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Requirements in NC machining and use cases for STEP-NC

Analysis of ISO 14649 (ARM) and AP 238 (AIM)

1. Need for STEP-NC

1.1. NC-Programming

NC-Programs contain elements which can be classified. There are switching operations, positioning movements, approach or retract movements and finally the real machining movements. Depending on the process the operator wants to execute he has to modify these elements. Therefore he has to change their parameters or their sequence.

Especially for long NC programs with complex movements (position values are not easy to understand by the operator) a format is needed which contains complete information describing the machining task in order to support editing, simulation and execution at the same time. Current NC program formats usually are only meant for execution on a specific machine tool. They cannot be reinterpreted by a CAM system or a SFP (shop floor oriented programming) system. For instance a pocket once post processed to a sequence of simple tool paths cannot be exactly rebuild based on these tool paths and the used tool.

A unique NC program format for CAM, SFP and NC would avoid post processing and thus provide a really exchangeable format. The operator is supported at CAM, SFP and NC level by complete information containing, understandable geometry, task oriented operations, strategies and tool definitions. The NC program format of STEP-NC supports the task and object oriented thinking of the operator and the internal structure of CAM, SFP and NC computer systems.

Up to now there is no solution available to completely automated  generate a 100% optimised NC program. The know-how about the available tools, machine tools and materials is partly handled in data based, but the combination of these parameters and the variation of the machining processes as well as the influence of the geometry to be machined, results in an infinite number of possible combinations to be tested, validated and considered. Therefore in production NC programs are planned and  then optimised before they are certified and available for mass production.

In order to support a fast adaptation of processes, technologies and its sub elements (cutting component, strategies, feed,…) a new NC format such as STEP-NC should capsulate the data respectively to the involved components (geometry, tool, process, working step). The machining functionality cannot be provided by any exchange format. This functionality is part of the industry’s know-how and their available production equipment.

STEP-NC has to provide:

· Understandable and editable elements to fast and easy generate and edit NC programs. Even if the format becomes more complex and requires CAM or SFP systems, this will speed up NC programming.

· Complete information to take decisions at all stages (planning as well as execution). A NC program mustn’t depend on a specific tool or set-up but should be easily adaptable to the available machine tool and production equipment.

· A data structure which capsulates all elements which belong together while it strictly separates elements which interact: geometry – operation.

1.2. NC-Program Execution

In NC machining simple tasks as well as complex task have to be controlled by NC programs. A simple task might only contain switching commands or very primitive linear movements:

· coolant on, spindle on, pallet change,...

· pick and place operations, positioning operations, simple drilling movements

Besides there are more complex tasks, where complete geometries have to be executed:

· contouring operations, planar face milling, pocketing operations

· tool grinding, gear machining, ...

Today multi-axes machine tools allow to machine with oriented tools on 3D surfaces. The requirement to execute these movements very fast, accurate and smooth at the same time, can only be achieved by high level tool paths, which are steady and which’s gradients are also steady in order to grant a homogeneous speed and acceleration profile (spontaneous changes would result in vibrations and thus marks on the part or even damage to the machine structure). Spline curves are a mathematical format that fulfils these requirements.

Therefore STEP-NC has to provide a means to handle simple machining tasks, feature processing and high level curve formats. In order to grant accuracy, productivity and a reliable execution STEP-NC data must be fast to access, and unique to interpret.

STEP-NC has to guaranty that:

· Data is complete,

· Data can be accessed quickly / in time even in huge files (G Byte),

· The data provided ensures that a certified process can be executed 
or
· All data is available to allow the NC to generate and execute the necessary process to achieve the required result.

2. Use case of STEP-NC

2.1. CAP and CAM systems

A total autonomous determination of the operation to be executed in order to achieve a final geometry, is probably impossible, as usually several technologies are applied to machine a part: milling, turning, grinding, hardening, … It is impossible for an NC controller to consider all possible technologies and then decide on the sequence of workingsteps, machining offsets and process related changes of material properties. This is the task of a CAP system, that plans processes.
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Once the technology to be applied is determined, they are sorted in a kind of first stage workplan. Here probably AP 240 and STEP-NC will provide the necessary data structures. Then the CAM systems start to refine the workplan related to the technology each of these CAM systems is specialised on. Considering the industry’s resources (availability, power, tools, size, raw material, technology know-how…) specific workingsteps are defined. Therefore it might become necessary to insert additional geometrical elements which are only necessary to machine a temporary part shape. These elements are related to one or more design feature (=final part geometry) but also depend on the selected process and the overall process sequence. That process oriented relationships prevent these features to be easily linked to the design features. To the design they would be features in open space.

On the other hand  these intermediate / in process features are necessary, as the NC cannot generate these features based on the design features because the NC does not have the knowledge about the other technologies which will be applied and their effects. For instance: the NC of a milling machine tool A cannot know and evaluate that there is a second milling machine tool B that can machine more accurate but is very slow and therefore less suited for roughing operations. That is why in a CAP and CAM system the process is divided on both machine tools in order to achieve maximum quality with highest productivity.
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Need for additional, process oriented geometry:
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Numerical Controller (NC) of a Machine Tool

The NC is a software system that has to control the sequence of execution of switching commands and axes movements. In addition the NC generates axes set points (X, Y, Z, A, B, C,…) based on mathematical curve descriptions. These curves can be either given in Cartesian (x, y, z, ), axes co-ordinates (X, Y, Z, A, B, C,…) or parameterised functions (R, I, J, K, U, V, W, …).

Whereas the CAM and SFP systems do not run at real-time and in case of data errors there is always time for a pop-up dialog asking the user for additional values, the NC has to execute the whole file once the start button has been pressed. In case there is a fault in the middle of the execution, the workpiece might be lost, tool could already be broken or even the machine tool is damaged. Thus the STEP-NC program must provide clear and fast to process information. Time consuming and error likely feature recognition routines do not fulfil these requirements.

Additionally, unlike in CAM systems there is no graphical simulation with a slow-motion or pause that offers the user to zoom in and verify the tool movements and detect possible collisions. NC execution often is that fast and precise, that you even cannot see the axes movements: accelerations up to 10g and linear speeds up to several meters per second on distances of few millimetres. High precision micro machines move in dimensions less then a mm.

In addition the NC requires data to realise additional “intelligent” functionality:

· tool length and radius compensation

· compensation of time dependent tool wear

· compensation of thermal deformations

· collision detection (still very limited)

· space error compensation

· …

These functions require input data. This data is partly related to the machine tool (thermal and kinematical behaviour), the tool (radius, length, wear) or the set-up and process sequence (zero-offsets, raw-part size). Only some set-up information, the process sequence and the working step information is not directly related to one machine tool, but can easily be exchanged with slight adaptations to different machine tools. Thus only this more general data should be stored in a STEP-NC NC program. The other data is part of the machine tools data bases.

Processes are planned based on specific assumptions. One of these assumptions are tools or set-ups. The assumptions made while generating an NC program have to be part of the NC program so that the numerical controller can determine the necessary action to be executed:
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· Tool Data
The controller has to check if the required tool (ID or geometry) is available in the machine tool’s magazine. As the tool data provided by the NC program is a theoretical data set, which cannot consider the wear of the tool as it is not directly attached to the tool, the NC has to decide if one of the available tools matches the assumptions made while generating the NC program. If the tool’s length or diameter have slightly changed, it is up to the NC to compute a corrected tool path or modify the technological parameters such as spindle speed or feed rate.
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Set-up data
The set-up usually determines the sequence of working steps. In general the direction for drilling is perpendicular to the set-up’s top side while the contouring and pocketing movements are lying within this top side. If a different set-up would have been chosen and the machine tool cannot rotate its tool axis by 90 degree, a planar face would need to be machined like a outside contour. It is obvious, that technology parameters, strategy and tool data would be completely different for this two types of operations.


· Technology data
This data depends on the previous assumptions and in addition on the machine tool. A very stiff machine tool with stiff tool holders can run at higher feed rates and cutting depths, than a weak machine tool. In addition a workpiece with thin structures needs to be machined carefully as it might bend due to the cutting forces or due to thermal deflections caused by the process heat. A third factor might be the clamping device. If the part cannot be clamped with high forces, the process must consider these maximal forces.
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3. ISO 14649 (ARM) in Manufacturing

3.1. Matching the Use Case of Manufacturing

The data structure of ISO 14649 is strictly oriented to the requirements of CAP, CAM, SFP and NC systems while taking into account the possibility to re-use as much data as possible from additional systems like e.g. a CAD system.

The current implementations in several different and independent CAM and NC systems have proved, that by an ISO 14649 based STEP-NC program all necessary geometrical and technological data can be exchanged and a part, matching the requirements documented in the ISO 14649 based NC program, is machined:

CAM systems:

· Dassault Systèmes: CATIA V5 R9

· Open Mind: HyperFact

· CADCAMation

NC controllers:

· Siemens: Sinumerik 840 D + ShopMill

· Indramat / Bosch Rexroth: MTC 21 and 22

· Andron: Andronic

Universities:

· Aachen University: NC controller, SFP tool, Feedback server, early stage CAM system for freeform machining

· Pohang Univesity: NC controller, CAM module

· Stuttgart University: CAP functionality

The exchanged files have been planned by different CAM systems assuming different machine tools and tools. Due to the clear data objects provided by ISO 14649, that are (by chance!) closely related to the internal “thinking” / data structures of CAM and SFP systems, ISO 14649 did prove that the adaptations necessary to run the program on a different machine tool could easily without risking errors be done.

The most recent tests did point out, that ISO 14649 offers all data to run a completely certified process predicting exactly the tool path to be machined as well as it offers to pass a coarse task description leaving the tool path generation (the machining solution) to the NC.

ISO 14649 (ARM):

Advantages:

· NC adequate data elements matching CAM as well as NC task oriented parameterised descriptions.

· Structured data model allowing to be extended to further technologies and to be scaled (conformance classes) in order to match the abilities of a CAM, SFP system or NC.

· The ISO 14649 data model’s semantic is designed to match the CAM’s requirements and thus their internal data structure as well as the NC’s requirements. Implementation becomes easier and acceptance is increased.

· The ISO 14649 elements are primarily designed to match machining requirements and are structured adequate to physical and logical elements used in machining. Thus the entities have more content than basic IR entities. Information is condensed.

· Less elements need to be parsed to get an machining objects complete data.

· ISO 14649 is more likely to match speed criteria of NC machining.

Still the standard of ISO 14649 has to be extended in order to become applicable to other machining technologies. Currently the latest documents of AP219 are reviewed in order to find a solution to handle process information for inspection and import or provide data in a most common way (likely AP 219 if suitable).

4. AP 238 (AIM) Mapping the ARM to the IR

4.1. Matching the Use Case of a Common Data Set

The idea to provide an AIM for the ARM developed within ISO 14649 was initiated by Dr. Hardwick (STEP Tools Inc.) and realised by Dr. Loffredo (STEP Tools Inc.). This AIM is documented in AP 238. Dr. Hardwick explained the need for an AIM with the idea of STEP (ISO 10303) to be able to exchange data between different application protocols (AP). In order to do so, the application specific data structure and its semantics have to be translated to a common language of all AP, the integrated resources.

But as there are elements and ideas in ISO 14649 which currently are not yet part of the integrated resources, several data elements have to be mapped to generic entities.

We believe, that the available version of AP 238 (N1110; CD ballot) does provide a different representation for the data structure and idea of ISO 14649. This data structure is based on more generic and fundamental data elements than the ones defined in ISO 14649. This offers the advantage to be able to directly exchange single data elements with other STEP  protocols. But still there are structures and especially semantics, that cannot be exchanged as their meaning is not known to other protocols. Even if the express representations of these data elements are as fundamental that they can be imported by an other application (not based on AP 238), they would not understand this data and probably cause errors while modifying the data.

On the other hand the translation of ISO 14649 elements to generic elements by AP 238, extends the number of elements to be handled. For a simple workingstep AP 238 does not only require 17 elements (minimum for defining a machining task of a round hole by ISO 14649) but at least 3 times more elements (we stopped counting after 45 elements in an AP 238 example file). For real time parsing and processing during machining this might cause problems. Today’s sequentional NC codes (e.g. G-Code) allow to start machining after the NC has read, interpreted and prepared the first lines of the NC file. Then the look ahead buffers for tool correction and velocity control have enough data and axes movements can be computed and executed.

By contrast a object oriented structure requires to parse the whole file and look up all the references. The number of references equals to the number of lines to find and parse. Thus a low number of entities reduces the effort for parsing and speeds up the NC. AP 238 has to introduce entities with very few parameters in order to match the mapping requirements:

“#40=DERIVED_UNIT((#19));”

“#51=CONTEXT_DEPENDENT_UNIT($,'tool teeth');”
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In addition these generic entities are not really more basical and therefore easier to interpret, as they often include attributes which’s strings determine the meaning of the values.

“#691=HOLE_BOTTOM('bottom condition','flat',#1033,.U.);”
” #541=PATH_FEATURE_COMPONENT('linear path','linear',#963,.U.);”

In case there are similar definitions as in ISO 14649 the entities names and their data structure should be equal in order to reduce the effort of developing applications interpreting this data. If there should already exist these elements and they should only differ by name, the names need to be harmonised.

ISO 10303-49:

“#298=SEQUENTIAL_METHOD('workplan machining step','',#404,#287,1.);”

ISO 14649:

“#123=WORKINGSTEP(‘’……);

AP 240:

?

On the other hand similar names but a contrary structure are misleading. Especially if they obviously cannot be mapped (or only partly) to the IR. There have been several elements “re-invented” in AP 238 instead of copying the existing ISO 14649 definition, which would support the exchange from a future common data source via AP 238 to ISO 14649.


AP 238:


“#404=MACHINING_WORKPLAN('Center Drill-1','','','');”


ISO 14649:

#1126=WORKPLAN('main_workplan_2',(#1127,#1128),$,$);


AP 238: (purely string based)


“#404=MACHINING_ WORKINGSTEP ('Center Drill-1','','','');”

ISO 14649: 
(object oriented references to clearly separated objects: geometry, operation)
#1127=MACHINING_WORKINGSTEP('WS drill Hole2',#1129,#1105,#1113);

AP 238:

Difficulties:

· Mapping of ISO 14649 data entities to AP 238 data entities + IR.

· Re-invention of data entities just to map single attributes to the IR, even as the attribute without its context might loose its semantics.

· Data exchange can only work out, when dependencies (not references!) are considered even by protocols not having any idea about NC machining. AP 238 cannot guarantee these dependencies but often makes ISO 14649’s data accessible on attribute level.

· Often data elements that occurred as attributes in ISO 14649 become data primitive entities => more elements have to be parsed and interpreted. Timing problems are likely to occur.

· Complex rules are requested to control the primitive entities referenced by or simply in context with other entities. This is correct, but makes the data structure hard to understand and thus to implement.

· Even as N1110 did not offer additional tolerances or additional “functionality” to ISO 14649 this is mentioned by Dr. Hardwick and implies that AP 238 is not the AIM to the ISO 14649 ARM but a different NC programming interface. As still no examples could be provided this remains a unproved thesis.

Advantages:

· AP 238 supports shapes and is probably (hard to prove without an AIM-ARM example) directly using AP224 data. Thus geometry data might (still not verified) be re-used even more easily than by the ISO 14649 data model.

