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Abstract 

It has long been the goal of designers to identify a robust measure of product 

complexity to guide product decisions. Using Design for Assembly evaluations from 

over 225 assemblies and subassemblies, alternative measures of product complexity 

are identified and compared. Time is shown to be the most consistently predicted, 

useful, and fungible measure. The distribution of assembly times for a product can be 

modeled by Pareto’s law. This leads to a new, more effective product design guideline 

and a predictive tool that enables rapid and accurate prediction of assembly times for 

redesigned products without having to repeat DFMA analysis. 

Introduction 

There is widespread urgency to meet conflicting requirements in new product 

development - exceptional pressure to shorten time to market while incorporating 

innovative features, and reducing defect rates to heretofor unimagined standards. Such 

diverse requirements cannot be met simply by applying conventional procedures for 

design, manufacture, and quality control. 

The problem is compounded by the difficulty of applying corrections after the product 

reaches production. Quick patches to solve problems late in the product development 

cycle are generally not adequate to meet world class standards of product quality and 
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performance. Fig. 1 shows schematically that the window of opportunity for 

improvement is greatest during early conceptual development and rapidly declines in 

scope and effectiveness after the design layout is committed. As also shown in Fig. 1, 

the cost of such changes escalates exponentially with the phase of the development 

cycle. To meet the new standards of excellence within the available time, problems 

must be identified and solutions created during the time of maximum design 

adaptability and improvement potential. To take advantage of the greatest design 

flexibility which is only available during the conceptual design phase, new design 

methodologies are demanded -- methodologies which, when applied at the conceptual 

stage of product design can identify and correct problems at the root cause level. 

10,000 I 

Concept Layout Detail Tooling Production Field 

Product Phase 

Fig. 1. The relative ease or effectiveness of product change and the relative cost of 
product change as a function of the product phase. See for example Miller’s work 
on concurrent engineering [ 11. 

By anticipating and correcting problems at this early conceptual development stage, 

two important benefits are derived: 

1. Problems which could impede or delay the product introduction are avoided, and 
2. The resulting product is substantially superior than is generally possible with late fixes 
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This paper addresses one important aspect of conceptual design complexity. We 

identify “complexity” as a root cause factor of many problems in product quality, 

production, and assembly, and introduce a new metric of “complexity” which may be 

easily determined during the concept layout phase. 

Measuring Complexity 

Many axioms espouse the importance of simplicity [2,3,4], or avoidance of complexity 

in product design and production. However, there are few relative and no absolute 

measures of either “simplicity” or “complexity.” Effective control of product 

complexity has thus far been hampered by this lack of a quantifiable basis of 

measurement. 

Selection of an effective measure of complexity is difficult, even when focusing on a 

specific type of complexity. Most proposed measures of complexity have significant 

shortcomings. An ideal measure of product complexity would be: 

0 Easily understood, 
0 Consistently interpreted, 
0 Temporally stable, 
0 A global measure encompassing all other proposed measures of complexity, 
0 Based on a standard international unit of measure, 
0 Able to support reproducible measurements of complexity, and 
0 Fungible. 

By comparing some traditionally accepted measures of complexity against these “ideal” 

attributes, it is easy to see why a universal measure of complexity has not been 

previously defined. For example, let us begin by examining part count as a standard of 

complexity. It is easily understood, consistently interpreted, and has a common 

international value. However, both an engine block and a bolt count as one part, even 

though they differ substantially in mass, features, and fabrication difficulty. 
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Quantity and Difficulty - Two Elements of Complexity 

Clearly part count is not a comprehensive measure of complexity. Problems 

encountered in using part count to measure complexity clearly demonstrate that a 

comprehensive measure of complexity must address two fundamental elements, 

namely: 

A. A number or quantity of factors contributing to the complexity of the system 
B. A measure of the difficulty of producing or executing each of the elements. 

A common weakness in efforts to define a better complexity standard has been the 

singular focus on quantity measures such as the number of parts or assembly 

operations in a product. These simple quantity measures are attractive because they can 

be easily and accurately counted. However, this approach to assessing complexity 

neglects the relative difficulty of executing or achieving each element. 

Tale of Two Products 

When focusing only on reducing quantity measures of complexity, there is significant 

risk that the difficulty of the task will be increased. An independent study of instrument 

panels for two competing light trucks [ 5 ] ,  one domestic and one imported, illustrates 

this risk as summarized in Table 1. 

Table 1. DFA Comparison of competing truck instrument panels [ 5 ] .  

Domestic (1990) Imported (1984) 
81 Parts 102 Parts 

46 Fasteners 51 Fasteners I Time Time 
757 Second Assembly 728 Second Assembly 

In spite of the fact that the import product had more screws and a total of roughly 20% 

more parts it could be assembled in less time. Moreover, the larger part count of the 

import product facilitated signzjkantly simpler part fabrication in addition to simpler 

assembly. Five injection molded parts in the domestic vehicle, for example, were 

preassembled and bonded to form as a single air duct supply for the final assembly. In 

contrast, six separate parts formed the import duct supply. These import parts were 
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made by blow molding, a process that is less costly and requires less development time 

than injection molding. In addition to eliminating the need for bonding, the six separate 

import parts could be attached to the instrument panel more rapidly than the 

preassembled domestic duct supply. The higher part count for the import product which 

was clearly easier to manufacture and assemble boldly contradicts one of the most 

widely accepted rules of Design for Manufacturability: minimize the number of parts 

[2,31. 

This represents only one of many cases that we have examined. In our study of over 

225 assemblies, our research has shown that products with minimized part counts, are 

too frequently associated with unnecessarily complex parts or assembly [5]. 

Such observations reinforce the need for a product complexity metric embracing not 

only quantity measures, but also including measures of difficulty. While it is quite 

simple to identify the number of elements contributing to complexity, it is necessary to 

find a metric capable of providing a measure of the difficulty of each element. 

Proposed Part Complexity Measures 

To compare the difficulty of fabricating various parts, some researchers have developed 

complex measures addressing such attributes as the number of features per part, part 

size, number of dimensions, and tolerances. The difficulty with such measures of 

complexity is that they are never complete. For example, the difficulty in fabricating 

two otherwise identical parts may be very different if one is made of brass and the other 

is made of ceramic. A contour like the surface of an automobile body panel is more 

difficult to define and produce than a simple cylindrical shape, yet each surface may 

count as only one feature. Thus, we must add material factors, and surface complexity 

factors to part complexity models developed in this manner. To grasp the scope of the 

problem using such an approach to define complexity, imagine the size of the database 

necessary to compare the complexity of processing all materials using all credible 

processing combinations. This database would have to be expanded to address all 
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credible combinations of tolerance, surface finish, and surface shape. Now, we can 

always identify another factor that must be added to such a model to make it complete. 

Note that complexity models built in this fashion must be either: a) incomplete, or b) so 

unwieldy that they are not of practical use. 

Fungibility - A Key Attribute for a Complexity Metric 

Perhaps the most common weakness of most proposed measures of complexity is a lack 

of fimgibility, or in other words, interchangeability from one complexity measure to 

another. How do you compare the complexity of a part with many ’simple features to 

one with a few complex features. To make such a comparison, we need to be able to 

translate both number of features and feature complexity into a sound common measure 

for both attributes. 

Money is an example of a fungible measure, illustrated by the fact that the difficulty of 

producing every part, feature, tolerance, or executing every process can be reasonably 

estimated in terms of cost. Unfortunately, money is a poor measure of product and 

production complexity because of differences in capital investment, labor rates, profit, 

fluctuations in international exchange rates, and inflation. In today’s global market, 

where different elements of a product are produced in a wide variety of countries and 

where labor rates and country content change with time, it is virtually impossible to use 

cost to consistently interpret product complexity. In particular, using cost as a standard, 

we would have difficulty making accurate comparisons between existing products and 

proposed replacement products. 

Potential Assembly Complexity Measures 

Among the Design for Assembly (DFA) factors that might be considered as measures 

of assembly complexity are: a) the number of assembly operations, b) total manual 

assembly time, c) the Boothroyd Dewhurst [6] theoretical minimum number of parts, or 

the Boothroyd Dewhurst “assembly efficiency.” Here, the assembly efficiency is 
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estimated by multiplying the “theoretic minimum number of parts” (TM) by 3 seconds 

and dividing by the Boothroyd Dewhurst estimated total assembly time. 

Consistency in Complexity Predictions Using a Single Methodology 

One test of a good measure of complexity is that different individuals will consistently 

predict the same complexity when using the same standard. To characterize the 

consistency of measuring assembly complexity using Design for Assembly methods, 

we used data acquired from Stanford University’s ME217 Design for Manufacturability 

class. Twenty six teams were each given the assignment to perform a Boothroyd 

Dewhurst type DFA analysis of identical VCR tapes [7]. 

Each cassette has 25 parts, of which 21 are unique. The reels and tape were considered 

as a single part by all of the design teams. As shown in the Table 2, teams were most 

consistent at counting the number of assembly operations based on the ratio of the 

standard deviation to the mean. Teams were moderately consistent at counting the 

number of unique assembly operations and predicting the total Manual Assembly time. 

The total assembly time versus the number of operations determined by each team is 

plotted in Fig. 2, suggesting a poor correlation between these two factors in the analysis 

of the same product. 

Table 2. Statistical summary of the results obtained by 26 teams analyzing a Video Cassette 
Recorder (VCR) tape using the Boothroyd Dewhurst DFA method. The number of 
parts in the assembly (Np) is 25. 

Number of Unique Operations 
Total Number of Operations (No) 
Manual Ass’y Time (TM) (sec) 
Theo. Min. No. of Parts (NM) 
Part Count Ratio (NplNM) 
Op Count Ratio (NJNM) 
Ass’y Efficiency (EM) 

I 
I Mean 

20.54 
26.65 
191.4 
1 1.85 
2.42 
2.57 

0.185 

~~ 

Sample 
Standard 
Deviation 

3.02 
2.26 
30.88 
4.09 
1.03 
1.12 

0.058 

Ratio 
(std devl 

mean) 
0.15 
0.08 
0.1 6 
0.34 
0.43 
0.44 
0.3 1 
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Although assembly efficiency and the theoretical minimum number of parts are useful 

guides in identifying opportunities for improving assembly, this study shows that they 

are very poor measures of complexity because they are not interpreted consistently. For 

the theoretical minimum number of parts, estimates within one standard deviation 

differed from the mean by as much as 34 percent. In other words, the variation in 

estimating the theoretical minimum number of parts was very large. The wide variation 

in predicting TM also resulted in inconsistent predictions of assembly efficiency. 
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Fig. 2. Estimated total assembly time versus total number of assembly operations 
determined by 26 teams performing a Design for Assembly analysis of a VCR 
tape [7]. 

Using Time to Quantify Assembly Complexity 

Next to part and operation counts, assembly time was the most consistently predicted 

attribute estimated by the teams examining the VCR tapes. This observation lead to an 

examination of time as a measure of complexity. Our interest in time as a measure of 

complexity was further motivated by the observation that most Predetermined Motion 

Time Systems (PMTS) and Design for Assembly systems convert the difficulty of 

executing a task into time. In general, as the difficulty or complexity of an assembly 

task increases, the time required to perform the task increases. Several studies linked 

the difficulty of an operation with the time required for manual execution [8,9]. 
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Time has a number of attributes which make it an almost ideal standard for measuring 

the difficulty of assembly operations. It has a common international value, and can be 

easily and accurately measured. Unlike money, the units of time (hours, minutes, 

seconds) have stable values from one period to another. Most importantly, the time 

required to create each part or feature, meet every tolerance, or execute every operation 

can be reasonably estimated, satisfying the condition of fungibility. 

Some problems, however, are encountered in measuring complexity by a metric based 

upon time. To illustrate, suppose that we wanted to measure the distance around a track 

by the time it took a person to go around the track. The time required for a walker, a 

sprinter, a marathon runner, or a race car driver would each be very different. 

Furthermore, the time to transit the distance for each individual would be different each 

time they tried to go around the track. The transit time could also be influenced by such 

factors as fatigue, experience, and weather conditions among other factors. In a similar 

way, the time to assemble identical products would differ if assembled manually or by 

automation, or if workers are rushed to meet a critical deadline. For these various cases, 

the product complexity remains the same, even though the actual execution time differs. 

Thus, for time to be used as a measure of distance, or product complexity in our desired 

application, there must be a standard way of defining the pace of performing a task to 

obtain consistent results. 

The database values from the Predetermined Motion Time Systems (PMTS) [ 101 and 

the Design for Assembly (DFA) [6]  methods can be used to measure complexity 

because they are based on methods for measuring the time to complete a task following 

standard work pace guidelines. We will refer to such database time values as Standard 

Operation Times (SOT). The SOT values are related to performance of a “median” 

worker in terms of alertness and experience working at a “normal” self-paced speed. 

Rating systems have been developed to characterize normal operation rates [lo]. 
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Consistency Between Time Databases 

In the VCR study, the consistency in estimating complexity using a single time-based 

methodology was assessed. In complex products, teams for various subsystems may 

elect to use different PMTS, or DFA methodologies. This raises an important question, is 

there enough consistency between the databases that product complexity can be 

accurately estimated independent of the methodology used? Ideally, we should predict 

the same SOT by observing different individuals performing the same task in different 

settings, leading to similar database values for a single operation in each of the various 

methodologies. A simple way to test how closely this ideal is approached is to compare 

the times in different databases for similar operations. If the methods have no relative 

bias, the assembly time for each assembly action would be the same by any method. To 

test this assumption, Boothroyd Dewhurst handling and insertion times were compared to 

those in a similar but independent methodology as shown in Fig. 3 and 4. 
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Fig. 3. Handling time by method "A" versus Fig. 4. Insertion times for method "Bl' versus 
insertion times for method "A" for 6 1 
"parts." The correlation coefficient (r) 
is equal to 0.81 8 for a power fit. 

handling time for method "B" for 7 1 
''parts.'' The correlation coefficient (r) 
is equal to 0.888 for a power fit. 

The solid line in each figure represents the "ideal unbiased fit." The predicted handling 

times for method "B'l are slightly less than for method "A." This bias is reversed for 

insertion times where the predictions for "A" are nearly 2 seconds less than method 

"B." Large inconsistencies among the methodologies were observed for specific 
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operations as illustrated by the square data point in Fig. 3. Here one methodology 

predicted a handling time of 4 seconds, while the other method predicted that the same 

operation would take 8 seconds. Using the Wilcoxon test for paired observations [l 11, 

we can conclude that the two methods are biased and do not predict the same mean 

assembly time for individual operations at the 0.01 level of significance for both 

“handling” and “insertion.” 

This result suggests that the actual assembly times on which the databases were created 

are all very sensitive to local assembly conditions and operator performance. Hence it 

became important to find a more consistent standard of assembly complexity than 

provided by any one methodology as is next described. 

The Pareto Distribution-A Descriptor of Assembly Complexity 

For the purpose of estimating complexity, we discovered that greater consistency can be 

achieved by considering the total set of operations required for a product or sub- 

assembly as organized in a Pareto chart [12]. A Pareto chart is a bar graph where 

elements have been sorted from greatest effect or frequency to the least effect or 

fiequency. Fig. 5 and 6 are Pareto charts for the estimated time to complete operations 

used in the assembly of single product determined by a PMTS and DFA method 

respectively [7]. In spite of the large inconsistencies in the estimated assembly times for 

the same two specific operations labeled “A” and “B” in both figures, the shape of the 

two distributions are remarkably similar. 
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Fig. 5. Pareto chart of the PMTS- 
Estimated assembly times for 
an automotive product. 

Fig. 6. Pareto chart of DFA-Estimated 
assembly times for the same 
automotive product illustrated in 
Fig. 5. 

After multiplying the PMTS data by a scale factor, the Cumulative Distribution 

Functions of the estimated assembly times for both distributions were plotted in Fig. 7. 

As Fig. 7 reveals, the two distributions of estimated assembly time after a simple 

rescaling are virtually identical. The scaling factor represents a bias between the two 

methodologies. 

0.4 

0.2 

0 

Fig. 7. Cumulative Distribution Function (CDF) of the estimated assembly times from 
Fig. 5 and 6 .  The PMTS-Estimated assembly times were multiplied by a 
constant. 
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The similarity of Pareto charts derived from different SOT methodologies in 

juxtaposition with the inconsistent predictions for individual operations suggests that 

either the distribution of assembly times or the cumulative assembly times are better 

measures of assembly complexity than the times for individual operations. Note that the 

cumulative assembly time is a combination of the difficulty for each assembly 

operation, capturing both quantity and difficulty elements into a single measure. 

Pareto’s Law 

The Pareto chart was originally developed by Lorenz as a method of plotting data 

which follows Pareto’s law [7]. Data which can be described by Pareto’s law plots as 

nearly a straight line on a special log-log plot where values such as the assembly time 

per operation are plotted on the horizontal axis, and the number of observations having 

a greater or equal value are plotted on the y axis. The distribution of Boothroyd 

Dewhurst assembly time for a product follows Pareto’s law and can be described by a 

simple point slope (x = shortest assembly operation time, y = total number of assembly 

operations or No) relationship as illustrated in Fig. 8. 
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Fig. 8. Pareto curve plotting the number of assembly operations having an assembly 
time greater or equal to the value on the x-axis for an instrument panel. The 
points reflect the Boothroyd Dewhurst predictions. The solid line is the 
least squared linear fit to the log-log data, and the dashed lines represent the 
Maximum Likelihood Estimator. 
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Although all Pareto charts share a similar appearance, when plotted as a Pareto curve 

each distribution is clearly unique. While these distributions clearly differ from one 

product to another, the slope and minimum assembly time for redesigned products 

remain relatively unchanged from the original distribution. This leads to the ability to 

rapidly estimate the effects of redesign without having to perform a detailed DFA 

evaluations of the redesigned product. 

Using the Pareto Distribution as a Predictive Tool 

An instrument panel redesign project illustrates the effectiveness of using Pareto’s law 

to predict the result of a detailed DFA study. The original product had 198 assembly 

operations (No) with 129 parts. The ratio of operations to parts for this product is 

198/129 = 1.53. The Pareto parameters defining assembly complexity for the original 

product are: hin = 2.90 seconds, No = 198, and the slope is a, = 1.58 (dimensionless). 

Now, for the redesigned product the number of parts were counted (88) and an estimate 

of the theoretical minimum number of parts (20) was determined. Following a linear 

trend, for the redesigned product we anticipate 135 assembly operation (88 parts times 

1.53 operations per part). It is anticipated that the Pareto distribution of assembly times 

for the redesigned product will have same slope (a, = 1.58) and the same minimum 

assembly time (hin = 2.90). The entire distribution of assembly times and the total 

assembly time (TM) can now be approximated for the redesigned product based on No 

= 135, a, = 1.58, hin = 2.90. The assembly time for the ith assembly operation (ti) is 

estimated as: 

Where, Ni = No+l -i , or the number of operations of greater or equal complexity for the 
ith operation. (Operations have been sorted from least complexity to 
greatest complexity. 
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The total assembly time (TM) may be estimated by summing the predicted assembly 

time for each operation given in Equation 1 as follows: 

Using equation 2, the predicted total assembly time for the redesigned product is 

estimated to be 927 seconds. This agrees well with the total assembly time of 966 

seconds determined by a detailed Boothroyd Dewhurst evaluation. The Pareto based 

assembly efficiency using a total assembly time of 927 seconds and a theoretical 

minimum number of parts equal to 20 is equal to 0.065. Again this is very close to the 

assembly efficiency of 0.062 determined by a detailed Boothroyd Dewhurst analysis 

but requires a fraction of the time to resolve. Table 2 provides a sumary  comparing 

the Boothroyd Dewhurst analysis of the redesigned product and the predictions based 

on the Pareto properties of the original product, demonstrating remarkable consistency 

between the two methods. 

Table 2. A comparison of a Boothroyd Dewhurst analysis of a redesigned product and the 
predictions derived using a Pareto distribution based on the original product. The slope 
and minimum assembly time from the original product, Case 1, and the part count and 
theoretical minimum number of parts from the redesigned product, Case 2, have been 
used to make the predictions that are highly consistent with the Boothroyd Dewhurst 
analysis. 

Original Prediction 
Design for 

Redesign 
parts (Np) 129 88 

Ass'y Operations (NO) 198 135 
Min. Ass'y Time (kin) 2.9 --> 2.9 

Pareto Slope (ac) 1.58 --> 1.58 
Total Ass'y Time (sec) 1300 927 

Theo. Min. No. of Parts 27 20 
Assembly Efficiency (EM) 0.062 0.065 

136 0.7 
2.95 1.7 
1.45 9.0 
966 4.0 
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Assessing Part Complexity 

Thus far, we have focused on assembly complexity. Part complexity is another 

important element of product complexity. Reflecting efforts to control part complexity, 

the General Electric Company at one time has employed a design constraint that parts 

must be manufacturable with no more than three processes [ 131. Like other quantity 

measures of complexity, a rigid implementation of this rule could force designers to use 

two parts each requiring three processes when one part requiring four processes would 

be far less complex. As this example illustrates, characterization of part complexity has 

not yet received adequate thought. 

In some cases, a simpler part geometry may require materials that are more difficult to 

process. Consequently, a simplistic view of complexity based strictly on part geometry 

can lead to inappropriate design decisions. To reduce the risk of poor decisions, part 

complexity must be linked to difficulty of the underlying manufacturing processes. 

Time is just as effective a measure of part complexity as it is of assembly complexity. 

Estimating the cumulative effect of many complex fabrication activities requires the 

simple summation of the time required to execute each element. Furthermore, time may 

be the only fungible measure, other than cost, that is common to assembly complexity, 

manufacturing complexity, and part complexity. From this, it is proposed that the 

complexity of a part can be defined as: 

Where, t 
V 

= The estimated total time (SOT) to fabricate thejth part in a product 
= A counter for the number of manufacturing processes for each part 
= The total number of operations for thejth part in a product 
= Estimated time (SOT) to complete the vth operation on the jth part 

The link between time and manufacturing or part complexity is intuitively sound. For 

example, tighter tolerances for machined parts typically require finer cuts on the final 

pass increasing the machining time and number of operations. Materials that are 
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difficult to machine or form require more operations and longer fabrication times. 

Supporting the link between time and part complexity, Ulrich, et al. found that the 

estimated lead time to procure molds for plastic parts was correlated with the part 

complexity as illustrated in Fig. 8 [14]. As Fig. 8 suggests there is a generally 

consistent link between complexity and the time required for manufacturing parts, and 

the mold complexity could have been estimated as consistently by lead time as by the 

selected measures of part complexity. 

I 0 

0 
0 

Fig. 8. Scatter plot of estimated mold lead time versus part complexity of 
136 parts adapted from Ulrich [14]. The part “complexity” metric was 
“the sum of the complexities of the regions of the part corresponding 
to the mold cavity and each of the mold actions. The complexity of a 
region of the part is in turn the product of the size of the region and a 
subjective 1 to 4 rating of feature complexity.” 

i 8 

Although the link between part complexity and fabrication time is intuitively sound, 

there has been very little effort to describe part complexity in these terms. In 1996 a 

project was initiated at General Electric Aircraft Engines to quantify the complexity of 

some of their products. Before beginning their study, they contacted experts through out 

the country to identify those factors which might be linked to part and product 

complexity. They examined nearly 75 part attributes which potentially could be used to 

describe product complexity. After an extensive examination of alternative methods for 
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describing part complexity, they concluded that fabrication time was more consistently 

related to part complexity than any other potential measure [ 1 51. 

Reducing the Task Complexity- A Goal of Design 

One goal of design should be to minimize product complexity while maximizing 

performance. During design, efforts should focus on reducing the task complexity, such 

as eliminating unnecessary parts and operations. This goal is challenging because there 

are many ways for defining parts to form a product. Replacing several parts with one 

may eliminate assembly operations but generally increases part complexity. 

Conversely, a part can be divided into separate pieces to reduce part complexity, but 

this will generally increase assembly complexity. Whenever, we focus on minimizing 

either part or assembly complexity independently, significant errors can occur. The 

importance of such a technique is illustrated in the problems encountered in the 

development of an inkjet printer: 

"The complexity of the chassis and associated tooling caused significantly more cost than 
expected. In particular they felt that they had placed too much emphasis on minimizing the 
number of parts to the point where too much functionality was packed into the plastic 
chassis piece. It would have been less expensive to have more parts, hire more direct labor 
to assemble those parts, and reduce the amount of engineering time involved in developing 
the complex part. ... In retrospect they believe that three parts would have been better than 
one, relieving some of the tooling tolerance problems they are now suffering. This is an 
area in which improved design rules are needed." [ 161. 

This experience reinforces the importance of a global view of complexity in efforts to 

simplify designs. 

Toward the goal of defining a better design rule, it has been shown that minimizing 

assembly time rather than part or operation counts generally reduces both part and 

assembly count as well as part and assembly complexity[5]. Thus, this simple design 

guide is superior to the most widely accepted goal of minimizing the part count, but 

should never be used as a universally absolute rule. 
-18- 
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Product Complexity 

In the broadest context, product complexity encompasses every business activity 

essential to the product including research, overhead, and management. Many of these 

factors represent sunk costs or variables that have little or no impact on the concept 

selection decisions and can be consequently neglected. There are, however, at least five 

principal elements of complexity that should be considered: a) assembly complexity, b) 

part complexity, c) tooling, d) equipment, and e) setup. Often designers must choose 

between a) simple tools (or equipment) with complex operations and b) more complex 

tools with simpler operations. For example, designers can elect a range of assembly 

methods from manual assembly operations to fully automated assembly. Since the 

production quantities strongly influence decisions regarding tooling and equipment, for 

consistent comparisons the complexity of tooling and equipment should be prorated to 

give a net complexity per product. Similarly, the complexity of the setup should be 

prorated by batch size, noting that as the setup becomes less complex the economical 

batch size shrinks. 

Assessing tooling and equipment complexity in terms of time is particularly useful 

when time to market is critical. Development time is strongly linked to the time it takes 

to build tooling, based on Ulrich’s data [14]. In addition, the procurement period for 

equipment that is not “off-the-shelf’ is likely to be strongly related to equipment 

complexity measured in time. 

Combining the elements of assembly, part, tooling, equipment, and setup complexity, a 

global measure of product complexity can be defined. Based on the observation that 

cumulative time is likely to be the best measure of complexity, the following form is 

proposed: 

= Cumulative product complexity measured in SOT 
= Estimated assembly (SOT) time of the ith assembly operation 
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= The estimated total time (SOT) to fabricate thejth part in a product 

= Estimated time (SOT) to make the kth tooling set 
= Estimated time (SOT) to make & install of the Zth piece of equipment 
= Estimated time (SOT) to perform the mth setup 

U 

Wl 
x, 

n, 0, q, r, s = The total number of assembly operations, parts, tools, pieces of 

i, j ,  k, Z, m = Counters for the assembly operations, parts, tools, pieces of 

= Planned number of product units to be fabricated 
= Expected life (number of process cycles) of the Zth piece of equipment 
= Estimated average number of parts in the mth batch 

equipment, and setups respectively 

equipment, and setups respectively 

Note that Eq. 3 has been substituted directly into Eq. 4 to express part complexity as the 

sum of the manufacturing complexities for each part. Minimizing the value of Equation 
1 

4 potentially optimizes the tradeoffs between part and assembly complexity. 

To illustrate one of many possible applications for Equation 2, we have encountered 

many situations where the time invested in developing and building automated 

equipment may exceed the expected time savings in production. Decisions of this type 

need careful consideration since automation is often the source of product release 

delays and cost over runs, such as encountered in the baggage handling system at 

Denver's new airport. Equation 2 may be particularly useful in clarifling when or at 

what level automation is appropriate and can be justified. 

The Benefits of Reducing Product Concept Complexity 

The purpose for evaluating product concept complexity is to identify opportunities for 

improving the product. Unfortunately, the complexity of products is often viewed as 

having a relatively unalterable value. Three independent studies have shown that 

assembly complexity is typically reduced by more than a factor of two using DFA 

methods [7,17,18]. 

A key motivation for using the proposed time-based standard, is that productivity has 

been directly linked to these measures. For example, the actual assembly time will tend 

to decrease when there is a decrease in the estimated assembly time. 
-20- 



Reducing complexity of a part or assembly operation, generally simplifies the 

associated tooling, improves productivity, and reduces cost. Furthermore, because the 

tooling is simpler, it can be acquired in less time as shown by Ulrich [14]. In addition, 

our research has shown that there is a strong correlation between complexity measured 

in this manner and product quality [ 191. Thus, by focusing on reducing complexity, 

prototypes can be developed more rapidly, development times reduced, and product 

quality improved. 

Conclusions 

The greatest opportunity for improving product performance, productivity, and quality 

occurs during the concept development phase. However, sound decisions at this stage 

of development depend upon a fungible measure that enables comparison of dissimilar 

product attributes. We have identified time as, perhaps, the only temporally stable 

fungible standard of product complexity which has a common international value. 

Product complexity measured by the time standard is consistently correlated with 

productivity, development time, and product defect rates. The time standard has the 

potential of enabling profoundly significant comparisons of product alternatives during 

concept development. 

Even when a task is unchanged, the execution time will vary in practice and can be 

shifted by changes in the pace of production. The distinction between task complexity 

and actual execution time is critical to improvements in products and productivity. This 

distinction explains the remarkably different experience at two automotive plants. 

When Mazda accelerated the work pace, more product defects and worker injuries were 

encountered. In contrast, productivity and quality improved and lost time injuries 

decreased as NUMMI concentrated on reducing the complexity of executing assembly 

tasks. 

These concepts of complexity clarify many opportunities for improved productivity 
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