


systems software tools. Section 5 outlines the
computational environment for strategy-synthesis and
code-generation, used for actual experiments. Finaly,
Sections 6-7 summarize results and future work.

2. Peg-in-M aze Assemblies and Assembly Strategies
In this section, we formulate hybrid automata models for
peg-in-maze assemblies. We start by describing a real-
world example, and subsequently formulate our model.

The real-world assembly we have investigated is from
a Ford automatic transmission: insertion of a spline-
toothed hub within a “forward clutch” assembly (Figurel).
The forward-clutch housing, shown in Figure 1(b), consists
of a cylinder with five internal rings (clutch plates), each
with spline teeth about the inner radius. These rings are
each capable of diding independently in the horizontal
plane by up to 1.6mm and rotating about a vertical axis. A
cylindrical hub with teeth on its outer surface, shown in
Figure 1(a), is to be inserted within the housing of Figure
1(b). However, the clutch plates are not, in general,
aligned either radially or tangentially. The radial assembly
clearance between the hub and a ring is 0.23mm. Thus,
the radia assembly uncertainty is more than six times
larger than the clearance required for success.
Additionally, the hub must align with the z-rotation of
each spline ring within 5 mrads for successful assembly,
even though the tooth spacing is 160 mrads.

The assembly starts with the hub on top of the first
ring. The goal isto insert the hub through the holes on all

(a) Forward Clutch Hub

(b) Housing and spline rings

Figurel. Forward clutch assembly

the rings and reach the bottom of the housing. To achieve
insertion through all the rings, the hub should search for
the hole on a ring and, finding it, move down to the next
ring, and then repeat the search. The positions of the rings
inside the container are arbitrary and hence the hub cannot
be given a predetermined tragjectory that will lead it straight
to the holes. Trying to break down the complex scheme
into simpler strategies, we can identify two distinct
behaviors. One behavior (“Search”) is the search carried
out to find the hole after contacting a ring, while the other
(“Insert”) is to move down to contact another ring once
alignment has been achieved. Although within a behavior
the control law and search strategy are continuous, the
transition between behaviors is a discontinuous jump.
Hence, this problem falls under the domain of hybrid
systems and should be treated as such. The hybrid
automaton model of the controller for this peg-in-maze
assembly is described below.

2.1 Discrete States and Eventsfor the Peg-in-M aze

We have identified two primary behaviors for this
assembly: Search and Insert, for each ring. Thus, in al
there are 10 discrete states (for 5 rings) that the assembly
can bein at any point of time. In addition, there is a Start
state, and the final Accept state, making a total of 12
states.  Other specialized routines, such as “search
initilization,” are included as parts of the primary
behaviors.

Search States. In each Search State, the controller
moves the hub to perform a spiral search for the hole. In
fact, each Search State, S, itself consists of two functions,
or substates, grouped together (Figure 2). Such
hierarchical state machines can be represented using the
formalism of StateCharts[11].

On entering the Search State, the controller shifts to
the “Search Initialization” routine, and guides the hub to
the center of the search area.

In the “Spiral Search” routine the controller moves
the hub along a trajectory forming a spiral in the x-y plane
(Figure 3) and also a repetitive to-and-from rotation search
about the vertical axis to align the teeth on the hub and the
ring. While searching, the hub is also controlled to
maintain a downward force (2) on the ring.
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Figure 2. “ StateChart” path in x-y plane




