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Real-Time Collaborative Design with
Heterogeneous CAD Systems Based on
Neutral Modeling Commands

This paper presents an integration-based solution for developing a real-time collaborative
design (co-design) platform on heterogeneous computer-aided design (CAD) systems.
Different from the visualization-based approaches, the product models are allowed to be
constructed and be modified from various sites together in the proposed collaborative
design platform. Our approach is based on a mechanism for the trandation between
system modeling operations (SMO) and neutral modeling commands (NMC). Every
operation given by a user on one site is translated into an NMC and transmitted to all the
other sites through network, and then the received NMC is converted into corresponding
SMOs on every other site instantaneously. Since only the commands but not the product
data are transferred, the data size under transmission is greatly reduced, so that a real-
time synchronization can be achieved with a standard network bandwidth. In addition, by
developing system-dependent SMO«—NMC translators on different client CAD systems,
users on different sites could join the collaboration by using their familiar CAD systems;
this is the benefit that cannot be offered by the homogeneous co-design systems. The
prototype implementation proves that our approach works well for integrating various
current popular commercial CAD systems into a real-time collaborative design platform.

Keywords: command-based, real-time synchronization, collaborative design, CAD systems,
heterogeneous structure, feature-based modeling, interoperability

1 Introduction

The paradigm of product development is changingh wite
increasing globalization of the economy and the idrap
development of information technology. In recerdnge more and
more complex products need to be collaborativelyettsed by
multiple departments or groups geographically dispe It is
well recognized that this new product developmeatagigm
requires new computer-aided design (CAD) approaehdstools
which effectively support collaborative design wities. For
example of the enterprises in Hong Kong, the custsnare
mainly from US and Europe, the design centers ameally
located at their headquarters in Hong Kong, andtmbgshem
have their manufacturing facilities in mainland GhiTherefore
there is a growing demand to enable collaborativedyoct
development linking the overseas customers, thegHiong
headquarters, and the manufacturing plants. Therret is an
ideal platform to articulate such development. Haesve general
CAD software cannot support the requirement of ataimaneous
collaborative design task, especially in the sexfdastantaneous
andcollaborative design.

In current CAD systems, the design behavior of part

assemblies, and manufacturing planning only supparsingle
user. However, in practice several engineers anallysinvolved
in the development of a product. It is true for ooty complex
products but also relatively simple products. Meexo
collaboration among team members shows an incigas
importance in solving design conflicts as earlypassible in the
design stage. Thus, a platform supports collabaatesign with
current popular CAD systems is a desideratum. Thgorma
requirements of such a platform are:

in the design activity and located at differenesitan
modify the product data together online;

¢ The size of data transferred should be reduceduzh m
as possible, for the bandwidth is still a bottldned
current Internet;

e Users could use their familiar systems during tesigh
procedure.

Based on these requirements, an integration-basdidochés
given in this paper for constructing a real-timelatmorative
design platform within heterogeneous CAD systems. i@ethod
is command-based, so that the amount of data tiasism is
greatly limited. Different from the visualizatiorabed approaches,
models can be constructed and modified synchrogofrsim
various sites in the proposed collaborative desigaironment.
Based on a translation mechanism betwegsiem modeling
operations (SMO) ancheutral modeling commands (NMC), every
operation given by a user on one site will be ti@ed into an
NMC and be sent to all the other sites throughnésigvork. When
the other sites receive this command, it is comeerinto
corresponding SMOs on the local system. The whallatworative
design platform is constructed in an integrated meanby

%leveloping a central management server, and sevfeat-side

system-dependent manager applications, which arallysn the
form of add-ons. The mechanism and structure ofimtegration
approach are shown in Fig. 1. On every client sie, CAD

system is equipped with a manager add-on, whiostéhe role of
'BMooNMC translators, the sender and receiver of NMCsl, an

the coordinator for the modification permission.eTtranslated
NMCs are sent to the central server and then forehtd all the
other sites. For the security reason, the NMCs aeally
encrypted and compressed before transmission.

* Not only viewing operations but also modeling comnpared with other collaborative design solutidrat tan be

functions should be enabled for the development Qf,nq in |iterature [1-17], our integration-basecetimod for
product models, so that different users who arelired
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Fig. 1 Structure of the proposed collaborative design environment

developing a collaborative design platform withietdrogeneous
CAD systems has the following contributions:

or as add-ons in some CAD systems. Among the vizatain-
based collaborative design platforms, the most fesmone is
SolidWorks eDrawing” [2] which is a viewer for SolidWorks
files. The eDrawing is equipped with viewing, madsdup, 3D
pointing and animation tools. The product data Drasving is
delivered in a save-and-download manner, so thatiit fact an
offline approach. In order to deliver and manipelaiteractive 3D
objects effectively through the Internet, a variety8D streaming-
based communication methods for collaborative ae§lg 3-5]
have been developed. In [1] and [3], the authorgeldped a
geometric model simplification approach to expltitmming
information in CAD models while preventing the dision of
design features. Their work aims at supporting aligation of
multiple CAD models in a distributed CAD environmewtu and
Sarma in [4] introduced a mechanism to trace ttoatgof facet
models, where a changed portion of a model is esttad an
incremental editing manner, transmitted to otheessiin a
distributed environment, and finally embedded itite associated
faceted models at other sites. Two benefits arengiby their
approach: 1) the editing activity is encoded inaatally, so that
the complex reconstruction after each operatiavaded; and 2)
only updated portion of a model is transmittedsinchronization,
therefore, the bottleneck of repeatedly transfgranarge amount

* A new method for developing an online collaborativesf facet data over networks is prevented. The aggran [5]

design platform is presented; presented a similar idea to [4] but focused on teal-time
Our collaborative design platform is based on atransmission of the boundary representation modeleps). The
integration approach with heterogeneous CAD systemalgorithm consists of three steps: identifying amtoding the
Thus users on different sites can still manipufatelels incremental model of the B-rep once a modeling apen is
by using their familiar CAD systems during the desig performed; then transmitting the incremental madelvell as the
procedure. This is the benefit that cannot be effdrsy related geometric information to other remote sitéinally,

the homogenous collaborative design (co-desigijecoding the received codes of the incremental hattedirectly
systems; embedding the restored entities into the local [B-&ince the B-
Not only the visualization but also the real-timerep models rather than the facet models are suggbdnt [5], the
manipulation of models is supported by the devalopetechnique can be conducted to develop the geomeiideling

platform, which is the urgently requested function
industrial users;
« The creation and modification of models could beegi

kernel of co-design systems. There are some conmherewers
based on 3D streaming technologies available imtheket (e.g.,
Cimmetry Systems Autovi¥ [6], ConceptWork8" [7], and

online collaboratively by several users in realgim Autodesk Streamliné' [8]).
Only the neutral modeling commands but not the As mentioned in [1], the co-design systems usuaian

models are transferred, the data size under trasgmi
is very limited, so that an instantaneous synchzation
can be achieved by a standard network bandwidth.
The rest of the paper is organized as follows. rAfeviewing
the related works in collaborative design, the méthogy of our
proposed approach is introduced in section 3, whtre
mechanism of collaborative design platform, thec@n criteria
of client CAD systems, and the construction prirespbf neutral
modeling commands are presented consecutivelyioBedtwill
focus on the representation of NMCs and the trapsldietween
NMCs and SMOs. Results of our current implementatiortop
of several commercial CAD systems are given iniseds, and
the limitations are also discussed in this sectionally, our paper
ends with the conclusion section.

2 Related Works

In last decade, quite a few pieces of research Hmen
investigated in synchronized collaborative desigrd aeveral
prototype systems have been developed. Following
classification given in [1], the approaches cardiv&@ed into two
types: 1) visualization-based design systems, whigbport the
function of viewing, annotating and inspecting desmodels in a
Web or a CAD environment; and 2) co-design systemfsch
provide users the function of modeling and modiyimodels
interactively and collaboratively online.

effectively support collaborative modeling and abbrative
modifying functions among designers. According taet
architecture, the co-design systems can be diviiledtwo types:
homogeneous and heterogeneous. A centralized horeogs
platform usually acts in the mode of fat-server dhith-clients.
The clients are light-weight and they primarily popt
visualization and interactive function such as cé@ea,
transformation, changing visualization propertiefs displayed
parts, etc. The main modeling activities are takem common
workspace in the server side (e.g., Alibre DeSgn9],
OneSpack” [10], the framework of Bidarra et al. [11], and the
approach of Wang and Wright [12]). The advantage aof
centralized system is that the system is easy tdewae the
synchronization of data and perform the concurrenontrol.
Their major problem is that the response speedsgbem will be
slowed down when the data exchange between cleantsserver
becomes frequent and the interchanged model becoomaglex.
Therefore, some systems are developed in the nfoténeserver

thind strong-clients, where a server only plays asnformation

exchanger to broadcast CAD files or commands gesetray
client sites [1]. The implementations in this atebiure include
CollabCAD™ [13], IX Desig™ [14], and the approach of Tay
and Roy [15]. However, for all above co-design platfs, users
must use the same CAD system which is distributedngnthe
client/server structure — it means that they havaave from their

The visualization-based CAD systems usually have thgcustomed design systems into the new system, same

functions supporting visualization, annotation @ndpection of
models. They are implemented either in plug-ingveb browsers

additional cost for this new system is also apptiednterprises
adopting it. Thus, the following question arisesuld we find a
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Fig. 2 Structure of a client-side add-on application

way to support collaborative design activities wtstill adopting
the systems we used to? This question leads to-design
platform supporting heterogeneous CAD systems pexpasthis
paper.

Another piece of related works is about the procedased
data exchange of parametric feature-based modmise Sesearch
focuses on the translation of parametric featusetdamodels
from one format into another. Choi et al. [16] psspd a macro-
parametric approach to exchange CAD models. Thisoagh is
further extended to the feature-based macro-film& supporting
the representation of the history-based parameésign [17]. We
borrow some idea from [17] to define the seheatitral modeling
commands. Besides academic research,
feature-based translators being developed by indassuch as
ASPire3d [18], Proficiency Collaboration GateWMy [19],
Theorem Solutions [20], and Acc-u-TraMs[21]. Among them,
Collaboration Gateway, the translator developed fiofiétency, is
a representative one. According to [22], in Collahion Gateway,
the Universal Product Representation (UPR) architectis
defined and adopted to provide universal supportdib data
levels employed by present CAD systems. Currently, téwest
version of Collaboration Gateway supports five higidt CAD
systems including CATIA V4 and CATIA V5,
Pro/ENGINEER, and Unigraphics. However, all thesmgtators
[18-22] concern about the offline exchange of CAdals.
Simply extending them into a distributed environmmén not
feasible.

Recently, Li et al. in [23] also conducted a featbased
approach to develop a distributed and collaboragivgronment.
Based on feature-to-feature relationships, they queg a
distributed feature manipulation mechanism to ffiltee varied
information of a working part during a co-desigrivaty to avoid
unnecessary transfer of the large size complete @B each
time when any interactive operation is imposedtenrhodel by a
client. However, their system is still in the maafehomogeneous
platform with the modeling activities are given tve server side.
Our approach is different: the server only managescommand
transmitting events; and the modeling activities performed in
real-time on every client sites by their own CADtsyss. Since
only commands are transferred, real-time respons®s be
achieved on the Internet with standard bandwidtbtalls are
presented in the following sections.

3 M ethodology
3.1 Mechanism.

The major idea of our integration-based solutiandieveloping
a real-time collaborative design platform on hegereeous CAD
systems is to integrate existing CAD systems intdistributed
design framework that supports real-time collabveatiesign
activities. The structure of our proposed framewisrishown in

there are also so

I-Deas,
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Fig. 3 Peer-to-peer topology vs. client/ser ver topology

Fig. 1, where the manager applications are devel@seadd-ons
on selected commercial CAD systems. These cliel®-sianager
add-ons take the duty of capturing the operatidwengby users,
converting thesystem modeling operations (SMOSs) intoneutral
modeling commands (NMCs), sending NMCs, receiving NMCs,
and decoding the received NMCs into correspondingdDSMA
client-side manager application developed for ouoppsed
environment should follow the structure shown ig.R2. Since
our platform is in a distributed mode with hetenogeus CAD
systems, every client site has a distinct CAD syspemforming
the activities of product modeling. On top of adépendent CAD
system is a system-dependent manager add-on ¢ogsi$ttwo
H?éwslators The SMO-to-NMC translator captures andodes
each locally performed modeling operation into aM@y then
this NMC will be sent to the central managemenvesethrough
the Internet. Another translator plays the roleNdfiC-to-SMO
translation, which is in charge of decoding evei@®l that is
received from the central server into one or margesponding
SMOs. These two translators are the kernel tecigieddo enable
the real-time exchange of modeling operations betwe
heterogeneous CAD systems, so that the synchronized
collaborative design is supported. In the enviromimequipped
with the SMG-NMC translators, every user-performed SMO is
immediately translated into an NMC being sent theotsites;
while as soon as one NMC arrives, it is decodedb int
corresponding SMOs to be executed on the locatsysBased on
the proposed mechanism, every CAD system only ictenaith
NMCs. Therefore, one CAD system is independent cde¢©@AD
systems on the other sites. According to our erpetts, the time
taken to implement this platform is approximatelyebr to the
number of CAD systems integrated.

3.1.1 Topology of Sites.

When conducting communication among sites to tensf
NMCs, there are two basic ways to structure the ausg
topology of communication: peer-to-peer or clieetygr (shown
in Fig. 3). The implementation of the peer-to-péersimple;
however, the client/server mode is more efficiéxaintthe peer-to-
peer mode, especially for the case there are & langount of
clients involved in the design. In particular, tremale much better
than the peer-to-peer mode because additional oséycause a
linear increase in the message traffic. The weakgssing power
of a user's computer will greatly influence thepesse speed in
the peer-to-peer mode, but have almost no effecttha
client/server mode. Therefore, we suggest the tfierver
topology.

In most cases of client/server topology, the servieaving
modeling functions or data accessing functions nfase the
problem that performance of these servers will idecivhen the
number of clients is increasing. Nevertheless, im proposed
platform, the functions of the central managemesver are



limited to receiving incoming commands and forwagdthem to
the other sites. Hence, unlike those “heavy” serwdth modeling
functions, our central server works as a “thin” coheée to its
limited functions and lower performance
Furthermore, equipped with server-side multi-thregdechnique,
the response time could be obviously shortenedtathin server
could be speeded up to overcome the problem ofbpeance
bottleneck.

3.1.2 Initialization.

The central management server can be physicalltdddn the
same computer of a user (i.e., the project manayée) define
coordinator as the user who initializes a collaboration sessamd

design procedure. Usually tlegeordinator is the project manager.
When thecoordinator wants to assign the modification permission
to a user, the manager add-on of ¢cherdinator’s site will send a

requirersent command to the user’s site to let its manager addativate the

SMO-to-NMC translator. At the same time, commandl e
sent to all the other sites to let their managel-aas to serve as
NMC-to-SMO translator only — i.e., the SMO-to-NM@uislation
is disabled. The modification permission can beigassl and
withdrawn by thecoordinator (i.e., the project manager) at any
time.

Anyone wants to modify the model can request the
modification permission from theoordinator through a chatting
channel. If the modification permission is authedzthemodifier

define modifier as the user who is authorized to modify the_ the user who got the authorization, can modify froduct

product data at some time current. Amangsers involved in a
collaboration session, there is only oneordinator and one
modifier at any time. During the process of design, ringlifier
can be shifted to different users by gaining thedification
permission from theicoordinator, while thecoordinator cannot
be changed.

The first initialization method is that, when @ordinator
creates a collaboration session, the client manad@ron on the

model on his or her site. The NMCs generated orsiteeof the
modifier will be firstly sent to the central managementserand
forwarded to thecoordinator by the server. If the modeling
operations were rejected by tleeordinator (i.e., the project
manager), the manager add-on on mheglifier’s site will undo
these operations automatically, so that the prochadels on all
the sites are consistent. If theoordinator confirmed this
modification, the server delivers these NMCs tdtadl other sites.

coordinator’s computer delivers the existing product data o awnen the manager add-ons on other sites receige BICs and

the othem-1 users’ sites through the management serverettld
the initial product data is transferred from theordinator’s
computer to the server first; and then the semarsfers the data

finish corresponding updates of their local modelgery add-on
will highlight these modifications to its user invésual manner
and send an acknowledgement message to

to the computers of the otherl users. In our approach, the initial automatically. If the server did not receive th&rasviedgement

existing product data is represented by a list Q¢ encoding
the design history of the parametric product modlich is the
result of last collaboration design session.

The second method to initialize product models sxrsites is

from a site within an expected time, these NMCs badllre-sent to
that site for two more times. If the server stilll diot receive any
reply from that site, the user on that site is as=l to have
aborted the collaboration session, and the abarted needs to

to let thecoordinator open the legacy or saved native CAD filejoin the collaboration session again sometime Jaberce a user
using “File~Open” menu of the local CAD system. Theequests to join the collaboration session, theeairparametric

fileOpened event on thecoordinator’'s site triggers the local
manager add-on to firstly traverse the feature triethe opened
file in a top-to-bottom manner, and then transkery feature
into its corresponding NMC, and finally send thent.dua this
way, after all translated NMCs have been sent ooinfithe
coordinator’s site, parametric product models with the idealtic
feature semantics are disseminated among the olieet CAD
systems and ready for a new collaboration ses€lban et al. [24]

describe the capture dileOpened event and the traversing

mechanism of feature-trees in detail.

Compared with the first initialization method usisng NMC list,
a limitation of the second method is that, soméui@acreated in
last collaboration session, which is supported layproposed co-
design platform but is incompatible with a certaative CAD file
format, will be filtered out and lost after suclCAD file is saved.
As a result, the re-opened model is inconsisteth wie model
saved in the last collaboration session. Therefeeerecommend
the first initialization method.

3.1.3 Concurrency Control.

In order to avoid concurrent modification conflictsve
introduce a token-based locking mechanism, which
implemented by transferring the modification pesida (token)
among all users. In detail, on every site, the rganadd-on keeps
a flag indicating whether the user on this sitéhis onlymodifier
or not. If the user is themodifier, the modeling operations
performed by this user are converted into NMCs aglivered to
the management server. Otherwise except for systeming
operations, every modeling operation given by tresr will be
automatically rejected by the local manager add-Bw. this
locking mechanism, only thenodifier can modify the product
model at any time. In this way, the write-aftert&rconflicts are
avoided in our proposed co-design platform. ConBgider
assignment of thenodifier, it is the duty of theoordinator, who
creates the collaborative design session and dentne whole

design history in the form of an NMC sequence stdredhe
coordinator's computer is generated and sent tondve user to
initialize the product data.

Another method of concurrency control is namedo&ert-ring
algorithm, which passes the modification permissigoken)
among the members along with a logical ring. Howevbe
token-ring algorithm would perform very poorly iightly loaded
cases just like our co-design environment, mairdgdnse a site
may have to wait through many unused token passea furn.
Moreover, the token-ring algorithm is known to lesd scalable.
Therefore, we adopt the token-based locking methsdour
concurrency control mechanism owing to its simpficstability,
and scalability.

3.2 Selection Criteria of Client CAD Systems.

According to the framework introduced above, nocgdeCAD
systems need to be developed for the proposedbooiitive
design environment. Only add-ons are to be devdlape each
selected CAD system. Of course, not every CAD systan be
integrated into such a collaborative design envirent, thus the
selection criteria of client CAD systems are givertol. For the
Gandidate CAD systems, they must satisfy the folgwiwo
major criteria:

¢ The systems should provide the ability for deveigpi
add-ons;

« Each operation applied to the product model in a CAD
system is able to be tracked instantaneously.

For the first criterion, most modern CAD systemsmup it.
There are usually two ways to program on CAD systémscript
language and by C++ API (application programmingriface).
The script languages are often interpreted languagech must
be checked for errors at run-time; while an addaoitten in C++
APl is compiled from source codes to native maclisé&uctions.
Thus, an add-on in a script language runs muchesidhan the

the server



Operation Set

Operation Set
Extrusion in

of System A SolidWorks ™

of System B

Operation Set Parameters of
Extrusion in

Autodesk MTD™,

of System C

Parameters of
Extrusion in NMC

Fig. 4 Union of parametric
feature modeling operations

Fig. 5 Example union of parameters
for extrusion

equivalent add-on written in C++ API. In additioan add-on
written in C++ can be equipped with the existing wuek
communication libraries [25-27]. Therefore, in oswlution of
collaborative design with heterogeneous CAD systeatisadd-
ons are written in C++ APIs.

The second criterion requests that the add-on anogrn one
site is able to instantaneously trace operatiomfoeed on the
local CAD system. According to our mechanism, evéiMO
performed on an arbitrary local CAD system shouldchptured
and translated into an NMC. Thus, the selected CABtesys
must provide their manager add-ons with the abtlitytrace all
operations of the CAD system as well as their pataraén real-
time. In addition, the NMC that corresponds to e&8HO should
also has a number of corresponding API functiomsafoselected
CAD systems, so that each sites can apply its quoreing API
functions to update its product model accordingly.

Our preliminary investigation shows that the follog
commonly used CAD systems satisfy the above twecseh
criteria: SolidWork&" [28], Autodesk Mechanical DesktBh [29]
(known as MDT), Pro/ENGINEER [30] (known as ProE),
CATIA™ [31], NX™ [32] (previously known as Unigraphics),

NmcID

+ sourceCAD: String
+ createTime: TimeStamp

NeutralM odelingCommand

Validinfo

+ id: NmcID

+ commandName: String

+ operationState: String

+ operationObject: NmcID
+ paramList: ParamList

+ geomList: GeomOperList
+ validinfo: Validinfo

ParamList GeomOperList

# generateNMC()
# generateSMO()

7
|

i

FeatureExtrusion

SketchCommand Featura

omm

ExtrusionParamList ExtrusionGeomList

# generateNMC()
# generateSMO()

Note: |
Class F usion takes
ExtrusionGeomlList as its geomList. ‘

Note: |
Class FeatureExtrusion takes
ExtrusionParamList as its paramList. |

Fig. 6 General UML classdiagram of NMCs

detailed parameters. In order to ensure that eS&{Y can be
translated into an NMC, the NMC set is desired tehgeunion of
all PFM operations of the integrated CAD systeme (B&. 4).
Similarly, the parameters of each NMC take the unuhn
parameters of all equivalent operations with thenesadesign
semantics. As shown in Fig. 5, taking extrusiorrafions as an
example, all investigated CAD systems support eikirug one
direction which is calledne-side-extrusion, while there is &i-
extrusion option provided in SolidWorks and Pro/ENGINEER to
enable users to extrude the profile in both dicexti from the
sketch plane. Thus, the parameters of the extrusiammand will

and PowerShap¥ [33]. We then select the first three systems t@lso include thedi-extrusion attribute. For a modeling operation

implement a prototype of the proposed real-timdabarative
design platform which will be demonstrated latesr Bther CAD
systems, since most of them are developed on ananphitecture
in current fashion, they can be easily integrated our platform
as long as they provide necessary API functions.

3.3 Congtruction Principles of Neutral Modeling
Commands.
Neutral modeling commands play an important role

achieving real-time synchronization for the colleditve design
among heterogeneous CAD systems. To guarantee ttbealdy
and validity of the NMC set, the set should be cwmtsed
following the two principles below:

« Based on parametric feature modeling operations art](gl

their parameters;

e As a union of parametric feature modeling operation

and their parameters on all integrated client syste

Parametric feature modeling (PFM), as one of thestmo

advanced ways for product modeling, can effectivelypport
geometric modeling with parametric features. PFMdaptive to
design practices, and the environment of variatiatesign and
intelligent design can be developed based on parinfeatures.
Accordingly, PFM is the most popular product moaglimethod
provided in all of current commercial CAD systembefiefore, a
successful collaborative design platform must supp&M, and
the NMC set is constructed based on the activitidsature-based
parametric design (i.e., every NMC corresponds twmber of
PFM operations).

We observe that the essential modeling operatiomaged by
all commercial CAD systems are similar, althoughmeo
equivalent operations may differ slightly from car@other in their

that cannot find corresponding operations in armoflystem, we
convert it into a sequence of geometric operationghe local
system.

4 Representation and Trandation of Neutral Modeling
Commands

Serving as the key technique in our integratioretdasolution
for developing a real-time collaborative design tiolan on

ifieterogeneous CAD systems, the representation mefieMICs

is firstly detailed in this section. In the follawg, the translation
mechanism between SMOs and NMCs is described.

4.1 Representation.

For supporting the implementation of two translater SMO-
-NMC and NMC-to-SMO effectively, we representdNMCs in
an object-oriented manner, where each type of NM&Cakass and
can be instantiated into an object with functiongimy the
collaborative design. In addition, each NMC has tang
representation for transmission through the netyamki the string
includes the name and all attributes of the NMC. facilitate
interoperability between heterogeneous systems.ensitile
markup language (XML), the de facto open standaod f
information exchange, is adopted as the format haf $tring
representation for NMCs. The general unified modgelanguage
(UML) class diagram of the object-oriented représgon of
NMCs is shown in Fig. 6.

The classNeutralModelingCommand is the root of all NMC
classes, where its first attributis an identifier consisting of the
local system’s name and the creation time of theNMhe
attribute commandName is the NMC’s name and the
operationState indicates one of three stateseation, modification
and deletion. For example, a modification operation about an
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extrusion feature is translated into an NMC objeith whose
commandName being “FeatureExtrusion” and itgperationState
being “modification”; and the modified object isdicated by
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Fig. 8 Trandation between SMOsand NMCs

4.2 Trandation.

In order to support the synchronized collaboratiesign, an
NMC-based method for the real-time exchange of niogle
operations among heterogeneous CAD systems is prdpatere
the primary issue is how to effectively and effitlg implement
the translation between SMOs and NMCs.

operationObject. Similarly, the removed object after a deletiory 2 1 Real-Time Transation between SM Os and NM Cs.

operation is referred inoperationObject, too. The attribute
paramList represents the parameters of an NMC. For eacls cl
derived from NeutralModelingCommand, class Paramlist
provides a concrete subclass to express its speafameters. As
shown in the left-bottom of Fig. 6, claB®atureExtrusion takes
classExtrusionParamList as the type of itparamList attribute. In
the case if no match is found between an NMC apdSMOs at
the remote site, the NMC will be converted into gusnce of
geometric operations to be applied at the remote. sihe

geomList is conducted to store this sequence of geometr

operations. Similar to the family &faramLists, every NMC class
takes a corresponding subclass of claesmOperList to represent
its specific sequence of geometric operations. Hiibute
validinfo carries the validation information of an NMC.

There are two translation functions in each NMC <las

generateNMC() and generateSMO(). The generateNMC() is used
to translate an SMO into an NMC, whose input isoaal
operation and output is an NMC with correspondimgameters
and geometric operations; whitenerateSMO() is in charge of
converting a received NMC to its corresponding SMsbsthe
local system. The implementation of these two fiomst of each
NMC class is CAD system dependent (i.e., in the aukl-on
different systems, they should be developed resbgt

For certain NMCs, their parameters include someltmpcal
entities (e.g., fillet operation needs one or medges as its
parameters). In homogeneous systems, such entes be
identified by their IDs or pointers in the local chine where they
are created. However, this does not work for th@roanication
among the distributed heterogeneous systems dieckDs or the
pointers of the same topological entities may varydifferent
CAD systems. To overcome this difficulty, we adopecentity’s
type and its geometric information in the world mtinate system
(WCS) to express this topological entity in an NMRor instance,
a linear edge is expressed by its type and thedemates of two
endpoints in WCS. Similarly, a planar face is expeesby its type,
its unit normal in WCS and the WCS coordinate of aapon the
face, and freeform curves and surfaces are prabentéNon-
Uniform Rational B-Spline (NURBS). The feasibility dhis
method depends on whether the geometric informatibrihe
same topological entities in different CAD systesigqual or not.
Fortunately, from our experiments, the WCSs of mllestigated
CAD systems are Cartesian coordinate system followiegight-
hand rule. Since any user coordinate system (UCS$beafreely
transformed to WCS and vice verse, no matter what UKCS
adopted, the geometric information of the same ltapoal
entities under the WCSs of different CAD systemsigsistent.

All identified neutral modeling commands in thisppa are
shown as leaf nodes in Fig. 7. The non-leaf nodpsesent the
semantic abstraction of NMCs.

Fig. 8 illustrates the process of the real-timegtation between

a§'MOs and NMCs. As soon as a feature-based parandesign

operation is applied on a local CAD system, the afan is
captured by the SMO-to-NMC translator in the loeald-on
(shown in the left of Fig. 8). The SMO-to-NMC traasir
matches the operation in the local NMC-library tmdf a
corresponding NMC-template. The NMC-library is syst
dependent — in other words, an NMC will have ddfarNMC-
Fgmplates in the NMC libraries for various client CARstems,

nd the NMC libraries for the same system shoulddeatical
even if they are located on different sites. An NMgect is then
created by the matched NMC-template and its systependent
generateNMC() function is invoked with the captured operatam
its input to determine necessary information of tN&C
including all parameters, validation informationnda optional
geometric operations. Finally, the SMO-to-NMC traast calls
the string serialization method to create a streygresentation of
this NMC, which is sent to the other sites immealiat The
process of the real-time translation from an NMCS®IOs is
illustrated in the right of Fig. 8. As soon as aM® string is
received from the network, the local NMC-to-SMO nisator
finds out its corresponding NMC-template in the alo&NMC-
library through the command name of the receivedNNIhen,
an NMC object is created by the matched NMC-terepatd its
system-dependergenerateSMO() is invoked with the received
NMC string as input to generate related SMOs. After SMOs
are completed by the local CAD system, the validatid the
product model is executed.

422 Implementation
generateSMQO().

The function generateNMC() plays a principal role in the
process of encoding an SMO into an NMC, which spomsible
for generating all the necessary information of @ahed NMC-
template. Its detailed tasks are:

¢ Generating all parameters of an NMC object by arOSM
— the corresponding NMC parameters of an SMO
usually consist of two partsdirect and indirect
parameters, where direct parameters refer to those
also parameters of the SMO and hence can be directl
obtained from the SMO, and the indirect paramedegs
calculated from the product model or the desigtohys
by the generateNMC() function (e.g., for the SMO of
extruding from a sketch to a face, the extrusigpthlés
implicitly defined by the position of the selectéate,
which is an indirect parameter to be computed by
generateNMC());

of generateNMC() and

¢ Constructing the sequence of geometric operations of
the NMC, where both the types and the parameters of



The implementation ofgenerateNMC() for each NMC is
system-dependent.

Similarly, the other system-dependent functgnerateSMO()
is responsible for decoding an NMC string into gusmce of
system-dependent SMOs which is call@&10-group when
receiving the NMC string, where the function’s tasidude:

each geometric operation are computed from the SM
applied on the product model; P
Creating the validation information of the NMC — thef~
mass properties of the updated solid model (ehg, t
surface area and the center of gravity) are taketha
validation information.

NMC List in NMC List in
CAD System A . CAD System B

NMC | & | NMC
D || D
CAD_A
#0001

pointer pointer

HEX:
06BFC12C

CAD_A
#0001

HEX:
0029EDDC

HEX: _| HEX:
06C1404C | #0002 #0002 | 002AF9FC

CAD_A
#0003 | 1

HEX: CAD_A|  HEX:
06C31ABC #0003 | 002BFEDC

[
CAD_B |¢ip|CAD_B
]

M

ime .-’

—

Note:
One item of NMC List
in CAD system B.
HEX is the short form
for hexadecimal.

CAD System A CAD System B
Parsing the received NMC string and accessing i
parameters — all parameters and validation infdomat
should be easily accessed;

Converting the NMC into aSMO-group — with all the
parameters involved in the NMC as well as the
parameters calculated from the product model arfdd- 9 TheNMC-based design history concept for associating affected
design history for certain cases. All the modeling©rtionsof heterogeneous product models

operations involved in aBMO-group are executed on

the_lo<_:a| CAD system consecutively; corresponding features on heterogeneous productelsoih
Verifying the updated product model — two MaSSyitterent CAD systems can be associated effectivetn
properties: 1) the surface area and 2) the cerfter §,ration of such association is shown in Fig.Nbte that, for
gravity are computed to verify the updated produhe same NMC in théIMC-based design histories recorded on
model, where if the difference of mass propertie§iterent sites, the number of the pointers stonéith the NMC

Legend:

<——— pointers to affected features on product models
<«— one-to-one mapping between identical NMCs

between the local product model and the receiveg

validation information is greater than a given tafee,
the NMC is considered as being applied incorrectly.
One received NMC may be decoded into more than dM@sS
for example, for the received NMC of extrusion whdse
extrusion attribute istrue, the generateSMO() defined on the
system not supporting bi-extrusion will translate bi-extrusion
NMC into two one-side-extrusion operations basedhm same
sketch. If a received NMC does not match any NMCgliate in
the local NMC-library, the local product model wilé updated by
the geometric operations involved in the receivdiaN

4.2.3 Processing M ethod for M odification and Deletion.

Differing from data exchange systems, the synclzexhi
collaborative design system must support the fonabf real-time
modification and deletion. The synchronized modifien and
deletion of a feature are more difficult to be aeled than the
synchronized creation because they depend on sodiséng
features. Before any modification or deletion ofiera is
performed, we need to determine these dependedrdsatThe
attribute operationState of each NMC is set tocreation,

ay be different. For instance, for the bi-extrus®dMC on one

site with a CAD system supporting bi-extrusion, éhironly one

pointer stored with it; while the bi-extrusion NMiD another site
with a CAD system not supporting bi-extrusion has pointers
stored with it, each of which points to a one-siérusion feature.

With the help ofNMC-based design history concept introduced
above, when a feature is modified by an SMO lo¢élis easy to
find its corresponding features on the other sitéh following
four steps:

i In a local CAD system where an SMO is applied, by
traversing the local NMC list, we find out the NMC
whose pointer also points to the feature modifigcthe
SMO just applied;

ii. The found NMC's ID is then determined;

iii. On aremote site, using the determined ID, we ®©da¢
corresponding NMC in the local NMC list;

iv. Using the pointers stored together with the loc@i&tC,
the affected features of the product model on #@mote
site is also determined.

If a deletion request is given, all correspondiagtfires should

modification or deletion to distinguish the three states, and th&€ deleted on an arbitrary remote site could alsalétermined

attributeoperationObject indicates the feature of product model t
be manipulated.

Before presenting the method to process modificatiodeletion
requests, let us introduce a concept aldMIC-based design
history, which associates each NMC obiject to its affectadigns
of the product model. The design history of coliative design
can actually be presented in a list of NMCs receiby the
management server and sorted by the receiving t8mailarly,
the NMCs being sent out and received at every thie also
form a design history of the local product modelthfese
commands are sorted chronologically. The list ofesbNMCs on
one site is maintained to be consistent with tlses lof NMCs
recorded in the other sites, where the NMCs haviregsame 1D
are identical (e.g., as shown in Fig. 9, the l&ftdNMCs in two
different CAD systems have the same order of comsjarihe
list of sorted NMCs on one site is called the losMC-based
design history of this site. In a locaNMC-based design history,
every NMC is stored together with the pointers t@ @m more
affected features in the model (shown in Fig. 9efefore
through one-to-one mapping between the identicalONIMs, the

gUsing the similar steps listed above in a real-tmagner.

By this associating mechanism of features, we deih
modification requests as follows. First, the SMGENWIC
translator captures a modification operation amdi out its
modified feature on the product model. Accordinghe type of
the modified feature, a corresponding NMC-tempiatehosen by
searching the NMC-library and a new NMC instaltes created
with its operationSate set to “modification”. ThegenerateNMC()
function of ¥ is then invoked, where the modified feature of the
captured SMO is used to find out a creation-NMC,(tlee NMCs
with operationState as “creation”) that created fleature in the
local NMC-based design history. The ID of the found NMC is
assigned to the attributgperationObject of ¥. The consequent
steps such as generation of parameters and validiaiormation
are the same as generating a creation-NMC. Regasddgjetion
operation, the processing method is similar to ttigirocessing a
modification operation but with all parameters loé¢ NMC being
null.

Because the features to be modified or deleted neduke
determined firstly, unlike a creation-NMC, tlyenerateSMO()



bi-extrusion feature
in SolidWorks system
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one-side-extrusion feature Nmec_Create_Extrusion
injautodeskIMDI}system Nwhose ID is§W03_1118315771_88 )

® Memory Location: 030971A0 " R = In Pro/ENCINEEI;;I\((:T;r;
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Fig. 10 An examplefor illustrating the association mechanism of
SMO-group, the SMO execution and dissemination path among
heterogeneous CAD systems, and the NM C traversing and matching
path in the NM C-based design history

function’s implementation of a modification-NMC¢i, the NMC
with operationSate as “modification”) or a deletion-NMC (i.e.,
the NMC with operationState as “deletion”) is quite different.
With the help of ID stored in thaperationObject parameter of an
NMC, the previous creation-NMC that constructed thguested
feature is found out from the locAIMC-based design history.
Following the associated pointers of the found ttoeaNMC, the
features to be modified or deleted are determimethe local site
so that they can be finally updated. It is worthimgp that for the
case that the found creation-NMC has more thanasseciated
pointers, all the features referred by the assedigtointers are
modified or deleted, i.e. multiple SMOs are geregatand
executed. The NMC-to-SMO translation of the modifion-
NMC of a bi-extrusion on the site with a CAD systamt
supporting bi-extrusion is an example of such case.

Fig. 10 illustrates an example of creating and riyadj a bi-
extrusion feature collaboratively using various CARstems
some of which support bi-extrusion feature while tither ones
do not. After one SMO “bi-extrusion feature” hasbesxecuted
locally in SolidWorks system and disseminated reehpt
(indicated in Fig. 10 as bold arrows), the idertiegplicas of an
NMC item (shown as rectangles in the middle of Fi§) are
appended to the NMC list of every site. Every repliénds with
one or more affected feature objects in the logatesn with the
help of pointers (shown as slim doubly connectekslj stored in
this NMC item. The bound affected feature objects Galled as
SMO-group of this NMC. From this figure, it can be clearlyege
that, for the same NMC, th&8MO-group of Autodesk MDT
contains two one-side-extrusion features, wherbasetis only
one bi-extrusion feature in SolidWorks and Pro/ENEGER.
Once Pro/ENGINEER issued a modification-NMC (shoas
oblique rectangles), which is received by the ottwer systems
and appended to their local NMC lists, a travergingd matching
routine (shown as zigzags) uses tiperationObject parameter of
the modification-NMC as input and starts to findt ¢lie local
feature objects. By traversing the local NMC list,\iC can be
matched with the giveoperationObject parameter. Using this
matched NMC, the local affected feature objecthiwiits SMO-

FeatureCommand
# generateSMO()
decomposed features
Slot Hole CompositedFeature

+ decomposedNmc

Fig. 11 UML class diagram of CompositedFeature

further. Here we can see that two one-side-extruseatures
within the SMO-group in Autodesk MDT are coherently
determined and updated as one.

4.2.4 Composite Features and User-Defined Features.

Composite features and user-defined features (UBEY mo be
specially processed in our proposed collaborativesigh
environment, where a composite feature is a compexure
composed of several basic features (e.g., a cotaplsie) and a
UDF is a special kind of features defined by users.

To translate a composite feature operation, we rdpose it
into several basic features which are going torbastated into
their corresponding NMCs. The NMCs for basic featuaes
stored in the NMC for the composite feature as thriliary
information. The abstract NMC class call€@dmpositedFeature
that represents the parent of all composite featisrehown in Fig.
11. Every concrete composite feature is represdnfea subclass
of classCompositedFeature, with the NMC objects corresponded
to the decomposed basic features stored in the nished
decomposedNmc (refer to the right-bottom part of Fig. 11).

Similarly, a UDF also consists of several basictuess.
However different from composite features, for danging itself,
a UDF usually has some user-defined parametershvere called
driving parameters. Therefore, the NMC class for a UDF will
have another list to store thdriving parameters besides
decomposedNmc.

5 Results and Discussions

Based on the proposed approach for integrating dggeeous
CAD systems into a collaborative design environmer, have
implemented a prototype collaborative design ptatfowith
SolidWorks 2003, Autodesk MDT 6.0 and Pro/ENGINEER
Wildfire 2. For each of these three systems, bd#OSo-NMC
and NMC-to-SMO translators are implemented withudisC++
6.0 and the C++ API functions of the selected CADesys. The
translators are complied into add-ons of each CADBtesy,
running as a background application after the I@&D system
starts to work. The program serving as a manages®sner is
also written in C++, and it communicates with clisites using
Transmission Control Protocol/Internet Protocol (TICR/

Our first example is a bracket model which is shamvkig. 12.
With our prototype platform, three geographicaligpgrsed users,
using SolidWorks, Autodesk MDT and Pro/ENGINEER
respectively, build and refine the bracket moded icollaborative
manner. The designer using SolidWorks acts as lbéh
coordinator and themodifier initially. At the beginning of the co-
design session, the user using SolidWorks createsa extrusion
feature. Instantaneously, the SMO-to-NMC translatationed in
the SolidWorks is triggered by ttieatureCreated event. Based on
the captured information about the extrusion fegttine NMC-
template that corresponds to the extrusion feaimif@und out
from the NMC-library and an instance of it is ceshtUsing the
instance’sgenerateNMC() function, all parameters and the mass

group could be determined using the NMC-SMO doublyproperties for validation are computed, which @malfy serialized

connected links of this NMC, and then they are rpalated

into an XML string and transmitted to all the otls#tes through
the management server. After receiving the XMLngfrof this
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Fig. 13 Examplel: collaborative modification of areal mechanical part using SolidWorks and Autodesk MDT

NMC on the sites of MDT and Pro/ENGINEER, the NMC-tofour small through holes on the base part conseslytiGo on the

SMO translators stationed on those sites convertcttimmand
into an SMO that is going to be performed on thealcclient
CAD systems. Then, the user on the MDT site feetd the
extruded base part needs to have its four coril@ted, so this
user asks for the modification permission from ¢berdinator by
sending a request via a chatting channel. Beingritdéfier, the
user on the MDT site fillets the base extrusiortuea and the
corresponding NMCs are generated and broadcastedl the
other sites after being confirmed by the coordinaédter fillets
added, the modification permission is passed bazkthe
coordinator (the user of SolidWorks). After the wsef
SolidWorks extrudes a block on top of the base, fhe user of
Pro/ENGINEER is authorized to create a referenceeptmsed on
the block and extrude a cylinder which is perpenidic to the
block’s back face. In the following, the user oe MDT site drills
a through hole on the cylinder and the user ofd¥étirks drills

modeling, the bracket model is finally constructsdthree users
in a collaborative manner. Fig. 12 shows the pregjue results.

Note that, after the user on the SolidWorks sitestmicts a bi-
extrusion feature as a rib, the NMC for bi-extrusisriranslated
into two one-side-extrusion operations in the MDO/Btem since
there is no bi-extrusion operation supported by M@Bé&e the %
row in Fig. 12 and its corresponding feature tieethe middle-
right of Fig. 12 — two extrusion features are shdamihe feature
tree of MDT system). Pro/ENGINEER has the bi-extosi
operation, so just one bi-extrusion SMO is condiicte
synchronously. After modeling the rib and changisgthickness
(shown in the B row in Fig. 12), the user of MDT deletes one of
the two one-side extrusions that correspond tohikextrusion
feature created in SolidWorks. The final resulagsshown in the
last row of Fig. 12 and its corresponding featuee$ are shown
in the bottom-right of Fig. 12.

(a) in SolidWorks 2004

PIREE-F TYNN-EE

(b) in Pro/ENGINEER Wildfire 2

Fig. 14 Examplelll: collaborative assembly of a mechanical structure using SolidWorks and Pro/ENGINEER



- <NeutralModelingCommand class_id="0" class_name="NmcFeatureExtrusionData"
tracking_level="1" object_id="_0">
- <nmcData class_id="1" tracking_level="0">
- <identifier class_id="2" tracking_level="0">
<identifier.systemId>1</identifier.systemId>
<identifier.timeStamp>1118315771</identifier timeStamp>
<identifier.milliSecond>883 </identifier.milliSecond>
</identifier>
— <operationState class_id="3" tracking_level="0">
- <NamedEntity class_id="4" tracking_level="0">
<nameEntity.name>Creation </nameEntity.name>
</NamedEntity >
</operationState>
— <operationObject>
<operationObject.systemId>0</operationObject.systemId>
<operationObject.timeStamp>0</operationObject.timeStamp>
<operationObject.milliSecond>0</operationObject.milliSecond >
</operationObject>
</nmcData>
<nmcFeatureExtrusionData.direction1 >1</nmcFeatureExtrusionData.direction1>
<nmcFeatureExtrusionData.direction2>-1 </nmcFeatureExtrusionData.direction2>
<nmcFeatureExtrusionData.draftAnglel>0</nmcFeatureExtrusionData.draftAnglel>
<nmcFeatureExtrusionData.draftAngle2>0</nmcFeatureExtrusionData.draftAngle2>
<nmcFeatureExtrusionData.depth1>0.01 </nmcFeatureExtrusionData.depth1>
<nmcFeatureExtrusionData.depth2>0.01 </nmcFeatureExtrusionData.depth2>
<nmcFeatureExtrusionData.combineType>3</nmcFeatureExtrusionData.combineType>
<nmcFeatureExtrusionData.terminator1>1 </nmcFeatureExtrusionData.terminatorl>
<nmcFeatureExtrusionData.terminator2>1 </nmcFeatureExtrusionData.terminator2 >
</NeutralModelingCommand >

Fig. 15 An examplefor a bi-extruson NMC in XML format

The second example is a real mechanical part showig. 13,
which is recently used in [34] to demonstrate tinecfionality of
their approach. Since the end of rectangle extruskwuld align
with the outer borders of disk base and hexagoapldue to the
fact that three points or components should bear@p| the user
of MDT modifies the length of rectangle extrusian rheet this
requirement. After enlarging the radius of hexaddaee fillet,
the user on the site of SolidWorks finally modifigee circular
pattern from quarter-instances to hex-instancesadapt other
connectors.

Based on the NMC-based approach, we have also ireptech
a collaborative assembly module in our co-desigrif@m. The
third example shown in Fig. 14 demonstrates thietion, where
two users work together to assemble five partdraeket, a cam,
a hand knob, a cam follower lever, and a camshaf ia
mechanical structure.

The data size per NMC and the data exchange rae dgso
been tested on our prototype platform using Pertiuriv
2.6GHz PCs with 512 MB RAM running Windows XP
Professional SP2. The average size per NMC (reptesein
XML format — e.g., Fig. 15) is 1843 bytes whichsampled by
using 50 NMCs (including all NMCs identified in Fig). Based
on this data size, the network transmission timdeunrdifferent
network speeds could be calculated as:

Using a local area network (LAN) with 100Mbps
(million bits per second) bandwidth, the transnagsi
time is (1843x8bit)/(100x1034it/second) = 0.141x10
3second:;

Using a standard dial-up modem with 56Kbps (kil®bit
per second) bandwidth, the transmission time
(1843x8hit)/(56x1024 bit/second) = 0.257 second.

0.4,

0.3]

0.2]

(seconds)

Time per NMC

0.1

0|

SolidWorks 2003 MDT 6.0
0 SMO-to-NMC time per NMC 0.0743 0.0678
E NMC-to-SMO time per NMC 0.388 0.247

Fig. 16 Average computing timeson SolidWorksand MDT
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Fig. 17 The size comparison of datasets between NMCsin XML
format and other offline schemes

Considering about the SMO-to-NMC and the NMC-to-SMO
translation time, the client add-on program on @&lbrks 2003
spends 3.672 seconds to generate 50 NMCs and 1€e4@fhds to
execute 50 NMCs. The same tests also have beerrmpedoon
MDT 6.0 system. The average computing times of StdGMC
translation and NMC-to-SMO translation on these systems are
shown in Fig. 16. Therefore, even using a modempmmon
“SMO(SolidWorks}»>NMC—SMO(MDT)” exchange will take
0.577seconds  (0.0734+0.257+0.247), and a common
“SMO(MDT)—-NMC—SMO(SolidWorks)” exchange takes
0.713seconds (0.0678+0.257+0.388). This data egeheate can
be considered as a real-time one.

At the same time, when comparing to those offliredpct data
exchange schemes, the size of data exchanged iappuoach is
much smaller. Based on a model having 34 featutes,size
comparisons between the NMCs in XML format (NMC-XML)
and the initial graphics exchange specificationE83 file (text-
based.igs file), the standard for the exchange of produdada
(STEP) file (text-basedstep file), the MDT file (binary-based
.dwg file), and the SolidWorks file (binary-basedldprt file) are
shown in Fig. 17. The differences are even muclatgreafter
these files are compressed by GNU zip with defenitbpression
level. NMC-XML performs better in both the compredssize and
the compression ratio due to the higher percentdgiescriptive
tags than the other four. Note that the wholedfsMCs is only
sent in the initialization phase. During the codedtive design,
the NMCs are delivered progressively, so that theahsize of
data transferred on the network is even less.

5.1 Limitations.

The integration-based approach presented in thperphas
several limitations:
First of all, the approach relies on the mappingvben
SMOs and NMCs. If no such correspondence is found,
we need to either expand the set of NMCs or defiee t
corresponding geometric operations for each NMGQ. Fo
this reason, every time when the C++ API versioarof
integrated CAD system is updated, we need to upgrade
the client add-on program of this CAD system toemfl
the change.
Secondly, the concurrency control method of ourenitr
implementation is relatively simple, where only arser
is allowed to modify the product data in a spediiice
period. A more efficient way for the concurrent guot
development is to let multiple users work in theivn
portions of the product. In our future work, we greng
to find a method to separate the whole productsaata
into different critical sections, so that multiptedifiers
can be assigned to different portions to work
concurrently. For this issue, our current solutisno



subdivide the product dataset into several isolated
then start several

subsets in advance; we can
collaborative design sessions for each of the qusti

e Furthermore, the current approach does not consider
in the
collaborative design session can access everyl adtai

about the security problem. Every user
the product data. This is not always allowed. Thus,
will further develop our current approach
hierarchical structure in the future work, so thiae

into a

e« Our collaborative design platform is based on an

integration approach with heterogeneous CAD systems,

so users on different sites can still manipulateef® by
using their familiar systems;
«  The architecture of our platform is open. In othverds,
it provides the possibility for more and more ctien
systems to be integrated incrementally.
In summary, the approach presented in this papaviges a

new methodology to the research and developmentofdine

product data is organized with layers and differes#rs collaborative design systems with heterogeneous €ysems.

can only access and view the different authorizeﬂ

portions of product data in particular layers.
¢ In our current implementation, the synchronizatfon

the operations on composite features or user-difindl0-60574061
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