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Three Points to begin
! Large, complex, evolving designs

Ð Are a fact of modern life
Ð Need design architecturesÑ

È ÒDescription of the entities in a system and their relationshipsÓ
È Way of assigning work (Parnas)
È Covers products and processes

! Designs create value
Ð Value operates like a force in the economy
Ð We Þght to create it and to keep itÑ using strategy

! Design Architecture and Strategy
Ð How can you create and capture value in a complex

evolving set of designs?
Ð Subject of this talk
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In the economy, value acts
like a force

Value = money or the promise of money

Consider the computer industryÉ
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The changing structure of the
computer industry

! Andy Grove described a vertical-to-horizontal transition in
the computer industry:

1995-ÒModular ClusterÓ

1980-ÒVertical SilosÓ
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AndyÕs Movie

Stack View in 1985

Top 12 Public
Companies in
US Computer
Industry

Area reßects
Market Value
in Constant
US $
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AndyÕs Movie

Stack View in 2005

 

Top 12 Public
Companies in
US Computer
Industry

Area reßects
Market Value
in Constant
US $
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 Turbulence in the Stack
Departures from Top 12:
! Texas Instruments
! Intergraph Corp.
! Cray Research
! Automatic Data
! Advanced Micro
! Gould
! National Semiconductor
! Computervision
! Tandem

Arrivals to Top 12:
! Microsoft
! Google
! Cisco
! HP
! Dell
! Ebay
! SAP
! Yahoo
! TSMC

Sic Transit Gloria Mundi É  Sic Transit
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Contrast to the Auto Industry

Value stayed in one layer!

 
 

Top 12 Public
Companies in
US Auto
Industry

Area reßects
Market Value
in Constant
US $
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Two patterns

! ÒManageableÓ designs = auto industry
! ÒUnmanageableÓ designs = computer

industry

What makes computer designs so
unmanageable?

This was the question Kim Clark and I set out to
answer in 1987.
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After studying the history of computer
designs and correlating their changes
with value changes

We concluded that modularity
was part of the answerÉ
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Modularity in computersÑ
IBM System/360

! First modular computer design architecture
(1962-1967)
ÐProof of concept in hardware and application

software
ÐProof of option value in market response and

product line evolution
ÐSystem software was NOT modularizable

ÈFred Brooks, ÒThe Mythical Man MonthÓ
ÈLimits of modularity
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StrategicallyÑ IBM wanted to be the sole
source of all of System/360Õs Modules

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35

1 SLT architecture and standard circuits
2 Erich Bloch - August  1961
3 New Processor Line  Architectural Ground Rules
4 SPREAD Task Group - 12/28/61
5 New Processor Line control, product and programming standards
6 Corporat e Processor Cont rol Group (CPC) - 4 / 1/ 62

7 SLT Transist ors
8 SLT Modules
9 SLT Cards

10 SLT Boards and Aut omat ic Wiring
11 Processor 1 - Endicott, New York
12 Processor 2  - Hursley, England
13 Processor 3 - Poughkeepsie, New York
14 Processor 4 - Poughkeepsie, New York
15 Processor 5 - Poughkeepsie, New York
16 Main memories, Corporat e Memory Group (1)
17 Internal memories, CMG
18 Read-only memories for cont rol, CMG
19 " Binary-addressed"  Random Access Files
20 Corporat e File Group (2)
21 Tape devices running at 5000+ char/sec
22 Corporat e Tape Group (3)
23 Time-mult iplex syst em for swit ching I/ O devices
24 DSD Technical Development  Group

25 Techniques t o measure processor performance, syst em
26 throughput and software efficiency, Group Staff
27 A unif ied Input / out put  Cont rol St ruct ure ( IOCS)
28 Syst em Sof t ware for Conf igurat ion I (4)
29 Syst em Sof t ware for Conf igurat ion II (4)
30 Syst em Sof t ware for Conf igurat ion III (4)
31 FORTRAN and COBOL compilers
32 A unif ied programming language

33 Announcement  and Market ing
34 Product ion, Test ing and Int egrat ion
35 Shipment , Delivery and Inst allat ion
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By 1980, 100s of Þrms made S/360
Òplug-compatibleÓ components

Code Category Definition 1960 1970 1980

3570 Computer and Office Equipment 5 2 9

3571 Electronic Computers 1 8 29

3572 Computer Storage Devices 1 6 36 *

3575 Computer Terminals 2 5 23 *

3576 Computer Communication Equipment 1 1 10 *

3577 Computer Peripheral Devices, n.e.c. 3 5 12 *

3670 Electronic Components and Accessories 11 7 11 *

3672 Printed Circuit Boards 2 19 39 *

3674 Semiconductors and Related Devices 8 4 10 *

3678 Electronic Connectors 5 15 16 *

7370 Computer Programming, Data Processing, 
and Other Services 1 9 26 *

7371 Computer Programming Services 0 2 12 *

7372 Prepackaged Software 0 7 13 *

7373 Computer Integrated Systems Design 1 3 16

7374 Computer Processing, Data Preparation 
and Processing 0 5 29 *

7377 Computer Leasing 0 10 7 *
41 108 298

* Firms in these subindustries make modules of larger computer systems. 

Firms making modules = 34 95 244

Percent of total = 83% 88% 82%
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Modularity and Option Value
interact

! IBM did not understand the option value it
had created

! Did not increase its inhouse product R&D
! Result: Many engineers left

Ðto join Òplug-compatible peripheralÓ companies

! San Jose labs Ñ > Silicon Valley
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Modularity in computers, cont.
! Bell and Newell, Computer Structures (1971)

Ð General principles of modular design for hardware
Ð Basis of PDP-11 designÑ another ORMDA

! Thompson and Ritchie, Unix and C (1971-1973)
Ð Modular design of operating system software (contra

Brooks Law)

! Parnas (1972) abstract data structures, info hiding
Ð Object-oriented programming, C++, Java

! Mead and Conway, Intro to VLSI Systems (1980)
Ð Principles of modular design for large-scale chips
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Modularity in computers (cont.)
! IBM PC (1983)

Ð DEC PDP-11 minimalist strategy (exclude and invite)
Ð + Intel 8088 chip
Ð + DOS system software
Ð + IBM manufacturing
Ð + Lotus 1-2-3
Ð A modular design architecture with a mass market
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Measuring modularity

! As scientists, we can visualize and measure
modularity
Ñ  after the fact

! DSMs, Design Hierarchies
ÐMethods are tedious, non-automated



Mozilla just after becoming open source Linux of similar size

Coord. Cost = 30,537,703
Change Cost = 17.35%

Coord. Cost = 15,814,993
Change Cost = 6.65%

Comparison of different software systems with DSM tools

© Alan MacCormack,  Johh Rusnak and Carliss Baldwin, 2006



Mozilla just after becoming open source Linux of similar size

Coord. Cost = 30,537,703
Change Cost = 17.35%

Coord. Cost = 15,814,993
Change Cost = 6.65%

ConwayÕs Law: Different organizations deliver different architectures

One Firm,
Tight-knit
Team, RAD
methods

Distr ibuted
Open Source
Development

© Alan MacCormack,  Johh Rusnak and Carliss Baldwin, 2006



Mozilla Before Redesign Mozilla After Redesign

Refactoring for modularity

© Alan MacCormack,  Johh Rusnak and Carliss Baldwin, 2006
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But modular !  unmanageable

! There are modular design architectures that are
very manageable
Ð Toyota Production System (TPS)

! The other property of a design architecture =>
option potential

! Denoted σÑ measures variation of outcomes in a
design search space

! σ /Option potential varies by system and by
module
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! Unmanageable systems => High σ
! Manageable systems => Low σ

! If System/360 had had lower σ /option
potential, IBM would be like Toyota

σ /Option potential

It would be a different worldÉ
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An Option is

! The right but not the obligation to take an
action
ÐAction = Use a new design
ÐIf new is better than old, use new;
ÐOtherwise, keep the old.

Designs are Options!
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Global Design Rules v.1

Version 1.0
Version  1.2

Version  1.5
Version  1.8

σ  =  Low       Medium          Zero          High

Evidence of σ /Option value
! Successive, improving versions are

evidence of option potential being realized
over timeÑ after the fact
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σ /Option potential at workÑ
Matlab programming contest
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σ /Option potential is like dark matter
in the universe

! Scientists can measure its effects but we
canÕt measure ÒitÓ

! ÒWizardsÓ can perceive σ /option potential
ÐBut wizards donÕt talk to scientists!

! Thus we lack ways to measure σ /option
value scientiÞcally
ÐIt is a Òresearch frontierÓ
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Sources of σ /option value
! PhysicsÑ

Ð MooreÕs Law (dynamics of miniaturization) applies to
MOSFET circuits and systems (Mead and Conway)

Ð Power and heat systems vs. logic systems (Dan Whitney)

! User innovation
Ð UsersÕ discovery of their own needs
Ð ÒKiller appsÓ

! Architecture
Ð Experimenting with  different relationships among

entities
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Recapping the argument
! Designs create value

Ð Value operates like a force in the economy
Ð Changes the structure of industries

! Designs have architectures
Ð Modularity and σ /Option value are the key economic

properties of a design architecture
Ð Modularity + High σ /Option value => Unmanageable

È Why computers are not like autos
È Why IBM is not Toyota

NextÑ

How can you capture value in a modular, high-
σ design architecture?
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How can you capture value?

! Architectural/Technological question:
ÐWhere/when does modularization stop?

! Business/Strategic question:
ÐHow do you make money from design

architecture?
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Where does modularization stop?

Strojwas (2005)
Semiconductor
Industry
Top 10 Firms:
1994 and 2004
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Modularization stops when
integral and modular
architectures have essentially
equal ROICs

It IS all about ROIC (Return on
Invested Capital)
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Design Architecture in Competition

! A tale of two industries
ÐComputer workstations and PCs
ÐBicycle drive trains
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ÒFootprintÓ CompetitionÑ Apollo
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42

1 O Processor chipÑ CPU
2 Out sourcedÑ Mot orola 680x0 Key:
3 O Float ing Point  Accelerat or x= t ransfer of  mat erial or informat ion f rom column
4 Outsourced task to row task;
5 O Memory chips DRAMs, ROM T= transaction: sale of good by column owner to row
6 OutsourcedÑCommodity owner;
7 O St orageÑ Disk Drives O= outsourced task blocks;
8 Outsourced D= downst ream or complement ary t ask blocks;
9 O St orageÑ Tape Drive highly int erdependent  t ask blocks wit h many it erat ions

10 Outsourced and high wit hin-block mundane t ransact ion cost s;

11 O Printed circuit boards Apollo's foot print  ( t asks performed inhouse) .

12 OutsourcedÑCommodity
13 O Display Monit or
14 Outsourced
15 O Keyboard, Cabinet, Fans
16 Outsourced

17 x x x x x x x x x x x x x x x x Aegis propriet ary
18 Inhouse Operating System
19 Design
20 x x x x x x x x x x x x x x x x OS DOMAIN propriet ary
21 Net work Net work Archit ect ure
22
23 x x x x x x x x x x x x x x x x Hardware Design
24 DN series = 3-4 boards incl.

25 Hardware IO and Display cont rollers,
26 Power supply
27 T T T T T T T T T T T T T T T T x x x x Purchase Components
28 Component Test x x x x x
29 Kit s x x x x x x Inhouse
30 Board st uf f  and Solder x x x x x x Manu-
31 Test  Boards x x x x x x f act uring
32 Board Assembly x x x x x x
33 System Assembly x x x x x x
34 Syst em Test x x x x x x
35 Qualit y Assurance x x x x x x
36 Consolidat e and Ship x x x x x x

37 x x x x x x D
38 x x x x x x Many Sof t ware Applicat ions D
39 x x x x x x D
40 x x x x x x x x x x T D
41 x x x x x x x x x x Many OEMs T D
42 x x x x x x x x x x T D

Keeps
Design
Control
of Core
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Then Sun came alongÉ
Apollo Comput er

Aegis propriet ary
Inhouse Operating System
Design
OS DOMAIN propriet ary

Net work Net work Archit ect ure

Hardware Design
DN series = 3-4 boards incl.

Hardware IO and Display cont rollers,
Power supply

x x x x Purchase Components
Component Test x x x x x

Kit s x x x x x x Inhouse
Board st uf f  and Solder x x x x x x Manu-

Test  Boards x x x x x x f act uring
Board Assembly x x x x x x

System Assembly x x x x x x
Syst em Test x x x x x x

Qualit y Assurance x x x x x x
Consolidat e and Ship x x x x x x

And did even less!

How?

x x x x x Customize Unix
x x x x x Inhouse Propriet ary MMU

x x x x x Design Int ernal bus
x x Single Board Layout

T T T T x x x x Purchase Components
Component Test x x x x x O

Kit s x x x x T Manu-
Board st uf f  and Solder x x x x x O f act uring

Test  Boards x x x x T
Board Assembly x x x x x

System Assembly x x x x x
Syst em Test x x x x x

Qualit y Assurance x x x x x
Consolidat e and Ship x x x x x



Slide 35               © Carliss Y. Baldwin 2007

Then Sun came alongÉ
Apollo Comput er

Aegis propriet ary
Inhouse Operating System
Design
OS DOMAIN propriet ary

Net work Net work Archit ect ure

Hardware Design
DN series = 3-4 boards incl.

Hardware IO and Display cont rollers,
Power supply

x x x x Purchase Components
Component Test x x x x x

Kit s x x x x x x Inhouse
Board st uf f  and Solder x x x x x x Manu-

Test  Boards x x x x x x f act uring
Board Assembly x x x x x x

System Assembly x x x x x x
Syst em Test x x x x x x

Qualit y Assurance x x x x x x
Consolidat e and Ship x x x x x x

x x x x x Customize Unix
x x x x x Inhouse Propriet ary MMU

x x x x x Design Int ernal bus
x x Single Board Layout

T T T T x x x x Purchase Components
Component Test x x x x x O

Kit s x x x x T Manu-
Board st uf f  and Solder x x x x x O f act uring

Test  Boards x x x x T
Board Assembly x x x x x

System Assembly x x x x x
Syst em Test x x x x x

Qualit y Assurance x x x x x
Consolidat e and Ship x x x x x

Uses architectural
knowledge to redeÞne Core

Uses public standards for
outsourcing (process
modularization)

And did even less!

How?
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Result: A smaller footprint =
less Invested Capital

Average over 16 Quarters: Apollo Sun 
Computer Microsystems

Invested Capital Ratios (Annualized)
Net Working Capital/ Sales (%) 29% 15% Low is good
Ending Net PPE / Sales (%) 24% 13% Low is good
Invested Capital/Sales (%) 57% 31% Low is good

Profitability
Net Income/Sales 0% 6% High is good

ROIC
ROIC (excl Cash, Annualized) 2% 20% High is good

Sun used its Invested Capital advantage to drive
Apollo out of the market
Apollo was acquired by HP in 1989
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Compaq vs. Dell

! Dell did to Compaq what Sun did to Apollo É

! Dell created an equally good machine, and
! Used design architecture to reduce its footprint in

production, logistics and distribution costs
Ð Negative Net Working Capital
Ð Direct sales, no dealers

! Result: Invested Capital advantage => Higher
ROIC
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Higher ROIC always wins!
1997 Compaq Dell

Computer Computer
Invested Capital Ratios (Annualized)
Net Working Capital/ Sales (%) -2% -5% Low is good
Ending Net PPE / Sales (%) 8% 3% Low is good
Invested Capital/Sales (%) 8% -2% Low is good

Profitability
Net Income/Sales 8% 7% High is good

ROIC
ROIC (excl Cash, Annualized) 101% -287% !!!

Dell started cutting prices; Compaq struggled, but in
the end had to exit.

Compaq was acquired by HP in 2002
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Fixson and ParkÑ Bike Drive Trains

! Bike Drive Trains were a vertically fragmented
industry

! In the beginning (1980), there were 6 components
with mix-and-match modularity

! Three major Þrms, lots of ÒothersÓ
! Then Shimano introduced Òindex shiftingÓ

Ð An ÒintegralÓ product architecture
Ð Parts had to be aligned Òjust soÓ
Ð All pieces had to Þt together, no more mix and match
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Index shif ting was a Òkiller appÓ

Everybody wanted it!
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In the beginning (1980)
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Introduction of Index Shifting (1985)
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In 1990, only Vertical Silos left
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In Mountain BikesÉ  Only Shimano
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Remember
! Designs create value

Ð Value operates like a force in the economy
Ð Changes the structure of industries

! Designs have architectures
Ð Modularity and σ /Option value are the key economic

properties of a design architecture
Ð Modularity + High σ /Option value => Unmanageable

È Why computers are not like autos
È Why IBM is not Toyota

! You can use design architectures to
compete/capture value
Ð ROIC RULESÑ but you can get there in different ways
Ð There is no Òone best architectureÓ
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Thank you!


