High-Level Inspection Planning for Coordinate Measuring Machines using Domain Independent Planners





Steven Spitz


CS541 - AI Planning


� TIME \@ "MMMM d, yyyy" �December 5, 1996�


Introduction


Coordinate Measuring Machines (CMMs) are Cartesian robots that inspect mechanical products for quality control.  An inspection planner takes a model of a toleranced part and a model of the CMM and produces a set of commands for the CMM that will ensure inspection of the given tolerances.  This process can be broken down to high-level planning and low-level planning as depicted in � REF _Ref374170222 \* MERGEFORMAT �Figure 1�.  High-level inspection plans typically consist of four operators: change part setup, change probe, change direction of probe, and inspect a surface feature, which is a primitive inspection plan.  The high-level plan ignores details such as the exact points to sample and the actual path plan.  Refinement of the high-level plans are performed in the low-level planner that produces commands that the CMM can execute.  Ideally, these plans should be near optimal in execution time, cost and accuracy.
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Figure � SEQ Figure \* ARABIC �1� - Purpose of high-level inspection planning.


The main goal of this project was to formalize the problem of inspection planning in terms of STRIPS like operators.  This formulation clarifies the concept of a high-level inspection plan and provides a language to describe optimal and sufficient plans.  A prototype planner was implemented to test the theory in an extension of GraphPlan [1,4].  Geometric data was precomputed manually and encoded in symbolic form to be used as prepositions during planning.  Generating this information is a complex problem and out of the scope of this paper.


This paper is outlined as follows: Section � REF _Ref372289576 \n �2� gives a brief example of high-level inspection planning;  Section � REF _Ref374408601 \n �3� presents the encoding to a STRIPS like domain;  Section � REF _Ref374408629 \n �4� shows how to extend the representation to handle CMM table inspection and plan accuracy control;  Section � REF _Ref374408780 \n �5� describes methods for obtaining optimal plans;  Section � REF _Ref372284024 \n �6� describes the implementation and experimental results;  Section � REF _Ref374408653 \n �7� describes related work;  And section � REF _Ref372284069 \n �8� concludes with ideas for future research.


Example of High-Level Inspection Planning


� REF _Ref374170386 \* MERGEFORMAT �Figure 2� illustrates a model of a toleranced part.  Eight tolerances are specified and labeled T1 through T8.  Each tolerance specifies it’s type (e.g., perpendicularity, circularity, flatness, etc.), an accuracy parameter and a datum system.  In order to inspect a tolerance the CMM needs to inspect the toleranced feature and the referenced datum system.  For example, to inspect perpendicularity tolerance T2 the CMM should inspect feature C and feature A.  Any feature that is toleranced or referenced by a datum system is called a primary feature in this paper.  There are 6 such features in this example which are labeled PF1 through PF6.
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Figure � SEQ Figure \* ARABIC �2� - Simplified version of the ANC101 test part devised by CAM-I�.


Formulating the Problem in STRIPS


This sections presents a formal encoding of inspection planning into a STRIPS like domain.  The encoding described here is deliberately as generic as possible.  Section � REF _Ref374408629 \n �4� will elaborate on how to extend this representation.


Encoding our problem requires defining an initial state, goal state and actions to move from one state to another.  We would like to model the workpiece and CMM in the initial state, have the actions abstract the CMM’s operations and our goal is to inspect all of the part’s tolerances.


The initial state is illustrated below.  The CMM is modeled by the set of available probes, available probe directions and available workpiece setups.  Notice that the set of probes and probe directions is finite, so it is straightforward to convert them to symbolic form.  However, there can be an infinite number of workpiece setups (any rigid motion that fixtures the workpiece to the CMM table is a valid setup), so the setups must be approximated (they can be selected based on stability preferences, etc.).


;; Initial State:��;; CMM Model:��(pg0 PG)(pg1 PG)...	;; set of avilable probes�(pd0 PD)(pd1 PD)...	;; set of probe directions�(su0 SU)(su1 SU)...	;; possible workpiece setups��;; CMM State:��(current-su su0)	;; currently no setup�(current-pg pg0)	;; currently no probe installed�(current-pd pd0)	;; and currently no probe direction specified��;; Part Model:��(t1 TOL)(t2 TOL)...	;; set of tolerances to inspect�(pf1 PF)(pf2 PF)...	;; primary features of part�(sf1 SF)(sf2 SF)...	;; surface features for primitive inspection��;; Measurements��(meas t1 pf1 sf1)...	;; relation between tol-pf-sf��;; Primitive Inspection Plans:��(ok sf1 sui pgj pdk)...


The part model is encoded into a hierarchy of tolerance and geometric relations.  At the top most level sit the set of tolerances, which reference primary geometric features on the part.  These features can be geometrically covered� by different sets of primitive surface features.  The reason we need to use coverings is that many primary features cannot be inspected in a single CMM state configuration (see for example � REF _Ref374408999 \* MERGEFORMAT �Figure 3�).  Measurements capture the relation between tolerances, primary features and their respective segmentation into surface features.  This relation forms a tree, called a measurement tree, that will be introduced in the following section.


The final propositions appearing in the initial state are the primitive inspection plans (PIPs).  These miniature plans form the atomic components of the high-level planner.  We assume that a geometric reasoner precomputes this information which is discretisized and converted to symbolic form.  A primitive inspection plan is represented by a preposition (OK SF SU PD PG) which reads as: “the surface feature SF can be inspected when the CMM is in state (SU,PG,PD)”.  � REF _Ref374408999 \* MERGEFORMAT �Figure 3� illustrates a valid and invalid primitive inspection plans.
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Figure � SEQ Figure \* ARABIC �3� - A valid and invalid primitive inspection plans.


A complete inspection plan should inspect all applicable tolerances.  This implies that all measurements should be inspected.  This can be stated in STRIPS in the format that follows.  Note that we use a similar notation as Cenk Gazen introduced with his extended GraphPlan [1,4].  The predicate measured will be introduced by an action that performs a measurement.


;; Goal State - Ensure inspection of all measurements:��(forall�  (<t> TOL (meas <t> <pf> <sf>))�    (forall�      (<pf> PF (meas <t> <pf> <sf>))�        (measured <t> <pf>)))


To complete the encoding of the problem, we are left to specify the available actions.  At this level of abstraction the CMM is restricted to 4 possible actions:  changing workpiece setup, changing probe, changing probe direction and inspecting a surface feature.  There is also a special bookkeeping action that acknowledges that a measurement has been performed if an appropriate surface feature has been inspected.  Formally:


;; Available CMM Actions:��;; operators that change CMM state:�;; change part setup, change probe geometry, and change probe dir��(OPERATOR� CHANGE-SU� (params (<su1> SU) (<su2> SU))� (preconds�  (current-su <su1>))� (effects�  (and�   (not (current-su <su1>))�   (current-su <su2>))))��(OPERATOR� CHANGE-PG� (params (<pg1> PG) (<pg2> PG))� (preconds�  (current-pg <pg1>))� (effects�  (and�   (not (current-pg <pg1>))�   (current-pg <pg2>))))��(OPERATOR� CHANGE-PD� (params (<pd1> PD) (<pd2> PD))� (preconds�  (current-pd <pd1>))� (effects�  (and�   (not (current-pd <pd1>))�   (current-pd <pd2>))))��;; inspect a surface feature (must be a primitive inspection plan)��(OPERATOR� INSPECT-SF� (params (<sf> SF) (<su> SU) (<pg> PG) (<pd> PD))� (preconds�  (and �   (current-su <su>)�   (current-pg <pg>)�   (current-pd <pd>)�   (ok <sf> <su> <pg> <pd>)�   ))� (effects�  (inspected-sf <sf>)�  ))��;; perform a measurement��(OPERATOR� MEASURE� (params (<t> TOL) (<pf> PF) (<sf> SF))� (preconds�  (and�   (meas <t> <pf> <sf>)�   (inspected-sf <sf>)�   ))� (effects�  (measured <t> <pf>)�  ))


Extending the Representation


The above representation is rather straightforward.  This section will extend the representation in two steps.  First, we would like to be able to inspect the CMM table when an appropriate primary feature is resting on it.  And then we will introduce a concept called “same” constraints that can be used to control the measurement accuracy in the generated plan [7,8].


Inspecting the CMM Table


If a primary feature rests on the CMM table and this feature happens to be a primary datum of an appropriate tolerance, then the CMM table can be inspected instead of the primary feature.  The formulation of section � REF _Ref374408601 \n �3� binds a specific surface feature to a measurement, consequently we aren’t able to express the fact that the CMM table might be an alternative.  To correct this deficiency we extend a measurement by another level and allow a measurement to inspect a disjunction of surface features.  Formally:


(m1 MEAS)(m2 MEAS)...��;; Measurements��(meas t1 pf1 m1 sf1)�(meas t1 pf1 m1 sf1-on-table)�...


Measurements can be viewed as the leaves of a tree that is an abstraction of the part (� REF _Ref374171381 \* MERGEFORMAT �Figure 4�).  This tree is called a measurement tree.  Each measurement corresponds to a specific path in the tree, which specifies a tolerance, a primary feature and a surface feature segment of it. This representation is very flexible, however it only makes sense to allow inspection of the CMM table in cases were there’s a single measurement per primary feature (for example measurement t1-f3-m1 in � REF _Ref374171381 \* MERGEFORMAT �Figure 4�).
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Figure � SEQ Figure \* ARABIC �4� - Measurement tree example.


The goal state and MEASURE operator must change to reflect the new definitions:


;; Goal State - Ensure inspection of all measurements:��(forall (<t> TOL (meas <t> <pf> <m> <sf>))�   (forall (<pf> PF (meas <t> <pf> <m> <sf>))�     (forall (<m> MEAS (meas <t> <pf> <m> <sf>))�       (measured <t> <pf> <m>)))))��;; perform a measurement��(OPERATOR� MEASURE� (params (<t> TOL) (<pf> PF) (<m> MEAS) (<sf> SF))� (preconds�  (and�   (meas <t> <pf> <m> <sf>)�   (inspected-sf <sf>)�   ))� (effects�  (measured <t> <pf> <m>)�  ))


Accuracy Control - “Same” Constraints


The plans generated with the above formulation are rather trivial.  Generating any plan isn’t a problem, because all the PIPs are preprocessed.  This section introduces “same” constraints [7,8], that provide a mean for controlling the plan’s accuracy.


There are 9 different “same” constraints that are illustrated in � REF _Ref374171432 \* MERGEFORMAT �Figure 5�.  The level of the constraint is either the part level, tolerance level or primary feature level.  And you could specify that you want either the same setup, the same probe geometry or the same probe direction for the specified level in the measurement tree (� REF _Ref374171381 \* MERGEFORMAT �Figure 4�).  For example, same-su-tol will enforce the constraint that all measurements under a common tolerance will be inspected with the same part setup.  This is often a desirable constraint when inspecting a tolerance, because the error introduced when changing a setup is usually much larger than that of the measured tolerance.
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Figure � SEQ Figure \* ARABIC �5� - “same” constraint containment lattice:  same-su-pf is the least restrictive and same-pd-part is the most restrictive constraint.


Two main issues arise in formalizing “same” constraints.  The first issue requires that we maintain the state of the CMM when the measurements are performed, which brings us to the second issue of how to specify these constraints?  We chose to use a “wild card” technique that proved rather convenient.  The idea is that the INSPECT-SF operator will maintain the CMM state in the effects, but also substitutes each state element (i.e., <su>, <pg> or <pd>) with a wild card - the null state (i.e., su0, pg0 and pd0 respectively).  This means that the operator returns 8 different states, which is formalized in the code below.  In this example, the goal state enforces the samel-su-tol constraint, however similar constraints can be imposed in like fashion.


;; Goal State Example (same-su-tol constraint is specified):��(forall (<t> TOL (meas <t> <pf> <m> <sf>))� (exists (<su> SU (neq <su> su0))�   (forall (<pf> PF (meas <t> <pf> <m> <sf>))�     (forall (<m> MEAS (meas <t> <pf> <m> <sf>))�       (measured <t> <pf> <m> <su> pg0 pd0))))))��;; inspect a surface feature (must be a primitive inspection plan)��(OPERATOR� INSPECT-SF� (params (<sf> SF) (<su> SU) (<pg> PG) (<pd> PD))� (preconds�  (and �   (current-su <su>)�   (current-pg <pg>)�   (current-pd <pd>)�   (ok <sf> <su> <pg> <pd>)�   ))� (effects�  (and�   (inspected-sf <sf> <su> <pg> <pd>)�   (inspected-sf <sf> <su> <pg>  pd0)�   (inspected-sf <sf> <su>  pg0 <pd>)�   (inspected-sf <sf> <su>  pg0  pd0)�   (inspected-sf <sf>  su0 <pg> <pd>)�   (inspected-sf <sf>  su0 <pg>  pd0)�   (inspected-sf <sf>  su0  pg0 <pd>)�   (inspected-sf <sf>  su0  pg0  pd0)�  )))��;;�;; perform a measurement��(OPERATOR� MEASURE� (params (<t> TOL) (<pf> PF) (<m> MEAS) (<sf> SF)�         (<su> SU) (<pg> PG) (<pd> PD))� (preconds�  (and�   (meas <t> <pf> <m> <sf>)�   (inspected-sf <sf> <su> <pg> <pd>)�   ))� (effects�  (measured <t> <pf> <m> <su> <pg> <pd>)�  ))


It should be noted that “same” constraints could be formalized in other ways as well.  For example, the INSPECT-SF operator could return the single effect with the state information and the goal imposing the same-su-tol constraint could be stated logically (see below).  The “wild card” method seemed to be the most convenient to implement and the most convenient for a user to specify the goals.


(forall (<t> TOL (meas <t> <pf> <m> <sf>))� (exists (<su> SU)�   (forall (<pf> PF (meas <t> <pf> <m> <sf>))�     (forall (<m> MEAS (meas <t> <pf> <m> <sf>))�       (exists (<pg> PG)�         (exists (<pd> PD)�           (measured <t> <pf> <m> <su> <pg> <pd>))))))))


Producing Optimal Plans


As we have mentioned in section � REF _Ref374410374 \n �4.2�, producing an inspection plan is not the main problem (assuming that a Geometric preprocessor can yield the PIPs).  A trivially correct plan is illustrated in � REF _Ref374409615 \* MERGEFORMAT �Figure 6�.
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Figure � SEQ Figure \* ARABIC �6� - Trivialy correct high-level inspection plan.


Work has been done on generating plans of maximum utility [9].  These methods normally use traditional plan space search, while pruning unpromising branches based on the utility function.  This is not the approach taken in this paper.  Here I will like to introduce the theory of plan merging [3] and demonstrate how it can be used specifically in the domain of inspection planning.


First, we assign costs to actions.  The cost should reflect the time it takes to execute the action and maybe other preferences (e.g., stable setups or cheaper probes).  Then plan merging works as follows: start with a correct plan and search the plan space by merging a group of actions to a single action that has a lower cost.  If you’re merging linear plans such as in � REF _Ref374409615 \* MERGEFORMAT �Figure 6�, then this can be reduced to the shortest common supersequence problem which is NPC [3].


Plan merging evolved from the process planning domain [3,6].  The main idea was that most process planning domains enumerated a finite number of instantiated actions that could be included in a plan.  In our case, these actions are the primitive inspection plans.


Spyridi and Requicha introduced a clustering method to obtain a minimum number of setups in a continuous domain [7,8].  Their method can be seen as a domain dependent plan merging algorithm under the following assumptions:  the cost of changing a setup is much greater than changing a probe which is much greater than changing the probe’s direction.  Also that these costs are constant within each action (e.g., you can’t specify preferences between different probes or different setups).  Under these assumptions the optimal plan will always contain a minimum number of setups and within each setup a minimum number of probe changes and so forth.  The idea is that the generated plan is shaped like a tree.  � REF _Ref374410457 \* MERGEFORMAT �Figure 7� represents the plan generated in the 3rd test example of section � REF _Ref372284024 \n �6�.  The measurement tree is flipped to correspond to the bookkeeping operators, but the actual plan is above the dotted line.
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Figure � SEQ Figure \* ARABIC �7� - Tree representation of high-level inspection plan.


Implementation and Experimental Results


I have implemented the STRIPS formulation described in section � REF _Ref374408601 \n �3� and the extended representations of section � REF _Ref374408629 \n �4� using a domain independent planner.  An extended version of the GraphPlan planner was used [1,4], because the intent was to verify the encoding without introducing any search control rules.


Three domains were written: the generic formulation of section � REF _Ref374408601 \n �3�, adding CMM table inspection and the ability to control accuracy with “same” constraints.  The full code for these domains is attached to this document.  Here I would like to present the test results of applying these domains to the test example presented in section � REF _Ref374410554 \n �2�.  The example was simplified to inspect only four tolerances: T1, T4, T7 and T8, because the original problem was too complex (it ran for hours).  All the results took approximately 10 seconds CPU time on a Sun Sparc10 machine running Solaris 2.5.  This does not include the preprocessing time of the extended GraphPlan scheme.


Following is the output of the generic formulation of the problem.  As you can see, all appropriate measurements are performed for tolerances T1, T4, T7 and T8.  Notice that there’s no substitution of CMM table and no “same” constraints are specified.  You can see that no accuracy control is imposed either, because T7 is measured partly in su5 and partly in su3 (see bold text).


Output of Generic Encoding:


1 change-pg_pg0_pg3�1 change-pd_pd0_pd6�1 change-su_su0_su5


2 inspect-sf_sf2_su5_pg3_pd6�2 inspect-sf_sf1_su5_pg3_pd6�2 inspect-sf_sf6_su5_pg3_pd6


3 change-pd_pd6_pd1�3 change-pg_pg3_pg1�3 change-su_su5_su3�3 measure_t8_pf1_sf1�3 measure_t1_pf2_sf2�3 measure_t7_pf2_sf2�3 measure_t1_pf1_sf1�3 measure_t7_pf1_sf1�3 measure_t7_pf6_sf6


4 inspect-sf_sf4_su3_pg1_pd1


5 measure_t4_pf4_sf4�5 measure_t7_pf4_sf4


Next we have the output of the encoding that includes CMM table inspection.  When the part is in su3, then pf1 lies on the table.  sf1 covers pf1, which is a primary datum for tolerances T1 and T7, so the table can be inspected instead of sf1.  It is also a primary datum of T8, but T8 is a smoothness tolerance so sf1 cannot be substituted by the table (see bold text).


Output of Encoding with CMM Table Inspection:


1 change-pg_pg0_pg1�1 change-pd_pd0_pd1�1 change-su_su0_su3


2 inspect-sf_sf4_su3_pg1_pd1�2 inspect-sf_sf2_su3_pg1_pd1�2 inspect-sf_sf1-table_su3_pg1_pd1


3 measure_t1_pf1_m1_sf1-table�3 measure_t1_pf2_m1_sf2�3 change-pd_pd1_pd6�3 measure_t7_pf4_m1_sf4�3 measure_t7_pf1_m1_sf1-table�3 measure_t7_pf2_m1_sf2�3 change-su_su3_su2�3 change-pg_pg1_pg3�3 measure_t4_pf4_m1_sf4


4 inspect-sf_sf6_su2_pg3_pd6�4 inspect-sf_sf1_su2_pg3_pd6


5 measure_t8_pf1_m1_sf1�5 measure_t7_pf6_m1_sf6


Finally, here is the output of the fully extended representation.  In this example we imposed the same-su-tol  constraint.  We have specified that the tolerance should be su3  for tolerance T1, T4 and T7, and su2 for tolerance T8.  This eliminated the use of the existential quantifier in the goal state, thus reducing computation time.  I guess this is the usual tradeoff between a fully automated system and one where the human operator can commit to certain known constraints.  It is good to have such flexibility, in general.


Notice how the CMM state is passed to the measurements during the planning.  You can also see that all measurements for T1, T4 and T7 are performed before step 5, where the setup changes from su3 to su2.


Output of Encoding with “Same” Constraints:


1 change-pg_pg0_pg1�1 change-pd_pd0_pd1�1 change-su_su0_su3


2 inspect-sf_sf4_su3_pg1_pd1�2 inspect-sf_sf2_su3_pg1_pd1�2 inspect-sf_sf1-table_su3_pg1_pd1


3 change-pd_pd1_pd6�3 measure_t1_pf2_m1_sf2_su3_pg0_pd0�3 measure_t7_pf2_m1_sf2_su3_pg0_pd0�3 measure_t4_pf4_m1_sf4_su3_pg0_pd0�3 change-pg_pg1_pg3�3 measure_t7_pf4_m1_sf4_su3_pg0_pd0�3 measure_t7_pf1_m1_sf1-table_su3_pg0_pd0�3 measure_t1_pf1_m1_sf1-table_su3_pg0_pd0


4 inspect-sf_sf6_su3_pg3_pd6


5 change-pd_pd6_pd1�5 change-pg_pg3_pg1�5 change-su_su3_su2�5 measure_t7_pf6_m1_sf6_su3_pg0_pd0


6 inspect-sf_sf1_su2_pg1_pd1


7 measure_t8_pf1_m1_sf1_su2_pg0_pd0


Related Work


Computer Aided Inspection Planning (CAIP) is a fairly recent field that was developed to support quality control systems in manufacturing [2].  Most systems that were developed in this area are rule-based Expert Systems that rely on a feature-based part model.  The features in the model can be complex and may contain inspection code fragments (ICFs) that describe how you can inspect each feature [6].  These ICFs are similar in function to the PIPs described in this paper, except that we use PIPs for simple surface features.  A problem with ICFs is that they do not reflect global information such as accessibility to the feature or what happens when two features interact.


Spyridi and Requicha developed geometric techniques to calculate elements of PIPs and implemented a prototype high-level inspection planner using the SOAR architecture [7,8].  The notions of a measurement tree and “same” constraints were taken from this work.  Clustering was used as an optimization tool in their planner and this work clarified this concept in the context of domain dependent plan merging.


Conclusions


The main contribution of this paper was to formalize high-level inspection planning in terms of a STRIPS encoding.  This enables to define precisely what high-level inspection planning involves and yields a framework for analyzing inspection planning methods in general.  Limited testing was done to verify the encoding, which proved correct but wasn’t very efficient.  However, I have indicated promising methods for optimal planning using plan merging and clustering techniques.


Future work should entail developing a Geometric preprocessor that will produce the PIPs.  This task seems rather encouraging based on previous work by Spyridi & Requicha [7] and based on feature-based design techniques [5].  Still, there may be an infinite number of PIPs in reality and the framework described in this paper should be extended to handle continuous domains.
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� This simplified version is taken from [7] page 137.


� A set of surface features cover a primary feature, if the union of the former is a superset of the later.
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