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Abstract 
The constraints addressed in decision making during product desicp. process planning and producticn 
planning determine the admissible solution space for the manufacture of products. The solution space 
determines largely the costs that are incurred in the production precess. In order to be able to make 
economically sound decisions, costing data support must be integrated into the decision making 
processes. Regarding product design, the designer must be supplied with transparent costing data, that 
is ready for direct application. In this paper a functional architecture for costing data suppori during 
product design, as well as a corresponding data structure are presented. 
Keywod: Cost Estimating, Design. 

1. Introduction 

Product design is a very important task regarding 
manufacturing costs. Apart from costs, two other 
performance criteria must be observed for every decision 
making process in manufacturing. They are the 
throughput time (or delivery date) and the (functional) 
product quality. Product design transforms the functional 
requirements into a model of a physical object, capable of 
performing the required functions. Regarding costs, 
product design fixes up to 80% of the total product costs 
IS]. A part of these costs are necessary to obtain the 
required functionality. The other part of the costs, referred 
to as 'unnecessary' costs, must be avoided. Unnecessary 
costs result from an insufficient consideration of the 
objectives of the subsequent planning tasks during 
design. Furthermore, the inability to evaluate the cost 
consequences of design decisions leads to poor solutions 
from a cost point 01 view. 

To overcome this problem, several methods can be used. 
To be able to make cost-effective decisions, general 
guidelines should be applied in design [17]. Furthermore, 
cost models must lead to adequate cost estimation based 
on as little information as possible, like in function costing 
[7]. To consider subsequent manufacturing tasks during 
design, the 'Design For X' (DFX) (151 approach is being 
developed. DFX comprises various methods, like design- 
for-manufacturing-and-assembly (21 and design-for-life- 
cycle-costs [3]. For a reliable allocation of costs to 
products, traditional accounting methods have been 
turned up-side-down, by the introduction of activity based 
costing [9]. 

DFX is characterized by the fact that all the methods 
incorporated comprise design guidelines which only focus 
on one performance criterion, Instead of offering support 
during decision making, the design process is driven into 
a specific direction. For instance, design for assembly 
does not consider the aspect of the availability of 
resources. Problems can occLir when a product is 

designed to suit a specific process and resource set, 
whereas the required resources are not available in the 
period in which production must take place. The use of 
alternative, less suited, resource sets increases the costs 
and/or the throughput times. Furthermore, the 
aforementioned cost models and general guidelines are 
only suited for a specific application area. Consequently, 
there is a need for an architecture to be developed, that 
specifies the support for the entire sequence of decision 
making processes with ready-for-use costing data. This 
publication focuses on the description of such a generic 
architecture with an emphasis on product design. Firstly, 
the situation encountered in manufacturing is discussed. 
Secondly, an architecture for solving the cost control 
problem is presented. Thirdly, the underlying data 
structure is discussed. Unless defined separately, in this 
publication the terminology of Chisholm [4] is adopted. 

2. Analysis of the costing support process 

The manufacturing cycle can be decomposed into 
activities that are related to the development of a plan, as 
well as activities that are related to the execution of that 
plan. The generation of a plan upon which production can 
be based involves a large number of decision making 
processes. Following a particular sequence in decision 
making processes must finally lead to a complete 
instruction set, required for the production. In this 
sequence of decision making, the freedom for every 
decision to be made is restricted by constraints imposed 
by preceding decisions. Furthermore, a decision making 
process limits the solution space for all subsequent 
decisions. The freedom in sequencing the decisions is 
limited and depends on the strategy of the regarded 
company. An information analysis is required upon which 
the selec!ion of best solution for the sequence in decision 
making is based. Furthermore, there is a certain logical 
preference, limiting the number of alternative sequences. 
It may be obvious that costing support must be adapted 
to the needs of the decision making processes. 
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Decision making can be related to various manufacturing 
tasks, like product design, resource engineering, process 
planning and production planning. For every decision 
making process, the three aforementioned performance 
criteria must be satisfied, to avoid unnecessary recursion. 
The product manufacturing cycle used to be regarded as 
a fixed sequence of tasks, in which every task had to be 
completed before the next task could be executed. The 
concept of concurrent engineering [14] suggests that the 
various tasks must partially be executed in parallel. 
Design no longer has to be completed before process 
planning is regarded, for instance. The decision making 
process is therefore characterised by small incremental 
steps. 

The aforementioned view on decision making leads to the 
need to integrate the required design decisions [13], [161, 
with the other decision making processes in the company. 
Current developments in the field of DFX are attempts to 
solve this problem. Decision making in general is 
characterized by the fact that alternative solutions have to 
be generated and evaluated. Evaluations must regard all 
three performance criteria, to be able to compare the 
various alternatives and to select the most suitable 
alternative(s) for further development. Regarding costs, 
both qualitative and quantitative comparisons can be. 
applied. The required level of detail, and therewith the 
method of comparison must be specified by the decision 
maker. 

The costing support data is developed by some cost 
estimation process. Cost estimation determines the 
expected costs, using incomplete and possibly (partially) 
fictional data. In the case that quantitative costing data is 
generated, the cost estimate must include the expected 
cost value, together with a range indicating the best and 
the worst case. Furthermore, an estimate must include a 
specification of the assumptions upon which the estimate 
has been based. 

3. Design of a functional architecture for cost contrd 

The basic elements of cust wnW 
Based on the analysis of the costing support process, a 
functional architecture is developed for cost control. Cost 
control consists of four major functions 1111. These 
functions are depicted in Figure 1. The first function is the 
cost estimation function (Fl). The task of cost estimation 
is to calculate the costs for a production situation which is 
likely to be encountered. Cost estimation avails itself of 
cost models and cost-rates. A cost-driver is a product 
characteristic that has a noticeable influence on the costs 
of the product. Cost-drivers can be based on a quantity, 
or on an amount of time. The cost-driver is used to 
allocate costs to a 'cost-carrier', based on the 
characteristics of that cost-carrier. The relation between 
a cost-driver and a cost-carrier is frequently reterred to as 
a 'cost-rate'. The costs to manufacture a product can be 
determined by identifying independent cost-carriers in a 
product, estimating their costs and accumulating these 
costs. 

Cost-carriers can either be direct or indirect. Direct cost- 
carriers are directly related to products. Examples of 
direct cost-carriers are for instance complete products or 
product elements. Indirect cost-carriers eventually have to 
be allocated to direct cost-carriers. Examples of indirect 
cost-carriers are for instance set-ups or resource sets. 

Partially based on the generated cost estimate, a decision 

is made. The second function in cost control is the 
monitoring function (F2). Monitoring concerns the 
acquisition of data on the execution of the production 
process. Time can be recorded, as well as characteristics 
of the activities performed. Furthermore, disturbances can 
be monitored and recorded. Finally, resource performance 
data can be obtained, like average machine tool loads. 
The third function in cost control is the diagnostics and 
cost calculation function (F3). The data obtained during 
monitoring must be interpreted. From this data, 
conclusions can be drawn about the progress of orders. 
Using the actually encountered situation, also the actual 
costs can be calculated. The fourth function in cost control 
is the cost modelling function (F4). The data that have 
been interpreted by the diagnostic function are used to 
generate cost models, representing the relation between 
a cost-carrier and one or more cost-drivers. Data are 
analyzed to determine the influential characteristics of 
cost-carriers and to select the appropriate corresponding 
cost-drivers. To enable cost modelling, a feedback loop 
must exist. This loop is denoted with 'loop 2' in Figure 1. 
Furthermore, by comparing a cost estimate and the 
corresponding cost calculation, the quality of the 
assumptions made during estimation can be judged and, 
when needed, adapted for future use. For this purpose 
both cost estimation and calculation are based on the 
same cost models. Finally, by regarding the calculated 
product cost and feedback indicating the money flow that 
leaves the company, the correctness of the cost rates can 
be assessed. Apart from the four functions and the 
feedback, Figure 1 depicts the aforementioned nature of 
decision making ('loop 1'). 

The anatomy ofa costing suw function 
As indicated, the task of cost estimation is the generation 
of costing support data. The anatomy of costing support 
is generic in nature, in that it is almost the same for every 
decision making process, including design decisions. 
Product design takes place early in the manufacturing 
cycle. At the moment of design, there is still little 
knowledge about the characteristics of the situation that 
will be encountered during production. The result is either 
a high degree of remaining uncertainty or much effort 
required to specify the expected situation in detail. In 
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decision making, usually several alternative solutions can 
be generated that all represent a potential solution to the 
encountered problem. By specifying the situation that 
would result from the selection of a specific alternative, 
costs can be estimated for the regarded alternative. This 
aspect is depicted in Figure 1 by 'loop 1'. The cost 
implications of the decision can be obtained by estimating 
the costs for every alternative solution. By doing the same 
for the delivery time and the functional quality criteria, an 
adequate alternative solution can be selected. The three 
performance criteria need not be equally important. The 
relative value that is assigned to each of the performance 
criteria depends on the preference of the decision maker. 
This aspect is specified in a decision making strategy, 
together with the sequence of decision making and a 
history of constraints. The latter contains constraints that 
result from the functional requirements and previously 
performed decision making processes. 

A hmAional amhitecture for codng support in design 
The above finally results in the design of a functional 
architecture of the costing support function (in design). 
This architecture is represented in Figure 2 as an IDEF-0 
diagram [12]. In IDEF-0 a function is depicted as a 
rectangle; with information flows coming from and leading 
to this function. From the top side, the 'costing data 
generation' function rectangle, is provided with control 
information. The control information comprises the 
initiation of the cost estimation process, together with the 
estimation requirements, like the accuracy. On the 

left-hand side, the input information is supplied. The input 
information describes the situation for which the costing 
support function is executed. This information includes a 
full description of the regarded alternative solution for 
which an estimate has been prepared. On the bottom side 
of the function box, the so called 'mechanism' is supplied. 
The mechanism represents the means with which the 
input can be transformed into the output. In costing 
support for design decisions, the mechanism consists of 
selected cost models that suit the specific situation, 
regarding the input and control information. To be able to 
select the suited cost models the mechanism must 
provide some 'filter'. A simple example of a cost function 
can be found in the case of aluminum extrusion, requiring 
the type and the length of the profile as input parameters. 
The type of profile indicates a cost factor that is multiplied 
with the length of the profile to obtain a cost estimate. 
The output of the function can be used to evaluate the 
cost consequences of a specific decision. Instead of an 
immediate evaluation, based on the available information, 

the accuracy needed in the cost estimate can require the 
generation of additional information. A more detailed 
development of the alternatives, enables a more detailed 
cost estimation, leading to a more refined evaluation of 
the alternatives. The potential level of detail that can be 
obtained depends on the importance of the specific 
decision and on the time available for generating the 
required information. Once a specific alternative has been 
selected, the additional detailed information can 
immediately be put to use. 

Regarding the above, a major problem in evaluating the 
alternatives is the large number of decisions in the 
manufacturing process. For a high level decision, 
requiring a detailed evaluation, an explosion of the 
number of potential alternative situations can occur. To 
avoid this explosion of data, only a limited number of 
'most promising alternative solutions' must be included in 
the evaluation. A fortunate side-effect regarding the risk 
of data explosion, is the fact that many decision making 
processes frequently recur for the company-specific 
manufacturing environment. Therefore, costs can be 
related to aggregated cost-carriers on the higher 
hierarchical levels in the product (assembly) structure, 
while satisfying the requirements for the level of detail. 
The hierarchical level on which the information is 
integrated into information units is defined as the 'level of 
aggregation'. 

Lewls ofagpgabbn 
As indicated before, costs can be allocated to cost- 
carriers that are situated on various levels of aggregation. 
Complete products can for instance be used as cost- 
carriers. A method in which products are used as cost- 
carriers is 'parametric cost estimation'. It is also possible 
to relate costs to other physical elements in the product 
assembly structure. These physical elements include 
functional modules, assemblies and parts. When the part 
level does not provide cost information at the required 
level of detail, there is a need for more detailed planning 
(including process an production planning) to obtain 
adequate cost information. Features can be seen as an 
important link between design and process planning. 
Usually a limited set of features is applied. For this 
reason, costs can partially be allocated to features. 
Further detail can be obtained by regarding generic 
shapes, possibly in relation with individual operations that 
are required for the production of the regarded generic 
shape or a feature. The individual operations, including 
knowledge on the required resources, represent the most 
detailed input possible for cost estimation. A 
corresponding problem that must be kept in mind is the 
interdependency of the resource set used and the set of 
operations that is performed in one set-up. Usually, 
resources are allocated to a processing set-up for its 
entire duration. 

To avoid the need for detailed planning information, 
similarity of cost-carriers on a high level of aggregation is 
preferred over similarity on some lower level. Regarding 
the latter there is a problem, since 100% similarity 
between the regarded cost-carrier and earlier encountered 
cost-carriers is very rare. To overcome this problem, 
classes of objects with certain characteristics are defined, 
including entities on the basis of which the degree of 
similarity can be determined. These classes are defined 
for each level of aggregation. The use of classes of 
objects can be seen as the aforementioned 'filtef with 
which appropriate cost models are identified [lo]. This 
aspect is depicted in Figure 3a. The use of cost-carriers 
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on high aggregation levels is usually referred to as 
variant-based cost estimation. The use of cost-carriers on 
the lower levels of aggregation, leading to much planning 
and recombination effort, is referred to as generative cost 
estimation (Figure 3a). The applicability of high level cost- 
carriers depends mainly on the familiarity with the 
encountered situation. 

Rgum 3b: 
Simplified data model, using time and quanmy related cost-carriers, 
based on the 'manufacturing information bidding bloct 111 

4. Data strudure 

The functional architecture is diredtly related to a data 
structure upon which the required functionality can be 
built. The elements in the data structure correspond to the 
various cost-carriers and the related cost-drivers. Figure 
3b depicts a data structure for costing support during 
product design. This model has been simplified for 
reasons of transparency. The links with the production 
knowledge, the production activities, the geometrical 
product model, the factory lay-out and the order structur 
e are indicated by the shaded ovals. 

5. Example 

The use of cost information for decision support is 
illustrated by a simple example of a fictional product. 
Assuming two alternative embodiment designs, a cost 
estimate is required to determine the best alternative. The 
cost estimation process for one of the alternatives is 
indicated here. Various aggregation levels are addressed. 
To minimise the estimation effort, top-level physical 
entities are preferably used as cost-carriers. By 
determining the corresponding cost-functions and inserting 
the parameter values of the cost-drivers, the costs can be 
determined. The regarded alternative product design 
(Figure 4) is composed of two assemblies (a7 and a2) 
and of two parts (p7 and p2). Part p7 is subcontracted to 
another firm. Part p2 is to be manufactured exclusively for 
the regarded order. Both assemblies consist of two parts 
(aIp7, a l p ,  a2p7 and aZp2). Assembly a7 is a standard 
functional module, consisting of two standard parts, 
assembled in a standard way. Assembly a2 is composed 

of two parts that are both manufactured in-house. 
Experience with a2p7, resulting from a similarity search, 
has lead to the knowledge that the material costs make 
up almost the complete costs of the part. The other part 
(aZp2) is a relatively simple part belonging to a family of 
which many members have been manufactured before. 
The levels of aggregation encountered in this example 
include: 

product level 
assembly level 
part level 
set-up level 
operation level 

The equations for the cost estimation process are 
depicted in Table 1. In this set of equations, c, represents 
the cost of entity x, indicating for instance the product, an 
assembly, a part, or an operation. Furthermore, cmeda, 
represents the material cost, c,,,~~,~~ is the cost per unit of 
material and c,,,, represents the total production cost 
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c-= c,,+c,+ CPf + cp2+ c,, +c,+ c, (1 ) 

c,,=vdue remeved frwn fmp/8fe assembly (2) 

c,,=value sef by vmdw (far 1 5nr. purchased<lO) (4) 

of the regarded object. Finally, m represents the number 
of material units, whereas d,,,,, I, w and d respectively 
represent the diameter of a round hole and the length, 
width and depth of a pocket. 

In general, for high level physical entities, the costs can 
be estimated by regarding the entity as a whole using 
historic cost information. The use of a template and the 
retrieval of a related cost record is the basis of the cost 
estimation process for the regarded physical entity. The 
detection of similarity and difference among various 
physical entities is discussed in [lo] and [l I]. Corrections 
have to be made to the retrieved cost record, to account 
for non-similarity between the template and the regarded 
physical entity. When no applicable template is available, 
the costs must be obtained by regarding the constituent 
physical entities on a lower level and the required 
assembly processes. The costs of the top level entity can 
be found by the use of a cost-function (equation 1 in 
Table 1). In this example, the cost-carrier 'producl is 
initially subdivided into seven cost-carriers. The required 
cost-function is generic in nature, in that it includes the 
material costs and the production costs for the constituent 
elements, as well as the costs for the assembly process 
of the regarded physical entity. 

To determine the costs of the constituent physical entities, 
cost estimation is again preferably based on templates. 
When no suitable templates can be found for an entity, 
the regarded entity is decomposed into constituent lower 
level entities. This process is continued until either for 
every assembly a template has been found, or until the 
lowest level entities are reached. The entities on the 
lowest level are the parts that constitute the product. For 
the individual parts a template can be used to obtain a 
cost estimate. When no template is available for a part, 
an estimate has to be produced using a cost-function. 
This estimate can be either a detailed or a rough cost 

estimate, depending on the relative importance of the 
regarded physical element and the required accuracy of 
the estimate. The generic function for cost estimating is 
based on a summation of the material costs and the 
production costs. By estimating the costs of the required 
blank, as well as the costs of all the required operations 
(including set-up operations, measurement operations, 
processing operations, etc.), the costs for the part can be 
found. 

Cost-functions can be simplified to reduce the required 
estimation effort. This aspect is illustrated in Table 1 by 
cost models 1 and 2. Another example would be the use 
of an equation including characteristics like the material 
type, the mass, the number of machined faces and the 
critical tolerances of the regarded part. By using this type 
of characteristics as cost-drivers, company specific 
information can be used for the purpose of cost 
estimation. The relation between company specific cost- 
drivers and costs can be determined by applying 
techniques like regression analysis to production data. 
The development of cost-models lies beyond the scope of 
the present research, which is the determination of a 
generic architecture for cost control and cost estimation. 

6. Conclusions and recommendations 

Product design has a large influence on manufacturing 
costs. To be able to control these costs, the influence of 
alternative solutions on costs must be evaluated before an 
economically justified decision can be made. A generic 
functional architecture for cost estimation is presented. 
The functionality can be used as a decision support tool. 
The architecture is applicable for all engineering and 
planning related tasks. Therefore it can also contribute to 
an integration of these tasks. The effort required for the 
generation of costing support information, depends on the 
required level of detail and on the familiarity with the 
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encountered situation. 

At this moment, the sub-tasks in product design, process 
planning and production planning are observed in more 
detail. The goal of this analysis is the identification of the 
required costing support information for each decision 
making process. The required support information must 
correspond with the required level of detail and the 
sequence in which the decision making processes are 
executed. 
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