




























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































"illogical." However, protocols indicate that people do not 
reason by syllogism, nor do they employ carefully constructed 
proof-style chains of deductive reasoning. 

Whether an arguing system is implemented in a logic­
programming language, such as PROLOG/s or a functional 
programming language, such as LISP/6 the choice made is 
actually neutral toward the problems raised in modeling hu­
man argumentation. The most interesting issues that arise 
during everyday arguments are not logical as such, but rather 
involve problems in representing, organizing, and applying 
human knowledge constructs. The limitations of our programs 
reflect our limited theoretical understanding in these areas. 
Meanwhile, it will be some time before our home computers 
start arguing with us or requiring us to possess Socratic de­
bating skills just to talk them into executing our home income 
tax programs. 
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Introducing VIPS: A voice-interactive processing system for 
document management 

by ALAN W. BIERMANN, KERMIT C. GILBERT, and LINDA S. FINEMAN 
Duke University 
Durham, North Carolina 

ABSTRACT 

The voice-interactive processing system enables a user to display office-related data 
on a screen and manipulate it through a combination of voice and touch commands. 
The system responds immediately to each request, updating the screen so that the 
correctness of each action can be verified. If an undesired result is achieved, the user 
may back up and restate the command in more exacting language. 

The processor is a general system interface designed to handle various domains 
including text manipulation, file handling, calendar management, message passing, 
and desk calculation. Examples of its behavior in the text manipulation domain are 
given. 
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BACKGROUND 

The voice-interactive processing system (VIPS) is a voice­
driven natural-language processor designed to perform in 
several areas of application within the general framework of 
office automation. VIPS is aimed at the naive or casual com­
puter user, such as an upper level manager, and its major goal 
is to improve the accessibility of office automation systems for 
such individuals. 

The architecture of VIPS embodies our second thoughts on 
natural-language processing. It benefits from our earlier ex­
perience in building a natural language system for matrix 
calculations. 1

,2 A major design goal has been to concentrate 
the domain-dependent aspects of the system as much as possi­
ble, so that transitions from one application area to the next 
will not necessitate major changes to the code. The agenda for 
bringing office systems tasks within the scope of VIPS begins 
with text manipulation, continues to file management, and 
may eventually cover calendar management, message passing, ' 
and desk calculation. The text manipulation function is oper­
ative and is being tested currently. The modifications neces­
sary to refit that system for managing a tree-structured file 
system are understood. Calendar management seems to pose 
no new problems, but that application and the remaining ones 
have not yet been examined closely. 

SYSTEM FEATURES 

In the text domain, VIPS allows the user to retrieve from a file 
a preexisting document, to enter a new document from a 
keyboard, to edit the document, and to store all or any part 
of it in a file. Commands take the form of English imperative 
sentences, optionally augmented by typed input or by touch 
input to a display screen. Spoken input is recognized by a 
commercial connected or discrete speech recognition ma­
chine. Recently we have obtained the most reliable perfor­
mance from a Votan V-5000 discrete recognizer. Touch input 
is captured by a Carroll Touch Technology touch screen 
mounted on a large-screen color monitor. 

Commands are uttered as a sequence of discrete words, 
using a vocabulary of about 100 words. The speech recognizer 
produces best and second best guesses for each word spoken 
and these are passed to the error-correcting parser, which 
attempts to identify an acceptable command utterance. Audio 
feedback indicates to the user those occasions when the recog­
nizer is unable to make any guesses about the input. An 
utterance ends with the token, "over," as in "delete this word 
over." Other control words in the vocabulary are "correc­
tion," which indicates that the user wants to alter the current 
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unfinished command, and' "goodbye," which is the graceful 
way out of VIPS. 

The touch input capability permits the use of very succin'ct 
commands, such as 'tput this sentence after that sentence," 
where "this" and "that" are instantiated by temporally appro­
priate touches to the display. 

Keyboard input is used to instantiate string variables men­
tioned in a spoken command. These string variables allow the 
user to identify to the system proper names, such as names of 
files or segments of the document, which could not otherwise 
pe referenced with the limited voice vocabulary. For example, 
the command, "insert xl after each x2 in paragraph two," 
would require typed input for xl and x2, where xl is a string 
to be inserted and x2 is a string to be searched for in paragraph 
two. The user is prompted for this input. 

The user brings a document into VIPS by issuing the com­
mand, "retrieve xl" and typing the name of the file (i.e., 
instantiating xl) containing the text of interest. Alternatively, 
a user may say, "enter xl" and respond to the prompt by 
typing a document directly to VIPS. A document is written 
back to a given file by the command, "store the document in 
xl," where xl is the name of some (possibly new) file. Se­
lected parts of a document can be written to a file. For exam­
ple, "store the title of each, section in xl" could be used to 
create a table of contents. 

When a file is retrieved, a screenful of formatted text is 
displayed, starting at the beginning of the document. Each 
subsequent command that alters the document causes the 
updating of the display. To step through the document, the 
user says "goto paragraph two" or "goto the first subsection," 
etc. 

Editing commands insert or delete text, move it from one 
place to another, or cause one string to replace another string. 
The system can be focused on a text object or a class of objects 
by the "consider" command. If VIPS fails to execute the 
user's intent, that fact becomes apparent when the display is 
updated. The previous state of the text, in that case, can be 
restored by issuing the "backup" command. 

SYSTEM COMPONENTS 

VIPS consists of four PASCAL modules and is designed to 
run on an IBM Personal Computer interfacing with an IBM 
5520 office automation system. The four modules are com­
posed of an ATN-style parser, which time-stamps and merges 
touch and voice input, prompts for and captures typed input 
(if necessary), and produces a parse tree that identifies all the 
constituents of the command utterance. Second is a transla­
tor, which accepts a parse tree, an array of touch coordinates 
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(if any), and a package of typed input (if any). It produces a 
"bubble structure," described in detail later , which guides the 
execution of the semantics module. Next is the semantics 
module, which receives the bubble structure and any typed 
input, maintains the text-data world and the context of the 
user-VIPS dialogue, and effects the user's command by inter­
preting the bubble structure. The fourth module is the format­
ter, which receives the text-data world (or a portion of it) and 
formats it for display and printing after the execution of each 
command utterance, then returns to the semantics module a 
map of the updated display for the purpose of resolving sub­
sequent touch inputs. 

DESIGN CONSIDERATIONS 

Text-Data World 

The objects of discourse in our text domain form a logical 
containment hierarchy of characters, words, sentences, para­
graphs, subsections, sections, and documents. Titles and 
other such entities are defined. A left- and right-bracket char­
acter pair is defined for each object class in the domain. When 
a document is first brought into the VIPS text-data world, a 
transducer identifies the objects in it according to a few, sim­
ple rules. This identification is preserved by enclosing the 
object in the appropriate left and right brackets and entering 
this marked-up object into a linear array. Single text charac­
ters are not bracketed as a matter of course, to conserve 
memory, but can be under certain circumstances. 

In the text domain it is necessary to transduce a document 
once to establish the containment hierarchy. Violations of the 
hjerarchy are possible and can handled by the system. For 
example, it might be reasonable to put a paragraph, perhaps 
some quoted material, inside a sentence. VIPS allows this, but 

_ it is the user's responsibility to decide whether or not such an 
act makes sense. Our goal has been to exclude knowledge 
about text from VIPS as much as possible, relying on the 
user's knowledge, the immediate updating of the display, and 
the back-up capability to keep the text-data world well 
formed. 

Context Mechanism 

The context for interpreting commands in VIPS is developed 
and preserved by a stack of "focus" lists. Each list consists of 
a set of pointers to a set of objects of some class, for example, 
pointers to some words or paragraphs. All the objects pointed 
to by a given list are actually contained by the objects pointed 
to by the list immediately below in the stack. The focus stack 
determines the order in which objects are searched for in the 
text-data world during the execution of a command. 

An example will clarify the context mechanism. The com­
mand "retrieve xl," wi!! cause a pointer to the retrieved doc­
ument to be pushed onto the stack. A subsequent command 
to "consider the last two sentences" will cause the search for 
sentences within the object pointed to by the focus list at the 
top of the stack. In this case, the system looks for the "last two 
sentences" in the document. If two or more sentences are 

found, a pointer to each of the last two of them will be entered 
into a list and the list will be pushed onto the focus stack. The 
stack would then become as shown. 

2. sent(last-l), sent (last) 
1. document 

If acceptable objects are not found, the focus stack is removed 
(or popped) and another search for appropriate objects en­
sues based on the list now at the top of the stack. In this 
example, after being popped once, the stack would be empty, 
and, thus, the search would terminate unsuccessfully. 

Assuming that "the last two sentences" were found, if the 
next command is "capitalize the first character in those sen­
tences," then a search of the focus stack will be made for a list 
of pointers to sentences. In this case, a list referencing two 
sentences will be found at the top of the stack and the first 
character of each of the sentences will be capitalized. Pointers 
to those two characters will then be added to the stack to yield 

3. char, char 
2. sen(last-l), sent (last) 
1. document 

If a command is given referencing objects not found on the 
top of the stack, the stack is popped until appropriate objects 
are found. 

If touch inputs have been associated with the command 
utterance, then "those sentences" will be searched for in that 
part of the text-data world described by the display map gen­
erated at the end of the execution of the previous command. 
This is equivalent to searching the display itself. This type of 
search takes precedence over any use of the focus stack. When 
a successful search of this type is completed, the focus stack 
will have at its top a list of pointers to the touched sentences. 
Directly below that list will be a list pointing to objects that 
actually contain the sentences that were touched. The list 
below the touched sentences list frequently would point only 
to the document. However, if the touched sentences were in 
a paragraph, say, that was represented by a list already on the 
stack, then the pointer to that paragraph would remain on the 
stack immediately below the list pointing to "those sen­
tences." Thus, touch processing wipes out only as much pre­
existing focus as necessary to maintain the principle that an 
actual (narrowing) containment hierarchy is represented by 
the focus stack. 

Before leaving this topic, it should be noted that no effort 
is made to develop a complete path of narrowing containment 
relationships on the focus stack. Only an actual path is de­
sired. A stack with a pointer to single character at the top and 
a pointer to the entire document just below is often a suffi­
cient representation of context in our scheme. 

EXECUTION OF A COMMAND 

Semantics execution will be illustrated for the utterance "print 
the title of each subsection in section two." The parse of the 
sentence will indicate that the verb, "print," has one operand, 
"title," and that the operand has one postnominal modifier, 



"of each subsection," and that the modifier is postnominally 
modified by "in section two." The roles of the quantifier, 
"each," and the ordinal, "two" (i.e. "the second"), are also 
identified in the parse. The parse is translated into a network 
of nodes we have named the "bubble structure." By inter­
preting this structure, the semantics module achieves the in­
tended result of the user's spoken command. 

In the case of the example utterance, the following bubble 
structure guides semantic processing: 

VERB (print) 
CONTAINEROF(section) 
TYPEGEN(section) 
APPLY (second) 
APPLY(the) 
TYPEGEN (subsection) 
APPLY ( each) 
TYPEGEN (title) 
APPLY(the) 
COLLECT 

EXECUTE 

The initial command notes the imperative verb, "print," and 
sets it aside for later execution. The indented sequence of 
instructions (CONTAINEROF to COLLECT) finds the set of 
objects referenced by the noun phrase, "the title of each 
subsection in section two." A list of pointers to this set of 
objects is handed to the imperative verb for dereferencing in 
the final EXECUTE bubble. Noun group resolution involves 
finding, passing, testing, and collecting objects from the text­
data world. In fact, it is always the pointer to an object that 
moves through the bubble process, not the object itself. For 
brevity, object pointers will be referred to below as objects. 

The interpretation of the indented sequence of bubbles 
follows a data-driven control flow with objects precipitating 
down through the bubbles and collecting at the final COL­
LECT instruction. Two of the instructions, CONTAINEROF 
and TYPEGEN, are object generators. The APPLY instruc­
tions are filters that either delete objects or pass them along 
as they arrive. 

The task of "CONTAINEROF(x)" is to find some object 
that has recently been mentioned in the dialogue (possibly 
implicitly) and which can contain an x. For example, a person 
might say "consider the title of the paper," and then say, 
"capitalize each word." In interpreting the second utterance 
CONTAINEROF(word) appears in the bubble structure. The 
CONTAINEROF function uses the focus stack, described 
previously, to help find the meaning of "word." Since the title 
has just been mentioned, and is on the focus stack, and since 
it does, in fact, contain words, we have (conceptually): 

CONTAINEROF(word) = title of the paper. 

The command, then, results in only the words in the title 
being capitalized even though there may be many other words 
in the environment. 

Continuing with the earlier example, the bubble, CON­
TAINEROF(section), will find an object that does contain at 
least one section, say, the document. This object, the docu-
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ment, is passed to the second bubble, TYPEGEN(section). 
This bubble has the task of generating all possible objects of 
the type, section, from the object it received, that is, from the 
document. The first section is passed down through the lower 
bubbles in the structure, then the second section, and so forth. 
This continues until either all sections in the container have 
been generated or until the TYPEGEN bubble is turned off. 

The APPLY bubbles filter objects passed to them. AP­
PLY(second) will absorb the first object that arrives and pass 
the second one, and then turn off the generator above it. 
APPLY(the) is largely a clear passage for all objects except 
that it does check that the correct number are passed; exactly 
one for a singular definite noun group, for example. 

When a section arrives at the TYPEGEN(subsection) bub­
ble, processing similar to that described above, finds subsec­
tions and passes them down to the APPLY(each) bubble, 
which in turn, passes each one down to the TYPEGEN(title) 
bubble. Here titles within subsections are generated and 
passed through the APPLY(the) bubble to the COLLECT 
bubble where the set of titles is accumulated. Finally, the 
EXECUTE bubble is handed the imperative, "print," and the 
set of titles and prints the items in the set. 

This model of semantics is broadly applicable to office auto­
mation domains such as file manipUlation, calendar manage­
ment, and desk calculations that have hierarchical organiza­
tion similar to the text example given here. For example, in 
the calendar domain, the sentence "list the first appointment 
in each day of the second week" would be processed identi­
cally to the preceding example. 

HUMAN FACTORS 

At the time of writing, the VIPS system is not ready for 
human-factors testing, but we expect it to outperform its pre­
decessor, VNLC/ on most dimensions. In problem-solving 
sessions, users speak to VNLC at the rate of about one word 
per second, and they utter several sentences per minute. Error 
rates from the speech equipment have been high-on the 
order of 10%-but system error correction has reduced this 
rate significantly. The VNLC system executes about 75% of 
user commands immediately and correctly with most errors 
caused by voice misrecognition. 

RELATED WORK 

A number of projects have developed natural language data­
base interfaces ,4-16 but few have built task-oriented processors 
of the kind we describe here. There also have been many 
projects over the past two decades in speech technology, 
where the goal has been to learn how to build voice recogni­
tion equipment. 17-21 Our project seeks not to develop a voice 
recognizer but to use existing recognizers efficiently with a 
well-designed error-correcting natural-language processor. 
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ABSTRACT 

ABF is an expert system that assists attorneys in designing legal documents. The 
system starts by extracting from a library of legal forms a skeleton template that has 
embedded within it programming constructs such as conditionals and loops, refer­
ences to other texts, and variables, which are later replaced by client-specific infor­
mation in the course of a legal interview. Alternative passages are included or 
excluded dynamically as the interpreter encounters loops and conditionals. As the 
system analyzes the document, when it discovers that information is missing, it first 
looks in the client data file, then it tries to compute it, calling a subprogram if 
necessary. If all else fails, it generates an English question asking the user for the 
missing data. The user can stop the interpreter at any time, edit the draft, and 
reinitiate processing at any point. ABF has been implemented in PASCAL and runs 
on an IBM PC. 
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INTRODUCTION 

For the past nine years, the American Bar Foundation (ABF) 
has been conducting research into automating some of the 
more routine aspects of practicing law, such as client inter­
viewing and automated document assembly. The goal of this 
research has been the development of a computer sytem that 
can be set up by an attorney expert to assist other attorneys 
and their assistants in will, trust, and complaint drafting, tax 
return preparation, and other such tasks. A prototype system, 
called the ABF system, was developed on a large CDC com­
puter at Northwestern University and was tested in the law 
student practice clinic at Illinois Institute of Technology's 
Chicago-Kent College of Law. The clinic staff attorneys devel­
oped a number of useful document libraries for generating 
wills, trusts, divorce petitions and decrees, guardianship peti­
tions, and real estate closing agreements. The will and trust 
libraries developed by Robert Seibel (now at the University of 
Maine Law School) were the most successful. More than 500 
wills were generated by the clinic for senior citizens living in 
Chicago. Later, the ABF system prototype was converted to 
an all-FORTRAN system by Professor Charles Saxon at 
Eastern Michigan University and was installed on an Amdahl 
computer at the University of Michigan, where it is used by 
students of law professor Layman Allen. The FORTRAN 
ABF system was also installed at the Newcastle (upon Tyne) 
Polytechnic School of Law, where it is used by students of law 
professor Michael Heather. 

The recent emergence of powerful microcomputers has now 
made it possible to make this prototype system available to 
many law schools and law offices. After due consideration, we 
have decided to reimplement the prototype in PASCAL, 
using the UCSD P-System because of its well-known porta­
bility and widespread current availability in law schools and 
law offices. IBM and SAGE microcomputers have been used 
for the development work. 

The microcomputer ABF prototype will be the first fully 
integrated prototype. It will include its own document library 
system and full-screen text editor and will be entirely self­
sufficient. 

In this paper we describe the new prototype and the ABF 
programming language it implements. 

THE ABF LANGUAGE 

Since attorneys are accustomed to working with form legal 
documents and statutes, the ABF system is designed to accept 
document descriptions that resemble closely the documents 
that can be found in an attorney's book of legal forms. The 
computational procedures that control document assembly 
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are drafted in a language that causes these procedures to 
resemble statutes. The attorney is thus given the feeling that 
he or she is feeding form documents and statutes into a com­
puter, which then writes its own client interviews and docu­
ment drafts. But in reality the document and procedure draft­
ing languages are simply subsets of a new general-purpose 
programming language, which we have named the ABF 
language. 

Drafting Documents 

In a typical legal document, variable information must be 
inserted in the text at many different points. For example, a 
typical divorce document might begin: "This matter was 
heard upon the verified petition of ... " followed by the name 
of the petitioner, which naturally varies from client to client. 
When such a document is drafted in the ABF language, vari­
able names are enclosed in square brackets and inserted at 
such points. Accordingly, an ABF model divorce document 
might begin as follows: 

This matter was heard upon the verified petition of [the 
name of the petitioner] for dissolution of marriage .... 

When assembling this document for a specific client, the ABF 
system later scans the model document, finds this bracketed 
variable, and transforms the variable name into a question by 
putting "What is" in front of it and "?" after it. So the system 
(unless it already knows the name of the petitioner) will gen­
erate the question: 

What is the name of the petitioner? 

The name supplied by the user is then inserted into the docu­
ment in place of the variable name enclosed in square brackets 
wherever that variable name appears. It is also placed in a 
client data file. In this manner a unique client data file is 
created for each client and may be used to control the assem­
bly of other documents without having to ask the same ques­
tions over again. 

The name of the petitioner appears in a number of different 
places within the divorce library. To save typing, the author of 
the document may define a short abbreviation for the variable 
name and use the abbreviation instead of the full variable 
name. If the document designer chooses the abbreviation 
"petname" for "the name of the petitioner," that fact can be 
communicated to the system by simply slipping it into the 
document like this: 

This matter was heard upon the verified petition of [pet­
name: the name of the petitioner] for .... 
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Thereafter, the short form [petname] may be used. The sys­
tem expands all such short names into full variable names 
automatically. 

For logical (true-false) variables, the "What is" question is 
inappropriate. If the user capitalizes a helper verb in such a 
variable's name, the system forms a question beginning with 
that helper verb. Thus, the variable name "stp fld: a stipu­
lation HAS been filed" is converted into the question: "Has 
a stipulation been filed?" 

Sometimes the document designer wishes to insert not just 
the value of a simple variable but an entire document. A 
document name is actually a variable name; the value associ­
ated with this new kind of variable name is the text of the 
document itself. To insert the text of one document into the 
middle of another document, the author simply inserts the 
name of the one document, enclosed in square brackets, into 
the other document. 

The insertion of optional passages is controlled using an 
IF ... END IF construction, and the insertion of repetitive 
passages is controned using a REPEAT ... END REPEAT 
construction. Both of these constructions are explained 
below. 

Optional and Alternative Passages 

The ABF language includes a full IF statement that permits 
optional and alternative passages to be selected. The full IF 
statement has the form 

IF Boolean expression INSERT 
document 1 

OTHERWISE 
document 2 

END IF 

The Boolean expression is a logical proposition or expression 
that the processor evaluates to get a value of TRUE or 
FALSE. The following are examples of such propositions and 
expressions: 

the client's income IS GREATER THAN $10,000 
the testator IS NOT married 

If the proposition or expression is true, then Document 1 is 
processed and Document 2 is skipped. If it is false, then 
Document 1 is skipped. If the optional "OTHERWISE Doc­
ument 2" part of the IF statement is omitted, Document 1 is 
processed if the Boolean expression is true and is skipped if 
the Boolean expression is false. 

There is also an expanded IF statement that may be used to 
select one of several alternatives based upon the evaluation of 
several conditions: 

IF Boolean expression 1 INSERT 
document 1 

OR IF Boolean expression 2 INSERT 
document 2 

OR IF Boolean expression 3 INSERT 
document 3 

END IF 

A Boolean expression is made up of simple conditions con­
nected by ANDs and ORs. The NOT operation is used within 
one or more of the simple conditions. There are two kinds of 
simple conditions: logical expressions and propositions. A 
logical expression is similar to the logical or relational expres­
sions found in many well-known programming languages: two 
algebraic expressions of the same type separated by a rela­
tional operator such as GREATER THAN, EQUAL, or IS 
NOT GREATER THAN. The proposition is a construction 
not usually found in programming languages, so it requires 
more explanation. A proposition, like a logical expression, 
has a value of TRUE or FALSE, but its value is determined 
directly from a user response rather than from a calculation. 
For example, the proposition "the color of the sky IS blue" is 
evaluated by asking the question, "Is the color of the sky 
blue?" to which the user must respond either "yes" or "no." 
A proposition may also be stated negatively, e.g., "the color 
of the sky IS NOT blue." In this case, the system also asks "Is 
the color of the sky blue?" but now the value of the proposi­
tion is set TRUE for the "no" response rather than the "yes" 
response. 

The proposition "the color of the sky IS blue" could be 
replaced by the logical expression "the color of the sky 
EQUALS <blue>." This expression is evaluated by com­
paring the value of the variable "the color of the sky" to the 
string constant "blue." If the variable is undefined, the system 
asks "What is the color of the sky?" to which the user may 
respond "blue" or "red" or any other legal value. 

Repetitive passages-that is, passages that are to be dupli­
cated and inserted into a document repeatedly-are brack­
eted by the commands REPEAT and END REPEAT. Within 
such passages, array variables are simply marked by a 
number-sign prefix to distinguish them from non-array vari­
ables, and the indexing of array variabies is automatic. An 
embedded WHILE ... , UNTIL. .. , or EXIT statement con­
trols termination of the repetitive insertion process, as in most 
standard programming languages. For example: 

This contract covers the following states: 

REPEAT 

[the name of a state] 
UNTIL that IS the last state 

END REPEAT 

This simple example, when processed, causes the questions 

What is the name of a state? 
Is that the last state? 

to be asked repeatedly until the latter question is answered 
"no." In this manner any number of state names may be 
added to the list. 

Much more complicated examples are possible, since RE­
PEAT ... END REPEAT passages may be nested to any de­
sired depth. 



Drafting Computational Procedures 

There are times when it is possible to calculate the value of 
a variable from the values of other variables. The document 
designer may then decide to write an ABF procedure to per­
form this calculation. In our divorce example, the system can 
calculate the personal pronoun he or she for the respondent 
once the user has supplied the personal pronoun he or she for 
the petitioner, since the petitioner and respondent are of the 
opposite sex. The procedure to calculate the value of respron: 
the personal pronoun of the respondent might look like this: 

IF petpron: the personal pronoun of the petitioner 
EQUALS <she> 

LET respron: the personal pronoun of the respondent 
= <he> 

OTHERWISE 
LET respron = <she> 

The syntax for procedures was deliberately chosen to make 
it possible to write procedures that resemble statutes very 
closely. 

INTERNAL OPERATIONS OF THE ABF SYSTEM 

:0 simplify the task of building a complex information-gather­
mg and document assembly system, the ABF system permits 
one to begin by simply drafting form documents that define 
the system output. By extracting variable names from these 
doc~ments and converting them into questions, the ABF sys­
tem IS able to ask for the data it needs to assemble the docu­
ments. Whenever the system asks for data, the system de­
signer may alter the way the question is asked or supply the 
system with a procedure containing instructions on how the 
data are to be computed from other data values. In this man­
ner, the system is actually redesigned from the top down while 
it is running. 

The articulation of the main components of the ABF system 
necessary to give the user this freedom can be seen in Figure 
1. The user of the ABF system starts out looking at the com­
mand screen provided by the command screen manager. The 
command screen is split three ways. The top of the screen 
contains a list of the commands available in the current con­
text. A window of text may appear next. Below the text is a 
snapshot of the top of a historical command list containing the 
names of the most recently executed commands. Prompts for 
new commands and questions formulated by the system ap­
pear at the bottom of the screen, where the user types in new 
commands and the answers to questions. 

When the user is ready for a client interview, he/she signals 
the system by a command such as "PROCESS draft will OF 
John Smith." In response, the Librarian (the ABF file 
handler) locates the model document called "will"; and if 
necessary, the Compressor is called to put the document into 
compressed internal form. When the Compressor finds a new 
variable name, it inserts this name into the Variable Name 
Table and the System Identifier Table and replaces it in the 
docu~~nt by a number indicating its offset in the System 
IdentIfier Table. Much of the document is just straight text-
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Figure l-Components of The ABF system. 

boilerplate text, as lawyers call it. This text is inserted in string 
form into the Boilerplate Table and is represented in the 
compressed document by a pair of integers indicating the 
table offsets of the first and the last characters. Operators are 
replaced by the special operator tokens encoding operator 
type and precedence. The compressed version of the docu­
ment is typically much shorter than the raw version. It con­
tains only operator tokens, system identifier table offsets and 
boilerplate offsets. This compressed document serves as input 
to the Interpreter. 

When the Interpreter processes a document, it must exe­
cute the operators in turn; but before it can execute an oper­
ator, it needs to know the values of the arguments. It calls the 
Seeker to find these values, as will be explained below. 

Once the Interpreter has finished with a document, it calls 
the Decompressor to reassemble it into text form. If the De­
compressor finds that some part of the document could not be 
finished because of missing data, it calls upon a Decompiler to 
pick up the pieces and put them together. 

When the draft document is in satisfactory shape, the user 
calls the Formatter to put it into final form. The user can then 
display or print this final form or even edit it further. 

The user can also edit an existing document or create a new 
one. The system sets up the document for editing on the full 
screen and calls the Screen Editor. This same Screen Editor 
is also used on a partial screen whenever the user enters input, 
whether it is a command or the answer to a question. 

The ABF System recognizes four elementary data types: 
numbers, dollar amounts, text strings, and logical values. 
Array variables are also permitted. The system also recog­
nizes three complex data structures: documents, procedures, 
and replacement questions. 

Finding Values for Variables 

When the Seeker is asked by the Interpreter to find the 
value of a variable, it first checks to see if the variable has 
already been defined. If so, the value of the variable is re­
trieved from the client data file. If the variable has not been 
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defined, the Seeker checks to see whether a procedure exists 
that can be executed to compute the value of the variable. If 
such a procedure is found, the Seeker calls the Interpreter 
recursively to execute the procedure. If no procedure is 
found, the Seeker next looks for a replacement question de­
fined by the document designer. If it finds one, it calls upon 
the Interpreter to assemble the replacement question and 
then prompts the user with that question. Otherwise, the 
Seeker must build-form a default question by appending 
"What is" or "Is it true that" to the variable's name (or by 
shifting a capitalized helper verb to the start of the variable's 
name) and then prompt the user with the question so formed. 

The user has three different options at this point: 

1. Answer the question. 
2. Refuse to answer the question by typing "!" 
3. Replace the question with a new replacement question. 
4. Replace the question with a new procedure that com-

putes the variable. 

If the user answers the question, the system accepts the an­
swer and replaces all occurrences of that variable with the 
value supplied as long as the data type is correct. The ABF 
system decides the type of a variable, not from a formal dec­
laration, but by remembering the type of the value associated 
with a variable the first time a document is processed. 

If the user refuses to answer a question, the Seeker marks 
the variable as never-to-be-defined. This causes the system to 
leave the bracketed variable name in the document and to 
refrain from bothering the user with questions about it again 
during the processing of the draft. 

The user may also supply a Replacement Question to the 
system. The Replacement Question is stored in the system 
library, and any subsequent reference to this same variable 
when it is undefined involves the Replacement QuestIOn. Re­
placement Questions may contain bracketed variables and 
optional passages. 

If the user feels that the necessary information can be com­
puted from facts already known to the system, then he or she 
may decide to supply the system with a procedure to compute 
its value. (The code given above to calculate the personal 
pronoun for the respondent is a trivial example of such a 
procedure.) Unlike procedures in conventional programming 
languages, an ABF procedure is not given a name. Instead, it 
is referenced by the names of the variables it computes. 

From the user's point of view, there is no program. The user 
sees only a library containing a collection of documents, pro­
cedures, replacement questions, and client data files arranged 
by the system in neat document form to suit the user's con­
venience. The statute-like procedures appear to govern the 
automated assembly of the legal documents. 

DESIGNING A SYSTEM TO OPERATE WITHOUT 
CRUCIAL ITEMS OF DATA 

One cannot design an automated law office system to antici­
pate all possible client circumstances. Not only is the range of 
possible client circumstances entirely open-ended, hut a sys­
tem that even attempts to anticipate all possible circumstances 
produces an unbearably long interview. Such a system will 
frequently ask questions that are irrelevant or inappropriate 

to the needs of any particular client. Sometimes questions 
cannot be answered because answers are simply not available. 
It is essential that legal practice systems be capable of gener­
ating usable documents, even when data are not supplied to 
the system (either because the data are not available or be­
cause the questions asked are irrelevant or inappropriate). 

After much thought and discussion, we decided to design 
the system so that an exclamation mark typed in answer to any 
question signals to the system that the user does not wish to 
answer the question. In response, the system sets the corre­
sponding variable into a special never-to-be-defined state. 
The system then proceeds to execute procedures and assem­
ble documents as best it can without the values of the variables 
the user has elected not to supply. 

The system proceeds as follows: If the variable is one that 
is simply inserted into the text of the document at various 
points, the system leaves the bracketed name of the variable 
in the document text and does not replace it with a value. The 
finished document is thus partly finished-it still contains 
bracketed variables corresponding to the unanswered ques­
tions. These may be edited out manually, or the document 
may be reprocessed at a later time. 

If the variable is one that appears in the preamble of an 
IF ... END IF optional passage, the system normally cannot 
determine whether to insert or exclude the passage. Accord­
ingly, the optional passage is simply left in the document 
preceded by the IF command and followed by the END IF 
command. Insofar as values of variables are available, they 
are plugged into the optional passage; but no questions are 
generated from the text of the optional passage. Repetitive 
passages may also have to be left in a document if the user 
refuses to answer a question essential to determining how 
many copies of such a passage are to be inserted into a 
document. 

From the viewpoint of the computer scientist, the system 
effectively decompiles all passages that cannot be processed 
because the user refuses to supply the necessary answers to 
questions. The. decompiled versions of documents and pro­
cedures may be simplified in comparison to the originals to the 
extent that data were available to enable mathematical and 
logical expressions to be partially evaluated and simplified. 
For example, by supplying some answers and withholding 
others, one can cause the system to simplify a complex set of 
tax code provisions into a much simpler set of provisions that 
illustrate what legal effect the answers withheld will have upon 
a particular client. Thus, the expression 

LET txblinc: the taxable income = ginc: the gross income 
- adj: the adjustments to gross income - ded: the de­

ductions from gross income 

Might produce the interview 

What is the gross income? 
$10,000 

What is the adjustments to gross income? 
$3,750 

What is the deductions from gross income? 
! 



Since the user did not answer the final question, the expres­
sion could not be fully evaluated but was simplified to: 

LET txblinc: the taxable income = $6,250 - ded: the de­
ductions from gross income 

Some very interesting and not fully explored problems arise 
when one attempts to execute programs with less than a com­
plete set of data in this manner. Of particular interest is the 
case where a passage in a document that could not be fully 
processed contains a command to alter a variable that has 
already been assigned a value. For example, consider the 
following document: 

(text) 
[the name of the contractor] 
(more text) 

IF a second contract with a different contractor is desired 
INSERT 

(text) 
LET the name of the contractor the new contractor's 

name 
(text) 
[the name of the contractor] 
(more text) 

END IF 

When this document is processed, the following interview 
might be generated: 

What is the name of the contractor? 
George L. Burroughs 

Is a second contract with a different contractor desired? 

Here, the user does not yet know whether a second contract 
is desired, so the user refuses to answer the question. Accord­
ingly, the language IF ... INSERT ... END IF is left in the 
document. But the system must scan this text and discover 
that a new value will be assigned to the variable "the name of 
the contractor" if this optional passage is ever selected. The 
system must therefore set the variable "the name of the con­
tractor" into an undefined state and refrain from inserting its 
value into the remainder of the document. 

The above example illustrates why the system must scan all 
document portions, procedures, and new questions that can­
not be fully processed because the user has refused to answer 
one or more questions. The scanning must cover every possi­
ble algorithmic path. For example, if an IF ... INSERT ... 
OTHERWISE INSERT ... END IF clause cannot be pro­
cessed, the system must scan both the IF part and the OTH-
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ERWISE part, searching for commands that redefine vari­
ables. Had the same clause been processed fully, the system 
would have processed only one of these two parts, discarding 
the other. Any defined variable that is redefined must be set 
into a never-to-be-defined state to avoid the possibility of the 
wrong value being inserted into a document or used in a 
computation. 

This whole field of processing without a complete set of 
data, decompiling, and scanning unprocessed portions for 
commands that redefine variables is a field that needs to be 
much more fully explored by the computer science community 
to ensure that this kind of processing is given a sound the­
oretical basis. 

SUMMARY 

The conversion of the ABF System to run in PASCAL in the 
UCSD P-System on an IBM Personal Computer has involved 
redesign of the language to take advantage of full-screen edit­
ing and recursion. The result integrates word processing and 
artificial-intelligence techniques to provide a novel system for 
writing legal documents. ABF forms English questions when 
it cannot find values for variables. It provides a rich collection 
of conditional operators to control the insertion of alternative 
passages in the text, and it enables repetitive passages to be 
created without explicit subscripts for the variables. The ABF 
System is unique in its ability to function without crucial items 
of data, decompiling expressions where they cannot be fully 
processed. It is also unique in its ability to generate a client 
data file that may be used to control the assembly of other 
documents. The System encourages both top-down and 
bottom-up design by causing any portion of a system to be 
fully operative without dummy subroutines and by permitting 
new procedures and questions to be defined at run time. And 
by generating questions directly from variable names, the sys­
tem gives the programmer positive incentives to provide long, 
meaningful variable names. 
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Computer communications 

Neal Laurance, Track Chair 

The Computer Communications track, NCC '84, is composed 
of six sessions covering a range of communications issues from 
satellite links to downloading programmable controllers in 
manufacturing plants. In addition to the sessions specifically 
on communications, the track includes a session on the use of 
computers in manufacturing. Besides this track, one can find 
elements of computer communications developments in the 
tracks entitled The Automated Office, Information Pro­
cessing Management, Personal Computers, Educational and 
Societal Issues, Software, and Database Management. In­
deed, as distributed processing becomes the norm, the prob­
lems and promises of computer communication systems be­
come an issue that pervades the whole field of computing 
today. 

The past year has been one of enormous advances. In the 
area of local area networks, the IEEE 802 committee has 
completed work on two standards, and it now seems possible 
to connect many different vendors' products to the same local 
area network. But at the same time the divestiture of AT&T 
from the regional Bell Operating Companies has opened up 
whole new areas of communications possibilities. The ques­
tion now is whether the advent of digital telephones and com­
puter communication technology wil make local area net­
works obsolete before they really get started. 

The two "Multi-Vendor Networks" sessions on Tuesday 
morning deal with the results of some pilot programs on an 
implementation of the draft ISO protocols for Levels 3 and 4 
of the OSI reference model. During the past year the National 
Bureau of Standards (NBS) has been conducting workshops 
on this implementation with participants from both the com­
puter industry and communications users. The workshops 
have resulted in two pilot implementations, each involving 
several computer vendors. The first pilot program, carried out 
at the NBS in Gaithersburg, uses for its communication me-

dium an IEEE 802.3 CSMAlCD coaxial cable. It has the 
office environment as a general background assumption. The 
second pilot program was led by General Motors Corporation 
as part of their Manufacturing Automation Project (MAP). It 
uses the same ISO transport layer for its demonstration, but 
it is based on the IEEE 802.4 token bus system. It assumes a 
manufacturing plant floor as an environment and includes as 
one of its elements communications to and from program­
mable controllers. Each pilot program has about six active 
computer equipment vendors as participants, and NBS and 
GM are demonstrating the multivendor method in the confer­
ence exhibit area. The two sessions consist of panel discus­
sions by participants in each pilot, outlining the progress in 
this area to date and anticipating the future developements in 
an ISO communication network. 

The session titled "Videotex" brings together a panel of 
experts to discuss the latest developments in this very inter­
esting technology. Last year we heard reports of highly suc­
cessful field trials of videotex and teletext in limited geograph­
ical areas. This was to be the year of the first commercial 
offerings in what promises to be the next mass communication 
market. What have been the experiences in this area? Is vid­
eotex on track with its promise of two-way video communica­
tion in the nation's homes, or have the effects of the recent 
economic recession del~yed the timetable? 

Despite the successful efforts of IEEE 802 committee to 
bring a degree of standardization to the local area network 
arena, the number of different offerings in the local area 
network field continues to grow. In part this growth is fueled 
by the ubiquitous personal computer and its need to com­
municate at a cost commensurate with the low cost of the 
computer itself. The session entitled "Update on Local Area 
Networks" will bring together a panel to discuss the latest 
developments in this area and help chart a path to the future. 



Of special interest will be the outlook for the yet-to-be­
announced IBM entry into the local area network field. And 
how will AT&T's participation in this market change the 
course of future developments? 

Of special interest these days is the linking of manufac­
turing plant floor information to the corporate data structure. 
Traditionally, manufacturing plants used computers for their 
operations independently from the computer systems used in 
corporate reporting and analysis. That situation is slowly 
changing, with the result that office-level systems are finding 
their way into manufacturing environments. The "Computer 
Integrated Automation" session focuses on several examples 
of the use of personal computers in manufacturing plants and 
explores the effect of automation and computer systems on 
manufacturing productivity. 

"Computer Systems and Devices" brings together four pa­
pers on communication. One paper explores the concept of a 
work station tied to remote computer facilities via satellite 
links, as might be used in the travel industry. A second dis­
cusses a very low-cost implementation of a shared medium 
network, using only RS 232 hardware and twisted pair. The 
fundamental problem of relating the design of a telecommuni­
cations system to a corporate business strategy is discussed in 
the third. The last treats a different kind of communication: 
conveying to the driver of an automobile information about 

the route to be followed to his/her destination. 
The next session in this track assembles a panel to discuss 

one of the fascinating events of the past year, the divestiture 
of AT&T. Far from being a smooth transition, the repercus­
sions of the breakup are still being felt. Understandably, news 
accounts have focused on effects on the general public. The 
effects on business communications have been at least as sig­
nificant, and the biggest effect of all rpay prove to be the 
changes in data communication. Certainly, at this point, the 
communications market does not look the way the experts 
predicted as recently as 12 months ago. What are the con­
tinued long-term effects likely to be? Will the imposition of 
usage fees signal a large scale move to digital PBXs? What 
effect will that have on the development of local area net­
works? This session will attempt to answer these and other 
questions. 

The final session of this track, "Integrated Networks," as­
sembles a panel of experts to discuss the issues and potential 
benefits of tying diverse networks together. Communications 
gateways no\v make possible the connection of local area 
networks, wide area networks, and data processing networks 
into an integrated communications system. These gateways 
offer exciting possibilities for information processing and 
transmission. 



LCNET: Ethernet concepts + ubiquitous RS232C ports = Low 
Cost NETwork 
by JAY B. JORDAN 
and VICTOR P. HOLMES 
New Mexico State University 
Las Cruces, New Mexico 

ABSTRACT 

The LCNET is a very low cost local-area network consisting of single-board micro­
computers. The network hardware adapts standard RS232C input-output ports to 
drive a common contention bus. The network software supports an Ethernet-like 
protocol that has been tailored to experimental distributed operating systems. A 
unique variable-length-packet management scheme provides efficient handling of 
large data objects throughout the network. 
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INTRODUCTION 

There is a proliferation of small, very low cost, single-board 
computers on the market today. Many of these units have a 
substantial amount of computing power. Thus, it would seem 
that a network of these computers, together with general­
purpose network software, would make an excellent test bed 
for studying loosely coupled networks and for running distrib­
uted operating system experiments. 

When an attempt is made to assemble a number of different 
single board computers (SBCs) into a usable network, several 
problems immediately arise. First, it is often tedious and dif­
ficult to download programs from a software development 
system unless the SBC and the software development system 
are manufactured by the same company. Even when SBCs 
and development systems are from the same manufacturer, 
there seldom is provision for a network of any sort, and cer­
tainly no provision for downloading via that network. Second, 
the cost of purchasing and interfacing an Ethernet controller 
or Cambridge Ring controller is usually more than twice the 
cost of the SBC with which it is to be used. This destroys the 
whole idea of a low-cost network (LCNET). The desire to 
develop a network of SBCs with minimal financial commit­
ment and the desire to download substantial programs into 
the computer in the network quickly and conveniently have 
motivated the development of the LCNET presented here. 
Low cost is the fundamental consideration in this system. 
System performance is, of course, a consideration, but it is not 
the primary one. 

The garden variety SBC has at least one and usually two 
RS232C serial communications input-output ports. One for 
connection to a standard CRT or TTY terminal and one, 
supposedly, for downloading and uploading programs. The 
typical SBC also has a timer circuit that can provide interrupts 
at programmable intervals. These items, standard equipment 
on most SBCs, are the only hardware required for an SBC to 
be usable in the LCNET. 

The LCNET is composed of simple hardware and software 
subsystems and is based on some of the fundamental concepts 
of Ethernet. 1 The hardware subsystem adapts standard 
RS232C channels to drive a common contention bus. Low­
cost circuits provide protection and buffering so that two or 
more stations can attempt to access the bus at the same time 
without physical damage to their RS232C drivers. Simultane­
ous access of the bus results in nothing more than a harmless 
"collision," which is detectable by each station. The software 
subsystem is a collection of device driver routines and other 
primitives, which control message passing and bus arbitration. 
Utilities also are included for downloading programs from a 
software development system into the network processors. 
This report is an overview of the LCNET -both hardware and 
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software-as it is currently implemented, we also give com­
ments on related experiments and plans for the future. 

LCNET HARDWARE 

The hardware portion of the LCNET, as presently imple­
mented, consists of a Hewlett-Packard Model 64000 Micro­
processor Software Development System and four Motorola 
MC68000 Single Board Design Modules connected with a 
single modified RS232C-type asynchronous serial bus (Fig­
ure 1). Each unit has the capability of detecting bus conflicts 
and sensing when the bus is in use. 

LCNET Physical Layer 

The physical layer of the network is a twisted pair wire bus and 
processor interfacing circuits. It is very similar to an RS232C 
serial communications system in that the voltage levels are 
compatible with standard RS232C line receivers (such as Na­
tional Semiconductor DS1489). The voltage range of -3 to 
-25 volts is defined as a "mark," logical "1," or "line idle and 
connected" state. The voltage range from + 3 to +25 volts is 
the "space," logical "0," or "line open" (break) state. The 
transition region between the logical states is - 3 to + 3v. The 
output from each line driver in this system is buffered with an 
open collector driver transistor so that simultaneous access by 
two or more line drivers is not harmful. The line driver buffer 
also serves to lower the driving impedance of the bus, allowing 
the twisted pair cable to be terminated in its characteristic 
impedance (about 200 ohms). With the terminated bus and 
the low impedance drivers, a lOOO-foot-long system operating 
at 9600 baud can typically accommodate more than 50 sta­
tions. Figure 2 shows the transition from standard RS232C to 
the LNCET bus. Note that the modifications to the RS232C 
ports are external to each unit and are implemented as part of 
the bus cable and connectors. The bus bias voltages ( + 12v and 
-12v) are provided by a small power supply located at one of 

Termination 

LCNET Bus 

Figure I-Present LCNET configuration 
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Figure 2-RS232C to LCNET adapter 

the terminating ends. The bias voltages are supplied to the 
adapters and terminators by a second twisted pair cable. From 
Figure 2 it is also seen that each unit receives its own trans­
missions. This is the fundamental mechanism by which a unit 
detects that a bus conflict or collision has occurred. 

LCNET Data Link Layer 

The data link layer is RS232C 9600 baud, asynchronous with 
eight data bits, one stop bit, and odd parity. The data are 
transferred asynchronously, one byte at a time. The data link 
protocol is handled by serial hardware communications de­
vices. (Motorola MC6850 Asynchronous Communications 
Adapters [ACIAs] for the MC68000 SBCs and an Intel 8251 
Programmable Universal Asynchronous Receiver Transmitter 
[UART] for the HP 64000 system.) This protocol is a widely 
used standard and is compatible with many other commer­
.:iaHy available:: ut:vil.:t:s. Tnt: remaining higher ieveis of net­
work protocol are handled by the LCNET software. 

LCNETSOFTWARE 

The software portion of the LCNET consists of five modules 
residing in read only memory in each of the SBCs in the 
network. These modules define the network layer protocof 
and provide utilities and functions specifically aimed at sup­
porting experimental distributed operating systems, particu­
larly COSMOS,3 a distributed operating system for a personal 
work station. The LCNET software modules are: 

1. System initialization program 
2. Communications device interrupt handler 
3. Timer device interrupt handler 
4. Download utility 
5. Debugging monitor 

The first three modules are referred to as network operations 
modules. The initialization program provides the initial net­
work state, sets up the interrupt and trap entry points, and 
establishes the environment for operating systems programs 
written in higher level languages. A major part of the network 
control algorithm resides in the two interrupt handlers. These 
three modules provide a well-defined interface to user-devel-

oped programs. The hardware and network control details are 
effectively handled at this level, leaving the operating system 
designer free to concentrate on operating systems research 
rather than troubleshooting interrupt service routines. The 
remaining utilities-the download module and the debugging 
monitor-are provided to load the operating system nucleus 

. and to develop network software. 

LCNET Operations Software Implementation 

The basic network control philosophy is that each unit in the 
LCNET receives its own transmissions and determines 
whether or not the bytes sent have been corrupted. The send­
ing unit compares each received byte with the one sent; if they 
do not match or if there is a parity error, the network control 
routine assumes a collision has occurred and releases the bus 
by ceasing to transmit. The routine then waits a short but 
random amount of time before attempting to resend. The 
randomness in the waiting time before trying to reaccess the 
bus ensures that any repeated colljsion deadlock betwen two 
senders will be broken eventually. 

Most Ethernet-like systems have a hardware "carrier­
sense" circuit, which indicates whether or not the bus is in use. 
Carrier sense circuits are not used in this system. Instead, the 
determination of an idle channel is based on the time between 
characters transmitted. The interrupt service routine and the 
message-passing philosophy are designed to operate the bus at 
its maximum possible speed. This ensures that once a trans­
mission is in progress, the time between characters will be a 
fixed constant. The network control routine in each unit ei­
ther loads or reloads a communications timer as each charac­
ter is received. The timer is loaded with the time required to 
transmit tVlC characters. Consequently, the ti~er never times 
out until a transmission is either complete or aborted. Each 
unit reloads its timer on receipt of a character even if it is not 
the sender or the addressee of the current message. By ob­
serving whether or not the timer is active, each unit "knows" 
the status of the bus at all times. When a unit with traffic to 
send detects an idle bus, it does not immediately attempt to 
send, but rather waits a short, random amount of time. This 
prevents initial access collisions when the network is heavily 
loaded. This scheme has proven to be very reliable and effec­
tive. It has the further advantage that no additional carrier 
sense hardware is required. The LCNET communications 
receive-interrupt device is the highest priority in the system to 
guarantee the operation of this mechanism. From this over­
view, it can be seen that the timer and communications device 
interrupt service routines are very closely coupled. Part of the 
network control algorithm must necessarily be contained in 
each routine. 

LCNET Network Layer 

The network layer protocol is common to all units in the 
network. It is a hardware independent, packet-based proto­
col. In this system there are two basic kinds of packets: control 
and data. Every packet consists of an eight-byte header termi­
nated in a checksum. A data packet includes, in addition to 



the header, a variable-length data segment terminated in a 
checksum. The structure of the header is shown in Figure 3. 
The "destination" and "source" fields identify the units in­
volved. The "sequence number" is raised by increments of 
one each time a new message is sent from a processor. The 
"applies to" field is used if the message is being sent in re­
sponse to another message. This field is particularly important 
for coordinating the high-speed transmission and reception of 
large data packets. The "type" field indicates the message 
type. At the network layer level only the most significant bit 
of the "type" byte is noted. If set, this bit indicates that a 
variable-length data segment is attached to the header and 
that the "applies to" and the following byte "count" fields are 
to be used by software at this level to position the data cor­
rectly in memory without the use of any intermediate buffer­
ing. For control packets, the "count/optional" and "optional" 
fields are used by the upper levels of the network to pass 
further information related to the "type" of control message. 

Allowing variable-length messages to be sent over a net­
work usually presents several problems. One of the most 
severe of these is allocation and management of buffer space 
in the message receiver. Many solutions to this problem have 
evolved, the two most common of which are segmentating the 
message into several fixed-length packets as in X.25,2 and 
allowing variable-length packets, but placing a relatively small 
maximum length restriction on the packet size, as in Ether­
net. 4 Each of these solutions keeps the size of the receiver 
buffer manageable. In the first, the buffer is a multiple of the 
packet size. Packets with little information require the same 
transmission time and occupy the same amount of buffer 
space as full packets. This is particularly wasteful for short 
control messages. The second approach, using variable-length 
packets, is much more efficient for handling control traffic, 
but requires a potentially larger receiver buffer and a much 
more complex buffer management scheme. 

The LCNET protocol taks a slightly different approach to 
handling variable-length traffic. Since the LNCET evolved 
out of a message-based operating systems research project, 
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DATA 1 BIT TYPE 

Optional 

COUNTi MSB or Optional 

COUNTilSB or Optional 

Figure 3--LCNET to message header structure 
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the message-passing philosophy has been tailored to support 
such distributed operating systems. In the early phases of the 
project, both of the message-handling schemes described 
above were implemented. Both schemes exhibited the same 
deficiency: The data portion of a message always had to be 
moved from a buffer area to its final intended destination. 
This process always proved inefficient, not only because of 
internal data movement, but also because upper-level oper­
ating systems policy decisions had to be made to determine 
whether or not the data could be accepted and where they 
should go. The problem was finally resolved when it was 
determined that, at the operating system level, there need 
never be an unsolicited data message. Once this observation 
was made, the present scheme was implemented and it proved 
to be far superior to either of the two solutions described 
above. Each varible-Iength data message is always preceded 
by a short (header only) control message. This establishes the 
length and memory destination for the data. When the data 
message is finally sent, it is expected by the receiver and is 
stored in its final position as it is received. This is handled 
rapidly at the network layer level by the LCNET operations 
software. No operating system buffer is required and a data 
object can be as large as desired within the limits of user 
memory. 

The detailed operation of this scheme is best shown by an 
example. Suppose a file is to be transferred from a file server 
to another unit over the network. The requester initiates ac­
tivity by sending a control message of the type "request file 
service." This message consists of only a header with a count 
value in the "count" fields, indicating the size of a variable­
length data portion (a file name), which will follow in another 
message. The file server now knows the requester of file ser­
vice and the length of the associated file name. Several policy 
decisions can now be made to determine whether or not to 
grant the file request and whether or not there is a place to 
store the file name. 

Assuming that there is a place for the file name and that the 
server desires to grant file service, a "file service granted" 
control message is assembled. The "applies to" field of this 
message is loaded with the sequence number of the original 
message. This "applies to" response is needed because in 
general a requester will have several outstanding requests for 
other services. The sequence number for this reply message is 
created and is actually an index into a transaction table con­
taining the memory address for positioning the file name 
when it arrives. The requester, upon receipt of "file service 
granted," responds with an "open file" message, with the file 
name contained in a variable-length data segment. The "ap­
plies to" field of this data message contains the sequence 
number of the "file service granted" message. When the data 
message arrives, it is expected and the data portion is posi­
tioned directly at its proper memory location via the trans­
action table entry. The file server then makes several more 
policy decisions determining the availability of the file and 
whether or not to open it. Assuming that file opening is al­
lowed, a "file opened" control message is returned to the 
requester. The "file opened" message contains (1) the length 
of the file in the header count field, (2) an "applies to" corre­
sponding to the "open file" message, and (3) a short integer 
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file descriptor. The requester now knows the length of the file 
and has a file descriptor for future references. 

A policy decision can then be made as to whether or not 
there is room for all or only part of the file and where it is to 
be placed. After these decisions have been made, a pointer to 
the desired starting location of the file is placed in the re­
quester's transaction table at the first available position. This 
index will be used on later requests. A control message to use 
the file, say a "read file" message, is later issued from the 
requester. This "read file" message includes (1) the number 
of bytes desired specified in the count field, (2) the index of 
the local transaction table entry in the "applies to" field, and 
(3) the file descriptor assigned by the file server in the count/ 
optional fields. The file server replies with a "data" message, 
with all or part of the requested amount contained in a vari­
able-length data segment. The size of this segment also is 
contained in the count field. As the file is received, it is posi­
tioned correctly and a checksum is accumulated during the 
process. If the data segment is received intact, the message 
header associated with the data is enqueued for the upper 
levels. The fact that a "data" header is in the received-header 
queue is the indication that the data associated with it have 
already been received, checked, and stored in the desired 
position. The final data transfer takes place at maximum bus 
speed and the data segment is placed directly into its desired 
position in memory. 

At first, it may appear that the several short messages used 
to coordinate the transfer of the file add unnecessary over­
head to the activity, but when the communication is studied at 
the operating system level, each step in the transaction se­
quence is normally required. When a process requires a file, 
a file must be requested. The server must verify the privileges 
of the requester and the state of the file (it may already be in 
use). The requester must then get some idea of the size of the 
file in order to determine whether all of part of it can be 
accepted. Also, the requester, at some point, must make a 
decision about where to put the file. From the operating sys­
tem's point of view, therefore, unsolicited data messages are 
neither needed nor desired. 

From this example, it is also seen that messages are not 
acknowledged explicitly; rather, the operation requested, 
when performed by the remote station, is itself an implicit 
acknowledgment of both the message and the action re­
quested. This important concept follows directly from the 
work of Spector. 5 Policy decisions concerning how long to 
wait for a response, whether or not to make a repeat request, 
and how to detect and process duplicate messages are not 
made at the network level but are handled at the operating 
system level and above. This philosophy, similar to that used 
in some datagram systems,2 not only makes the network more 
efficient, but also makes it more versatile for operating sys­
tems research. 

LCNET -User Interface 

The user interface consists of two queues of headers. There 
are 16 headers (maximum) in each queue. One queue is the 
receive-queue, containing headers of messages received from 
other stations. The other is the send-queue, which contains 

headers of messages to be sent to other units in the network. 
The queues are in a globally accessible data area established 
by the LCNET initialization software module. Each queue is 
managed by two pointers, one indicating the next empty pos­
ition and one indicating the oldest entry in the queue. These 
pointers are also located in the global data area. The queue is 
considered full when the pointers are exactly one queue pos­
ition apart and empty when they point to the same position. 
Headers are only enqueued whenever all aspects of the asso­
ciated message, including checksums and data if any, are re­
ceived correctly. The network user level discovers waiting 
packets by checking header queue pointers. 

There is another data structure associated with the "applies 
to" or "transaction number" previously mentioned. This data 
structure, called the transaction table, is used to control the 
positioning and transmission of data segments from one pro­
cessor to another. As presently implemented, the transaction 
table holds up to 16 data transaction addresses. Each data 
transaction address indicates the area in memory from which 
data are to be taken for a send, or the area in which data are 
to be placed for a receive. A data transaction address of zero 
indicates that there is no data segment associated with the 
transaction number. These are the only data structures con­
cerned with the sending and receiving of messages. 

The LCNET send routine, driven by a timer interrupt, 
checks the send-queue periodically to determine whether or 
not the user level program has enqueued a message (or mes­
sages) to be sent. Headers and their associated data segments, 
if any, are sent whenever the network becomes idle. The 
send-queue pointer is updated only after an entire message is 
sent without collision. 

All receiving stations in the network examine the first byte 
(destination byte) of each message. Whenever this byte con­
tains a statIon;s address, that statIOn starts accumulatmg the 
remainder of the header and verifies the checksum. The data 
portion, if any, is received and positioned starting at the ad­
dress found in the transaction table. The received header of a 
message containing a data segment is enqueued only when 
there is a valid transaction address and the data have been 
completely received with the checksum verified. The presence 
of a header in the queue indicates that a message is complete 
and ready for processing by the user level. If the receive­
queue is full because the user level has failed to remove en­
queued headers, the header is not enqueued. Although re­
ceived activity continues even with a full queue, all further 
messages are lost because they cannot be enqueued. The 
operation of the network level software is not affected by a full 
receive-queue, nor are flow control policy decisions made at 
this level. 

RELATED EXPERIMENTS AND PLANS 

The LCNET is operated asynchronously at 9600 baud to pro­
vide compatibility with many of the single-board computers 
on the market. The basic hardware, however, is not restricted 
to this operating speed. Recent experiments conducted with 
Zilog Z80 serial input-output (SIO) devices have demon­
strated asynchronous network rates of 62K baud. With an 
additional LCNET bus configured as a clock contention bus, 



synchronous data rates in excess of 250K baud have been 
demonstrated using a modified network control program. In 
this experiment, the SIO device is used in the synchronous 
data link control (SDLC) protocol mode and provides some of 
the network management functions. Network data rate is lim­
ited by the central processing unit and not by the SIO device. 
These experiments suggest that low-cost front-end communi­
cations processors can greatly improve network performance. 
This appears to be a promising area for future investigations. 
Present efforts, however, involve extending the existing net­
work to other single-board computers and developing distrib­
uted operating systems concepts. Specifically, a parallel con­
tention bus based on the LCNET concepts presented here has 
been proposed to support the COSMOS system.3 

SUMMARY 

The LCNET allows a designer to connect low-cost, yet power­
ful single-board microcomputers with a common contention 
bus to from a network. The bus medium is twisted pair wire 
and is interfaced to the SBCs through modified RS232C 
adapters. The network supports a modified Ethernet-like pro­
tocol with listening capability and collision detection. The 
network software is small (less than 8K bytes) and may reside 
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in EPROM on the SBC. The system is tailored to message 
passing and provides a unique mechanism for passing vari­
able-length data packets. The system has proven very useful in 
building and studying experimental distributed operating sys­
tems and loosely coupled networks, in general. 
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Direct work station to remote computer communications via 
satellite 

by MICHAEL H. ARONSON 
Ford Aerospace & Communications Corporation 
Palo Alto, California 

ABSTRACT 

This paper addresses communications between office CRT/keyboard intelligent 
work stations and a remote computer installation using a satellite. The travel indus­
try is used as an example of an industry that could employ direct satellite commu­
nications. The office will have a small, inexpensive earth terminal on the premises 
to support several work stations at that location. A commercial communications 
satellite with high-gain antenna beams supports the small office terminals. Per­
formance of several channel-sharing protocols is described, and an optimum proto­
col for this application is discussed. For the example studied, a reservation assign­
ment protocol with slotted Aloha orderwire was selected for its high efficiency. This 
protocol will support 130 office earth terminals (approximately 390 work stations) 
in a single satellite channel. The system provides highly responsive service time (11 
seconds average). The cost of digital communications via satellite channels and 
terrestrial links is compared, and the advantages of satellite communications are 
discussed. 
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INTRODUCTION 

Advances in communications technology will soon permit 
business offices to communicate from point to point through 
satellite links instead of terrestrial telephone connections. 
The office of the future will not only employ computers and 
word processing systems but will also have a small earth termi­
nal on the customer premises to support the office's business 
communications requirements (see Figure 1). Typically, the 
need exists for interactive work stations (CRT/keyboards) in 
the office to interface with a large computer at another lo­
cation. An exchange of messages will occur frequently be­
tween an employee at the work station and the database in the 
remote computer. For businesses such as a travel agency, a 
customer is usually in the office or on the telephone waiting 
for a response from the computer. Thus the response time of 
the system, including the communications delay, must be very 
short. Rapid response time usually implies high-rate, high­
cost communications capacity. Approaches to minimizing 
this cost by using satellite communications resources are 
discussed. 

BUSINESS ENVIRONMENT 

Many businessess require an interactive dialogue between a 
user at a work station and a central computer system. Exam­
ples of such businesses are the travel industry, for airline and 
hotel reservations, and the banking industry, for checking and 
savings transactions. Frequently a large number of interactive 
work stations will be concentrated in a few major metro­
politan areas and an additional large number of work stations 
will be dispersed over a much wider geographic region (such 
as the areas of a state outside the large cities). Larger business 
offices may have 7 to 10 work stations all performing similar 
functions and, therefore, communicating with the same re­
mote computer or computers. Such offices will be served by a 
larger earth terminal on the premises supporting all of the 
terminals. Medium size offices (four to six terminals) and 
small offices (one to three terminals) would be served by a 
smaller earth terminal; the medium-size offices would use 
more powerful transmitters. 

The terminals are used on a low- to medium-duty cycle, 
where a series of message transmissions and receptions occurs 
for each transaction initiated by the operator. In the travel 
industry a client may ask about choices of flights to a particu­
lar location, then have a reservation placed on a particular 
flight. In addition, a hotel and rental car reservation may be 
made. Certain clients with extensive itineraries will have mul­
tiple reservations placed. Thus, a complete business trans­
action consists of an exchange of relatively short messages. 

For purposes of this discussion, it is assumed that the typical 
reservation transaction involves transmissions to the com­
puter and transmissions to the office, as shown in Table I. The 
exchange consists of relatively short messages (approximately 
65 characters each), with equal traffic in both directions. The 

Figure I-Small earth terminals support office communications 
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TABLE I-Typical transaction for flight reservation 

Size ... Size ... 

Message From To Characters Bits From To Characters Bits 

Flight Inquiry Office Remote 
Computer 

Inquiry Response 

Flight Reservation Office Remote 
Computer 

Flight Confirmation 

Rental Car Reservation Office Remote 
Computer 

Rental Car Confirmation 

per-terminal reservation (transaction) rate will vary from 4 
transactions per hour to as many as 10 per hour during the 
peak business hour at larger offices serving major corporate 
customers. 

COMMUNICATIONS CONSIDERATIONS 

Figure 2 shows the approximate distribution of travel agencies 
within California. The major metropolitan areas of Los An­
geles, San Diego, and San Francisco have such high densities 
of agencies that high-gain, spot beam service from the com­
munications satellite would be feasible to support the traffic 
from these offices. The rest of the state could be served by a 
broader spot beam with lower gain. The remote computer 
installation will operate in the state beam. 

In the communications satellites of the near future, leasing 
a spot beam will still be relatively expensive compared to use 
of the general-service antennas (such as the earth coverage 
antenna or the statewide spot beam). Therefore, consortiums 
of users, perhaps organized by an industrywide organization 
such as the American Society of Travel Agents, will share the 
expenses in proportion to the call rate of each office. The 
organization of users will also lease a number of satellite 
channels to support the offered traffic. The number of chan­
nels required depends on the number of earth terminals in the 
beam, the amount of traffic (messages) to and from the office 
terminals, the traffic transmission rate, and the technique 
employed to share a given channel among as many terminals 
as possible. To minimize the communication costs billed to an 
office, the fixed expenses (i.e., the satellite channel capacity 
and antenna beam rental charges) must be spread across as 
large a number of terminals as possible without causing exces­
sive delays in receiving responses. Each of these factors is 
discussed below. Since Los Angeles has the densest popu­
lation of travel agencies, it will be used as a specific example. 
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Number of Terminals 

Figure 2 (shown previously) indicated the number of travel 
agencies that will be served by spot beams and by the state­
wide spacecraft beam for this application of future commu­
nications satellites. We will assume an average of three work 
stations per office; therefore, the total number of work sta­
tions that participate in reservation message generation and 
reception is 3 x 550 = 1650 in the Los Angeles spot beam, 
assuming all offices participate (a worst-case assumption). 

Amount of Traffic 

The reservation rate per work station will vary with the size 
and clientele of the office. Assuming 4 reservations (trans­
actions) per hour per work station, and 3 work stations per 
office, the number of transactions in the Los Angeles area 
during the peak hour is estimated to be 3 work stations/office 
x 550 offices x 4 transactions/hour = 6,600 transactions/ 
hour. As shown previously in Table I, each transaction in­
volves an exchange of 3 message transmissions and 3 message 
receptions, each of which contains approximately 65 charac­
ters (520 bits). At this point, we state the above information 
in terms of a traffic model. 

The total traffic transmitted in the spot beam by the travel 
agency terminals is measured in erlangs, a dimensionless 
quantity. erlangs (E) are defined as 

where: 

E=(NA'lm) 
3600r 

(1) 

N = Number of work stations offering traffic (dimension-
less) 

~ = average work station call rate, transactions/hour 
J = average message length, bits 
m = transaction component rate, messages/transaction 
r = traffic transmission rate, bits/second 

The following values are assumed: 

Number of work stations (N): 1650 in Los Angeles 
Call rate per work station (A'): 4 transactions/hour 
Transaction component rate (m): 3 messages/transaction 

each direction 
Average message length (I): 65 characters (520 bits) 

Therefore, the total traffic load during the peak hour that 
must be supported is: 

E = (1650 x 4 x 520 x 3) = 2860 
3600r r (2) 

The rate of traffic transmission, r, will be discussed next. 

Transmission Rate 

The transmission rate to and from the office depends on the 
capabilities of the office's small earth terminal. The terminal 
must have enough effective radiated power to transmit mes­
sages to the satellite (and then on to the reservation com­
puter) with a minimum of errors. Effective radiated power is 
a combination of transmitter power and gain from the termi­
nal antenna. The higher the message transmission rate, the 
greater the power required to maintain a low error rate. To 
keep the size of the terminal antenna small, a data transmis­
sion rate of 9600 bits/s will be assumed. Such a rate wold be 
relatively expensive to lease using terrestrial communication 
facilities. With r = 9600 bits/, the traffic load = 2860/9600 = . 
0.3 erlangs from the offices to the remote reservation 
compute:. 

Channel-Sharing Protocols 

A number of papers have been written on channel-sharing 
protocols. The protocols have been analyzed with queueing 
models to determine comparative performance. 1,2,3 The mod­
els use the assumptions of exponentially distributed message 
lengths and message interarrival rates. The key factors in 
assessing the performance of a channel-sharing protocol are 

1. Wait time: The time between reception at the earth ter­
minal of a message from the user work station to the 
completion of transmission of the message over the 
channel. 

2. Efficiency: The ratio of information bits transmitted per 
second to the channel transmission rate (bitls). 

A number of different protocols are available. These are 
classified as fixed assigned access to the traffic channel, ran­
dom access, or on-demand access based on a "reservation." 
The reservation is a message that indicates that the terminal 
has traffic available for transmission and is waiting for access 
to the traffic channel. Thus, only the terminals with traffic are 
considered for access to the traffic channel. This method 
avoids the inefficiency of fixed-assignment protocols where 
stations without traffic (and there may be many at any given 
time) are offered the channel whether or not they need it. The 
reservations mentioned above may be offered in the traffic 
channel itself or may use a separate frequency (channel) 
called an orderwire, which operates in parallel with the traffic 
channel. The orderwire is usually operated at a lower trans­
mission rate than is the traffic channel. It permits one terminal 
to be transmitting traffic while, in parallel, other terminals are 
sending reservation messages. 

In order to share a satellite communications channel effec­
tively, the access protocol must be automated and must use a 
microprocessor in the earth terminal. This microprocessor has 
the following functions: 

1. Generate orderwire messages (if used by the access­
sharing protocol) and output them to the terminal 
transmi tter. 
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2. Receive and decode messages to the terminal from the 
orderwire channel. 

3. Make possible the flow of traffic from the user's work 
station (which contains the traffic message) to the termi­
nal when the terminal has been given the use of the 
traffic channel. 

4. Disable the terminal transmitter when the user work 
station completes sending its traffic message to the 
terminal. 

5. Enable/disable transmission in synchronization with spe­
cific time markers required by certain channel-sharing 
protocols. 

With this background, the operation of several important 
channel-sharing protocols is discussed. They are grouped into 
the following categories: 

1. Fixed-assignment protocols 
a. Polled 
b. Time division multiple access (TDMA) 

2. Random-assignment protocols 
a. Slotted Aloha traffic channel 

3. Reservation assignment protocols 
a. Time division multiple access (TDMA) orderwire 
b. Slotted Aloha orderwire 
The following discussion provides an overview of each 
protocol. 

1a. Polled 
In the polled protocol, one terminal is given the duty of 

acting as controller for the traffic channel. An orderwire chan­
nel is used to coordinate the transmissions in the traffic chan­
neL As mentioned above. the orderwire may be on a separate 
frequency and can operate in parallel with transmissions in the 
traffic channel. However, it is possible to timeshare the traffic 
channel between traffic transmissions and orderwire trans­
missions. If the transmission rate is high enough, the order­
wire appears to achieve parallel operation. 

In the polled protocol, a list of terminals that are potential 
users of the traffic channel is entered into the control termi­
nal's database. This terminal (the channel access controller) 
mediates the use of the traffic channel by sending an order­
wire message to the first terminal in the list: "You Have the 
Traffic Channel." The terminal receives the message and, if it . 
happens to have a user message available, outputs the entire 
message over the traffic channel. The terminal then sends an 
orderwire message back to the controller terminal: "I'm Fin­
ished with the Traffic Channel." The controller terminal then 
sends the "You Have the Traffic Channel" orderwire message 
to the next terminal on the list. After all terminals in the 
polling list have been offered an opportunity to use the traffic 
channel, the cycle repeats, polling the first station in the list 
again. Thus a fixed-access sequence is implemented, and all 
terminals are offered a chance to transmit. The polled proto­
col can be optimized by polling high-calI-rate stations more 
than once in the polling sequence. 

The polled protocol has several disadvantages. Terminals 
that have no traffic at their user work stations are polled. 
During the polling process, an orderwire message is sent to 

the terminal ("You Have the Traffic Channel") and the termi­
nal sends back an orderwire message ("I'm Finished with the 
Traffic Channel"). This exchange takes a small, but finite, 
amount of time (two round-trip propagation delays plus com­
puter processing time at each terminal). During this time the 
traffic channel is unused, and an inefficiency is introduced. 
For a round-trip signal propagation time of 0.265 seconds to 
a synchronous satellite, the dead time due to each poll is 2 x 
0.265 + terminal computer processing time = 0.6 seconds 
(typical). When many terminals are in the polling list, a large 
number of unnecessary polls occurs if the call rate of individ­
ual terminals is low (as is the case here). Since the traffic 
channel is idle during the exchange of orderwire polling mes­
sages, the traffic channel efficiency suffers. 

Another disadvantage of the polled protocol is that a termi­
nal with traffic must wait until all other terminals ahead of it 
are polled and, if they have traffic, complete their traffic 
transmissions. To keep the average wait time short, fewer 
terminals are permitted to share the channel. This implies a 
higher per-terminal (i.e., per-office) share of the satellite 
communications service costs. Another disadvantage is that 
control of access to the traffic channel is centralized at the 
control terminal. A backup control terminal must be provided 
to protect against failure of the control terminal. Further, if 
terminals are added to or deleted from the polling sequence, 
the control terminal must always be notified. 

lb. Time division multiple access (TDMA) 
In a TDMA protocol, the traffic channel is sliced into dis­

crete, prespecified time slots ( see Figure 3). Each terminal is 
assigned one or more time slots; and when the beginning of 
the appropriate slot occurs, the terminal transmits traffic in 
the slot: After all slots assigned to terminals have occurred (1' 
seconds), the pattern of slots repeats in a fixed sequence. The 
period between repetitions of a specific slot (every l' seconds) 
is called the frame duration. 

TDMA is suitable for message communications systems 
where the message lengths are relatively short or where the 
message can be segmented into packets. A packet is a fixed­
length piece of the message than can be independently trans­
mitted in one slot transmission time (the receiving terminal 
collects the message packets on the basis of an address field 
and reassembles the entire message). If the terminal call rate 

------------------------------------~.t+T 

t+T----------------------------------~~.t+2T 

• • • 
...41--------- T SECOND FRAME DURATION -------l~. 

Figure 3-Time division multiple access sharing of the traffic channel 
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is high, then the terminal will almost always have a message to 
transmit when its slot occurs, and the traffic channel will 
experience a high efficiency. The advantage of TDMA is that 
no orderwire is used for control of access to the traffic chan­
nel; i.e., the responsibility for access control is fully distrib­
uted among all member terminals. Each is responsible for 
keeping track of time in order to count slots and begin trans­
mission at the proper time. Note that the time we are talking 
about is the time at which the satellite receives the message for 
retransmission. All terminal transmissions must be syn­
chronized to cause the timesharing of the channel (as shown 
in Figure 3) to occur at the satellite communications transpon­
der input. This means that each terminal must know how long 
it takes for its signals to reach the satellite, since the distance 
from terminal to satellite varies slightly, depending on termi­
nallocation. To avoid overlapping traffic transmissions, some 
dead time in each slot must be included, since each individual 
terminal does not know time exactly, nor does it know its 
exact propagation delay to the satellite exactly. 

In the application described in this paper, TDMA has sev­
eral disadvantages: 

1. The terminal call rate is low. As a result, many terminals 
have no traffic to offer when their time slot occurs. Dur­
ing these slot times, the traffic channel is unused. 

2. The messages exchanged between terminal and remote 
computer in the example of this paper are too small to 
packetize. In addition, they have variable lengths. As a 
result, it is possible for a specific message to be too long 
to transmit in one time slot. When this occurs, a very 
long delay occurs in receiving the entire message (i.e., 
all of the pieces). 

3. It is difficult to add or delete terminals. If traffic time 
slots are left vacant to accommodate future added termi­
nals, time on the traffic channel is wasted. If an addi­
tional terminal must be accommodated and no spare 
slots are available, all participating terminals must be 
notified administratively of an extension in the frame 
duration (there is no orderwire to permit dissemination 
of frame change information). Likewise, if a large num­
ber of terminals drop out of the network and give up 
their traffic time slots, then the traffic channel has un­
necessary dead time. 

2a. Slotted Aloha traffic channel 
The slotted Aloha random-assignment protocol has been 

studied by Roberts. 4 In this protocol, the traffic channel is 
divided into discrete time slots as in TDMA (see Figure 4). 
Also, like TDMA, the duration of a time slot is chosen to 
accommodate an optimum amount of information in a pack­
etized system. Unlike TDMA, any terminal may transmit in 

• • • 

,:It .. 
Figure 4---Slotted Aloha sharing of the traffic channel 

the current traffic channel time slot; the only restriction is that 
the transmission must start at the beginning of the slot. 
Whereas TDMA is most efficient when the terminal call rate 
is high, slotted Aloha sharing of the traffic channel is efficient 
when the terminal call rate is low. This is due to the small 
likelihood of a "collision" (two terminals transmitting simul­
taneously) at lower call rates. Note that every terminal trans­
mitting traffic must listen to the satellite transmissions to de­
termine whether a collision has occurred. If it detects an error 
in the just-transmitted message (or packet), it must retransmit 
the message after a random number of slots have gone by. 
Since the random delay (typically uniformly distributed be­
tween 1 and 15 slots) occurs at both terminals that need to 
transmit traffic, usually the retransmission attempt occurs in 
different time slots and there is no repeated collision. 

Control of access to the traffic channel is distributed among 
the terminals using the communications channel; thus an or­
derwire is not required (this is also the case with TDMA). 
However, in slotted Aloha, any terminal may transmit traffic 
in the current traffic channel time slot. This decreases the· 
average message delay relative to TDMA. Since time slot 
assignments are not fixed, terminals can be added to (or de­
leted) from the network without affecting the control of access 
to the traffic channel. The disadvantages of slotted Aloha in 
the traffic channel are that when terminal call rates are high, 
collisions are frequent. Retransmissions cause further colli­
sions, and the effective throughput (successful message trans­
missions per second) becomes limited. Stated another way, 
the wait time to transmit the message approaches infinity. It 
has been found that the maximum efficiency possible with a 
slotted Aloha traffic channel is less than lie = 0.368. 

3a. Reservation assignment with TDMA orderwire 
In this protocol a time-division orderwire is provided for 

terminals to request use of the traffic channel (i.e., place a 
reservation). The reservation is a short message that includes 
the requesting terminals' identification number and in some 
systems also includes a message priority. The orderwire is 
sliced into assigned slots (siInilar to Figure 3, shown 
previously) for a TDMA traffic channel. Each terminal is 
assigned one or more orderwire time slots (depending on the 
call rate). In the example described in this paper, very large 
travel agencies with large numbers of work stations would be 
assigned several orderwire slots spread through the orderwire 
frame. Small offices with only a few work stations would be 
assigned one slot per frame for reservation requests. 

All terminals monitor the orderwire and keep track of the 
reservation requests. Reservations are accepted on a first­
come, first-served basis. When a reservation is honored, the 
terminal obtains exclusive use of the traffic channel to trans­
mit its message. When a terminal finishes transmission on the 
traffic channel, it examines its copy of the reservation queue 
list and sends an orderwire message to the terminal at the 
head of the queue: "You Have the Traffic Channel." Since all 
terminals monitor the orderwire, they update their reserva­
tion queue list by deleting the reservation (now honored) from 
the new user of the traffic channel. 

The use of reservations for the traffic channel permits the 
channel to be used fully (up to 100% efficiency). Since any 
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terminal can receive the channel as needed, message delays 
are shorter than with TDMA. The control of access to the 
traffic channel is decentralized in that· all terminals maintain 
a copy of the reservation queue list and issue reservations as 
a message is received from the work station. The current user 
of the traffic channel hands the channel directly to the next 
terminal that will use the channel. Adding to or deleting ter­
minals from the network requires management of orderwire 
time slot assignments, the same as in the TDMA traffic chan­
nel protocol. The orderwire itself, however, can be used to 
disseminate the slot assignments. 

3b. Reservation assignment with Slotted Aloha orderwire 
This protocol also uses an orderwire for the placement of 

reservation requests for the traffic channel. The orderwire is 
partitioned into time slices. As in the slotted Aloha traffic 
channel protocol (Figure 4), any terminal may use the current 
time slot to issue a reservation request. The terminal monitors 
its satellite orderwire transmission to determine whether the 
message has collided with a reservation request from another 
terminal. If it has, the terminal waits a random number of 
time slots and then retries to place the reservation. As in 
Reservation Assignment with a TDMA orderwire, when the 
current user passes the traffic channel to the terminal with the 
reservation at the head of the queue, the next terminal uses 
the traffic channel on an exclusive basis until message trans­
mission is complete. 

The advantage of a slotted Aloha orderwire is that access 
control of the traffic channel is completely distributed. Order­
wire slot assignments do not have to be managed, since any 
terminal can use the current orderwire time slot to place a 
reservation. Terminals may join or drop out of the network 
(due to new offices' receiving earth terminals or maintenance 
of hardware at existing earth terminals) without changing the 
orderwire operation. An additional restriction exists with this 
protocol, however. In all the previous protocols, the number 
of terminals that may share a traffic channel is based on not 
exceeding the specified average message transmission wait 
time. Further, the orderwire channel (if used by that protocol) 
can have a throughput of no more than 100%. With a slotted 
Aloha orderwire, an additional constraint is that the through­
put of the orderwire is limited to 36.8%. Therefore this proto­
col is most useful when the terminal call rate is low. 

COMPARISON OF PROTOCOLS 

The selection of the best channel-sharing protocol for a partic­
ular system depends on several parameters. The key parame­
ters are as follows: 

1. Product of the number of terminals in the network and 
the terminal call rate (NA'): When NA' is large, fixed­
assignment protocols such as TDMA are suitable. When 
NA' is small, the polled and slotted Aloha protocols are 
useful. 

2. Average message length (l): The longer the message 
length, the longer a terminal must use the traffic channel 
each time it transmits a message. Fewer terminals are 
able to share a given channel. 

3. Data transmission rate (r): The higher the traffic trans­
mission rate, the shorter the time that a given terminal 
uses the traffic channel for transmission of a message. 
This increases the number of terminals that may share 
the channel. 

Figures 5 and 6 show the performance of the system for the 
protocols and traffic load discussed previously. The figures 
were calculated with a traffic transmission rate of 9600 bls and 
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an orderwire transmission rate (when used) of 300 b/s. An 
acceptable average wait time of 1.5 s has been assumed. The 
per-terminal call is rate 0.01 callsls (3 work stations per office, 
4 transactions per hour, 3 messages per transaction). 

Figure 5 shows that for the type of small-business applica­
tion discussed here-with large numbers of terminals, low call 
rates, relatively short message lengths, and small permitted 
wait times-the slotted Aloha or reservation assignment with 
slotted Aloha orderwire protocols are both suitable at 1.5 s 
average wait times. The advantage of the reservation assign­
ment protocol is that the traffic does not have to be pack­
etized. Once an orderwire reservation is honored, that earth 
terminal is given exclusive use of the satellite channel and 
transmits the entire traffic message. 

Figure 6 shows the number of terminals that can be accom­
modated in each leased traffic channel. The reservation as­
signment protocol with slotted Aloha orderwire will support 
130 office earth terminals per satellite channel. Therefore, 
five channels and one city spot beam will accommodate all of 
the communications requirements of the travel agencies in the 
Los Angeles area. 

Figure 7 compares the channel efficiency versus wait time 
when the per-terminal call rate is increased by a factor of 100. 
For such applications where the call rate is high, other proto­
cols (such as TDMA) become quite efficient. 

CONCLUSIONS 

Kleinrock has projected digital data transmission cost for sat­
ellite communications versus land line communications. 1 Fig­
ure 8 is based on his projections. Although the slope of the 
land line costs may change with the breakup of the AT&T 
system, the relative cost advantage of satellite communica-
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tions is expected to continue. The costs are minimized by 
sharing a channel among terminals as needed, maintaining the 
channel continuously to minimize access time. Several proto­
cols for channel sharing are available. For applications such as 
the travel agency industry, the reservation assignment proto­
col with slotted Aloha orderwire is suitable. This protocol 
premits a large number of earth terminals to share a channel 
while maintaining small transmission wait times. Work sta­
tions in the business offices will be connected to low-cost earth 
terminals on the customer premises, providing direct satellite 
communications to the central reservation computer. Com­
mercial communications satellites will in the near future pro­
vide high-gain spot beams to permit the customer premises 
terminals to use small antennas (2-ft diameter) and low-power 
solid-state transmitters (under 20 watts). 
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CARGuide--on-board computer for automobile 
route guidance 

by M. SUGIE,* o. MENZILCIOGLU, and H. T. KUNG 
Carnegie-Mellon University 
Pittsburgh, Pennsylvania 

ABSTRACT 

This paper describes the Computer for Automobile Route Guidance (CARGuide), 
a prototype system designed and built at Carnegie-Mellon University. CARGuide 
is a portable, microcomputer-based system to aid drivers in route finding and 
navigation in city streets. Given starting and destination intersections, CARGuide 
calculates an optimum route to the destination, displays portions of the street map 
containing the route, and highlights the streets on the route by flashing them on a 
display. It provides automatic or manual zooming into the map picture and speaks 
driving directions along the route. Both hardware and software design is explained 
in the paper. The hardware consists of a 68000 processor on a Multibus, bubble 
memories for secondary storage, a 128 x 128 dot matrix fluorescent display, a 
speech synthesizer, RAM, control and interface logic for the components, and a 
keyboard. A total of six circuit boards are used, four of them designed at CMU. A 
compact street map database is constructed from a regular street map and is stored 
in CARGuide's half megabyte secondary storage. An efficient optimum route­
finding scheme was implemented, which uses a divide and conquer method and 
precomputed routes to improve the performance of a shortest-path algorithm. For 
optimum route calculations, streets are given weights estimating the travel time, and 
penalties are introduced for turns and crossing intersections. CARGuide has been 
tested by implementing a portion of the Pittsburgh street map. 

*M. Sugie was a visiting researcher at eMU on leave from Hitachi Ltd. when this paper was written. 
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INTRODUCTION 

Route finding in street maps is a practical problem, especially 
for those driving in an unfamiliar city and for vehicles that 
must find the route with the shortest driving time between two 
points--emergency vehicles, utility service vehicles, and taxis. 
Given starting and destination locations, the first part of the 
prob~em is to find these locations on the street map. This 
usually involves an exhaustive search over a region and read­
ing some fine print. The second part of the problem is to 
determine an optimum route between the source and the des­
tination. A study on human subjects1 shows that humans ap­
proach this problem by using heuristics. In general, people 
first identify the important roads going roughly in the direc­
tion of the destination and then try to connect the source and 
the destination to the important roads using a local depth first 
search. The study also shows that, when asked to find a route 
between two given points on a map, people vary significantly 
in the routes they find and the time they take to find a route. 
In most cases, the routes people find are not the shortest 
possible. 

A street map can be considered a graph, in which streets are 
the edges and intersections are the vertices. In graph theory, 
the route-finding problem is known as the shortest-path prob­
lem. It is covered substantially in the literature and a number 
of shortest-path algorithms are known.2,3,4,5,6,7,8 A representa-
tive of the complexities of single-source shortest-path algo­
rithms is O(n2), where n is the number of vertices. 9 The 
average city street map has on the order of 104 intersections, 
therefore, the complexity of the algorithm that will be used for 
route finding is important. (Within Pittsburgh city limits, ap­
proximately a 60-square mile area, there are 8400 vertices and 
11300 edges. These numbers would more than double for the 
Pittsburgh metropolitan area (140 square miles). See refer­
ence 1 for some other cities.) Since shortest-path algorithms 
deal with graphs in general (i.e., graphs with no geometrical 
properties) direct application of these algorithms for route 
finding in street maps is not efficient. For more efficient solu­
tions, algorithms taking advantage of the planarity and direc­
tionality of the street map, divide and conquer methods, pre­
computed routes, heuristics, or a combination ofthese may be 
used. Another problem is that the optimum route is not nec­
essarily the one with the shortest distance. People consider 
several factors in addition to the distance: number of turns, 
size of the road, number of traffic lights, etc.lO Somehow, 
these factors must also be incorporated into the algorithm. 

Navigation along a chosen route may be a more difficult 
problem for the driver than finding the route on the map. The 
driver has to know where the vehicle is at the time and know 
which road or direction to take next. To find out which way to 
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go next, one need only look at the map. However, this may be 
a problem while driving. This problem can be helped if a 
device that can speak out the directions and show the route is 
installed in the vehicle. Knowing where the vehicle is, whether 
it is off course or not, is a more demanding problem. Besides 
looking at the map, one has to look for street names or road 
signs. This is difficult, especially at night. A navigation device 
that can point the position of the vehicle on a map display 
would solve this problem. Several navigational systems have 
been proposed to determine the position of land vehicles. The 
proposed methods include using inputs from the vehicle's 
steering system and speedometer, 11 using inertial devices (gy­
roS),12,13 or using signals broadcasted from three or more fixed 
stations (this method is more suitable for non urban areas). 14 
However, building the navigation device to pinpoint the posi­
tion of the vehicle is much different than building the rest of 
the route guidance system. This paper deals with the comput­
er systems aspect of the problem and not with a position-fixing 
navigation system. 

Using computers for route guidance is a promising idea. 
However, implementing a practical and cost-effective system 
remains a problem. Two directions can be taken toward the 
implementation of a route guidance system, centralized or 
independent. In the centralized approach, there is a central 
system where people can call and ask for directions. If the 
vehicle is equipped with a transceiver, communication with 
the central facility can be kept during travel. The central 
system can also be used to guide the vehicles depending on 
traffic conditions. 15 

The problems with this approach are the lack of real-time 
navigational help and limitations brought by the transmission 
bandwidth of the central facility-response time and avail­
ability. (A centralized route guidance system would be feasi­
ble for emergency vehicles, which can be incorporated into a 
computerized dispatching facility. 16) The other approach is to 
have a small system installed in the vehicle. This has the 
advantages of being self-contained and providing fast real­
time interaction. The on-board system can also be used to 
provide navigational aid. This paper describes a prototype 
route guidance system based on this idea that has been built 
at CMU. Several commercial devices have also been an­
nounced with different implementation approaches. 12,17 

The problems involved in implementing an on-board mapl 
route guidance system are the following. The hardware must 
be compact and insensitive to mechanical disturbance. The 
map and route data must be stored in a permanent storage 
medium that is interchangeable or writable in order to allow 
changing maps or making updates. Both visual and voice out­
puts are necessary assuming that the person is driving alone. 
The map database must be detailed and accurate enough to 
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Figure l--CARGuide 

avoid misinterpretation but should be compact to fit in a por­
table storage. An efficient route finding algorithm must be 
used to provide quick response using a microcomputer. In the 
following sections, the Computer for Automobile Route 
Guidance, CARGuide, is described and the solutions used for 
the above problems are explained. 

The next section describes the overview and operation of 
CARGuide from the user's point of view. The hardware sec­
tion explains CARGuide's hardware configuration, com­
ponents, and interesting aspects of operation. In the database 
section, the organization of the street map database is shown 
and manipulation of the database is explained. The last sec­
tion explains the route-finding method used by CARGuide. 

OVERVIEW AND OPERATION 

On the outside, CARGuide consists of four pieces of equip­
ment: a card cage containing circuit boards, a speech syn­
thesizer box with a speaker, a keyboard, and a 128 x 128 bit 
map fluorescent display (Figure 1). Being a prototype for 
research, the system has been kept modular and an effort was 
not made to compact it into a single unit. CARGuide can also 
be connected to a host, in this case a VAX, for the develop­
ment of software. At the time of this writing, the functionality 
of the system had been tested by implementing a portion of 
the Pittsburgh street map, but it has not been installed in an 
automobile. 

The operation of CARGuide is as follows. The user com­
municates with CARGuide using the keyboard, and CAR­
Guide responds using speech and display. The user inputs 
have been kept to a minimum, and inputs can be entered using 
as few key strokes as possible. CARGuide speaks messages in 
full sentences and displays them in writing at the same time, 
but with fewer words. The idea is to require as little use of the 
driver's hands and eyes as possible. From the user's point of 
view, CARGuide can be in three modes: entry mode, view 
mode, and trip mode. After start-up, CARGuide is in entry 
mode when the user enters the starting and destination loca­
tions interactively. CARGuide is in view mode any time a map 
picture is displayed. In this mode, the user can manipulate the 
picture by zooming into parts of it with the use of a cursor. 

(b) 

(c) (d) 

Figure 2-Street map display 

When the vehicle starts traveling along the route determined 
by CARGuide, it enters the trip mode. In trip mode, as inter­
sections are approached, CARGuide displays the names of 
the street being traveled on and the street to be crossed next, 
shows them on the map, and speaks which way to go at the 
intersection. 

In entry mode, CARGuide first asks for a starting location. 
The starting and destination locations are to be entered as 
intersections-using two street names to enter an intersection. 
After the first street name is entered, CARGuide repeats the 
name in speech and writing, and if it is correct, asks for the 
second street name. If the street name is spelled wrong or if 
the street does not exist in the map database, the user is 
notified by an error message and is asked to enter again. 
Entering only the name of the street is sufficient in most 
cases-i.e., without specifying whether it is an AVE., ST., 
DR., etc.-unless it is a numbered street, in which case the 
appropriate abbreviation must be used. In any case, if there is 
an ambiguity caused by more than one street having the same 
name, it can be resolved by the user entering the full name of 
the street or by entering the second street name, which almost 
always defines a unique intersection. (A few exceptions to this 
rule exist in Pittsburgh where the same streets intersect each 
other more than once. In that case, one of the intersections is 
chosen and a caution message is output to the user.) After two 
street names have been entered, if their intersection can not 
be found, the user is notified and asked to enter again. 

After an intersection has been entered, CARGuide finds 
the intersection in the map and displays the block of the street 
map containing the intersection (Figure 2( a)). The map is 
divided into square blocks. A block corresponds to an area 0.7 
mile on each side and it is displayed as a 100 x 100 dot matrix 



image. The intersection point is highlighted by flashing it on 
and off. In general, after displaying a picture, CARGuide 
enters the view mode. In view mode, if the image resolution 
is not satisfactory, the user can zoom in a part of the image, 
using a square cursor (Figure 2(c)(d». The size and position 
of the cursor can be manipulated incrementally using single 
key strokes (corresponding to Center, Up, Down, Left, 
Right, Smaller, Larger, Fullview). The magnification ratio 
can be increased with successive zoomings, and different parts 
of the image can be inspected by zooming in and out of the 
picture and by moving the cursor. 

The optimum route between the starting and the destina­
tion intersections is computed after the user indicates that he 
is finished viewing the destination picture. The computed 
route is highlighted in the map picture by flashing it period­
ically. If starting and destination intersections are in the same 
block, the route is flashed in its entirety. If they are in differ­
ent blocks, the route is displayed in portions, one block at a 
time. In either case, CARGuide enters the view mode after a 
block is displayed so that the user may inspect the route. 

CARGuide enters the trip mode when the user indicates 
that he is ready to travel. In trip mode, the route to be fol­
lowed is shown incrementally as the car travels through inter­
sections. Before the trip, CARGuide asks which view mode 
option will be used during the trip. The user has two options 
for the view mode: manual zoom or auto zoom. In the manual 
zoom mode, the block is displayed in full scale. The user may 
zoom in to a part of the picture using the adjustable cursor 
described earlier. However, since manual zooming requires 
driver time and attention, an auto zoom mode is provided that 
requires no user inputs. In this mode, a constant magnifica­
tion ratio of 4 x (over the full scale view) is used and a fixed 
section of the block through which the car is traveling is dis­
played. The block is divided into five sections, as shown in 
Figure 3. A full-scale view gives a better perspective of the 
distance traveled and requires fewer picture changes, while a 
zoomed picture gives better resolution. 
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Figure 3--Block sections for autozoom 

During the trip, CARGuide flashes the portion of the route 
between the intersection the car has just passed and the next 
two intersections it should be going through. The name of the 
street currently being traveled on is displayed at the lower left 
of the display, and the street to be crossed next is displayed at 
the lower right (Figure 2(b)). If the car should be taking the 
crossing street at the next intersection, the street's name is 
flashed. Before each intersection, CARGuide speaks which 
direction to go-straight, left, or right-and the name of the 
street to take. Currently, CARGuide does not have the ability 
to actually track the motion of the vehicle. (The position of 
the vehicle can be pinpointed in the map and flashed continu­
ously as a moving point in the display, assuming accurate 
inputs of the vehicle's speed and direction exist. However, 
implementing the navigational device to provide those inputs 
was beyond the scope of this project.) It is assumed that the 
driver never gets off course. In the current scheme, the driver 
has to hit a key after passing each intersection so as to invoke 
CARGuide for information about the next portion of the 
route. 

HARDWARE 

Figure 4 shows a block diagram of CARGuide's hardware 
organization. The hardware consists of six boards-680001 
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Figure 4-CARGuide hardware organization 
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Multibus Interface, RAM, Bubble Memory, Bubble Memory 
Interface, Display Interface, Display (the display device is 
also mounted on a PC board), Speech Synthesizer with a 
speaker, and a keyboard. The heart of the system is a 68000 
Multibus Interface Board built at CMU. The board contains 
a Motorola 68000 microprocessor and interfaces it to the Intel 
Multibus. The board also houses 8 Kbytes of ROM and 4 
Kbytes of RAM and has two independent serial 110 lines. A 
resident monitor program is stored in ROM, which starts 
executing after a power up. It initializes the system and en­
ables communications with the outside. The resident monitor 
provides functions to download programs and data from a 
host, which were used during software development, and to 
run programs. CARGuide software requires less than 50 
Kbytes of RAM to execute; therefore, a 64 Kbyte RAM is 
sufficient. However, a 500 Kbyte RAM board was used as the 
main memory because of its availability. 

Bubble Memory Board contains four 1 Mbit bubble memo­
ries by Hitachi (a total of 500 Kbytes), and a bubble memory 
controller. Bubble memories \\1ere chosen for secondary stor­
age for the following reasons. They provide a writable mass 
storage that allows changing map databases or making up­
dates. The bubble memory chips being used on the board are 
stationary; however, plug-in type cassettes are also available. 
Compared with other magnetic storage devices-tape cas­
settes or floppies-bubble memories are more suitable for use 
in an automobile because of their nonvolatility, compactness, 
and nonmechanical operation. The average access time is 15 
msec and transfer rate is 100 Kbits/second. Bubble Memory 
Interface Board, which was designed and built at CMU, inter­
faces the bubble memory controller to Multibus. It contains a 
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DMA Controller and other control logic for bubble memory 
110. The 110 can be done in DMA mode or Processor 110 
(PIO) mode, which uses a busy-wait scheme. DMA mode is 
used for transferring entire files and saves processor time 
especially when the processor is busy generating map pictures. 
PIO mode is used when bubble memory is accessed in a 
RAM-like fashion where only a single page of a file is accessed 
as in a directory or table look up. Since bubble memories 
provide fast access and small page size (32 Bytes/page), this 
kind of operation is feasible and helps to save RAM space by 
not having to keep the entire file in RAM for quick access. 

The Display Board houses a 128 x 128 dot matrix fluo­
rescent display device (by Noritake), and driver circuitry, and 
was designed at CMU. The Display Interface Board, also 
designed at CMU, contains four 16 Kbit static RAM display 
buffers, control logic, and the interface to Multibus. Figure 5 
shows a simple logic diagram of display control. In general, 
the processor generates 128 x 128 bit map images (16 Kbitsl 
image) and writes them into one of the display buffers. At one 
time, the Display Interface can store two pictures, shown as 
PICTURE A and PICTURE B in Figure 5. A picture consists 
of two images-a solid image and a flash image-as will be 
explained later. Although only one picture is displayed at a 
time, the reason for storing two pictures is the following. It 
takes 15 msec to display an image already stored in a display 
buffer, whereas it takes a few seconds, depending on the 
number of splines in the image, to generate it. Hence, in 
changing pictures, the new picture is written into the unused 
buffer ,while the other buffer is being displayed. When the 

, generation of the new picture is finished, the buffer select 
signal is switched and the change is sudden. Also, a full-scale 

Select A 

MUX DISPLAY 

Select B 

Figure 5-Display control 



picture of a block is kept in one buffer while the other is used 
for a zoomed part during a zooming process. Since the full­
scale picture has to be restored frequently to zoom into differ­
ent parts of it, time is saved by not having to regenerate it 
every time. 

The flashing effect is realized by using two images per pic­
ture, and by periodically taking the exclusive OR of the flash 
image and the solid image buffers. The flashing period is 1 
second, 0.5 second each for on and off. The approach consid­
ered first was to store the image in two buffers, where one 
image would be complete and the parts to be flashed would be 
missing in the other. The flashing could be achieved by peri­
odically switching between the two buffers. However, since 
the parts to be flashed are much smaller than the parts that 
stay solid, it would save processor time if only the parts to be 
flashed are written into the flash image buffer instead of the 
parts that stay solid. In this case, flashing is achieved by taking 
the exclusive OR of the two buffers periodically. 

For speech generation, a TSI PROSE 2000 speech synthe­
sizer is used, which converts text to speech algorithmicly. The 
Speech Synthesizer Board is mounted in a box together with 
a speaker that is separate from the rest of the system. For 
connection, one of the serial lines from 68000 is used. The 
same serial line is also connected to the keyboard; however, 
this does not constitute a problem since they do not operate 
in parallel. (The speech board can also be activated and deac­
tivated by using control characters.) The other serial line is 
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used for connection to a host for downloading data to change 
or update the database when needed. In an actual 
implementation the host can be a remote databank. The same 
serial line can also be used for receiving inputs from a naviga­
tion device when installed in a car. 

STREET MAP DATABASE 

Organization 

The street map is divided into square blocks, each corre­
sponding to one grid in Figure 6, covering a 0.5 square mile 
area. The block organization is reflected in the majority of the 
database. The street map database contains three types of 
information: identification information relating street names 
to intersections, graph and route information about connec­
tions between the intersections, and pictorial information for 
picture generation. Figure 7 shows a sequence of block dia­
grams representing the manipulation of the database and the 
use of each information type. Steps 1 and 2 represent the 
identification operations; where an intersection (given street 
names) or street names (given an intersection) are deter­
mined. Steps 3, 4, and 5 represent the operations on pictorial 
data. Given a block, step 3 determines the list of splines 
constituting the block picture. Step 4 is the incremental pic­
ture generation step, where a spline expression is converted to 

Figure 6-Portion of Pittsburgh street map 
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Figure 7-Database manipulation 

a segment of the bit map picture~epending on the current 
view boundaries and magnification of the picture, which vary 
during zooming. Step 5 is used to flash an intersection point 
in the picture. Step 6 represents the route-finding process 
where graph and route information is used. Given two inter­
sections, an optimum route is found and a list of blocks con­
taining the route, a sequence of intersections to be visited in 
each block, and a list of splines representing the street seg­
ments forming the route are determined. 

Identification Information 

Street names are organized as an n -ary tree, called the 
name tree, where n is equal to five. Each node of the tree is 
stored in one page of the bubble memory. During a search of 
the tree, bubble memory is accessed in a RAM-like mode, one 
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Figure 8--Street intersection data 

node (page) per access. Therefore, larger n means fewer ac­
cesses and a shorter search time since access time is the dom­
inating factor. Each node of the tree contains four street 
names. A street name consists of 10 characters for the name 
and an encoded type affix for ST., AVE., RD., HWY., etc. 
Although 8 characters are enough to identify a street name, 10 
characters were used in order to fully generate the names for 
speech. Four street names are packed into a 32 byte page 
using the following scheme. The alphabet is restricted to cap­
italletters and numerals; hence, a 6 bit ASCII code is used for 
each character. For each name, 4 bits are used to encode the 
type affix, requiring a total of 8 bytes per street name. There 
is a mapping between the nodes of the tree and the corre­
sponding page addresses of the bubble memory, which min­
imizes the average access time to a node during a search. 3000 
names can be searched in 5 accesses (logs3000) in 20 msec. 

Figure 8 shows the portion of the database containing the 
information about intersections. Each street is given a number 
(street#) corresponding to the index of the street name in the 
alphabetical ordering. Given the level, node, and box a street 
name occupies in the name tree, the street# can be computed 
directly if the total number of streets in the name tree is 
known. Similarly, given a street#, the location of the street 
name in the name tree is directly computed. Two street#s 
define a unique intersection. Given two street#s, Sl and Sz, Sl 
is used to index a pointer array called the street-intersection 
directory. The pointer points to the beginning of the list of 
intersections on Sl which are stored in the street-intersection 
table (the end of the list is determined by the next pointer). A 
search over the list for S2 determines the intersection of Sl and 
S2' An intersection is represented by a block# and an 
intersection# within that block. The block# specifies the geo­
metrical block containing the intersection. At the block 
boundaries, virtuai intersections are defined with imaginary 
streets called BTOP, BBOTTOM, BLEFT, and BRIGHT. 
Also, in order to include dead-end streets, an imaginary street 
DEADEND was defined whose intersection with a dead-end 
street gives the street's end point. Going from intersections to 
street names uses the following path. A block directory is used 
to point to a portion of the intersection-street directory corre­
sponding to a block (Figure 8). Given an intersection# Ix, Ix 
is used as an index to get the street#, Sl, for one of the streets 
forming Ix. The street# for the other street, S2, is obtained by 
consulting the street-intersection directory for Sl and searching 
for Ix in the street-intersection table to get S2. Then Sl and Sz 
are used to compute the location of the corresponding street 
names in the name tree. 

The average street map block contains about 80 real inter­
sections and 30 imaginary ones. In the implemented portion 
of the map, central Pittsburgh, the average number of inter­
sectionslblock is 145. There are approximately 60 street 
names per block, and 2.5 intersections per street. The 
identification data-street name tree and street-intersection 
data-require a total of 2.2 Kbytes per block on the average. 

Graph and Route Information 

The information on the connectivity of the intersections in 
a block is stored using the data structure shown in Figure 9. A 
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Figure 9-Intersection adjacency data 

block directory is used to identify the portion of data be­
longing to each block. Given an intersection# ~, ~ is used to 
index an adjacency directory that points to the beginning of 
the list of intersections adjacent to Is. The list is a part of the 
adjacency table that also stores information about the con­
necting edges from Is to the adjacent intersections. The term 
edge is used to indicate the graph nature of the street map. A 
street segment connecting two intersections may have differ­
ent weights for each direction (as in one-way streets). There­
fore, edge implies a directed street segment. For each inter­
section in the list, direction indicates whether the adjacent 
intersection lies to the north, south, etc. of Is. Eight directions 
can be encoded, including intermediate ones. Each edge is 
given a weight which is a measure of the time to travel that edge. 
The weighting scheme is the foundation of the optimum 
route-finding operation. Currently, the weights are deter­
mined by dividing the physical distance of the road segment by 
the maximum allowable speed in that road, and normalizing 
to a 12-bit integer. A more accurate measure would be to use 
the average speed instead of the allowable speed, but such 
figures were not available. A spline # is assigned to each edge, 
which is used to access spline data in the pictorial database to 
construct the shape of the edge. In general, two edges based 
on the same street segment have the same spline#. A spline# 
consists of a one-bit type tag that indicates whether the seg­
ment has linear or nonlinear shape, and an index to a segment 
table in the pictorial database. There are 350 edgeslblock (2.4 
edges/intersection), and the adjacency data require a total of 
1. 7 Kbytes/block on the average. 

Connectivity among blocks is represented using two types 
of information: a list of intersections connecting the graphs of 
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Figure 10-Adjacent block boundaries 

two adjacent blocks, and a sequence of blocks connecting two 
nonadjacent blocks. Between two adjacent blocks, virtual in­
tersections at the shared boundary constitute the list of inter­
sections connecting the two blocks. Since those intersections 
may have different intersection#s in each block, correspon­
dence between intersection#s at the two sides of the boundary 
must be established. Using the numbering scheme shown in 
Figure 10, the correspondence can be established by storing 
minimal information. Within each block, intersections at a 
boundary are numbered sequentially and a convention is used 
to increase the numbers along a boundary in the same direc­
tion for all blocks (left to right and bottom to top in Figure 
10). The correspondence on intersection numbers between 
two adjacent blocks (Block 1 and 2 in the figure) is established 
by storing the range of intersection numbers at the shared 
boundary in one block (4-6 in Block 1), and an offset from 
one block to the other ( + 2 from Block 1 to Block 2). 

Between nonadjacent blocks, connectivity can be deter­
mined based on the connectivities between adjacent blocks. 
However, to avoid a long search in route-finding operations, 
block sequences based on predetermined routes are used to 
connect nonadjacent blocks. The block sequence represents 
the blocks to be traveled through, going from one block to the 
other. Figure 11 shows the data structures used to store that 
information. Given source and destination blocks Bs and Bd, 
the pointer matrix called the Interblock Route Directory is 
used to point to a list of blocks connecting Bs to Bd. For each 
block in the list, an entry and an exit point are stored, which 
are virtual intersections on the block boundary and are used 
to determine the actual route in the block. Since interblock 
routes mostly correspond to major routes in the map, usually 
more than one Bs-Bd pair share the same route. Thus, those 
block pairs point to different parts of the same interblock 
route in the Interblock Route Table. For a 100-block area, the 
interblock route data would require 1.8 Kbyteslblock. 
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Figure 12-Picture database: (a) linear segments; (b) nonlinear segments 

Pictorial Information 

The pictorial data were obtained digitizing a regular street 
map and using an image-processing system to extract the line 
data representing the streets. Since the picture consists of only 
lineal features, the data was organized in vector format rather 
than in raster format. If the purpose were only to generate a 
street map picture on the display, 100 x 100 bit map represen­
tation for each block would be more efficient. It would require 
10Kbitslblock (somewhat wasteful of storage since the aver­
~ge hlock picture consists of 1200 bits) and no computation, 
compared with 7.4 Kbits/block and 1.8 seclblock computation 
time of the current vector scheme. However, it was necessary 
to associate each street segment with a geometric entity in 
order to flash selected routes against a solid picture. Further­
more, vector representation is more convenient for the zoom­
ing process. Figure 12 shows the structure of the picture data­
base. The database is based on the geometric entity called 
segment, which represents the shape of a street segment con­
necting two intersections. The database consists of two parts: 
a linear segment part (Figure 12(a)), and a nonlinear segment 
part (Figure 12(b)). A tag bit in the spline# is used to deter­
mine which part to access. 

The linear segments represent street segments that have 
either a straight line shape or can be closely approximated by 
one, 85% of the segments fall into this category. Using coordi­
nates in the range 0-100, a linear segment is constructed using 
the straightforward algorithm 

for x = start to start + delta{ 
y=Ax+B; 
display (x,y); 
x = x + 1; 

where x and yare interchangeable. The entry XIY in the linear 
segme?t table indicates whether x or y is the independent 

variable. To construct the line smoothly, without any missing 
dots, A has to be smaller than or equal to one. Thus, in 
constructing the database, the independent coordinate in the 
line equation is chosen depending on the slope of the line 
segment. Since, on the average, two to three linear segments 
are part of the same street, they use the same coefficients. 
Hence, some storage is saved by having a separate coefficient 
table which the segments point to. 

Nonlinear segments constitute approximately 15% of the 
segments and were initially planned to be represented by 
cubic splines. However, an initial testing was done to compare 
the effectiveness of cubic splines with piecewise linear approx­
imation. It was discovered that the extra effort used in fitting 
the cubic splines and the computation overhead in construc­
tion did not bring an appreciable improvement in the final 
picture over a piecewise linear approximation. If the picture 
size were greater than 100 x 100, the result would probably 
have been different. Figure 12(b) shows the data structure 
used for representing nonlinear segments. On the average, 2.2 
iine segments were used to construct a nonlinear segment. 

ROUTE FINDING 

For route finding, a divide and conquer method (dividing the 
map into blocks), precomputed routes (interblock routes), 
and a shortest-path algorithm (Dijkstra's algorithm6) are 
used. Directly using a general shortest-path algorithm is not 
efficient for street maps. Since street maps have Euclidian 
properties, short streets between distant intersections do not 
exist. Therefore, it is reasonable to partition the graph into 
local sub graphs , using a divide and conquer method. It is 
assumed that sub graphs do not overlap but that two subgraphs 
are connected along a boundary. If two vertices belong to the 
same subgraph, it is assumed that the shortest path between 
the two vertices is contained within the subgraph. The block 
partitioning of the street map is based on this divide and 
conquer idea. For now, it can be assumed that each block 
consists of one connected subgraph; exceptions will be 
explained later. The term "shortest route" must be inter­
preted as the route with shortest estimated driving time. With­
in a block, the shortest route is determined using the shortest­
path algorithm. From one block to an adjacent block, the 
shortest-path algorithm is used successively for each block 
with connections across the boundary. From one block to a 
nonadjacent block, the problem is more difficult. One method 
could start with the source block and carry a directed search 
through adjacent blocks toward the destination block, using 
the directionality in the street map. Another method might be 
to store predetermined routes from each block to all other 
blocks. The second method requires much less computation 
than does the first one. However, if the predetermined routes 
are stored as sequences of intersections, much storage will be 
needed. A compromise was made by storing only the se­
quence of blocks containing the route and storing an entry and 
an exit point on the boundaries for each block in the sequence 
(see Figure 13). The route between the entry and exit points 
within each block is computed using the shortest-path algo­
rithm. If there are b blocks in the map, b 2 routes need to be 



Figure 13-An interblock route 

stored. By using pointers to eliminate duplicate storage of 
shared routes, for 100 blocks approximately 200 Kbytes is 
required in secondary storage. 

Given source and destination intersections Is and Id, three 
different schemes may be used to determine the optimum 
route from Is to Id depending on the relationship of blocks 
containing Is and Id. If Is and Id are in the same block, the 
route is determined using Dijkstra's algorithm. Starting with 
Is, the set of intersections closest to Is is expanded until Id is 
included in the set. In general, the algorithm requires 0 (n 2) 
computations where n is the number of intersecti\>ns. One 
block has 145 intersections on the average, but usUally the 
destination is reached in less than 10K computations. To de­
termine a realistic optimum route, the edges between 
intersections are given weights that correspond to the time to 
travel that edge rather than to the edge's physical length. To 
include some of the human factors in determining an optimum 
route, right turns are given a one-point (equivalent to one 
minute) penalty, while left turns are given a two-point penal­
ty. Also, each intersection crossed along the route adds a 
half-point penalty. The weights estimating the travel time and 
the penalties can be made more realistic in an actual 
implementation if statistical data are available. 

If Is and Id are in adjacent blocks, the route calculation is 
carried as follows. Figure 14 shows eight blocks that are con­
sidered to be adjacent to Block 0, Blocks 1-4 are strictly 
adjacent, and Blocks 5-8 are semiadjacent. If Is is in Block 0 
and Id is in Block 3, first, shortest routes from Is to inter­
sections 1 and 2 on the Block 0-3 boundary are calculated 

5 1 6 

4 0 2 
1 2 

7 8 

8 3 7 

Figure I4-Routes to adjacent blocks 
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using Dijkstra's algorithm. Using the total travel times to 1 
and 2 as base values for the equivalent intersections 7 and 8 in 
Block 3, Dijkstra's algorithm is repeated for Block 3 until Id 
is reached. If Id is in Block 8, one route is found by going from 
Block 0 to Block 3 to Block 8, another route is found by going 
from Block 0 to Block 4 to Block 8. Comparison of the two 
routes determines the shorter one. Using this scheme, the 
route to a strictly adjacent block (Block 3) is determined in 2N 
computations, where N is the number of computations to 
execute Dijkstra's algorithm in one block. The shortest route 
to a semiadjacent block (Block 8) is determined in 4N 
computations. If the same graph area were not divided into 9 
blocks, the calculations would take 92 N computations since N 
is O(n 2

). 

If Is and Id are in distant blocks, the route is found using the 
scheme of carrying the optimum route calculation from one 
block to a strictly adjacent block (Figure 13) along a prede­
termined block sequence, as explained earlier in the section. 
If the route passes through m blocks, mN computations are 
required. 

So far, it has been assumed that each block consisted of one 
connected sub graph and thus that every intersection can be 
reached from another intersection within the block. However, 
in a strictly square grid partitioning of the map, a block may 
have intersections that are disjoint from the rest of the inter­
sections in the block. Usually those intersections are near the 
boundaries, on extensions of streets from a neighboring block 
(fortunately, such intersections account for less than 5% of 
the intersections). Another case is when the block is phys­
ically divided into two sections with no connections in be­
tween (as a block with a river passing through). If Is and Id are 
in the same block; but after executing Dijkstra's algorithm, it 
is found that Id cannot be reached, then Is and Id are not 
connected within the block (Figure 15). In that case, connec­
tions from Is and Id to the block boundaries are determined (to 
boundaries 1, 2, 3, 4 from Is, and to boundaries 3 and 4 from 
Id in Figure 15). Identifying a block boundary that can be 
reached from both Is and Id (boundaries 3 and 4), the route­
finding algorithm is carried to the block adjacent to that 
boundary. If there is more than one boundary that can be 
reached from Is and Id, the one with the shortest total travel 
time to Is and Id is given priority (boundary 4). 

The divide and conquer method and using predetermined 
routes bring considerable improvement in performance over a 
direct application of a shortest-path algorithm in route find-

1 

4 2 

3 
Figure IS-Disjoint intersection in a block 
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ing. By partitioning the map into blocks, the route-finding 
problem is restricted to local subgraphs around the source, the 
destination, and along the predetermined routes. However, 
the storage required for the predetermined routes increases 
squarely with the number of blocks. For a large number of 
blocks, a higher-level partitioning of the map can be made 
where blocks are grouped into regions. A hierarchical par­
titioning of the street map seems a viable approach for route 
finding in street maps. 

CONCLUSION 

The basic objective for this project was to demonstrate the 
feasibility of building a sophisticated on-board route guidance 
system using current technology. There were two other mo­
tivations for this work. In building customized systems, it is 
conceivable that all levels of the system be well integrated and 
tailored for the application. Hence, one motivation was to 
build a complete system for a specific application to evaluate 
the idea. Designing CARGuide invoived an integrated effort 
at all levels of the system-from secondary storage up to the 
user interface-with the purpose of building an on-board 
route guidance system. It was observed that CARGuide is 
especially efficient because the hardware and software were 
designed hand in hand. The other motivation was to test the 
feasibility of actually building customized systems in a re­
search environment so as to assess capabilities for building 
larger systems. It took less than a year to design and imple­
ment CARGuide. The CAD tools, and software and hard­
ware development facilities at CMU were instrumental in 
realization of the project. 

As a route guidance system, CARGuide demonstrates that 
an on-board computer for route guidance is realizable using 
current technology. An on-board computer is a practical alter­
native to centralized route guidance because an on-board sys­
tem is self contained and not affected by transmission limita­
tions. CARGuide provides sufficient functionality and ease of 
use to be an effective system. Two major components of 
CARGuide-the secondary storage and the display device­
determine the capacity and sophistication of the system. More 
than 1 Mbyte of secondary storage is needed to implement the 
entire Pittsburgh street map. Bubble memories are a good 
candidate for secondary storage because they provide high­
density, nonvolatile, and compact storage. The current 500 
Kbyte capacity of CARGuide can be upgraded to 2 Mbyte by 
using 4 Mbit bubble memory chips. Extra secondary storage 
can be used to enhance the functionality of the system by 
storing an information database such as on points of interest 
in the city. The quality of the display device determines the 
type of map pictures that can be constructed. A dot matrix 
display is suitable for route guidance purposes. A portable 

CRT is needed to construct detailed map pictures similar to 
regular maps. 

ACKNOWLEDGMENT 

We would like to thank Chang Hsin Chang for his major 
contribution to this project in preparing the pictorial data for 
the Pittsburgh street map. We also would like to thank Andy 
Gruss of CS Engineering Lab, and CMU Speech Group for 
providing us hardware support, and Dave McKeown for the 
use of CMU image-processing facilities. This research was 
supported in part by Defense Advanced Research Projects 
Agency (DOD), ARPA Order No. 3597, monitored by the 
Air Force Avionics Laboratory under Contract F33615-
81-K-1539. 

REFERENCES 

1. Elliott, R. J. and Lesk M. E. "Route Finding in Street Maps by Computers 
and People." Proc. MAl, 1(1982), pp. 258-26l. 

2. Pierce, A. R. "Bibliography on Algorithms for Shortest Path, Shortest 
Spanning Tree, and Related Circuit Routing Problems." Networks (6). 
1975. 

3. Floyd, R. W. "Algorithm 97: Shortest Path," Commun. ACM (5),1962, p. 
345. 

4. Dial, R. B. "Algorithm 360: Shortest-Path Forest With Topological Order­
ing," Commun. ACM (12), 1969, pp. 632-633. 

5. Pape, U. "Implementation and Efficiency of Moore Algorithms for the 
Shortest-Path Problem." Math. Progr. (7), 1974, pp. 212-222. 

6. Dijkstra, E. W. "Note on Two Problems in Connection With Graphs." 
Numer. Math, 1(1959), pp. 269-271. 

7. Caldwell, T. "On Finding Minimum Routes in a Network with Turn Penal­
ties." Commun. ACM (4),1961, pp. 107-108. 

8. Tarjan, R. E. "Fast Algorithms for Solving Path Problems." J. Assoc. 
Compo Mach. (28), 1981, pp. 594-614. 

9. Aho, A. V., Hopcroft, E. J., and Ullman J. D. The Design and Analysis 
oj Compucer Aigorichms. Addison-wesiey, i974. 

10. Vaziri, M., and Lam, T. N. "Perceived Factors Affecting Driver Route 
Decisions." J. Transp. Eng., 109, (1983), pp. 297-311. 

11. Tsumura, T., Fujiwara, N., Shirakawa, T., and Hashimoto. M. "Automatic 
Vehicle Guidance-Commanded Map Routing." Proc. IEEE Vehicular 
Technology Conf., IEEE, 1982., pp. 49-54. 

12. Tagami, K., Takahashi, K., and Takahashi, F. "Electronic "Gyro-Cator" 
New Inertial Navigation System for Us~;n Automobiles." Proc. Int. Symp. 
on Automotive Technology and Automation (Vol. 2), ISATA, 1982, pp. 
145-161. 

13. Feng, P. D., and Hung, J. C. "Gyrocompassing on a Moving Land Vehi­
cle." Proc. 15th Southeastern Symp. on System Theory. Reading, Mass.: 
Addison-Wesley, 1983, pp. 254-257. 

14. Carter, D. A. "Using Loran-C for Automatic Vehicle Monitoring" Naviga­
tion (29), 1982, pp.43-46. 

15. Nakamura, 0., Tsuzawa, M. and Hiraoka, S. "On Automobile Traffic 
Information and Control System." lEE Int. Conf. Road Traffic Signaling. 
lEE, 1982, pp. 165-167. 

16. "Mobile Graphics-State of the Art in Phoenix," Mobile Radio Tech­
nology, No.1, Jan. 1983, pp. 18-22. 

17. Goodman, D. "Automotive Navigation Systems." Radio-Electronics, No. 
54, July 1983, pp. 43-46. 



Telecommunications and business strategy: 
Basic variables for design 

by ERIC K. CLEMONS 
University of Pennsylvania 
Philadelphia, Pennsylvania 

and 
PETER G. W. KEEN 

Nolan, Norton & Company 
Lexington, Massachusetts 

and 
STEVEN O. KIMBROUGH 
University of Pennsylvania 
Philadelphia, Pennsylvania 

ABSTRACT 

The problems of telecommunications planning and management are rapidly be­
coming more complex and more pressing: Significant advances in technology have 
greatly increased the capabilities of communications networks, costs are declining, 
and simultaneously deregulation and the AT&T divestiture have introduced a con­
fusing array of new options. And yet the strategic opportunities for application of 
telecommunications-the opportunities to use telecommunications and information 
systems to alter in some fundamental way a firm, its position in its marketplace, or 
its relationships with customers and competitors-have never been greater. 

This paper presents a preliminary framework for TC systems planning. It is not 
concerned with detailed network design, either local or long-haul. Rather, it 
progresses from determinati()n of the network's purpose and essential functionality, 
through general policy, financial considerations, and analysis of uncontrollable 
factors, to conclude with determination of design targets that must then be met by 
the detailed network design. 

This paper was written while Steven O. Kimbrough was at the Massachusetts Institute of Technology, Cambridge, 
Massachusetts. 

707 





INTRODUCTION 

It is commonly accepted that communications systems have 
strategic importance. 1,2 This is not only true for a large num­
ber of firms (and other organizations), but it is particularly 
significant for firms representing a large percentage of the 
world's economic activity. Knowledge, at more than a super­
ficiallevel, of how and why communications are strategically 
important is only beginning to emerge. There is some litera­
ture and there is some oral tradition. 3

-
5 What we call the 

strategic network design problem-understanding how strate­
gic opportunities, presented or augmented by communica­
tions technology, can be recognized and translated into tactics 
and operations-lies almost entirely within the oral tradition 
and is not well developed. The purpose of this paper is to 
contribute to, if not initiate, the literature on the problem of 
strategic network design (SND). This problem covers both 
design of new networks and design of changes to existing 
networks. 

Our approach to the SND problem is to begin with a frame­
work. The framework-which is the main subject of dis­
cussion in this paper-is essentially a structured list of what 
needs to be considered in solving (or merely handling intel­
ligently) the strategic network design problem. Our aim in 
developing the framework has been to be complete, clear, and 
concise. Moreover, we hope the various elements in the list 
are "conceptually orthogonal," that is, pretty much entirely 
distinct. 

The name of our framework is the Communications Net­
work Design Template (or merely "the template"). Implicit in 
the template are two assumptions. The first is that a top-down 
and decomposition approach is appropriate and will prove 
useful. For problems as difficult and complex as the SND 
problem, we can hardly imagine a plausible alternative to this 
assumption. The second assumption is that the common tri­
partite framework (distinguishing strategic, tactical, and oper­
ational decisions in the firm) is roughly applicable in the 
present case. Table I illustrates how we interpret the frame­
work in terms of the strategic network design problem. 

TABLE I-Framework in terms of strategic network design 

Level of Decision 
Making 

Strategic 

Tactical 

Operational or 
Implementation 

Example Problems for Design of 
Communications Networks 

Where and how can we use communications for 
business advantage: 

What should our network do? How much should 
we invest in it? 

How reliable should a given network service 
be? 
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Our aim is to provide a method that can be used linking the 
strategic business objectives of the firm with the choices 
among options presented by communications technology. The 
framework is, in part, a communication device, meant to 
serve various parts of an organization (e.g., strategic plan­
ning, telecommunications, data processing, user groups, etc.) 
involved in the SND problem. Also, we intend the framework 
to facilitate and clarify the many tradeoffs that are made, 
explicitly or implicitly, when firms handle the strategic net­
work design problem. 

Work on the Communications Network Design Template is 
hardly complete. While we believe from direct and indirect 
experience that the framework has significant face validity, we 
assume that considerable effort needs to be made in validating 
(and amending) the template. In addition, there is enormous 
room for extending the framework and for investigating the 
nature of interactions among the elements in the template. 
Our hope is that the response to this paper will further this 
work of validating and extending the template. 

THE FRAMEWORK: A COMMUNICATIONS 
NETWORK DESIGN TEMPLATE 

Our SND framework is a tree, expressing decomposition as it 
branches downward. At the most general level, the frame­
work is a list of strategic communications factors, which we 
divide into five kinds: application opportunities, general pol­
icy, uncontrollable factors, pricing and costing, and network 
design variables (NDVs). Figure 1 displays the beginning of 
the template. 

Each of the Level 1 factors can be broken down and ana­
lyzed. This decomposition is the subject of the next five sec­
tions of this paper. In this section we confine ourselves mainly 
to discussion of Levell. 

We mean Level 1 to be read left to right. Our suggestion is 
that in dealing with the strategic network design problem, one 
begins by taking a look at application opportunities. If these 
seem favorable, one then develops some general policies for 
the system, examines uncontrollable factors, and so on. Of 
course, we intend this as only an approximation to a good 

Level 0 

[ 

Strategic Communications 
Factors 

Levell application general uncontrollable pricing network 
opportunities policy factors and design 

costing variables 

Figure l-SND template 
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procedure. Even if one proceeds left to right, there will in­
evitably be much thinking ahead, thinking behind, and 
integrating. 

By "application opportunities" we mean that the first step, 
in the process of dealing with the strategic network design 
problem, is to take a good, high-level look at what an invest­
ment in communications might do for the firm. Even beyond 
that, initially ignoring the costs of this investment, we seek to 
determine where enhanced communication capability would 
be of significant benefit. 

General policies, the second Level 1 entry in Figure 1, are 
general, high-level rules that serve to determine what will and 
will not be considered when designing a network or a network 
improvement. The purpose of general policies is to delimit the 
decision space for the strategic network design problem by 
ignoring alternatives that the organization will not accept for 
other than straightforward telecommunications (TC) reasons, 
and thereby to save time and money when attempting to solve 
the TC design problem. By their nature, general policies are 
basic assumptions that can be made early on and probably will 
not have to be challenged later. Risk is an example of an area 
in which it may be advisable to make general policy. There are 
different sorts of risks associated with network design and 
operation. We believe that general guidelines on acceptable 
levels of risk, informed by an awareness of the application 
opportunities, will usually be valuable to those making tech­
nical design decisions relating to the handling of errors and 
system failures, for example. 

Uncontrollable factors are things that may affect the value 
of a proposed network improvement, or that may limit the 
options and opportunities available to the TC designer, with­
out at the same time being under the control of the decision 
maker or firm in question. For example, statutes and govern­
ment feg-ulatioiis arc (u.sually, at least "y"C,,rithin the time hcrizc!1 
of the network design effort) beyond the control of the firm. 
On the other hand, reliability is not an uncontrollable factor 
because it is possible to make design decisions that influence 
reliability. 

"Pricing and costing" refers to the financial aspects of a 
proposed network improvement. Although the cost of net­
work components is largely determined outside the firm and 
cannot be controlled, the level of investment can be controlled 
and it can be traded off against other aspects of a network, 
such as performance. Thus, network costs are major design 
variables. Pricing refers to the various methods and schemes 
for recovering the cost of a network, and must be addressed 
both within and outside of the firm. 

Network design variables are those factors that acutally 
determine the design and the functionality of a network. Of 
course, they also carry or influence the value and the cost of 
a network largely under the control of the firm when it designs 
and implements the network. Reliability, mentioned above, is 
a network design variable, as are performance, flexibility, and 
other factors. Our basic idea for handling the strategic net­
work design problem is to trade off network design variables 
and pricing and costing options among each other, but to do 
so in light of clearly understood application opportunities and 
constraints imposed by uncontrollable factors. General poli­
cies are heuristics for making the problem a bit easier. 

We shall now discuss each of these Levell factors in greater 
detail. 

APPLICATION OPPORTUNITIES 

Identifying application opportunities-identifying those areas 
where developing or enhancing communication capabilities 
can fundamentally change the nature of a business or a firm's 
competitive position-is certainly the most difficult part of 
communications systems design. Likewise, it is certainly the 
most important. Before building a network, or before having 
the technical design people begin work on a network, it is 
necessary to determine its purpose. What precisely do we 
want to do with it? Purpose and use imply functionality, which 
then provides an essential starting point for detailed design. 
But this does not convey the essentially ad hoc nature of 
sensing a business opportunity and the communications strat­
egy needed for it to succeed. On occasion, sensing the oppor­
tunity, through insight, vision, or chance, offers a brilliant 
corporate strategy. While it is not accurate to say that every­
thing that follows is merely engineering, it is fair to say that if 
technology or engineering are to produce enormous strategic 
influence, they must be applied in support of significant cor­
porate goals. 

Unfortunately, we don't really know how to characterize 
the process of identifying these rewarding areas that represent 
opportunities for application of telecommunications. This is 
not surprising. It will never be possible to provide simple 
guidelines or a checklist for providing brilliant strategic in­
sights about this or any other area. Moreover, we don't know 
how to characterize the vision, creativity, and foresight to see 
an opportunity and then design the organizational, communi­
cations, and software systems to exploit it. 

We have, however, examined a number of communications­
based business innovations and can, therefore, begin to char­
acterize innovations that were creative, well-matched to sig­
nificant opportunities, and very successful. We draw on work 
by Peter G. W. Keen on network "exemplars." We study 
these examplars as surrogates for studying principles and 
guidelines for finding opportunities; thus, we seek to improve 
our foresight by improving our hindsight. 

Beginning a Classification: Strategic Applications of 
Communications 

The following classification is based on our analyses of suc­
cessful strategic application of telecommunications. This clas­
sification is preliminary and incomplete, but we believe that 
even in its current form it is useful. We classify, as follows, 

1. By function, to trade bandwidth for some other scarce or 
more expensive resource. 

2. By desired result, adding value, creating a product or 
service, decreasing or transferring costs. 

3. By innovation, to create a connection, add another con­
nection, or extend a connection. 



Strategic applications, by function 

This, in essence, involves trading bandwidth for another 
scarce or more expensive resource. Moving corporate data 
processing out of Midtown Manhattan is an example of trad­
ing bandwidth for rent. Sending briefings to sales force via 
videotext, or using full video teleconferencing in place of 
monthly meetings are examples of moving bits in place of 
people, or trading bandwidth for travel. And gaining tighter 
control over a manufacturing process, reducing extra machine 
stations and work in process inventory, can be viewed as trad­
ing bandwidth for slack. 

Strategic applications, by result 

The previous paragraph dealt with the function of the tele­
communications project-what direct, observable process 
was being supported or replaced by moving bits. Here we treat 
intent-why we are moving bits-and what result we hope to 
achieve. We suggest the following three-way classification: 
cost-avoidance; value-added, internal; and value-added, 
external. 

Cost avoidance occurs whenever telecommunications offers 
a less expensive way of running the business in much the same 
way as at present, such as the previous example of trading 
bandwidth for rent. Internal value-added applications gen­
erally involve running the business better, but usually are not 
directly visible to clients and customers. An example of this 
might be using videotext to keep a field sales force in close 
contact with the head office. 

It is the external value-added applications-the applications 
directly visible to clients and customers-that offer most of 
the opportunities for new products, new services, improved 
market position, and generally strategic potential. Airlines 
have long recognized that an airline seat on a particular flight 
is a perishable good, in the sense that it has no value if it is not 
sold at takeoff. Tour operators in the U.S. and the U.K. are 
just recently coming to realize that the same is true of a 
vacation, and that a customer who cannot get through the 
phone queue, or is placed too long on hold, will turn to 
another tour operator; at least one major operator is using 
videotext to permit the customer to book directly, even if no 
agent is available. 

Opportunities for preemptive strike are particularly attrac­
tive. Although the Merrill Lynch Cash Management Account 
appeared only a few months before Shearsonl American Ex­
press responded, and although years have passed, Merrill 
Lynch still has six times Shearson's CMA customer base. Par­
ticularly attractive targets for preemptive strikes are those 
opportunities where the customer is unlikely to accept a sec­
ond terminal; whoever gets the first terminal in will probably 
have exclusive occupancy for a considerable period. 

Of course, we look for opportunities to piggyback on exist­
ing strengths. Sears Financial Services piggybacks on its exist­
ing client or customer base, while Merrill Lynch exploits its 
existing financial and investment experience and Shearson 
exploits American Express's network. Sometimes the ex­
ploited resource is TC- or technology-driven, as is the case 
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with the new and extremely successful Reuters financial data 
services, which of course depends entirely on the network 
developed initially for Reuters wire service. 

Strategic application, by communications innovation 

Sometimes the ability to exploit telecommunications will 
require seeing the opportunity to eliminate a manual data 
hand-off and place a new application, and a customer, directly 
on our information system network. An example of this might 
entail replacing a funds transfer operation, initiated by cus­
tomer financial representative telephoning his contact bank 
officer, with an operation where the customer at his own 
terminal or work station directly enters the transfer request 
into the bank's network. There are many advantages, not least 
of which are the customer's feeling of speed, control, and 
accuracy, and the bank's off-loading responsibility to the cus­
tomer for keying errors and resulting delay of funds transfer. 
This kind of innovation requires running a new wire. We offer 
the following four-part classification of communications net­
work innovation: 

1. Run a new wire---e.g., customer-initiated funds transfer. 
2. Run a longer wire---e.g., move the computing center. 
3. Run a better wire-e.g., upgrade the network. 
4. Run the first wire (like running a new wire, but relies on 

exclusive occupancy)-e.g., put in a terminal that allows 
the customer to order directly from your warehouse, and 
to rely on you to manage his inventory. 

Concluding Remarks on Application Opportunities 

We believe that developing classification based on the three 
axes introduced above will be useful in a first effort at produc­
ing a theory of telecommunications for business advantage. It 
requires a general understanding of many factors, of which 
technology is the last: 

1. What is happening in our business? 
2. What business are we really in, and what opportunities 

are we missing? (e.g., are we a news service? or any 
information wire service?) 

3. Who is, and who will be, our real competition? (e.g., 
another brokerage house? Citibank? Shearson/Ameri­
can Express? Sears?) 

4. Where can we run the business better? 
5. How can we get, or who can get us, from the business 

strategy to the technological solution? 

GENERAL POLICY 

General policy reflects decisions made before the TC design 
commences, which reflect decisions more general in scope 
than TC design, and which frequently are outside the scope or 
charter of the TC design. These include questions about 
whether there must be a backup network, whether a system 
must remain IBM-compatible, or whether one should take 
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any box with less than a three-digit serial number. The deter­
mination of what is a general policy consideration, rather than 
a network design variable, is extremely context-specific and 
will change not only with advances in TC technology, but with 
changes in the firm, its management, and its environment. It 
is probably not possible to offer general policy guidelines; 
instead, we offer several areas that should be of interest when 
considering policy for strategic network design. The template 
for general policy variables is shown in Figure 2. 

VENDORS 

Multiplicity of Vendors 

A variety of possible policies exist, including single vendors 
(or a single vendor as much as possible); multiple vendors 
with the architecture and protocols of a single vendor (e.g., 
they comply with IBM's SNA, but use plug-compatible equip­
ment or incompatible equipment with protocol conversion); 
multiple vendors and multiple architectures (e.g., because 
you need to protect an installed base). At the opposite ex­
treme of the last-mentioned policy is the single-vendor-we­
are-an-IBM-(or whatever)-shop policy. It is worth noting that 
a policy on vendor multiplicity will likely interact strongly with 
system integration, a network design variable. 

Quality of Vendors 

It may be useful to set a standard or cut-off level (distin­
guished from an aspiration level) for vendor quality. This may 
be especially germane for hardware selection. There are many 
ways of specifying acceptable vendors: listing them, listing a 
reference group of vendors by quality (excellent, ok, poor), or 
specifying a measure of vendor quality (e.g., price-to-earnings 
ratio of stock, quality of reports by market analysts). All of 
this can he done on any or all of several dimensions, including 
management quality, financial stability of the firm, extent and 
quality of servicing arrangements, and so forth. 

I 
Extent of 

Change 
Contemplated 

Genpral Po licy 

I 
Vendors Services 

and and Planning 
Suppliers Functionality Securi ty Horizon 

· Multiplel . Type of 
Single Service 

· Quality . Type of 
Network 

· Company . Level of 
Strength Integration 

· Vendor, 
PTT, 
VAN 

• IBMI 
everyone 
else 

Figure 2-Template for general policy variables 

Risk 

Services and Functionality 

Without prejudicing detailed tradeoffs to be made later, it 
may often be possible to promote general policies on what 
functionality should be made available. We distinguish four 
broad categories: voice (analog, digital, voice messaging, 
etc.), data (transactions, inquiries, updates, file transfers, 
etc.), image ("still pictures," mainly fax), and video (moving 
images, including full-motion, full-color television, slow scan, 
freeze-frame, etc.).6.7 We would put videotext under data. 

Security 

This is almost certainly an area in which general, high-level 
policies need to be considered. There may be, of course, 
circumstances in which security is not an issue, but we think 
it likely that nearly always it will be worthwhile to consider 
whether and how security matters. At the level of general 
policy, it is common to distinguish three sorts of security 
problems: 

1. Leakage. Can the system be passively monitored and 
information captured? Can this be detected? 

2. Intrusion. Can, for example, an intruder change trans­
actions or even initiate them? Can this be detected? 

3. Destruction. Is the system safe from vandalism? from 
malicious destruction of data or hardware? 

A possible general policy on security would be a statement of 
absolute requirements for security levels for various aspects of 
the network and the services provided by it. 

Planning Horizon 

This is an important subject for general policy, if only be­
cause the assumed planning horizon affects the level of uncer­
tainty to be accommodated (the further the horizon, the 
greater the uncertainty) and because it serves to limit the use 
of advanced technologies (the nearer the horizon, the less that 
anticipated technological, regulatory, or other developments 
can be brought into the planning process). 

Risk 

Once more, this is a factor that should almost always be the 
subject of a general policy. The question is what level of risk 
should be undertaken. The issue of risk interacts with the 
security issue, but involves much more. We divide risk into 
four kinds: 

1. Technical. Possible policy: Do not use equipment or 
software that has not been on the market for at least one 
year. 

2. Financial. Possible policy: Design a network in which 
costs are fairly insensitive to traffic levels, or design a 
network in which cost trends are quickly monitored and 
brought to the attention of management. 



3. Operational. Possible policy: Invest heavily to get state­
of-the-art functionality in network management and 
fault diagnosis. 

4. Management. Possible policy: Stick with hardware and 
software familiar to present employees. 

There are other areas that have potential for general poli­
cies. In fact, any of the factors falling under the other Level 
1 headings might be the subject for general policies. Much 
work remains to be done by way of finding and clarifying the 
subjects of general policy in the SND problem. 

UNCONTROLLABLE FACTORS 

These are the things that one can do little or nothing about, 
but that may significantly affect the value of an implemented 
(or attempted) communications system. The uncontrollable 
factors may on occasion be the subject of general policies; 
they will more often be the result of someone else's policies or 
of the policies of some other organization. The phone compa­
nies in the U.S., post, telephone, and telegraph (PTTs) 
abroad, and industrial or trade organizations are all bodies 
whose policies may result in our uncontrollable factors. Like 
policy factors, they also limit the decision space in and of 
themselves, and they may affect the tradeoffs made among the 
network design variables. 

As in the case of general policies, context often will deter­
mine what the uncontrollable factors are and which are im­
portant. So, following the strategy outlined in the section on 
general policy, we have identified several types and sources of 
uncontrollable factors. The template for uncontrollable fac­
tors is shown in Figure 3. 

Laws and Regulations 

From the point of view of a firm using telecommunications 
(rather than acting as a primary supplier of communications), 
laws and regulations may perhaps be more significant factors 
for operations outside the U.S. than for operations within the 
country. This is the inevitable effect of regulation. Neverthe­
less, the move towards deregulation of long-distance com­
munications in the U.S. still has significant regulatory 
consequences (especially at the local level) and, by greatly 

Laws and 
Regulations 

stability 

regulation and 
deregulation 

Uncontrollable Factors 

Industry 
Practice 

standards 

. codes, protocols, 
practices 

. cooperation 

Organizational 
Capability 

· ability to deliver TC 

· ability to design TC 

· ability to manage TC 

• ability to maintain TC 

· ability to control TC 

Figure 3-Template for variables corresponding to uncontrollable factors 

Telecommunications and Business Strategy 713 

affecting the telecommunications industry, deregulation will 
importantly affect the options, and the economics of the op­
tions, presented to users. 

Industry Practices 

There are numerous industry standards, emerging trends, 
industry practices, and so on, that merit attention. Some ex­
amples include IEEE standards; ISO OSI developments, such 
as file transfer protocols and virtual terminal protocols; large 
vendor standards, e.g., Ethernet, SNA, and other local area 
network standards; and special practices, such as SWIFT and 
CHIPS in U.S. banking. 

Organizational Capability 

Communications systems need to be developed and deliv­
ered, then maintained. This requires management, coordi­
nation, and control of people and other resources. The capa­
bilities of one's organization in this regard often may have to 
be taken more as given than as determined by management's 
decisions. In any case, the extent to which organizational 
capability in communications may be changed by education, 
training, hiring, or other practices is something to be discov­
ered and taken as an uncontrollable factor. 

There are other categories of uncontrollable factors that 
need to be identified and examined. What the critical uncon­
trollable factors are, and in what circumstances they appear, 
is largely unknown. 

FINANCIAL CONSIDERATIONS 

Financial considerations in TC planning can be divided into 
components of cost and pricing mechanisms. These are sum­
marized in Figure 4, which shows the template for financial 
variables. Cost considerations are as in any other large 
project. Components of costs are similar to those in a data 
processing project. 

Pricing mechanisms are similar to those employed in pricing 
any other service. We may use incentive pricing-Iess-than­
full-recovery pricing-to encourage use, particularly when we 
want communications system use to displace current use of 

Costs 

Design 

Implementation 

Testing 

Installation 

Operation 

Maintenance 

Financial Considerations 

I 
I 

Pricing Mechanisms 

Strategies 
incentive pricing 
recovery pricing 
profit center 

Internal/External 

Variability 

Captive/Free Market 
for Internal Users 

Figure 4---Financial considerations 
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other resources. This will be especially important when we 
want users to get over initial resistance and the effort required 
to learn the new system. The most extreme form of incentive 
pricing is to make communications a free resource, as most 
users view their local telephone calls; when learning and suf­
ficient user acceptance are accomplished, a less extreme form 
of incentive pricing will usually be offered. As usage begins to 
approach capacity, recovery pricing often ensues. Finally, in 
a mature environment, the communications service may be­
come a profit center, much as often happens with corporate 
data processing. 

This relatively simple state of affairs may be made more 
complex by making distinctions between internal corporate 
and outside users, or even among users by division, function, 
or reason for system use. Rates may be guaranteed or vari­
able, fixed, or sensitive to traffic, usage, and time of day. 
Internal users may be captive customers or free to use com­
peting outside services. 

NETWORK DESIGN VARIABLES 

Introduction to the Network Design Variables 

Earlier sections of this paper deal with major strategic con­
siderations, general policy, external or uncontrollable factors, 
and financial and economic factors that influence or constrain 
communications system design. Generally, these factors im­
pose design restrictions that must be observed, and thus place 
restrictions on designs that must be evaluated. This serves to 
delimit the solution space that must be examined. 

In this section we address those aspects of TC service-per­
formance, flexibility, functionality, and quality of service-
.... 1-..0 .... .." .... n ........ 1-..;.0,... ........... ___ + ..... ,,1 h .. ,. +hr... _____ ...... _;,... ..... ; __ .("1 __ + ...... u .... _l .... 
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designer. That is, we consider here what might be called the 
controllable or discretionary network design decisions. We do 
not consider long-term optimization through algorithms for 
backbone network design, or local premises optimization 
through local-area networks; in fact, in this paper we do not 
even discuss the processes by which these designs might be 
developed. Rather, we discuss setting objectives-targets and 
ranges-within which the design can operate. We also treat, 
at least implicitly, tradeoffs: performance vs. cost, quality of 
service vs. complexity of maintenance, etc. Subsequent pa­
pers will cover these tradeoffs more explicitly and apply them 
to the network design process. Network design variables are 
summarized in Figure 5. 

Nature of Service 

Performance is the first factor to be considered in the tem­
plate for NDVs. As shown in Figure 6, this can be further 
subdivided into three categories: 

Network Design Variables 

I I 
Nature of Service Flexibility Quality of Service 

Figure 5-0verview of network design variables 

I 
func tionali ty 

type of service 
voice 
data 
facsimile 
video 

single or bi­
di rectional 

Nature of Service 

functional 
integration 

. work flows 

. handoffs 

process 

access points 

I 
throughput 

and response 
time 

peak. average, 
worst case 

. present? time frame 

Figure 6--Performance variable template 

1. Functionality. What types or classes of communication 
service are provided? 

2. Functional integration. Are system-to-system hand-offs 
and application-to-application hand-offs automated? Or 
does the word processing operator type out the message, 
tear it off, and hand it to the telex operator for rekeying? 

3. Throughput, delay, and response time. How long to get 
a line? to get a message out? to get acknowledgment of 
receipt? 

Functional integration is particularly important. To the extent 
that we can avoid the rekeying of information on system-to­
system or application-to-application handoffs, we can begin to 
receive the full benefits of our applications and communica­
tions systems. 

Throughput and response time are treated more fully in the 
section on quality of service. Below certain levels, however, 
they represent changes not just in degree but in kind. Five­
minute response time, for example, precludes interactive 
l:umpuiing. 

Flexibility 

Of course, the only network that will not be outgrown is one 
that is not used. Networks, like all other data processing sys­
tems, will require extension, modification, and repair. We 
are, of course, concerned with the ability to make needed 
changes. We are especially interested in the sensitivity of net­
work cost to changes in traffic: If traffic increases by 15% can 
we add capacity? Or will we find that our switches block, in 
which case we can only add capacity by replacing components. 
Figure 7 shows the flexibility template. 

Quality of Service 

We divide quality of service into two coarse categories: 
performance and robustness. These are then further divided 
into seven quality-of-service design variables, as shown in Fig­
ure 8. 

Reliability of service 

We list some of the standard measures for system reliability: 
mean time between failure; mean time to repair; percentage 
of time operational; failure mode-degradation of service 



I 
Ease of Change 

Cost 

Disruption of Service 

Is incremental expansion 
possible? 

Time frame 

Type of Change 

Expansion 

Reconfiguration 

New functionality 

New applications 
and services 

Temporary Outages 

Figure 7-Flexibility variable template 

(fail-soft) or hard crash; and undetected error rate. We also 
note that the significance of reliability measures is extremely 
dependent on the nature of applications being supported. A 
single bit error in video conferencing produces snow; in pro­
cess control it's an outlying reading corrected in a fraction of 
a second; and in funds transfer it may be quite expensive. 
Depending on the needs of applications, the organization may 
take defensive action, including redundant arcs and extra 
switches to prevent loss of a portion of the network. 

Acces~ibility 

Accessibility is related to reliability. It asks not whether the 
network is up, but whether can we get on it now. Can we get 
on it from here? Likewise, this is related to response time. 
Not, whether our message is in queue for transmission, but 
whether we are still waiting for log-on. 

Security 

Some form of security, of course, is essential. We can make 
a first, crude distinction between unauthorized receipt of mes-
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sages directed at another party and unauthorized initiation of 
transactions. Log-on procedures with authentication are a 
necessary first step at restricting unauthorized initiation of 
transactions. Physical security, to protect lines, premises, and 
passwords also is important. Public key encryption and data 
encryption standard (DES) offer some protection against 
eavesdropping. Threat monitoring and risk and threat anal­
yses are certainly advisable. 

Response time 

Response time is the first of our four NDVs related to 
performance. Significance of response time depends very 
heavily on the nature of the application. When exploiting a 
momentary imbalance in foreign exchange rates-which 
exists only for several seconds-response must be virtually 
immediate. The designer should seek to identify targets or 
acceptable ranges for response time, and should seek to make 
clear costs and application tradeoffs implied by different 
targets. 

Throughput 

We first need to identify our measures. What are our traffic 
volumes and how will they be measured? 

1. Telex messages per day 
2. CCS/handset (hundred call seconds per telephone) 
3. Conversations per day 
4. Inquiries per salesman per day 

We need to know the accuracy of these volume estimates 
(e.g., ± 20% ) and we need to know how they will change over 
time. We need to know where our key bottlenecks are, e.g., 
availability of telex operators; when London market is still 
open, availability of (outside) trunk lines. 

Quality of Service 
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Network use 

Unfortunately, high network use, which appears good, is 
incompatible with low queueing delay, which also would be 
good. Phrased another way, a network in which expensive TC 
systems are seldom idle is also one that often will be con­
gested, with lengthy queueing delays and other expensive sys­
tems or personnel idle instead. How should capacity, use, and 
queueing delay be traded off? Do we build for average, peak, 
or irreducible minimum demands? 

Some very crude guidelines are possible. When building a 
local network, communications are cheap and we may wish 
them to be perceived as essentially free. If the network is to 
displace physically transporting a memo or physically re­
trieving a colleague's diskette, queueing delay must be low 
and limited network use may be acceptable. In a long-haul 
environment, the network is more expensive, physically walk­
ing the memo from Philadelphia to Boston or using the U.S. 
mail for same-day delivery is not an option, and we may be 
willing to design for greater use rather than for greater speed. 

Required bandwidth 

Bandwidth is a rough measure of communications channel 
capacity. Bandwidth in a communications network is not 
really a decision variable; it is determined as a by-product of 
evaluating functionality, traffic, delay time, availability, arid 
reliability. It still seems useful to make some distinctions 
among different terms: 

1. Bandwidth is the full frequency range that can be carried 
by the medium. 

2. EffectIve bandWIdth IS that portion of the bandwidth 
available after network control. In CSMNCD, for ex­
ample, effective bandwidth may be reduced by about 
two thirds. 

3. User bandwidth is the portion of effective bandwidth 
actually used for user data rather than error control and 
retransmission. 

Required bandwidth is some multiple of the minimum user 
bandwidth required for message volume. Required bandwidth 
by application probably varies with time of day. More voice 
capacity is needed during business hours; more data may be 
moved at night. 

REMAINING WORK 

Our discussion of the strategic network design template is, for 
the present, completed. Clearly, much remains to be done, 
both on the SND problem and the template. We divide this 
work into three types: 

1. Validating and refining the template. 
2. Deepening the discussion and analysis within the frame­

work. 
3. Extending the framework. 

Our purpose in this concluding section is to discuss briefly 
each of these three ways of extending the work reported upon 
here. 

Validating and Refining the Template 

To move beyond face validity, the framework needs valida­
tion by more rigorous empirical methods. We see two ways to 
do this: The first is ~o use interviews, surveys, and small group 
discussions to gain information about the validity of the SND 
template. This is a legitimate and entirely conventional way to 
proceed. The main disadvantage of this first way is the great 
effort required in terms of time and expense. The second way 
of gaining empirical validation of the framework is to perform 
a series of content analysis studies on pertinent literature. 8-12 

These include published telecommunications literature, re­
quests for proposals (RFPs), requests for bids (RFBs), cor­
porate annual reports, government budget documentation, 
trade journais, reports and other documents produced by con­
sulting firms in communications, and so on. We believe that 
both the first way (person-directed) and the second way 
(document-directed) can lead to important findings for vali­
dating the template, and that the two ways complement each 
other. We plan to pursue both. 

Deepening the Discussion al1d Analysis within the 
Framework 

Our template is intended to be descriptively valid, not in the 
sense that it lists what people always do consider when de­
signing a network in light of the firm's strategic goals, but in 
the sense that it lists the tplnCJ~ lntp1l1CJpnt !'Inti lnfnrmpti m!'ln-
agers would like to consid~~-had-~h~;~h~ ~i~;-~;d-~~s~~;~~s 
to do so. To this end, our discussion of the items in the frame­
work can be greatly deepened in every instance. Not only 
should more detail be given, but attention should be directed 
to the interactions among the various items in the framework 
and to ways of measuring and scaling the items. Again, all this 
will be the subject of future work. 

Extending the Framework 

Finally, the tree that is our framework needs to grow down­
ward. That is, we believe that further decomposition would be 
most useful. This requires additional field study, and is not 
entirely divorced from efforts to validate material already 
developed. 
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