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ABSTRACT 

The development of low cost microprocessors has led to a revolution in the 

capability of consumer products. Intense competition has driven customers to expect 

significant product features along with flat or even declining prices. The use of 

innovative circuit design coupled with increasingly complex software has enabled 

manufacturers to meet customer expectations while maintaining or reducing product cost 

and achieving time to market requirements. 
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CHAPTERI 

INTRODUCTION 

The design of modem consumer electronic products must balance the constraints of 

product cost, time to market, and customer needs. Innovative circuit design coupled with 

increased software complexity in an embedded system can reduce cost of electronic 

consumer products when all constraints are optimally balanced. A case study of such a 

design in a real world environment is the topic of this thesis. 

Background 

The development of the low cost microprocessor has led to a revolution in the 

capability of consumer products. Intense competition has driven customers to expect 

significant product features along with flat or even declining product prices. The use of 

improved microprocessor capability along with increasingly complex embedded software 

has helped reduce the costs of the remaining hardware conqjonents, primarily by 

eliminating many of them and replacing the capability through the use of more complex 

software within the system Price pressures are significant in mass market consumer 

products, and sometimes even a few cents of difference in the cost of the manufactured 

product is enough to "make or break" that product in the market. "[F]or high-volume 

products the world really changes. For exani^le, a client once insisted that the build cost 

had to be no more than $17.20. If the design came in at $17.40, he was going to cancel 



the project. In other words, on an annual volume of 50,000 units, being over in price by 

1.2% was a product killer" (Rosenthal, Feb 1996, p. 1). 

Essentially of equal importance is the time-to-market in the føst paced consumer 

electronics market. The nature of the market tends to føvor those manufacturers who 

deliver product to market which is ahead of the competition in both availability and 

features. 

In addition to the growth in system complexity, requirements on Time-to-Market 
for electronic products have been calling for dramatic reductions ... Lifetimes of 
electronic products have decreased drastically by approximately an order of 
magnitude for most products. Several economic models therefore recognize a 
reduction of the Time-to-Market as the key prerequisite for profit in ûmovative 
areas of business, such as the electronics industry. The strive for Time-to-Market 
reductions therefore is another trend expected to continue in the near fliture. 
(Hurk,1998,p.3) 

In general, products are becoming more capable and the underlying hardware and 

software are becoming more complex. The hardware complexity is increasing primarily 

due to increased circuit density inside integrated circuits. 

The observed growth in device complexity is therefore roughly equivalent to the 
common assumption that design complexity rises by approximately two orders of 
magnitude per decade ... To keep track with the growth in design conqílexity, and 
to simultaneously reduce elapsed design tûne, a substantial increase in 
development efifort was required ... the number of designs per designer per year 
has decreased slightly. This implies that the growth in productivity of individual 
designers barely keeps up with the incessant enlargement of design complexity. 
(Hurk, 1998, p. 196) 

No clear algorithm is apparent for optimal solution of this type of problem. 

"Published results of research into the hardware/software co-design appear to be 

firagmented" (Hurk, 1998, p. 198). The complexity issue has been noted nearly two 



decades ago by others regarding the design of such systems. "The limithig factor in the 

design of digital and microcomputer systems is that of complexity" (Flynn, 1984, p. 72). 

The proper design of a mass market electronic consumer product must consider both 

costs and time to market. Unit manufacturing costs can be reduced by elimination of 

hardware through the use of more con^lex software in the microprocessor. The software 

development cost is a one time, non-recurring costs which can be amortized over 

thousands of units sold in the market. 

Nonrecurring engineering costs (NRE costs) are the bane of most technology 
manager's lives. NRE is that cost associated with developing a product. Its 
converse is the cost of goods sold (COGS), a.k.a. recurring costs. ... Increasing 
NRE costs drives up the product's price (most likely making it less corr^etitive 
and thus reducing profits), or directly reduces profits. Making an NRE versus 
COGS decision requires a delicate balancing act. (Ganssle, 2000, pp. 42-43) 

Developing a design which is most cost efificient in terms of hardware takes time, 

and part of that time is in the development of the required more complex software. The 

extra time required for the more cost efificient design may well impact the time to market 

too much. 

The problem is three-fold. First, designers are constantly bombarded with 
conflicting demands of reduced development time, downward price pressure and 
increasing performance/reliability requirements. Second, the talent pool is in flux, 
meaning employees must constantly be trained or retrained. Third, suppliers are 
providing new technologies that extend the performance envelope. (Napper, May 
1998, p. 1) 

The problem in some ways becomes a problem in Operations Research, i.e., a "broad 

viewpoint... 'search for optimality'" (Hillier, 1986, p. 5). This thesis explores the issues 

surrounding making the proper engineering tradeofifs in such a design, to meet the needed 



market window, while fímding an optimal cost design within the time to market 

constraints. 

Statement of the Problem 

The author had the opportunity to develop a software solution and portions of a 

hardware solution to satisfy the needs for a mass market electronic consumer product. 

The specifíc product was an electronic leaming aid, marketed to be used by young 

children, to help them in developing early reading skills. The product included 

synthesized speech, a keyboard, and a mechanical feedback device. The keyboard 

included 26 alphabet keys and several special purpose keys. The mechanical feedback 

mechanism was used to provide additional feedback to the user in the form of motion of a 

cartoon character moving around a circle in phases of a race. Synthetic speech was used 

to give the user directions and hints as well as "reward" sounds, feedback, and prompts. 

The product (or toy) included several modes of play, which could be selected through the 

use of a main selector switch. The toy also included several cardboard cards, each with a 

unique "fînger hole" pattem which would allow additional modes of play using the cards. 

Each card contained a unique word and pictures used to teach the child. 

This product was developed by a local engineering fírm for an out of state fírm 

which eventually produced the product ofifehore and ultimately marketed the product in 

the USA. The author became associated with the project aí a time when the out of staíe 

customer had defíned an initial concept of what they wanted the product to do. The out 

of state customer had selected the microprocessor/speech chip they wanted to use based 



on certain cost considerations and negotiations they had made with the chip 

manufacturer. The customer had previous experience in the development of other 

leaming aids, which ut ized synthetic speech. The author was brought in to the local 

engineering fírm as a contractor, primarily to develop the necessary software for this 

product. Principals in the local engineering firm had akeady defimed the initial hardware 

design at that time, based on previous experience with similar products. 

The problem for the author then became one of developing several phased iterations 

of the software along with modifications to the hardware design to meet a series of "toy 

fair" prototype presentations. Feedback from potential customers (toy store buyers) at 

each successive toy fair resulted in several significant changes to the uhimate product. 

The final due date for "code release" for the microprocessor/speech chip did not change 

during this time even though the product functionality changed significantly during the 

four month time the author worked on the project. During the course of the project, the 

hardware design underwent one rather significant revision, which added some hardware 

costs due to a significant change in customer requirements for the product. The software 

imderwent several revisions and significant fimctionality changes during the four months 

to meet major product definition changes by the customer. Due to toy fair demonstration 

needs, it was necessary to develop some level of íunctionality across the entire product 

capability during the first three weeks of the project. The customer was most interested 

in showing the breadth of the product rather than the depth at the early toy fairs. 



Obiectives 

The objectives in this project were three fold. The time to market, i.e. the final code 

release date for the microprocessor/speech ROM code had to be met in order for the 

manufacturing phase to commence on time to meet the hoUday marketing season. The 

fimctionality of the product had to be what the customer defined it to be úi their 

usage/game "scripts". Third, but of equal importance to the other two objectives, the 

product had to meet the manufacturing costs objectives while not adversely afifecting the 

other objectives, and also had to not exceed certain budgetary constraints for the up front 

non-recurring engineering and development costs. 

Projects of this nature are not unusual in today's world. "As design complexities 

have grown and time-to-market requirements have shrunk drastically, both industry and 

academia have begun to focus on system levels of design since they reduce the number of 

objects that a designer needs to consider by an order of magnitude" (Staunstrup, 1997, 

p2). 

Ofif the shelf type microprocessor/speech chips were used rather than trying to 

develop custom silicon for this project. The time and cost constraints did not permit any 

other optioa 

The product code was released on schedule, although it had to be re-released at a 

later date for a necessary revisiorL The product did successfully enter the manufecturing 

phase and reached the shelves of certain nationwide chains of toy stores in time for the 

holiday marketing season in 1999. The author coUected his contracting fee for the 

engineering hours and has since moved on to other work. 



CHAPTER n 

PRODUCT OBJECTRnES 

Customer Objectives 

Cost Limits 

A driving factor throughout this entire project was a limit on the cost of the 

manufactured product. The cost constraint drove the hardware design more than any 

other single fector. Associated with the manufactiired cost was the development cost or 

non-recurring engineering costs for the design and development. This type of product 

can easily expect to sell more than one hundred thousand units at retail, so severe limits 

on actual hardware costs can really impact the profît margin for the product seller. 

Development costs also have to meet the Umits of budgetary considerations for the 

product. This type of product generally has a fairly limited market window before the 

competition develops and markets something similar, better, and lower cost. Hence, 

development costs are part of the total picture of the business plan for the product. 

Excessive development costs can kill a product/project just as easily as too high of 

manufacturing costs or too long of development time. A product of this nature can 

typically be handled by one engineer who has a good backgroimd in hardware and 

software for embedded systems development. Adding additional design/development 

members to form a team would add significantly to the costs and perhaps yield little in 

improvement to the development time. Another factor is that during the development of 

a product like this, the product prototypes are shown at various trade shows and the 



product definition is developed and refined over a period of a few months from the initial 

concept to the final released version of the product. In some cases, the product may 

change significantly as it did with the product in this case study. One engineer can just 

keep up with the process and the number of communication channels is thus reduced to 

primarily between the engineer and the product manager. This approach helps keep the 

development costs under control. 

The product cost was so important that the customer was willing to reduce some 

product fimctionality to meet the cost constraints if necessary. 

Market Window 

An equal factor in developing this product was meeting the code release date. This 

product was based around a particular microprocessor which also contained the synthetic 

speech processor and the system memory in the form of RAM and ROM for the 

processor and speech code. Manufacturing of microprocessor chips with an on-board 

ROM mask require a certain practical time between the release of the ROM code and the 

delivery of the finished and packaged chips to the customer. In today's chip market, that 

can range from two to eight weeks, depending on the product and the vendor. Starting 

up an initial manufacturing process on a new product can take some time to debug the 

manufacturability issues and sometimes the product design. Once a product has been 

ramped up to smooth manufacturing status, it can still take significant time to 

manufacture product in the quantities required in a mass market product. A product of 

this nature has the best market opportunity in the hoUday season at the end of the year 



and needs to start arriving on store shelves in the early Fall seasorL All of these factors 

combined resulted in a need to release ROM code for the product toward the end of 

April. The author was first presented with the initial product requirements late in the 

preceding December. Approximately a four month window of time was available to 

complete the entire design and development cycle. The market window was so 

important, that the customer was willing to trade ofif some product fimctionality if 

necessary in order to meet it. 

Product Fimctionality 

"System design is the process of implementing a desired functionality using a set of 

physical components. Clearly the whole process of system design must begin with 

specifying the desired functionality. This is not however an easy task" (Staunstmp, 

1997, p. 2). 

Multiple Game Modes 

A major requirement in the definition of the product was the capability to operate in 

several modes. Basically, the product had four major modes or games, and each of those 

had a standard non-card mode and a card mode. The product included several cardboard 

cards which the user could insert and activate a dififerent mode of game play or leaming 

that was based around the particular card in use. Without the cards, the toy would 

operate in a different mode, but a similar leaming game. This feature was a major part of 

the product definition and marketing scheme. Although the details of the specific modes 



were subject to change over the course of the product development, it was always defmed 

that the product would contain these multiple modes of operation. 

Automatic Power Down (APD) 

This product was a battery operated product. An early absolute requirement was that 

it would go into a low power mode automatically once the user stopped using it for a 

short period of time. Basically, in the course of play, if the child did not respond after a 

few seconds, the synthetic voice would pronqjt the child. After a series of about three 

such prompts, the assumption was that the child had stopped playing with the toy and it 

should automatically power down into a "sleep" mode, that could be easily "awakened" 

by the child. 

Low "OFF current" 

Associated with the "sleep" mode, the product had to have a very low "OFF" current 

to avoid draining the batteries while in the "sleep" mode. This factor afifected several 

items in the hardware design decisions, even such things as values for pullup resistors. 

Keyboard Intermpt of Speech 

Since this was a speaking product, it made sense for the user to be able to bypass 

rather lengthy speech prompts by pressing a proper key and not having to always listen to 

pronqjts once the game or leaming activity was understood. This requirement required 

the ability to scan for keyboard inputs while sitnultaneously outputtiog speech. 
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Stuck Key Handling 

Since this product was a child's toy, it might well be stufifed into a toy box or 

otherwise have something else left on top of it causing one or more keys to be pressed for 

extended periods of time, even up to days at a time. The software had to be able to deal 

with this and still put the product into a "sleep" mode even with one or more keys 

continuously pressed for extended time periods. 

Designer/Coder Obiectives 

Modular Design 

As the sofhvare designer, the author wanted to develop a design that was modular to 

make it easier to develop and understand. It was especially important to abstract many of 

the lower level I/O functions such as keyboard scaiming and speech output. 

Be sure to embed hardware fimctionality as software drivers rather than in-line 
code. Using them, aU access to the remaining hardware goes through a known 
path, and any necessary changes can occur in one place in the software. A simple 
example is a relay control bit that closes some relay contacts when you set the bit 
to One. Unless you're using a relay with mercury-wetted contacts, its contacts 
don't just close—they fîrst bounce a few times before they stay closed. 
Unfortunately, these bounces can appear to digital circuitry as individual switch 
closings and disturb other parts of a system One way to compensate for this 
efifect is to program in a time delay. Every time you switch the relay, the program 
coxmts down for a contact bounces time to die down. If a particular type of relay 
bounces more than expected, a relay driver lets you change the delay time for the 
entire product in one place. If you used in-line code, how many places would you 
have to change? (Rosenthal, Nov, 1991, p. 1) 
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Code Re-use 

The product contained four major modes of operation which extended to eight modes 

through the use of cards. The on-board microprocessor had limited code ROM space 

(32K) and it was beneficial to re-use code or functions where possible, both from a 

development time føctor and due to the limit on available code space. 

Good Release First Time and On-Time 

To meet the customer's needs, it was important to release the final version on time 

and have it truly correct in the first release. 

Though many authors suggest developing version 1.0 of the software, then 
chucking it and doing it again, now correctly, based on what was leamed from the 
first go-around, I doubt that many of us will often have that opportunity. The 
1990s are just too frantic, workforces too thin and time-to-market pressures too 
intense. The old engineering adage If the damn thing works at all, ship it,' once 
only a joke, now seems to be the industry's mantra, (Ganssle, 2000, p. 104) 
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CHAPTERm 

CONSTRAINTS 

Customer Constraints 

We embedded foUcs too often distance ourselves from the customer's wants and 
needs. A focus on cranking schematics and code will thwart us from making the 
thousands of Uttle decisions that transcend even the most detailed specification. 
The only view ofthe product that is meaningful is the customer's. Unless we think 
like the customer, we'll be unable to satisfy him. A hundred Unes of beautiflil C 
or lOOk of assembly - it's all invisible to the people who matter most. (Ganssle, 
2000, p. 45) 

Customer Selected Microprocessor 

The customer selected the microprocessor/speech chip to be used on this product. 

The chosen part was the Sunplus SPC251 microprocessor and the SPD102 speech chip. 

In the fimal version of the product, these two chips were integrated into a single imit, but 

for developmental purposes, they were treated as separate pieces and were actually 

separate chips in the in-circuit-emulator used for development. The chip selection was 

based on several factors, but primarily on cost advantages. The customer had several 

years of experience in developing products of a similar nature and had managed to 

negotiate a good deal on this particular microprocessor/speech chip family based on 

volume use across many different products. With this choice made by the customer, 

certain limits were placed on how the eventual hardware design would have to look and 

on many factors influencing the sofíw âre design. This particular microprocessor/speech 

chip was an 8 bit RISC design with particular limits on the amount of RAM and code 

ROM and speech ROM space. 
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The selection of the microprocessor helped in reducing the size of the problem This 

selection defined the general architecture of the system 

Consider the hardware/software partitioning problem and a set of requirements to 
be fulfilled by the partitioned system In order to obtain a feasible partition, that 
is a partition which fuLfills the requirements, we need to know the target 
architecture, i.e. the processor on which to run the software ... [and] the 
technology of the dedicated hardware ... the choice of target architecture will 
greatly influence the outcome of the partition as each target architecture wUl have 
different 'best' partitions. (Staunstmp, 1997, p. 284) 

Cost Constraints 

The customer had a specific Umit on the actual cost of the electronic hardware 

components in the product. Even a few cents over the Umit would be enough to kUl the 

product, since the end product would not have the necessary profit margin to meet the 

business plan. 

Time Constraints 

A very specific date was estabUshed early on for the final code release for the 

product. The total time avaUable for the author on the project was approximately four 

and one half months from initial work to release of the final version of the ROM code. 
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Hardware Constraints 

I/OPortLimits 

The particular microprocessor specified by the customer had a particular set of I/O 

ports and pms and thus constrained not only the hardware design, but also the associated 

software design. The SPC251 has a total of 24 pins of I/O as indicated in Figure 1. 

Code ROM Limits 

The microprocessor specified had only 32K of code ROM space. This factor 

necessitated some restmcturing of the code toward the end of the project. 

8bits 

8bits 

8bits 

Figure 1.1/O Ports on the SPC251 Microprocessor 
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Speech ROM Constraints 

The microprocessor had a limit on the amount of speech ROM space. This føctor 

caused problems later as the speech in the product grew during product redefinitioiL It 

was necessary to move to the next member in the chip fømily, the SPC500, which had 

twice as large of speech ROM space. It was not an entirely new speech chip design, 

merely a dififerent version of the first chip. The additional speech ROM required one 

more address Une intemally for addressing the speech ROM space. To obtain the extra 

speech addressing line, one of the I/O port lines was diverted intemaUy inside the chip for 

that purpose. Since the original hardware design had made use of aU of the I/O port Unes, 

it became necessary to re-define some portions of the hardware design, in particular the 

details of how the keyboard was scanned. To accommodate the change, it became 

necessary to add a shift register and make changes in the keyboard scanning software 

fimction. This change did add costs to the hardware, but was less costly than moving to 

the next microprocessor in the family which had more I/O capabUity but was 

significantly more expensive. The two versions of the keyboard scan scheme are shown 

in Figure 2 for the original version, and in Figure 3 for the final version to accommodate 

the reduced number of I/O lines. 

16 



8 Bits Input 
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4Bits 
Output 

(j) (fa 6 d) 8x4 
Keyboard 
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WaUdng 1 Strobe 

Figure 2. Original Keyboard Scanning Arrangement. 
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7 Bits Input 

uP 

2Bits 
Output 

d) (b (b (b 6 

D 

>Clock 
Shift Register 

7x5 
Keyboard 
Matrix 

Figure 3. Finalized Version of Keyboard Scanning Circuit 

Software Constraints 

Initial HW Design 

The initial hardware design placed certain constraints on the software design. When 

the author became associate with this project, the initial hardware topology had been 

defimed and the hardware approach to the keyboard scan and other I/O assigrmients had 

already been made. Due to changes in the product later, the author had the opportunity to 

revise the HW design to minimize the impact to the SW already in progress. 
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8-Bit System 

The microprocessor was an 8-bit design which placed some Umits on things Uke 

address calculation for pointing into large speech tables. An innovative method was 

developed to handle such address calculations. 

RAMLimits 

The microprocessor had only 128 bytes of RAM, which necessitated judicious use of 

variables in the SW design and care in the use of fimction caUs to avoid stack overflow 

problems. 

ROM LUnits 

The microprocessor had only 32K bytes of code ROM, which necessitated concise 

code and good use of subroutines to minimize overaU code size. 

RISC Limits 

The microprocessor was a RISC design, so multiple mstmctions were required for 

sUnple code stmctures. This factor impacted the ROM size constraint. The 

microprocessor used a RISC version of the 6502 core design, which is a microprocessor 

design from the 1970's. The actual architecture had a single accumulator and one user 

register and a subset of the original 6502 instmction set since it was a simplified 

architecture. 
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CHAPTERFV 

PROCESS 

The bottom Une is that you'U always have to make tradeofife, but in doing so 
consider more than just the Unmediate technical aspects. Consider the decision 
from a global viewpomt, a system viewpoint. (Rosenthal, Nov., 1991, p. 2) 

First Prototvpe 

The author began the project approximately three weeks before the first prototype 

was needed for demonstration at the first toy fair of the season. The author had 

experience in working with microprocessors and had spent several years writing and 

maintaiiUng microprocessor assembly code for use in custom test and control systems. 

However, the author had never worked with this particular microprocessor to be used in 

this product and the author had never done any sofhvare development work for use in a 

speech based consumer product. At the time the author became involved in the project, a 

principal engineer of the local fírm had already defîned the hardware design and made the 

I/O pin assigrmients for the keyboard scan, card fingers, and motor controls and other 

items. No soítware had been written, but one of the principal engineers with the local 

firm had previous successful experience with similar products and similar 

microprocessors and had done some initial development of speech driver software and 

keyboard scan software. The author was able to make use of that work as a foundation to 

get started and was also able to look at a source Usting for a previous product which had 

used a dififerent vendor microprocessor, but which was for a product of a simUar nature 

and which made use of speech and a user keyboard system. 
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The project was done entirely in assembly language. There are many reasons why 

assembly language was used. The project was small enough to be reasonably done in 

assembly language. The overaU control code size was 32K The tremendous amount of 

low level I/O involved in the product suggested assembly language as a good approach. 

The resources available were assemblers and debuggers and an in-circuit emulator (ICE). 

A final and perhaps most significant factor was that the principle engineer of the local 

company had developed aU previous such products using assembly language and had a 

strong foundation of experience with such and also the author had several years of 

industry experience developing assembly language code for microprocessor based 

systems. With the incredibly short time frame avaUable for deUvering the first prototype, 

the author preferred to work with assembly language from a comfort standpoint and time 

efificiency standpoint. The author has recent experience at another company on another 

project where considerable pressure was appUed to the author to use 'c' language with a 

68HC12 microprocessor based project. That experience has not changed the author's 

viewpoint that assembly language was the correct approach for the project discussed in 

this thesis. 

Time Constrained, Lioiited Functionality 

The first prototype had to be ready for demonstration in approxúnately three weeks, 

so sofhvare development had to proceed without much tUne to make a real plan. About 

three days were spent just examinmg previous work to develop an overaU understanding 

of the scope and range of such a project and to get femUiar with the microprocessor 
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instmction set and architecture. With such a short amount of time avaUable for deUvery 

of the first prototype, it became necessary to consult with the customer about what their 

minmial expectations were for the initial demo unit since it would be impossible to 

deUver the fiiU product m only three weeks of development time. A subset of 

functionality would have to be adequate. 

Demonstrate Breadth Rather than Depth 

Discussions with the customer resulted ûi a determination that they wanted to be able 

to demonstrate the fiiU range or breadth of the product capabUity, i.e. each of its modes of 

operation to at least some extent. However, they were not nearly as concemed about 

demonstrating the fuU depth of functionaUty for each mode. For example, if the first 

mode or game was capable of working with 120 difîerent words, they were satisfied for 

the initial demo if they could demonstrate that mode using five or six words. However, 

they were rather adamant to be able to demonstrate aU of the modes of operation to at 

least some extent. 

Software Efificiency Lower Priority 

The fiffst need was to get at least one of the game modes working with a few words 

for demonstration purposes. There was Uttle time to consider the overaU design issues 

and soflware size or efificiency concems. Hence, the first game mode utUized a string of 

conditional statements to step through each of the possible words within the Ust rather 

than the more efificient table/index design, which was developed later. 
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"Toss out the standards manual. Use every trick in the book to get it áonQfast. Do 

code in small fiinctions to get somethmg testable quickly, and to mimmize the possibility 

of making big mistakes" (Ganssle, 2000, p 107). 

There were three dififerent toy fairs for product demonstration. FoUowing each toy 

fair, the customer had received feedback from their potential customers and thus 

developed revisions to the product definition. The toy fairs were two to three weeks apart 

and the customer wanted to include the newest changes m product definition for each 

succeeding toy fair in their demonstration prototype. It was a stmggle to make the 

necessary changes and additions during the very short time windows available for this 

succession of demonstrations. During this phase of the project, software efificiency was 

the lowest level of concem, and with the rapid and significant level of ongoing changes, 

not much opportunity for modularity developed except for the low level I/O driver 

functions. 

Redesign of Hardware 

More Speech ROM Space Needed 

After the last of the toy føirs, the customer was ready for yet another round of 

changes, and actuaUy made enough changes in the product definition that approximately 

75% of the code written to daíe had to be scrapped or totaUy rewrittea During this phase 

of changes, the somewhat finalized versions of the various modes and games was 

developed. More tUne was taken to do a proper design of the software and then it was 

possible to begin adding in the rest of the words and other speech phrases used in the 
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product. During this time, the customer had added a lot of speech to the product. Aôer 

aU the speech words and phrases were added into the code, it became obvious that there 

was insufificient room m the speech ROM to hold all of the speech desired b}' the 

customer. A discussion was held with the customer, and it was determined that the 

customer wanted to keep aU of the speech in the product even if it meant moving the 

design to the next member chip Ui that microprocessor famUy, which had double the size 

of speech ROM space and the same amount of program code space as the earUer version 

microprocessor. This change was quite acceptable to the author untU the details were 

considered. 

I/O Mappmg Changed 

The next level microprocessor in this family (SPC500) did indeed have twice the 

speech ROM space and the same 32K of code space as the earUer version. However, one 

important detaU changed. To provide the extra mtemal addressing Une for the speech 

ROM, the microprocessor had to give up one of its extemal L̂ O Unes. This created a 

significant problem. The original hardware design had used all ofthe I/O pins on the 

microprocessor and there were no spares avaUable. 
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Less I/O Pins 

The keyboard required 26 alphabet keys and 5 special purpose keys for a total of 31 

keys. The original design had arranged these into an 8x4 matrix, with 4 strobe Unes and 

8 sense Unes. The new microprocessor had only 7 lines on the I/O port which had 

previously had 8 Unes. The original microprocessor had three 8 bit ports. Now. there 

was one 8 bit port, two 4 bit ports, and a 7 bit port rather than the third 8 bit port. Due to 

other needs in the system, there was not a simple solution for rearranging the I/O pins to 

solve the problem. One of the 4 bit ports had 4 pins avaUable for the keyboard scan 

strobe, but the other 8 bit port was dedicated to the card reader and several other 

multiplexed mputs. So, oiUy the 7 bit port and a 4 bits of another port could be used for 

the keyboard which contained 31 keys to be scanned. 

Added Hardware 

The solution was to add an 8 bit serial to paraUel shift register to provide 5 strobe 

lines for a rearranged keyboard in a 7x5 matrix. The shift register could be controUed 

using oiUy 2 lines from the 4 avaUable bits on the I/O port for data and clock, and this 

provided two extra I/O lines for a potential shufifiing of the other I/O considerations. The 

two versions of the keyboard and I/O port arrangement are shown in Figures 2 and 3. 

OpportuiUty to Improve EarUer I/O Mapping 

It tumed out to be fortuitous to have the opportuiUty to redesign the I/O assigimients. 

With the previous arrangement, there had been some confUcts between the motor control 
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and the serial speech communication. This created a confUct during speech and 

simultaneous motor control which was a necessary feature of the product. With the new 

arrangement of the keyboard, two I/O Unes were freed up which aUowed more flexibility 

and some shufifling of other I/O assignments and the result eUminated the previous 

speech and motor control conflict. Also, a previous 8-bit port now became two 4-bit 

ports which gave some additional flexibUity on previous communication conflicts on a 

single port. 

Sofi^are Issues 

Several issues sur&ced during the development of the software. First, with the 

intense time constraints for the early prototype and the initial prototype revisions needed 

to meet the marketing demonstrations, it was not possible initially to take time to reaUy 

develop an overaU good design to the software, rather it was necessary to simply get 

something working that the customer could demonstrate. Although this approach might 

not meet with approval from aU quarters, it is actuaUy a recommend approach by 

Ganssle. 

The only reasonable way to buUd an embedded system is to start mtegrating 
today, now, on the day you first crank a Une of code. The biggest schedule kUlers 
are unknowns; only testing and actuaUy running code and hardware wUl reveal 
the existence of these unknowns. As soon as practicable, buUd your system's 
skeleton and switch it on. BuUd the startup code. Get the chip selects workmg. 
... prove to yourself that they work as ... required. (Ganssle, 2000, p. 48) 

Once the product requirements were more stable, and it was not necessary to meet 

rapid changes in prototypes for demonstrations, it was possible to focus on developing a 
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more engineered software design. The first task was to rework some of the early code to 

develop code efificient solutions to some of the operations. The early development had 

made good use of abstracting the low level I/O operations for keyboard scan fimction and 

also by creatmg defined names for the various I/O signals such as those used in the motor 

control and the card reader functions. 

The product had four major modes of operations and each of these four modes had 

an additional mode that involved the use of cards. There were enough dififerences in all 

of these modes that it made sense to actuaUy create 8 dififerent software modules to 

handle them There were certain common functions, such as those related to automatic 

power down, control of the motorized mechanism, keyboard operations, speech, etc, that 

certain common utiUty functions were used by all of the game/mode modules. 

Extensive use of macros was made in the initial design, but most of these had to be 

changed to fimctions due to a shortage of code space in the program ROM as the product 

features were expanded. 

Making the Tradeofifs in Hardware and Software 

The customer constraints on this project required a design that minimized the 

hardware content to the Tnayim im extent feasible, without significantly npacting the 

time to market and development costs. 

The decision between implementing a function in hardware or software is usuaUy 
a tradeofif between expense and complexity. For example ... dififerent ways to 
scan a keypad. The inexpensive approach ... requires a fair amount of processor 
overhead to scan the keypad and detect a keypress. Another way to accomplish 
the same task is with a keypad decoder chip ... Both methods work, but one is 
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less expensive while the second requires fewer CPU resources. Which one is 
better depends on design constraints. If you've got the room and money, the 
keypad controUer works nicely and removes considerable overhead from the 
processor. On the other hand, if you've got CPU time to bum or have space or 
money restrictions, the software scanner is the option of choice. Let the design 
dictate what it needs rather than trying to make all your designs fit into a standard 
mold. For what it's worth, in nine out of ten of my designs that require a keypad 
I've used the scanner chip because the CPU is usuaUy quite busy. (RosenthaL 
Nov., 1991,p.2) 

The previous experience of the principal engmeers of the local engineering firm included 

work in the development of low cost electronic consimier products. Therefore, certain 

industry knowledge was already m place and used in the development of the hardware 

design for this product. A prime example of this knowledge is the use of a matrix 

keyboard arrangement where the columns are strobed sequentiaUy by a walking "1" and 

the rows are sensed or read for each strobe. This approach uses a minimum amount of 

hardware whUe making use of idle processing power that is typically available in such 

products. While this approach is commonly used in the consumer electronics industry, it 

is not as widely known and used elsewhere in the industry. The author was recently 

associated with the development of a medical technology related product, and of the 

several engineers associated with the product, the author was the only one who had any 

knowledge or experience with such a keyboard mterface technique. This approach to 

ÍQterfacmg to a keyboard also has the advantage of bemg able to do the key contact 

debounce in software. A typical approach is to read the keyboard, and if a key contact is 

found, to wait 100 milliseconds, then read the same keyboard column. If the same key is 

stUl read, the assumption is that such key reading is in fact vaUd and accepted. This 

technique eliminates additional passive and active components to achieve key debounce 
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that would be necessary in many other approaches. If cost is no object, then perhaps a 

hardware mtensive approach to keyboard inter&ce is appropriate and this is especiaUy 

tme if the extra processing power or I/O pins are not avaUable in a particular product. 

However, in a low cost consumer product, the price competitiveness demands solutions 

that work with the minimal hardware costs. Hence, we see the elimination of knobs and 

switches in favor of membrane keyboards and the use of keys with two or even more 

functions. This is often to the detriment of user fiiendliness to the end user. 

An example of this is given by Rosenthal: 

Another example of not designing a product for a customer are radios. Remember 
the old ones that had dials for timing? You could take that dial and know exactly 
how far to twist it to jump to your favorite station. Try doing that with a push 
button. The push buttons might be sleek and "fit" into the design but they're not as 
usable. I just read a review on marine VHF radios and the reviewers refused to 
evaluate any radio lacking a tuning "knob". The push button tuning wasn't user-
friendly. The problem with the old tuning knobs was reUability, not that people 
didn't Uke the knobs. The advent of electronic tuning aUowed this potential føilure 
mode to be removed, only they removed too much. OpticaUy encoded knobs work 
very nicely and they don't &il Uke the old tuning knobs. Hewlett Packard has a 
íuU Ime of these digital panel mount optical encoders. Dont solve one problem by 
creating another problem The examples of mistakes made conceming usabiUty, 
even though the technological complexity issues had been solved, are everywhere. 
(Rosenthal, Jan., 1992, p. 2) 

Most embedded systems today have some type of display and, together with an 
input device (keypad, keyboard, rotary switch, touchpanel, etc), these are how 
the customer is going to interact with your design more than 90% of the time. 
These areas are where most of your design time should be spent. Is a keyboard 
needed? Can a keypad work instead? Does there need to be any input device for 
the customer to use? Keys and switches are intUnidating to most users (remember 
the oscUloscope from before?). A good, clean design nUnimizes the nimiber of 
switches or keys on the front panel, but don't mmimize too får. Keep one key 
representing one function as much as you can. The mmute a key has mukiple 
meanmgs is when confiision wUl start. Also, keep the key functions consistent. 
(Rosenthal, March, 1992, p. 1) 
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This problem is also noted by Ganssle. 

The computer age has brought the advent of the feature-rich product that no one 
understands or uses. My cell phone's 'Function' key takes a two-digit argument -
one hundred user-selectable fimctions/features buUt into this Uttle marvel. Never 
use them, of course. I wish the sUly thing could reliably establish a connection! 
The design team's vision was clearly skewed in term of features over quaUty, to 
consumers' loss. (Ganssle, 2000, p. 47) 

CUfiford StoU also fimds fiiistration in modem electronic consumer items. "Her job was 

made no easier by the fød of unlabeled black push-buttons hidden under black panels" 

(StoU, 1995, p. 61). 

Costs and Complexity 

As discussed in the section above, for a product of this nature, the hardware costs 

must be minimized to the maximum extent feasible within the time constraints and 

development costs constraints. In this case, the cost versus complexity decisions are 

mainly driven by the primary customer constraints, which are product cost and time to 

market. The customer has some absolute limits on product cost and on time to market. 

The complexity of the product software is the result of creating a design that resides 

within the other constraints. 

The NRE must be amortized over the production phase and should be recaptured 
within a certam time for the required retum of the initial mvestment. When one 
includes the development expenses in the total system cost, the NRE has Uttle 
impact on the imit cost for large production runs (of thousands). But the impact is 
much greater on a smaU number of systems in the lower himdreds. (Hordeski, 
1985, p. 63) 

As I said at the beginning of this column, I don't know how to design for high-
volume appUcations. What's more, I've never heard of a course in a university 
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about this topic. Where do people leam this stufif? Are there books, joumals, 
magazines, apprenticeship programs on the subject? Go ahead and e-mail me your 
thoughts and comments, and I'U try to write a column based on the information. 
In the meantime, let me pass on some of what I've leamed about high-volume 
electronic product design: 

It's often cheaper to throw something away then repair it. We've aU experienced 
this aspect in our personal Uves. If a $5 digital clock loses a segment, most people 
throw it away and buy another one. In a similar vein, I've got one cUent who, 
when designing a new product, buUds ten prototypes and then produces 50,000 
units. If that first lot doesn't work properly, he's found it less expensive (in terms 
of the cost of a missed opportunity) to throw away the 50,000 items than to 
mcrementaUy push production up to the 50,000 point. In his market (consumer 
electronics) the cost of missing a window of opportunity was significantly more 
than the price of the 50,000 units. 

It's better to steal someone else's ideas than to leam by your own mistakes. I was 
having a terrible time getting cost down on a device that included a 
microcontroUer, numeric display, keypad and ac load controls. Then I bought two 
broken microwave ovens and ripped them apart to leam about their design. They 
had the same fimctional characteristics I was looking for and yielded lots of 
information for a minimal cost of $20 for the microwaves. 

The $5 digital clock mentioned earUer is a engineering wonder. Past experiences 
tells me to buy 7-segment displays for the time indicator. This clock, though, uses 
seven sur&ce-mount LEDs for each digit. Each LED is in the center of each 
segment. To make up the four digits and two colon points brings the total to thirty 
LEDs. Mounted to the board is a plastic mask about 4 mm thick with cutouts for 
the LED segments. On top of it is a red translucent fiher. The result is an 
extremely low-cost display that's indistinguishable from a 7-segment display but 
doesn't creaíe a dependence on a skigle display suppUer. 

Another example from the clock concems switches. In the clock, the switches are 
aU snap domes that provide circuit contact on the PC board whUe at the same time 
providing tactUe feedback. The low-cost trick here is that the manufacturer uses 
scotch tape to secure the snap domes! Why not? The switches are m a horizontal 
plane, so there's no worry about them sagging from gravity. The resulting switch 
cost is for a piece of spring metal, a PC-board trace and some tape. It doesn't get 
much simpler. 

Obviously, there's a lot more to high-volimie product desiga For example, I 
haven't touched on labor costs because even if labor were free, the parts costs in a 
traditional design are expensive. Agaio, the secret to good design is to meet aU 
requirements, not just the technological ones. (Rosenthal, Feb., 1996, pp. 1-2) 
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The I/O Mapping Problem 

Perhaps the single biggest design issue in a product of this nature is solving the I/O 

mapping problem. A good first step m developing the I/O mappmg solution is a good 

understanding of the operaíion of the I/O on the microprocessor you are working with. 

A generation of stmctured programming advocates has caused many of us to 
completely design the system and write aU of the code before debugging. Though 
this is certainly a nice goal, it's a mistake for the low-level drivers in embedded 
systems. I beUeve in an early wrestUng match with the system's hardware. 
Connect an emulator and exercise the I/O ports. They never behave quite as you 
expected. Bits might be inverted or transposed, or maybe there are a dozen 
complex configuraíion registers that need to be set up. Work with your system, 
understand its quirks, and develop notes about how to drive each I/O device. Use 
these notes to write your code. (Ganssle, 2000, p. 64) 

The constraints of this problem are initiaUy defined by several factors. The first 

factor that enters the problem is the product features required by the customer. The 

product features wiU determine the number and arrangement of end user inter&ces. The 

extent to which these end user interfaces can be multiplexed depends on how they are 

used and to what extent operaíions have to occur simuhaneously. User fiiendUness in the 

end product can be a concem, but the author's observation is that such user fiiendliness 

often is of lower priority than cost concems. 

Once the user mterfoces are defined, a next major decision wiU involve how many 

I/O pins are needed and how they are arranged into ports to a microprocessor. 

Sometimes the designer has Uttle choice in this matter. In this case of this particular 

product, the microprocessor to be used had been decided by the customer. The designer 

was thus stuck with a particular I/O port set v.ith certam pin count Umitations. In a 

situation such as this, the designer has to find a best fit solution within his constraints. To 
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solve such a problem, the designer may have to resort to extensive multiplexing if the I/O 

pins are Umited, which is usually the case m such a product. There are elegant and 

expensive approaches to multiplexing I/O Unes. There are also approaches commonly 

used m the consumer electronics industry which make use of diodes to multiplex I/O 

lines. This approach was used ki this product, based primarily on previous experience by 

the principal engineer and the author. An example of the low cost diode multiplexing 

scheme used in this product is shown in Figure 4. Here a single set of input Unes of a 

particular port are multiplexed in such a way to read more than one set of switches. The 

example shown aUows 16 switches to be read using a single 8 bit input port and 2 output 

bits from another port which strobe the chosen switch bank one at a time. Only one bank 

of switches can be read at a given time, but there are many appUcations in which this is 

acceptable. For this product, the card reader port was multiplexed using this scheme. 

The card only needed to be read once, immediately after the microprocessor was reset, 

and after that, that port could be used for other purposes with the multiplex scheme. The 

card reader port was in fact used for the card reader, motorized mechanism position 

switches, the "Z" or "Zed" jimiper, as weU as the game mode. The circuit in the final 

product used a three bank, strobed switch scheme to achieve the necessary level of 

multiplexing at a very low product cost and with only minimal impact to the software. 
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Figure 4. An Example of Low Cost Muhiplexing on a Port 

The author has found no absolute design rule either in experience or in research of 

the Uterature on the matter of finding an optimal I/O mapping solution. It is often a 

matter of developing a concept and seeing if it wiU fit onto the I/O avaUable. A few 

general mles can be used, but do not guarantee a good solutioa GeneraUy, a good 

approach is to partition the user interface mto groups which have some natural 

commonality. For example, in the case of this product, there was a user keyboard, which 

had to be read at aU times. A group of I/O pins associated with one particular port or 

perhaps a pair of ports m this case should be assigned for the keyboard. For this product, 

the associated speech chip by definition had to use two I/O pins for communications. To 
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avoid conflict between keyboard operaíions and speech, if possible it made sense to put 

the speech communications on a port not being used by the keyboard. For this product, 

that was not possible due to the total I/O needs of the product and only having a total of 

three I/O ports available on the microprocessor. It was however possible in the revised 

hardware design to put the motor control on a port separate from the speech 

communications which solved some conflict problems related to simultaneous speech and 

motorcontrol needs. 

Once the designer has defined possible assignments for I/O that must avoid conflict, 

he can then atteiiq)t to lay in the rest of the interface fimctions onto any remaining I/O 

pms/ports or begin to look at muhiplex opportunities. For this particular product, there 

was a card reader involving a total of 71/O signals. With a total of 128 possible 

combinations, actuaUy only 120 were needed by the product. There was no avaUable I/O 

left for the exclusive use of the card reader. However, the card reader only needed to be 

read one time upon product reset, so it was easy to multiplex the card reader and other 

I/O operations onto a single 8 bit port. Since the card reader only had to be read upon the 

begiiming of the software sequence, it was possible to read the card mformation prior to 

even activating the other multiplexed signals, hence no conflict occurred between the 

multiple use of the I/O Unes. Several things were multiplexed onto the card reader port. 

One example is that the product was designed to be sold also in Canada as weU as the 

USA and the pronunciation of the letter "Z" is different, but otherwise the product is the 

same. The customer wanted a single jumper wire that coiUd be added to the product if it 

were to be sold in Canada that would change the pronunciation of the letter "Z". This 
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jimiper signal only had to be read once for each time the product was powered up, so 

again it was an easy thing to multiplex onto another I/O line that was used for other 

purposes during operaíion of the product. Likewise the game mode, and motorized 

mechanism position switch signals were multiplexed onto the card reader port. 

The I/O mapping problem is probably one of the single most diSicult issues to 

resolve in an optimal manner. A few general mles can be used, but ultUnately it is solved 

through the use of an engineer's previous experience and knowledge and some amount of 

"cut and try" to see what results in a good fit for the interføces needs to the I/O avaUable. 

Since I/O is usually somewhat limited, especially in a low cost consmner product, some 

amount of compromise is necessary to find a solution that wUl work. Many innovative 

concepts have been developed over the years by engineers seeking low cost solutions to 

mass market products. 
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CHAPTERV 

SOFTWARE DESIGN 

Overview 

The software in this system was divided mto a main entry module, various utUity 

modules and eight game or mode modules. Although there were only four positions of 

the game/mode switch, there were effectively eight modes of operation since each game 

or mode had a non-card mode and a card mode. Operation was sufficiently different to 

justUy thé eight diSerent game/mode modules in the software. Low level ut ity 

fimctions such as keyboard scan, timing functions, and motorized mechanism control, 

each had their own module of code. In the case of the motorized mechanism, the module 

was simply a fiinction to advance the mechanism by one position or retum it to the home 

position. The software was designed to minimize multi-level function calls since stack 

space was very limited. The system was designed so that any time the mode switch 

selection was changed or a new card was inserted, the microprocessor would reset. This 

way the system only had to determine its status and mode once at the beginning of the 

initialization code rather than constantly needing to determine its mode. 

Initialization 

When the microprocessor was reset, the code would perform necessary initializations 

and then immediately begin reading I/O ports to determine what mode it was in. It would 

fîrst look to see if it was in the lowest level of IC test mode by outputting a certain pattem 

on one I/O port and looking for a particular pattem on another I/O port. Based on the 
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initial I/O reading, the code would either continue in the IC test mode or branch around 

the IC test code and then check for a secondary test mode such as the board level test or 

the production/quality assurance test mode. The secondary test modes were entered via 

multiple keys being held down during power up. This mode did not use the standard 

keyboard scan, but rather special specific I/O writes and reads. If a test mode was 

activated, the code would proceed through the test mode sequence, otherwise it would 

branch to regular operating mode. If no test mode was active, the system would next read 

the mode switch and the card reader to determine which game or mode was active. From 

that determination, a branch was made into the appropriate game/mode module. 
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Figure 5. High Level View of Software Stmcture 
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Game/Mode Module Description 

Once the code entered a particular game/mode module, it stayed within that module. 

Each game/mode module had certain initialization events and introductory speech 

phrases, then entered a loop waiting for a status change in a global key entry variable. 

The actual keyboard scan was performed in a separate module triggered by a timer 

intermpt, but the status of a key changed was communicated to a particular game/mode 

module through a global variable. If a game was idle, it remakied in a loop checking the 

keyboard variable and also checking an automatic power down timer status. If a key 

entry occurred, the code would branch out of the wait loop into a key processing 

sequence to provide speech feedback based on the game script and which key had been 

entered and whether it was a correct key or not. If no key was entered, after a few 

seconds the global variable for automatic power down would be set to one of a sequence 

of states causing various speech proir^ts to occur whUe continuing to wait on a keyboard 

entry. If no keyboard entry occurred, the automatic power down variable would change 

to a next state value after an appropriate time triggered by a slow timer intermpt. 

EventuaUy, after three speech prompts and no keyboard activity, the code would branch 

to a power down íunction which would put the microprocessor into a low power sleep 

mode. Each of the game/mode modules was essentially a small state machine. The status 

or state would change dependUig on the current state and which key was entered or a 

change in the automatic power down variable. The games each had a particular script 

they could foUow and the scripts matched weU with a state machine Unplementation in 

the code. A high level overview of the states within a typical game are shown m Figure 
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6 below. The detaUs of the implementation are considerably more conq l̂ex than implied 

by the overview diagram, but the diagram provides an understandUig of the general 

stmcture of a typical game. 

Test Modes 

There were three major test modes, which are described in some detaU elsewhere in 

this document. The test modes provided an easy way to test the product at various sub-

assembly levels and as a fînished product. The method used to enter the final product test 

mode involved power up with three keys held down simultaneously and it was considered 

unlikely that a consumer user would inadvertentiy enter the test mode. The test mode 

code represented about twenty-five percent of the total code in the product. 
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Game 1 Initialization, initial 
speech phrases 

I 
Waiting on key or APD 

APD step 1, wait 
on key or APD 

APD step 2, wait 
on key or APD 

APD step 3, wait 
on key or APD 

Sleep Mode 

EndofGame 

VaUd key, reward 
sounds/action, 
waiting on key or 
APD 

1 
Wrong key, error 
soimds, hint 
prompts, waiting on 
key or APD 

Figure 6. Main States Within a Typical Game/Mode 
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Intermpts 

Intermpts were only directly used based on a timer mtermpt. A fast tUner intermpt 

(approximately every 10 mS) was used to trigger the keyboard scan, and a slower timer 

(approxUnately every 6 seconds) was used to trigger the automatic power down sequence. 

These timer intermpts only directly triggered the timer code modules. The timer intermpt 

service routines updated the status of global variables to communicate mformation to 

other modules. In the hnplementation, there were other additional timer mtermpts to 

handle the synthetic speech processing. 

Low Level I/O Abstraction 

AU of the low level I/O was abstracted from the main modules of the software. The 

most obvious example is the keyboard matrix scan system. A timer based itttermpt 

would trigger the ISR for the keyboard scan module every 10 mS. The keyboard ISR 

would then run, and check the current or next column of the keyboard matrix depending 

on whether a key had been pressed on the previous execution of the keyboard ISR. If a 

key had registered in the previous execution of the keyboard ISR, a check was run to see 

if the same key was stUl pressed. If the same key occurred during two sequential 

executions of the keyboard ISR it was considered to be a possibly valid key. To make 

sure it was a vaUd and debounced key, the key would be checked several more túnes for a 

total debounce túne of approximately 100 mS. If it was determined to be a vaUd key 

entry the global variable would be set to the value of that key. Only keys that registered 

for two sequential keyboard ISR's plus the debounce delay time were accepted as vaUd. 
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Once a key was accepted as a valid key, the global variable was set to the value of that 

key, and hence the "message" was available to any other module that needed such 

information. 

I/O pins were defîned through naming definitions in the code. The name remamed 

the same even when the actual pm definition changed during the hardware re-design. 

Such abstraction was beneficial smce the code only had to be changed m the pm 

definition part of the code and aU other parts of the code referred to these signals by their 

defined name. An example was the signal MOTORON. The actual I/O pin assignment 

changed, but only the definition of MOTOR_ON had to change in the code. Any usage 

of the signal MOTORON referenced in the code was not effected. A further example of 

where the abstraction was of benefit during product revision was the change to the 

keyboard scan system described elsewhere. Since keyboard scan was abstracted to a 

single low level module, when the hardware design was changed, the code only had to be 

changed in the low level module and not throughout the code. 

Examples of Tradeoff in HW Cost versus SW Complexitv 

The major point of this thesis is that hardware costs can be reduced through the use 

of more con^lex software. This whole product could have been developed around a very 

hardware mtensive design and probably not have used a microprocessor at aU. However, 

such a design would have been rather costly from a component cost standpoint and would 

not have been an economically viable product. Two obvious places where hardware 

complexity and component count were reduced were in the keyboard scan system and 'm 
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the multiplexing of game mode, card type, etc onto a single input port. For the keyboard 

scan, the use of a software based scanning system eliminated the need for specific 

hardware components for key debounce. As each column on the keyboard was strobed, 

the rows were read in to see if any particular key was closed. Key debounce was 

achieved by using a software based timing scheme. If a particular key was detected as 

closed, the keyboard scan routine provided for an approximately 100 nûlUseconds 

debounce time and then re-read that same column. If the same key was stiU closed after 

the deboimce time, it was assumed that this was a tme and vaUd key closure and 

accepted. The software was more complex, but it eliminated hardware debounce 

components such as resistors, capacitors, or special Schmidt trigger devices in the 

keyboard mterface. The sUnple use of a keyboard matrix scheme rather than mdividual 

input pins for each keyboard key represents a signifícant savUigs in hardware and a 

sUghtly more conq)lex software scheme to scan a matrix rather than simply read 

mdividual I/O ports. The same can be said of utUizmg a multiplexmg scheme on other 

signals such as the mode switch and card reader rather than having to have individual I/O 

pins for each signal. In this case, it was more of a case of havitig slightly different 

software rather than necessarUy more complex software. The use of a microprocessor m 

the system allowed many fimctions to be handled through the use of software rather than 

hardware. The use of software added the capabUities of the built m test modes which 

were of benefit to the manufacturmg process. In fact, the use of a microprocessor and 

embedded soflware is what makes a product of this nature economically feasible at aU. 
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Some of the innovative approaches to the hardware design are what make it even lower 

cost. 
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CHAPTER V 

RESULTS 

Solvmg the 8-Bit Limit for Address Calculations 

The particular microprocessor used m this product was an 8 bit processor and had no 

capabUity for performmg anythmg other than 8 bit calculations. Because the speech 

ROM table had many entries, more than 255, it became necessary to develop a method to 

perform address mdexing calculations of more than 8 bits. The author can not claUn 

credit for a solution, but the principal engmeer of the local fírm had previously 

encountered this problem in earlier work and had developed a solution using a secondary 

variable and the carry bit to solve the problem The solution worked even though it 

looked a bit awkward m the coding. The solution was to maintam an extra variable, 

which contained the "overflow" bit when dealing with addresses above 0x255. As the 

fírst variable was incremented, each time the overflow bit was checked, and if toggled, 

the extra variable, the "overflow" variable, would be incremented and the main variable 

set to zero. This was an adequate work-around for the limits of the 8 bit microprocessor 

registers. 

Kevboard Intermpt to Speech 

One feature that was an absolute requirement from the customer was the abUity of 

keyboard entries to be able to mtermpt speech in progress. This was not particularly easy 

to implement and caused a few problems for the author before the project was completed. 
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A major part of the problem was the føct that during speech, the microprocessor was 

extremely busy generatmg serial communications to an extemal speech chip. It was not 

feasible to take much tUne away from the speech communications for other activities. 

The problem was ultimately solved by use of a tUner mtermpt driven keyboard scannmg 

system, so that keyboard scans occurred in a periodic føshion regardless of other activity. 

The keyboard scan utUized an effícient tUner based mtermpt service routme. 

OptimizUig the Software to Fit AvaUable ROM 

As discussed earUer, when the project was nearing completion and aU of the various 

features had been added, the actual program code was bigger than the avaUable program 

ROM code space in the microprocessor. Extensive use of macros had been made in the 

early stages of the software, and several of the macros were replaced with more space 

efificient functions. The code was also reviewed for dupUcation of functionality and 

several places were found where it was feasible to caU a common utUity and perhaps pass 

a parameter so that a single slightly larger piece of code could replace 4 to 8 mstances of 

similar code which was sUghtly different in each case. After such revisions, the fínalized 

version of the code did fit within the 32K ROM space available Ui the product. 

Pseudo-Random CapabUitv 

The product had a need for a "random" capabUity, but not totaUy random A 

standard techrUque for generatUig random values would always generate the same 

sequence each time the product was powered up. This was unacceptable to the customer. 
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It was determined that even in the powered down mode (sleep mode) the microprocessor 

had the capabiUty to retain the contents of certain memory locations if it was so specified 

in the software. The use of one of these memory locations aUowed the random number 

generator to always appear to be truly random at each power up. 

Retention of Certam Conditional Data Under Reset 

See above. 

BuUt-in Test Code 

A product like this must be tested. There are typicaUy three levels of testing 

involved. First, the actual chip must be tested for basic functionality, to ensure that aU of 

the I/O pins function and that the microprocessor is actuaUy working. A second level of 

testing would be as a sub assembly, for example when the product circuit board has been 

completed, testing should be possible to verify that aU of the connections to the 

microprocessor are actuaUy there and that aU of the circuits are functionaL A third and 

f nal level of testing is the finished product. There are usuaUy two types of final product 

testmg, a sUnple ftmctional testmg, and a much more elaborate quality assurance testmg 

which aUows fuU testmg of the entire product and aU features without playmg every 

single game and mode in every scenario. 

Part of the software development for a product of this nature is to develop buUt-in 

test code to aUow for the type of testmg described above. For this product, three different 

types of test software were developed. The way the software is activated is dependent on 
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the status of certain I/O lines when the microprocessor is reset. Upon initial reset, the 

microprocessor outputs a signal on a particular I/O Une and looks for a particular pattems 

sUnuhaneously with that whUe readUig another of the I/O ports. A sequence of pattems is 

generated and read, the pattem progressmg only if each of the precedmg pattem was 

correct. At the end of the sequence, a particular I/O Une is toggled at a predetermined 

frequency with a square wave signal and remains in that state untU a certain time has 

elapsed, at which point the microprocessor goes into sleep mode so that the "standby or 

off' current can be measured since this is a critical parameter. 

The next buih-in test mode is used at a board level test and entered m this case upon 

a certain unique pattem of keys pressed simultaneously. A quick check is possible of 

major ftmctions, and it is possible to check aU keyboard lines, and check for speech 

output and aU other I/O operations. This built-in test is geared toward the use of some 

type of automatic board test fixture. 

The last buUt-m test mode is the final product test mode and is mtended for use on a 

fiiUy assembled product. It wUl aUow testUig of aU keys, aU features, aU I/O and aU 

speech. It also has the capabUity to "bump" Unmediately to the next test m the sequence 

if the proper key is pressed to move it to the next test. The bump feature aUows the same 

test to be used for normal quick production test of the product and also for fuU up quaUty 

assurance testmg of the product which fuUy tests every key, function, and speech word 

and phrase and aU sounds in the product as weU as activation of the motorized 

mechanism 
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Further Enhancements Due to Code Re-release 

A problem was encountered with the mitial release of the ROM code for this 

product. The problem made the mitial chips unusable for production. The problem was 

related to a difiference m the m-cUcuit-emulator device and the actual device. The 

problem had to do with the føct that on the emulation hardware, a particular unused I/O 

pm (8 , not used pm on the now 7 pUi I/O port) was puUed up on the emulator, but was 

undefined Ui the actual chip. As the code writer, the author made the error of not 

maskUig off the unused bit on the 7 bit port, and hence in the actual chip, this port 

always got a "bogus" value when atteir^tmg to read an Uiput, since only 7 bits reaUy 

mattered and the 8 bit was assumed Ui a de&ult state, which is was not. 

SUice the chips could not be used as-is and the code had to be re-released with the 

correction, the customer took that opportunity to add some features to the buih-Ui test 

code and to make some minor "tweaks" to the functionality of a couple of the game 

modes. The second release of the code was successful and the product worked as 

expected. 

A Product m Production 

The product did enter production successfuUy and the product did reach the retaU 

store shelves. Whether or not it was ultUnately a financially successful product is 

information not avaUable to the author. 
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CHAPTERVI 

CONCLUSION 

Understandmg the Customer Motivators and Constraints 

The customer motivators are not necessarUy the same as the designer's. The 

designer's motivation is to deUver the product as specified on tUne and under budget. 

Though we're supposed to buUd the system right the fîrst time, we're caught m a 
stmggle between the computer's need for perfect instmctions, and marketing's 
less-than-clear product definitions. The B-schools are woefuUy deficient m 
teaching their students ~ the future product definers ~ about the harsh realities of 
working in today's technological environment. Vague handwaving and 
whiteboard sketches are not a product spec. They need to understand that 
programmers must be unfaiUngly precise and complete in designing the code. 
Without a clear spec, the programmers themselves, by default, must create the 
spec. (Ganssle, 2000, p. 105) 

For this project, the customer was more motivated by time to market and costs than 

they were with an exact and perfect match to theU product concept. During the final 

phase of the project, the customer was willing to eliminate some product features in favor 

of releasmg the ROM code on schedule. UntU the final phase of the project, the customer 

had never indicated any flexibUity in the product requirements, but the relative 

importance of time to market and costs won out over product features in the end on a 

couple of less important features. In the final product, with the second release of the 

ROM code, aU of the features were mcluded as origmaUy planned by the customer, but 

the customer would have been willing to trade some of them m the mterests of time to 

market or costs. 
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Price Leveragmg Ability Due to High Volume Production 

The hardware/software design engineer is not always aware of many issues in other 

aspects of a product development. An exan^le of this occurred with this product. When 

it became obvious that the hardware design would have to change, and it would be 

necessary to add the shift register chip for the keyboard scan, the author was reluctant to 

pursue that sohition due to the estimated cost of the shift register chip and the assimied 

Uicrease Ui cost of the microprocessor/speech chip with the larger speech ROM. The 

author had obtained estimates for the shift register chip which indicated it woiUd add 

approximately fifteen to twenty cents to the hardware costs. This does not seem like a lot 

of money, but in a high volume mass market product, a few cents can make significant 

difference in the overaU profít margin. However, the author was not aware of the 

leveraging the customer was able to do with the chip vendors based on the overaU 

volume of product it was buying for aU of its product Une. The customer was able to 

purchase the larger speech ROM microprocessor/speech chip for essentially the same 

price as the origUial device. Because of the total volume of siUcon the customer was 

buying, they were also able to buy the shift register chip for about four cents each. So, m 

spite of the hardware changes, the total costs for the hardware only increased by a few 

cents and did not detrimentaUy Unpact the fínancial plan for the product. 

In determining the cost of secondary processors, the first thing to remember is that 
computers cost money. For example, I did a paper design for a dual-tenperature 
monitor, but m the quantities the cUent wanted the parts cost approxUnately 
$100/unit. The cUent told me he didn't understand why the design cost so much if 
he can go to any dmgstore and buy a digital fever thermometer for $6! I tried to 
explain quantity purchasing, masked ROMs and custom chips—but he stUl didn't 
buy my arguments. However, this episode did get me looking into low-cost 
microprocessors. As a part of the research I bought a cheap fever thermometer, 
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took it apart and discovered it was using a 4-bit microcoir^uter costing 470 in 
quantities of 10,000. Imagine, a computer for less than my eight year old's 
aUowance. (Rosenthal, Jan., 1993, p. 2) 

The author leamed a valuable lesson from this. Many tUnes, the customer has more 

options than the designer might realize and it is best to keep clear communications lines 

open with the customer at aU tUnes, particularly during potential problem phases such as 

this one. 

Software versus Hardware Costs m the Final Product 

The goals for the hardware cost (electronic component costs) m the manufactured 

product were met even with the changes discussed earUer wiUch resulted in the use of a 

microprocessor/speech chip with a larger ROM size and the necessity to add some 

additional hardware (the shift register chip for the keyboard scan) with the change m 

microprocessor I/O. The changes necessitated additional engineering work to redefine 

the circuit topology and required some changes in the soflrware to support the change in 

the I/O definitions and detaUs of the keyboard scanning scheme. The changes in the 

design for this aspect did not add sigmficant engineermg time nor costs. It was the 

ongoing product definition changes by the customer which added to the engmeering 

costs. The end result was that the electronic conponent (hardware) cost goal was met, 

but due to sigiUfícant product redefínition by the customer, the overaU development costs 

(prUnarily software) exceeded the original goals by a føctor of probably two times. 
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Benefít of Modular Approach to Design 

There were several benefíts to the modular design used during the development of 

this product. A most obvious benefít was recognized when the hardware design had to be 

changed to support the additional speech ROM and the I/O had to be redefíned. Several 

changes had to be made Ui the software to accommodate these changes in the hardware. 

However, due to the modular nature of the software, the changes were feirly easy to make 

and did not reqmre much time nor much major rewrite of code. An example is the 

keyboard scan. Specific subroutines were used to handle much of the low level I/O 

operations such as the keyboard scan. The rest of the software sUnply made use of the 

keyboard driver. When these changes had to be made at the low level, the mterface for 

the driver to the rest of the code did not have to change. Only the mtemal low level 

aspects of the keyboard driver had to be changed. Likewise, even though most of the I/O 

pm assignments had to be modified durmg this change, smce those assignments had been 

abstracted through nammg definitions in one place m the code, the changes only had to 

be made m one place. These modular aspects of the design saved a lot of engmeering 

tUne m the soítware when the hardware changes occurred. 

Were the Goals of this Proiect Met? 

This project was completed essentially on schedule and with a final design that met 

the cost goal for the cost of electronic con^x^nents m the product. The need for a re-

release of the ROM code for the microprocessor/speech chip added approxUnately 3 to 4 

weeks to the schedule, and delayed the UUtial production ran^-up. It is the author's 

55 



experience that delays of such length are not unusual in the development of a new 

consumer electronic product. The author worked for Texas Instmments for many years 

in the Consumer Products Division and was involved in the development cycle for 

several such products and observed many Uistances of delay m the UUtial production 

ramp-up due to one issue or another. A necessary re-release of a ROM code often gave 

engineers a tUne wmdow to deal with other issues found during an irUtial engineering 

build of a new product. The initial schedule for a product woiUd often include a time 

wUidow for a re-release of the product ROM code. Since this design was developed 

under contract for another entity, the author was not privy to aU of the schedule 

information and does not know whether the ROM code re-release caused significant 

scheduling problems or not. Based on the author's experience, it probably was not a 

major factor in the overaU product success. 

The software and hardware development costs did probably exceed the customer's 

UUtial plan. The increase Ui cost was due to the large number of changes requested by the 

customer during the development phase. "More than anything you need a boss who 

shields you from creepmg featurism We know that a changmg spec is the bane of real 

systems; surely it's even more of a problem m a quick-tum model system" (Ganssle, 

2000, p. 106). Significant customer requested changes foUowmg the origmal design 

requirements were charged to the customer on a per hour basis. Because there were so 

many customer changes, there were several additional engmeerUig hours added to the 

project from the origUial design costs. These changes made for many long and late hours 

for the author during the project. 
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The product did enter the manufacturing phase successfuUy and the product made it 

to the retaU store shelves for the hoUday season. The author has in his possession one of 

the products, which was purchased from a local retaU outlet. The product may or may 

not have met the origmal busmess plan of the customer m terms of overaU sales and 

manufacturing costs. From an engineering standpoint, the design was deUvered 

essentiaUy on tUne, with a design which met the electronic hardware design costs, but 

which did exceed the origUial "up-front" engineering design costs due to signifícant 

customer change requests during the product development phase. In spite of significant 

customer change requests, the design was deUvered essentiaUy on tUne with the origmal 

schedule. From the author's viewpoint, the project was a success. 

Future Work 

The author is not currently involved in any development work similar to the work 

described in this thesis. The work was enjoyable and the author would consider doing 

such work agaUi if the opportunity was presented. The lessons leamed from the above 

experience would be most usefuUy appUed m simUar work, but some aspects of the work 

is applicable to any type of embedded system development. One reason the author might 

have some reluctance to again participate in such a project is the fect that it had some 

aspects of a "death march" project as described by Edward Yourdon. Primarily, the 

project was on a somewhat unreaUstic short schedule. There were multiple motivators 

for the author to do the project, the mam one being the opportunity for income from the 

project without having to relocate at a time of job displacement. Yourdon mentions this 
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as one of many reasons why people join "death march" projects. "It is also common for 

middle-aged or older people to fínd that they're locked into a community" (Yourdon, 

1997, p. 30). The author did work many 7 day weeks and 12+ hour days during the 

project and suffered the consequent impact on personal and famUy life. Despite the 

"death march" aspects, the work was enjoyable and satisfying on many levels and was 

among some of the most enjoyable work the author has done during his technical career. 
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