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FEATURE CENTRIC MANUFACTURING AUTOMATION – A CONCEPT
Simo Jokanović

Summary: This research is directed toward increasing level of automation of a manufacturing execution system (MES). In the concept presented central role belongs to the machining feature and the STEP standard that defines it. Particular feature type advices specific machining algorithm on its one. This intrinsic property of machining feature was already recognized by STEP-NC developers. But if we combine or extend feature's STEP model with Product and Manufacturing Information (PMI) than it can become driver for not only CNC machinery but other manufacturing resources too, like robots, transport subsystems, embedded systems, etc. Datum features, GD&T and special annotation can complement feature definition to advise positioning, robot gripping, fixture setup and other algorithms. With the aim to obtain common solution, independent of a particular CAD system, the only STEP format of test parts were used. The initial solutions were developed using Visual C++ 2013 and open C++ class libraries: ST-Developer from STEP Tools, Inc. and OCCT from Open Cascade.
Keywords: STEP standard, EXPRESS, Machining feature, Application protocol, STEP-NC machine, C++
1. INTRODUCTION
STEP was conceived as a total standard of product data, capable to cover any data that occurs throughout entire life cycle of a product [1]. The first artifact of this grandiose idea was STEP translator, neutral format for exchanging CAD models between different CAD/CAM systems. This format was defined in Part 21 of STEP.  Today, almost all CAD systems include  STEP-203 or  STEP-214 translator. 
The huge work to extend STEP into the manufacturing domain yield a concept of intelligent STEP-NC controller, capable to accept higher manufacturing concepts, like machining features, instead of classical tool path steps. [2][3] Features are tightly and permanently coupled to workpiece geometry, what is the fact that offers, at least in principle, high level of flexibility in manufacturing. Further expansion of STEP took place in quality testing which PMI data like datums, GD&T, annotations, etc. were modeled for. There are authors that see STEP-NC as a technology that, when combined with quality control applications, could even enable close loop manufacturing [4].  But, real situation is not such a promising. Except STEP translator the other solutions are still staying in researchers institutes and laboratories. It was great outcome but much more than that industry didn’t see. Intelligent STEP-NC project started with big announcement  but no industrial installation has been realized 30 years after [5].  

This work will contribute to the wider application of STEP and to the enlightening its potential and shortcomings.
2. ABOUT STEP 

To CAD/CAM community STEP is the best known as a standard format for exchanging CAD models between different CAD systems. This format was defined in Part 21 of STEP [6]. The excerpt of a Part 21 file is shown in figure 1.  STEP development started 1984 at ISO under the official designation - ISO 10303 “Industrial automation systems and integration – Product data representation and exchange”. The first release was revealed 1994. [1]
ISO-10303-21;

. . .

#17 = ADVANCED_FACE('',(#18,#499,#613,#644,#675,#706),#32,.T.);

#18 = FACE_BOUND('',#19,.T.);

#19 = EDGE_LOOP('',(#20,#55,#83,#111,#134,#162,#190,#218,#241,#269,#297,

    #320,#348,#376,#399,#422,#450,#478));

#20 = ORIENTED_EDGE('',*,*,#21,.T.);

#21 = EDGE_CURVE('',#22,#24,#26,.T.);

#22 = VERTEX_POINT('',#23);

#23 = CARTESIAN_POINT('',(106.95,188.25,58.9));

. . .

Fig. 1. Excerpt of physical file in neutral STEP Part 21 format
STEP objective is to provide the computer-interpretable representation and the exchange of product data throughout entire life cycle of a  product. It is very extensive technical specification which even the first  release comprises several thousand pages [7].  Such a  broad scope and  accompanying complexity does not presume many persons that will need or want to read it in its entirety. Even implementation of all parts of STEP by any one organization is not expected [8].  

To easy implementation of STEP the various types of product data were organized around various applications. It was probably done under the assumption that particular application experts can be interested in and be able to deal with the part of STEP information model addressing their field. Such, application fitted information models are called Application Protocols (AP) [9]. 

Since, mostly, product information are sharable among different applications  there was established a set of generic or integrated resources. They avoid the duplication and repeated documentation of the same requirements in different application protocols and assure a single concept be represented only once within the STEP (Fig. 1). In this context Application protocol describe how integrated resources are used to fit the information requirements of a specific application domain.  


[image: image2]
Fig.1 STEP structure at the highest level
An AP reuses constructs in the IRs, add new constraints and relationships, but do not extend data model defined in the IRs. This characteristic ensures a high degree of uniformity across different APs, ensuring that common or similar requirements are satisfied using a common or similar solution. Application protocol is not a simple structure. It consists of the next major parts: application activity model (AAM), application reference model (ARM) and application interpreted model (AIM). More of this structure and modular STEP architecture can be found in [7]

 REF _Ref481731556 \r \h 
[9]

 REF _Ref481735333 \r \h 
[10]

 REF _Ref481735335 \r \h 
[11].

The information constructs used in Integrated Resources, as well as in Application Protocols, are defined using EXPRESS information modeling language. The language was formalized in Part 11 of STEP (ISO 10303-11) [12], [13]. Even though to someone it can look like a programming language EXPRESS cannot be used for development of executable programs. Instead,  it is used to define the data types, entities, relationships and constraints on which programs operate. 

ENTITY axis2_placement_3d

   SUBTYPE OF (placement);
      axis : OPTIONAL direction;
      ref_direction : OPTIONAL direction;
   DERIVE
      p : LIST [3:3] OF direction := build_axes(axis, ref_direction);
   WHERE
      wr1:
         SELF\placement.location.dim = 3;
      wr2:
         NOT EXISTS(axis) OR (axis.dim = 3);
      wr3:

         NOT EXISTS(ref_direction) OR (ref_direction.dim = 3);
      wr4:

(NOT EXISTS(axis) OR NOT EXISTS(ref_direction)) OR (cross_product(axis, ref_direction).magnitude > 0);
END_ENTITY;
Fig. 2. EXPRESS definition of coordinate frame in Application Module: Elemental geometric shape (ISO/TS 10303-1004:2010-07(E))
In addition to  attribute definitions EXPRESS entities include inheritance relationships and rules that constrains their attributes. To ease understanding of EXPRESS hierarchy graphical part of EXPRESS, named EXPRESS-G was defined [12].
To implement STEP the first thing to do is to translate EXPRESS entities and rules into a programing language constructs, for example  C++ classes, that can be used in application program. Fortunately, there are some implementation tools available from different foundations. Some of them are free for use. The most remarkable solutions are made by US National Institute of Standards and Technology (NIST) and STEP Tools, Inc.  that is still developing software tools supporting STEP implementation. Its ST-Developer was used for initial verification of the concept proposed here. The most valuable outcome of STEP Tools seems to be EXPRESS compiler that maps EXPRESS constructs into the programing language constructs. There are more outcomes that can be obtained from EXPRESS compiler, but two of them were used in this research for now, namely:

1. C++ code which maps EXPRESS entities and types into the C++ classes (Example is given in Figure 3; The equivalence of EXPRESS and C++ attributes is evident. The location and name are inherited from stp_placement class.),

2. A data dictionary, in the ROSE data format, that is used for reading and writing STEP Part 21 files.

    stp_axis2_placement_3d();

    stp_axis2_placement_3d(


const char* PARAM_name,


stp_cartesian_point * PARAM_location,


stp_direction * PARAM_axis,


stp_direction * PARAM_ref_direction

);
Fig. 3 Constructors of C++ class stp_axis2_placement_3d  mapping Axis_placement EXPRESS entity. 
3. THE CONCEPT OF THE SYSTEM
Graphics representation of the concept proposed is given in Fig. 4. In the text that follows the explanation of the components will be given.

3.1 Feature builder

Feature builder is an application for creation of machining features above ‘raw’ STEP model. Term ‘raw’ assumes STEP model that only contains boundary representation (B-Rep) of a part, without any presence of features, nor design nor machining ones. It seems to be reasonable starting point as many, if not all, commercial CAD/CAM systems output STEP file in that form. 
Feature creator is a graphics application that operates on graphics representation of geometric model recovered from STEP. Its functionality include interaction with topologic entities of B-Rep model, shell, faces, edges and vertices. The ultimate aim is to provide an interactive environment for machining feature definition with minimal user assistance. 


[image: image3]
Fig. 4  Big picture of a feature centric manufacturing automation system
Last around 30 years there is an evidence of dynamic research activities on developing algorithms for automatic feature recognition in workpiece boundary at research institutes across the world.  But till now there is now general solution. That’s why we decided to run feature definition with user support but keeping that support as on minimum. Expert user can easily choose (decide on) the feature type according to shape aspect he recognized by himself on part’s boundary. Feature parameters can be extracted from geometric model by selecting related shape elements. The minimum necessary elements depends on feature type. In the case of SLOT feature tentative candidate is the feature bottom face, but final answer is yet to be given. 
Feature creator’s output is in the form that can easily be mapped to AIM’s feature definitions.
3.2 Feature writer 

Feature writer’s general task is to write features built in previously step into the STEP model that is loaded into the memory.  It is the same STEP model used by Feature builder. Now, it is going to be augmented by machining features. For widespread compatibility features are to be written in STEP compliant form. STEP machining features, as well as general form features, are defined in AP 224.  According to AP 224 ARM model features are considered shape aspects of a product shape. That’s why they must be attached to the shape which aspect they represent. The first task of the writer is to enquire STEP model loaded and find the shape to attach the features to.  Concrete, it is about STEP product_definition_shape entity as it is the entity shape_aspects are to refer to.  

Features can be represented in implicit and explicit form. Implicit representation is accomplished with shape_representation_with_parameters entity. Explicit representation uses surfaces of the workpiece shape. For that it is necessary to enquire workpiece shape_representation and its sub entities (faces) that represent the feature.

In STEP, many features are defined as swept bodies, sweeping 2 dimensional profiles along a path curves. Consequently, slot is given by sweeping open profile along a path and may have diverse end types. Formal definition given  in clause 4.3.129 of ARM 522 is:

“A Slot is a type of Multi_axis_feature that is a channel or depression with continuous direction of travel. The Slot origin shall be located at one end of the slot, the Z-axis shall indicate the direction of the slot, and the Y-axis shall indicate the direction away from the part. Each Slot is either a Closed_slot or an Open_slot.” The hierarchy with neighboring entities  is shown in figure 5.
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Fig. 5. UML reconstruction of ARM model of slot feature

ENTITY slot
  SUBTYPE OF (feature_definition);
WHERE
  WR1: . . .;

  WR2: . . .;

  . . .

  WR6: . . .;
END_ENTITY;
Fig. 6 EXPRESS definition of slot feature in AIM scheme

Final definition of feature must be in the AP224 AIM form. While the ARM model is more or less understandable AIM is much less obvious. Slot AIM entity possesses no data member at all. The only information in place is that the slot is a subtype of feature definition (Fig. 6).  The all other data members  like placement, path,  end types,  profile type and parameters are defined through EXPRESS rules given in database fashion. This is the price of keeping ‘small’ size IR that can be shared among application protocols interpreting the same resource in protocol requested way. AIM model is that is implemented in C++ code, so programing with features is not an easy job. Rule WR2 attaches a profile to the slot feature. The exact clause is:
“WR2: The slot shall be the basis shape for exactly one shape_aspect with a description of 'swept shape occurrence' that is the related_shape_aspect in exactly one shape_defining_relationship with a description of 'profile usage' and a relating_shape_aspect that references a square_u_profile, partial_circular_profile, rounded_u_profile, vee_profile, tee_profile, or open_path_profile”.

Graphics presentation of this rule is given in Fig. 7.
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Fig. 7 EXPRESS-G diagram of WR2 rule of slot entity

Incorporating the features into the initial STEP model yields new augmented STEP file is obtained. Feature writer output is in the form of AIM. Such file is in compliance with AP224 protocol and can be used as stand-alone product by any application that have AP224 translator. For SLOT feature it is the next information model – rules, occurrence, etc.

3.3 Feature processor

Feature processor is also stand-alone application that use STEP AP 224 file on the input and gives a number of control programs on the output. It enquires STEP file to find the machining features in it and process the features for manufacturing purposes. Its outcome should be STEP-NC file that should include entities from STEP AP 238 protocol (Fig. 8) [3] in order to be acceptable by new (future) so called STEP-NC machines. 
[image: image6.emf]
Fig. 8. Geometry, technology and process information in STEP-NC [3]
Beside that main outcome the other possible outcomes like, robot control scripts, instructions for transport and embedded components, etc. will be studied. 

4. SOME VERIFICATION RESULTS
To prove the feasibility of the concept some initial solutions have already been done. STEP format of classical part ANC101 from Computer Aided Manufacturing International (CAM-I) was chosen for testing purposes. Feature builder reads its ANC101 STEP file, reconstructs its B-Rep model, and displays it for interactive manipulation and selection purposes. If we consider slot feature than selection of its bottom face seems to be enough for feature reconstruction. The AP224 defining data can be conceived from face surrounding geometry. The main added value of the Feature builder is the set of functions for selecting topologic entities of a B-Rep shape end enquiring their defining data from the B-Rep structure. Figure 9 shows output of data defining curves which edges of selected face lying on. Reconstructed data structure necessary for AP224 slot feature definition is forwarded to the Feature writer which construct AP224 AIM model and write it back to the initial STEP part 21 file (Fig. 10). No functionality has been developed in Feature processor for now.  but AP 224 file, output from Feature writer, was verified by opening it in STEP-NC machine where build-in feature was recognized (Fig. 11)
5. CONCLUSION

The research shows the STEP standard could have a diverse set of implementations that could be used for application development throughout the whole life cycle of the product. 
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Fig. 9 Feature builder - extraction of geometric data needed for description of slot feature in 
#7211=PRODUCT_CONTEXT('',#7225,'mechanical');

#7212=PRODUCT('Open CASCADE STEP translator 7.1 1',

'Open CASCADE STEP translator 7.1 1','',(#7211));

#7213=PRODUCT_DEFINITION_FORMATION('','',#7212);

#7214=PRODUCT_DEFINITION('design','',#7213,#7210);

#7215=PRODUCT_DEFINITION_SHAPE('','',#7214);

#7216=PRODUCT_DEFINITION_SHAPE('sj_Slot_pds',$,#33);

#7217=PRODUCT_DEFINITION_SHAPE('sj_Feature_component_pds',$,#24);

#7218=PRODUCT_DEFINITION_SHAPE('sj_Profile_pds',$,#25);

#7219=PRODUCT_DEFINITION_SHAPE('sj_Path_pds',$,#14);

#7220=PRODUCT_DEFINITION_SHAPE('',$,#14);

#7221=SHAPE_DEFINITION_REPRESENTATION(#7215,#7209);

Fig. 10 Excerpt of STEP AP 224 file obtained from Feature writer
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Fig. 11 Validation of Feature writer output in STEP-NC machine 
Its integrated nature, sustained from early concept to the implementation stage leads to simple integration of enterprise resources since unique model data can communicate between applications. On the other hand building application from atomic STEP constructs leads to very complex program algorithms so it is almost impossible to have  a whole picture of even short EXPRES scheme. That’s why implementation tools must include entities of higher level that will encapsulate primitive constructs and have more obvious and practical functionality that will simplify programing, like it is done in [14].
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