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ENHANCING CNC MANUFACTURING INTEROPERABILITY WITH STEP-NC

Despite substantial improvements CNC manufactugrggill based on dated practices and habits. iBhisostly
due to the use of ISO 6983 standard (G-codes) ewdbivith vendor specific formats to exchange CADXCA
CNC information. The manufacturing sector is consadly made of a collection of disconnected elemémat
are difficult to make communicate together. On tbatrary STEP-NC approach offers many opportuniiies
overtake the current situation and rethink CAD/CANIC numerical chains. However, the actual integrati
of STEP-NC in industrial concerns is quite limitdtl.is essential to couple this innovative approadgth
existing equipments. This paper shows how STEP-N@ be an efficient way to reconcile today’s
interoperability and efficiency demands by introiigcthe association of two manufacturing platfori@BAIM,
developed at IRCCyN (France), and which controtsent industrial machine tools directly from STER-RNles
and I[IMP from the University of Auckland (New Zeat§j, which realizes data portability between
heterogeneous proprietary formats, process inteabpity. As a result, both approaches lead to wmepd
supervision and integration of the machining system

1. INTRODUCTION

The manufacturing area has benefitted from varmogresses over the last decades:
the equipment has become faster, smarter and saftace today’s global challenges.
However, CNC programming is somehow still baseddated practices and habits. This
mostly comes from the use of ISO 6983 data standasdknown as G-codes [1].
The manufacturing data chain is consequently coepo$ disconnected elements that are
using vendor specific formats to exchange CAD/CA®NC information and that are
difficult to make communicate together [2]. In cast, STEP-NC programming approach
rethinks CAD/CAM/CNC numerical chains [3]. It stantherefore as a viable solution to
overtake the current situation.
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Among many substantial improvements [4], STEP-N@ndards enables the
development of advanced NC programming approachad #he improvement
of CAD/CAM/CNC interoperability, which are centrah today’s global and high
competitive manufacturing industry. However, theuat integration of STEP-NC in
industrial concerns is very limited and these indals need to be convinced. It is
consequently essential to couple STEP-NC innovatpgoach with existing equipments to
demonstrate the benefits.

This paper discusses these central issues andducte an association of two
manufacturing platforms, which have been proposeshéet manufacturing efficiency and
interoperability needs. The first approach startdshap-floor level: SPAIM developed at
IRCCyN makes true intelligent STEP-NC programmimpgpra@aches. The second approach
positions at business level: IIMP project from thaiversity of Auckland realizes data
portability between heterogeneous proprietary fasmand process interoperability. In
a word, both approaches lead to an improved supervand integration of the machining
systems.

2. STEP-NC CAD/CAM/CNC PROGRAMMING APPROACHES

Based on a STEP concept, STEP-NC objective is gmifgiantly enhance the
communication between CAD/CAM systems and NC cdier® It allows the use
of modern NC functionalities and simplifies the gr@amming (CAM, CAPP...) by
a feature-oriented description [5]. The manufaomirstage is fully included in the whole
product development process: the modifications ntadéhe shop-floor stage can be saved
and fed back to the design stage, as 1SO 14648l $TEP-compliant [6]. Another
important aspect is that using STEP-NC means wgrkiith a unique NC formalism for
any machine tool software, as no post-processingradipn is needed (Fig. 1). The
communication language used by STEP-NC is a highl lene; the data exchanged relate to
the machining features rather than to simple ax@dinates control [7].

G-code manufacturing data chain STEP-NC manufacturing data chain

Post Processing

Fig. 1. Manufacturing data chains with G-code SAd&EP-NC
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STEP-NC formalism consequently enhances the matwiiag equipment
effectiveness by developing intelligent programmiagproaches and making these
equipment and software tools more interoperablexohanging seamlessly high level data
all along the manufacturing data chain.

2.1. INTELLIGENT NC PROGRAMMING

STEP-NC object-oriented programming helps to dhiét tool-path generation to the
shop-floor level. As a result, some intelligent aw®tision-making power can be transferred
into the CNC controller. Self learning algorithmsgin to be developed to produce better
guality parts to compensate controlled errors T8janks to its high level object-oriented
data model, STEP-NC approach opens the path tonaddgrogramming methods [9], new
simulation and optimization approaches can be implged in order to have a better
control of the manufacturing process and to op#n@AM and CNC parameters (Fig.2).
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Fig. 2. Advanced NC programming enabled by STEP-NC

In addition to that, by moving the CNC controlleta the CAD/CAM data chain,
information feedback, tool-paths adaptations anadl tlee fly” modifications can be send
from CNC to the other elements [6]. Consequentlg, CNC controller has a central role
because it interprets STEP-NC manufacturing dath generates explicit tool-paths by
using manufacturing feature geometrical charadtesisnd programming parameterization
of each manufacturing step. SPAIM project descrilvethis paper stands as an example
of the numerous intelligent NC programming posgibs offered by STEP-NC approach.
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2.2. INTEROPERABILITY

In previous part of this paper, STEP-NC capabditi® support intelligent NC
programming applications have been proved. By bewdgpendent from any commercial
software tool, STEP-NC format is well suited fohewving collaborative environment too.
Indeed, a major issue in today’s global manufastudgontext lies into the data portability
between the links of a manufacturing data chaibdha include distributed partners [10].

STEP-NC can stand as a valid solution to recortbiése interoperability needs, as
proposed by various research projects: the Univéisaufacturing Platform developed at
the University of Bath [11] and the UbiDM (Desigmda Manufacture via Ubiquitous
Computing Technology) of Pohang University of Teadlogy [12]. However, today’'s
implementations of STEP-NC standard are still kdito research purposes and feasibility
demonstrations. A major barrier to the developmehtinteroperable platforms in the
industry is the defiance from software vendors wdee the current situation as an
opportunity to maintain their market advantage tigto system lock-in [10]. Moreover, it is
central to propose hybrid manufacturing environmmenhich are able to make existing
software cohabitate with the new STEP-NC prograngnajpproaches.

__________ PLM System Functional Models
- Kowledge Base
Data Warehouse

‘ Design Department '

Process Planning
Department

Fig. 3. Complementarities of SPAIM and IIMP in faivanced CNC manufacturing

The CAD/CAM/CNC platforms presented in this papee an illustration of such
system. SPAIM is shop-floor oriented, invests iptogramming and process methods and
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enables STEP-NC compliant advanced manufacturintge WiMP stands at business level,
makes manufacturing data flows easy among CAD/CANMIGYystems. Although they can
be implemented individually, they collectively forim comprehensive framework that
covers the whole manufacturing data chain by icterg with every link (Fig. 3).

3. STEP-NC PLATFORM FOR ADVANCED AND INTELLIGENT
MANUFACTURING (SPAIM)

STEP-NC Platform for Advanced and Intelligent Maamtfiring is based on a STEP-
NC Interpreted Programming approach and can beemghted on most industrial CNC
controllers. Two main objectives are attached ®dbvelopment of such platform. First it
stands as a demonstrator of the benefits of STERNLCapplies on industrial machines;
secondly it serves as a development platform faréuresearch and validations concerning
the STEP-NC standard.

3.1. ARCHITECTURE OF SPAIM

STEP-NC Platform for Advanced and Intelligent Maauitiring (SPAIM) is
composed of a Human/Machine Interface and severhdiibbased modules for interpreting
STEP-NC data into an explicit workplan and toolhsator each machining operation [13].
SPAIM has already been implemented and validateé& ¢#SM machine tool in Nantes
(France). This machine was designed by the Fatr@uknpany (Spain) and is named
VERNE [14]. It has parallel kinematics architectumad is equipped with a Siemens
Sinumerik 840D NC controller Other versions of SHAlave been developed for a Hermle
C30U high speed machining centre equipped with midtdain CNC controller and for
a CLAD machine equipped with a Siemens 840D CNGroder.

Although the explicit machining tool-paths are gated automatically, a validation
from the user is still needed before sending tloépaths to the machine tool. This stage is
considered as compulsory because it informs the afsthe movements that the machine
tool will execute. Furthermore, the user can chetlether proposed tool-paths meet the
requirements. If not, the user can modify the 3Ddetpor the tool-path parameters. After
user validation, the appropriate output file (G-€pds automatically executed by the
controller.

In practice, SPAIM modules can be installed on @¢C controller of the machine
tool, or on an external computer to save the coatmut power of the CNC hardware
(Fig. 4). However, all the modules running on tixéemal PC can be implemented in the
CNC computer if its computing capacity allows ithel adopted solution is totally
transparent to the user. The external PC can beasean extension of the capacities of the
CNC hardware. The main modules of SPAIM are:
= Human Machine Interfacghe user can control the CNC platform using thzdule. It

displays the results of the interpreter and ofsineulation module.

» Master moduleset up on the PC part of the NC controller, gegram is directly
linked with the HMI and sends the data to other vhesl at the user’'s request. For
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parameter modification tasks, it locates and reggdabe corresponding elements in the
STEP-NC file.

= Execution modutedistributes orders from the Master module viaeal or an Internet
network. This module analyses the STEP-NC datautiiraghe master module and sends
the requested information for processing to thé-path generation module and to the
simulation module.

= CAD reconstruction moduleipdates the CAD geometry from the feature desonpgn
the STEP-NC file. This automatic tool sends coroesing commands to a CAD
modeller for geometry reconstruction. The CAD modelused by the tool-path
generation module to generate common process gigateThis module provides
feedback from the STEP-NC file to the CAD modehesl.

» Tool-path generation module@livided into two components which are run in fafta
The first component handles every common stratetated to the ISO 14649 standard
(e.g. contour parallel, bidirectional, etc.). Itiased on a generic tool-path generator, so
that industrial parts can be supported. The semamdponent has been developed at
IRCCyN and handles pattern strategies in the caseochoidal milling and plunging
tool-paths. According to the manufacturing data #xecution module collects the
corresponding tool-path generation module for emaathining operation and merges
the tool-paths results before sending the NC codled controller for execution.

= Simulation modulesends back the results of the different companatie.g. STEP-NC
file analysis, 3D geometry and explicit tool-patdsa VRML file, etc.) to the HMI for
visualization.
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IRCCyN SPAIM platform can benefit from the skilledaperformance of industrial
CAM software. It shows that even if the numerichhio is redistributed, all the current
knowledge is still needed.

3.2. CNC PROGRAMMING WITH SPAIM

IRCCyN SPAIM platform shows the feasibility to uSFEP-NC standard to achieve
intelligent NC programming applications with theisttag machine tools and NC
controllers [15].
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Fig. 5. Advanced NC programming applications endlblg SPAIM

Indeed, most advantages of STEP-NC at the CNC krechlready enabled, as shown

on Fig. 5:

1. A STEP-NC file can be directly read and executeg@reral machine tools without any
modification. This compatibility is enabled by thégh-level description of geometry
and process data. All machine tool information &mttional models are provided by
the CNC platform. For example, the execution of $hene STEP-NC file on different
machine structures would use different spindle dpefeed-rates or tool-paths, because
each NC controller would compute the most suitedotel efficient parameterization,
according to the target equipment.

2. Modifications of the geometry and the machiningapaeters can be achieved at the
shop-floor level directly on the CNC controller HMIThese modifications lead
automatically to a regeneration of the tool-paths, geometry displays and the STEP-
NC model tree. The corresponding STEP-NC files andAD model are updated as
well.

3. Feedback from CNC to CAD/CAM software is possiblece the STEP-NC file is
always up-to-date. Modifications can be done atpdhmor level during the first
manufacturing phase of a part. This knowledge faekilenables process planning level
to learn and improve the future manufacturing pbase
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4. Optimizing the machining parameters and the totitgpas easier at CNC level. SPAIM
provides new ways of optimization based on the SINEPdata model.

5. STEP-NC file has a small size because of its heglell data (“what to do” instead
of “how to do”). This situation reduces the tramstene and is well suited for the
Internet-based collaborative manufacturing.

Architecture and use of SPAIM suggest that all @ets involved in the present NC
chain have a role to play in the development of B-NE, although the NC programming
approaches are very different. As the major intéee® improve data exchange between all
the modules involved in the NC chain, it would beomg to state that all elements of the
NC chain have to be reinvented (e.g. CAD modelltsl-path generators, etc.). This is
because the knowledge is available already. STERsNGJata model standard that extends
this knowledge. It calls for fundamental, orgarnmadél and even cultural changes in the
industry. Yet, it still relies on existing capabds and know-how in the manufacturing
industry. In addition to that, SPAIM proves that l€gramming can clearly benefit from
STEP-NC data models and methods: intelligent NQyanmming approaches are made
possible with the existing CNC controllers.

4. INTELLIGENT AND INTEROPERABLE MANUFACTURING PLATFORM (lIMP)

The Intelligent and Interoperable Manufacturing tllan aims at achieving
a collaborative environment among existing and reutCAD/CAM/CNC systems. The
purpose is to demonstrate how STEP-NC approacmesngaove interoperability inside the
manufacturing data chain made of various existiogprmercial CAD/CAM/CNC software
suites. Starting from the assumption that CAD/CAMN(C data are relevant to their own
context, a common language may not be necessatgsign the IIMP. There is indeed no
need to convey all information from one activityg(eCAD) to another (e.g. CAM) but only
a subset accurately defined and selected. Constgueprocess-centric approach has been
chosen to design the IIMP, based on requests ahd.tdhere is heterogeneity at activity
level (data models, software suites, programminguages...) but homogeneity at platform
level. Moreover, STEP and STEP-NC will be usedaskbp and exchange formats in order
to ensure the continued existence of the manufagtudata. Although mostly still at
a concept level, IMP promises to propose an d@fitiarchitecture to make heterogeneous
systems work together. In particular, the introductof STEP-NC compliant systems
within existing environment is made easy.

4.1. ARCHITECTURE OF IIMP

An overview of IIMP is proposed in Fig. 6. The péatm is composed with three main
groups of elements: an orchestrator, an applicatiodule pool and an execution core.

The orchestrator stands as the main decision cehtiiee platform. That consists in
getting the user's requests, generating the roadafafhe project and controlling the
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information flow among the modules and executiorecdhe HMI of IIMP is supported by
the orchestrator too. This element has consequantigntral role and its capabilities have
a direct impact on the efficiency of the platforBxcept the HMI, two other elements
constitute the orchestrator: the roadmap genesasitthe event-driven supervisor.

Thank to its direct link with the application modupool, the roadmap generator
translates the user’s request into a list of Ifse\vents and tasks that have to be carried out
by the application modules within a predefined ortlater on, the user’s request is fulfilled
by following this “roadmap”. Preloaded scenarios available as well in order to make use
of previous jobs and optimize the running of ugaaks and projects.
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Fig. 6. Overview of Intelligent and InteroperableMifacturing Platform

As soon as the roadmap has been generated, tbé tiod event-driven supervisor is to
call the application modules accordingly and taestine appropriate data and information
thanks to the execution core. The supervisor ctnttioe information flow within the
platform modules and .the product data hub.

The application module pool gathers all the agtivitodules of the platform. These
modules have different natures (tool-path generd&@@D file converter, CAM software
suite...) and are made of standalone applicationsddwa be run autonomously. The role
of each module is to carry out one or several tasksequired by the roadmap.

In order to be as flexible and tailorable as pdssilb has been decided to encapsulate
these existing software tools with an event-an@-daiven layer and to control their input
and output data. As a result, there are no intentalactions between the modules and there
IS no restriction concerning the number and theneadf the modules. The structure of each
module is inspired from the function blocks con¢ephew IEC standard (IEC-61499) for
distributing industrial-process measurement androbeystems [16] (Fig. 7). By proposing
an explicit event driven model for data flow andite state automata-based control, the
Function Block (FB) concept has several advant&gethe IIMP such as robustness, as the
same FB can be used in a wide range of applicateoms$ easy implementation, as there is
no need to understand how a FB works internalipaie use of it [17].
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The running of each FB is triggered by event-in amdnt out-variables. This means
that, as soon as the appropriate event-in sigrsnsto the FB, the input data are read from
the execution core and the enwrapped software (Gyddlem, tool path generator...) starts
its computations. When the appropriate output fdes ready, an event-out variable is sent
to the orchestrator, so that the roadmap can jwmgstnext step. For example, when the
module refers to a commercial software suite, tber wan use the software HMI to carry
out the selected tasks. Once they are completedhutput data are saved to the execution
core and the software tool is closed.

[ Orchestrator }

Event Ir Event Out
Platform level Variable Variable

Module level Input Date Output Date

—b|
Application
software too

Fig. 7. Function Block concept employed for thelaygpion module pool
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From the platform point of view, each module isntiged by its input and output data
formats and by the supported task and activitysThiormation is made available to the
user and the orchestrator thanks to an executi@wbich gathers these data.

Data hubs are useful to the platform for storagekbp and management purposes. In
practice, two data hubs are needed: a module ddtamd a product data hub. The module
data hub focuses on the application module paobbfective is to store all the relevant data
for the orchestrator to generate the roadmap anttatahe information flow during the
process. For each module the data stored are lasviitd: module name, input formats,
output formats, and module summary.

The product data hub controls the intern informauiuring the running of a project.
Input and output files of each module are storeddter use and the final CAD/CAM/CNC
data are saved for backup. In addition to thaC&lD/CAM data are saved into STEP and
STEP-NC formats into the product data hub. The ailye is to ensure their continued
existence and to maintain their compatibility witture application modules.

4.2. AN EXAMPLE OF IMPLEMENTATION

A case study has already been developed basedsimgxesearch works carried out
at the University of Auckland [18]. This practicahplementation consists of using
a generic STEP-NC file as an input to a legacy Gdd@troller: the main input file is
a STEP-NC file and the main output file is the esponding G-code file. As shown on
Table 1, two application modules are necessary|Ih§ STEP-NC adapter, which adapts
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the generic STEP-NC file into a native STEP-NC fiflkeat includes accurate machining
parameters for the selected machine tool) andifhg ETEP-NC converter which converts
this latest file into a G-Code file.

Table 1. Roadmap for the case study

Task Event In Trigger Event out Trigger Application M odule
Start Work HMI Message Displayed File Loaded
Generic STEP-NC file
=>Native STEP-NC Generic STEP-NC file loaded Native STEP-NC file cedat| 1IMS STEP-NC Adapter
file
Nzitlvg_sg O%F;'R:g File | Native STEP-NC File loaded G-code file created g“gr?VSISP'NC
Arrived at Destination G-code file present in PradData Hub| HMI Message displayed

Then, according to the roadmap, the project isasiproposed by Fig. 8. All STEP-
NC and G-code files are stored by the executioa tmrbackup and future use.
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E Generic STEP-NC ~ Native STEP-NC
H file loaded file created
i
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’
)

Native STEP-NC G-code file
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STEP-NC
Converter

STEP-NC
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Fig. 8. Running of IIMP case study

As shown by the case study, the major role of lIldRo gather and synchronize
various CAD/CAM/CNC activities. The use of a FB cept makes it tailorable and flexible
because the addition of new application modulesade easy. Existing works and software
suites can be employed without modifying their iintgd algorithms. In addition to that,
IIMP is well suited for web-based applications &g tapplication module pool can be
distributed among several sites.

However, some drawbacks can be observed as walk, Tthe efficiency of [IMP is
heavily dependent on the orchestrator. As the siseréds are formalized into a set of tasks,
it may be difficult to answer some ‘original’ reqie. Moreover, there is no global
optimization as all modules are independent ancersévmodules may provide same
services. As a result the total platform can bermoas. This situation is nevertheless not
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critical: it is the price to pay to dispose of highstomisable and high flexible platform
architecture.

IIMP still lacks of practical feedback to measuereal effectiveness. By positioning
at the crossroads of CAD, CAM, CAPP and CNC systetmaeets nevertheless the actual
interoperability needs in the manufacturing indystr

5. CONCLUSION

By offering a new vision of CAD/CAM/CNC data cha®TEP-NC has clear benefits
for the manufacturing industry in terms of effiacdgnand interoperability. This promising
but demanding more research approach needs ndesghedustrial buy-in. As companies
cannot get rid of their existing CNC Controller amdAD/CAM solutions, the
implementation of STEP-NC has to be achieved “bieptep”.

This paper consequently introduced the combinatmhn two complementary
manufacturing platforms aiming to an improved sugon and integration of the
machining systems with STEP-NC standard. By engbBTEP-NC programming for
existing commercial CNC controllers, SPAIM platfodemonstrates the current advantages
of STEP-NC data model and shows its performanceth widustrial manufacturing
equipment. SPAIM also proves to be a powerful emeipt to implement advanced CNC
programming methods. It is also open for furtheveliegpment. Although still mostly at
concept level, IIMP promises to be an efficientltmowork with heterogeneous systems
and make them interoperable. It is well suitedigtritbuted environment and adapts to any
CAD/CAM/CNC software tool. The use of STEP and STNEP standards enables
a sustainable management and control of these SB#@&IM and IIMP collectively design
an inclusive framework for interoperable and adeah€NC manufacturing.

REFERENCES

[1] ISO 6983-1., 1982Numeric control of machines—Program format and rdgdin of address words—Part 1: Data format for
positioning, line motion and contouring control ®ras

[2] XU, X. W., NEWMAN S. T., 2006,Making CNC Machine Tools More Open, Interoperabtel dntelligent — A Review of
TechnologiesComputers in Industry, 52/2/141-152.

[3] ISO 14649-1, 2003ata Model for Computerized Numerical ControlldPgrt 1. Overview and fundamental principles

[4] XU X.W., HE Q., 2004,Striving for a total integration of CAD, CAPP, CARhd CNGC Robotics and Computer-Integrated
Manufacturing, 20/101-109.

[5] MAEDER W., VAN KHAI K., RICHARD J., STARK J.,202, Standardization of the Manufacturing Process: TRESISTEP-NC
project IPLnet Workshop, September 10-11, Saas-Fee (Sndtm).

[6] SUH S. H., CHEON S. U., 2002, A Framework fan &ntelligent CNC and Data Model, International k@i of Advanced
Manufacturing Technology, 19/727-735.

[71 KRAMER T. R., PROCTOR F., XU X. W., MICHALOSKIJ. L., 2006,Run-Time interpretation of STEP-NC: implementatomwl
performancelnternational Journal of Computer Integrated Manturing, 19/ 495-507.

[8] KUMARS., NASSEHI A.,, NEWMAN S. T., ALLEN R. D.TIWARIM.K., 2007.Process control in CNC manufacturing for discrete
components: A STEP-NC compliant framew®t&botics and Computer-Integrated Manufacturir3g6/B67-676.

[91 LAGUIONIE R., RAUCH M., HASCOET J.Y., 2008Toolpaths Programming in an Intelligent STEP-NC Miacturing Context
Journal of Machine Engineering, 8/1/33-43.

[10] NEWMAN S. T., NASSEHI A, XU X. W., ROSSO JRRU., WANG L., YUSOF Y., ALI L., LIU R., ZHENG L.Y, KUMAR S.,
VICHARE P., DHOKIA V., 2008 Strategic advantages of interoperability for glola@nufacturing using CNC technolgd3obotics
and Computer-Integrated Manufacturing, 24/699— 708.



38

Matthieu RAUCH, Raphael LAGUIONIE, Jean-Yves HASCDKXun XU

[11]
[12]
[13]
(14]
[15]

[16]
[17]

(18]

NEWMAN S. T., NASSEHI A., 2007Universal Manufacturing Platform for CNC Machinin@€IRP Annals - Manufacturing
Technology, 56/1/459-462.

SUH S. H., SHIN S. J., YOON J. S., UM J. K008,UbiDM: A new paradigm for product design and mawtiiaing via ubiquitous
computing technologynternational Journal of Computer Integrated Manturing, 21/5/540-549.

RAUCH M., LAGUIONIE R., HASCOET J. Y., 201®&chieving a STEP-NC Enabled Advanced NC Programi@mgronmentin
“Advanced Design and Manufacturing Based on STEptjnger London, editors Xu X. ,Nee A. Y. C.

MARTIN Y. S., GIMENEZ M., RAUCH M., HASCOET JY., 2006, VERNE — A New 5-Axes Hybrid Architectukachining
Centre, in Proc.'5Chemnitzer Parallelkinematik Seminar, 657-676,rtiez , Germany.

LAGUIONIE R., RAUCH M., HASCOET J. Y., 200%imulation and Optimization in a Multi-Process Eownment Using STEP-
NC, 7th IEEE International Conference on Control Andomation, Christchurch (New Zealand), Decembéi 9-

IEC 61499, 2005;unction blocks for industrial-process measurenaertt control systems-part 1: architecture

MINHAT M., VYATKIN V., XU X., WONG S., AL-BAYA A Z., 2008, A novel open CNC architecture basedsdoEP-NC data
model and IEC 61499 function blocks, Robotics andh@uter-Integrated Manufacturing, 25/3/560-569.

WANG H., XU X. and TEDFORD J. D., 200An adaptable CNC system based on STEP-NC and danbtbcks International
Journal of Production Research, 45/17/3809-3829.



