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Abstract

Tolerance allocation a�ects product design, manufacturing, and

quality. No existing technique has been found by the authors that

takes product design, manufacturing, and quality into account si-

multaneously. This paper introduces a new concurrent engineering

method for tolerance allocation. A nonlinear optimization model has

been constructed to implement the method. The model minimizes the

combination of quality loss and manufacturing cost simultaneously in

a single objective function by setting both process tolerances and de-

sign tolerances simultaneously. The purpose of the model is to balance

manufacturing cost and quality loss to achieve near-optimal design and

process tolerances simultaneously for minimum combined manufactur-

ing cost and quality loss over the life of the product. Compared to

other models, this model shows signi�cant improvements.
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Notation

A cost of loss caused by defective product
Aij; Bij; Cij; Dij coe�cients of cost-process tolerance function
xi ith component dimension of a dimension chain
f(xi) design function of a dimension chain
@f

@xi
partial derivative of design function with respect to component dimension i

CT total cost of manufacturing and quality
Cpi capability index of last process for producing dimension i
tpij process tolerance for producing dimension i with process j
tpmin

ij lower bound of process j for producing dimension i
tpmax

ij upper bound of process j for producing dimension i
tpipi process tolerance of last process for producing dimension i
C(tpij) manufacturing cost of producing dimension i with process j
n total number of component dimensions in a dimension chain
pi total number of processes to produce dimension i
�2y variance of functional dimension of a dimension chain
W1;W2 weighting factors for manufacturing cost and quality
k quality loss coe�cient
tid design tolerance of component dimension i
Tf functional tolerance of a dimension chain
Tpij allowable variation of stock removal for process j of producing dimension i

1 Introduction

Concurrent design attempts to organize the product realization process so

as to increase the amount of information about a product's life cycle avail-

able at all stages of the design process. Sometimes, this is also referred to

as Design for X, where X stands for the customer, manufacturing, quality,

etc. Tolerance is a bridge between design, manufacturing, and quality en-

gineers, and as such it plays a key role in concurrent engineering. Ideally,

one can imagine that the best technique for tolerance synthesis would take
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into account the coupling between design, manufacturing, and quality, for

the sake of achieving a minimal total cost and reducing lead-time. However,

in existing work on tolerance synthesis, this has not been the case.

Conventionally, tolerance synthesis is carried out in two stages: design and

process planning. However, design engineers allocating design tolerances are

often unaware of manufacturing processes and their production capabilities.

This may be due to either lack of communication between design engineers

and process engineer, or lack of knowledge of the manufacturing processes by

the design engineers. The resulting process plans often cannot be executed

e�ectively, or can only be executed at undesirably high manufacturing cost.

When this happens, process engineers must modify the design tolerances.

Furthermore, manufacturing engineers who allocate processes must typically

work within the tolerance limits set by design engineers; to do otherwise

would require cycling through the design/process-planning loop and would

result in longer lead-times. But in accepting tolerances set by design engi-

neers, the process planners also limit the range within which they can set

process tolerances. This, in turn, leads to tight process tolerances and higher

manufacturing cost.

One well-used method for measuring quality is quality loss as introduced by

Taguchi[16]. He proposed that performance degradation can be measured as

a deviation from some target value, and asserted that the degradation can

be related to a loss in value to the consumer called a quality loss. Taguchi

emphasized that the level of a product's quality is not the same as the number

of defective products; rather, it refers to the magnitude of societal losses.

Even if a product is well within its speci�cations, it has a quality loss if its
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quality characteristic value is not at the ideal performance target. This loss

is de�ned in monetary terms so that it can be compared to the product's

manufacturing cost.

Tight tolerances are preferred to ensure product performance, which degrades

as parts deviate from nominal values. However, tight tolerances imply higher

manufacturing cost, so loose tolerances are preferred from a manufacturing

perspective. This con
icting relation between the e�ect of tolerances on

quality loss and on manufacturing cost make it very di�cult to establish

near-optimal tolerance speci�cations.

Unfortunately, all existing methods for tolerance synthesis of which the au-

thors are aware, either fail to consider quality loss (e.g. methods of tolerance

synthesis for manufacturing) or are not concurrent engineering methods (e.g.

quality-based methods). The purpose of the authors' work is to develop a

new tolerance synthesis method, Simultaneous Tolerance Synthesis for Man-

ufacturing and Quality (STS), to achieve near-optimal tolerance allocation

for dimensional tolerances (so far).

2 Literature Review

A review of the recent literature suggests that existing techniques for tol-

erance synthesis can be grouped into three categories: traditional methods,

methods focusing on manufacturing, and methods focusing on quality.
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2.1 Traditional tolerance synthesis methods

Traditional tolerance synthesis methods are implemented separately in the

design and the process planning stages. Some typical examples of these

methods are [2, 9, 13, 15, 19]. All these models allocate tolerances in the

design stage without considering manufacturing processes. Process planners

are thus constrained to work with smaller ranges of possible process tolerance

values, which lead to higher manufacturing costs. Wu et al. [20] compared

the above models and concluded that models that de�ned cost as a combined

(exponential/reciprocal power) function of tolerances (such as [9]) were the

most accurate, followed by models based on exponential relations (such as

[13]) and by models based on reciprocal relations (e.g. [14]).

2.2 Tolerance synthesis for manufacturing

In order to lower manufacturing cost, tolerances are assigned based on the

particular sequencing of machining processes. Optimal tolerance allocation

over multiple processes alternatives has been treated by various researchers.

Ostwald and Huang [11] �rst formulated a technique for optimal tolerance

allocation choosing one of possible many process alternatives. It used linear

0-1 integer programming, with cost as the objective function and design re-

quirements as constraints. This technique is suitable where sequences and

tolerances of operations are �xed. A similar model is that of Lee and Woo [8],

in that tolerances are treated as process-speci�c, but uses a simpli�ed stack-

up condition and a more e�cient branch-and-bound algorithm. As a result,

the applicability of this model was improved. Chase et al [3] present three
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methods - exhaustive search, univariate search, and sequential quadratic pro-

gramming - to solve the models originally proposed by Ostwald and Huang.

The advantages and disadvantages of each approach are discussed. Nagar-

wala et al [10] proposed a new slope-based method that took into account

process selection. This method eliminates component-wise process selection,

hence eliminating the generation of process combinations and improving ef-

�ciency.

All these models assume each component dimension is produced by only one

process. The tolerance obtained from the process has a single �xed value.

A cost is associated with each tolerance value. This assumption limits the

model, however, because it rarely holds in practice.

Zhang and Wang [23] have reported an analytical model for simultaneously

allocating design and machining tolerances base on a criterion of least man-

ufacturing cost. In their model, tolerance allocation is formulated as a non-

linear optimization problem based on cost-tolerance relationships. A sim-

ulated annealing algorithm is used to solve the optimization problem. Al-

Ansary and Deiab [1] solved the same model using genetic algorithms; they

found that genetic algorithms performed better than simulated annealing

algorithms for solving nonlinear programming problems.

The model of Zhang and Wang is more practical than those previously men-

tioned because it allows single dimensions to be produced by multiple pro-

cesses, and because the cost-tolerance function is treated as continuous rather

than discrete. Because the model allows tolerances to be loosened - compared

to the other models - it has been considered quite successful. However, it

also fails to consider product quality, which degrades when tolerances are
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loosened.

2.3 Quality-based methods of tolerance synthesis

Taguchi [16] proposed that quality loss should be treated as a cost along

with manufacturing cost. This quality loss measure represents the loss to

society that occurs when a product deviates from the optimum set of design

parameters. The deviations are controlled by tolerances. The quality loss

function transforms the degradation into a cost to society that can then be

included in an objective function along with manufacturing costs.

Kapur et al [6] presented a general optimization model in terms of costs

associated with variances of the components and losses associated with the

variability from the quality characteristic target. They have also derived

formul� to calculate quality loss as a deviation from a norm.

Cook and DeVor [4] proposed a means of computing the quality loss func-

tion from their S-model of manufacturing. The model of Vasseur et al [18]

allocates tolerances based on pro�t maximization. The quality loss function

is used to determine the reduction in value due to an o�-target product,

which is then balanced against reductions in manufacturing cost. Optimal

pro�t occurred when the derivatives of the quality loss and manufacturing

cost functions were equal, but only with respect to design tolerances and

not manufacturing processes. Again, this introduces the likelihood that the

manufacturing tolerances will be too tight as a result.

Soderberg [12] developed a quality loss function based on component lifetime.

Total component lifetime represents the customer's objective, and a function
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is developed from physical relations between critical dimensions and lifetime.

The total loss function for the customer is then determined by including

component price.

Jeang [5] developed a few general mathematical models to determine product

tolerances minimizing the combined manufacturing costs and quality losses

(but not manufacturing processes), using quadratic and geometrical decay

functions. The models were also formulated with multiple variables which

represented the set of characteristics of a part.

Krishnaswami and Mayne [7] present a procedure to incorporate quality loss

concepts into the optimal tolerance allocation process. Manufacturing cost

and estimated quality loss and considered simultaneously.

Xue et al [21] develop a method that uses functional performance rather

than quality loss. They provide a method to jointly evaluate and optimize the

combined e�ects. However, establishing a usable and accurate representation

of the functional performance is di�cult and requires further study.

Thornton [17] proposed a method of decision making which balances the

cost of reducing variation against the cost of reworking parts. The cost of

variation reduction is similar to Taguchi's quality loss function curve. The

cost of rework is a traditional pass/fail measure. The method focuses on

decision making rather than tolerance synthesis.

From this overview, it appears that models based on quality loss treat the

design tolerance allocation problem without considering manufacturing pro-

cesses and process tolerance allocation. The manufacturing cost function is

based, in all the reviewed work, on a generic model in which the cost is a
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function of design tolerance. In that they do not consider manufacturing

processes and process tolerance allocation, these tolerance allocation meth-

ods are not concurrent, but rather use a traditional, sequential and iterative

method.

Quality loss is used to limit the loosening of design tolerances. These mod-

els tend to allocate tight design tolerances to each component dimension in

order to minimize quality loss. Their major drawback is that they cannot

share the allocation of tolerances with downstream process-planning stages

because they do not consider both manufacturing processes and process tol-

erance allocation in allocating design tolerances. If overly tight tolerances

are assigned during design as a result, the manufacturing engineer will be

forced to request changes that will increase product development lead-time

as well as increasing the chance of error by complicating the overall design

process.

3 STS method development

The literature review indicates that both traditional tolerance synthesis meth-

ods and methods based on quality loss tend to allocate tight tolerances result-

ing in higher manufacturing costs as a result of (a) lack of concurrency or (b)

lack of consideration of both manufacturing processes and process tolerance

allocation. Some methods (e.g. [23]) allow for loosening of process tolerances,

but with the result of a relatively uncontrolled quality loss. A new method is

needed that can simultaneously allocate tolerances to balance manufacturing

cost and quality loss and thus optimize cost over the product's life.
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In order to develop the Simultaneous Tolerance Synthesis (STS) method, the

following assumptions are adopted. These assumptions are consistent with

assumptions made in papers surveyed in Section 2.

1. The design function can be retrieved and formulated from an assembly

context. This function de�nes a relationship between a set of deviations

in a dimension chain and a product performance characteristic. In this

paper, design function is assumed one-dimensional.

2. The resultant tolerance of a dimension chain is given. This is the func-

tional tolerance, which comes from functional or customer requirements

and is available from the outset of a design project.

3. A process plan for each dimension is given. In a concurrent engineer-

ing environment, it is commonplace to �nd manufacturing engineers

developing process plans while designers are still detailing the prod-

uct. Even with incomplete or unreliable information, a manufacturing

engineer can estimate a process plan.

4. Each process has a normal distribution and is under statistical control.

This allows six-sigma theory to be applied.

5. The dimensions in a dimension chain and the processes for each dimen-

sion are independent.

6. Only dimensional tolerances are treated.

These assumptions are made for two reasons. First, they simplify the imple-

mentation of the STS. At this time, our concern is to carry out a \proof-of-
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concept" implementation of simultaneous tolerance synthesis. These assump-

tions let us focus on the main point without having to cope also with the

many other issues that would arise in their absence. Secondly, these assump-

tions are typical of those made in the other research surveyed in the preceding

section and, as is indicated in that research, not particularly onerous. Ap-

plications such as stamping dies, gear boxes, actuators, vehicle suspension

systems, etc. can all be toleranced under these assumptions. Since STS has

the same assumptions as other tolerance synthesis methods, their results are

more directly comparable. This is a matter of some importance to the au-

thors at this time: we must be able to demonstrate the relative merits of STS

with respect to other methods. Maintaining the same set of assumptions as

the other methods helps us to just that. Indeed, we will show below that STS

can provide signi�cant cost savings over the lifetime of a product compared

to a number of existing methods.

A special note is warranted with respect to assumption 3. Clearly, some

iteration is needed between the designer and the manufacturing engineer to

converge on an acceptable solution. In sequential design environments (i.e.

where a concurrent method such as STS is not used), iteration arises from the

mathematical requirements of the problem and from work
ow ine�ciencies

due to ine�ective information exchange between design and manufacturing

engineers. In a concurrent environment (i.e. where a concurrent methods like

STS is used), there is at least an opportunity to eliminate completely the

work
ow ine�ciencies. So while iteration can still be expected, the concur-

rency provided by STS will lower the expected number of iterations required

to reach a solution.
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3.1 Overview of STS method

The �rst step in developing the STS method is to identify those shortcomings

in existing models that it should overcome.

Traditional tolerance synthesis and quality loss based tolerance synthesis are

carried out in two stages. At the design stage, design tolerances are opti-

mized with manufacturing cost as a constraint. Then, at the process planning

stage, design tolerances are distributed to each operation, again constrained

to minimum manufacturing cost. These methods have the following short-

comings.

1. Optimal design tolerances cannot be obtained at the design stage be-

cause realistic information about manufacturing cost is generally un-

available.

2. The actual manufacturing cost depends on the process(es) chosen, in-

formation about which the design engineer lacks during the design

stage, unless the design engineer interacts with a manufacturing en-

gineer. Even so, multiple iterations will generally be required before

both stake-holders are satis�ed.

3. There is no direct relation between the deviation of a product speci�ca-

tion and its process tolerances, so design tolerances cannot be directly

allocated to processes. Indirect relations, though usable in principle,

tend to be very complex and prone to error, and thus di�cult to use

and manage.
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4. Lead-time is increased because of the serial and iterative nature of the

methods.

The methods of tolerance synthesis for manufacturing, such as Zhang's method,

allocate tolerances as loose as possible in order to lower manufacturing costs.

These methods can cause large quality losses.

The STS method integrates the two steps of tolerance synthesis, providing a

vehicle to implement concurrent engineering practice at the level of tolerance

design. Through this parallelization, the STS method obviates the need

for intermediate design tolerances, can signi�cantly reduce lead-time, and

achieves a balance between design function tolerances and process tolerances.

Tolerance synthesis can be formulated as an optimization problem. In order

to implement this new method, an optimization model must be developed. In

the model, the objective function is chosen as a combination of manufacturing

cost and quality loss. By combining the two measures, the method seeks to

balance them and achieve an overall minimum total cost over the product's

lifetime. Design tolerance and process tolerance are taken as the decision

variables in the model; manufacturing cost is a function of process tolerances,

and quality loss is a function of design tolerances.

3.2 The Optimization Model

An explanation follows the mathematical statement of the model. The goal

of the model is to minimize the total cost, written as:
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CT =
nX
i=1

piX
j=1

W1C(tpij) +W2k�
2
y ; (1)

subject to the following constraints. The design function constraint in the

statistical case is:

nX
i=1

����� @f@xi
�����
2

t2id � T 2
f (2)

and in the worst case is:

nX
i=1

����� @f@xi
�����tid � Tf : (3)

The operational constraint is:

8i; j tpij + tpij�1 � Tpij: (4)

The process capability constraint is:

tpmin
ij � tpij � tpmax

ij : (5)

The relationship between design tolerance and manufacturing tolerance is

given by:

tpipi = tid; (6)

where:
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�2y =
nX
i=1

 
@f

@xi

!2 
tid

3Cpi

!2

; (7)

Cm(tpij) = Aije
�Bij(tpij�Cij) +Dij; (8)

k =
A

T 2
f

: (9)

3.2.1 Explanation of the Objective Function

The objective function minimizes the total cost of the simultaneous manu-

facturing cost and quality loss. The weights (W1 and W2) are introduced

to represent the relative importance of the two components of the objective

function.

In manufacturing, tighter tolerances mean higher machining costs. Previ-

ous research in tolerance synthesis focussed on cost-design tolerance models,

wherein several manufacturing processes are combined to relate total machin-

ing cost and design tolerance. But since a single design tolerance is usually

obtained through a series of machining operations, this simple combination

may be insu�cient to capture the actual cost-tolerance relationship with

su�cient accuracy.

Developing more accurate models, however, can be very di�cult. The models

are design-dependent: each feature-tolerance combination can have a di�er-

ent model. Also, di�erent manufacturing processes are needed to produce

features with di�erent tolerances. A good cost-tolerance model must re-
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ect all the related production operations. Without prior knowledge of the

manufacturing process of the part, it is not feasible to form an accurate cost-

accuracy model at the design stage determined by the downstream produc-

tion operations. The availability of cost-design tolerance models is a severe

obstacle to the practical application of tolerance synthesis.

At the manufacturing stage, however, very accurate cost-process tolerance

models can be constructed because abundant empirical data exists for com-

monly used machining operations.

In the STS method, a cost-process tolerance function is adopted as the man-

ufacturing cost component of the objective function. This avoids the inac-

curacies of cost-design tolerance models, and permits direct distribution of

functional tolerances to each process tolerance. The total manufacturing cost

is then the sum of the manufacturing costs of each machining process of each

component's dimension:

Cm(tpij) =
nX
i

piX
j=1

C(tpij) (10)

where n is the number of dimensions in the dimension chain, pi is the number

of processes to produce dimension i, and C(tpij) is the cost-tolerance function

of the machining process. In this research, an exponential function is used

to model cost-process tolerances, in keeping with best practice as discussed

in the literature survey. For a particular manufacturing process, we have:

Cm(tpij) = Aije
�Bij(tpij�Cij) +Dij: (11)
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Quality loss is quanti�ed, per Taguchi, as a quadratic expression relating the

loss to the variation of a product characteristic:

L(Y ) = k(y �m)2 (12)

where k = A
Tf
, A is the cost of replacement or repair if the dimension does

not meet the tolerance requirements, Tf is the functional tolerance require-

ment, m is the target value of the functional dimension, and y is the design

characteristic.

We assume the functional dimension has a normal distribution and a mean

at the target value. The quality loss can then be represented by the standard

deviation of the functional dimension. Then, the expected value of the loss

function can be written as:

QL = E(L(Y )) = k
h
(��m)2 + �2y

i
(13)

where � and �2y are the mean and the variance of Y, respectively. The

equation combines linearly the variance of Y and distance of the mean of

Y (�) from the target value (m). To lower the quality loss (and hence its

associated cost), a quality engineer adjusts � during parameter design. These

adjustments do not a�ect the value of process variability (�y). From this

point of view, then, the quality loss can be written:

QL = E(L(Y )) = k�2y : (14)
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Based on the design function, the resultant overall quality characteristic can

be estimated from the set of individual quality characteristics in the design

function. These approximation functions can be found by using Taylor series

expansions. The resultant variance can then be expressed in terms of the

variances, �2xi, of the individual quality characteristics:

�2y =
nX
i=1

 
@f

@xi

!2

�2xi: (15)

Tolerances are always related to manufacturing processes, and they must be

designed in conjunction with the application of a speci�c manufacturing pro-

cess. If a tolerance is determined without considering a speci�c process, one

risks creating a mismatch between the required tolerance and the capability

of a given process. One way to express this relationship is with a process

capability index, Cp, which is the ratio of design tolerance boundaries to the

measured variability of the output response of the manufacturing process.

Cp is a measure of the ability of a process to manufacture a product that

meets its speci�cation, and is de�ned by:

Cp =
td

3�
: (16)

We can now write:

�xi =
tid

3Cpi

: (17)

Substituting into Equation 15 gives:
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�2y =
nX
i=1

 
@f

@xi

!2 
tid

3Cp

!2

; (18)

and the total quality loss is:

QL(td) = k�2y : (19)

Traditionally, cost has been considered of paramount importance. However,

since the 1980's, and especially as a result of Japanese e�orts, quality in

the broadest sense has become at least as important. Indeed, although they

sometimes contradict one another, cost and quality are the two most im-

portant e�ects for an industrial company. Still, it is not easy to rank their

importance with respect to each other, even on a per-application basis. For

example, in modern automotive markets, strong competition forces compa-

nies to improve product quality constantly, and quality can vary between

di�erent parts in the same product. This suggests that quality should be

ranked as more important than cost, but only to a point. Thus, determining

appropriate weighting factors for cost and quality should be integrated into

a company's management system and strategic planning.

3.2.2 Constraints

Design function is always used as a constraint to guarantee that assembly

tolerances will not exceed function tolerance: the resultant design function

tolerances must be less than or equal to the assembly functional tolerance

limits. To quantify this, we begin by considering that di�erent dimensions
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contribute di�erently to the assembly tolerance. For a worst case, we have:

nX
i=1

����� @f@xi
����� tidwij � Tf (20)

where Tf is the assembly functional tolerance limit. For the statistical case:

nX
i=1

����� @f@xi
�����
2

t2idwij � T 2
f (21)

In allocating machining tolerances, consideration should be given not only to

process capability, but also to the amount of machining allowance for each

operation. The machining allowance is the size of the layer of material that is

to be removed from the surface of a workpiece in order to obtain the required

accuracy and surface quality. It in
uences greatly the quality and production

e�ciency of the machined part. Excessive machining allowance increases the

consumption of material, machining time, tools, and power, thereby increas-

ing manufacturing cost. On the other hand, insu�cient machining allowance

will fail to remove any roughness or surface defects of a previous operation,

thus lowering part quality.

The amount of machining allowance is the di�erence between the machining

dimension obtained from the preceding operation and that in the current

operation. Due to operation errors, the actual amount of material removed

varies within some range; this variation is a cumulative sum of manufacturing

tolerances. In practice, typical levels of material removal are set on a per-

process basis and de�ned in various handbooks. We can represent this as:
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8i; j : tpij + tpij�1 � Tpij (22)

Each process operation has its own accuracy (again, usually available from

reference handbooks) and must be performed within its process capability.

Thus:

tpmin
ij � tpij � tpmax

ij : (23)

In the STS model, manufacturing cost is a function of process tolerances,

while quality loss is a function of design tolerances, acting in combination.

Since the intermediate process tolerances are not �nal tolerances on a man-

ufactured dimension, they a�ect neither functional performance nor quality,

so no quality loss is associated with them. It is instead the tolerances of

last processes (i.e. design tolerances) that constitute the �nal tolerances for

a manufactured dimension. Quality loss is associated with design tolerances,

which are the tolerances of the last processes. That the last process tolerances

equal the design tolerances links the manufacturing cost and the quality loss;

that is:

tpipi = tid (24)

This concludes the explanation of the mathematics of the STS model.
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4 An Example

This section presents an example (originally used in [23, 1]), and compares

the performance of the STS model to those in the cited works. The reader

is referred to Figure 4.

Dc +/- Tc

Dp +/- Tp

X

Figure 1: Assembly schematic of an automobile piston/cylinder, with rele-
vant dimensions and tolerances indicated.

The clearance between the piston and the cylinder, X, is the critical di-

mension. The given diameter of the piston is 50.8 mm, the cylinder bore

diameter is 50.856 mm, and the clearance is 0.056 � 0.025 mm. The quality

loss coe�cient, A, is set at $100 (from [16]). Data for the process plans and

capabilities, machining allowance, and coe�cients of manufacturing cost -

tolerance function for each process are given in Appendix 6 and are taken
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from [1].

In the piston-cylinder bore assembly, there is only one resultant dimension

(the clearance between the two parts) and two dimensions that form the chain

(the diameters of the piston and cylinder bore). So, the design function is:

X = Dp �Dc: (25)

Since we are only interested in determining the near-optimal tolerances for

these parts with respect to the clearance between them, the tolerance stack-

up function can be written as four equations, representing four possible cases:

W1 = W2 = 1; Cp1 = Cp2 = 1; (26a)

W1 = W2 = 2; Cp1 = Cp2 = 1; (26b)

W1 = W2 = 1; Cp1 = Cp2 = 0:5; (26c)

W1 = W2 = 1; Cp1 = Cp2 = 1:5: (26d)

The LINGO software package was used to solve this model.

In the �rst case, manufacturing cost and quality loss have the same weight -

that is, they are equally important - and Cp = 1 in accordance with typical

North American practice for quality standards. The results for this case (Ta-

ble 7), show that the STS method saves 3.4% compared to Zhang's method

and 36.4% compared to the traditional method (as that of Al-Ansary and

Deiab).
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The traditional method allocates tolerances in two steps, resulting in tight

process tolerances (refer to Tables 5 and 6), thus incurring the highest man-

ufacturing costs and lowest quality losses among the three methods. Zhang's

method, on the other hand, lowers manufacturing cost by loosening toler-

ances, but at the expense of higher quality losses. The STS method balances

these two aspects of the tolerance allocation problem: though one of either

Zhang's method or the traditional method outperforms STS with respect to

either manufacturing cost or quality loss, STS achieves the best total perfor-

mance.

In the second case, quality loss is considered twice as important as manufac-

turing cost. Here, STS outperforms the other models by 8.6% (for Zhang's

method) and 34% (for the traditional method), as shown in Table 8. This

suggests that STS is useful in situations where high quality is required.

In the third case, quality is set at a low level. STS again outperforms the

other methods, which suggests that the proposed method can save substantial

costs (between 18% and 30%, per Table 9) in low-quality situations.

Finally, in the fourth case, quality is set at a high level. Even though in

this case, little quality loss is expected, STS still performs better than the

other methods (between 0.9% and 39%, per Table 10). In situations of mass

production, even a savings of less than 1% per unit can amount to very

substantial savings over an entire product run.

Our use of weights (Wi) allows us to separate determining the relative impor-

tance of quality loss and manufacturing cost on the one hand from modeling

the quality loss and manufacturing cost themselves. The weights may be
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thought of as capturing the preferences of the members of a concurrent en-

gineering team. Clearly, as the weights are coupled, all stakeholders in the

design should approve the weights that are selected. Indeed, the weights

serve as a strong reminder to the designers about the coupling between qual-

ity loss and manufacturing cost, and the importance of engineering products

in a collaborative way.

Alternatively, one may consider the weights as aggregate values of experience,

derived from analysis of past designs. That is, a company may choose to

adopt a system such as STS and then track changes in the weights over

time within single projects and over multiple projects. One may expect that,

over time, patterns in the allocation of the weights for designs that were

\successful" could emerge. Clearly, there is a risk here: there is no guarantee

that useful patterns will emerge, and the cost required to collect, analyse, and

maintain the database of past experience can be considerable. Nonetheless, it

remains a possibility, especially in environments where ubiquitous computing

is encouraged by corporate culture.

Various other examples were conducted, comparing STS to various other

models. In no case did the STS model perform worse than the competing

models; in many cases, STS far exceeded the competing models. Details on

the other methods and examples are available in [22].
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5 Implementing STS in Industrial Environ-

ments

In this section, the authors sketch a procedure for implementing the pro-

posed STS method in industrial settings, and identify key issues that must

be treated if the implementation is to be successful. The speci�cs of any

implementation will depend to a large extend on the corporate structure of

the the company and the resources and design infrastructure in place at the

time of implementation. However, the list of issues outlined below would

have to be treated, one way or the other, in any implementation.

Step 1: Machine Tool Database. Data used in this article were taken

from machining handbooks. In practical applications, a database would have

to be constructed containing process capabilities, cost-process tolerance func-

tions, process capability indices, and maximummachining allowances for each

available machine tool. All these data can be determined by experiment and

data analysis. In some cases, it may be purchased from equipment vendors.

It could also be shared with other companies through consortia and so-called

information \brokers".

Step 2: System and Parameter Design. System design establishes an

architecture for product performance so as to satisfy functional requirements.

Such architectures are typically parametric. Some of the parameters are

distinguished for their importance in minimizing the functional deviations of

the product. From the values established for these parameters, speci�cation
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of the functional tolerances can be derived.

Step 3: Identi�cation of Functional Dimension Trains. From the

system design, a geometric description of the product can be developed.

Combined with functional tolerance speci�cations, the product drawings can

be analyzed to extract functional dimension chains.

Step 4: Process Planning. Design tolerances are estimated using an

averaging method. This is acceptable because the design tolerances are only

interim results. From these tolerances, an appropriate manufacturing process

is selected. The design tolerances can then be discarded.

Step 5: Sensitivity Analysis. Using sensitivity analysis, the impact of

each component dimension on the functional tolerance can be established.

Step 6: Development of Optimization Model. Using the STS method

and the information gathered in the preceding steps, an optimization model

for the product is developed.

Step 7: Solution of Optimization Model. The optimization model

is solved using conventional software packages, such as LINDO, MatLab,

etc. The solution of the model results in near-optimal design and process

tolerances.

It is evident that the process sketched above involves substantial \manual"

work. Clearly, many aspects of the various steps could be implemented in a
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computer-based environment, which in turn would increase both the speed

and the e�ciency with which the process would occur. It is a matter of

on-going research to develop the appropriate computational infrastructure

to support this process in a semi-automated manner.

6 Conclusions

A new method of synthesizing tolerances simultaneously for both manufac-

turing cost and quality has been presented. The method, called Simultaneous

Tolerance Synthesis (STS), has been shown to at least match other existing

tolerance synthesis models and, in many cases, exceed them substantially.

The best results were attained in cases where quality is either (a) a high

concern or (b) deliberately set at low levels. The method is then well-suited

to engineering environments where either high quality or low-cost products

are designed and manufactured.

Criteria for evaluating STS with respect to other models involve trading o�

near-term manufacturing costs against the losses in quality that adversely

a�ect the long-term operational life of the product. Arguably, this criterion

is more realistic than others focusing only on either manufacturing costs

or quality losses. As such, the STS method is inherently suited to use in

concurrent engineering environments. Weights built into the method allow

product- and enterprise- speci�c factors to be taken into account.

The STS method is comparatively simple. It eliminates the need for vari-

ous intermediate results (e.g. cost-design tolerance functions) thus improv-
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ing computability and making the model easier to understand by design and

manufacturing engineers.

Some directions for future work on STS include:

� relaxing at least some of the assumptions made in Section 3:

{ clarifying how STS can be integrated into concurrent design envi-

ronments to facilitate development of process plans;

{ extending STS to cover more than just normal distributions for

processes; and

{ identifying the relationships between each dimension in a chain

and the chain itself, and extending STS to take those relationships

into account.

� extending STS to handle geometric tolerances;

� developing methods to help designers select the best possible weights

for the STS model, either through theoretical considerations or through

empirical analysis of past experiences;

� studying the impact of robust design methods on the setting of the STS

weighting factors; and

� providing a means within STS to select machine tools on a per-process

basis.

The STS method is new, and requires much more work before it is ready

for deployment in an arbitrary design environment. However, the authors
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believe the results presented here indicate the relative merits of the method as

compared to others, particularly as a concurrent design method for tolerance

synthesis that accounts for losses throughout a product's life.
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Data for Example Problem

This appendix gives the required data for the example problem. All data is

taken from [1].

Sequence Operations Process Capabilities
1 rough turn 0:005 � T11 � 0:02
2 �nish turn 0:002 � T12 � 0:012
3 rough grind 0:0005 � T13 � 0:003
4 �nish grind 0:0002 � T14 � 0:001

Table 1: Process capabilities for the example piston.

Sequence Operations Process Capabilities
1 drill 0:007 � T21 � 0:02
2 bore 0:003 � T22 � 0:012
3 semi-�nish bore 0:0006 � T23 � 0:005
4 �nal grind 0:0003 � T24 � 0:002

Table 2: Process capabilities for the example cylinder.

Coe�cient Cm11(T11) Cm12(T12) Cm13(T13) Cm14(T14)
A 5 9 13 18
B 309 790 3196 8353
C 5.0E-3 2.04E-3 5.3E-3 2.19E-4
D 1.41 4.36 7.48 11.99

Table 3: Cost-tolerance coe�cients for example piston.
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Coe�cient Cm21(T21) Cm22(T22) Cm23(T23) Cm24(T24)
A 4 8 10 2
B 299 986 3206 9428
C 7.02E-3 2.97E-3 6.0E-4 3.6E-4
D 2.35 5.29 9.67 13.12

Table 4: Cost-tolerance coe�cients for example cylinder.

Results for Example Problem

The following tables summarize the results of solving the example problem

with the STS model implemented using the LINGO software package.

Tolerance STS Zhang Traditional
T11 0.01629 0.01615 0.01550
T12 0.00371 0.00385 0.00450
T13 0.00129 0.00115 0.00050
T14 0.00051 0.00065 0.00027
T1d 0.00051 0.00065 0.00027

Table 5: Near-optimal tolerances of example piston for W1 = W2 = 1 and
Cp1 = Cp2 = 1.

Tolerance STS Zhang Traditional
T21 0.01628 0.01618 0.01534
T22 0.00372 0.00382 0.00466
T23 0.00128 0.00118 0.00034
T24 0.00043 0.00062 0.00030
T2d 0.00043 0.00062 0.00030

Table 6: Near-optimal tolerances of example cylinder for W1 = W2 = 1 and
Cp1 = Cp2 = 1.
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STS Zhang Traditional
Manufacturing Cost 67.27 65.82 111.89

Quality Loss 4.97 8.96 1.79
Total 72.24 74.78 113.68

Table 7: Near-optimal costs of three methods for example, withW1 =W2 = 1
and Cp1 = Cp2 = 1.

STS Zhang Traditional
Manufacturing Cost 68.90 65.82 111.89

Quality Loss 7.66 17.92 3.58
Total 76.56 83.74 115.47

Table 8: Near-optimal costs of three methods for example, withW1 =W2 = 2
and Cp1 = Cp2 = 1.

STS Zhang Traditional
Manufacturing Cost 71.77 65.82 111.89

Quality Loss 11.31 35.84 7.14
Total 83.08 101.66 119.03

Table 9: Near-optimal costs of three methods for example, withW1 =W2 = 1
and Cp1 = Cp2 = 0:5.

STS Zhang Traditional
Manufacturing Cost 66.31 65.82 111.89

Quality Loss 2.83 3.98 0.80
Total 69.14 69.8 112.69

Table 10: Near-optimal costs of three methods for example, withW1 = W2 =
1 and Cp1 = Cp2 = 1:5.
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