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A desirability function is proposed that 

conservatively estimates the “effective yield” under 
assumptions described in the "six sigma" literature.  
We use an arc welding application to illustrate how 
the proposed function can yield a higher level of 
quality as well as a more accurate assessment of 
process capability than alternatives. 

Introduction 
Engineers design products or processes by 

selecting design parameters x1, x2, …,xp that will result 
in a desirable combination of properties or quality 
criteria, Y1, Y2,…Ym.  For example, in arc welding the 
engineer must set the travel speed and torch angle of a 
welding robot in order to achieve desired values of 
convexity, undercut, and cycle-time for producing a 
certain type of part.  The purpose of response surface 
methods (RSM) is to aid in the development of 
models of the process properties for use in 
optimization over the process inputs.  With these 
models, the challenge then becomes formulating 
specific objectives using obtainable information so 
that, when these objectives are optimized, the outcome 
will be truly “desirable”. 

Functions that transform a set of properties into a 
single objective are called “desirability” functions and 
are written D(Y1, Y2,…,Ym).  References on desirability 
functions include Castillo, Montgomery, and 
McCarville (1996), Derringer and Suich (1980), 
Derringer (1994), Harrington (1965), and Kim and Lin 
(2001).  Without loss of generality, it is conventional 
to restrict the range of the desirability functions to the 
[0,1] closed interval. 

Recent trends in process design have been strongly 
influenced by so-called “six sigma” methodologies 
and associated design concepts, e.g., see Harry (1994) 
and Pande, Neuman, and Cavanagh (2000).  The goal 
of six sigma is to determine inputs x1, x2, …, xp such 
that the mean and variance of the associated design 
properties result in a high percentage of units that 
conform to design specifications even when the 

process shifts unexpectedly.  Therefore, the notion of 
desirability in the context of product design 
necessarily involves an interaction between the mean 
and the variance of specific characteristics.  A major 
limitation in the current definition of the “six sigma” 
standard is that it is generally defined in terms of a 
single quality criterion, e.g., Harry (1994).  An 
important motivation for the desirability function 
proposed in this paper relates to extending the 
definition of six sigma quality to general situations 
that involve multiple criteria.  In general, some criteria 
may signal a nonconformance to specification and 
others may relate to design objectives for the product 
or process being designed.  The goal will be to assign 
a desirability formula whose derived value indicates 
whether "six sigma" quality levels are being achieved. 

In this paper, we propose a desirability function 
that is designed to address these limitations.  Unlike 
the available desirability functions, the proposed 
function has a simple, intuitive interpretation because 
it represents the predicted fraction of conforming parts 
under various assumptions that are generally 
conservative.  The formulas for the original 
desirability functions are reviewed in the next section 
with other contributions described as they are relevant 
for space reasons.  Next, desirability functions based 
on estimates of the fraction of conforming products 
are proposed, and the implications of this approach for 
a variety of assumptions described in the six sigma 
literature are explored.  Then, we provide a case study 
in which the proposed function is used.  Finally, we 
conclude with a discussion of the advantages and 
limitations of the proposed formulation compared with 
alternatives. 

Review of Harrington’s Function 
In this section, we review the desirability function 

literature.  Harrington (1965) calculated the 
desirability function in two steps.  The first step 
concentrated on each criterion/response to assign an 
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individual desirability.  Criteria divided into two 
types: “two-sided” criteria whose acceptable values 
were bounded by both an upper specification limit 
(USL) and a lower specification limit (LSL) and “one-
sided” criteria whose acceptable values were bound by 
a single specification limit.  For two-sided criteria, 
Harrington began the process of assigning desirability 
by calculating the scaled response value, Yj′(x), using: 

     (1) 

Then, the user would need to input a single scaled 
criterion value, Yj, and its assumed desirability, e.g., 
when Yj′(x) = Yj′0 = -0.1 then d0=0.63.  This would be 
appropriate if -0.1 (slightly lower than the midpoint 
between the specification limits) corresponded to a 
“good” system.  This pair of numbers (Yj′0, d0) was 
used to calculate the parameter n using the following 
formula: 

     
 (2) 

Next, the desirability for the two-sided 
characteristic was obtained using: 

     (3) 

For single-sided criteria, the individual desirability 
measures or “desirabilities” were calculated as 
follows.  The engineer had to input two pairs (Yj1, d1) 
and (Yj2, d2) with the criteria values, Yj, given in actual 
response units, and it was assumed, without loss of 
generality, that Yj1 > Yj2.  Each of the response values 
was then scaled using the formula: 

   (4) 

Then, the scaled criteria value, Yj′(x), 
corresponding to the actual response Yj(x) was found 
through the following linear transformation: 

  (5) 

Next, the desirability for the one-sided 
characteristic was estimated using: 

     (6) 

In the second stage of applying Harrington’s 
method to estimate the system desirability, individual 
criteria desirabilities were combined using the 
following formula involving subjective weights of 
each of the criteria, wi: 

D(x) = [d1(Y1(x))w1d2(Y2(x))w2 . . . dm(Ym(x))wm]1/S 
    (7) 

         where S = Σi wi  . 

Harrington also provided standards for interpreting 
desirability functions, which ranged from 1.0 
(additional improvements would have no appreciable 
value) to 0.3 (completely unacceptable). 

The Proposed Method 
The proposed desirability function is based on 

estimates of the yield, i.e., fraction of conforming 
units, under assumptions that are discussed in the six 
sigma literature and are increasingly being regarded as 
default standard assumptions, e.g., they are discussed 
extensively in Pande, Neuman, and Cavanagh (2000).  
In this section, formulas for calculating the yield 
associated with characteristics with one and two-sided 
specification limits are defined.  Then, guidelines for 
interpreting the desirability ratings are provided that 
are based on the yield of the process and standards of 
quality described in Harry (1994).  Finally, the 
sensitivities of the proposed functions to assumptions 
about the size of mean shifts and estimates of the 
process variability are examined.   

Two Types of Formulas 

As with Harrington’s approach described in the 
last section, the first step in defining the proposed 
function concentrates on each criterion/response to 
assign an individual desirability.  Note that past 
developments of desirability functions, including 
Harrington’s approach, reference specification limits, 
but not the process variability.  Each quality 
characteristic has both a mean, µi, and a standard 
deviation, σi, which may be regarded as properties or 
characteristics themselves associated with the 
engineering choices, x1, x2, …, xp.  Another 
consideration is the concept of a shift of τiσi of the 
mean toward the relevant specification limit.  In the 
six sigma literature, e.g., Harry (1994), engineers are 
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encouraged to consider the implications of a 1.5σi shift 
(τi=1.5) in their design of products or processes.   

For the case in which the individual characteristic, 
i, is bounded by upper and lower specification limits, 
USL and LSL respectively, and has associated mean, 
µi, standard deviation, σi, and possible shift τi, the 
proposed desirability function is: 

d i(µ i ,σ i ,τ i)  = min [Yield i(µ i ,σ i ,+τ i) ,  
Yield i(µ i ,σ i ,–τ i) ]  

where  

Yield i(µ i ,σ i ,s i)  = Φ [zU S L , i(µ i ,σ i ,s i) ]  –    
Φ[zL S L , i(µ i ,σ i ,s i) ]     (8)  

where Φ is the cumulative distribution function for 
unit normal random variables and where  

  zL S L , i(µ i ,σ i ,s i)  = (1/σ i) [LSL  –  (µ i  + s iσ i) ]
   (9)  

and zU S L , i(µ i ,σ i ,s i)  = (1/σ i) [USL  –  (µ i  +  
s iσ i) ] .      (10)  

Defined in this way, the desirability, d i(µ i ,σ i ,τ i) ,  
corresponds to a conservative estimate of the long-
term fraction of conforming units under assumptions 
that are becoming increasingly standard.  The 
assumptions are that the quality characteristic is 
normally distributed and there is a shift of the mean 
toward the specification limit that is the closest to the 
mean.  Yield i(µ i ,σ i ,+τ i)  corresponds to the yield 
under the assumption of a positive shift, and 
Yield i(µ i ,σ i ,–τ i)  corresponds to the assumption of a 
negative shift.  Taking the minimum of these two 
shifts may be regarded as conservative.  While the 
assumption of normality is standard in the "six sigma" 
literature, in some cases it will clearly become 
necessary to use a different distribution function.  
Fortunately, the assumption of a shifted distribution 
does to some extent mitigate the effects of that 
assumption.  Figure 1 shows geometrically the 
relationship of the shifts to the long term fraction of 
conforming units.  Figure 2 shows the proposed 
desirability function for different assumed values of 
the individual criterion standard deviation, σi, and as a 
function of the criterion mean, µi.  In cases in which 
there is no upper specification limit, the term 
Φ [zU S L , i(µ i ,σ i ,s i) ]  in equation (8) is replaced by 
1.00.  If there is no lower specification limit, the term 
– Φ[zL S L , i(µ i ,σ i ,s i) ]   is replaced by 0.00. 

•
(–zLSL,iσi) (zUSL,iσi)ττττσiττττσi

USLLSL

µi

σi

 
 

Figure 1.  Quantities Used to Calculate the Proposed 
Desirability Functions. 
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Figure 2.  The Proposed Desirability Function. 

Interpreting the Proposed Desirability Function 

A new rating system is required in order to 
interpret the proposed desirability values.  Table 2 
interprets the values from the proposed system which 
is directly from Harry (1994) and which is repeated in 
Pande, Neuman, and Cavanagh (2000).  This rating 
system is of particular importance when quality 
characteristics must be addressed for which no 
specifications exist.   

Table 2. Desirability/Long Term Yield Interpretations 
Assuming a τi=1.5 Shift. 

Rating Description 
1.00-
0.9999966 

The new “6σi” standard of quality (an 
improvement beyond this point would 
have no appreciable value) 

0.9999966-
0.9938 

Good but not outstanding quality 
(current “4σi” standard) 

0.9938-
0.9332 

Acceptable but poor (historical “3σi” 
standard)  

0.9332-
0.69 

Unacceptable (a “2σi”standard) 

0.69-0.00 Completely unacceptable 
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Many methods have been proposed for combining 
the potentially several individual desirability measures 
into an overall desirability function, D(x).  The 
following modification of the Derringer and Suich 
(1980) approach in (6) is proposed, in order to 
preserve the interpretation of the desirability as a 
yield.  Without loss of generality, criteria i=1,2,…,r 
are associated with specification limits and yields, and 
the remaining i=r+1,…,m are characteristics for which 
values must be subjectively assigned.  The proposed 
formula is: 

D(x)  =  {[d1(Y1(x))d2(Y2(x)) . . . dr(Yr(x))]wr ×   

    [dr+1(Yr+1(x))wr+1dr+2(Yr+2(x))wr+2 . . . dm(Ym(x))wm]}1/S 

 where ∑ =
= m

ri iwS .          (11) 

The quantity in the first set of square brackets in 
equation (11) is a conservative estimate of the overall 
process yield under the following assumptions.  First, 
it is assumed that multiple mean shifts occur 
simultaneously.  Second, the incidence of 
nonconformities with respect to the separate failure 
modes is assumed to be independent.  The main 
difference between the proposed formula and the 
Derringer and Suich  (1980) approach is that the 
quantity S is not increased by the number of criteria 
associated with possible nonconformance to 
specification.  Therefore, the effects of these multiple 
failure modes are summed and not averaged, and 
represent the actual yield produced by the process. 

In certain situations, the engineer may suspect that 
the quality criteria Y1,…,Ym are highly correlated, i.e., 
when one is out of specification limits others are also 
likely to be out of the specification limits.  For these 
cases, Kim and Lin (2001) proposed the “maximin” 
approach for combining desirability functions so that 
dependencies would not result in counterintuitive 
desirability function values.  In their approach, the 
overall desirability is the minimum of the individual 
desirabilities, di.  For applications of the maximin 
approach using the proposed individual desirability 
functions, the following yield values are defined.  Let 
qi for i=1,…,o be the products of the individual 
desirabilities for each of the o sets of uncorrelated 
criteria that are associated with specification limits.  If 
the qi are used instead of the di in applying the 
maximin approach, then the interpretation of the 
overall D(x) as a yield value is at least partially 
preserved because the qi are yield estimates.  
Therefore, we suggest that the Kim and Lin (2001) 

approach for combining individual desirabilities 
should be used in cases in which the criteria are 
known to be highly correlated. 

Case Study: Arc Welding Fillet Welds 
We describe a case study in which the results from 

optimization using alternative desirability 
formulations are compared.  The following case study 
is based on the need of heavy equipment and 
automotive manufacturers to increase productivity 
while making welds that conform to specifications.  
The welding parameter design problem involves 
selecting the decision variables x1,…,x5 so that the 
criteria Y1,…,Y3 are desirable.  The variable travel 
speed, x5, is both an input and a criterion because it is 
roughly inversely proportional to the process cycle 
time.  The study objectives also include the 
achievement of x5=Y3=40 ipm of travel speed because 
it has been previously determined that this would 
avoid additional equipment expenditures to meet the 
market demand.  Experimentation was performed 
according to a Box-Behnken experimental design.  All 
the experimental inputs and responses are in Ribardo 
(2000).   

Prediction models were generated from the data in 
Ribardo (2000) using least squares regression which is 
equivalent to multiresponse regression in this context 
since the model forms are the same for both fit forms 
(Khuri and Cornell, 1995).  The derived models for 
average undercut and convexity are (respectively):   

Y1,est = – 8.91 – 3.99 x1 + 3.001 x2 – 0.0322 x3 + 244 
x4 + 0.0921 x5 + 10.8 x1

2 – 0.93x2
2 + 0.000275 

x3
2 – 1520 x4

2 + 0.0015 x5
2 + 0.461 x1x2 – 

0.0449 x1x3 + 85.8 x1x4 – 0.0294 x1x5 + 0.0218 
x2x3 – 2.43 x2x4 – 0.0585 x2x5 + 0.838 x3x4 – 
0.000822 x3x5 – 2.62 x4x5 

       
Y2,est = – 4.95 – 28.1 x1 – 1.41 x2 + 0.145 x3 + 262 x4 

+ 0.0532 x5 – 14.8 x1
2 – 5.11 x2

2 + 0.000109 x3
2 

– 4160 x4
2 – 0.00189 x5

2 + 20.4 x1x2 – 0.167 
x1x3 – 93.3 x1x4 + 0.385 x1x5 – 0.0357 x2x3 + 
130 x2x4 – 0.0208 x2x5 – 3.13 x3x4 + 0.00151 
x3x5 + 2.17 x4x5            (12) 

 

The adjusted R2 for the two models are 65.3% and 
85.1%.  We use the sqrt(mean squared error) to 
derived estimates for the process standard deviations 
which are σ1,est=0.25 mm and σ2,est=0.40 mm for 
undercut and convexity respectively.   Because of cost 
limitations in our experimentation, we assume in this 
analysis that the process variability is a constant to a 
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good approximation.  If we had been able to repeat the 
entire 46 runs, then we would be able to model σ1,est 
and σ2,est as functions of our process inputs.   

In some cases, criteria are not associated with 
specifications and variation of these criteria is not a 
primary concern.  For example, travel speed has no 
associated specification limit and can be set precisely 
by the machine operator (σ5=0).  The following 
approach is proposed to subjectively assign 
desirability in these situations.  The objective of the 
proposed approach is to maintain, to the extent 
possible, the interpretation of the total desirability as a 
yield or effective yield and preserve its 
correspondence with the six sigma standard in Table 
2. The proposed approach involves identifying a target 
value, Ti, and a minimum acceptable value, Mi.   Then, 
the following are used to calculate the desirability:  

c1,i = 3/(Ti – Mi)  ;   c0,i = 3 – c1,i Mi  ;  
 (13) 

     zeff,i = c0,i + c1,iYi ;  and  di(Yi) = Φ(zeff,i – 1.5)     

The constants c1,i and c0,i are used to scale the 
criteria so that the target corresponds to 6σ and the 
minimum acceptable value corresponds to 3σ quality.  
The derived quantity zeff,i corresponds to the zLSL,i or 
zUSL,i for criteria associated with one-sided 
specification limits, as defined earlier. 

In order to derive recommended process settings in 
the arc welding case study, the response surface 
models and the proposed desirability function in 
equations (7) and (13) were coded into a spreadsheet.  
Then, the EXCELTM solver was applied with 20 
randomly chosen starting points, resulting in the 
following recommended settings: x1=0.141 inch, 
x2=0.875 inch, x3=14.3°, x4=0.045 inch, and x5=34.9 
ipm (see Table 6 for a summary).  The search space 
was restricted to the experimental region so that the 
accuracy of the prediction models could be expected 
to be roughly greater than the estimated repeatability 
of the process.  The predicted criteria values are: Y1= –
0.058 mm, Y2= 0.300 mm, and Y3= 34.9 ipm.  The 
overall desirability is calculated to be 0.9775, which 
corresponds to an estimate of the “effective yield”.   

The application of Harrington’s desirability 
function to the same case study requires several 
assumptions as summarized in Table 5 with the results 
being shown in Table 6.  It is important to note that 
the derived solution is largely insensitive to the 
specifics of the assumptions in Harrington’s 
formulation.  For example, the desirability is above 
0.990 if the maximum desired value of travel speed 

was set to 69 ipm, i.e., Y3,1=69 ipm, or the value of Y2,0 
was as low in absolute value as 0.002. 

The case study comparison illustrates the potential 
value of the proposed approach compared with an 
alternative that, like all other existing alternatives, is 
not designed to address process variability in the 
assignment of desirability ratings.  The optimization 
of the desirability function in Harrington (1965) 
results in a potentially unacceptable, “2σ” of quality 
as evaluated using the conservative estimates of the 
yield and effective yield.  From an objective 
standpoint, the selected system design is a poor choice 
because with respect to the convexity characteristic it 
results in a non-centered process and a Cpk equal to 
0.82.  This would generally mandate expensive 
complete inspection and sorting, e.g., see Montgomery 
(1997).  The estimates from using the proposed 
function to evaluate the settings derived using 
Harrington’s desirability functions are 0.8089 for 
yield and 0.8994 for “effective yield”.  Also, the high 
value of calculated desirability using Harrington’s 
desirability function to evaluate settings derived from 
both approaches gives the experimenter the false sense 
that the process is excellent if either of the 
recommended settings is used.   

Through optimization of the proposed desirability 
function, the optimal yield is conservatively estimated 
to be 0.9775, which is substantially higher than the 
settings derived from Harrington’s approach.  
According to the six sigma literature and Table 2, this 
yield corresponds to “3σ” quality, the “historical 
standard”.  Also, the Cpk with respect to the convexity 
characteristic equals 1.1 and therefore, it may be 
advisable to avoid the cost of complete inspection by 
using control charting, e.g., see Montgomery (1997).  
Also, the process is centered which many quality 
engineers would intuitively prefer considering that the 
capability indices may be regarded as low. 

Table 5.  Assumptions Used to Calculate the 
Desirability of Specific Solutions. 

Criterion Type Inputs 

Undercut One-sided 
(Y1,1= 1.0 mm, d1,1= 0.37) 

(Y1,2= 0.0 mm, d1,2= 0.9999) 

Convexity Two-sided LSL= –1.0 mm, USL= 1.6 mm, 
(Y2,0= –0.23, d2,0= 0.9999) 

Travel 
speed One-sided 

(Y3,1= 40 ipm, d3,1= 0.9999) 
(Y3,2= 30 ipm, d3,2= 0.37) 
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Table 6.  Comparison of Results from Alternative 
Methods. 

 Harrington's Proposed 
Approach 

Optimal Settings (x) 

x1=0.083”, 
x2=0.875”, 

x3=0.0°,  
x4=0.045”, 

x5=40.0 ipm 

x1=0.141”, 
x2=0.875”, 
x3=14.3°,  

x4=0.045”, 
x5=34.9 ipm 

Predicted Response 
Average Values Yi(x) 

Y1=0.11 mm, 
Y2=0.62 mm, 
Y3=40.0 ipm

Y1=-0.06 mm, 
Y2=0.30 mm,
 Y3=34.9 ipm

Harrington's 
Desirability  1.0000 0.9996 

 Individual di Values  
(Proposed Method) 

d1=0.981, 
d2=0.824,  
d3=1.000 

d1=0.9968, 
d2=0.9599, 
d3=0.99985 

Desirability/“Effective 
Yield” (Proposed) 0.8994 0.9775 

Conclusions 
In this paper, we proposed a new desirability 

function to aid in multicriterion optimization.  The 
advantages of the proposed function include first that 
its value has the simple interpretation of being the 
yield under conservative assumptions that are standard 
in the six sigma literature, e.g., Harry (1994).  By 
providing a conservative estimate of the process yield, 
one is less likely to produce what may be called a 
“false positive” result.  In other words, the resulting 
process designs will be relatively unlikely to have low 
yields when the process is believed to conform to 
current “4σ” or “6σ” standards. 

Finally, because the proposed function is 
expressed explicitly as a function of the mean and 
standard deviation of the associated criteria or quality 
characteristics, the settings derived using our function 
are more likely to correspond to the true preferences 
of engineers than if existing alternative desirability 
functions are used.  This follows because none of past 
research including Castillo, Montgomery, and 
McCarville (1996), Derringer and Suich (1980), 
Derringer (1994), Harrington (1965), and Kim and Lin 
(2001) has generated explicit functions of both the 
process mean and standard deviation.  The benefits 
from deriving these alternative functions are limited 
by the fact that the desirability of mean settings, in 
general, strongly depends on the process standard 
deviation.  For example, in our case study the standard 
deviation of the convexity characteristic was high 

(Cp=1.1) and the proposed desirability function 
resulted in a centered process and a Cpk > 1.  Whereas, 
the function based on Harrington (1965) led to a non-
centered process with a Cpk < 1, which would likely 
result in substantially higher inspection costs because 
of the need for complete inspection, e.g., see 
Montgomery (1997). 

References 
Box, M.J. and Draper, N.R. (1987). Empirical Model 

Building and Response Surfaces. New York: Wiley. 
Castillo, E.D., Montgomery, D.C., McCarville, D.R. 

(1996). “Modified Desirability Functions for 
Multiple Response Optimization.” Journal of 
Quality Technology. 28.3: 337+. July 1996.  

Derringer, G.C. (1994). “A Balancing Act: Optimizing 
a Product’s Properties.” Quality Progress. June 
1994: 51+. 

Derringer, G.C., Suich, R. (1980). “Simultaneous 
Optimization of Several Response Variables.” 
Journal of Quality Technology. 12.4: 214+. October 
1980.  

Fuller, D., Scherer, W. (1998). “The Desirability 
Function: Underlying Assumptions and 
Applications Implications.” IEEE Transactions 0-
7803-4778-1/98. pp. 4016-4021. 

Harrington, E.C. (1965). “The Desirability Function.” 
Industrial Quality Control. April 1965: 494+. 

Harry, M.J. (1994). The Vision of Six Sigma: A 
Roadmap for Breakthrough, Phoenix: Sigma 
Publishing Company. 

Kim, K., Lin, D.K.J., (2001). “Simultaneous 
Optimization of Mechanical Properties of Steel by 
Maximizing Exponential Desirability Functions.”   
Journal of the Royal Statistical Society: Series C. 

Khuri, A. I., Cornell, J. A. (1995),  Response 
Surfaces: Designs and Analyses. 2nd ed. Marcel 
Dekker Inc., NY, NY. 

Lucas, J. (1994). “How to Achieve a Robust Process 
Using Response Surface Methodology.” Journal of 
Quality Technology. 26.4: 248-260. October 1994. 

Montgomery, D. (1997).  Introduction to Statistical 
Quality Control.  3rd ed. Wiley. 

Pande, P.S., Neuman R.P., Cavanagh R.R. (2000). The 
Six Sigma Way: How GE, Motorola, and Other Top 
Companies are Honing Their Performance. New 
York: McGraw Hill. 

Ribardo, C. (2000). Desirability Functions for 
Comparing Arc Welding Parameter Optimization 
Methods and For Addressing Process Variability 
Under Six Sigma Assumptions. Ph.D. Dissertation, 
The Ohio State University, Columbus, OH. 


