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Abstract 

Keywords 

Within recent research trends and an increased interest in targeting 
not only product modeling but product life cycle modeling as a 
whole, for feature technology used to support and enhance mainly 
computer-aided design and computer-aided manufacturing, new 
dimensions of requirements arise. Further demands on higher 
automation, more flexibility, enhanced man-machine interaction and 
increased built-in knowledge of application systems, require 
sophisticated (system) interfaces and perhaps even local re-design of 
feature frameworks currently developed. To combine and relate data 
from both a product model and a life cycle inventory data base, 
currently several (in most cases manual, non optimized) methods 
were employed. However, they usually all ignore the potential of pre
defined structures and soft technologies now-a-days integrated within 
a product model. Within the scope of the work described in this 
paper, the focus will be on studying and discussing the approach to 
extend a feature model in order to explicitly utilize feature 
technology within product life cycle assessment. In particular 
methods and structures for two assessment approaches namely 
discrete and continuous life cycle assessment will be introduced and 
discussed. 

Feature technology, model and framework integration, product design, life 
cycle inventory parameters, life cycle assessment 

1 INTRODUCTION 

Work on feature technology as it evolved in the past two decades grew from its 
origin to identify part regions of interest for manufacturing of products to a 
powerful technology with many frameworks and system architectures developed as 
weil as implemented. However, with recent research trends and an increased 
interest in targeting not only product modeling but product life cycle modeling 
(LCM) as a whole, for feature technology used to support and enhance mainly 
computer-aided design and computer-aided manufacturing, new dimensions of 
requirements arise. Feature technology is a powerful tool that at certain 
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representation levels, can be successfully used to capture the relationship of shape 
and functionality in many ways. An important aspect if one recalls the most labor
intensive work within life cycle assessment (LCA), which is to determine the life 
cycle inventory (LCI). On the other hand, approaching automation of extracting 
LCI data elements from already available digital models such as product models 
and CAD models, requires efficient interfacing between life cycle assessment 
software and these models. However, within this context as outlined, to properly 
utilize functionality of feature technology on a broad base, framework and entity 
concepts developed up to now, need to be extended. Within the scope of the work 
described in this paper, the focus will be on studying and discussing the approach to 
extend a feature model in order to explicitly utilize feature technology within 
product life cycle assessment. In particular methods and structures for two 
assessment approaches namely discrete and continuous life cycle assessment will 
be introduced and discussed. 

2 FEATURE TECHNOLOGY AND LCA 

2.1 Background and problems 

Early work on features was done during the late 1970's and early 1980's within 
problems of identifying regions of part geometry important to manufacturing. After 
half a decade of untiring efforts, when feature technology left its initial embryonic 
state, integration of feature models and geometrical models was targeted with the 
basic goal to integrate different processes such as manufacturing and design. 
Although, from the very beginning, the basic idea of features was to associate 
functional information with shape information, early feature frameworks and 
implementations of feature systems displayed a low degree of integration between a 
feature model and a geometrical model. These individual approaches were focused 
on either a more function/meaning related approach [4,14] or a more geometry 
related approach [16,6]. 

Besides integration and consistency problems partially mastered in frameworks 
developed in the late 1980's and early 1990's [22,21,23,17], successful modeling of 
relationships and control of feature properties across features as well as across 
different feature classes represent a further important milestone in the historical 
development of feature technology (cf. [24]). Extensions of feature modeling 
domains not only towards geometry in particular [5,1], but also towards further 
applications within assembly modeling [18,9] and product life cycle modeling 
[13,19,12] are further indicators of efforts to translate into practice and integrate the 
potential of FT within today's rapidly evolving fields of product life cycle 
assessment and modeling. 

The first approaches, to what today is called life cycle assessment, were 
developed in the 1960's. The studies of that time dealt mainly with energy issues 
[2], which was related to the general interest in the scarcity of raw materials and 
fossil fuels. Formalized LCA tools developed in the USA were mainly based on 
raw materials and energy analysis, such as the REPA method by [10]. The 
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development of LCA procedures began in Europe in the early 1980's, especially in 
Switzerland, where the Ministry of the Environment initiated research lead to the 
development of the Critical Volumes Method, and the Ecopoint Method [7]. 
Several European research groups began publishing on LCA methods in the 1990's, 
often supported by national agencies (e.g. CML classification method in the 
Netherlands by Heijungs et al. [8]), Environmental Priority Strategies (BPS) 
method in Sweden [26]). Related methods, such as the KEA method [28] and 
Material Intensity Per Service-unit (MIPS) [25] were also developed in Europe. In 
the recent past the International Standards Organization has issued a framework for 
conducting LCA's [11]. 

The difficulty of LCA is not based on the complexity of the methodology, but on 
the complexity of problem. Each single step is very simple and can be understood 
easily but the often thousands of steps required to assemble a complete LCI make a 
accurate LCA extremely difficult and expensive. To give an impression of the scale 
associated with compiling an LCI, Bretz [3] estimated that an analyst may require 
some 1 ()4 to 105 or more numerical data elements for a complex product which will 
consist of thousands of unit processes. 

Although, as can be seen from the brief survey given above, progress in various 
different directions within the fields of feature technology and life cycle assessment 
has been achieved, essential concepts and structures that support an efficient 
integration of both from the viewpoint of information/knowledge modeling and 
processing within the entire product life cycle as discussed above, are still missing. 

2.2 Scope and objectives 

As pointed our earlier, in life cycle assessment the most labor-intensive work is to 
determine the life cycle inventory. This is also because it is the most data-intensive 
part and extremely difficult to automate. A natural, straightforward solution to this 
problem would be to automate the extraction of LCI data elements from CAD 
drawings to make LCA a viable analysis tool during the design process. However, 
this can only be achieved by efficiently interfacing product model software and life 
cycle assessment software. 

An example of a previous approach is an experimental assessment software 
which consists of evaluation modules integrated with a commercial CAD system, 
extended for handling form features on a limited base. This prototype system 
integrates information on possible manufacturing methods, production costs and 
eco-toxicological data. It is primarily aimed at optimizing the manufacturing 
method of the embodiment design, so that the emissions and costs due to 
manufacturing are minimized. The system extracts geometrical and feature 
information from both the geometrical model and the feature model and so 
evaluates manufacturing costs and energy requirements during the manufacturing 
stage [15]. The disadvantage of this implementation is that it is based on an 
inflexible architecture, resulting in a 'closed system', thus there is no possibility of 
interfacing this system to exchange the product's pre-use inventory data with 
existing LCA software, which would allow a more complete life cycle assessment. 
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An alternative, better structured and more flexible approach introduced and 
discussed in the next section is to utilize the inventory information already available 
in product and process models for determining the LCI in an automated fashion. 
This requires the linking and integration of different models and data bases on a 
system and module based firm footing. To overcome shortcomings of related work 
discussed above, system component interfacing and information integration are 
realized by employing a true feature technology supported open system 
architecture. 

However, within this approach two different directions can be chosen, depending 
on the type of LCA, i.e. the time range and frequency, LCI parameters are updated 
and eventually computation of LCA is carried out during computer-aided design 
sessions. Within the scope of the work described, the focus will be on evaluating 
continuous LCA, a progressive type of computation and discrete LCA, an a
posteriori type of computation. 

3 APPROACH 

3.1 Outline and general framework 

To integrate different system modules and models as outlined earlier, one requires 
system components with an open system architecture that provides an application 
programming interface (API) for each relevant model to be accessed by a LCA 
module. For example as shown in Figure 1, this requires at least one API for the 
process model and also at least two for the product model, providing a means to 
connect the geometrical model and the feature model to individual LCA modules. 

Any local or explicit access to models other than from within its own modeler 
must not be allowed, to guarantee a clean and modular architecture where access to 
individual models is only permitted through a dedicated API. Especially in the case 
of geometrical models, due to their central role within a product model, a well
designed, attribute supporting API is indispensable. 
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Figure 1 Overview of the system architecture 

Unfortunately in practice there are still many commercially available CAD systems 
and geometrical modelers in use, which do not support any of these characteristics. 
Due to the fairly wide range of data types, the context of API parameters needs to 
be set a-priori by individual LCA modules. For example, in the case of the API for 
the feature model, measurement units of parameters such as feature dimensions or 
feature volume need to be fixed, to guarantee the proper interpretation and 
integration of data from different sources. Attributed parameters also help to keep 
the interfacing API transparent, since the number of functions and parameters 
required can be kept small, while only the range of individual interface components 
is modeled with appropriate attribute values. A design that keeps the API flexible, 
while fixing the data context on a dynamic base. 

Another aspect of flexibility is the modular architecture for the API of a feature 
model. Due to the nature of features being both application dependent and user 
extensible, the feature API needs to have a modular internal interface that can be 
extended according to newly created feature types and feature attributes. These 
modular feature API (see MAPI in Figure 1) also operating on the basis of 
attributed parameters, are then flexible enough, to provide on a feature-based 
ground efficient access to product and process information. 

3.2 Discrete life cycle assessment 

From a computing system and data structure point of view, as pointed out earlier, 
there are two different approaches, to support LCA, which will be introduced in the 
following and discussed in detail in the next section. The main difference of these 
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two approaches lies in the method and degree, how LCI parameters and LCA 
models are integrated with other product relevant models utilizing feature 
technology. LCI parameters are seen as those parameters that relate to the LCI 
directly or indirectly, many of which are already included in some explicit or 
implicit form in a product model, but only need to be linked in a correct and 
efficient manner to determine the LCI. In Figure 2 a selection of those parameters 
is given. Note, for illustration purposes three levels of detail are distinguished, i.e., 
the product level, the part level/ assembly level and the feature level. 

One approach to integrate these parameters with product information would be to 
provide a set of integrated LCA modules that contain partial LCI I LCA models 
which can be linked to product information and a LCI database, to externally 
compute as well as store LCA results. Since this approach is, from the viewpoint of 
computer-aided product design, somewhat discrete being applied only from time to 
time when a design solution seems to be worth being analyzed in respect to its 
product life cycle qualities, it is named discrete life cycle assessment (dLCA). 
Within dLCA the entire data retrieval and access, data analysis and computation of 
relevant LCI parameters is specified and carried out within integrated LCA 
modules. 
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Product 
I Level 

... 
r-rl parameters relating to the use phase during the life cycle, examples are I 

use times, maintenance Interval I 
I energy and material in- and outflows due to use, Incl. direct use, 

I 1 maintenance, efficiency 

place of use I 
... I --1 parameters relating to the retirement phase during the life cycle, 

...._ examples are I 
Product reuse (y/n) _ __j 
Product remanufacture (y/n) I 
material recycling (y/n) I 
... I 

Part/ 

Assembly 
Level I 

parameters relating to the use phase during the IHe cycle, examples are 

upgradeabllity (y/n) 

1------1 energy and material in- and outflows due to use, Incl. direct use, 
maintenance, efficiency 

parameters relating to the retirement phase during the life cycle, 
examples are 

Part/Assembly reuse (y/n) 

Part/Assembly remanufacture (y/n) 

material recycling (y/n) 

parameters relating to the dimensions of the feature 

parameters relating to identify the material 

parameters relating to manufacture, examples are 

manufacturing process (identify) 

tolerances 

surface quality 

Figure 2 A selection of LCI relevant parameters 
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3.3 Continuous life cycle assessment 

An alternative approach would be to explicitly integrate LCI relevant parameters, 
partial LCA models and results of LCA within models of a product. Within such a 
system architecture, during different design stages of a product, each change in any 
model immediately would be triggering a recalculation and consequently an 
updating of all LCI parameters and LCA results as well. Within this approach, 
besides LCI relevant parameters as shown in Figure 2, further parameters, 
containing LCA results of individual entities such as features, parts, assemblies or 
even a complete product, need to be included. A representative selection of those 
parameters may be a set as shown in Figure 3. 

I 
Lovol I I -· I 

... 
I 

Feature 
Level L,......; (example ol representative selection) 

1-------f gross energy requirements (as a generallndlcatorJ 

----1 Dioxide, CO 2 and C02 -equivalents over a 20 year horizon, [ 
mainly resulting In global wannlng due to greenhouse effect 

-----! Sulphur Dioxide, SO , cauau winter smog and acidification 

----i Nitrogen Oxides, NOx, cauu acldmc.tlon and eutrophication 

'---
--1 compounds (CFCS), mainly causing lhe 

depletion of the ozone In the stratosphere I 
----1 organic compounds (VOC),Is mainly ruponalble for 

summer smog I 
'--- --1 ,H•ny mals (e.g. Cadmium and Lead), long term contamination 

I entering food chain 

-----! Phosphorous compounds, causu eutrophication 

Figure 3 Representative selection of parameters containing LCA results on environmental 
impacts 

Within this approach, all product data, LCI parameters and LCA results to be 
computed are explicitly interrelated on a real-time base. Since any design change is 
triggering an update of all relevant entities connected across all models being 
included in the framework, LCA is, from a computer-aided product design point of 
view, carried out on a progressive, continuous base, thus resulting in the name 
continuous life cycle assessment (cLCA). Within cLCA, the majority of data access 
and retrieval, data analysis and computation of relevant LCI data is specified and 
carried out internally in data and computation structures which are - as 
encapsulated entities - an integrated part in all product related models. LCA 
modules integrated in the framework as outlined earlier act here mainly as an 
external support to efficiently interface to further related databases such as the LCI 
database, etc. 
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4 ASSESSMENT AND EVALUATION 

4.1 Theoretical aspects 

For the dLCA approach, since computation of the LCA is mostly executed 
externally, a fast and efficient access to all LCI relevant data is necessary. As can 
be seen in Figure 2, many LCI parameters at the product level and part I assembly 
level can be represented with basic numerical values, logical values and a few 
string values. However, to compute LCA parameters also geometrical and 
geometry related product data are required. Here integrated feature models 
represent a great benefit from a data structure point of view. All parameters related 
to dimensions, manufacturing, local tolerances, surface finish, etc. are already 
present in a feature model that in turn is integrated with other product model 
components such as the geometrical model the part I assembly model, etc. Also 
procedures to access these data are already available within feature-based 
operators, which only need to be made available to the LCA modules through a 
MAPI as shown in Figure 1. For the cLCA approach, from a data structure point of 
view, the feature model represents even an essential part of the product model, for 
without features, it would be, due to efficiency reasons (as will be shown later}, 
very difficult to pursue this approach. Since besides relevant LCI parameters all 
sets of computed LCA parameters (cf. again Figure 3) are included in an extended 
product model, one needs a set of basic elements of a product, where internal LCA 
parameter computation can be associated with. Here features represent a natural, 
almost atomic base, where geometry related details of all parts of a product were 
stored and maintained in a manner consistent to all other, non-geometry related 
product data. 

From a computation structure point of view, requirements and benefits of the two 
approaches are quite different. In the case of dLCA, the specification of partial 
LCA models and LCA parameter computation resides entirely within integrated 
LCA modules, which also contain structures and descriptions on how to access an 
LCI database. Since partial LCA models are externally specified within LCA 
modules and computation of LCA parameters is asynchronuous to changes in a 
product model, no special requirements regarding computation or parameter 
updating are necessary. In the case of cLCA, both results of computed LCA 
parameters and specification of their computation reside (on a real time base) 
within an extended product model. In other words, the functionality of LCA 
modules within dLCA as described earlier needs to be encapsulated within 
extended entities at different levels of a product model. Moreover, sophisticated 
mechanisms are required that guarantee a synchronized bi-directional bottom-up as 
well as top-down data flow among all integrated LCI and LCA parameters along all 
model levels. They are necessary to provide for a consistent parameter updating 
each time a design change has been committed in the product model. 

Taking a brief look at the computational expense of both approaches, it comes at 
no surprise, that the cLCA approach is fairly expensive in terms of data throughput 
and computation required. Since cLCA needs to re-compute and update all related 
parameters, any time a change in the product model is affecting at least one of 
them, computational expenses increase tremendously with the model size. It is 
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estimated that with completion of each design phase described in [20] as conceptual 
design, embodiment design and detail design, the data volume is exponentially 
increasing (see Figure 4) in a similar manner as costs do when changing design 
parameters. The cost associated with changes to the design increases by a factor of 
10 for each design stage and changes in the manufacturing stage can cost more than 
1,000 times the amount that would have been required if the decision would have 
been reached during the concept stage [27]. It has to be realized that a LCA carried 
out at the later stages can be more accurate due to the higher product definition, but 
the increased data throughput and computation required also increases the effort for 
the LCA. This means that when an assessment of the LC leads to changes in the 
design, then it is more cost-effective to both assess and change early on during the 
design process. 

Gl 
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0 
> 

100 

10 
Q 

Gl 
> :; 
"i 
0:: 

Concept 
Design 

Embodiment 
Design 

Detailed 
Design 

Figure 4 Estimated order of magnitude of product data required in each design phase 

Although dLCA is much cheaper in absolute terms of both data throughput and 
computation, we estimate the order of magnitude of expense to retrieve and access 
all parameters before executing another LCA calculation within dLCA is in average 
similar to one sequence of updating and data forwarding within cLCA. Here Ff 
helps to significantly reduce through its well structured model and efficient access 
to geometry related data the otherwise cumbersome access to LCI relevant product 
parameters. An aspect that is also relevant for the dLCA, though compared to 
cLCA less dominant, since actual LCA is done much less frequently than within 
cLCA. In general, if frequency of computing LCA parameters increases within 
each approach, Ff's role as outlined above becomes a dominant factor to reduce 
substantially computational expense for both approaches. 

From a computer-aided product design point of view, the scope possible of 
supporting individual design phases as mentioned earlier depends for both 
approaches on the data structure and models used within a system. Referring to 
each design phase, dLCA and cLCA are limited by the smallest, most abstract but 
complete entity available, which in the framework as described, is the feature. In 
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other words, within both approaches, limits are lined out by the feature model used. 
In general one can assume, since features can only be abstracted as far as there is 
actually at least concrete geometry of a spatial region of interest available, currently 
LCA in both forms discrete and continuous can be supported only from 
embodiment design on, not earlier. Although, LCA is most effective the earlier it is 
applied during product design, at the time of writing, feature models supporting 
conceptual design are not known to the authors. 

4.2 Practical aspects 

From the practical viewpoint of implementation dLCA is a straight forward 
approach that can be pursued without major obstacles, assuming an open system 
architecture as outlined in Figure 1 is given. A modular system component structure 
and APis for all relevant models provide an ideal, well-structured environment to 
implement dLCA without heavy requirements on the programming environment 
itself, though attributed structures, a sound typing scheme and if possible, object
oriented approaches should be supported. In the case of cLCA, implementation 
requirements are heavier. Besides an attribute-like structure extension to allow for 
storing additional LCI and LCA parameters in an extended model, the entire 
computation of the latter needs to be somehow encapsulated. Moreover at run time, 
a bi-directional data flow between all LCI and LCA parameters needs to be 
established and synchronized. In terms of supporting implementation, FT provides 
only moderate help for dLCA. Besides reducing specification I programming 
expenses by providing through an API already available feature-based operators for 
navigating and accessing geometry related data, there is not much additional 
support FT can provide for dLCA. Different is the case for cLCA. If feature models 
are not included in a product model, similar constructs or support structures need to 
be implemented first. It would be quite expensive from a computation point of view 
to retrieve and compute all geometry related LCI parameters by utilizing a 
geometrical model and a part I assembly model only. 

Finally to complete the assessment and evaluation of practical aspects, the scope 
of detail of carrying out LCA shall be discussed. In the case of dLCA, it is 
relatively easy to explicitly control the scope of computation related to e.g. each life 
cycle phase of a product or a specific part of the product. Simply by setting the 
focus of retrieval and access of relevant LCI parameters to certain product model 
levels and respective entities, thus selectively limiting the data input for the LCA, 
computation can be directed in individual LCA modules towards individual parts 
and life cycle phases as demanded by a designer. A task that is explicitly supported 
by FT in respect to all structural and computational aspects as discussed earlier. 
However, in the case of cLCA this is quite different. Due to the encapsulated 
structures that prevail throughout all portions of a product model deep down to the 
feature model, explicit control of the scope of computation regarding the range of 
LCI parameters used for the LCA is not possible. For example, exclusive local 
LCA of a part of a product, regarding its pre-use and post-use is not possible within 
cLCA without additional changes of components in the system architecture as 
outlined earlier. Therefore, current LCA methods as carried out in practice now a 
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days, computing LCA parameters once for an entire product for all three life cycle 
phases and afterwards computing only new values of critical parts regarding their 
pre-use and post-use phase- neglecting assumed small changes incurred in the use
phase - while product design proceeds, are difficult to support with cLCA. To 
support such methods, additional data structures and computation structures are 
required, to allow for parameter selection and data stream re-direction of once 
during implementation specified and encapsulated structures related to LCI and 
LCA. Here FI' may provide some structural help only, if it can adopt to these 
requirements within its model and operators. 

5 CONCLUSIONS 

LCA is becoming more important as an assessment tool within the design process. 
To support interfacing of computer-aided design and LCA, in a first attempt, the 
problem of extending the architecture and product data related models of current 
systems utilizing FI' has been targeted. In particular methods and structures for two 
assessment approaches, i.e. dLCA and cLCA, haven been introduced and discussed. 
Considering the current state-of-the-art of CAD systems and computer hardware 
available today, requirements of dLCA clearly present a reasonable match 
regarding data throughput, data structures and computational power required. Also 
from both a theoretical and a practical point of view, until more LCI data with 
higher precision and reliability become available, a less precise dLCA with respect 
to small changes during design - reflected also in modifications of a product model 
- seems better to be in balance with current LCI databases than the costly cLCA. 
On the other hand, if new generations of software and hardware platforms 
significantly increase in efficiency, quality and power, it might be not far fetched, 
to assume that cLCA shall be the proper choice to base future research and 
development on. 
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