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Abstract

This chapter discusses the realization of diremdiation of feature-based CAM files into
feature-based CNC part program files. The inforamatinfrastructure that allows this to
happen is STEP-NC, as described by ISO 14649 Bartsd 11. Among the many benefits
cited for STEP-NC, the elimination of the costlydainefficient process of post-processing
using one standard CNC definition is most commanitgd. However, this chapter argues a
much greater benefit can be found using STEP-NGesolve the CAM/CNC impedance
mismatch where CAM comprehensive process informasaeduced into motion primitives.
The CAM/CNC impedance mismatch and resulting lackpmcess information make
intelligent machining difficult. Given this persgee, a demonstration system was developed
to show that feature-based CNC is possible with SNE, which preserves more feature-
based CAM process knowledge to make intelligenthimtg possible. The demonstration
system incorporates: 1) part representation uSIREP-NC Part 21 files, 2) reading and
analyzing feature-based elements of the STEP-NG@raB}lation into a CNC feature-based
representation, and 4) generation of actual CNCgramas relying on conversational
programming “Canned Cycles”. Cutting and simulatiests have confirmed the advantages
of the approach. Overall, the demonstration systehows a standard information
infrastructure such as STEP-NC is essential foraadwg manufacturing to enable
improvements in efficiency, product quality, lifgete cost, and time-to-market.



1 Introduction

In design and manufacturing, organizations depemdnformation technology to
handle the tasks necessary to make products. Gedast two decades, Computer-
Aided Design (CAD) and Computer-Aided Manufacturig@AM) information
technology has greatly benefitted manufacturingigtides everywhere. CAD/CAM
benefits include cost-savings, more rapid and iwmpdodesigns, higher productivity
and better return on investment. Today, it is comphace to see complex
manufacturing done with global CAD/CAM collaborati@nd virtualization that
includes numerous partners located locally andmat&onally, from the same and
different companies, scattered throughout the warlis globalization vision for
manufacturing has resulted in streamlined supplins, optimized resources, and
distributed collaborative design.

Nevertheless, despite the positive contribution€AD/CAM to the design and
manufacturing processes, barriers still exist fohieving seamless end-to-end
manufacturing. Sharing product information throughthe job stream within the
entire manufacturing life-cycle is still a majoroptem. A key contributor to the loss
of information within production is the lack of agauct exchange standard. The
“Interoperability Cost Analysis of the U.S. Autorm@ Supply Chain” study
performed by the Research Triangle and commissidnedNational Institute of
Standards and Technology (NIST) estimates that ifapeinteroperability imposes
at least $1 billion per year on the members ofUtfe. automotive supply chain [1].
Most significant are the costs of repairing or teeng of non-standard upstream
design product data files that are not usable éovrdstream production applications.
Additionally, reentering and/or reformatting infaation results in duplication of the
data, which can introduce substantial semantic Ipne® maintaining consistent
values between two different copies of the sameorimétion. Duplicate
representation requires more manpower and compogtcosts and often important
information can be lost during translation. A similproblem in data base
technology is known as the impedance mismatch. lectrnics, impedance
mismatch is intended to describe the mismatch bEtveritput and input signals, but
has been borrowed by the software community to rd#s@ mismatch between
incompatible software technologies.

STEP-NC, as defined by 1SO, the International @iggtion for
Standardisation, 14649 [2][3]r ISO 10303-AP238 [4], attempts to ameliorate the
productivity losses due to the impedance mismattwéen the CAM machining
specification and the actual Computer Numericalt@br{CNC) machining. STEP-
NC is the colloquial term that refers to both IS@649 and ISO 10303-AP238,
where ISO 14649 is the Application Reference Md@dRM) schema, and 1SO
10303 AP238, is the reinterpretation of ISO 1464%0 ithe fully-integrated
Application Integrated Model (AIM) schema. In tltisapter, STEP-NC will refer to
the 1ISO 14649 family of machining standards.

STEP-NC offers accurate and complete product d&finidata from product
design all the way to the machine tool. Currentmite part manufacturing does not
produce parts based on all the product informattian has been described upstream
by the design process. Instead, the part fabricgiiocess starts with the CAD part



design, incorporates CAM feature-based machiningraions, then translates the
machining operations into simple machine tool nmofwimitives, or, “M” and “G”
codes. Consequently, much of the important desigh fabrication knowledge is
lost and the machine tool has little knowledge torkvwith regarding the part
features, operations or resources used necessaoptimize and safeguard the
machining. This loss of process knowledge is cleatétrimental, as today’s
machine tool CNCs have the capability to synthesimny more aspects of the
machining process in order to realize intelligemttcol.

This chapter describes STEPNC++, an open-sourcevaeft package for
translating feature-based STEP-NC CAM files intatfiee-based CNC programs in
a portable, standard manner. Key to improving tiénslation is minimizing
whenever possible the use of CNC primitive moti@ol{paths. Two critical
information infrastructure technologies made feadbased CAM/CNC possible —
STEP-NC and C++ meta-programming techniques. For nietal working
industries, STEP-NC offers a variety of featurdrrimachining specifications that
can be used for sharing part design and process gd#tlownstream within the
manufacturing process. Recent advances in C++ comphave made meta-
programming templates, which can be thought of @spile-time execution, a
powerful technology in generating succinct but pdulecode.

2 Feature-based CAM to Feature-based CNC

Conceptually, computer integrated manufacturingCis a production model by
which all elements of the factory (i.e., peopleyipqent, materials, and computers)
are organized and integrated around common datssiteges. Figure 1 shows the
CIM sequence of production stages, commonly refefoeas “Art to Part”, within a
modern manufacturing process for producing panspite of CIM advances, from
the perspective of Computer Aided Engineering (CAEAD systems, CAM
systems, and CNC machines, the process still regjlietter data integration at all
levels and along multiple dimensions (design, @sigly process planning,
fabrication) of the manufacturing enterprise.
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Figure 1 Computer Integrated Manufacturing Art to Part Ricithn

The goal of “Art to Part” is to manufacture highiality products in the most
cost-efficient manner. Initially, the “Art” stagaevolves an idea or customer need for
a discrete part. The CAD stage uses software paskagd solid modellers to design
the part geometry and tolerances in a concurregtnearing environment that
incorporates part intent, and relationships suchating, geometric fit or assembly.
CAE analysis studies the related parts for strattweakness with regard to loads,
strains, and stresses. The CAM macro stage ac@pBAD geometrical part



definition and produces a process plan applyingwsoe-derived or domain expert’s
manufacturing knowledge. The CAM micro stage predua detailed manufacturing
NC process plan including NC code that is verified simulation prior to
manufacturing.

On the shop floor, the machining stage uses a macbbl to cut a metal casting
or raw stock to create the “Part.” A CNC computieects the machining operations.
The machining stage employs a CNC machine tool witfficient accuracy and
precision to meet part tolerances and associate®d¢bessary raw stock or casted
material, fixtures and tooling as identified in tHetailed manufacturing process
plan. The CNC runs a “Part Program” that is a segeeof CNC operations to
machine the part.

In today’'s art-to-part process, most CNC part progg are generated by CAM
modelling software systems. However, due to inadeguntegration, CAM files
cannot run natively on any given CNC machine taold so require a translation
process. This CAM to CNC translation is known astpprocessing, which has
traditionally been the principal means of transigtCAM files into CNC programs.
Post processing takes the CAM feature-based opagatind generates a machining
part program, not as a list of features and opamati but as 1SO 6983/RS274D
[5][6], or “M & G” code motion primitives — linesroarcs. Henceforth, this chapter
will use the ISO 6983 standard when referring to&\G” motion.

Unfortunately, CNC vendors have augmented and dettnthe ISO 6983
programming languages as they have seen fit to foeetional needs and user
requirements. The proliferation of modificationstie standard has led to hundreds
of vastly different ISO 6983 dialects. ConsequentAM software vendors
maintain hundreds of CNC-specific post-processarsptovide some form of
interoperability. Figure 2 outlines the generatadra legacy machine part program,
where CAM software, using a different Post-Processr machine, converts the
CAD part models into the required motion-based 8983 NC part program.

CAM
1ISO 69834 1ISO 69835 1ISO 6983y
\J A J \
Machine A Machine B Machine N

Native RS274 Interpreter Native RS274 Interpreter Native RS274 Interpreter

Figure 2 Post processing

Post-processing leads to productivity losses duieéoimpedance mismatch of
the process knowledge between the CAM system am@MC machine. Presently,
most CNC machines receive ISO 6983 data definicy eais movement as motion
primitives in order to manufacture a part. This metric data is referred to as



machine control data (MCD). MCD provides a very l@vel of instruction: tool,
axes positions, feed, and speed. The problem wilDNbrograms is that they are
not portable or adaptable. Portability is a probienfive axis milling, since unique
axes-position data must be generated for each maauntrol combination (part,
tool, and machine configuration) on which the psto be run [7]. Adaptability is a
problem because feature-based information is notiged to allow adaptive real-
time servo changes in machining dynamics (feed speds) based on machining
conditions. Overall, the CAM-CNC post processing bacarded all of the feature-
based part and process information that could yield higher quality parts faster.

A shift to feature-based CNC provides a new opputyufor manufacturers to
streamline the entire “Art to Part” process, byedity mapping a feature-based
CAM file into a feature-based CNC program. The téfeature-based” refers to a
description of the shape of the object to be mada aolume whose shape is an
instance of some members of a predefined set afstygf shape. Examples of
machining features include faces, pockets, slaissés, and holes, some of which
are shown in Figure 3.

Pocket
Hole

Face \/\

Figure 3 Example Machining Features

A machining process plan is a sequence of featase<boperations. CAM users
generate plans by associating machining featurésetpart geometry. For each part
feature, a sequence of machining operations muskefired. For example, given a
hole as a machining feature, the CAM system caocis®e a series of drilling
operations — center-drill, drill, and then ream.

Figure 4 shows the new feature-based CAM-CNC itrinature. The enabler of
feature-based CNC is “conversational programmi@gnversational programming
allows parts to be programmed using high-leveluie= that can be run directly on
the CNC. The conversational programming functidpals part of the ever
expanding body of “canned cycles” that CNCs suppoditionally, CNC provided
higher-level canned cycles to handle more difficaiachining requiring tight
synchronization of tooling and motion. For examptemmon ISO 6983 milling
canned cycles include drilling, boring, tapping gtk drilling sequences. Modern
CNCs typically provide support for roughing andgiing canned cycles to machine
rectangular and circular pockets, slots, threadamgl, engraving, with a list of ever-
growing feature-based operations. Further, in feabased CNC, tolerance
information can be coupled with the feature-basadned cycles to allow better



production cycle times, accuracy, consistency, ipteldility and process reliability.
These are just some of the manufacturing factas ¢an be improved, leading to
better parts at lower cost.
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Figure 4 Feature-based CAM-CNC

Even though direct translation of CAM features i@bIC machining features
seems intuitive, this is not common practice. Tieigture-based CAM posting to
motion-based CNC integration strategy is clearlyicient, but over time has
become a familiar, if not cherished, manufactupnactice. In contrast, STEP-NC is
a standard developed by the ISO to communicaterediased CAD/CAM product
data to the CNC. STEP-NC is intended to replace 6983 with a richer product
data description, including geometry, features, @woldrances. With STEP-NC,
accurate and complete feature-based product datss fall the way from product
design, down to the machine tool. Therefore, STEPdffers the opportunity to
maintain a part's actual feature representation and use lines and arcs to
approximate features.

In addition to CAM-CNC feature-based data exchang§€EP-NC offers a
number of potential manufacturing advantages. FosgmSTEP-NC contains a
comprehensive model that describes complete prasssnachining data that can
be made available to the CNC machine tool. ThussFSNC allows for better
vertical integration between CAD/CAM and CNC with fall complement of
production knowledge such as tooling, stock, malgriand setup. Assuming STEP-
NC compliance to conformance classes spelled atlieirstandard, STEP-NC allows
easier horizontal integration through addition gobstitution) of an equivalent class
of STEP-NC compliant CNC. STEP-NC itself is a ueifilife cycle engineering
description of the part to allow “design anywhebeild anywhere, or maintain
anywhere” in the virtual enterprise. Ergo, disttédal machining with STEP-NC is
possible since all the relevant information is ke in one file as one unified life-
cycle model — part program, graphics, raw stockgmm origin, workpiece setup,
tools, so that design and manufacturing data fearacan be distributed to machine



shops around the world via the Internet. Finaltg@tive machining is possible now
that a complete STEP-NC product model is made ablailto the CNC, using real-

time CNC adaptive servoing and trajectory contrekdnl on process state and
tolerances.

There is a wealth of opportunities open to manuf&es should they use STEP-
NC for feature-based CAM/CNC. A perfect productadekchange between CAM
and CNC interchange would be ideal, but is probatdy realistic. So, there is a
need to balance the strengths of CAM against tieagths of CNC, and leverage the
best technology whenever possible. CAM systemseatlyr provide a better holistic
view of the machining process and offer a wideigeaaf machining strategies. CNC
systems understand machine dynamics to offer mareige control of the actual
motion, but may not offer the best total tool-pagtimizations. Overall, selection of
appropriate combination of CAM/CNC cutting stratsgivill have the most positive
effect on the part precision, intermediate surfaxeghness, cycle time, and surface
finish of the final part. This chapter will look atcouple of specific feature-based
CNC opportunities that offer great benefits.

Our first objective was to look at feature and palerance information in a feed-
forward tolerance scheme so that roughing cycleshzeve improved cycle times,
and finishing cycles can have tighter tolerance betder surface finish. The next
CAM/CNC functionality we will investigate is the riication and the correctness of
the CAM machining parameterization based on CNQufegbased performance.
Due to the complexity of manufacturing processesciying process parameters,
such as machining speeds, feed rates, and toottiseleis often ad hoc and
empirical, resulting in sub-optimal solutions. @ftehe “final” tooling, feeds and
speeds parameters have been determined by costlyarid-error prototype
machining. This chapter will show how a STEP-NCtays simplifies logging
higher-level, lossless, feature-based CNC proceew/ledge for use as feedback in
CAM machining parameterization.

An even more compelling use of tolerance and daggihg occurs when used
with feature-based CNC simulation. Currently, CAlInc“prove-out” or verify a
CNC program through CAM simulations to detect sadtors as gouging and tool
collisions. However the simulated motions only apgmate the actual CNC
motions. Instead, if the CAM is verified againse thctual CNC motion controller,
this could guarantee that CAM features match th&€@h\achined features. Feature-
based verification could then perform experiments wlerances or feeds/speeds to
optimize the process in the CNC background or &@it@NC simulator, while at the
same time saving valuable machine time and extgrtdioling and machine life.

3 Feed-forward Tolerancing

In manufacturing, part quality is measured by tbefaermity of manufactured parts
to a specified tolerance. To start, CAD models theminal” or “exact” part
geometries (shape, size, and form of the part) adus dimensional tolerances to
describe the allowable variation for the sizesatmms, orientation, and associativity
relationships between tolerances using standards ast ASME Y14.5 [8] or ISO
1101 [9] that describe geometric dimensions aneraoices (GD&T). CAD design
tolerances are then mapped into CAM feature-basexthiming tolerances.



Traditionally, the inspection process measures fgatures in a specified sequence
to determine feature tolerances and overall pdetdace. The inspection compares
the machined part against the tolerance dimengjaimetermine part quality — but
only after the part has been machined. Since ttexrdaation of a bad part has been
done after the part has been machined; it is veffjcult to incorporate the
inspection feedback into the CAM software to imgrdaulty part quality.

Taguichi observed that quality should be designéal the part and not inspected
into it [10]. In today’s CNC, the opportunity exssto perform feed-forward feature-
based tolerancing to more precisely describe tmgeaof machining tolerances
while the part is being machined. In a traditiopdéature-based CAM to motion-
based CNC, tolerance information may be recordethéenCAM file, but is rarely
done even though the CNC has the capability to fmadbtion generation during
contouring based on axes’ tolerances. Without &olee information, CAM users
must limit entire tool-paths containing contouringtion to the maximum speed
suitable for any cornering because of high loadsnducornering. The lack of
tolerance information within the RS 274 standard &lso contributed to its lack of
CNC adoption.

In conversational CNC machining, tolerances for thees motion can be
established for the basic classes of machining ughimg, finishing and semi-
finishing or rough-finishing. For roughing, the enagsis is on speed to reduce cycle
times while balancing this with tool life. For fafiing, the emphasis is on accuracy,
minimizing tool deflection, and attaining the propairface finish quality. Semi-
finishing provides a cut to achieve the properaeefquality (e.g., remove scallops)
particularly for machining tough materials befdne finishing pass.

Of issue is the difference between maintaining rimah tolerance and surface
finish in MCD versus feature-based machining. MCBrtpprograms take 3D
Cartesian space geometrical data (with the poggibif additional orientation
dimensions for 4 and 5 axes motions), almost ekals linear or circular paths,
and dynamic data (feeds and speeds) to producemutjectories. The dynamic
model of a machine defined by axes limits for spdetce and jerk are a major
factor in motion trajectories. Trajectory motion thfe cutter along the linear or
circular path is achieved by interpolating betwées programmed points along the
path to generate intermediate Cartesian positidtis spacing between points based
on the programmed feed-rate. These intermediatgctomy points are then
transformed into axes-space to control the machine.

However, to approximate non-circular contour path$cloud of linear points”
along the path is programmed, and the path ispotated linearly, by “blending” a
series of short trajectory segments. Trajectoryionobased on small linear paths
can often result in instantaneous changes in directt the transitions between the
short segments, causing step changes in axis tel@eid discontinuities of
acceleration or jerk. These instantaneous charegesesult in reduced surface finish
quality, part accuracy errors, undesirable mackibeations, and excessively jerky
trajectory motion producing wear/tear on the axes.

Currently, in a feature-based CAM to motion-basedCCworld, most CAM
systems’ use of tolerance information is speciakcaot routine. This is due to the
proliferation of vastly different ISO 6983 dialedtémding CAM vendors to invest in
support of hundreds of post-processors. With sucty@ad of non-standard dialects



and arbitrary CNC functionality, CAM providers adds the largest potential set of
CNC implementations with the minimal set of CNC dtionality, so that they
choose to embed functionality in the CAM softwared athen use linear
approximations to achieve contouring within the CNC

In contrast, CNC feature-based machining can usarthchine dynamics to its
advantage, since the CNC is calculating trajectdoesed on instantaneous machine
dynamics. Combining geometrical paths with dynamiation control can greatly
improve machining accuracies. Figure 5 shows thenwmachining a contour, such
as the 90 right-angle corner, the tolerance-enabled CNC taaia the cutter path
within the specified tolerance limit of the idealter path, even with sparser
intermediate trajectory points.

Tolerance

—— Feature
CNC Motion

X

Figure5 Feature-based NC tolerance

STEP-NC contains part and feature tolerance dat&chwecan be used to adjust
the machining process to accommodate the desirgdgbarance. Figure 6 shows
the Unified Modelling Language (UML) [11] class agbnship for the tolerance
primitives in the STEP-NC standard. tleranced_length_measure is the
basic entity to describe a length measure with raolee. The
toleranced_length_measure contains a theoretical length as a real value but
also has ammplicit_tolerance encapsulating the type of tolerance. STEP-NC
has the plus_minus_value " type of tolerance to describe the upper and lower
limits valid for a scalar dimension. STEP-NC als#iges a limits_and_fits "
type of tolerance that describes an ISO 286 [1rance system to specify the
difference between a measured actual size and dhvesponding basic size as a
quality or the accuracy grade of a tolerance apjilies to a shaft or to a hole.
STEP-NC also declares a genesbdpe_tolerance " entity, which is defined as a
length.
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val:double

length_measure positive_length_ e
limits_and_fits plus_minus_value
deviation: length_measure lower_limit: positive_length_measure
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4 Select 4
S

tolerance_select

toleranced_length_measure tolerances
implicit_tolerance: tolerance_select — Ch°r|da|_t°|_ef:""'°ei length_measure
theoretical_size: length_measure — scallop_height: length_measure

Figure 6 UML representation of Tolerance Information

The STEP-NC tolerance capabilities will be explofed one of the most
common operations in machining metal parts — pookiéing. Pocket milling is a
machining operation to remove all the material dasisome arbitrary closed
boundary on a flat surface of a workpiece to adidepth [13][14][15][16][17][18].
The geometry of the pocket is defined by its contoo the outer face of the
workpiece and its depth.

It is common machining practice to form a pocketrbyling it using one or
more end mills. If the area inside the boundarg pbcket is large in comparison to
the cross section of the end mills suitable fottiegtit, it is common practice to
make a “roughing cut” to remove the bulk of the ena@ by making a slightly
smaller pocket. This leaves a thin layer of matehat is removed later by a finish
end mill. A successful finishing operation depemasmatching or exceeding the
tolerance information given for the pocket.

As currently defined, STEP-NC provides pocket tatees using the STEP-NC
tolerance primitives previously discussed. Figureshbws the STEP-NC pocket
nomenclature. STEP-NC feature tolerances exisiiost aspects of the machining
features and operations, but frequently a toleram¢agged as optional reflecting a
pragmatic view of GD&T in the machining world. AISTEP-NC 2¥%D
manufacturing features have a depth, defining dagufe bottom. For pockets, the
bottom is defined as an elementary plane witholgraoce (basically an absolute
Cartesian depth placement, and vectors definingegttbn and reference direction.)



Instead, we use the STEP-N@Ildbal tolerance " valid where no other
tolerances are specified, which defines a tolerdacehe workpiece as the STEP-
NC shape_tolerance primitive.

Feature Boundary

Orthogonal Radius

Bottom Condition

Planar Radius

Figure 7 STEP-NC Pocket Nomenclature

All other STEP-NC pocket feature attributes incluéolerance of some kind.
The corners of the profile of a pocket have anagtimal_radius attribute, which is

an optionakolerance_length_measure . Between the floor of the pocket and its
walls, there is a planar_radius attribute  and an  optional
tolerance_length_measure . The planar and orthogonal values with tolerance

are optional, but should not be optional if feedfard tolerancing is required. For
rectangular pockets, theature_boundary is described by the pocket length and
width, both supporting toleranced dimensions. Hotutar pockets, the diameter
can have a tolerance.

Clearly, the basic tolerance strategy in manufaguis to select a CNC machine
with sufficient precision and accuracy to meet gced the required tolerances.
However, tolerances can positively or negativelyaat the cost of producing the
part. Manufacturers lose time and money when thegr-tolerance or under-
tolerance the machining operation. Bad machinimgtesgies lead to longer cycle
times and difficulty in maintaining process paraenetsuch as surface finish. Even if
CAM produces small increments of linear data to rapimmate the contour,
machining strategies must use special corneringp@aith feed-rates that still may
not meet the desired tolerances. Thus, incorpgrafieed-forward tolerance
knowledge into the feature-based CNC process glamperative to improving cost
and part quality.

4 Smarter Machining Process Par ameterization

It is the job of the manufacturing engineer to d®C€AM machining operations and
specify the machining parameters. The current stht€AM finds the process
planning generally relying on human expertise andowkedge. Typically,
manufacturing engineers and shop floor machinisestheir years of experience to



define the machining operations and specify therém” parameters. In most cases,
the planning decisions are based on standard referdocuments [19] company-
specific “crib sheets” or rule-of-thumb. CAM syste offer some simple lookup
assistance that is starting to tap into the redlexpert systems, but even this can be
complicated by many issues. First, the same prazsshave different results even
when running on identical brand and model of maehiools. Additionally, this
CAM process planning includes evaluating complexiéoffs, such as proper tools,
short cycle times versus long tool life, and oth@rameterization.

A survey by the Kennametal Corporation illustrates difficulty in properly
choosing machining operations’ parameters, findimeg U.S. industry chooses the
correct tool less than 50% of the time, uses quittdols at their rated cutting speed
only 58% of the time, and uses cutting tools tarthél life capability only 38% of
the time [20]. These sub-optimal practices arenegtd to cost U.S. industry $10
billion per year. A fully integrated CAM-CNC procesplanning system with
feedback from an actual CNC would clearly helpemoving the guesswork from
CAM parameterization.

One of the problems contributing to this poor pegterization machining
dilemma is the difficulty not only in understanditige machining process itself, but
also in assessing how well parts have actually beede by the machine tool.
Inspection can tell us what features are out aérémice, but cannot tell us what
process aspects contributed to any problems. W itvrong tool, tool wear, or
incorrect feed and speeds? In assessing the madcharg, the only way to truly
understand the process is to do in-situ processtanong. Unfortunately, after the
CAM model has been posted, all the feature-basewletige has been stripped out
of the program making it difficult to understandethbigger picture” inside the
program. Since the CNC is programmed at the mapiamitive level, correlating
any process feedback to the associated CAM featureery difficult. Linking
downstream motion primitives to upstream CAM feasucan be done after the fact
with much time and effort, but does not seem todmt-effective to industry.

Figure 8 illustrates the use of collecting maamindata in the “Art-to-Part”
scenario. Feature-based data collection can be fesa@using or refining macro-
planning level CAM feature operations and at theroplanning level CAM for
scientifically quantifying machining operations. v@n this scenario, the CNC
machining can simply associate with each featuimastamp, alarms, mismatched
actual versus programmed feed rates, excessiverl&glowing errors, or perform
on-machine feature inspection to quantify machinipgrformance. Stochastic
analysis of the machining data would instill a mecgentific and knowledge based
approach to feature-based machining. This CNC maahianalysis can be used to
make more informed decision in the CAM machiningapaeterization. With the
millions of machining data points generated for @limy process, manufacturers
need science-based help managing the process ®&rstizuad the problems that
confront them. CNC feature-based machining offersbedter way in which
machining can be scientifically evaluated.
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Figure 8 Feature-based CNC Machining Feedback

5 STEPNC++ Implementation

Mitigating all the potential benefits of using STRIE is the fact that no CAM or
CNC vendors provide native STEP-NC support. Theegdnlack of STEP-NC
acceptance is due to several issues. First, STERsNifferent and the machine tool
industry is rather conservative, preferring to fcun improving “cycle time” rather
than taking risks on unproven new features. Secibrigl,not directly apparent how
standards contribute to a company’s bottom linethar next quarter or the next
fiscal year. Third, companies are profit-drivendaherefore reluctant to invest in
solutions that benefit everyone. Finally, althol®REP is powerful, it is complex,
with a relatively narrow manufacturing-centric appe

STEP-NC is complex for a number of reasons. STEPifN@art of the 1SO
10303 family of standards known as STEP. The STERdards community
developed their own data modelling language, EXPRESO 10303-11) [21], to
describe specifications. An EXPRESS model definii® contained in one or more
constructs called EXPRESS “schemas”. STEP Part éfines an exchange file
format for transmitting instances of data that te®n modelled in EXPRESS
schemas. ISO 14649 Parts 10 & 11, and STEP Pame24pecified in EXPRESS.

The STEP standards community uses EXPRESS to nadiddie 1SO 10303
STEP Parts. However, the narrow scope of the agic domain (manufacturing)
has placed a limit on the amount of software degwalent to a small number of
dedicated, EXPRESS related developers. The linmtedber of EXPRESS software
tools is due in part to the complexity of develgpiEEXPRESS software as well as
the rather (comparatively) small market for mantifeing software. Contrast this to
the ubiquitous deployment and pervasive adoptioBxaénsible Markup Language
(XML) [22] used for the Internet communication abdsiness applications, where
numerous large software companies provide both cemtial and free language
tools. The lack of STEP EXPRESS development toals the cost of those that
exist make entry into the STEP and STEP-NC enviemtrdifficult.



The STEPNC++ implementation focuses on the evolutaod promotion of
STEP-NC development technologies within the mariufagy community by
providing a set of library frameworks, and standawalidation implementations.
The goals of the STEPNC++ feature-based CAM-CNCwsoft system include
low-cost entry, novel solutions, ease of softwaregration, speed, and standard
component libraries requirements. To achieve thgssds, we adopted C++ [23]
meta-template programming tool and techniques tiol faun 1ISO 14649 Parts 10/11
and 1SO 10303 Part 21 parser. By comparison, muperanental STEP work at
NIST has used a commercial STEP software packagj§2B], but the code is not
distributable without a runtime license. Other STR® native feature-based CNC
programming environments are of a limited scope agldte to a conceptual
framework [26].

EXPRESS is defined in “a derivative of Wirth Syntiotion”, which is very
similar to Extended Backus Naur Form (EBNF), an IS@ndard representation
[27], a formal meta-language in which to describeguages. To achieve our
objectives, we used Boost [28], a collection oftfplan-neutral C++ libraries of
reusable, easily-customizable code that featuresSgirit parser library, which was
used extensively for parsing EXPRESS schemas. €&igwhows the feature-based
CAM/CNC data flow of our STEPNC++ system parsing CAiMs to produce a
CNC feature-based part program.

(1) First, create the CAD/CAM models and then outputSTEP-NC ISO
14649 Part 21. This could be hand-generated usiagSTEPNC++ class
hierarchy.

(2) Read the Part 21 file using the Boost's Spirit pafeamework to produce a
traversable parse tree, which is a tree whose nadedabelled by the
matched EBNF productions.

(38) Create a STEPNC++ instance hierarchy by traverdiagSpirit parse tree
twice — once to extract all the STEP-NC Entitiefirael, and a second time
to resolve all the Entity attributes. Given a STERN instance hierarchy,
extract the features and operations from the 1S@424plan into a CNC
feature-list representation. Verify the STEP-NC nplasing rule-based
knowledge.

(4) Generate a vendor-specific ISO 6983 feature-base€ @art program
based on a generic feature-based posting paradigm.

(5) Run (or simulate) the feature-based CNC part progifdote, at this point,
feature-based CAM/CNC does not remove the entigeasof CNC-
specific posting from the Art-to-Part process.
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Figure 9 Overview of the STEPNC++ Feature-based CAM/CNC Dédav
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Spirit is an object-oriented, back-tracking, retxeslescent parser implemented
using C++ template meta-programming (TMP) technid@8§30]. C++ TMP is a
programming abstraction in which templates are usgd compiler to generate
temporary source code, which is merged by the clempith the rest of the source
code and then compiled [31]. The use of meta-prograng templates can be
thought of as compile-time execution. An importpatt of code generation with
meta-programming is expression templates [32]. Tdehnique of expression
templates allows entire expressions to be passddnittions as parameters and
inlined into the function body. Expression temptateave been used to achieve
faster execution performance for the Blitz++ sci@mtcomputations library [33],
where the goal of Blitz++ is to attain Fortran exemuspeed using C++.

Spirit can simplify the development of experimeraad commercial STEP-NC
applications and should be expected to minimize dtat-up costs for smaller
STEP-NC programs. First, the Spirit code is embddileectly into the STEPNC++
system. There is no “compiler-compiler” phase, seglires no translation of EBNF
into BNF. Second, translating EBNF grammars intariSpode that produces a
parse tree is straightforward. Figure 10 showstthasformation from an entity
input described in the EXPRESS grammar into a pese A Spirit parse tree is a
tree representation of the input where a brancHeaf node corresponds to a
matched EBNF rule. Parse trees allow multiple @ads be done over the data
without having to re-parse the input since a seinaation need not be tied directly
to a matched rule. By comparison, Yacc/Lex [34]negally intertwine code
handlers while parsing the grammar.



ENTITY Tolerance
chordal_tolerance: length_measure;
scallop_height : length_measure;

END_ENTITY;
v
entity_decl!
I !
‘ entity_body ‘ ‘ END_ENTITY‘
entity_head
explicit_attr explicit_attr
‘ ENTITY H entity_id ‘

attribute_decl attribute_id

chordal_tolerance length_measure length_measure

. -
tolerance scallop_height

Figure 10 Entity Parse Tree

The STEPNC++ classes allow one to create, read, aibe MO Part 21 files
based on ISO 14649 Parts 10 and 11 schemas. Hawbeecritical STEPNC++
functionality is the ability to traverse the STEPNCinstance hierarchy and extract
the desired feature-based CNC knowledge. EXPRESi8s rdeavily on the
inheritance class hierarchy, which uses supertypesabtype relationships to refine
parameterization. Often, EXPRESS defines a supeffrgm which subtypes derive,
many times in a long, multi-pronged inheritance ichaigure 11 shows the
Milling_Cutter UML EXPRESS class hierarchy. Eachtteu is declared as a
separate class, so that when an abstnaglify_cutter " is used as an Entity
attribute, any one of these subtype classes canuded. The ability to
programmatically inspect and use class knowledgeitad class instance is known
as “metaclass” programming. STEPNC++ provides EXPRESe path and query
navigation tools as well as Entity metaclass kndgée such as the class name, and
super and subtype inheritance hierarchy. STEPNCsb a@rovides access to
knowledge about the entity variables and methodsedlsas operations for creating
new objects of the class.

milling_cutter

S
| [ |

thread_mill side_mill facemill endmill woodruff_keyseat_mill dovetail_mill t_slot_mill
-cutter_width -cutter_width -included_angle -cutting_thickness
tapered_endmill bullnose_endmill

-taper_angle

Figure 11 Milling Cutter UML Class hierarchy



The EXPRESS model provides a tree representatiatataf that often contains
many levels of nested elements and contains megatheoughout. Navigation is a
key element in simplifying the programming proceSSEPNC++ Query is a tree
traversal mechanism developed to access STEP-N@' pdata. STEPNC++
provides a textual tree query mechanism similaXRath, where the result of a
STEPNC++ Query is the selection of nodes or metasimftion about the nodes
(e.g., array size). Query path expressions comsist series of attribute names,
separated by the slash character (“/”). The retlwadue of the path expression is
the node sequence that results from the last stégipath.

For example, the STEPNC++ Query provides a convemied efficient way to
access the STEP-NC workpieces using the attribatees of EXPRESS entities.
Below, two methods are shown for accessing the nmmht@roperties of the
workpiece. First, metadata about a tree-node itemis retrieved from the STEP-
NC data. A positive item size establishes thattleas workpiece has been defined.
Next, the material standard is retrieved using lyulextual tree navigation starting
at the root (project) and moving down the branal@d the material standard node
(EXPRESS type string) is found. By comparison, #&rlty text query and C++
pointer navigation is shown accessing the mateidal Pointer navigation is
especially hard in STEP-NC because the data capdise, where tree-nodes can be
optional and have no data. Null pointers are usedignify entities with missing
attribute data in STEPNC++. This can lead to C++ ptiars if not properly tested
for NULL, making textual query even more appealing.

CString szStandardMaterialld;
CString szMaterialld;
int m=StepQueryltemSize("/project/its_workpieces")

if(m>0)
i szStandardMaterialld =((EStringPtr) StepQuery("/pr oject/its_workpieces[0]/” i
"its_material/standard_identifier")->Get Val();
EworkpiecePtr workpiece=(Eworkpiece*) StepQuery("“/ project/its_workpieces[0]" ;
szMaterialld = workpiece->its_material->material_i dentifier-> GetVal();

In summary, the STEP-NC Query mechanism allowstorextract features and
operations from the 1ISO 14649 plan for translaiitto a vendor-specific feature-
based CNC representation. Class metadata is aleaitab differentiate object
instance inheritance chains. Tree traversal tecksicsimilar to XPATH simplify
accessing the multi-layered object-oriented STEPpN® representation. However,
pure pointer traversal through the tree is alsdalvie.

6 Validation and Analysis

Using STEPNC++, a series of tests were conducted omeakel Maho
Guildermeister (DMG) DMU 70 eVolution running a 8iens 840D controller to
validate feature-based CAM to feature-based CN@ombination with the DMG, a
Siemens 840D Simulator was used for testing andfgbconcept. The DMG is a



high-speed machine with feed ranging to 20,000 nmiménd speeds up to 30,000
RPM. The Siemens 840D is an open architecture GN€ dffers functionality for
high-speed and 5-axis machining. The 840D has sixtenconversational
programming comparable to other CNC and machinks foandustry.

To better understand feature-based CAM/CNC machinind the implications
of the feed-forward tolerance knowledge, STEPNC+$ used to test the milling of
the “NIST Logo” part, which is constructed entirelging simple rectangular, closed
pocket features. A software tool using STEPNC++ waselbped to read the NIST
Logo STEP Part 21 file, and then translate the pbdinowledge into 840D
compliant pocketing knowledge to produce a CNC padgram. Using UML
notation, Figure 12 shows major aspects of the SNEPfeature and side/bottom
machining operation class hierarchy related to pting that were used.

manufacturing_feature machining_operation
+its_id: identifier +its_id: identifier
+its_workpiece : workpiece 1.n +retract_plane: length_measure
+its_operations: machining_operation +start_point: cartesian_point
+its_tool: machining_tool
+its_technology : technology
+its_machine_functions: machine_functions
two5d_manufacturing_feature axis2_placement_3d %
+feature_placement [ +axis: direction milling_machining_operation
+ref_direction: direction
Zr +overcut_length: length_measure
machining_feature Elementary_surface 4
milling_type_operation
+depth : elementary_surface +position
+approach: approach_retract_strategy
Zﬁ +retract: approach_retract_strategy
pocket two5d_milling_operation
+bottom_condition %‘ pocket_bottom_condition +its_machining_strategy : two5d_milling_strategy
+its_boss
+orthogonal_radius: 4
+planar_radius bottom_and_side_milling
+slope
+axial_cutting_depth: length_measure
+radial_cutting_depth: length_measure
I+allowance_side: length_measure
rectangular_closed_profile +allowance_bottom: length_measure
closed_pocket
+profile_length
+feature_boundary: closed_profile +profile_width technology
feedrate: speed_measure
+feedrate_reference: tool_reference_point
approach_retract_strategy
(omitted) %
two5D_milling_strategy
+overlap: positive_ratio_measure Milling_technology

+allow_multiple_passes: BOOLEAN +Cutspeed: speed_measure

+spindle : rot_speed_measure
+feedrate_per_tooth: length_measure

. t llel +synchronize_spindle_with_feed: boolean
direcategies: contour_parallel +inhibit_feedrate_override: boolean
unidirectional, y P . .
bidirectional_contour, +rotation_direction: rot_direction :'_r:“'b"d—Sp"_"d'9—0‘9’1‘_"% b"|°'ea" o
contour bidirectional, +cutmods: cutmode. type its_adaptive_control: adaptive_control

contour_spiral,
center_milling,explicit

Figure 12 UML Representation of Rectangular Pocket RelafBEAFSNC Classes

Several Siemens 840D canned cycles are availablenfiding pockets.
“Pocketl” is the milling routine we will discusss at is the simplest. Pocketl
requires a milling cutter with an “end tooth cugtiacross center” [17][35]. Pocketl
uses contouring tool-paths, which are good forirgtig a consistent surface finish.



Contour milling uses successive offsets of the pbckntour as the cutting paths of
the tool

AY Center
Abscissa

»i

. /Rotation
Angle

Center
Ordinate

o
X
Figure 13 Overview Pocketl Parameters
Table 1 shows the mapping from STEP-NC knowledg tile 840D “Pocketl”
canned cycle. In the tableits’ feature " refers to theclosed_pocket  class.

“MillingOp " refers to a milling operation done by traversfrgm the feature to the
“bottom_side_milling " operation.

Table 1 STEP-NC to Canned Cycle Pocket Mapping

Retract Plane

Reference Plane — i.e. top of pocket

Safety Clearance Plane

Absolute Depth
(Relative Depth available - not used)

Length

Width

Center Abscissa

Center Ordinate

Corner Radius
Rotation Angle

CycleType:
Roughing, Finishing, Combination

Feedrate for depth infeed

"MillingOp"/retract_plane

its_feature/feature_placement/location/coordina
tes[z]

Hard coded as 2 mm

its_feature/depth/position/location/coordinates
(]

its_feature/feature_boundary/profile_length/the
oretical_size

its_feature/feature_boundary/profile_width/theo
retical_size

its_feature/feature_placement/location/coordina
tes[x]
its_feature/feature_placement/location/coordina
tesly]

its_feature/orthogonal_radius/theoretical_size

Angle between longitudinal axis and abscissa.
Computed using:
its_feature/feature_placement/ref_direction/dir
ection_ratios

Use classname of /its_feature/its_operationsi]
to derive rough or finish

Not addressed in approach_retract_strategy




MillingDirection: "MillingOp"/its_machining_strategy/cutmode

climb vs conventional Assuming contour_parallel machining strategy.
STEP-NC default is conventional.
Not used. Stepover
Finish Feed "MillingOp"/its_technology/feedrate
In: technology, (requires units conversion)
Finish Speed "MillingOp"/its_technology/spindle
In: milling_technology
Feedrate Feedrate for surface machining

"MillingOp"/its_technology/feedrate
In: technology, (requires units conversion)

Spindle Speed "MillingOp"/its_technology/spindle
In: milling_technology
Spindle Direction "MillingOp"/its_technology/spindle sign
Tool Type Classname of “MillingOp"/its_tool/its_tool_body
Tool Radius "MillingOp"/its_tool_body/dimension/diameter
Finish Allowance Side (for roughing) ~ "MillingOp"/allowance_side
Finish Allowance Bottom (for "MillingOp"/allowance_bottom
roughing)
Max One Infeed Depth "MillingOp"/axial_cutting_depth

Below is a sample of the STEPNC++ generated feataseeéb NC block
sequence to mill a pocket. The workingstep namemisinpocket ”. Line 1 is a
comment (denoted by leading’) indicating this is a tlosed_pocket " type
feature. Line 2 is a comment describing theainpocket operation
“bottom_and_side_finigh_milling "

;WS(1) mainpocket Feature=closed_pocket

' :WS(1) mainpocket Operation(0)=bottom_and_side_fini sh_milling
; Tool=endmill (120), length=100 mm, radius=3mm
NO010 $TC_DP1[1,1]=120 $TC_DP3[1,1]=100 $TC_DP6[1,1] =3
; Canned cycle to set tolerances - finishing
' NO020 CYCLE832(0.01,102001) !
| NO30 T1 E
. NO40 M6 :
' NO50 GO F2000 X38.100 Y25.400 748.100 i
N060 FAM03S1000 5
POCKET1(48.100, 38.100, 2.000, -7.620, , 66.040, 40 .640, 7.620,
38.100, 25.400, 0.000, 4.480, 4.480, 12.700, 20.000 ,1) ;

In the feature-based CNC operation, a tool champgeation is performed, which
corresponds to @l (select tool 1) and a6 (tool change). For simulation purposes,
the tool is defined within the program so that t8&C can determine the
relationship between the tool and contouring talees.$TC_DPJi, j] defines
tooling parameters, wherecorresponds o, the tool number aridcorresponds to
D, the cutting edge numbe$TC_DP1 defines the tool type — an end-m#$ifC_DP3



defines the tool length — 100 mm, aswC_DP6 defines the tool radius — 3 mm. The
block N020 uses the 840DCYCLE832 canned cycle and defines the tolerance
information for a finishing operation, with the ehgsis on accuracZYCLE832sets
the tolerance band for contours and provides amditi machining support for
smoothing, block compression, spline interpolatifaed-forward control and jerk
limits. The blockN060 defines feed F to be 4 m per minute, M3 callsaf@ounter-
clockwise spindle rotation, an81000 instructs a spindle speed of 1000RPM.
Pocketl calls the pocketing canned cycle with the parameds outlined in Table
1.

Figure 14 shows the output for milling 11 pock&isform the NIST Logo:
“Main pocket”, “stem of T”, “top of ST”, “left of § “middle of S”, “right of S”,
“bottom of S”, “I", “right of N”, “middle of N”, and “left of N".

Program  [B40D_Mill

Figure 14 Simulated Feature-based CAM/CNC Cutting NIST Logot P

CNC Process Traceability. World-class manufacturing depends on the abitity

understand and maintain outstanding machine todlopeance. Trouble arises
when machining produces out-of-tolerance partcu@istances that can contribute
to part defects include tool wear, temperatureatimms, fixture stability, spindle

loads, tool runout, improper cutting depth, unewemkpiece surface and variations
in material hardness.

Empirical knowledge and machining wisdom are hélphut accurate
measurements are advantageous in analyzing rosesaRart of the difficulty in
determining root causes is the large amount of dasg must be continually
collected and analyzed. CNC process traceability éata logging provides a
systematic mechanism to enable informed manufaguiihe idea to perform CNC
data monitoring for machining enhancements is noew concept, and is found
within industry and academia [36][37][38]. CNCs iggdly offer data logging
canned cycles, but these are limited so as notnterfere with synchronized
machining.

The STEPNC++ feature-based traceability demonstraigstem monitored
CNC process data using an Ole for Process Con@BIC) [39] data server. The
CNC VM Data Logging mode was adapted from familiagging approaches
[40][41] and the architecture is shown in Figubeahd discussed below.



CNC Data Server provides CNC data collection and external commatioo
mechanism. In a standard NC logging process, an apehitecture CNC with
some turnkey or in-house data collection mechanimust be available. When
one or more values change, the CNC Data servemwaiify the Logging Client
of the changes and exchange the new data values.

Data Logging Client is a separate application running in the backgioofrithe
CNC computer or on a remote computer that may heing one or more data
collection operations.

Data Collection manages the communication issues related to Iggdmta and
handles CNC Data Server alarm notification.

Data List defines the list of data to collect from the CNC.

Data Handler manipulates the data after collection accordingataiven
configuration. It is assumed each logged data d&t be time stamped or
incrementally marked.

Filter provides more concise data logging with the apilit configure the save
options of the data collection. The default filisrto log all the data items
whenever one or more of the data items change.

Destination provides for saving the log to a Persistent DdtareS in some
common data format. Typical formats include Texdn®na Separated values
(CSV), XML, or data base. Supporting a limited nemiof import/export file
formats with broad industry support has been deepreterable to having a
separate language to describe formatting and dsabfsthe data. The None
format allows data logging without physical fileveay to allow monitoring for
potential machine faults.

Formatter provides support for transforming the data to aresponding
Destination format.

Trigger provides support for conditional event monitoringpon event
detection, appropriate action can be taken, sudksag an alarm. Triggers can
play a key role in part integrity and in implemegtimachine safeguarding rules.

Data Analysis generates reports, provides traceability, and bieoushoots
machining performance, or ties directly into the@hind provides safeguarding
machining operations — such as machine haltinged frate override reduction
should analysis reveal a problem.



Data Logging Client

3 Production

|
L : Data Destinati Data Data'
i estination
Trending Analysis Handler

[
! - 1| b
Compliance ﬁ CNC with
- €2 oo,
T - - Data
Formatter Filter Trigger e

Alarm Notification

il

@

:

Figure 15 System Architecture for Feature-based CNC Tracigabil

Initially, data was logged using the CSV data loggformat, as it is the most
common import and export format for spreadsheedsdatabases. Data collected for
the “NIST Logo” machining included Timestamp, FeatuProgram Name, Line
Number, X/Y/Z Position and Following Error, FeederaSpindle Speed, Spindle
Load, and Tool Wear Offsets. Data points were ldgge 10Hz (100 millisecond
updates). Given data collection rates at 10Hz, ttaga can easily generate 100
Megabytes of data especially for parts taking hafirmachining.

The STEPNC++ data logging has filters to reduce gheentially enormous
amount of collected data. However, detecting ababdata is the key to improving
machining, such as excessive lags or spindle lBadexample, filters were applied
to track excessive following errors, and for a ctewppart with concave walls,
excessive lag was found as expected. Another Hedgfa concentration mechanism
would be to use statistical analysis to summatizevariability of the actual versus
programmed process values, such as for feed-ngitalle speed position, and tool
wear.

Real-time data logging software running in paraliéh the CNC operations can
help analyze complex problems. Long term it woukdrtice to have a machining
knowledge base or expert system to assist thoséninists lacking in years of
experience when they need to troubleshoot a praoblEne next step in the
traceability is to incorporate an EXPRESS moddbtptraceability data such that,
we will use STEP-NC as the feature description lggg to associate the logged
data to the machining feature information.

7 Discussion

In CAM/CNC program exchange, the use of ISO 6988sea an interface
impedance mismatch, whereby the descriptive prokesw/ledge is reduced into a
motion-control CNC world. STEP-NC offers a more gbate machining process
model in which CAD/CAM systems and CNC machines eachange process
knowledge. By including valuable process informatibat can be utilized by the
CNC, feature-based CAM/CNC part program exchangewshmany potential
benefits from the additional STEP-NC process kndgée— faster roughing cycle



times, better intermediate surface roughness amal 8urface finish, as well as
improved part geometrical accuracy and precision.

The future of feature-based CAM-CNC part programhexge depends on using
STEP-NC in a reasonably easy and cost-effectivensraimhe STEPNC++ system
demonstrates feature-based CAM/CNC that leveraesconversational canned
cycles of modern CNCs. The STEPNC++ system is bageitie Boost C++ meta-
template programming library and contains softwareeading, translating, posting
and manipulating ISO 14649 STEP-NC files. The aaff(STEPNC++ consists of
Spirit EBNF parser implementations of various STEdfated grammars. The
grammars can be used via a C++ library interface @odide an object-oriented
interface for feature-based machining and millirgabilities. Commercial STEP
solutions could be used in place of much of STEPN@rd should perform just as
well if not better to achieve feature-based CAM/CNC

In this chapter, STEPNC++ explores the use of totsdased CNC machining
to improve finishing accuracies and roughing cytlaes. Even though CNCs
support tolerance-based machining, the concept nly @ its infancy. The
programming CAD/CAM tolerance information is typligaconfined to quality and
inspection use. Recently, ISO 10303-203.E2, thenfi@aration Controlled Design
of 3D Mechanical Parts and Assemblies — Editionsgindard [42] has added
tolerance knowledge to the standard which shouldthén advance the
manufacturing industry toward tolerance-based nmacdi

The new “enlightened” feature-based CNC machiniigo aexposes new
machining challenges, for example, what should aCC@r translator) infer if
optional data is missing. Contrary to popular apmi conformance and
interoperability of STEP-NC will now play an evearder role as the universe of
CNC machining competence has broadened. Adding rfoWfenctionality can be
expected to add complexity. Case in point is theenepnded questions of
“correctness” and “completeness” in a STEP-NC pogr

Correctness can be an issue given an unconstr&nE&-NC program. In order
to accommodate the potentially large combinatiofisfeatures to machining
operations, the CNC will have to establish some faomance profile of
“intelligence”. Detection of over-specified, undgpecified, or missing data through
STEP-NC “Part Program” compiling can be considera “early binding”
specification, in that all the relevant CAM/CNC figge exchange knowledge is fully
quantified and correct, and the CNC does not makehagh level planning decision.
STEP-NC also offers “late-binding” specificationathallows the CNC to make
process planning decisions, such as allowing théC Gdl select tools as well as
generate feature-based paths. In this case, gnesiiise as to what decisions the
CNC should be allowed to make and under what cistantes should the CNC be
allowed autonomous decision making.

Looking at a feature-by-feature CAM-CNC implemeiaatof STEP-NC shows
that it could be extremely sensitive to “completsieissues. Theoretically, a
minimal, but acceptable, STEP-NC program could @ionjust a stock and material
description, a pocket feature with tolerances lmbperations or tooling that could
be sent to the CNC. An ‘“intelligent” CNC could héndhis, as it supports a
corresponding roughing/finishing canned cycle teihnge a pocket and could select



tooling to satisfy the feature programming andrenhee requirements. As a general
rule, not all CNCs may have the capability to supplais intelligent feature-based
approach. This implies the need for a CNC profimiast which STEP-NC part
program are evaluated in order to guarantee mawhisuitability. The issues of
completeness and suitability are not necessarilpramous as they sound as the
CNC is already making such decisions, such as Hetialerances, that have been
fixed within the CNC by the machine tool vendoratttare being done generally
unbeknownst to the users. However, programming @&¢ision knowledge opens
up the broad spectrum of learning and data stocageputer science technology.
The STEPNC++ demonstration system is working on pm@ting KD Tree to
assist the CNC in decision making [43]. KD Treeg a&patial learning data
structures for indexing points in k-dimensional cgavhere each axis is treated
equally.

Although enlightened feature-based STEP-NC CNC inaup appears both
promising and foreboding, the reality of featuredxh CNC machining at this time is
limited to “early binding”, such that any STEP-NGogram must be fully
instantiated and correct to run on a commercial C®Qt this in itself is a
commanding step forward, especially since the CMH€ & native understanding of
the machine dynamics and control/trajectory alpomg of the machine and can
theoretically better manage tolerance-based feeds speeds. Consequently, to
increase the popularization of STEP-NC and inteliigolerance-enabled machining
in general, elevating the mantle of feature-bas&@dVE@NC should be a top
priority.

Disclaimer

No approval or endorsement of any commercial probdydhe National Institute of
Standards and Technology is intended or impliedta@e commercial equipment,
instruments, or materials are identified in thigpae in order to facilitate
understanding. Such identification does not imglgommendation or endorsement
by the National Institute of Standards and Techgglmor does it imply that the
materials or equipment identified are necessaniyltest available for the purpose.
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