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ABSTRACT

A new methodology is described which focuses on defining product architecture within a
product family. Ultimately, one wants a product family to satisfy the nceds of several
different market segments with minimal cost. This author examines product modularity
with its inherent advantages in re-use and econoinies of scale as a solution,

Numerous factors, such as a company’s available resources, the allocation of these
resources, the expected market size and growth of each potential product, can affect the
outcome of product architecture decisions, The method provides tools to examine these
and other issues at a relatively high level and ultimately generates suggestions concerning
tactical planning for a product family. The tools also provide a graphical representation to
help initiate discussion of various architectures,
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1. Introduction

A recent initiative instituted by the Advanced Messaging Group of Motorola, Inc, includes
evaluating product modularity and the concept of platforming as a possible solution to
growing the new market of “two-way paging” quickly and efficiently. This initiative has

lead to the research and derivation of the methodology presented in this document,

Two-way paging is a new industry within the telecommunications realm, Significant
distinction of the new system is that it allows an end user to respond to a message from
their hand-held messaging unit, rather than having to make a telephone call, The system
also benefits service providers, those who sell messaging services to the end user, by

reducing their infrastructure utilization for both local and national service,

Infiltration into the market is a challenge that faces this and any new technological
advancement. One strategy to address this issue is to provide a proliferation of products
into the market quickly, If successful, the strategy will generate first-mover advantage,
establish brand recognition, and create an industry standard; all of which are very favorable

o a company in a growing market.

Lastly, so as not to violate any provrietary or confidentiality policies within Motorola, Inc,,
figures and data within this document are representative only, Points demonstrated by the
methodology and the case study will still be valid and are not affected by the adjustment in

data.



2. Prior Literature

The literature search focuses on three main areas: documents supporting the strategy of
using modularity for rapid product development, examples of product platforms in
industry, and structured methodologies for achieving said strategy. Examining these arcas
identified where work needed to be performed in the field of product architecture decision-

making.

Much of the recent literature supports the notion of using modularity as a method for rapid
product (family) development with reduced costs due to re-use, Smith and Reinertsen
[1991] state that not enough companies utilize a product’s architecture for rapid time to
market. They recommend planning an expandable architecture that will allow for
anticipated variations. Pine [1992 and 1993] adds to this concept and coins the term "mass
customization” to define such a strategy. The goal of mass customization is to achieve both
economies of scale and scope by using product modularity, Pine states that companies can
achieve economies of scale by standardizing components within the product family, and
then using these components in different combinations to create various products and,
thereby, achieving economies of scope. Michael J. Wicken, president and CEQO of Boston
Digital, also agrees with this strategy. He states that it allows Boston Digital to “provide
customers with machines as they like it, when they wantit” [ Vasilash 1994, Pawar, et al,
[1994] build on these thoughts by highlighting a case study of a “family” of stoves and
express the benefits of using this strategy to bring a product family to market quicker than
any competitors, Wu, et al. [1995] tend 10 focus more on the cost advantages than the
rapid release factor associated with such a strategy. They discuss the concept of using
modularity as a method to satisfy product variant constraints while lowering the average
unit cost of the product family. They declare that this is especially important to small and
medium-sized companies where resources are critical. Meyer and Utterback [ 1993
emphasize tracking a company’s core competencies over different phases of product family
development,  Although these authors highlight a different area of consideration when
discussing modularity, they do mention that a “strong platform., facilitates the far more

rapid development of specific product variations.”

Several examples of modular designs are used as illustrations within the literature, ‘The
more significant examples are from General Motors, Nippondenso, Black & Decker, and
Sony. General Motors investigated a modular strategy emphasizing standardization to

eliminate 67 of the 131 axles in their truck line [Fonte 1994]. Through modularity,



Nippondenso can generate 288 different types of gauges after they standardized 48
modules into 16 and implemented a combinatorial strategy [Whitney 1993]. Black &
Decker used the same strategy for cost reducing motorized products [Pine 1992 ; Meyer
and Utterback 1993]. Lastly, using only three product platforms, Sony was able to have
over 180 different product variations of the “*Walkman™ on the market in 1990 with nearly
half of them being introduced in the preceding twelve months, Each platform changed
about every eighteen to twenty-four months [Wheelwright and Clark 1992].

A gap in the literature is found in two areas; methods and timing, Structured methods for
determining architecture are difficult to find in the literature [Pimmler and Eppinger 1994,
Ulrich [1995] supports this view by emphasizing the need for the development of decision
support models. To answer the request, structured methods are starting to be developed.
Two cases can be found in Pimmler and Eppinger [ 1994] and Fonte [ 1994},
Unfortunately, this leads to the next deficiency in the literature- timing, The methods
described in the cited literature are performed AFTER several products are already on the

market. In other words, modular decision making was performed in hindsight,

In contrast, this author intends to reduce the gap in methods and timing by providing a
structured methodology that lays a foundation for product family planning BEFORE the
product(s) are released into the market, In essence, the methodology takes the form of

foresight versus the typical hindsight.



3. Motorola: Case Definition

Product architecture decisions are based on several issues that play a significant role in the
strategy and goals of the development tcam and the company as a whole, Some of the
more significant issues include product change, product variety, component
standardization, product performance, manufacturability, and product development
management [Ulrich and Eppinger 1995], For the sample case, Motorola has chosen a
strategy that utilizes moduliar design to achieve product proliferation, All of the above
issues are of particular concern, but more 10 is the relationship of product variety and
component standardization to product architecture, Inherent in these issues is the coneept

of product family scope, or which market segments will be targeted by the products,

For Motorola, the initial scope consists of three large segments that can utilize the new (wo-
way technology: Personal Messaging Units (PMUSs), Personal Computer Messaging Card
International Association (PCMCIA), and Original Equipment Manufacturers (OEMs),
PMUs are what the general population refers to as “two-way pagers.” A PCMCIA unit is a
thin card that acts as a wireless modem when inserted into a laptop computer port, Finally,
OEMs are manufacturers that purchase a *“black box” from Motorola, insert it into their
product, and then sell it. The “black box” contains basic paging functionality which could
also be viewed as a generic pager “kit,” An example of this might be an automotive
company. The automobile manufacturer may buy the “black box™, place it in the vehicle,

and then sell the entire vehicle,

Now that the scope has been bounded, analysis can begin regarding the product family
architecture, The following sections will proceed through the methodology in a step-by-

step manner using the above case as an example,



4. Methodology

Figure | provides an initial frame of reference as to when architecture decisions are made in
the product development cycle [Ulrich and Eppinger 1995]. The process which this author

has developed should be performed in “Phase 2: System-Level Design.” The significance
of the placement is due to the need of having both the market segments and the general

product concept (but not the detail design) established.

Figure 1. Product Development Cycle

Phase1 —®»Phase2 —p»Phase3 —»Phase4 —»Phase5 —p

Concept System-Level Detail Testing and Production
Development Design Design Refinement Ramp-Up

Five steps define the new methodology for developing a product family’s architecture, The
steps are 1) Define schematic of the general product; 2) Define markets by functional
segmentation; 3) Produce a market/product strategy; 4) Optimize; and 5) Feedback,

Figure 2 contains a graphical representation of the process.

Figure 2, Methodology Overview
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The process closely mimics the fusion model described in Dutson [1995]. The fusion
model obtains its name by the fusion of market needs with a solution concept into a new

product idea.

4.1. Step 1: Define Schematic of General Product

Most of Step | should already be completed by the actions taken in “Phase 1; Concept
Development” described in Figure I. Some of the components will have already been
selected, while others will still be labeled as functions with no concepts linked to them,

There are several methodologies that can be used to derive the schematic,

For the Motorola example, this author uses a process defined in Ulrich and Eppinger
[1995]. The process includes having the schematic reflect the best representation to date
and, thus, may contain both functional and physical components, The process also states
that the schematic should not include every detail, These details will be addressed later in

the development cycle,

Figure 3. General Schematic of a PMU
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Text Description Text Deoscription
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Host Host Processor Input Input Mechanism
Serial Port Serial Port User Happy User



Figure 3 illustrates the general architecture of a PMU. Arrows between the blocks denote
information flow. Double arrows indicate the flow of data that was entered from the user,

Each block represents either a function or a generalized component,

From the general schematic diagram (Figure 3) a more functional representation can be
made. In Figure 4, the blocks from Figure 3 are replaced with their corresponding
function(s). The blocks remain in the same relative locations in the diagram » aid in the
transition from Figure 3 to Figure 4,

Figure 4. Functional Representation

Port Function Display
Receive Decode

. Control (Ul) Visual Alert

Protocol Engine Application Audio Alert

Function (SW Mech Alert

Transmit Encode )
Store Message Mech Input
Device

This breakdown in functional and physical units has established the elemental units for the
analysis. In the following steps of the methodology, these units will be coupled and

decoupled within the product architecture,

4.2, Step 2: Define Markei by Functional Segmentation

There are several different ways to segment a market. Some of the more common ways are
by age, professional status, or geography. ldeally, one wants to segment a market by
criteria that would result in the most effective analysis. In Motorola's case, this author is
examining product architecture, so divisions in the market will be based on the

desired/required functions of each segment.



Separating a market into functional segments entails dividing the market into groups
requiring the same product function(s). Table | illustrates a method to aid in the grouping
process.

Table 1. Functional Segmentation of Market Segments

Customer PMU Functional
Functions Low Mid High PCMCIA OEM Segment
Recsive X X X X X
Transmit X X X X X
Decode Message X X X X X
Encode Message X X X X X A
Protocol Control (SW) X X X X X
Power Unit X X X X X
House Unit X X X X X
xternal Info Transfer X X X X B
Ul Conlrol (SW) X X X X
Alart User Visually X X X
Alent User Audibly X X X
Alert User Mechanically X X X
Display Intormation Visually X X X o]
Input Information (Mechanical) X X X
Application Function (SW) X X X
Store Messa X X X

In Table 1 customer functions are listed on the left. Each of the targeted market segments
are specified as columns, For Motorola, the PMU market is very large and is divided even
further into low, middle, and high tiers. If a market segment requires one of the functions
on the left, then an “X" is placed in the column. Once all of the columns under the market
segments are accurately noted with either an “X" or a blank, then a “sort” is performed on
the table which groups the functions horizontally. Lines denoting horizontal groupings are
placed at the end of the columns and are labeled in Table 1 as Functional Segments A, B,
and C,

By grouping the segments in this manner, one can examine the market in terms of common
functions and begin to notice opportunities for design re-use. The next step in the process

will expand this chart and align the groupings with a marketing strategy.

4.3. Step 3: Produce a Market/Product Strategy

Step 3 is where the direction for the next family of products and its associated architecture
is established. The process builds on Table | discussed in the last section, Within this
step, marketing strategies come together with the results of Step | and 2 to arrive at an

initial product family portfolio.
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in the last step, tiering was introduced in the PMU market segment. What tends to happen
in such cases is that the products do not change in functionality, but in fact change in the
degree of functionality between tiers,

Figure 5. Change Mapping for Visual Display

Changes in Functionality

—#

Market Segment
PMU PCMCIA OEM
Hi 8-Line LCD N/A NA
Changes in NoLCD LoD
Degree of . . o o
Functionality | T€rs. Mid | 4-LinelCD | pequired Required
Lo | 4-LineLCD N/A N/A

Figure 5 illustrates how tiering a market segment can change the degree of functionality and
not the functionality itself. Between the market segments of PMU, PCMCIA, and OEM,
the requirement of having an LCD changes. Only the PMU segment requires such a
device. On the other hand, as one moves down the PMU column, the function of having a
LCD does not change. What does change is the degree of functionality of that LCD. In
this case the degree of functionality changes from an 8-line display for the PMU High-Tier
to a 4-line display for the PMU Low-Tier.

Table 2 is formatted to accommodate product variety provided by tiering as well as the
outputs from previous steps. The first column is labeled as “Functional or Physical Unit,”
and the number in each block represents a component option for that unit. For instance, the
horizontal row next to “Display Information Visually” reads “I, 1, 2, X, X.” This
indicates that the Low and Mid-Tier PMU both use Option I, the High-Tier PMU uses
Option 2, and the PCMCIA and OEM do not require this function. From the discussion of
Figure 5, Option | represents a *“4-Line LCD,” and Option 2 represents an “8-Line



Display.” Options change for each “Functional or Physical Unit” and are listed in the
“Options Description” column. Note that in rows where all *1’s” are listed, each group

uses the same component.

Table 2. Option Chart

PMU Options
Functional Or Low Mid High PCMCIA OEM Description
Physical Unit
Receive 1 1 1 1 1
Transmit 1 1 1 1 1
Application Function (SW) ] 2 3 X X Funetjonality; Lo,Mid,HI
Decode Message ] 1 1 1 1
Encode Message 1 1 1 1 1
Ul Control {SW) 1 1 1 X 1
Protocol Control (SW) 1 1 1 1 1
Store Message 1 2 3 X X Capacity; Lo,MId,HI
External Info Transter 1 1 1 X |
Alert User Visually 1 | 1 X X
Alert User Audibly 1 | \ X X
Alert User Mechanically 1 1 1 X X
Input Information 1 1 2 X X 6 Button, Alpha Pad
Display Intormation Visually 1 1 2 X X 4 line, 8 [ine
House Unit 1 2 3 4 5 "l.ook"; 1,2,3,4,5
Powsr Unit 1 1 1 2 2 Battery, Source

Once the table is completed as in Table 2, it should be sorted by the option numbers in

multiple columns, Table 3 is the result of a sort performed on Table 2.

Table 3. Sorted Option Chart

PMU Options
Functional Or Low Mid High PCMCIA OEM Description
Physical Unit

Receive

Transmit

Decode Message

Encode Message

Protoco! Control (SW)
External Info Transfer

Ul Control (SW)

Alert User Visually

Alent User Audibly

Alert User Mechanically
Power Unit

Display Information Visually
Input Information (Mechanical)
Application Function (SW)
Store Message

House Unit

Baltery, Source

4 line, 8 line

8 Button, Alpha Pad
Functionality: Lo,Mid,HI
Capacity; Lo,Mid,H|
"Look": 12,346

[T PO [N PN
LI S e ] i
WWW NN =l = sl et -t
B3 XX PPN X XX X = - - -
W XX XX NN X X ~a s o n

Table 3 is a very significant table; one can begin to recognize natural groupings emerge by
the way it is structured (sorted by option number). For instance, the horizontal lines denote
sectioning according to shared functions. This grouping is typically used when there are

only “1’s” in the rows.

Special ways of grouping functional units are necessary when different option numbers are
involved. Tables 4 through 6 are the bottom section of Table 3 with different
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grouping methodologies illustrated. Table 4 illustrates a strict modular design where cach
“option” defines a module. Table 5 demonstrates a strict integral design where each drawn
box defines a module, and there is a one-to-one correspondence between each module box
and each product. Table 6 denotes a “mixed” architecture where the grouping is a

combination of both modular and integral grouping schemes.

Table 4, Modular Grouping

Power Unit T 1 o 2 2 ____—>iBallery, Source

Display Information Visually < __ ——Y X X 4 line, B fine

Input Intormation (Mechanical) K I X X 6 Button, Alpha Pad
Application Function {SW) R — 2 2 X X Funetlonallty: Lo, Mid,HI
Slore Message 1 2 3 X X Capacily; Lo,Mid,HI
House Unit 1] 2 3 ' ks A'ook: 1,234

Table 5. Integral Grouping

Power Unit

Display Information Visually
Inpul Informatior, (Mechanical)
Application Function (SW)
Store Message

House Unit

Battery, Source

4 line, 8 line

6 Button, Alpha Pad
Functlonality: Lo,Mid,Hi
Capacity; Lo,Mid,Hi
*Look"; 12345

Drauery. Source

X 4 line, 8 iine

X 6 Bution, Alpha Pad

X Functionality:  Lo,Mid,Hi

HKXX XN
O X XX XN

&

)

Table 6, Mixed Grouping

Power Unit o | 1
Display Information Visually

U
]

— - - o -
N O N = - -
WwW Wi - W W W N -

Inpul Information (Mechanical) 1 1
Application Function (SW) 1 2
Store Message 1 2 Cx_\ C_xj Capacity: Lo,Mid,HI
House Unit 1 2 4 A 5 *Look": 1,2,3.,4,5

Since the methodology contains an optimization model based on these groupings, the
modular grouping method is the most beneficial for the initial analysis, The selected
grouping strategy may change once the results of the optimization model is fed back into

the system (Step 5).

As suggested, the Motorola case uses modular grouping, Results from this process are in
Table 7. The last column has now been transformed from “Options Description™ to
“Module.” The letter in the Module column now denotes the module(s) that will satisfy the
corresponding function(s) in the first column. Again, located in the column under each
product is a number that indicates which module will be used for cach function in the first

ttl,’

column, For instance, in the horizontal row for *Power Unit” the corresponds to

Module D, and the *2” corresponds to Module E,
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Table 7. Module Chart

PMU
Functional Or Low Mid High PCMCIA OEM Module
Physical Unit

Receive
Transmit
Decode Message

Encode Message

Protocol Control (SW)
External Info Transfer

Ul Control (SW)

Alert User Visually

Alert User Audibly

Alert User Machanically

Power Unit

Display Information Visually
Input Information (Mechanical)
Application Function (SW)
Store Message

House Unit

PO DRI (PTG I PN
B XXX XX XXX X = - -
T X XX XOIX XX == = = =

LIRS LIS DN I [ gy
WO W WM N s v e a e a

Another significant architecture issue can be addressed using Table 7 - the interfacing
schematic. The table generates two heuristics which apply to interfacing, The first states
that if the option number changes while moving horizontally across the row, then the
interface between the options (modules) and the module to which both attach should be
standardized. For instance, Module D or Module E can satisfy the function denoted as
“Power Unit.” Since all products need either Module D or Module E for that function
(from Table 7), one would want to standardize the interface between Module D, Module E,
and the main unit. Therefore, when manufacturing the product, one would choose either
Module D or Module E to fill the slot designated for the component to satisfy the *Power

Unit” function,

The second heuristic is a little more complicated and requires some data manipulation,
First, one needs to define “base modules,” These are modules where function(s) are
satisfied by only one module. In Motorola’s case, the base modules are A, B, and C,
Secondly, for each function which has more than one module that satisfies it (e.g. Power
Unit with Module D and Module E) is grouped into a “super module,” Each base and
super module will then have a “hierarchy number” assigned to it, The hierarchy number is
determined by counting the number of products in which the module is used. For instance,
“Power Unit” can be satisfied with Module D and Module E, These modules are then
grouped into Super Module DE. Super Module DE is assigned a hierarchy number of' 5,
since Super Module DE is found in all of the products, Note that the hicrarchy number is
actually the number of blocks in the row that are filled with an “option number,” Once all
of the hierarchy numbers have been assigned, the second heuristic states that a super
module with hierarchy number N should only interface with other super modules or base

modules with a hierarchy number 2 N, and the products containing the super module
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should be a subset of the products containing the module (base or super) to which it is
attached. Again, using these heuristics with the example, Super Module DE should only
attach to Module A. Figure 6 illustrates one of the possible product family architectures
under these heuristics.

Figure 6. Preliminary Product Family Architecture

Str Message Appl. SW

Pwr Input Info Display

The heuristics allow all of the required modules to be present in all of the product family
permutations without modifying interfaces. Figure 7 illustrates the permutations for
Motorola’s case.

Figure 7. Product Family Permutations

PMU - Low Tier PMU - Mid Tier PMU - High Tier

Pwr Inputinfo  Display Pwr Inputinfo  Display Pwr inputinfo  Display

PCMCIA

god

T)thx Control



Although the tables so far have been very useful for generating a preliminary product
family in terms of modules, the actual physical products are difficult to visualize, To aid in
viewing the product family from a “product portfolio” perspective, Table 8 is included.

Table 8. Product Family Portfolio

PMU
Functional Or Low Mid High PCMCIA OEM Module
Physical Unit
Receive Yes Yes Yes Yes Yes
Transmit Yes Yes Yes Yes Yes
Decode Yes Yes Yes Yes Yes A
Encode Message Yes Yes Yes Yes Yes
-Prolocol Control (SW) Yes Yes Yes Yes Yes
External Info Transfer Yes Yes Yes X Yes B
Ul Control (SW) Yes Yes Yes X Yes
Alert User Visually Yes Yes Yes X X
Alert User Auditly Yes Yes Yes X X (o]
Alert User Machanically Yes Yes Yes X X
Power Unit Battery(D) Battery(D) Battery(D) |[Direct Sourca(E)|Direct Source(E DE
Display Information Visuaily 4 line(F) 4 line(F) 8 line(G) X X FG
Input Information (Mechanical) 6 Button(H) 6 Button{H) Alpha Pad(l) X X H,l
Application Function (SW) Lo(J) Mid(K) Hi(L) X X JKL
Store Message Lo(M) Mid(N) Hi(0) X X MN,0
House Unit Sport{P) Stylish{Q) Prolessional(RA) Fiat(S) Box(T) PQRST

4.4. Step 4: Optimize

At this point a preliminary architecture has been established. The next step is to evaluate
the architecture decision using business criteria, To address these decisions, a model

describing the life of a product family is developed and optimized,

Optimization is used to determine the optimal product family in terms of profit over the life
of the family. Due to the dependencies between resource availability, development costs,
product life cycle, market size and growth per product, all of the initial products may not be
selected for the optimal product mix. Output from the optimization will detail which
products should be in the product mix, when they should be released into market, and how
management should allocate resources toward module development in order to achieve the

release schedule,

The scenario in which the model portrays can be described as follows, The preliminary
architecture of the product family has been generated. Management must now choose how
they will allocate their limited resources to develop the modules. There are several
variables which management would find valuable if they could be incorporated into a

model. The first is a constraint stating that all the modules of a product must be complete



before the product can be released to the market. Second, markets for the five products
should have different sizes as well as growth rates. Third, manufacturing costs of modules
used in multiple products should take advantage of economies of scale. Finally, since
revenues and expenditures are realized at different times, a discount rate must be used in all

monetary calculations,

4.4.1. The Model

To accommodate such a scenario, the optimization model is developed as a two-stage
integer model [Lindo 1994; Bradley, et al. 1977}, The first stage determines the optimal
resource allocation for the development of Modules A through T, while the second stage
examines cash flow after Products #1 through #5 (PMU Low-Tier, PMU Mid-Tier, PMU
High-Tier, PCMCIA, and OEM, respectively) are released in the market,

4.4.1.1. Stage 1

Stage | of the model is set up as a linear model which optimizes the resource allocation
needed to develop modules for the products. Input information to the model was divided
into four factors. The four factors are man-hours required for each module to be
developed, total cost associated with the development of each module, number of man-

hours available, and discount rate,

Assumptions for Stage 1:

I. A new product platform (and hence family) will be introduced every 2.5
years; therefore, development resources are utilized for only 2.5 years
before they are removed from the current platform,

Time is recorded on six-month intervals.

All costs are recorded at the end of a time interval,

Man-hours are generic and do not differentiate between engineering
disciplines (e.g. electrical engineers and mechanical engineers are
recorded as the same),

5. The maximum number of man-hours available is recorded for cach six-
month period.

6. Development costs for individual modules in cach time period are
proportional to the percent completed in terms of man-hours (i.e.
development cost per module per six-month period = total module
development cost * [allocated man-hours for a six-month period / total

man-hours required for module to be completed]).
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The above information is submitted to the model through Table 9 and Table 10 which are
extracted from the spreadsheet model in Appendix A, Information regarding development
costs (in current dollars) and man-hour requirements are placed in the shaded arcas under
Module Costing Information (Table 9). Available resources in terms of man-hours per
period are located in the Resource Allocation Information (Table 10), All shaded areas

indicate cells requiring inputs.

Table 9. Module Costing Information

Development Manufacturing
Costs Costs
Total Total Base
Module Man-hrs Dev Mig Slope
Required Cost Cosl
A 70,000 3,100,000 750,000 356
B 10,000 700,000 390,000 4.5
c 5,000 200,000 N/A 3
D 2,000 100,000 N/A 1
E 2,000 100,000 N/A 1
F 3,000 200,000 N/A 16
G 3,000 200,000 N/A 22
H 4,000 300,000 N/A 2
! 4,000 300,000 N/A 6
J 17,000 1,000,000 N/A 7
K 17,000 1,000,000 N/A 9
L 17,000 1,000,000 N/A 11
M 4,000 400,000 N/A 7
N 4,000 400,000 N/A 9
(o] 4,000 400,000 N/A 11
P 30,000 2,000,000 N/A 4
Q 30,000 2,000,000 N/A 4
R 30,000 2,000,000 N/A 4
S 30,000 2,000,000 N/A 4
T 25,000 1,600,000 N/A 3

Italics Indicate Modules Using Economies of Scale

Table 10. Available Resource Information

Time Period (1/2 Years)
1 2 3 4 5
[Available Man-hours 48,000 48,000 48,000 48,000 48,000

Table 11 is the output for Stage 1. The figures in the table denote the allocated resources
for the development process, These figures are decision variables and will, therefore, be

optimized when the model is solved.
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The objective function for Stage 1 is to minimize the cost for the development of the
product family. Total development cost is a function of present worth [Steiner 1992] and a
percentage of work performed on a specific module during various periods (Assumption
#6). Since development costs are in current dollars, the typical exponential term for present
worth calculations is not expressed in the equation, Equation (1) is the mathematical
formula describing the relationship.

s & MHAG, )
| MinimizeTDC = —==*% DC(i
(hH nimiz ;;[ THR() (4)

Where:

TDC = Present Worth of Total Development Cost for Product
Family

i = Period Number
i = Module Letter
MHA(j) = Man-hours Allocated to Module (i) in Period (j)
TMR(1) = Total Man-hours Required to Complete Module (i)
DC(i) = Total Development Cost for Module (i)

Constraints for Stage | consist of variable non-negativity and resource limitations in terms
of man-hours available per period and man-hours required to complete a module, The non-
negativity constraint is represented in Equation (2). Constraints for man-hours available
per period and man-hours required to complete a module are represented in Equation (3)
and Equation (4), respectively,

(2)  MHA(, /)20

.
(3) Y. MHA(, j)< TMH(j)

i=A

5
4) Y MHA(, j) < TMR(i)

j=1
Where:
i = Module Letter
j = Period Number
MHAC(,j) = Man-hours Allocated to Madule (i) in Period (j)
TMH(j) = Total Man-hours Available in Period (j)
TMR(i) = Total Man-hours Required to Complete Module (i)
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4.4.1.2. Stage 2

Stage 2 of the model is set up as an integer model which optimizes the release of various
products when all of their respective modules are completed, Key factors that are required
to be submitted for this stage are manufacturing cost data and market/product information,
Required inputs for manufacturing cost are data describing economies of scale for common
modules and average manufacturing cost data for the remaining modules, The
market/product information contains the number of modules which compose each product,
data describing the market demand over time, and the selling price of each potential

product,

Assumptions for Stage 2:

7. The total life of the product platform (and hence tamily) is 5 years (10
six-month periods), The 2.5 years of development effort is included in
the 5 year period.

8. Time is recorded on six-month intervals,

9. All costs are recorded at the end of a time interval,

10, The discount rate is the same as in Stage 1,

1 1. Economies of scale are only evaluated on common modules (Modules A
and B in Motorola’s case).

12, For each module in which economies of scale are used, the total
manufacturing cost for a specified demand is represented as a single
linear equation where the slope and y-intercept are known [Bradley, et
al. 1977].

13, The market demand for each product is represented by a single linear
cquation where the slope and y-intercept are known,

14, Once a product is released to the market, it cannot be taken off the
market until the end of the 5 year period (when a new product platform

is released).

The above information is submitted to the model through Table 12 and Tuble 13 which can
also be found in full form in Appendix A. Shaded arcas represent cells in which
information must be placed, In Table 12, modules that utilize economies of scale arc
denoted by italicized cells, In these cases, “base mfg cost” is the y-intercept and “slope™ is
the slope of the linear mathematical equation representing total manufacturing cost for the

quantity of modules manufactured, For modules not using economies of scale, only the



slope is recorded; the y-intercept is zero (i.e. not applicable, N/A) [Bradley, et al. 1977].
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Similarly, in Table 13 “market base” is the y-intercept and *“market rate” is the slope of the

linear mathematical equation representing market demand at period (t) where (t) is the

number of periods the product is on the market.

Table 12. Module Costing Information

Development Manufacturing
Costs Costs
Total Total Base
Module Man-hrs Dev Mig Slope
Required Cost Cost

A 70,000 3,100,000 | 750,000 35

B 10,000 700,000 ‘| 390,000 | 4.5

o] 5,000 200,000 N/A - 3

D 2,000 100,000 N/A 1

E 2,000 . 100,000 N/A 1

F 3,000 200,000 N/A 15

G 3,000 200,000 N/A 22

H 4,000 300,000 N/A 2

| 4,000 |. 300,000 N/A 8

J 17,000 | 1,000,000 ‘N/A 7

K 17,000 1,000,000 | - N/A 9

L 17,000 '] .1,000,000 . N/A. 11

M 4,000 | 400,000 | N/A 7

N 4,000 | 400,000 N/A 9

(o} 4,000 | 400,000 .| N/A 11

P 30,000 2,000,000 N/A 4

Q 30,000 | 2,000,000 N/A 4

R 30,000 . | 2,000,000 N/A 4

S 30,000 | 2,000,000 N/A 4.

T 25,000 1,600,000 N/A 3

ltalics Indicate Modules Using Economies of Scale
Table 13. Market/Product Information

# of Market Market

Product Modules Sell Price Rate Base
1 9 120 40,000 50,000
2 9 1356 40,000 60,000
3 9 150 35,000 10,000
4 3 65 25,000 25,000
5 4 70 35,000 20,000

Table 14 is the output for Stage 2 of the model. Both a decision variable set and dependent

variable set are represented in the table. The decision variables are constrained as binary
integers and will be optimized for periods | through 5 for all products, These are the

periods in which products can be released by development to the market, The dependent

variable set consists of the remaining cells and are equal to the value of the last decision cell

in its row. This is necessary in order to maintain Assumption #14. A “0” or

whether the product is on the market at each time interval. Zeros indicate that the product is

not on the market, and ones indicate that the product is indeed on the market and selling,



Table 14. Product Introduction

Time Period {12 Years)
Product 1 2 3 4 3 6 7 8 9 10
1 0 0 0 0 1 [ { { { 1
2 0 0 0 1 1 1 1 | | |
3 0 0 0 0 0 0 0 0 0 0
4 0 0 0 0 0 0 0 0 0 0
5 0 0 1 1 \ | 1 1 | i

Also, hidden within the spreadsheet model are ten more binary decision variables, Similar
to the values stated in Table 14, these variables indicate whether or not a module is being
manufactured during each time period. These variables are only required for modules
whose manufacturing costs are modeled using economies of scale. For Motorola’s
example, only Modules A and B have these variables. They can be found in Appendix A

under Economies of Scale within the Data Analysis section.

Maximizing the profit for the product family is the objective function for Stage 2. Total
profit for the product family is a function of present worth [Steiner 1992}, market demand,
selling price, and manufacturing cost. Since the objective function (profit) is rather
complicated, the relationship model is divided into the six simpler mathematical
representations: a simplified objective function, Equation (5); demand functions for both
products, Equation (6), and modules, Equation (7); a revenue function, Equation (8); a
total manufacturing cost function for modules utilizing economies of scale, Equation (9);
and a total manufacturing cost function for modules not affected by economies of scale,
Equation (10).

10 / '
(5)  MaximizeTRV = zl(—'—) *(REV(j)~ EMC(j)~ TRM()))

|\ +d

!
(6)  DEM(k,j) =Y B(k,j)|* MR(k)+ B(k, j)* MB(k)

=

(7)  DEM(i,j)=Y DEM(k,j)
kl
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5
(8)  REV(j)= Y [DEM(k, j)* SP(k))

k=1

B
(9)  EMC(j)= Y [SL(i)* DEM(, j)+ B, ) * BMC()))

i=A

(10)  TRM(j)= Y [DEM(,j)* BMC()
i=C

Where:

TRV = Present Worth of Profit Generated by the Product Family in
the Market

] = Period Number

i = Module Letter

d = Discount Rate

k, = Products (k) Using Module (i)

REV(j) = Total Revenue Generated in Period (j)

EMC(j) = Total Cost of Modules for Period (j) Which Use Economies
of Scale

TRM(j) = Total Cost of Modules for Period (j) Which Do Not Use

Economies of Scale
DEM(i,j) = Demand for Product (k) in Period (j)

B(k,j) = Binary Adjustable Variable Whose Value (0 or 1) Indicates
Whether Product (k) is (1) or is not (0) on the Market in
Period (j)

MR(k) = Market Rate of Product (k)

MB(k) = Market Base of Product (k)

DEM(i,j) = Demand for Module (i) in Period (j)

SP(k) = Sell Price of Product (k)

SL(i) = Slope of Module (i)

B(i,j) = Binary Adjustable Variable Whose Value (0 or 1) Indicates
Whether Module (i) is (1) or is not (0) Being Manufactured
in Period (j)

BMC(i) = Base Manufacturing Cost of Module (i)

Constraints for Stage 2 are determined by the results from Stage |; thus, the constraints are
equations that link Stage 1 to Stage 2. The equations include: marking the decision

variables as binary, Equation (11) and Equation (12); making sure that products are not
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released to the market prioi to having all of their respective modules completed, Equation
(13); and constraining the binary decision variable representing the manufacturing state of a
module so that it corresponds with the binary decision variable representing the release state

of the products that contain that module, Equation (14),
() Bk,jy=0_or_1
(12)  B(i,/)=0_or_]I

MHAC(, j)

/
(13)  Blk, j)* NGy <
S z; TMR())

1]
(14)  B(i,j)* N(k) 2 Y Bk, j)

=t

Where:

B(k,)) = Binary Adjustable Variable Whose Value (0 or 1) Indicates
Whether Product (k) is (1) or is not (0) on the Market in
Period (j)

B(i,j) = Binary Adjustable Variable Whose Value (0 or 1) Indicates
Whether Module (i) is (!) or is not (0) Being Manufactured
in Period (j)

iy = Modules (i) in Product (k)

k; = Products (k) Using Module (i)

N(,) = Total Number of Modules (i) in Product (k)

N(k,) = Total Number of Products (k) Using Module (i)

MHA(,j) = Man-hours Allocated to Module (i) in Period (j)
TMH(j) = Total Man-hours Available in Period (j)
TMR(i) = Total Man-hours Required to Complete Modute (i)
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4.4.1.3. Full Model

The full model is comp!eted by combining the objective functions from both Stage | and
Stage 2. This relationship is represented mathematically in Equation (15) below. No other
governing equations are required.

(15)  MaximizeTFP = TRV ~TDC

Where:
TFP = Present Worth of Profit Generated by the Product Over the
Life of the Platform,
TDC = Present Worth of Total Development Cost for Product
Family
TRV = Present Worth ot Profit Generated by the Product Family in
the Market

Since the two stages are now represented as a system, additional outputs can be examined,
For this model, the system output is in the form of a product report. In the report, a
financial summary is generated for each product for the 5 year period. Development costs
for common modules are divided among the products that were released and require the
modules. Break-even points for each product as well as the product family are illustrated in
the table. The resulting Product Report for the previously discussed inputs is found in

Table 15. A graphical representation for the product family earnings is in Figure 8.
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4.4.2. Product Architecture Analysis

The product architecture analysis proceeds in the following manner, A base case scenario
is run through the optimization model to identify the optimal product introduction with
respect to profit, Then, alterations to the base case are examined to check sensitivities with
respect to fluctuations in certain parameters. Unfortunately, due to the integer nature of the
linear model, typical linear sensitivity analysis techniques (i.e, shadow pricing) do not holtd

true; therefore, sensitivities have to be examined using various point cases |Lindo 19941,

Base case information was presented in the discussion of the model and will, therefore, not
be reiterated in detail now. Also, Appendix A contains the spreadsheet model in its
entirety. Summarized results from the base case analysis are listed in Table 16, The
product introduction scenario, in order of release, is Product #5, Product #2, and then
Product #1,

Table 16, Base Case Results

Product Introduction

Scenario Profit
Variable Changed (In Order of Release) (Present Worth)
Base Case 52,1 $103,722,317

Variations to the base case will be discussed on an individual basis and include changes in
discount rate, selling prices, and available man-hours, A summary of the results with
changes in discount rate are listed in Table 17, Results indicate that the product
introduction scenario of 5,2,1 does not change when the discount rate is altered between

2% and 6% and is, therefore, not very sensitive to discount rate fluctuations,



Table 17. Sensitivity With Respect to Discount Rate

w2
1~

Variable Changed

Product Introduction
Scenario
(In Order of Release)

Profit
(Present Worth)

Base Case 52,1 $103,722,317
Six-Month Discount Rate 52,1 $87.724,507
From 4% to 6%

Six-Month Discount Rate 52,1 $122,812,356

From 4% to 2%

Table 18 shows the sensitivity of the product introduction scenario and profit with respect

to changes in selling price. Two types of variations are examined, The first variation

consists of increasing and decreasing all selling prices by 20% at the same time, The

second focuses only on changing the selling price of Product #4 which has not been

selected for release in any scenario yet, In both cases, the product introduction scenario is

still rather stable. Product #5, Product #2, and Product #1 consistently appear in cach

scenario except for when Product #4 receives a rather exorbitant price increase of 54%,

Table 18. Sensitivity With Respect to Changes in Selling Price

Variable Changed

Product Introduction
Scenario
(In Order of Release)

Profit
(Present Worth)

Base Case 5.2,1 $103,722,317
20% Increase Of All Selling Prices 52,1 $167,856,779
20% Decrease Of All Selling Prices 51,2 $37,538.476
Selling Price Of Product #4 Set At $72 52,1 $103,722,317
(10% Increase)

Selling Price Of Product #4 Set At $100 42,1 $124911,150

(54% Increase)




W
w

Results for the final sensitivity analysis are in Table 19, In this instance, analysis consists
of varying the total man-hours available. Changes in man-hours available vary in
increments of 10% from -20% to +20%. Results in this case are unlike the others; the
product introduction scenario tends to be very sensitive to the amount of resources

available. No two product introduction scenarios are the same in any of the variations,

Table 19, Sensitivity With Respect to Changes in Man-hours Available

Product Introduction
Scenario Profit
Variable Changed (In Order of Release) (Present Worth)
Base Case 52,1 $103,722,317
20% Decrease In Available Man-Hours 2.5 $62,006,515
(From 48,000 to 38,400)
10% Decrease In Available Man-Hours 5,24 $82,922 478
(From 48,000 to 43,200)
10% Increase In Available Man-Hours 2,13 $129,59,052
(From 48,000 0 52,800)
20% Increase In Available Man-Hours 5.2,3,1 $161,778,331
(From 48,000 to 57,600)
Table 20. Resource Constraint Evaluation Chart
Change In Man-Hours Total Man-Hours Product Total Man-Hours
Available Available Available In Introduction Required
Man-Hours Per Period Six-Month Period Scenario (PIS) For PIS
-20% 38,400 192,000 2,5 172,000
-10% 43,200 216,000 5,2,4 202,000
0% (Base) 48,000 240,000 5,21 223,000
10% 52,800 264,000 2,1,3 254,000
20% 57,600 288,000 5,2,3,1 281,000

The high sensitivity is explained by the system wanting to release as many products as
possible with priority going to higher profit products, Table 20 illustrates the total number
of' man-hours available in a six-month period and the man-hours required by cach product
introduction scenario. The model attempts to utilize all of the man-hours available to
develop products (assuming that the products to which the work is being allocated will
make a profit). As capacity for development increases, more products are added to the
product introduction scenario. The order by which these products are added to the product

introduction scenario is dependent on the amount of profit that the product will generate




through the entire system. For instance, with a 10% decrease in man-hours the product
introduction scenario is 5,2,4 with only 8,000 man-hours unused. Once the capacity is
increased to the base case, the new product introduction scenario is 5,2,1, Capacity has
increased to a point where either Product #1 or Product #4 could be developed, Since the
model maximizes profit, it selects the more profitable Product #1 over Product #4 for the

product introduction scenario,
For Motorola’s base case, the analysis results indicate that the optimal product introduction

scenario consists of Product #5, Product #2, and Product #1, This product introduction

scenario will now be forwarded to the next step in the methodology,

4.5. Step 5: Feedback

The final step in the methodology is Feedback, This is not a mandatory step, but should be
at least discussed in order to understand the implications of the current architecture

decisions.

In this stage the results from the optimization model are fed back into Step 3: Produce a
Market/Product Strategy. The process of feeding back the optimal product introduction can
chiange the preliminary product architecture. For instance, in Motorola’s case, the optimal
product introduction is Product #5, Product #2, and Product #1 (OEM, PMU Mid-Tier,
and PMU Low-Tier). Knowing this information, Product #3 and Product #4 (PMU High-
Tier and PCMCIA) will not be developed and will no longer influence the architecture
grouping decisions. This may lead to integrating modules that were atl one time separated
due to the functional requirements dictated by the PMU High-Tier and PCMCIA products,
For example, without these two products, Module A and Module B could be grouped as
one. In the initial grouping this consolidation could not be performed due to the functional
constraints of the PCMCIA product and Module B (see Table 7).

This feedback and reiteration process was considered for Motorola’s case, but was not
performed due to the high sensitivity to fluctuations in resources, In this case, flexibility
was more important than making the architecture more integral, If fluctuations were to
occur in available man-hours, then the product introduction scenario can be changed

without significant redesign costs.



5. Conclusion

Structured methods for product architecture decisions are rather difficult to find, especially
those that deal with planning a product family, This author describes an empirical
methodology that aids decision making in situations emphasizing modular product
architecture. Within the methodology, market needs and product design are brought
together in a preliminary product family architecture, The methodology then tests the
preliminary architecture to determine if the architecture is realistic with respect to business
constraints, This is performed by modeling and optimizing the product family life cycle
from start to finish., The process continues by feeding the optimal product introduction
scenario back into the system where preliminary architecture decisions are modified to
correlate with the new product mix. This process then repeats and eventually culminates
into a product family architecture that reflects the needs of various market segments, The
process also provides a management plan for the successful completion of the product

family based on development operating constraints,

Future use of the methodology should reside in the strategic planning of a product family,
The methodology is a tool used to examine modular product development as a system, The
optimization model provides strategic managers and engineering managers with information
that is beneficial to their respective roles. Strategic managers receive information on
markets and resource allocation issues required for tactical planning, Engineering
managers receive information on product architecture needed for engineering design and
rapid product development. With the availability of this system-level informaiion, the
methodology addresses both business and engineering issues, and hence, provides a cross-

functional tool for architecture decisions within a product family.,
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