropping condition [Michalski. 1983] are [dloc­

b(Span3.Span2) <.: 0] for SDiff-pan2 and [dloc-g(Spart3.Span2) > 0] for SDiff-partl. 

In the previous chapter, a pair of a grouping and a precedence schemas is represented together 

in a diagram as an assembly scenario. Fig. 7.10 (a) shows the diagram representation corresponding 

to GSCHEMA-l and PSCHEMA-I and Fig. 7.10 (b) for GSCHEMA-l and PSCHEMA-2. 

7.2.3. Refinement of Macro-operator Schema Library upon Failures 

Because macro·opera~or schemas are formed empirically. it should be monitored whether they 

are used to create faulty assembly sequences. When a precedence violation is detected. the system 
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Spa 
[dloc-g < 01 

(a) GSCHEMA-l & PSCHEMA-l 

$p 
[dloc-b> 0] 

< 

(b) GSCHEMA·l & PSCHEMA-2 

Figure 7.10 Assembly Scenarios 

traces back the groupings and assembly sequence segments supporting the violated precedence rela­

tion of the final assembly sequence. using the support structure of the final assembly sequence. The 

identified instances are tagged as negative instances of the associated schema. The next two sections 

describe these credit-assignment processes and learning to apply empirically validated schemas over 

those whose instances contributed to the failure. 
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When the violated precedence comes from an assembly subsequence, the source of lhe failure is 

in applying lhe associated precedence schema. When lhe violated precedence comes from SPC, the 

grouping associated wilh lhe subassembly is blamed when lhe assembly hierarchy is constructed from 

only one grouping. The current implementation can not handle cases where more lhan one groupings 

are involved in constructing lhe assembly hierarchy because lhe user is involved in constructing the 

hierarchy when more lhan one consistent groupings are formed during lhe recognition phase. When a 

grouping is blamed, lhe source of lhe failure is in fonning the grouping from a grouping schema in 

memory and the grouping is marked as negative application of lhe grouping schema. 

7.2.3.1. Prevention of Precedence Schema Application 

Equipped with the' schemas learned from WEDGE assembly, the system is given a new target 

assembly to construct, BRACKET assembly. Fig. 7.11. shows the BRACKET assembly. The 

mnemonic names of pans are internally denoted by part numbers. Their correspondences are given in 

parentheses in lhe figure. Using GSCHEMA·l, a grouping, GI·2, is fonned: 

GI·2 
INDEX: 2 
GSCHEMAS: (GSCHEMA·I) 
BASE: [PART4) 
SATELLITES ([PARTS] [PART6]) 
LIAISONS: (Liaison([pART4],[PARTS]) Liaison([pART4].[pART6])) 
PlNSTS: (pI-2) 

7.2.3.1.1. PSCHEMA·2 Update 

An assembly sequence, PI-2, is fonned by PSCHEMA·2 whose description of Sdiff-part2, 

[dloc-b(Spart3,Spart2) < 0], is satisfied: [dloc-b([PARTS],[PART6]) < 0]. That is, because [PARTS] 

(bracket) is located closer to the base than . ,JART6] (nut), assemble lhe bracket before the nut. Fig. 

7.12. shows the diagram representation ofGI·1 and PI·I. 

PI·2 
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Nut([PART6D 

Bolt([P 

Global Z L 
Coordinate Base Coordinate xx of Bolt 

Figure 7.11. BRACKET Assembly 

ZL 

Bracket([PART5)) 

INDEX: 2 

PSCHEMAS: (pSCHEMA-2) 

OINST: 01·2 

SEQUENCE: ([PART5] [PART6]) 

DIFF-SEQUENCE: (Diff-pan([P ARTS] ,[PART6J)) 


PSCHEMA·2 
INDEX: 2 
OSCHEMA: OSCHEMA-l 
SEQUENCE: (Span3 Span2) 
DIFF-SEQUENCE: (SDiff-part2) 
POS-PINSTS: (PI-2 PI-I) 
NEO-PINSTS: 0 

7.2.3.1.2. PSCHEMA·l Update 

Using PSCHEMA·t, a new assembly sequence, PI-3. is formed using its $Diff-panl. [dloc­

g(Span3,$part2) > 0], 

PI·3 
INDEX: 3 
PSCHEMAS: (pSCHEMA-l) 
OINST: 01·2 
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< 

[dloc-b < 0] 


Figure 7.12. Assembly Episode from GSCHEMA-l & PSCHEMA·2 


SEQUENCE: ([PART6] [PARTS]) 
DIFF-SEQUENCE: (Diff·pan([pART6}.[PARTS])) 

PSCHEMA·l 
INDEX: 1 
GSCHEMA: GSCHEMA-t 

SEQUENCE: (Span3 Span2) 

DIFF·SEQUENCE: (SDiff-pant) 

POS-PINSTS: (PI-t) 

NEG-PINSTS: (PI-3) 


Using PI-3, the following assembly sequence is generated, 

[[PART6],[PART4]] < [[PARTS],[PART4]], 

which fails and informed by the user who asserts the contradiction: 

[[PARTS],[PART4]] < [[PART6],[PART4]], 

As a result, PI·3 is categorized as NEG-PINSTS of PSCHEMA· 1. 

7.2.3.1.3. After Updates 

So far, PI·3 empirically invalidates the correcmess of PSCHEMA-l while PI-2 increases the 

confidence of the correctness of PSCHEMA-2. Using this increased knowledge. the system is given a 
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similar target assembly. SCREW assembly shown in Fig. 7.13. Using GSCHEMA-l and 

PSCHEMA-2. the system correctly generates the following precedence relation: 

[(PART45].(PART44JJ < [[PART46].[PART44]] 

7.2.3.2. Prevention of Groupina Schema Application 

In the previous section. a violated precedence may depend on both a grouping and an assembly 

sequence segment. However. the sequence segment is blamed and updates. However. when all the 

assembly subsequences of a grouping are marked as negative application of their precedence sche­

mas. the grouping itself is marked as negative application of its schema Therefore. a grouping may 

be faulted directly from its participation in the assembly sequence by SPC and SIC or indirectly by 

propagating the faults of its assembly sequence segments when most of its assembly sequences are 

washer-l ([PART4SJ) 
screw «(PART44]) 

Base Coordinate washer-2 ([PART46]) 

l 
Global Coordinate 

Figure 7.13. SCREW Assembly 
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empirically invalidated: a secondary credit-assignment. This section illustrates the failure of implicit 

grouping formation and the use of suppon structure in detail for the credit-assignment 

7.2.3.2.1. Credit Assignment for a Grouping 

Consider an assembly example similar to Fig. 6.12 (a) in Fig. 7.14. Suppose only one grouping 

is used to create the hierarchy: GI-2: 

GI·l 

INDEX: 2 

GSCHEMAS: (GSCHEMA-l) 

BASE: . [pAR17J 

SATELLITES: ([PARTS] [PART9]) 

LIAISONS: (Liaison([PAR17J [PART8]) Liaison([PAR17] [PART9])) 

PINSTS: (PI-2) 


The hierarchy is fonned using the implicit grouping assumption inaoduced in the previous chapter. 

The root is A3 and A2 is the subassembly. 

A3 

INDEX: 3 

GINST: Nn.. 


8 

7 

9 

Figure 7.14. Target Assembly with Subassembly 
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BASE: [PART8] 
SATELLITES: ([PARTlO]) 
SUB HIERARCHIES: (A2) 

A2 
INDEX: 2 
GINST: GI-2 

BASE: [PARTI] 

SATELLITES: ([PART8] [PART9]) 

SUBHlERARCHIES: 0 


Using the hierarchy. the final assembly sequence is generated along with the support structure as 

shown in Fig. 7.1S. Unfonunately. the assembly sequence fails and it is reponed by the execution 

monitor as a precedence violation, those precedence relations supporting NOOOOO: 

[[PARTlO].[pART8]J < [[PART8],[pARTI]] and [[PART8].[PARTI]J < [[PARTlO].[pART8]]. 

[[PART8].[PARTI]J < [[PARTlO].[PART811 of the final assembly sequence is responsible which is 

supponed by SPC and GI-2. Therefore. 01-2 is ultimately responsible for the failure and thus. 

categorized as NEG-GINSTS of all the grouping schemas of GI-2. GSCHEMA-l. 

GSCHEMA·l 
INDEX: 1 
BASE: Spartl 
SATELLITES: ($pan2 $part3) 
LIAISONS: (SLiaison2 SLiaisonl) 
GINSTS: «GI-2 

(SLiaisonl . Liaison([pARTI] [PART9])) 
($Liaison2 . Liaison([pARTI] [PART8])) 
($pan3 . (PART8]) ($pa.n:2. [pART9J) 
(Spartl . [PARTI])) 

(GI-l 
($partl . [PARTI]) (Spart3. (PART2]) 
($pan2 . (PART3]) ($Liaisonl . Liaison([PARTl] [pARTI])) 

(SLiaison2 . Liaison([pARTl] [PART2])))) 
POS-GINSTS: (GI-I) 

NEG-GINSTS: (GI-2);; GI-2 is negative instance ofGSCHEMA-l 

PSCHEMAS: (psCHEMA-2 PSCHEMA-l) 


7.2.4. Construction of a New Macro-operator Schema 

The above mechanism is mainly to create new descriptions of a schema while the structure of 

the schema remains untouched: it provides no mechanism to construct genuinely new structures for 
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NOGOOD 


Execution Monitor 

[[PARTIO].[pART8]] < [[PART8].[pARTI]] 

\---- [[PART81.[pARTI]] < [[PARTlO].[pART8]] 
01·2 

SPC 1.....---0- [[PART9].[PARTI]] < ([PARTIO],[PART8]] 

PI·2 

[[PART8].[PARTI]] < [[PART9].[PARTI]] 

[[PART8].[PARTIll < [[PART91.[PARTIJ] < ([PARTI0].[PART8]] 

Figure 7.15. Support Structure for the Assembly Sequence 
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those groupings and precedence schemas in memory. In STRIPS. the search mechanism of the 

planner is the main construction mechanism for new macro-operators. This section introduces a new 

construction mechanism for constructing new macro-operators. The new macro-operators are used to 

learn new schemas, a form of constructive induction. 

A selective induction is a form of induction that generates hypotheses containing only the 

descriptors present in the input data; a constructive induction is a form of induction that generates 

hypotheses including descriptors not present in the input data but constructed by the system [Michal­

ski 1983). So far, few effective constructive induction mechanisms were developed: e.g., construct­

ing a new predicate for an extremal element of an ordered set of elements [Larson 1977J. Here, a new 

constructive induction mechanism is developed, based on the principle of the selective merging. 

7.2.4.1. Selective Meraina as a Constructive Induction Method 

When multiple groupings and assembly subsequences are generated to build an assembly hierar­

chy, the system may notice that multiple groupings can be collapsed when their associated assembly 

subsequences can be merged into a continuous sequence, a selective merging based on transitive pro­

perty of a temporal precedence. Note, this collapsed structure is a deductive restructuring of the 

instanCes generated from a planning scenario: the structures before the collapse logically implies the 

coll~psed structure. 

Furthermore, the new structure is interesting when it is not an instance of some existing schema 

because the collapsed structure create a longer and potentially more powerful macro-operator: the 

prediction of the macro-operator is more specific. Hence, the new instance should be an instance of 

some schema. As a result, a new schema, subsuming the interesting instance, is created. 

This new schema is a refinement of the ex.isting schemas whose instances are involved in the 

selective merging process. Therefore, the concept refinement is guided by the "interesting" instances 
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noticed during their usage. In general. the selective merging method can be applied to any strUctures 

containing predicates with a transitive property. 

7.2.4.2. Example of Collapsing Structure during Assembly Planning 

Consider that the planner was just trained with WEOOE assembly above: the memory contains 

OSCHEMA·l and PSCHEMA·1. A new target assembly is given and shown in Fig. 7.16 (a). Its tar· 

get assembly diagram is shown in Fig. 7.16. (b). 

Using OSCHEMA·l, the following groupings. 01·2, 01-3. and 01-4 are formed: 

GI·2 
INDEX: 2 
OSCHEMAS: (OSCHEMA-l) 

BASE: [PARTll] 

SATELLITES: ([PART12] [pART13J) 

LIAISONS: 
PINSTS: (p1-2) 

(Liaison([PARTl1] [PART12]) Liaison([PART11] [PART13])) 

GI·3 
INDEX: 3 
OSCHEMAS: (GSCHEMA-l) 
BASE: [PARTll] 

SATELLITES: ([PART12) [pA:RT14)) 

LIAISONS: (Liaison([PARTll] [PART12]) Liaison([PARTl1] [PART14])) 

PINSTS: (pI·3) 


GI·4 
INDEX: 4 
GSCHEMAS: (GSCHEMA-l) 

BASE: [PART11] 

SATELLITES: ([PARTl3] [PART14)) 

LIAISONS: (Liaison([PARTll] [PART 1 3]) Liaison([PARTl1] [PART14])) 

PINSTS: (pI-4) 


Their assembly sequences are generated by PSCHEMA·2; PSCHEMA-l is not applicable because the 

locations of the parts with respect to the global coordinate are the same. These groupings and assem· 

bI)' sequences are shown in Fig. 7.17. Collapsing 01·2 and 01·3 into single strUcture would predict 

that [PART12] is the first satellite to be assembled from their PI-2 and PI-3. Collapsing 01·2 and 
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13 14 

(a) 

against against 

(b) Target Assembly Diagram 

Figure 7.16 Arrow Assembly 
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Figure 7.17 Collapsing Episodes using Transitivity 

12< 13 and 12< 14 

< 

against 

12 < 14 and 13 < 14 

< 

against 

GI-4 would predict that [PART14) is the last satellite to be assembled from their PI·2 and PI-4, On 

the other hand, collapsing GI-2 and GI-4 would predict [PART12]. [PART13], and [PART14] are 

assembled in sequence according to PI·2 and P14. NOMAD find collapsing GI·2 and GI-4 more 
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interesting than other collapses. Thus. creating GI-S with the collapse: 

GI·5 
INDEX: S 
GSCHEMAS: (GSCHEMA-2) ;; New schemo. is created 
BASE: [PARTll] 
SATELLITES: ([PARTl2] [PART13] [PART14]);; Three satellites 
LIAISONS: (Liaison([PARTll] [PARTl2J) Liaison([PARTll] [PARTl3]) Liaison([PARTl1] [PARTl";])) 
PINSTS: (PI-S) 

From the new grouping (GI-S) and its assembly sequence (pI·S), the system forms a novel 

grouping schema. GSCHEMA-2: 

GSCHEMA·l 
INDEX: 2 
BASE: $pan4 
SATELLITES: (SpanS Spart6 Span7) 
LIAISONS: (SLiaisonS SLiaison4 SLiaison3) 
GINSTS: «GI-S (Span4. [PARTll]) (Span7 . [PART14]) 

(Spart6. [pARTl3]) (SpanS. [PART12]) 
(SLiaison3 . Liaison([PARTll] [pART 1 2])) 
(SLiaison4 . Liaison([PARTll] [PART13])) 
(SLiaisonS . Liaison([PARTll] [PART14])))) 

POS-GINSTS: (GI-S) 

NEG-GINSTS: Nn... 

PSCHEMAS: (pSCHEMA-4 PSCHEMA·3) 


GSCHEMA-2 is a specialization of GSCHEMA-l; however, the refinement is guided by the interest­

ingness of information content of the predictability: the more specific the predicted information. the 

more interesting it is. 





CHAPTER 8. 

SUMMARY AND FUTURE WORK 

To be autonomous, AI systems should exhibit both planning and leaming capabilities. Planning 

is necessary because it is impossible to program every conceivable course of actions to be taken by 

the system and planning mechanism enables to the system to "program" itself a new course actions 

for new task situations. Furthermore. the problem solving mechanism used by a planner is inadequate 

for the simple planning tasks people encounter everyday. It is shown that such a mechanism would 

be combinatorially explosive even with a simplifications [Chapman. 1985]. However. we are 

existence proofs that there exist such a mechanism and hence. it can be automated.. 

I believe that a planning mechanism includes an amalgamation of diverse mechanisms includ­

ing a problem-solving mechanism. In fact, if a plan requires a lot of problem-solving. it is unlikely to 

succeed because we are bound 10 make a mistake. For most planning tasks. people may use of 

"canned" plans in memory. We only reson to a problem-solving activity when we can not proceed 

with such a "lazy" attitude. Therefore. a large portion of our planning activities involves reCOgnizing 

similar previous planning episodes and applying them. This requires a learning mechanism that can 

store and recall episodes for similar planning situations. 

The planning situation may involve a goal description and a sequence of actions taken to 

achieve the goals. The sequence of actions is a structural description with "next-to" relations 

[Michalski & Ko & Chen. 1987J. For the assembly planning, the goal description is a structural 

description as well: the geometric. lopologic. and kinematic description of a target assembly. 

In general. the learning mechanism for a planner should be capable of learning strucrural 

descriptions. Leaming structural concepts has been a long standing research problem in machine 
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learning. Previously. learning from spatially structured objects and learning from temporally struc­

tured objects have been srudied independently. Initially. the former concentrated on domain­

independent methods for learning structural concepts [Winston. 1970; Larson. 1977; Stepp, 1984]. 

Recently, the latter concentrated on domain-independent methods for learning from a temporal 

sequence of objects. qualitative process prediction [Michalski & Ko & Chen. 1987; Chen, 1988J. 

This research focused on leaming the structural descriptions involving both the spatial and temporal 

relationships as planning scenarios. 

Furthermore. most learning systems are designed primarily for answering how to learn a con· 

cept with different algorithms where the user determines for the system when to learn and what con­

cept to learn. This paradigm by itself is inadequate for a planner that requires many different con­

cepts in different contexts: it requires "multi-concept" learning from a single observation by a con­

structive learning mechanism like NOMAD. 

8.1. Summary of NOMAD 

This section gives intuitions behind the methodological paths taken by NOMAD. 

8.1.1. Model or Problem-Solvina 

When encountered with a new problem in the environment, a human as an intelligent being 

attacks the problem in a systematic way. First. he tries to break the problem into subproblems for 

which he has solution methods in memory. Second, for those subproblems for which he does not 

recognize any stored solutions, he makes up a new solution method using some general problem. 

solving techniques such as weak methods or asks the teacher for a solution. Finally. all the methods 

used to solve subproblems of the overall problem are combined into a coherent procedure that solves 

tl"ie whole problem. 
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The problem-solver may experience a success or a failure of this procedure. This experience is 

brought to bear in the future problem-solving tasks by assimilating its experience: the assimilation 

process involves restructuring the memory structure, containing subproblems and their solution 

methods. to reflect the new experience. This memory structure is. then. used to solve new problems 

as discussed above. As a result, the peIformance of the problem-solver depends on the extent to 

which the memory structure can be used to decompose the problem into proper subproblems and. sug­

gest their correct solutions. 

Then, the learning task is to construct a memory structure, encompassing all the problem­

solving situations that are going to be encountered by the problem solver. that can be used to pose 

correct solutions. Empirical planning method was based on this model of problem-solving where the 

task schema corresponds to a subproblem and its plan schema corresponds to the correct solutions for 

the subproblem. 

8.1.2. Positivism 

NOMAD learns by noticing failures to execute the planned action and then detecting the cause 

of the failure to facilitate learning. Recovery is not stressed after failure but rather the failure is 

avoided by constraining the schema applicability conditions. Here, executing an action is an experi­

ment to collect information and to modify planning strategies to avoid the failure in a similar situa­

tion. The use of positive and negative planning episodes by the empirical learning method is 

explained in this section. 

8.1.3. Necessity vs Sufficiency: Success vs Failure 

There may be many different sufficient explanations why an object is falling to the ground dur­

ing a mating operation: the object is thrown into the ground. dropped, a supporting object is removed. 
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the earth pulls the object, objects with mass attracts each other and as many as your imagination 

allows. The point is that the "right" level of explanation will be a function of our knowledge of the 

physical world. That is, anyone of the theories behind the explanation is sufficient as far as the task 

using the theory is restricted enough. 

On the o~er hand, the number of possible reasons that the object may not hit the ground is 

much larger. Therefore, it would be inappropriate to search with a weak method, basic mechanisms 

of most empirical inductive learning systems. Hence, the empirical assembly planner concentrated 

on learning a sufficient condition of a schema from successful application of the schema and a neces­

sary condition of the schema from/ailed applications. 

8.1.3.1. Empiricism (or Success and Analysis (or Failure 

Those schemas in planner's memory as the task theory predict positive outcomes rather than 

negative ones. Alternatively, the failure itself may be compiled into schemas that are used to prune 

faulty plans. Intuitively, the space of the possible reasons for the failures in the assembly task 

domain is immense, especially without a closed-world assumption. However, there are relatively few 

sufficient reasons for the failure. For example, consider all the possible reasons that a mating opera­

tion for an object may fail. Hence, learning useful failure rules requires more guidance from the 

background knowledge in order to control the generalization process like an explanation-based learn­

ing (EBL) approach [Mitchell & Keller & Kedar-Cabelli 1986; Dejong & Mooney 1986] rather than 

an empirical generalization approach. 

On the other hand, both the space of the possible reasons for the success and the number of 

sufficient reasons of the success are large as the range of context is restricted. For example, if the 

type of material is restricted to iron, the sizes of components are sufficient to predict their weights. 
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Because the description space for e~plaining a failure is large and only a small area of the space 

represents a causal e~planation of the failure. the target concept, applying an empirical generalization 

method. based on a search mechanism. is unlikely to find the target concept. In contrast. the failure 

should be carefully analyzed to uncover the proper element to generalize: maybe using an EBL 

method. Otherv.rise, arbitrary generalization would likely lead to epiphenomenal e~planations for the 

failure. 

The analysis by an EBL method requires complete and sound diagnostic rules before learning 

the failure concept: namely the collision physics. But it is detennined in the previous section that 

reasoning from the collision physics is intractable. Here, compiling the failure itself is postpOned 

until such diagnostic rules are developed. In short. the plaruting experiences are empirically general­

ized to fonn a new schema that is used to generate a successful plan rather than to prune a faulty plan. 

8.2. Future Works 

The current research work suffers many limitations. The following sections are intended to 

point out the limitations and their extensions of the current work. 

8.2.1. Trajectory Plannina 

The single most gla.rin& omiSSion of NOMAD is that the trajectory planning is simulated by the 

user. This turned out to be a significant limitation that affected the entire system. The learner was 

affected due to the lack of the causal theory of the environment (to be discussed in the next section). 

The planner was affected because the execution had to be simulated with a user input of precedence 

violations. Although the trajectory planning should report an execution failure as a precedence viola­

tion anyway, it would have been less cumbersome to conduct experiments if an automatic trajectory 

planner was at hand. 
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With a trajectory planner. the main difficulty is that the system has to infer which precedences 

that are responsible for assembling the obstructing components. An uncontrolled spatial search for 

the collision free path would post possibly all the outer layer components as candidate components 

responsible for the failure. Furthermore. removal of anyone of those components would not guaran­

tee a collision free path. violating the credit-assignment assumption. A possible solution is to associ­

ate typical approach paths with each mating pairs so that the trajectory planner use the paths when 

available. All the components in any of the paths from some approach point outside to the assembled 

position inside are credited for the failure and hence. all the precedence relations used to place the 

culprit components are responsible for the failure. In shon. an immediate research task is to incor­

porate a trajectory planner. 

8.2.1.1. Causal Theory of the Environment 

The attributes defined for the planning episodes in the previous chapter were defined cleverly by 

the user equipped with the knowledge of the nature of the assembly task at hand so that the desired 

final outcome was generated. Hence. the user is panially resp:msible for the successful learning 

scenario. The learning mechanisms are also panially responsible for the final outcome. 

However, the implicit knowledge used by the user to generate plausible attributes should be 

explicitly encoded into the system as a causal theory of the environmenL This causal theory allows 

the system to reason from the nature of the failure or success of the assembly planning episode to pos­

tulate a "good" way to assimilate the planning episode, a mental representation of its experience. The 

theory may require the entire naive physics [Hayes, 1979]. 

In the context of the assembly planning where the environment is governed by the collision 

physics, the causal theory .amounts to axiomatizing the trajectory planning process. This effort is 

necessary to achieve the kind of competence humans exhibit in the assembly tasks. 
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8.2.2. Hybrid-Approach to Assembly Planninl 

For assembly planning. two complimentary approaches were studied: one was based on detect­

ing the precedence constraints from the spatial interference checking and the other was based on post­

ing planning episodes (an assembly sequence) that were recognized using the empirically learned 

planning scenarios in memory as a candidate plan structure. The former approach is accurate but 

intractable. The laner approach is less accurate but for those assembly problems it solves. it is 

efficient. 

Currently. two approaches are separate. However, they operate under a similar representational 

framework. the target assembly diagram. As a result. it is foreseeable that these two approaches can 

be profitably combined into a hybrid approach where the planner checks the spatial interferences 

between assembly steps for those parts of the target assembly without appropriate planning scenarios 

in memory but use the scenarios where appropriate. 

8.2.3. Automatic Construction of Abstraction Hierarchies 

An assembly hierarchy is an abstraction hierarchy. Although this research only constructs the 

hierarchy semi-automatically, it is feasible to foresee an automatic construction of an assembly 

hierarchy. Then. it may shed light to the levels of abstraction issues for problem-solving and 

representational issues for leaming. 

Subassembly precedence and independence constraints are specialization of the more powerful 

abstraction principles. Furthermore, their validation is monitored by the violation of SPC or SIC. As 

a result. the abstraction formation process is criticized and thereby. can be improved with experience. 

Furthermore. it would be interesting to apply SPC and SIC to domains other than assembly planning 

domain 
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8.2.4. Intelligent Computer-Aided Design 

Eventually. this research may contribute towards bringing an integrated design and manufactur­

ing environmenr to the desk-tops of the designers of mechanical. assemblies. The knowledge about 

building an assembly structure may provide immediate feedback of the manufacrurability of a design 

without having to consult a production engineer. On the other hand. an automated assembly 

manufacturing device may benefit "design for assembly" principle where design techniques are 

applied in order to facilitate automated assembly tasks. 

8.2.5. Functional Assembly Desien 

The functional. and behavioral knowledge during the assembly design should be brought to bear 

in determining subassemblies. The kinematic behavior of individual. components are designed to 

serve as a pan of some kinematic behavior and a subassembly as a whole may serve a functional. role. 

An automobile engine may transmit up-and-down motion to cylindrical. motion while its functional 

role is to the car. An encapsulation of the mechanical. behavior. modularity. may determine 

subassemblies. Other considerations for subassemblies are replaceability and serviceability. 

As a start. the assembly design proceeds by collapsing modularized design of subassemblies via 

the ~function sharing [Ulrich & Seering. 1988] mechanism. However. the collapsing should be 

allowed only when the resulting structure does not prohibit assemblability. The grouping and its 

associated assembly sequences may represent one of the repenoire of subassemblies with the assem­

bly procedures: "canned" designs. Then. collapsing among these designs would be tested whether the 

merged assembly procedure is viable (no violation of SIC or SPC). 
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8.2.6. Mechanism Simulation 

This mechanical behavior causes alternative configuratiOns of the mechanical device and acces­

sibility may change. For example. the release mechanism of a seat belt cause two different states of 

the seat belt configw-ation: one is to release the belt and the other is to prevent the disassembly of the 

belt. 

8.2.7. Extension of the Assembly Criterion 

Currently. the sole assembly criterion is the accessibility. It is necessary to extend the criteria 

with dynamic notions such as stability and friction. ,For the time being. the notion of rigid body 

assumption should stay until other assembly criteria are bener understood. 

8.2.8. Case· based Reasoning 

The empirical generalization is a risky business, especially with many possible generalizations. 

The CU1"l"ent learning mechanism is too "eager" to generalize. It should be moderated by storing the 

instances until the generalization is justified. 

8.2.9. Robot Programmina 

If NOMAD be extended to a real robot. each assembly task should be converted to the robotic 

instructions in some robot language that may be executed to actuate the robot. Therefore. the amount 

of conversion depends on the level of instructions that are understood by the robot system. Many 

robot languages are currently available or proposed with varying degrees of sophistication. 

Various levels of robot programming can be viewed hierarchically so that the higher level 

language embeds the lower level robot language. Then. the high level robot language system is 
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reslX'nsible for converting the high level instructions into the joint level control of the robot manipu­

lator. A high level task such as an assembly task is converted to robotic instructions, done either by 

the task planner or the robot programming system. It is not clear to what ex.tent of this conversion is 

carried out by a programming system but the separation between the joint level and manipulator level 

rooot programming is well-understood. Here, various levels of robot programming systems are dis­

cussed from low to high levels. 

Joint level programming is where the motions of the rooot are specified in terms of the 

required angular poSitions of its various jOints. This level of interface to the rooot system is pro­

grammed entirely by teaching. a teach pendant method. The robot programming is hard to incorporate 

sensory feedback to control the rooot. Many paint spraying rooots are of this type. 

Manipulator level proarammina is where the motion of the robot is specified in terms of the 

required position of the end-effector of the rooot. expressed in some coordinate system. This involves 

inverse kinematics from the coordinate location to the joint angles which may require expensive com­

putations in general. Recently. this difficulty is alleviated by a clever design of the manipulator that 

decouples translational and rotational ponion of the computation, a scara (selective compliant articu­

lated rooot for assembly) rooot This is the general level of the interface to most commercially avail­

able rooot today. 

Object level proarammina is where the instruaions are given in terms of the spatial relations 

that are specified between fearures of the objects to be assemblt;d. This is called task level program­

ming (lozanO-Perez 198} but the term is overly general for its intended meaning. Here. we use object 

level programming (OLP) [Smither & Malcolm 1987} because the term gives more information aoout 

its intended meaning: the level of instruction is object oriented rather than the robot oriented. 

OLP requires much more sophisticated mechanisms than manipulator level programming sys­

tems. First of lill. an inference engine capable of reasoning over spatial relationships of objects to 
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deduce their positions is required. Then, a trajectory planner that finds a collision free trajectory IS 

required. In addition to a collision free trajectory planner, a grasp planner and a compliant motion 

planner are required as well. The coupling between object and manipulator levels is incomplete and 

remains as an open research problem both in robotics and AI. 

Assembly level programming is where an instruction is simply the specification of the finally 

assembled state. This requires assembly planning. Note that the three previous levels have been sim­

ple escalations in the sophistication of defining the motions of the robot in space, whereas assembly 

level is also concerned with planning the assembly sequence. In general, as the robot programming 

becomes more sophisticated, it encompasses more of the planning component of the task.. NOMAD. 

when fully developed and interfaced with an actual robot. can be viewed as an assembly level pro­

gramming system. 





APPE~DIX A. 

USER'S GlaDE 

NOnnative Mechanical Assembly Device (NOMAD) is the name of the prgram. It is wrinen in 

pure common lisp with a few exception of window operations for graphics package. The program 

runs in Symbolics 3640 with version 6.1 operating system. 

A.1. Running G MS 

The geometric modeling system is loaded by: 

J. Load file symb:>Iw> gms>willg 1.bill 
2. Loadfile symb:>Iw>imsa>test-gms.lisp 
3. (lIew·willdow) 

Now, you can use a mouse to create a window that displays scenes on the screen. Then: 

4. (cleaT) ;; clears the screell 

In test-gms.lisp, several objects are modeled and one of them is called neun: 

5. (neun) 
6. (dbody *obody*) ;; display ·oOOdy· 
7. (dbody *pbody·) ;,' display .pbody. 


Steps 6 and 7 will show the two objects about to participate in boolean operation of the OMS: minus 


operator (this is called as difference operator in the thesis). 


9. (selq *rbody· (millus ·obody· ·pbody·)) 
10. (dbody ·rbody·) 

Step 9 assigns the resulting body to *rbody· after boolean operation and step 10 displays the object. 

1S7 
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A.l. Running Spatial Reasoning Engine 

The location map and reasoning about mating condition can be run by: 

1. Loadfile symb:>iw>gms>wing1.bin 
2. Loadfile symb:>iw>imsa>graph.bin 

The raw screen outpUts from the system capturing the bench-beam example in Chapter 4 are provided 

in Appendix B. 

A.3. Running Planning and Learning Scenarios 

All the examples in Chapter 7 can be run by: 

1. Loadfile symb:>iw>imsa>arms.bin 
2. Loadfile symb:>iw>imsa>tllre-var.bin 
3. Loadfile symb:>iw>imsa>nomtJd.bin 
4. Loadfile symb:>iw>imsa>nomtJd-dec/.lisp 
5. Loadfilt symb:>iw>imsa>ltSI-nomtJd.lisp 

The trace of the session is provided in Appendix C. 



APPENDIX B. 

Screen Outputs (or Spatial Reasoning 

The following four pages show a raw interaction with the system solving the bench-beam exam­

ple discussed in the spatial reasoning engine chapter. 

The first page shows nodes 3.4. 12. and 15 in window 3 using "display-node" routine. Their 

positions with respect to *world* is represented by homogeneous transformation matrices that are 

computed by a routine "frame" that computes relative position between any two nodes in the position 

map. The maaices are displayed by "matrix-printer"; the matrix is repersented in a row major con­

vention instead of the column major convention followed in the thesis. 

The second page starts with "(c)" that clears the window 3. The routine. "assert-against-into­

joint". asserts an against relation between faces. *mating* contains all the mating structures 

specified. Against-I is created for the against mating condition specified between nodes 3 and 12. 

The structure contains rpos slot that contains a homogeneous transformation matrix for the mating 

condition. The third page specifies an against mating condition between nodes 4 and 15 and againt-2 

is created as a result. 'The final page shows the joint (called a kinematic link in the thesis) relation 

between the base nodes: 2 and 11 as a result of combining the againt-l and againt-2. 

IS9 
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APPENDIX C. 

TRANSCRIPT OF INTERACTION WITH NOMAD 

This appendix illustrates a raw transcript with NOMAD during leaming and plaming stage 

except comments that are delineated by semi-colons. 

C.l. Learnin& Precedence Schema 

This·section shows NOMAD's capability to learn a generalized knowledge and store it into its 

memory and uses it to solve new problems. 

(bb) ;; Initialize the memory: Big Bang 
NTI.. 
(nomad--decl) ;;Declare Attribuus 
<NOM (LIAISON» . 
(bell-exI) 
BELLI-ASSEMBLY 
(describe bellI) 
BEL·~I·ASSEMBLY is a ASSEMBLY 

N. ~: BELLI 

PARTS: ([PARTI9] [PARTIO] [PARTII]) 

LIAISONS: (Liaison([pARTIO] [PARTII]) 


Liaison([PARTI9] [PARTII]) Liaison([PARTI9] [PARTIa]» 
HIERARCHIES: NU...;; No assembly hierarchy yet 

BELLI-ASSEMBLY is implemented as an ART·Q type amy. 
It uses %ARRAY·DISPATCH·WORD; it is S elements long. 
BELL I-ASSEMBLY 

(apg bellI) ;; Assembly Procedure Generation 0/belil 
»P1ease choose one component for the base component 
Please choose the corresponding number: 
1: [PART19] 
2: (PARTIa] 
3: [PARTIl] 
Enter the number of your choice (0 if nothing) > 1 

»Please choose satellite components 

Please choose among the following objects by specifying their 

corresponding numbers: 

·1: [PARTIO] 
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2: [PART21} 
oif finished 
Choose anumber> I 
Choose a num ber> 2 
Do you want to stop? (Y or N) Yes. 
Please choose in sequence 
Please choose among the follOwing objects by specifying their 
corresponding numbers: 
1: [PART21) 
2: [PART20] 
oif finished 

Choose a number> 2 

Choose a number> 1 

(PlNST PI-I) 

(OINST 01-1) 

[[PART20).[PARTl9]] < [[PART2l].[PART1911 

EXECUTION·MONITOR 

Please input execution failure assenions justified by ·execution-monitor* 
> bye ;; The assembly procedure is successfully executed. 

NIL 
;; The belll assembly structure after the planning process is completed 
(describe bellI) 
BELLI-ASSEMBL Y is a ASSEMBLY 

NAME: BELLI 

PARTS: ([PARTl9] [PART20l [PART2l]) 

LIAISONS: (Liaison([PART20) (PART21]) 


Liaison([PARTl9] [pART21D Liaison«(PARTl9] [PART20l)) 
;; A new assembly hierQTchy. AJ. is crealed after 1M pllJJ1lling process 

HIERARCHIES: (AI) 
BELLI-ASSEMBLY is implemented as an ART·Q type amy. 
It uses %ARRAY ·DISPATCH· WORD: it is S elements long. 
BELLI-ASSEMBLY 
;; Describe AJ 
(describe (car (assembly-hierarchies bellI») 
At is a HIERARCHY 

INDEX: 1 

GINST: 01-1 

BASE: [PART19] 

SATELLITES: ([PART2I] [PART20l) 

AUXLUUSONS: NIL 

SUB HIERARCHIES: NIL 


Al is implemented as an ART-Q type array. 
It uses %ARRAY·DISPATCH-WORD; it is 7 elements long. 
Al 
(d ·Sgschema·) ;; Display aillhe known gschemos in memory 
OSCHEMA·l is a SOSCHEMA 

INDEX: 1 

BASE: Spartl 

SATELLITES: (Spanl Spar(3) 

LIAISONS: (SLiaison2 SLiaisonI) 
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GINSTS: {{GI·I (Spanl . [PART19]) (Spart3 . 
[PART20]) (Span2. [PART2I]) (Sliaisonl .liaison([PARTI9] 
[PART21])) (Sliaison2 .liaison([PART19] [PART20m» 
;; The grouping instance/armed/rom applying gschem41 was successful 

POS·GINSTS: (Gl-l) 
;; No negative evidence/or gschem41 has been accumulated yet 

NEG-GINSTS: NIL 
;; Two possible generalized precedence schernas are created 
;;/or this gschem4 

PSCHEMAS: (pSCHEMA·2 PSCHEMA-I) 

SUPERS: NIL 

SUBS: NIL 


GSOIEMA·I is implemented as an ART-Q type array. 
It uses %ARRAY·DISPATCH-WORD; it is 11 elements long. 
NIL 
(d ·Spschema*) ;; Display all the known pschernas in memory 
PSCHEMA·2 is a SPSCHEMA 

INDEX: 2 

GSCHEMA: GSCHEMA-I 

SEQUENCE: (Span3 Span2) 

DlFF-SEQUENCE: (SDiff-part2) 

PINSTS: (pI-l)· 

POS-PINSTS; (PI-l) 

NEG-PINSTS: NIL 

SUPERS: NIL 

SUBS: NIL 


PSCHEMA-2 is implemented as an ART-Q type array. 

It uses %ARRAY-DISPATCH-WORD; it is 10 elements long. 


PSCHEMA·I is a SPSCHEMA 
INDEX: 1 
GSCHEMA: GSCHEMA·l 
SEQUENCE: (Spart3 Span2) 
DlFF·SEQUENCE: (SDiff-panl) 
PINSTS: (PI-l) 
POS-PINSTS: (PI-l) 
NEG·PINSTS: NIL 
SUPERS: NIL 
SUBS: NIL 

PSCHEMA-l is implemented as an ART-Q type array. 
[t uses %ARRAY·DISPATCH-WORD; it is 10 elements long. 
NIL 
(bracket-ex) ;; Pose a similar assembly task. bracket assembly 
BRACKET-ASSEMBL.Y 
(apg bracket);; Generate assembly procedure/or the bracket 
(PINST PI·2) 
(GINST GI-2) 
[[PART5J.[PART4jJ < [(PART6}.[PART4J) 
EXECUTION-MONITOR 
. Please jnput execution/ailure assertions justjfied by "'execution-monito'­
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> bye .... The assembly procedure succeeds 
(PINST PI-3) 

(GINST GI-2) 

[[PART6}.[PART4]J < [[PARTS].[PART4 11 

EXECUTION-MONITOR 

Please input execution failure assertions justified by *exeCiJl:-j:,,-monitor* 

> (Failed-with ([[PART6].(PART4]] < [(PARTS].(PART4 j j)) 

> bye 


%Got nogoods:(E-6) ;; The assembly proceudrefails 

Nil.. 

(print-env *before-nogoods*) ;; List possible blames 

E·6:* {EXECUTION-MONITOR, (GINST GI-2), (pINST PI·3)} 

Nil.. 
(d *Spschema*) 
;; New contents ofpschemas showing that pschema2 has 110 

;; incorrect application while pschema·J contains incorrect 
;; application 
PSCHEMA·2 is a SPSCHEMA 

INDEX: 2 

GSCHEMA: GSCHEMA-l 

SEQUENCE: (Spart3 Span2) 

DIFF-SEQUENCE: (SDiff-part2) 

PINSTS: (PI-2 PI-}) 

POS·PINSTS: - (P1-2 PI-l) 

NEG-PINSTS: Nil.. 

SUPERS: Nil.. 

SUBS: Nil.. 


PSCHEMA·2 is implemented as an ART-Q type array. 

It uses %ARRAY·DISPATCH·WORD; it is 10 elements long. 


PSCHEMA-l is a SPSCHEMA 
INDEX: 1 
GSCHEMA: GSCHEMA·t 
SEQUENCE: (Spart3 Span2) 
DIFF·SEQUENCE: (SOOf'pant) 
PINSTS: (pI-3 PI-I) 
POS-PINSTS: (pI·t) 
NEG·PINSTS: (pI·3) 
SUPERS: Nil.. 
SUBS: Nil.. 

PSCHEMA·t is implemented as an ART·Q type array. 

It uses %ARRAY·DISPATCH·WORD; it is 10 elements long. 

Nil.. 
(d *pinst*) 
PI·3 is a PINST 

INDEX: 3 
PSCHEMAS: (pSCHEMA·l) 
GINST: GI·2 
SEQUENCE: ([PART6] [PARTS]) 
DIFF-SEQUENCE: (Diff·pan([PART6].[PARTS))) 
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PI·3 is implemented as an ART.Q type array. 

It uses %ARRAY·o(SPATCH·WORD; it is 6 elements long. 


PI·2 is a PINST 
INDEX: 2 
PSCHEMAS: (pSCHEMA·2) 
OINST: 01·2 
SEQUENCE: ([PARTS] [PART6]) 
DIFF-SEQUENCE: (Diff·pan([pARTS J.[PART6])) 

PI-2 is implemented as an ART-Q type array. 

It uses %ARRA Y·DISPATCH·WORD: it is 6 elements long. 


PI·t is a PINST 
INDEX: t 
PSCHEMAS: (pSCHEMA-2 PSCHEMA-l) 
OINST: 01-1 
SEQUENCE: ([PARTIOl [PART2I)) 
DIFF-SEQUENCE: (Diff-pan([PART20].[PART2I])) 

PI-I is implemented as an ART-Q type array. 

It uses %ARRAY·o(SPATCH· WORD; it is 6 elements long. 

NIL 

(bracket-ex I) ;; Pose almost idel'llicai problem to bracut assembly 

BRACKETl-ASSEMBLY 

(apg bracketl) 

(pINST PI·4) 

(OINST 01-3) 

[[PART4SJ.[PART4411 < [[PART46].[PART44]] 

EXECUTION-MONITOR 

Please input execution failure assenions justified by *execution-monitor* 
> bye 

NIL 
;; Note it does not query the user anymore with alternative 
;; precedences because it leDl'Md not to apply pSCMIM-I from 
;; previous experience 
(dribble) 

C.l. LearnJnl Groupinl Schema from Subassembly Precedence Violation 

This section shows that after the user tells how to assemble bell assembly. the system 

remembers a generalized version of lhis scenario. Sub is an assembly strucrure with a subassembly. 

Sub! is identical to sub except with different component names. 

(bb) 

NIL 

(nomad-decl) 

<NOM (LIAISON» 
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(bell-ex) 
BELL-ASSEMBLY 
(describe bell) ::bell is poinJing to BELL assembly 
BELL-ASSEMBL Y is a ASSEMBLY 

NAME: BELL 
PARTS: ([PARTl] [PARTI] [PART3J) 
LIAISONS: (Liaison([PARTI] [PART3n Liaison«(PARTl] 

[PART3]) Liaison([PARTl J [PART2J)) 
HIERARCHIES: NU... ;; No hierarchies yet 

BELL-ASSEMBLY is implemented as an ART·Q type array. 
It uses %ARRAY-DISPATCH-WORD: it is S elemenrs long. 
BELL·ASSEMBL Y 
(apg bell) ;: generate assembly procedure/or the bell assembly 
»Please choose one component for the base component 
Please choose the corresponding number: 
1: [PART11 
2: [PARTI] 
3: [PART3] 
Enter the number of your choice (0 if nothing) > 1 

»P1ease choose satellite components 
Please choose among the following objects by specifying their 
corresponding numbers: 
1: [PARTI1 
2: [PART3] 
oif finished 
Choose a number> 1 
Choose a number> 2 
Do you want to stop? (Y or N) Yes. 
Please choose in sequence 
Please choose among ~e following objects by specifying their 
corresponding numbers: 
1: (PART3] 
2: [PARTI] 
oif finished 
Choose a number> 2 
Choose a number> 1 

:: P/·1 is the precedence used to create the assembly procedure 

:: G/-1 is the grouping instance used to create the assembly procedure 

(pINST PI-l) 

(GINST 01·1) 

[[PARTI].[PARTl]] < ([PARTI].[pARTl]] 

EXECUTION·MONITOR 

Please input execution failure assertions justified by *execution·monitor* 
> bye :: meaning execution o/the assembly procedure is successful 

NIL 
(describe bell) 
BELL·ASSEMBL Y is a ASSEMBLY 

NAME: BELL 
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PARTS: ([PARTl] [PARTI] [PARTI]) 
LIAISONS: (tiaison([PARTI] [PART3]) Liaison([PARTl] 

[PART3]) Liaison([PARTl] [PARTI])) 
HIERARCHIES: (A 1) ;; a hitrarchy is constructtd 

BELL-ASSEMBLY is implemented as an ART-Q type array. 
It uses %ARRAY-DISPATCH-WORD; it is 5 elements long. 
BELL-ASSEMBLY 
(d "'hierarchy"') 
A1 is a HIERARCHY 

INDEX; 1 

OINST: 01-1 

BASE: [PARTl] 

SATELLITES: ([PARTI] {PARTID 

AUXLIAISONS: NIL 

SUBHIERARCHIES: NIT. 


Al is implemented as an ART-Q type array. 

It uses %ARRAY·DISPATCH-WORD: it is 7 elements long. 

(d ·ginst·) 

01-1 is a OINST 


INDEX: I 

OSCHEMAS: (OSCHEMA·l) 

BASE: [PART I] 

SATELLITES: ([PARTI] [PARTIl) 

LIAISONS: (tiaison([pART1] [PARTI]) Liaison([PART1] [pARTI])) 

PINSTS: (pl· I) 


01-1 is implemented as an ART·Q type array. 

It uses %ARRAY·DISPATCH-WORD; it is 7 elements long. 

(d ·pinst·) 

PI-l is a PINST 


INDEX: 

PSCHEMAS: (pSCHEMA-2 PSCHEMA-l) 

OINST: 01·1 

SEQUENCE: ([PARTI] [PARTI]) 

DIFF·SEQUENCE: (Diff·pan([P ARTI].[P ARTI]» 


PI-l is implemented as an ART·Q type array. 

It uses}~ARRAY·DISPATCH·WORD; it is 6 elements long. 

(d ·Sgschema·) 

OSCHEMA·l is a SOSCHEMA 


INDEX: 1 

BASE: Spanl 

SATELLITES: (Spatt2 Span3) 

LIAISONS: (SLiaison2 SLiaisonl) 

OINSTS: «01-1 (Spanl . [PARTl]) (Spart3. 


[PARTID (Span2. [PART3]) (SLiaisonl . Liaison([PARTI] 
(PARTI])) (SLiaison2. Liaison([PARTll (PARTIm» 

POS-OINSTS: (01-1) 
NEO-OINSTS; NIL 
PSCHEMAS; (pSCHEMA-2 PSCHEMA-l) 
SUPERS: NIL 
SUBS: NIL 
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GSCHEMA·l is implemented as an ART·Q type array. 

It uses %ARRAY·DISPATCH·WORD: it is 11 elements long. 

~"ll.. 

;: Specifying 1It'W assembly strUClure ca/Jed SUB assembly 
(subassembly-ex) 
SUB-ASSEMBL Y 
(describe sub) 
SUB·ASSE.MBLY is a ASSEMBLY 

NAME: SUB 
PARTS; ([PART71 [PART8] (PART9) [PARTlO)) 
LIAlSONS: (Liaison([pART81 [pARTlO]) Liaison([PART8) 

[PART9]) Liaison([pART7] [PART9]) Liaison([PART71 [PART8])) 
HIERARCHIES: NlL 

SUB-ASSEMBLY is implemented as an ART·Q type array. 
It uses %ARRAY-DISPATCH-WORD: it is Selements long. 
SUB-ASSEMBLY 
(apg sub) 
choose ginsts to choose 
Ple~ choose among the following objects by specifying their 
corresponding numbers: 
1: GI·3 
2: 01·2 
oif finished 
Choose a number> 2 
Choose a number> 0 

(pINST PI-2) 

(OINST 01-2) 

[[PART81.[PART7]] < [[PART9].[PART7]] 

[[PART8].(PART7}] < [[PARTlO].[PART8}] 

[[PART9).[PART7]] < [[PARTlOl.[PART8]] 

EXECUTION-MONITOR 

Please input execution failure assertions justified by *execution-monitor* 

> (Failed·with «([PARTlO].(PART811 < [[PART81.[pART7)]) 

> bye 


%Got nogoods:(E-7);; *aucunon-monito'" detects a/ailure 

NlL 

(printenv *before-nogoods*) ;; Ust possible biflf'MS 

E-7:* {EXEClmON·MONITOR. (OINST 01-2)} ;; GI-2 is to blalM 

NlL 

(d *ginst*) ;; Displ4y all the grouping irutance in memory 

GI-3 is a GINST 


INDEX: 3 

GSCHEMAS: (GSCHEMA·l) 

BASE: [PART8] 

SATELLITES: ([PART7] [PARTlO]) 

LIAISONS: (Liaison([PART7) (PART8]) Liaison([PART81 [PARTlO])) 

PINSTS: (p1·3) 


01·3 is implemented as an ART·Q type array. 
It uses %ARRAY·DISPATCH·WORD; it is 1 elements long. 
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01·2 is a OINST 
INDEX: 2 
OSCHEMAS: (OSCHEMA·l) 
BASE: [PART7] 
SATELLITES: ([PARTS] [PART9]) 
LIAISONS: (Liaison([pART7J [PART8]) Liaison«(PART7] [PART9J)) 
PINSTS: (p1·2) 

01·2 is implemented as an ART·Q type array. 
It uses %ARRAY·DlSPATCH·WORD; it is 7 elements long. 

01·1 is a OINST 
INDEX: 1 
OSCHEMAS: (OSCHEMA-l) 
BASE: [pARTl] 
SATELLITES: ([PART31 [PART'l]) 
LIAISONS: (Liaison([pARTl] [PART3]) Liaison([PART1] [PART'l]) 
PINSTS: (pI·l) 

01·1 is implemented as an ART·Q type array. . 

It uses %ARRA Y·DISPATCH·WORD; it is 7 elements long. 

NIL 

(d *pinst*) ;; Display all the precedences in memory 

PI-3 is a PINST . 


INDEX: 3 

PSCHEMAS: (pSCHEMA·l) 

OINST: 01·3 

SEQUENCE: ([PART7] [PARTIOD 

DIFF-SEQUENCE: (Diff·part([PART7],[pARTl0])) . 


PI-3 is implemented as an ART·Q type array. 

It uses %ARRAY·DlSPATCH·WORD; it is 6 elements long. 


PI-2 is a PINST 
INDEX: 2 
PSCHEMAS: (pSCHEMA-2) 
OINST: 01-2 
SEQUENCE: «(PARTS] [PART9]) 
DIEF·SEQUENCE: (Diff·part([P ARTS].(P ART9])) 

PI-2 is implemenrcd as an ART.Q type array. 

It uses %ARRA Y ·DISPATCH-WORD; it is 6 elements long. 


PI·t is a PINST 
INDEX: 1 
PSCHEMAS: (PSCHEMA·2 PSCHEMA·1) 
OINST: 01-1 
SEQUENCE: ([PART'l] [PART3]) 
DlFF-SEQUENCE: (Diff.pan([PART'l].[PARTI]» 

PI·I is implemented as an ART·Q type array. 

It uses %ARRA Y·DlSPATCH·WORD; it is 6 elements long. 

NIL 

(d *Sgschema·) 

;; GSCHEMA·2 is created because GSCHEMA·} faUed 
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OSCHEMA·2 is a SOSCHEMA 
INDEX: 2 
BASE: Span 1 
SATELLITES: (Span2 Span3) 
LIAISONS: (SLiaisonl SLiaison3) 
OlNSTS: NIL 
POS·OINSTS: NIL 
NEO·OINSTS: NIL 
PSCHEMAS: NIL 
SUPERS: NIL 
SUBS: NIL 

OSCHEMA-2 is implemented as an ART-Q type array. 
It uses %ARRAY·DISPATCH·WORD; it is 11 elements long. 

;; GSCHEMA·} will ft()t be applied in the/uture because o/GI·2 
OSCHEMA-l is a SOSCHEMA 

INDEX: 1 
BASE: Spanl 
SATELLITES: (Span2 Span3) 
LIAISONS: (SLiaison2 SLiaison 1) 
OINSTS: «01·3 (SLiaisonl . Liaison([PART8] 

[pARTlO])) (SLiaison2 . Liaison([PART7] [PART8])) (Span3 . 

[PART7J) (SpartZ. [PARTlO]) (Spanl . [PARTS])) (01-2 

(SLiaison 1 . Liaison([pART7] [PART9])) (SLiaison2 . 

Liaison([PART7] [PARTS])) (Span3 . [PART8]) (Spart2 . [PART9]) 

(Spanl . [PART7])) (01·1 (Spanl . [pARTl]) (Span3. 

[PART2]) (SpartZ. [PARD]) (SLiaisonl . Liaison([pARTI] 

[PARD])) (SLiaison2 . Liaison([pART1] [PART2])))) . 


POS·OINSTS: (01-1) 
NEO-OINSTS: (01-2) ;; GI-2 is negative instance o/GSCHEMA-I 
PSCHEMAS: (pSCHEMA-2 PSCHEMA-I) 
SUPERS: NIL 
SUBS: NIL 

OSCHEMA·l is implemented as an ART·Q type array. 

It uses %ARRAY ·DISPATCH· WORD; it is 11 elements long. 

NIL 

(describe sub) 

SUB-ASSEMBLY is a ASSEMBLY 

NAME: SUB 
PARTS: ([PART7] [PART8] [PART9] [PARTIO]) 
LIAISONS: (Liaison([pARTS] [PARTIO]) Liaison([PART81 

[PART9]) Liaison([pART7] [PART9]) Liaison([PAR17] [PARTS])) 
HIERARCHIES: (A3) ;; A3 is the rOol 0/the hiearchy 

SUB-ASSEMBL Y is implemented as an ART·Q type amy. 
It uses %ARRAY ·DISPATCH· WORD: it is S elements long. 
SUB-ASSEMBL Y 
;; Here. hierarchies.A2 andAJ. are usedfor SUB assembJy 
(d *hierarchy*) 
;; After A2 is formed. A3 is created for the remaining objects 
A3 is a HIERARCHY 

http:hierarchies.A2
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INDEX: 3 

GINST: NIL 

BASE: [PARTS] 

SATELLITES: ([PART IOl) 

AUXLIAISONS: N1L 

SUBHIERARCHIES: (Al) 


A3 is implemented as an ART-Q type amy. 

It uses %ARRA Y-DISPATCH-WORD; it is 7 elements long. 


A2 is a HIERARCHY 
INDEX: 2 
GINST: 01-2 
BASE: [PARTI] 
SATELLITES: ([PARTS] [pART9J) 
AUXLIAISONS: N1L 
SUBHIERARCHIES: Nfl.. 

A2 is implemented as an ART-Q type amy. 

It uses %ARRAY-DISPATCH-WORD; it is 7 elements long. 


A1 is a HIERARCHY 
INDEX: 1 
GlNST: 01-1 
BASE: [pART1 ] 
SATELLITES: ([PART3] [PART2]) 
AUXLIAISONS: N1L 
SUBHIERARCHIES: Nn.. 

Al is implemented as an ART·Q type amy. 

It uses %ARRAY ·DISPA TCH·WORD; it is 7 elements long. 

ND.. 
;; New assembly. SUBI that is a/.m()st itkntical to SUB 

;; SUBI and SUB are identical exept the names o!parts. 

(subassembly-ex 1) 

SUB I-ASSEMBLY 

(describe sub 1) 

SUB l-ASSEMBLY is a ASSEMBLY 


NAME: SUBI 

PARTS: ([PARTIS] [PARTI6] [PARTI7] [PARTIS]) 

LIAISONS: (Liaison([pARTI6] [PARTI8]) 


Liaison([pARTt6] [pARTI 7]) Liaison«(PARTtS] [PART17]) 
Liaison([pARTIS] [PARTI6])) 

HIERARCHIES: Nn.. 
SUB I-ASSEMBLY is implemented as an ART·Q type array. 
It uses %ARRAY·DISPATCH-WORD; it is S elements long. 
SUBI·ASSEMBLY 
(apg sub1) 
;; Note. unlike the previous session where the gschemIJ in 
;; memory is applied, ask the user because the gschemIJ 
;; contains negative instance. 
»Please choose one component for the base component 
Please choose the corresponding number: 
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1: [PART1S] 
2: (PART16] 
3: [PART171 
4: [PART18} 

Enter the number of your choice (0 if nothing) > 2 


»Please choose satellite components 
Please choose among the following objects by specifying their 
corresponding numbers: 
1: [pARTtS] 
2: [PART17] 
3: [PARTl8] 
oif finished 
Choose a number> 1 
Choose a number> 2 
Choose a number> 3 
Do you want to stop? (Y or N) Yes. 
Please choose in sequence 

Please choose among the following objects by specifying their corresponding numbers: 
1: [PARTt8] 
2: (PART17) 
3: [PARTlS] 
oif finished 
Choose a number> 2 
Choose a number> 1 
Choose a number> 3 
(pINST P14) 

(OINSTOI4) 

[[PARTlS].[PART16]] < ([PARTl7).[PARTl6]] 

[[PARTl8].[pART1611 < [[PARTlS].(PARTl6]J 

EXECUTION·MONITOR 

Please input execution failure assertions justified by ·execution·monito ... 
> bye 

NU. 
·ginst· 
(01-401·301·201·1) 
(describe (car ·ginst·» 
01-4 is a GINST 

INDEX: 4 
OSCHEMAS: (OSCHEMA·3) 

BASE: [pARTl6] 

SATELLITES: ([PART18) [PARTl7} [PARTlS]) 

LIAISONS: (Liaison([PART16) [PARTl8]) 


Liaison([PARTI6] [PARTl7J) Liaison([PARTlS} [PART16})) 
PINSTS: (pI-4) 

01·4 is implemented as an ART·Q type array. 
It uses %ARRAY·DISPATCH·WORD; it is 7 elements long. 
01·4 
(describe (car *$gschema*» 
OSCHEMA·3 is a $OSCHEMA 
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INDEX: 3 

BASE: Spart4 

SATELLITES: (Spart5 Span6 Span?) 

LIAISONS; (SLiaison6 SLiaisonS SLiaison4) 

GINSTS; «Gl4 (Span4 . [PART 16]) (Spart? . 


[PARTlS]) (Span6 . [PARTl1]) (Spart5 . [PART18]) (SLiaison4 . 
Liaison([PARTI6] [PART18]) (SLiaisonS . Liaison([pARTl6] 
[PARTI7]» (SLiaison6. Liaison([pARTlS] [PARTI6])))) 

POS-GINSTS: (GI-4) 
NEG-GINSTS: NIL 
PSCHEMAS: (pSCHEMA-4 PSCHEMA-3) 
SUPERS: NIL 
SUBS: NIL 

GSCHEMA·3 is implemented as an ART·Q type-array. 
It uses %ARRAY·DISPATCH·WORD: it is 11 elements long. 
G SCHEMA· 3 
(dribble) . 

C.3. Specializing Grouping Schema 

This session shows leaming substrantilly differenct grouping knowledge. 

(bb) 

NIL 

(nomadoodecl) 

<NOM (LIAISON» 

(bell-ex 1) ;; defining BELLl assembly 

BELLI-ASSEMBLY 

(apg bell1) 

»Please choose one component for the base component 

Please choose the corresponding number: 
I: [PART19] 
2: [pARTIO] 
3: [PARTIl) 

Enter the number of your choice (0 ifnothing) > 1 

»Please choose satellite components 
Please choose among the following objects by specifying their 
correspondingnumhers: 
1: [PARTIO] 
2: [PARTIl] 
o if finished 
Choose a number> 1 
Choose a number> 2 
Do you want to stop? (Y or N) Yes. 
Please choose in sequence 
Please choose among the following objects by specifying their 
corresponding numbers: 
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I: [PARTIl] 
2: [PARTIOl 
oif finished 
Choose a number:> 2 
Choose a number:> 1 
(pINST PI-I) 

(OINST 01·1) 

[(PARTIO],[pART19]] < ([PARTII],[PARTI9]] 

EXECUTION·MONITOR 

Please input execution failure assertions justified by *execution-monitor· 

> bye 

NIT.. 
(d ·ginst·) 
01·1 is aOINST 

INDEX: 1 

GSCHEMAS: (GSCHEMA·l) 

BASE: [pART 19] 

SATELLITES: ([PARTI}] [pARTIOJ) 

LIAISONS: (Liaison([pARTI9] [pARTIl]) Liaison([PART19] [PARTIOm 

PINSTS: (pI-1) . 


GI-l is implemented as an ART-Q type array. 

It uses %ARRAY-DISPATCH·WORD; it is 7 elements long. 

NIT.. . 
(4pans);; defining a new assembly: FOUR 
FOUR-ASSEMBLY 
(describe four) 
FOUR-ASSEMBLY is a ASSEMBLY 

NAME: FOUR 
PARTS: ([PART11] [PARTl2] [pARTl3] [PART14]) 
LIAISONS: (Liaison([pARTl3] [PART14]) 

Liaison([pART12] [PARTl3]) Liaison([PARTl11 [PART14]) 
Liaison([pARTl J] [PART13]) Liaison([PARTl11 [PART12])) 

HIERARCHIES: NIT.. 
FOUR-ASSEMBLY is implemented as an ART-Q type array. 
It uses %ARRAY-DISPATCH-WORD; it is S elements long. 
FOUR-ASSEMBLY 
(apg four) ;; Generate assembly procedure 
(pINST PI·S) 
(OINST 01·5) ;; OI·S and PI·S are used to create the precedences 
[[PARTl 31.[PART1111 < [[PART14].{PARTl1]] 
[[PART121.[PARTl1]] < [[PARTl3],[PARTll]] 
EXECUTION·MONITOR 
Please input execution failure assenions justified by *execution-monito~ 
> bye 

NIL 
(d *ginst*) 
:: GI-5 is a collapsed structure/rom GI-2 and GI-4 
01-5 is a GINST 

INDEX: 5 

GSCHEMAS; (OSCHEMA-2) :: N~ schema is created 
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BASE: [pARTI1] 

SATELLITES: ([PARTI2] [PART13] [PART14]);; Three satellites 

LIAISONS: (Liaison([pARTll] [PARTt2J) 


Liaison([PARTl t I [PART13]) Liaison([PARTIl] [PART14])) 
PINSTS: (PI-5) 

GI-5 is implemented as an ART-Q type array. 
It uses %ARRAY-DISPATCH-WORD: it is 7 elements long. 

GI-4 is a GINST 
INDEX: 4 
GSCHEMAS: (GSCHEMA-l) 
BASE: [PART1.] 
SATELLITES: ([PARTI3] (PART14]) 
LIAISONS: (Liaison([PARTll] [PART 13)) Liaison([PARTll] [PARTI4])) 
PINSTS: (PI-4) 

GI-4 is implemented as an ART-Q type array. 

It uses %ARRAY-DISPATCH-WORD: it is 7 elements long. 


01-3 is a OINST 
INDEX: 3 
OSCHEMAS: (OSCHEMA-l) 
BASE: [PARTI1] 
SATELLITES: ([PARTI2] [PARTI4J) 
LIAISONS: {Liaison([PARTI1] (PARTI2]) Liaison([PARTl1] (PARTI4J)) 
PINSTS: (p1·3) 

01-3 is implemented as an ART-Q type array. 
It uses %ARRAY-DISPATCH-WORD; it is 7 elements long. 

GI·2 is a OINST 
INDEX: 2 
OSCHEMAS: (GSCHEMA·1) 
BASE: [PART11] 
SATELLITES: ([PARTI2] [PART13]) 
LIAISONS: (Liaison([pARTll] [PARTI2]) Liaison([PARTll] [PARTI3]» 
PINSTS: (pI·2) 

GI-2 is implemented as an ART-Q type array. 

It uses %ARRAY-DISPATCH-WORD; it is 7 elements long. 


01·1 is a OINST 
INDEX: 1 
GSCHEMAS: (GSCHEMA-l) 
BASE: [pART I 9] 
SATELLITES: «(PART21] [PART20l) 
LIAISONS: (Liaison([PARTI9] [PART2 1.]) Liaison([PARTI9] [PART20m 
PINSTS: (PI-I) 

0(·1 is implemented as an ART·Q type array. 
It uses %ARRAY-DISPATCH·WORD: it is 7 elements long. 
NTI... 
(d -Sgschema*) 

OSCHEMA-2 is a SOSCHEMA 
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INDEX: 2 
BASE: Span4 
SATELLITES: (SpanS Span6 Span.7) 
LIAISOf'S: (SLiaisonS SLiaison4 SLiaison3) 
GINSTS: «GI-5 (Span4 . [PART I I]) (Span7 . [PARTI4]) 

(Span6. [PART13]) (SpanS. [PARTI2)) (SLiaison3. Liaison([PARTlI] [PART12]» 
(SLiaison4 . Liaison([pARTII] [PART 13))) (SLiaison5 . Liaison([PARTll] [PARTl4])))) 

POS·GINSTS: (GI-5) 
NEG-GINSTS; NIL 
PSCHEMAS: (PSCHEMA-4 PSCHEMA-3) 
SUPERS: NU.. 
SUBS: NU.. 

GSCHEMA-2 is implemented as an ART.Q type amy. 
It uses %ARRA Y·DISPATCH-WORD; it is 11 elements long. 

GSCHEMA·l is aSGSCHEMA 
INDEX: I 
BASE: Spartl 
SATELLITES: (Spart2 Span3) 
LIAISONS: (SLiaison2 SLiaisonl) 
GINSTS: «GI-4 (SLiaisonl . Liaison([pARTll] [PART14J)) 

(SLiaison2. Liaison([pARTll] [pARTl3])) (Span3 . [pARTl3]) 

(Span2 . [PART14]) (Span.l . [PARTll])) 

(Gl·3 (SLiaisonl . Liaison«(PARTIl] [PART14])) 

(SLiaison2. Liaison([pARTll1 [pART12l)) (Span3 . [PART12]) 

(Span2 . [PARTl4]) (Spanl . [PARTll])) 

(GI-2 (SLiaisonl . Liaison «(PART 1 1 ] [PART13])) 

(SLiaison2 . Liaison([pARTIl] [PARTl2])) ($pan3 . [PARTI2]) 

(Spart2 . [pARTl3]) (Spant . [PARTll])) 

(G1-1 (Span.l . [pARTI9J) (Span3. [PARnO]) ($part2. [PARnl)) 

(SLiaisonl . Liaison([pART19] [pARnl])) ($Liaison2. Liaison([pARTl9] [pARnOm» 


POS-GINSTS: (Gt-l) 

NEG-GINSTS: NIL 

PSCHEMAS: (pSCHEMA-2 PSCHEMA-l) 

SUPERS: NU.. 

SUBS: NU.. 


GSCHEMA-l is implemented as an ART·Q type amy. 

It uses %ARRA Y -DISPATCH-WORD: it is 11 elements long. 

NU.. 

(dribble) 
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