


















































































































































































































































































































































































































































































































Opcode COUnI % 
LIO 46956 4.57 

Load immediate 0 
LLO 35242 3.43 

Load local 0 
J8 25587 2.49 

Jump byte-a relathe. signed byte distance 

RET 24256 2.36 
Return 

LI8 19944 1.94 
Load immediate byte-operand is literal I'alue 

LLl 18951 1. 84 
Load local 1 

EFCB 17074 1.66 
External function call byte-operand specifies a link number 

LAB . 16706 1.62 
Local address byte-load address of a local variable 

LII 16244 1.58 
l.oad immediate 1 

REC 15929 1.55 
Recover yalue just popped from stack 

SLB 13977 1.36 
Store local byte-operand is offset in frame 

JZB 13618 1.32 
Jump zero byte-pop stack, jump if I'alue = 0 

LLoO 13553 1.32 
Load local doubleword 0 

LLB 13269 1.29 
Load local byte-operand is offset in frame 

LL2 13132 1.27 
Load local 2 

ADD 12435 1.21 
Add-adds the top two elements of the stack 

SLOB 12400 1.20 
Store local doubleword byte-operand is offset in frame of 
first word 

LLo8 11222 1.09 
Load local doubleword byte-operand is offset in frame of 
first word 

LIW 11205 1.09 
Load immediate word-next two bytes are a 16 bit literal 

JW 10322 1.00 
Jump word-next tWO bytes are a 16 bit relatil'e jump 
distance 

LLK8 10306 1.00 
Load link byte-operand specifies link number 

RLIP 9691 0.94 
Read local indirect pair-operand has four bits to specify 
local yariable pointer. four bits to specify offset of word 
relatil'e to that pointer. 

Table 6. Most frequent instruction of the new set 

It is interesting to compare the contents of Tables 1, 2. and 
3 with that of Table 6. We see that over half of the LI 0 
instructions have been folded into new instructions. 
Eighty percent of the LL instructions are either encoded as 
single byte instructions such as LLO. or folded into more 
complicated instructions such as RLIP. Several of the 
most common instructions are load immediate ones (L I *). 
In fact, the complete frequency data show that almost 13% 
of all new instructions are some form of load immediate. 
The most frequent instruction. weighted by instruction 
size. is JB, a two byte unconditional jump. The most 
frequent conditional jump is a test against zero. JZB; 
many of these arise from tests of Boolean variables. Table 
7 shows the set of one and two byte load and store local 
instructions of the new instruction set 

J..ol\d instructions-push local variable O'lto stack. 
bytes total % 

LLn.forn=0.1.2.3.4. 1 103402 10.1 
5,6.7.8.9.10.11 

LLB 2 13269 1.3 
LLon,mrn=O,l.2.3.4. 1 39989 3.9 

5.6.7.8.9 
LLOB 2 11222 1.1' 

Store instructions-pop from stack into local variable. 
SLn. forn=0.1.2.3.4. 1 44598 4.3 

5,B.7,B.9.10 
SLB 2 13977 1.4 
SLon.mrn=0.1.2.3,4. 1 21829 2.1 

5,6.8 
SLOB 2 12400 1.2 

Put instructions-store from stack into local variable. 
don·tpop. 

PLn.forn=O,I,Z 1 10540 1.0 
PLB 2 4195 0.4 
PLon, for n=O 1 2350 0.2 
PLoB 2 5238 0.5 

Table 7. Distibution ofload and store local instructions 

Variables outside the first 256 words of the frame are 
loaded and stored so infrequently that the compiler first 
generates their address on the stack and then uses the 
pointer dereferencing instructions. We considered a three 
byte "Load Local Word" instruction with a sixteen bit 
offset. but found that "Local Address Word." which 
loaded the address of a local variable. was more useful. 
The compiler needs to generate the address of large 
variables (larger than two words) in order to use the 
';Block Transfer" instruction; if a variable is at a large 
offset in the frame. it is probably a large variable as well. 

We implemented fewer short instructions for storing local 
variables than for loading them. Note in Table 6 that four 
of the single byte load local instructions appear in the top 
fifteen instructions. Table 7 says that the most frequently 
referenced (and ht:nce the first in the frame) locals are 
loaded over twice as often as stored. The variables that are 
loaded with the two byte L L B are loaded and stored at 
about the same frequency. The "put" instructions arise 
primarily at statement boundaries where a variable is 
stored in one statement and then immediately used in the 
next; such situations are found by the peephole optimizer 
of the compiler. 

7. Analysis 
The most useful patterns for finding sequences of 
instructions to combine are succeessors. predecessors. and 
popular pairs. A simple minded scheme for generating 
instructions is to start down the list of popular pairs and 
make a new instruction for each pair until the number of 
occurrences of that pair reaches some threshold. Of 
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course, each new instruction potentially changes the 
frequencies of all other pairs containing one of the 
instructions. 

Popular pairs will find many sequences but the data from 
the successors and predecessors patterns should not be 
overlooked. For example, the WS (Write Swapped) 
instruction writes a word in memory using a pointer and 
value popped from the stack. The REC (Recover) 
instruction recovers the value that was previously on the 
stack; after a WS, it recovers the pointer. The successor 
data showed that 91.4% of the WS instructions were 
followed by a REC. These two instructions were combined 
into the PS (Put S\\apped) instruction which left the 
pointer on the stack. We could then eliminate the WS 
instruction entirely and use the sequence PS, DIS 
(Discard) the remaining 8.6% of the time. 

It helps to know what the compiler does when analyzing 
patterns. We were suprised to find no occurrences of the 
pattern 1I 0, 1I O. We found them when we looked at 
popular pairs-the compiler had changed that sequence 
into l I 0, DUP (Duplicate). This sequence was one of the 
more popular pairs, which lead us to include the new 
instruction LIDO (Load Immediate Double Zero). 

The pattern showing histograms of operand values is 
useful for deciding when to fold an operand value into a 
single byte opcode. Remember that combining 
instructions may change the operand distribution. For 
example, the initial operand data for JNEB showed very 
popular jump distances of 3 through 9 bytes. The original 
instruction set had smgle oyte instructions for these jumps. 
After the analysis, most of these short jumps had been 
combined into the JNEP or JNEBB instructions. The 
operand data obtained after peephole optimization did not 
warrant putting the short JNE instructions back into the 
instruction set 

8. Implementation Issues 

One cannot blindly apply the statistical results of the 
analysis to decide what instructions to have in the new 
instruction set It is necessary to temper these data with 
knowledge of the C';)mpiler, history and expected future 
trends of language use, and details of the implementations 
of the instruction set. 

There are some operations that are needed in the machine, 
even though they occur infrequently-the divide operation 
is an example. Many sllch operations can be encoded as a 
single opcode, ESC (Escape), followed by an operand byte 
specifying the infrequently used operation. This makes 
available more single byte opcodes for more frequently 
occurring operations. Mathematically, it makes sense to 
move any operation to ESC if the available opcode can 
hold a new operation that gives a net savings in code size. 

On the other hand, each new opcode adds complexity to 
the implementation. 

Suppose there are, two potential new instructions with the 
same code size savings, one that combines two operations, 
and the other that combines an operand value with an 
operation. The latter often results in less complexity in the 
implementation of the instn,lction set In particular, if you 
already have a ll6 instruction, it typically takes only a 
single microinstruction to add ll7. 

There are many encoding tricks that can be used to save 
space. Some of these can be decoded at virtually no cost, 
others are more costly. In the analysis of JNE ab,ove, we 
ended up with an instruction, JNEP, where the operand 
byte was interpreted as two four bit fields, a literal value 
and a jump distance. The jump distance was biased, i.e. 
the microcode added 4 to the value before interpreting the 
jump. The literal value, on the other hand was unbiased, 
even though the compiler would not generate the 
im:truction for one of the values. For one of the 
microprocessors implem~nting the instruction set, biasing 
the compared value would have significantly slowed down 
the execution of the instruction. 

In an integrated system such as Mesa, global issues must 
be considered when making instruction set decisions. For 
example, many procedures return a value of zero. The 
statistics showed that an opcode that loads zero and 
returns would be cost effective. However, the source level 
debugger takes advantage of the fact that a procedure has 
a single RET instruction when setting exit breakpoints (all 
of the procedure's returns jump to this RET). We were 
unwilling at this time to add the complexity to the 
debugger of finding all possible return instructions (R E T 
and the new RETZ) in order to set exit breakpoints. 
Therefore we declined to add this new instruction. 

Finallv be careful when analyzing data obtained about an 
evol\'i~~ system. Be awar~ that some common code 
sequences reflect attempts by older programs to cope with 
restrictions that are no longer in the architecture. For 
example, programs written to live in a small address space 
use different algorithms than those written to live in a 
large address space. 

9. Conclusions 

We began our analysis with limited goals: we had a short 
time in which to make recommendations about changes to 
the instruction set, we were generally happy with the old 
instruction set, and we didn't have the resources to handle 
the necessary rewriting of microcode and compiler that a 
massive change in the instruction set would require. 

Our experience showed that our chosen method, analysis 
of existing object code, was a workable approach to the 
problem. Normalization of the code to a canonical form 



proved valuable for simplifying the subsequent pattern 
matching used. 

We found that simple minded analysis of n-tuples becomes 
unworkable for n>2, but that informed study of opcode 
pairS allowed us to postulate longer patterns for study. An 
int~racti"e pattern matching progMlD was valu!lble for 
answering questions about longer patterns. 

Our analysis predicted an overall reduction in code. size of 
12%. We converted the compiler to generate the new 
instructions and realized the. expected savings on a large 
sample of programs. 
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Abstract 

Pilot is an operating system implemented in the strongly 
typed language Mesa and prod \Iced in an environment 
containing a number of sophisticated software engineering 
and development tools. We report here on the strengths 
and deficiencies of these tools and techniques as observed 
in the Pilot project. We report on the ways that these tools 
have allowed a division of labor among several 
programming teams. and we examine the problems 
introduced within each different kind of development 
programming activity (ie. source editing. compiling. 
binding. integration. and testing). 

Introduction 

The purpose of this paper is to describe our experiences in 
implementing an operating system called Pilot using a software 
engineering suppon system based on the serongly typed language 
Mesa [Geschke et al. 1977. Mitchell et al. 1978). a distributed 
netw?rk of personal computers [Metcalfe et al. 1976). and a filing 
and mdexmg system on that network designed to coordinate the 
activities of a score or more of programmers. In .this paper we will 
prese~t. a broad overview of our experience with this project. briefly 
descnhmg our successes and the next layer of problems and issues 
engendered by this approach. Most of these new problems will not 
be given a comprehensive discussion in this paper. as they are 
interesting and challenging enough to deserve separate treatment 

That the Mesa system. coupled with our mode of usage. enabled us 
to solve the organizational and communication problems usually 
associated with a development team of a score of people. These 
facilities allowed us to give stable and non-interactive direction to 
the several sub-teams. 

We developed and used a technique of incremental integration 
which a\"oids the difficulties and schedule risk usuallv associated 
with system integration and testing. . 

~e ~se of a Program Secretary. not unlike Harlan Mills' program 
h.bra~an. proved to be quite valuable. particularly in dealing with 
SItuations where our tools had weaknesses. We showed the worth 
of the program librarian tool. which helped coordinate the 
substantial parallel activity we sustained: and we identified the need 
for so.me. additional tools. panicularly tools for scheduling consistent 
compilations and for controlling incremental in~grations. 

We determined that these additional tools require an integrated 
data base wherein consistent and correct information about the 
system as a whole can be found. 

Background 

Pilot is a medium-sized operating system designed and implemented 
as a usable tool rather than as an object lesson in operating system 
design. Its construction was subjected to the fiscal. schedule. and 
performance pressures normally associated with an industrial 
~nterprise. 

Pilot is implemented in Mesa, a modular programming system. As 
reponed in [Mitchell et al. 1978). Mesa supports both definitions 
and implementing modules (see below). Pilot is comprised of some 
92 definitions modules and 79 implementation modules. with an 
average module size of approximately 300 lines. 

Pilot consists of tens of thousands of Mesa source lines: it was 
implemented and released in a few months. The team responsible 
for the development of Pilot necessarily consisted of a score of 
people. of which at least a dozen contributed Mesa code to the final 
result The coordination of four separately managed sub, teams was 
required. 

There are a number of innovative features in Pilot. and it employs 
some interesting operating system technology. However. the 
structure of Pilot is not particularly relevant here and wi\1 be 
reponed in a series of papers to come [Redell et al. 1979). 
[Lampson et al. 1979). 

Deyelopment Environment and Tools 

The hardware system supporting the development em'ironment is 
based on the Alto. a personal interactive computer [Lampson 1979). 
[Boggs. et aJ. 1979]. Each developer has his own personal machine. 
leading to a potentially large amount of concurrent development 
activity and the potential for a great degree of concurrent 
development difficulty. These personal computerS are linked 
together by means of an Ethernet multi-access communication 
system [Metcalfe e( al. 1976). As the Altos .have limited disk 
storage. a tile server machine with hundreds of megabytes of 
storage is also connected to the communications facility. Likewise. 
high-speed printers are locally available via the same mechanism. 
The accessing. indexing. and bookkeeping of the large number of 
files in the project is a serious problem (see below). To deal with 
this, a tile indexing facility (librarian) is also available through the 
communications system .. 

The Alto supports a number of significant wideranging software 
tools (of which the Mesa system is just one) developed over a 
period of years by various contributors. As one might imagine. the 
level of integration of these tools is less than perfect, which led to a 
number of diffICulties and deficiencies in the Pilot project Many 
of these tools were constructed as separate. almost stand-alone 
systems. 
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The major software tools which we employed are described below. 

Mesa is a modular programming language [Geschke et al. 1977]. 
The Mesa system consists of a compiler for the language, a Mesa 
binder for connecting the separately compiled modules. and an 
interactive debugger for debugging the Mesa programs. Optionally. 
a sin of procedures called the Mesa run-time may be used as a base 
upon which to build experimental systems. 

The.language defines twO types of modules: definitions modules and 
implementation modules. Both of these are compiled into binary 
(object) form. A definitions module de!oCribes an interface to a 
function by providing a bundle of procedure and data declarations 
which can be referenced by client programs (clients). Declarations 
are fully type specified so that the compiler can carry out strong 
type checking between clients and implementation modules. The 
relevant type information is supplied to the clients (and checked 
against the implementations) by reading the object modules which 
resulted from previous compilation(s) of the relevent definitions 
module(s). The implementing modules contain the procedural 
description of one or more of the functions defined in some 
definitions module. Since an implementing module can be seen 
only through some definitions mOdule. a wide variety of 
implementations andlor versions is possible without their being 
functionally detectable by the clients. Thus Mesa enforces a form 
of information hiding [Parnas, 1972]. 

The Mesa binder [Mitchell et al. 1978] defines another language. 
called C/Mesa, which is capable of defining configurations. These 
assemble a set of modules and/or sub-configurations into a new 
conglomerate entity which has the characteristics of a single 
module. Configurations may be nested and used to describe a tree 
of modules. Configurations were used in the Pilot project as a 
management tool to precisely define the resultant output of a 
contributing development sub-team. 

Another software tool is the Librarian. It is designed specifically to 
index and track the history of the thousands of files created during 
the project. In addition to its indexing. tracking. and Status 
reporting functions. the Librarian is constructed to adjudicate the 
frequent conflicts arising between programmers attempting to access 
and update the same module. 

Organization, Division, and Control of the Development Effort 

The size of the Pilot development team (itself mandated. by 
schedule considerations) posed the usual organizational and 
management challenges. With 20 developers, a multi-level 
management structure was necessary despite the concomitant 
human communication and coordination problems. 

As described below. we chose to use the modularization power of 
the Mesa system to address these problems. rather than primarily 
providing the capability for rapid interface change as reported in 
[Mitchell. 1978]. The resultant methodology worked well for the 
larger Pilot team. We believe that this methodology will 
extrapolate to organizations at least another factor of five larger and 
one management level deeper. A description and evaluation of this 
methodology are the topics of this section. 

Another aspect of our approach was the use of a single person 
called the Program Secretary, a person not unlike the program 
librarian described by Harlan Mills [Mills, 1970] in his chief 
programmer team approach. As we shall describe, the Secretary 
performed a number of functions which would have been very 
diffICult to distribute in our environment. This person allowed us to 
control and make tolerable a n\lmber of problems, described below. 
which for lack of time or insight we were not able to solve directly. 

The Pilot Configuralion Tree 

We organized Pilot into a tree of configurations isomorphic to the 
c9rresponding people tree of teams and sub-teams. The nodes of 
the Pilot tree are C/Mesa configuration descriptions and the leaves 
(at the boltom of the tree) are Mesa implementation modules. By 
strictly controlling the scope (see below) of interfaces (through use 
of the facilities of the configuration language C/Mesa), different 
branches of the tree were developed independently. The 
configuration tree was three to four layers deep everywhere. The 
top level configuration implements Pilot itself. Each node of the 
next level down maps to each of the major Pilot development 
teams, and the next lower level to sub-teams. At the lowest level. 
the modules themselves were usually the responsibility of one 
person. This technique of dividing the labor in correspondence 
with the configuration tree proved to be a viable management 
technique and was supponed effectively by Mesa. 

Management Of IllIerfi;lces 

It quickly became apparent that the scope of an interface was an 
important concept. It is important because it measures the number 
of development teams that might be impacted by a change to that 
interface. The scope of an interface is defined as the least 
configuration within which all clients of that interface are confined. 
This configuration corresponds to the lowest C/Mesa source 
module which does not expon the interface to a containing 
configuration. Thus the scope of a module may be inferred from 
the C/Mesa sources. The impact of a change to an interface is 
confined to the development organization or team that corresponds 
w the node which is the scope of the interface. Thus the scope 
directly identifies the impacted organization and its sub­
organizations. 

The higher the scope of an interface, the more rigorously it must be 
(and was) controlled and the less frequently it Was altered since 
changes to high scope interfaces impact broader organizations. 
Changing a high level interface was a management de<.ision 
requiring careful project planning and longer lead times, while a 
lowest-level interface could be modified at the whim of the 
(usually) individual developer responsible for it. In general, 
changing an interface required project planning at the 
organizational level corresponding to its scope. In particular, 
misunderstandings between development sub-teams about interface 
specifications were identified early at design time rather than being 
discovered late at system integration time. Also obviated were 
dependencies of one team on another team's volatile 
implementation details. The result of all of thi~ was 1) the 
elimination of schedule slips during system integration by the 
elimination of nasty interface incompatibility surprises and. even 
stronger, 2) the reduction of system integration to a pro-forma 
exercise by the (thus enabled) introduction of incremental 
inlegration (see below). 

[Mitchell 1978) reponed good success with changing Mesa interface 
specifications. followed by corresponding revisions in the 
implementing modules and a vinually bug-free re-integration. 
While we also found this to be a valid and valuable technique for 
low-level interfaces (the scope of which corresponded to a three-to­
five-person development sub-team), the project planning required to 
change high-level interfaces affecting the entire body of developers 
was obviously much greater as was the requirement for stability of 
such interfaces. It should be noted that the experience reported by 
[Mitchell 1978] refers to a team of less than a half dozen 
developers. 

Thus, we chose to use the precise interface definition capabilities 
and su-ollg type checking of the Mesa system differently for the 
high-level interfaces than for the low-level ones. High-level 



interfaces were changed only very reluctantly. and were frozen 
several weeks prior to system integration. This methodology served 
to decouple one development team from another since each team 
was assured that they would not be affected by the on going 
implementation changes made by another developer. Each could 
be dependent only on the shared definitions modules. and these 
were controlled quite carefully and kept very stable [Lauer et al. 
1976). 

The Alaster List 

As the system grew. it became painfully obvious that we had no 
single master description of what constituted the System. Instead 
we had a number of overlapping descriptions. each of which had to 
be maintained independently. 

One such description was the working: directory on the file server. 
Its subdirectory structure was a representation of the Pilot tree. 
Another description of this same tree was embodied in the librarian 
data base which indexed the tile server. Yet another description 
was implicit in the C/Mesa configuration tiles. Early in the project 
we found it necessary to create a set of command tiles for 
compiling and binding the system from source: these tiles contained 
still another description of the Pilot tree. 

The addition of a module implied manually updating each of these 
related tiles and data bases; it was a tedious and error prone 
process. In fact. not until the end of the project were all of these 
descriptions made consistent 

We never did effect a good solution to this problem. We dealt 
with it in an ad hoc fashion by establishing a rudimentary data base 
caUed the Master List. This data base was fundamental in the sense 
that all other descriptions and enumerations were required to 
conform to it A program was wrinen to generate from the Master 
List some of the above tiles and some of the required data base 
changes. 

A proper solution to this problem requires merging the various lists 
into a single. coherent data base. This implies that each tool take 
direction from such a data base and properly update the data base. 
Since many of the tools were constructed apan from such a system. 
they would all require modification. Thus the implementation of a 
coherent and effective data base is a large task in our environment 

Incidentally. this problem was one of those controlled by our 
Program Secretary. It is Quite clear what chaos would have resulted 
if the updating of the numerous lists described above had not been 
concentrated in the hands of a single developer. 

Pilot Update Cycle 

In this section we will examine some of the interesting software 
engineering aspects of the inner loop of Pilot development. This 
inner loop occurs after design is complete and after a skeletal 
system is in place. The typical event consists of making a 
coordinated set of changes or additions to a small number of 
modules. 

In our environment. a set of modules is fetched from the working 
directory on the tile server to the disk on the developers personal 
machine. Measures must be taken to ensure that no one changes 
these modules without coordinating these modifications with the 
other developers. UsuaU)' edits are made to the source modules: 
the changed modules (and perhaps some others) are recompiled; 
and a trial Pilot s)'stem is built by binding the new object modules 
to older object modules and configurations. The resulting system is 
then debugged and tested using the symbolic Mesa debugger and 
test programs which have been fetched from the working directory. 
When the system is operating again (usually a few days later). the 

result is integrated with the current contents of the working 
directory on the file server. and the changed modules are stored 
back onto the working directory. 

A number of interesting problems arise during this cyclic process: 

Consistellt Update Of Files 

Pilot has been implemented in the context of a distributed 
computing network. The master copies of the Mesa source modules 
an~ object modules for Pilot are kept in directories on a tile server 
on the network. In order to make a coordinated batch of changes 
to a set of Pilot source files. the developer transfers the current 
copies of the tiles from the file server to his local disk. edits. 
compiles. integrates. and tests them. and then copies them back to 
the'" file server. 

This simple process has a number or risks. T\\o developers could 
try to change the same file simultaneously. A de\'eloper could 
forget to fetch the source. and he would then be editing an old 
copy on his local disk. He could fetch the correct source but forget 
to write the updated version back to the file server. 

All of these risks were addressed (after the project had begun) by 
the intrOduction of the program librarian sen'er. This sen"er 
indexes the files in the file sen'er and adjudicates access to them \'ia 
a chedin/checkout mechanism, To guarantee consistency between 
local and remote copies of tiles. it pro\'ides atomic operations for 
"checkout and fetch the tile" and "check in and store the file", In 
the latter case. it also deletes the tile from the local disk. thus 
removing the possibility of changing it without having it checked 
out (n,b, check-in is prevented unless the developer has the module 
currently checked out). 

Consistelll Compilation 

Each Mesa object file is identified by its name and the time at 
which it was created; it contains a list of the identifications of all 
the other object modules used in its creation (e.g.. the definitions 
module it is implementing), The Mesa compiler will not compile a 
module in the presence of definitions modules which are not 
consistent. nor will the the binder bind a set of inconsistent object 
modules. Consistent is loosely defined to mean that. in the set of 
all object modules referenced directl\' or indirectlv. there is no case 
of more than one version of a particular object module, Each 
recompilation of a source module generates a new version. 

For example. module A may use definitions modules Band C. and 
definitions module B may also refer to C. It can easily happen that 
we compile B using the original compilation of C. then we edit the 
source for <; "slightly" and recompile. and then we attempt to 
compile A using C (the new version) and using B (which utilized 
the original version of Cl. The compiler has no way of knowing 
whether the "slight" edit has created compatibility problems. so it 
"plays safe" and announces a consistency error. 

~us. editing a source module implies that it recompile not only 
Itself. but also all of those modules which include either a direct or 
an indirect reference to iL Correctly determining the list of 
modules to be Tel.:ompiled and an order in which they are to be 
recompiled is the consistent compilalioll problem. 

This "problem" is. in fact. not a problem at all but rather an aid 
enabled by the strong type checking of Mesa. In previous systems 
the developer made the decision as to whether an incompatibility 
had been introduced by a "slight" change. Subtle errors due to the 
indirect implications of the change often manifested themselves 
only during system integration or system testing. With Mesa, 
recompilation is forced via the Mesa systems aUditing and judging 
the compatability of all such changes, thus eJiminltting this source 
of subtle problems. 

247 



248 

A consistent compilation order for a system (such as Pilot) having a 
configuration tree can be determined largely by the following 
analysis: 

1) As a direct consequence of the consistency requirement, twO 
modules cannot reference each other. nor can any other cyclical 
dependencies exist: otherwise the set cannot be compiled. This 
implies the existence of a well-defined order of compilation. 

2) Pilot implementation modules may not refer to each other"but 
must refer only to definitions modules. Therefore only those 
implementation modules which impon recompiled definitions 
modules need tl:Jemselves be recompiled. Such implemeniation 
modules are recompiled in any order after the recompilation of the 
definitions modules. 

3) An individual definitions module can have compilation 
dependencies only on modules having the same or a higher scope 
(from the definition of scope). The proper compilation order for 
definitions modules with different scopes is thus determined by the 
C/Mesa configuration sources (compile the one with the higher 
scope first). The Pilot tree of configurations thus imposes a global 
and fairly restrictive panial ordering on the compilation order of 
definitions modules. The set of "difficult" compilation 
dependencies are hence limited and localized to definitions modules 
of the same scope and described in the same C/Mesa source 
module. 

4) By point I) there exists a well-defined order of compilation 
among interfaces possessing the same scope. The compilation order 
of such sets of interfaces was determined at design time. and. as a 
matter of policy. the interfaces were not often modified so as to 
change this ordering. 

As an aside. it is clear that it is possible to build a tool which. given 
that a specified module has been changed. will examine the source 
modules of the svstem. determine which modules must be 
recompiled. and gi~e the order of their recompilation. This is a 
Consistent Compilation Tool. A practical consistent compilation tool 
need not be omniscient, and it could occasionally cause a module to 
be compiled when this was not really necessary. Our attempts to 
build such a tool have been less than completely successful. 

Consistent compilation and the design of associated LOols is one of 
those topics which requires a separate paper for a complete 
treatment 

System Building 

As already mentioned. the nodes of the Pilot tree are C/Mesa 
configuration descriptions. Associated with each is an object 
module built by binding all associated modules and configurations 
belbw the node in the Pilot tree. If a module changes. the system 
is rebound bottom up through the tree. First the changed module 
is bound with its siblings in its parent configuration. Next. the 
parent is bound with its siblings in its parent's configuration. and so 
on. 

Since the binding must be done on the developers personal 
computer and the object modules are stored in the file sener. it is 
necessary to fetch from the file server the object modules in vol red 
in the binding and to store (after testing [see below)) the newly 
bound replacements back onto the file server. 

The process of fetching (from the file server) the correct siblings for 
each level of binding is somewhat tedious and error prone. It was 
not automated except by individual developers using command 
files. Clearly this information should have been derived 
automatically from the Master Ust or from the hypothesized data 
base. 

Each rebinding yields a new version of the object module. The 
Mesa Binder enforces consistent binding by ensuring that only one 
version of a module or· sub-configuration is used either directly or 
indirectly in a bind. This situation has a number of similarities to 
the consistent compilation issue. The subtleties of consistent 
binding also merit treatment in a separate paper. 

bllegralion and Tesling 

A key software engineering technique which we implemented for 
the Pilot project was that of incremenla/ integration. This kept Pilot 
integrated and tested in a state which was no more than a few days 
behind the lead developers. 

Each del'eloper integrated and tested changes as he made them. 
Bugs arose incrementally and were usually restricted to the last set 
of changes: there was always a current working version of the 
system. This technique was panicularly useful in the early stages of 
development. when the various teams were quite dependent on 
what the other teams were dOing (Le .• they needed new functions as 
soon as they were implemented). 

Substantial payoff was realized at the time of release. Final systems 
illlegration and systems test proved to be almost trivial: essentially 
no bugs showed up at this stage. (In many projects it is during this 
phase that project failure occurs [often with no prior warning]). We 
were also required to designate several system integrations as 
internal releases. This provided a continuing sequence of 
milestones by which progress could be measured. 

Key to meeting this objective of incremental integration is the 
requirement to maintain consistency among the sources and objects 
in the working directory on the file server. In this case consistent 
means that the stored modules are consistently compiled and 
consistently bound and that the resultant Pilot object module has 
becn system tested using regression-test programs also stored 
consistently in this same working directory. 

When the Pilot object module had been constructed as described 
above. the test modules were fetched from the working directory 
and executed. Nothing was to' be stored in the working directory 
until these tests had been passed. We referred to this whole 
process as incremental integration. (It is intended that the update 
performed in an incremental integration require only a small 
amount of work. [Le.. a few man-days]). 

The steps in storing a change to PilOt OntO the working director) 
were as follows: I) test the change on a private version of Pilot in 
one's local environment. 2) fetch the latest object modules from 
the working directory. rebuild the system. and test again. 3) via the 
librarian. acquire sole right to update the master copy. 4) again 
fetch the latest object modules. rebuild the system and test 5) 
write the source and new object modules back onto the working 
directory. 6) relinquish sole right to update the master COP) of the 
object modules via the librarian. 

Steps 3-6 are, of course, necessary to resolve the "store race" which 
sometimes results from two developers performing incremental 
integrations in parallel. This procedure permits such parallel 
incremental integrations provided that they are independent updates 
and that the order in which they are performed matters not. Step 
2) minimizes the time that the universal directory lock is held. 
Note that if independent and parallel incremental integrations are, 
in fact. takin!! place. the modules fetched at step 4) may very well 
be different than those fetched at step 2). Unless there is a subtle 
interaction error beN'een the changes of the twO concurrent 
incremental integrations. the test at step 4) will nOt fail. 

While this procedure was effective in managing parallel incremental 
integrations. its implementation was not very satisfactory. The 



procedure was executed manually. introducing the potential for 
error. The fetching and storing were accomplished by command 
files deri ved from the Master List rather than from an integrated 
data base. This situation could be considerably improved by a tool 
flexing off the appropriate data base. While the overhead of our 
incremental integration procedure was considerable. the payoff 
more than justified it. 

It should be pointed out that certain classes of changes could not be 
made as small increments to the current version of Pilot. For 
example. the changing of high-level interfaces usually had system 
wide repercussions. These changes were coordinated via internal 
releases (described below). 

Releases 

fnlerl/al Releases 

Internal releases of Pilot were generated when major interface 
changes were required and also periodicall~ to serve as milestones 
for the measurement of progress. Internal releases are also useful 
to assure the consistency of the source and object modules in the 
directory. In our environment it is possible (through human error) 
for the source and object modules to be inconsistent with each 
other due to the lack of unique version identification (e.g.. a 
timestamp) in each source module. (Source modules may be 
updated and checked back in without being recompiled and 
rebound.) Ultimately. the only way to guarantee that the sources 
and objects are consistent is to recompile the source. 

To make an internal release. the working directory was write-locked 
and the system was brought to a guaranteed consistent state by 
completely recompiling and rebuilding it from source files. The 
working directory was then tested and finally backed-up to an 
archil'e directory. This was all done by the Program Secretary 
using command files generated from the Master List. Any 
outstanding changes to high level interfaces were made and frozen 
several weeks prior to the internal release. 

Ex/en/af Releases 

An external release is accomplished simply by moving a completed 
internal release from the working directory to a public test 
directory. Substantial testing must take place and documentation 
must be created. At the completion of the testing period. the 
release should be mored from the public test directory to the 
proper public release directory. 

The execution of this activity was another of the Program 
Secretary's duties. 

Forking 

Forking is defined to be the creation of a copy of a system followed 
by the development of that copy in a fashion inconsistent with the 
continuing development of the original. This usually means that 
there is at least one module in which changes must be made which 
are incompatible between the two branch systems of the fork. We 
forked at one point early in the develcpment, and found it 
sufficiently unmanagable that we did not try it again. The extra 
complexity of maintaining two development paths and the problems 
of male.ing parallel bug fixes were the major shortcomings of 
forking. The software engineering procedures described in this 
paper 0 not address the problems of forking. 

File Management 

All of these machinations create file and directory logistics 
problems. In addition to the main working directory. we also have 
a public test and a public release directory for the previous external 
release. Additionally. each external release and each internal 
release (four or five per ex ternal release) are captured on a 
StrUctured archive directory. 

By the end of the project. there were 600 current versions of files 
stored on JUSt the working directory. This included almost 200 
source files. their corresponding object files and symbols files (for 
the symbolic Mesa Debugger). and a number of other files. 
including about 150 associated with the test programs. With 
snapshots of past releases of the system on the archive directory. the 
actual number of online files approached 5000. The time spent 
keeping this data base up to date and backed up was very 
significant The Master List and command tiles generated 
therefrom helped alleviate some of the logistics problems. 

Conclusion 

What is the upshot of all of this? In short. most of the 
development environment and control concepts which we used 
worked well. Of even more interest is the catalog of newly 
discovered issues which are the ones now constraining our 
performance. Our systems are never fast enough. particularly in 
switching from one major task to another. Many tasks which we 
perform manually cry out to be automated. to have their speed of 
execution improved but, more important. to have their accuracy 
increased. The automation of these tasks generally requires a much 
more integrated data base than is easily constructed in concert with 
our unintegrated tools. 

Successes 

What worked really well? The configuration and interface 
definition capabilities of the Mesa language. the C/Mesa 
configuration language. and the Mesa Binder worked spectacularly 
wen in anowing us to divide. organize ;md control our development 
effort. Such facilities are clearly a must in any modern systems 
language and implementation. 

The important notion of the scope of an interface and the concept 
of grading and controlling the volatility of each interface according 
to its scope gave the project the appropriate amount of stability at 
each organizational level. This stability in tum was one of the 
enabling factors for incremental integration. 

The Program Secretary was clearly a vital post in this scheme. He 
was instrumental in maintaining the structure and consistency of the 
Master List, the directories. and the many command tiles. He was 
also the prime mover in the execution of both internal and external 
rel~ases. We do have some vague suspicions, however. that the 
Program Secretary's main value was in carrying the integrated data 
base in his head. as we had no automated mechanism for doing so. 
Certainly the implementation of an effective and integrated data 
base (of which the Master List would be a part) would reduce his 
duties considerably. 

The program librarian proved its worth in dealing with the problem 
of updating the working directory consistently. Since this tool was 
introduced Slightly after the beginning of the Pilot project, its 
impact was clearly observable. It was an important facility in the 
implementation of the incremental integration technique. 
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Last. the incremental integration technique itself. despite its largely 
manual implementation. was quite successful. particularly from the 
point of view of avoiding a monolithic syStem integration and test 
JUSt before a scheduled release. 

Deficiencies 

With . respect to our development environment, the relative 
autonomy of each of our tools re~ected itself in our inabi1it~ to 
achieve an integrated data base whIch would control the tools In a 
consistent wav. It also manifested itself in the relative slowness of 
the svstem iIi switching from one tool to another. Something as 
elementary as switching from the compiler to the editor requires a 
fraction of a minute. This slowness raises the cost of the update 
cycle and effectively imposes a minimum size on a change. The 
resulting increased batching of changes tends to make the process 
more error prone. 

Maintaining and updating the librarian and Master List data ba~s 
was a tedious error-prone operation. In these cases the tools are In 
a relatively early stage. and not all of the improvements possible to 
the user interaction have yet been made. 

A strong requirement for some additional tools has been 
established. lbe requirement for a Consistent Compilation Tool 
(for determining the modules to recompile and the order of 
recompilation) was proposed quite some time ago by members of 
our staff (not participants in the Pilot project), but the necessity for 
such a tool was not generally accepted at that time; the requirement 
for a Consistent Compilation Tool is now quite clear. As a result 
of the Pilot experience. The requirement for a Consiste~t Bin~ing 
Tool has been also now established, whereas before the Pilot project 
this was not a particularly visible requirement. A third addit~on 
which would have a large positive impact is a tool for controlling 
and automating the incremental integration process. 

The design and implementation of such tools constitutes a major 
effort in itself. Central to any solution is an integrated ciata base. 
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Abstract 

The Mesa programming language supports program 
modularity in ways that permit subsystems to be developed 
separately but to be bound together with complete type 
safety. Separate and explicit interface definitions provide 
an effective means of communication. both between 
programs and between programmers. A configuration 
language describes the organization of a system and 
controls the scopes of interlaces. These facilities have had 
a profound impact on the way we design systems and 
,organize development projects. This paper reports our 
recent experience with Mesa. particularly its use in the 
development of an operating system. It illustrates 
techniques for designing interlaces. for using the interlace 
language as a specification language, and for organizing a 
system to achieve the practical benefits of program 
modularity without sacrificing strict type·checking. 

Mesa is a programming language designed for system 
implementation. It is used within the Xerox Corporation both by 
research laboratories as a vehicle for experiments and by 
development organizations for 'production' programming. Some of 
our initial experience with Mesa was reported previously [Geschke 
et al. 1977). Since that time. the language has evolved in several 
directions and has acquired a larger and more diverse community 
of users. That community has accumulated a substantial amount of 
experience in using Mesa to design and implement large systems, a 
number of which are now operational. It has become increasingly 
clear that the value of Mesa extends far beyond its enforcement of 
type-safety within individual programs. It has profoundly affected 
the ways we think about system design, organize development 
projects, and communicate our ideas about the systems we build. 

This paper reports some of our recent experience with Mesa. It is 
based primarily upon the development of one particular 
system-what we refer to as the Pilot operating system-for a small, 
personal computer. We also draw upon the lessons learned from 
other systems. These represent a non-trivial amount of 
programming; a survey of just the authors' immediate colleagues at 
the end of 1978 uncovered several hundred thousand lines of stable, 
operational Mesa code. Pilot itself is a 'second generation' client of 
Mesa. It is the first major system to take advantage of explicit 
interface and configuration descriptions (discussed below) in its 
original design. In addition. its designers were able to make careful 
assessments of earlier systems to discover both the benefits and 
pitfalls of using Mesa. As a result, we were able to profit from, as 
well as add to, the accumulated 'institutional learning' about the 
practical problems of de\'eloping large systems in Mesa. 

The purpose of this paper is to communicate those lessons, which 
deserve more emphasis and discussion than they have received to 
date in the literature. We concentrate upon the impact and 
adequacy of the Mesa programming language and its influence 
upon system design; a companion paper [Horsley and Lynch. 1979) 

focuses upon organizational and management issues. This paper 
contains three main sections. First, the facilities provided by Mesa 
for supporting the development and organization of modular 
programs are discussed. In the second section, we describe the role 
played by the Mesa interface and configuration languages in system 
design, particularly from the perspective of Pilot. The final section 
is a qualitative assessment of the adequacy of Mesa as a system 
implementation language. 

COli/ext 

Mesa is both a language and a system. The Mesa language 
[Mitchell et aL 1979) features strict type-checking much like that of 
PASCAL [Wirth, 1971) or EUCLID [Lampson et ai, 1977), with similar 
advantages and disadvantages. In particular, the type-checking 
moves a substantial amount of debugging from run-time to 
compile-time. Much has been written on this subject; our views 
and design decisions have chariged little since our earlier report 
[Geschke et ai, 1977). The typ~ system of Mesa pervades all other 
aspects of the language and system. The latter consists of a 
compiler, a binder, a source language debugger. and a number of 
other tools and utilities. The system has been implemented on 
machines that can be microprogrammed at the register transfer 
level: thus we have also been able to design and implement a 
machine architecture specifically tailored to Mesa. 

The Pilot operating system upon which this report is based is 
programmed entirely in Mesa. as are all of its clients. In addition 
to providing the usual set of operating-system facilities, Pilot. 
implements all of the run-time machinery needed to suppOrt the 
execution of Mesa programs, including itself. The clients are 
assumed to be friendly and cooperating, not hostile or malicious. 
Since no debugging takes place on machines that are simultaneously 
supporting other users, no attempt has been made to provide a 
strong protection mechanism; instead the goal has been to minimize 
the likelihood of uncontrolled damage due to residual errors. Pilot 
was designed and implemented by a core group of six people, with 
important contributions by members of other groups in specialized 
areas. By late 1978, the total system consisted of approximately 
twenty-five thousand lines of Mesa code, 

Modularity in Mesa 

Svstems built in Mesa are collections of modules. The general 
structure of a Mesa module is described in [Geschke et ~/,. 1977). A 
module declaration defiJ;les a data structure conslsung of a 
collection of variables and a set of procedures with access to those 
variables. In form, a module resembles an ALGOL procedu.re or 
SI~t:LA class. Although the Mesa language enforces no p~rucular 
style of module usage, a de facIO standar~ has evo~ved. An ms~ce 
of a module typically manages a colleenon of objects. Each object 
contains information characterizing its own state. The module 
instance provides a set of procedures to create, operate upon. a!ld 
destroy the objects; it contains any data shared by the enure 
collection (e.g., a table of allocated resources) and perhaps some 
initialization code also, 
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Modules communicate with each other via interfaces. A module 
may import an interface. in which case it may use facilities defined 
in that interface and implemented in other modules. We call the 
importer a client of the interface. A module may also export an 
interface. in which case it makes its own facilities available to other 
modules as defined by that interface. Modules and interfaces 
provide a basis for separate compilation. In the current version of 
Mesa. they must in fact be compiled separately; there is no 
provision for nesting modules within a single compilation unit 
Il1stead a collection of modules is bound together into a 
configuration by the Mesa binder, this causes all imported interfaces 
to be connected to corresponding exported interfaces. 

This section contains a brief. Simplified description of Mesa 
interface definitions and of the configuration description language. 
At the end of the section is a note on the consistent compilation 
requirement. a constraint that has an important impact on the style 
and organization of any large system programmed in Mesa. 

Interfaces 

An interface consists of a sequence of declarations and is defined 
by a separate compilation unit called a DEFINITIONS module. An 
interface definition can be partitioned into two parts. either of 
which may be empty. A static part declares types and constants 
that are to be shared between client and implementor. Such 
interface components have values that are completely specified in 
the interface definition and can be used by any module with access 
to that definition. The operations part defines the operations 
available to clients importing the interface. In general. the 
operations are defined in terms of procedures and signals 
(dynamically bound unique names. used primarily for exception 
handling). Only the names and types of operations (including the 
types of their arguments) are specified in the interface. not their 
implementations. The operations part of an interface implicitly 
declares a record type with procedure- and signal-valued fields. We 
call this an interface record. 

Figures la and Ib are excerpts from the definition of a hypothetical 
Channel interface. They illustrate the declarations typically found 
in the static and operations parts respectively. Note that each 
operation is defined to accept or return a Handle. Only this type 
(and its distinguished value nuliHandle) are of interest to clients. 
The type Object is defined within Channel because it is required 
for the declaration of Handle: the attribute PRIVATE hides the 
definition of Object from clients of the interface. 

A module that uses an interface is said to import an instance of the 
corresponding interface record. Every module lists the interfaces 
that it imports. In essence. the importer is parametrized with 
respect to these interfaces. The compiler reads (the compiled 
version of) each of the imported modules and obtains all of the 
information necessary to compile the importing module. No 
knowledge about any implementors of the interfaces is required. 
but the types and parameters of all references to an interface are 
fully checked at compile time. The compiler also allocates space in 
the object program for (the required components of) the imported 
interface records but does not initialize that space. 

Similarly. a module that implements an interface is said to export it 
Such a module contains procedure and/or signal declarations. each 
with the PUBLIC attribute. for the procedures and/or signals defined 
in the interface. The compiler ensures that the types in the 
exporter are assignment compatible with the corresponding fields of 
the interface record and thus with the types expected by importers 
of the interface. In essence. instantiation of an exporter yields an 
instance of the exported interface record in which procedure and 
signal descriptors have been assigned to the fields. Figure lc 
suggests the form of a module that exports Channel. In this 
example. Channellmplementation imports another interface. 
Device. so that it can use operations defined there. 

The Mesa binder collects exported interface records and assigns 
their values to the corresponding interface records of the importers. 
The rules for collection and assignment are expressed in a 
configuration description language. which is discussed below. 

The Mesa approach to interfaces has several important ad\'antages: 

Once an interface has been agreed upon. construction of the 
importer and exporter can proceed independently. In 
particular. interfaces and implementations are decoupled. 
Not only is information better hidden. but minor 
programming bugs can be fixed in exporting modules without 
invalidating a previously established interface and without 
sacrificing full type-checking across module boundaries. 

In large projects. interface specifications are units of 
communication among design and programming groups (see 
below under Interfaces and Specifications). 

Interfaces partition the name space and effectively reduce the 
number of global names that must be kept distinct within a 
project. 

Interfaces enforce consistency in the connections among 
modules. The operations upon a class of objects are collected 
into a single interface. not defined individually and in 
pOtentially incompatible ways. An earlier binding scheme. 
using component· by-component connection. could for 
example obtain Allocate from one module and Free from an 
entirely unrelated one. 

Nearly all of the work required for the type'checking of 
interfaces is done by the compiler. 

Object: PRIVATE TYPE = RECORD [ ... ]; 

Handle: TYPE = POINTER TO Channel.Object; 

nuliHandle: Channel.Handle = NIL; 

Figure la 

Create: PROCEDURE [a: arguments] RETURNS [h: 
Channel.Handle) ; 

Operation: PROCEDURE [h: Channel.Handle, a: 
arguments] ; 

Figure Ib 

Channellmplementation: PROGRAM IMPORTS Device 
EXPORTS Channel = 

BEGIN 

Create: PUBLIC PROCEDURE [a: arguments) 
RETURNS [h: Channel.Handle) = 

BEGIN 

END; 

Operation: PUBLIC PROCEDURE [h: Channel.Handle, 
a: arguments) = 

BEGIN 

END; . 

END. 

Figure Ie 



This approach should be contrasted with the alternatives. Interfaces 
in typical assembly-language programming are defined implicitly by 
attributes attached to symbols scattered through the text of the 
implementors. The associated binders (linkage editors) and loaders 
do no type checking and impose little structure on the use of 
names. Implementations of higher-level languages that are 
constrained to use the same binders seldom do any better. even 
when they otTer strict intra-module type-checking. We believe that 
Ihe type-checking of illlerjaces is the most important application of 
the type machinery of Mesa In a few PASCAL derivatives (see. for 
example. [Kieburtz et 01. 1978]). inter-module type-checking is 
provided by a special binder. but interfaces are still defined 
implicitly. 

If. importers and exporters refer to inconsistent versions of an 
interface. the type-checking scheme used by Mesa will fail. The 
following rather conservative approach has therefore been adopted 
to guarantee consistency. Whenever a DEFINITIONS module is 
compiled. the compiler generates a unique internal name for the 
interface (essentially a time stamp). Interfaces are 'the same' for the 
purposes of binding only if they have the same internal name. This 
rule is an extension of Mesa's equivalence rule for record types (see 
[Geschke et 01. 1977J for further discussion). The compiler places 
the unique name of the interface in the object code generated for 
any importer or exporter compiled using that interface. It is this 
internal name that is used by the binder to match illlerfaces. Thus 
the binder checks that each interface is used in the same I'ersion bv 
every importer and exporter. -

This strategy has profound effects on the organization and 
management of large systems. It guarantees complete type-safety 
and consistency among all modules in a system communicating via 
a particular interface. On the other hand, it introduces both direct 
and indirect dependencies among modules to the level of exact 
versions; establishing consistency can require a great deal of 
recompilation. Subsequent sections discuss these issues. 

Configurations and Binding 

Mesa provides a separate configuration description language, 
C/Mesa. for specifying how separately compiled modules are to be 
bound together to form configurations. In the simple cases 
considered here. configuration descriptions are just lists of modules 
and (sub )configurations. These descriptions can be nested. 
however: and the nesting implicitly determines the scope of an 
interface according to the following rules: 

A component of a configuration (i.e .. a module or 'sub­
configuration' named within the configuration description) 
may import an interface if and only if that interface is either 
imported by the configuration itself or is exported by some 
component of that configuration. 

A configuration may export an interface only if it is exported 
by one of its components. 

The Mesa configuration language is. in fact more general than this; 
it has many of the attributes of a 'module interconnection language' 
as defined by [DeRemer and Kron. 1976}. C/Mesa provides such 
features as multiple. named instances of interfaces. the assignment 
of specific instances to specific importers.. and the joint or shared 
implementation of an interface by more than one module. This 
generality is little used by Pilot and is not discussed here. 

A complete system is represented by a hierarchy of configl.lration 
descriptions. The scope rules for interfaces permit an interface to 
be confined to. or excluded from. any given branch of the 
hierarchy. This can best be illustrated by an example. Let A. B. 
C. . .. be interfaces. and let U. V. W. X •..• be modules that 
import and export them as indicated in the comments. Consider 
the following three C/Mesa configuration descriptions: 

Config1: CONFIGURATION 
IMPORTS A 
EXPORTS B = 

BEGIN 
Ui 
Vi 

END. 

.. imports A. C 

.. exports B, C 

Config2: CONFIGURATION 
IMPORTS B = 

BEGIN 
W· . 
X· . 

END. 

··imports B, exports C 
.. imports B, C 

Config3: CONFIGURATION 
IMPORTS A = 

BEGIN 
Config1i 
Config2i 

END. 

These configuration descriptions guarantee the following properties 
of the interfaces (among others): 

The scope of interface C in Config1 is just that 
configuration: that is. this instance of C is known to all 
components of Config1 but to no component outside it. 
Every component of Config1 which imports C will be 
bound to the same implementation. the one provided by V. 
The interface C in Config2 is entirely independent of the 
interface C in Con fig 1. Whether these twO interfaces arc 
different instances of the same interface definition does nO( 
mattcr; Ihey do 1101 represent the same implementation. All 
components of Config2 that import C are bound to the 
implementation in W. not V. 

Interface A is imported into Config3 (from some yet·to-be­
specified. larger configuration). but it is imported only into 
the branch of the hierarchy represented by Con fig 1. Thus 
no component of Config2 may import A. even though it is 
known at a higher level in the hierarchy. 

The scope rules for configurations provide a powerful tool for 
controlling the interactions among different parts of the system. 
Individual subgroups of the development team can define their own 
interfaces for their own purposes without involving larger units. 
without having to cope with unexpected calls from unrelated parts 
of the system. and without having any naming conflicts. Similarly. 
the organization of the whole system is subject to scrutiny. and all 
interfaces between different parts of the system are fully ex posed. 
No private. undocumented interfaces between low-level components 
in unrelated branches of the configuration hierarchy can exist 

Pilot makes extensive use of nested configurations to limit the 
scopes of interfaces. The configuration descriptions are organized 
as a four-level hierarchy. The highest level exports just the 'public' 
interfaces defined in the Functional Specification (see below). At 
the next level are the major internal interfaces. used for 
c0)llmunication among the major subsystems of Pilot-e.g .• 
input/output memory management etc.' At lower levels are the 
interfaces that provide communication within a subsystem. At each 
lel·cl. the interfaces are defined and managed by the group or 
individual responsible for that configuration. This has been an 
imPOrtant factor in keeping the logistics of the project manageable 
and its schedule reasonable. 

Consistent Compilation 

When one module is referenced during the course of compiling 
another. a compilation depelldency is established. This dependency 
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imposes a panial ordering on a collection of modules. If one 
module is changed and recompiled, all those that follow it in the 
ordering must also be recompiled before the collection is again 
consistent It is seldom possible to bind a system together so long 
as any inconsistencies remain. An example illustrates the problem. 
Let A be an interface between modules U and V. If some change 
is required in A. it is a relatively simple matter to recompile first A 
and then U and V. These three are then consistent with each other 
and may be correctly bound together. If only U or only V were 
recompiled, the binder would repon an error. Suppose. however, 
that interface B uses a type defined in A. say as the type of an 
object pointed to by a field of a record. Suppose further that 
modules X and Y communicate using B. If X also references A, 
any attempt to recompile X will fail until B is recompiled; then 
consistent binding requires recompilation of Y also. Thus Y has an 
indirect compilation dependency on A. Whenever A is recompiled. 
B. X. and Y must be also. 

If the number of modules and interfaces in a system is large and if 
interfaces are evolving. ensuring this strictly-checked consistency 
becomes a major logistic problem for the project manager. The 
practical effect of this COl/sistelll compilation requirement is to force 
system designers to pay very close attention to when and how 
modules are updated. Without careful planning and system design. 
small changes to one or a few interfaces can trigger a recompilation 
of an entire system. For small systems this is not significant, but 
for larger projects it is a headache: and it sacrifices many of the 
operational benefits of modularity. All members of the project 
must bring their work into phase and 'check in' their outstanding 
modules. These must then be recompiled in a sequence consistent 
with the panial order. 

In our experience. such a universal recompilation effon nearly 
always reveals newly introduced inconsistencies ar.d interactions 
among modules. These must be resolved immediately to allow the 
recompilation and rebinding to proceed. In the development of 
Pilot. the recompilation effon took more than a week the first time 
it was tried: this eventually converged to one-and-one-half or two 
days once the logistics were debugged. Note that this period is one 
of enforced inactivity among the members of the project-i.e., they 
are not able to continue the coding and development of the system 
being integrated. (Because of the hierarchical structure of Pilot. 
universal recompilations were rare. In most cases. only the 
components of one of the nested configurations needed to be 
recompiled. requiring much less time and effon and affecting fewer 
people.) 

The enforcement of consistent' compilation is a result of Mesa's 
strict type- and version-checking at the module level. We have 
found that a utility program capable of computing the panial 
ordering and scheduling the required compilations is of great help 
in dealing with consistent compilation. Three more drastic 
alternatives can be imagined: 

First. compatibility of interfaces might be defined recursively 
in terms of component-by-component compatibility of types 
and values. This not onlv involves the binder in much more 
elaborate type checking -but also requires access to large 
symbol tables during binding. Pre\;ous use of this scheme in 
Mesa demonstrated that it had unacceptable performance and 
introduced a different set of operational problems. 

Second, the compiler and binder could be more 
discriminating and enforce recompilation of B. X. and Y only 
when they are actually affected by the changes made to A. 
So far, attempts to do this in ways that do not reduce to the 
first alternative have not been very successful. 

Finally, the onus could be placed on the programmer to 
recompile B, X, and Y when required. This. however, 
sacrifices the type-safeness of the Mesa language in one of 
the places where it is most required: at the interface between 
two modules. Failure to recompile at the appropriate times 
will result in a discrepancy between those modules that is lIot 
apparel/l in ~I/y source text. (In fact. one early version of 

Mesa used 'unique' names that were incorrectly computed 
and were not always unique. We found that debugging in 
the presence of undetected version mismatches was extremely 
tedious and frustrating.) 

The universal recompilation effon is, in effect, the root of a 
software release policy. Observe that the clients of Pilot itself must 
be recompiled whenever the external interfaces (those exponed by 
Pilot) are recompiled. This. of course, can be very time-consuming 
and costly. Therefore, new releases of system software-i.e., new 
versions with updated interfaces-must be carefully planned and 
must not be undenaken lightly. 'Maintenance' releases. on the 
other hand, involve updates only to program modules or strictly 
internal interfaces. These releases can be absorbed very easily by 
clients at will and at the cost of a few seconds' or minutes' binding. 

While consistent compilation is a logistic problem for the project 
manager, it can also be a programming benefit. Sometimes it 
becomes necessary to change an interface. e.g., to change 'the 
representation of a shared type or to repanition functions within a 
system. When this occurs. the type- and version-checking done by 
th'e compiler and binder will detect all references to that interface 
and will expose all pans of the system that must be modified to 
accommodate the change. The experience a/many projects in Mesa 
is .that once a previously running system has been successfully 
recompiled and rebound following changes (0 its internal or external 
interfaces. it will immediately rull with the same reliability as be/ore. 
The correct use of strict interface checking is not always obvious, 
but it must be mastered if the potential benefits are to be obtained. 
(This parallels our experience with intra-module type checking.) 

Programming in the Interface Language of Mesa 

Designing interfaces and reducing them to Mesa DEFINITIONS 
modules are as much acts of programming as designing algorithms 
and reducing them to executable code. In Mesa, interfaces are no/ 
derived ex post facto from the compiled modules constituting a 
system. Most of the early 'programming' of Pilot was. in fact. 
interface programming. and one member of the design team was 
recognized as the 'interface programmer: This was a senior 
member of the group who had the responsibility of ensuring that all 
interfaces were complete. were consistent with each other. and 
conformed to project standards. 

The notion of an interface programmer did not exist a priori but 
arose from the methods used in the specification and design of 
Pilot. The Original assignment of the interface programmer was to 
act as editor of the Functional Specification. a document describing 
the external characteristics of the Pilot operating system. However. 
it soon became apparent that Mesa text was an inherent pan of this 
specification. In addition. while each of the designers contributed 
an interface and draft specification that was satisfactory for the area 
of his responsibility. the collection of these had to be integrated 
into a coherent whole. Thus. the editing task evolved into one 
resembling programming. The first pan of this section illustrates 
the specificalion method and the use of the Mesa interface language 
for defining the external characteristics of Pilot. 

One of the most imponant responsibilities of the interface 
programmer was to ensure that there were no compilation 
dependencies between client programs and internal details of P!lot. 
This is not as easy as it sounds, and we had suffered some blUer 
experience in previous systems that failed to do this. In one case. a 
field of a record representing a low-level data strUcture was 
accidentally omitted in some code shared between Pilot and the 
Mesa system itself. The omission did not affect the operation of 
the Mesa system and was discovered only after most of the testing 
of a new release of that system had been completed. 
Unfonunately, the DEFINITIONS module in which the record was 
located was near tbe root of the tree of compilation dependencies 
and, because of schedule commitments, could not be corrected prior 
to release. As a consequence. all versions of Pilot built on that 



release of Mesa had to avoid using a fundamental feature of the 
system architecture. Considerable pains were taken in the 
subsequent design of the Pilot interfaces to avoid this kind of 
problem. The second part of this section describes a language 
feature that reduces the number of such undesirable interactions. 

The third part of this section describes how the explicit and strictly 
checked interfaces of Mesa permitted the functional simulation of 
Pilot using an older operating system. Contrary to our expectations 
and previous experience in operating-system design, the conversion 
of the client programs from the simulated system to the real one 
was painless. 

Interfaces and Specifications 

The interface language of Mesa served as the nucleus of the 
functional speci fication of the Pilot operating system. This 
provided a means for defining the scope and character of the 
system, for documenting it for clients and potential clients. and for 
focusing the programming effort 

In this particular project. two versions of a Functional Specification 
document were prepared before coding began. The first of these 
was the culmination of a long study in which the general nature of 
the system. its goals, and its requirements were identified. This first 
version of the Functional Specification was circulated, and detailed 
design of the system was begun. Approximately six months later. 
the second version of the Functional Specification was prepared. It 
incorporated changes and refinements resulting from the design 
effort and from comments by the client organizations. Following 
this, Pilot was coded and tested for a period of approximately six 
months. Finally, the Functional Specification was edited to make 
minor changes and distributed as a programmer's reference manual. 

The external specification of Pilot at the functional level is 
essentially a specification of its public interfaces-Le .. of the types 
and 'constants defined by the system. of the procedures that clients 
can call. and of the signals representing error conditions detected by 
the system. These interfaces consist of approximately a dozen 
DEFINITIONS modules representing the major functional areas of the 
system. They are named according to function, e.g.. File and 
Volume to describe the file storage system. Space to describe 
memory management. etc. 

Figure 2 illustrates twO fragments of the Functional Specification for 
the File interface. The twO parts of the figure illustrate. 
respectively, the definition of the notion of file capabilities in this 

A File.Capabllity is an encapsulation of a File.IO, along with a set 
of permissions, and is used to represent the right to perform a 
specific set of operations on a specific file or volume. 

Note: 

File.Capability: TYPE = PRIVATE RECORD [ 
flO: File.lO, permissions: File.Permissions]; 

File.Permissions: TYPE = SET OF {read, write, grow, 
shrink, delete}; 

File.nuIlCapability: File.Capability = [flO: File.nuIllO, 
permissions: 0); 

Capabilities are redundant specifications 0/ intent, not 
"ironclad" vehicles for protection. If a client program 
conscientiously limits the permissions in its capabilities to 
those it expects to use, it will reduce its chances of 
accidentally destroying its own data in case of minor 
hardware or software malfunctions. 

Figure2a 

system and the operation for creating files. File capabilities are 
simply and conveniently described in terms of the type File.lO 
(described earlier in the Functional Specification). The null value 
of a file capability is also defined at this point in terms of 
File.nulllO, a previously defined null value of File.IO, and the 
empty set. Figure 2a contains all of the information about file 
capabilities needed by a Mesa programmer designing a cli\!nt of 
Pilot. and it illustrates the self-documenting nature of high-level 
languages such as Mesa. 

In Figure 2b, the tile creation operation is defined. First. 
definitions of the procedure and associated error signals are 
presented as they appear in the interface (note that the Create 
operation defined in the File interface can cause signals defined in 
the Volume interface to be raised). Following this is a narrative 
describing the function of the C reate operation and the error 
responses that can occur, The initial state of the file is fully 
defined (including values of attributes defined elsewhere in the 
Functional Specification). The type attribute of the file is defined 
in conjunction with Create and consists of a CARDINAL (i,e,. non­
negative integer) encapsulated in a record (to create a unique type). 

When the Functional Specification was completed, the Mesa text 
was extracted using a text editor. embedded in a prototype 
DEFINITIONS module and compiled. This revealed a host of minor 
errors and several circularities. Several omissions were also 
detected. indicating that the document was incomplete in these 
respects. These, of course, were corrected both in the interfaces 
and in the document The result was twofold: First. the interfaces 
compiled from the document became the 'official' versions and 
were used in the implementation. Second, we had confidence that 
we had adequately documented the whole system as an integral part 
of its development. in advance and not as a last-minute chore. 

File.Create: PROCEDURE [volume: Volume.ID, initialSize: 
File.PageCount, 
type: File.Type] RETURNS [tile: File.Capability); 

File.Error: ERROR [type: File.ErrorType]; 

File.ErrorType: TYPE = {reservedType, ... }; 

Volume.lnsufficientSpace: ERROR; 

Volume. Unknown: ERROR [volume: VOlume.ID); 

The Create operation creates a new tile on the specified volume. 
The operation returns a File.Capability (with all permissions) for 
the new tile. If volume does not name a volume known to Pilot. 
Volume. Unknown is signaled. The signal 
Volume.lnsufficientSpace is generated if there is not enough 
space on the volume to contain the tile. The tile initially contains 
the number of pages specified by initialSize (tilled with zeros) and 
has the following other attributes (see §5.2.5): 

type = type parameter to Create 

immutable = FALSE 

temporary = TRUE 

The type attribute of the file is a tag provided by Pilot for the use 
of higher level software. • . . 

File.Type: TYPE = RECORD [CARDINAL]; 

The type of a tile is set at the time it is created and may not be 
changed .... 

Create may signal File.Error[reservedType) if its type 
argument is one of a set of values reserved by the Pilot file 
implementation. 

Figure2b 
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From the Pilot experience, we conclude that the combination of 
Mesa and English in the style we have described is an effective 
specification tool. There is no fonnal or mechanical verification 
method to ensure or 'prove' that the resulting system satisfies the 
specifications. Nevertheless. our experience has been that human 
'verification' is tractable; i.e., the redundancy in this description 
plus ordinary debugging and testing techniques are sufficient to 
convince us that the operating system meets its specifications with a 
reasonable degree of reliability. There were very few cases in 
which the specifications were misinterpreted or interpreted 
differently by different people. 

A Note on Exponillg Types 

At the time Pilot was developed, Mesa did not pennit modules to 
expon types, only procedures and signals. Constants and types 
could, of course, be declared in interfaces. but these were known at 
compile-time to both the imponers and the exponers of the 
interfaces. Unlike procedures and signals. types to be used by one 
module could not be bound at some later time to types defined by 
implementation modules elsewhere. Thus every module using 
instances of a type had to be compiled in an environment in which 
that type was completely defined, even if the compilation actually 
required no knowledge of the internal sll'llcture of the type. 

This restriction introduced unreasonable compilation dependencies 
between implementation details and the external interfaces of Pilot. 
'Ibis is panly a result of the 'object' style of programming. 
Consider, for example, the specification of the Channel interface 
introduced previously. The desired interface must provide the type 
Channel.Handle (to be used by Pilot to identify objects describing 
channels) and a number of operations. such as Channel.Create, 
requiring handles as arguments or returning them as results. 
Figures la and Ib suggest the obvious mapping of these 
requirements into a Mesa DEFINITIONS module. 

While Figure 1 shows the most type-safe way to define a 
Channel. Handle, that interface has a serious operational 
shoncoming. A client program is not concerned with the actual 
values of Channel.Handle; it only stores them and passes them as 
parameters. The implementation might use a pointer, an array 
index, or some other kind of token to represent a Channel.Handle. 
In particular, the implementor should be free to change its 
representation without impacting Channel clients (Le., without 
forcing them to be recompiled). Unfonunately, the definition in 
Figure 1 requires a commitment to the representation of not only 
Channel. Handle but also Channel.Object at the time the interface 
is defined. The. only flexibility retained by the implementor is in 
the algorithms and data structures hidden within 
Channellmplementation. Thus, fixing bugs and improving the 
system behavior must be confined to major releases of Pilot, at 
which time it is expected that all clients will, at least, be 
recompiled. 

Oients also suffer in this approach. Because the representation of 
the Channel.Object is clearly exposed in the interface (even 
though it is marked PRIVATE), the client programmer is tempted to 
make unwarranted assumptions about the properties of the objects, 
Indeed, he can even reference objects directly (using a very simple 
breach of the type system subject only to administrative control), 
rather than via the exponed procedures of the interface. If the 
implementation of channels is changed in a subsequent release of 
Pilot, the client program must be revised, not just recompiled. 

In Pilot, introducing implementation details into public interfaces 
was avoided by carefully placed breaches of the type system. The 
Mesa version of the Channel specification was defined as shown 
in Figure 3. The declaration in Figure 3a defines Channal.Handle 
to be a unique record type occupying one word of storage. This 
change has no effect on clients of the interface (see Figure 3b) and 
does not sacrifice type-checking of channel handles within clients. 
The actual representation of the Channel.Handle is defined in the 

implementation module as suggested by Figure 3c. where the 
LOOPHOLE construct changes .the type of its first argument to its 
second argument, with no change in representation. 

Note that the implementation module can be recompiled whenever 
necessary and rebound to the rest of the system without affecting 
any interfaces. In panicular, the implementation details of the 
embedded types Object and InternalHandle (except the latter's 
size) can be changed at will. The type InternalHandle is bound 
at compile time to the current version of Object, but the type 
Chlnnel.Handle is constant for the life of the interface. 

This need to breach the type system to minimize compilation 
dependencies has suggested an improvement to the Mesa language, 
namely, the exporting of types. To do this. we replace the 
declaration of Channel. Handle in Figure 3a by: 

Handle: TYPE WITH SIZE [POINTER]j 

This defines Channel. Handle to be a type that will be bound at a 
later time. The size, if specified, grants to an imponer the right to 
use the declaration and assignment operations for that type. An 
implementation module then expons the type in exactly the same 
way it expons procedures-by declaring a PUBLIC type with the 
required name. The compiler checks that the representation of the 

Handle: TYPE = PRIVATE RECORO[UNSPECIFIED] j 

Figure3a 

Create: PROCEDURE [a: arguments] RETURNS [h: 
Chennel.Handle]j 

Operation: PROCEDURE [h: Channel.Handle, a: 
arguments]j 

Figure 3b 

Channellmplementation: PROGRAM IMPORTS Device 
EXPORTS Channel = 

BEGIN 
Object: TYPE = RECORD [ .•. ]j 
InternalHandle: TYPE = POINTER TO Objectj 

Create: PUBLIC PROCEDURE [a: arguments] 
RETURNS [h: Channel. Handle] = 

BEGIN 
h1: InternalHandlej 

h1 ..... j 

h .. LOOPHOLE[h 1, CIMnne/.Handle)j 
END; 

Operation: PUBLIC PROCEDURE [h: Channel.Handle, 
a: arguments] = 

BEGIN 
h1: InternalHandle = LOOPHOLE[h, 

InternalHandle); 

END; 

END. 

Figure3c 



exponed type is consistent with the specified size. In Figure le. the 
declaration of InternalHandle is replaced by: 

Handle: PUBLIC TYPE = POINTER TO Object; 

references to h 1 are replaced by references to h, and the 
assignments using LOOPHOLEs are removed. Breaches of the 
type system are no longer required in the source code. Clients of 
Channel are unaffected. The binder checks that each exponed 
type is exponed by precisely one implementing module and that 
therefore all modules of a configuration refer to the same type. 
The only information that needs to be known about the type when 
the interface is designed or a client is compiled is the size of the 
representation of that type. Note that an exponed type does not 
ha\'e a run-time representation that is available to clients: only the 
exponer can have any knowledge of the internal structure of that 
type. 

Functional Simulation of the Pi/ot Operating System 

A side effect of the explicit definition of interfaces in separate 
compilation units is that the same set of interfaces can be 
implemented by two different systems. and a client can be bound to 
either one. Provided that corresponding procedures of the two 
syste~s imJJlement the same 'semantics: the client perceives no 
functIonal difference between them. This proved to be a valuable 
feature for the early clients of Pilot. To allow them to begin their 
own testing before Pilot was complete, a simulated version of Pilot 
was provided using an older operating system. 

This S'imulated version used exactly the same interfaces (i.e .. source 
and object DEFINITIONS modules) as the real one. It consisted of 
only a small amount of code that convened calls upon Pilot 
procedures into calls upon old operating-system procedures. In the 
configuration description of the simulated system. all interfaces of 
the old system were carefully concealed from clients. For all of 
the basic operating system facilities, the simulated system and the 
real one provided vinually identical functional behavior. 

The conversion from the simulated environment to die real 
environment took very little time and effon. In one typical case, an 
operational version of an application system was demonstrated 
using , the simulated Pilot system. Within twO weeks, it was 
operatIonal on the real system and had successfully executed the 
same tests as it had in the simulated environment We attribute 
this success primarily to the strict interpretation of interface 
equivalence in Mesa, which, along with the English narrative in the 
Functional Specijicqtioll. provided sufficient redundancy to permit 
the implementation of exactly the same functions on two different 
systems. 

This simulated system was not our first attempt An earlier effon 
demonstrated that compatibility requires more than a collection of 
approp~iately named operations: In that effort the old operating 
system mterfaces were not concealed, and the interface modules of 
the simulated system were only 'approximately' the same as those of 
the real system. As a result. conversion from the simulated system 
was a very painful process. Programs that worked well on the 
simulated system needed extensive revision prior to conversion 
because (much to the surprise of their implementors) they were 
found to contain ex tensive dependencies upon the facilities of the 
old system, which were still available and visible. 

Adequacy of Mesa as a System Programming Language 

Previous sections have discussed some potential benefits of high­
~evel lan.guag~s,. particularly in the areas of consistency checking. 
mformauon hldmg. and control of interfaces. These languages offer 
other well-known advantages. such as greater descriptive power and 
the suppression of many coding details. A question often raised. 

~owever. ~s whether a language such as Mesa is adequate for 
unplemenung components of 'real' systems. especially very low-level 
p~grams such as the kernel of an operating system or a device 
dnver. In the case of the Pilot project, the answer is an unqualified 
'yes: All system software. including all run-time suppon for the 
language. trap handlers, interrupt routines. etc .. is coded in Mesa. 
Even a bootstrap loader that fits into a single 256-word disk block 
has been written in Mesa. 

We must. however. expand upon our ans~'er. In our opinion. 
several easily overlooked characteristics of our environment 
contributed substantially to our success. The more important of 
these are discussed in this section. 

Access to the Hardware 

Mesa was designed to provide complete but controlled access to the 
underlying machine. There are several aspects of this. Note that 
the features described below appear quite infrequently in our code. 
and the use of most of them is subject to strict administrative 
control. Each one. however, seems crucial in cenain situations. 

The programmer has. the option of specifying the representation to 
be used for a pamcular type. If. for example. the attribute 
MACHINE DEPENDENT is attached to a record declaration the 
mapping from the fields of that record to the bit positions in its 
repr7sentation is precisely defined and guaranteed by the compiler. 
t\n Imponant use of this attribute is to create structures that exactly 
match hardware-defined formats; thereafter. interaction with the 
hardware can be described symbolically. Another use is to specify 
the formats of records placed on secondary storage media. The 
Mesa system is still evolving: each release defines a 'vinual 
machine' that may differ from its pred~essors in cenain details. 
Any data structure likely to outlive a particular release is. in effect. 
dependem upon the vinual machine that created it. Clients are 
enc~uraged to recognize this dependency explicitly. either by 
speclfymg some fixed format in the original declaration or bv 
inventing their own unique naming scheme for version controi. 
(We have found that using the MACHINE DEPENDENT attribute for 
this purpose is overly tedious: an adequate and more satisfactorv 
~Iternati\'e would be an attribute enforcing somc standard, release­
mdependent format.) 

The Mesa language allows explicit breaches of the type systcm. For 
essenually the same reasons reponed previously [Geschke el al. 
19771. we have made modest use of such breaches. often to decode 
representations. Trap handling, for example. sometimes requires 
inspection of a procedure descriptor as a string of bits. We use 
another breach. the assignment of an integer to a pointer. to access 
hardware-defined memory locations. This is one of the rare cases 
!n which a non-pointer value must be assigned to a pointer. and it 
IS almost always done by a constant declaration in an internal 
DEFINITIONS module rather than by an executable program. 

The language also includes a low-level 'transfer' primitive as 
defined in [Lampson et ai, 19741. for the transfer of control bet~een 
contexts. Use of this primitive sacrifices a cenain amount of 
readability and type checking; in conjunction with the heap (non­
stack) allocation of frames. however. it has allowed us to 
experiment with unconventional control structurcs and to 
implemem the lowest lc\els of trap handlers. interrupt routines. 
process schedulers and the like in Mesa. 

Finally. Mesa permits bodies of procedures to be specified as 
sequences of machine instructions. When one of these procedures 
is caUed. that sequence is compiled 'inline' in the body of the caller. 
This facility permits direct access to any special operations of the 
machine not reflected in the Mesa language. such as I/O control. 
interrupt masking. etc. 
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Efficiency 

Implementing Mesa on a microprogrammed machine has given us 
the opponunity to design an instruction set that is well matched to 
the requirements of the language. In our experience. space has 
proved more critical than time in most systems for small. personal 
computers: overall performance depends more upon the amount of 
primary memory available than on raw execution speed. We have 
therefore emphasized compactness in our design. 

Mesa object code is very compact. This is due primarily to the 
design of the instruction set itself. We used techniques for program 
analysis similar to those described in [Sweet 1978] to discover 
common operations and to choose efficient encodings of them. The 
current compiler does little global analysis and optimization. but 
extensive 'peephole' optimization does contribute further to the 
compactness of the object code. That code is considerably more 
compact than the code produced by most other compilers known to 
us. even those that perform extensive optimization [Wichmann, 
1977]. In fact. Mesa object code is often more compact than good 
assembly code for machines with a conventional instruction set. 

We have been careful to define operations that have reasonable 
implementations in microcode. Execution speed is therefore 
adequate also: critical timing-dependent code. such as a disk 
interrupt handler that operates on each sector. can be satisfactorily 
programmed in Mesa without making undue demands on processor 
time. We seldom find it necessary to reson to obscure coding styles 
to achieve fast programs: when bottlenecks are discOl·ered. it is 
often more profitable to improve the microcode. 

Tools 

Another essential requirement for programming in a language such 
as Mesa is a set of tools that maintains the illusion of a Mesa 
'virtual machine'. The most notable of these is a powerful source­
language debugger. which is routinely used by all Mesa 
programmers. To allow the debugging of programs such as Pilot 
itself. our debugger operates on the 'world-swap' principle. 
Embedded in the program to be debugged is a small Ilub which 
fields traps. faults, breakpoints, and other conditions. Using a few 
carefully chosen primitive operations. this nub causes the entire 
state of the memory to be saved on a file and then loads a 
debugging system to examine that file. Because of the swap. an 
errant program cannot damage the debugger. and the debugger is 
not dependent upon the system being debugged for an) of its 
operations. 

The debugger provides the usual facilities: for example. it is 
possible to display variables. to set conditional breakpoints and to 
display the state or call stack of any process. All interactions with 
the programmer are symbolic and are expressed in terms of his 
original program. Thus each displayed value is formatted according 
to its type. the original source code is used to specify the location 
of a breakpoint. etc. In addition. the debugger contains an 
interpreter of a subset of Mesa: it is valuable for following paths 
through data structures. setting variables. and calling procedures in 
the user's memory image. 

System IllIegration 

-ine entire Mesa system is integrated and can evolve to meet new 
requirements as they are recognized. We can influence all levels of 
the implementation; to add new facilities or remove a bottleneck. 
changes can be made where they are most appropriate. 

The evolution of processes in Mesa demonstrates this. Earlier 
versions of the language had no special suppOrt for processes in any 
form. Because of the accessibility of the underlying machine. 
particularly the transfer primitives, users were able to write their 
own packages supponing process creation and scheduling. In fact. 

several such packages were written, each designed to perform well 
for certain classes of applications. Most of the packages were 
mutually incompatible. however, and since the language had no 
notion of a 'process' or 'critical section: the compiler could offer no 
help in checking for process-related inconsistencies. 

After much discussion of the alternatives. we decided to adopt a 
'procedure-oriented model' of processes [Lauer and Needham. 1978] 
as our standard. The concepts of processes. monitors. and 
condition variables were added to the language. While it is possible 
(and. at the lowest levels of the system. sometimes necessary) to 
ignore these additions. they provide a standard way of programming 
that is adequate for most applications. The compiler was extended 
not only to accept these constructs but also to check for obvious 
inconsistencies in their use. In our initial implementation. process 
scheduling was done largely in software: this was relatively easy and 
gave us some flexibility for experimentation. Subsequently. certain 
pans of the scheduler were moved into microcode to obtain a 
substantial performance improvement. 

Conclusions 

The correct uses of the type system. interface language, and 
configuration language of Mesa are not always obvious. They must 
be mastered bOth by individuals and by organizations if the benefits 
are to be obtained. The benefits. however. can be verv substantial. 
Mesa provides a measure of control over the -design and 
development of systems that greatly exceeds anything else available 
to us within the resources of a modest-sized development project. 
As a result. sophisticated systems can be implemented robustly and 
reliably by small groups within reasonable times. One of the most 
important practical benefits of Mesa is that the 'easy' bugs are 
eliminated almost at once and the 'hard' bugs are encountered 
much sooner in the life of a system. 
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A Retrospective on the Development of Star 

Eric Harslem and LeRoy E. Nelson 

Xerox Corporation, EI Segundo, California 

Abstract 

Star, officially known as the Xerox 8010 Information 
System, is a workstation for professionals, providing a 
comprehensive set of capabilities for the office 
environment. The Star software consists of just over 
250,000 lines of code. Its development required 93 
work years over a 3.5 year period. 

The development of Star depended heavily on the use of 
powerful personal computers connected to a local-area 
network and on the use of the Mesa language and 
development environment. An Integration Service was 
introduced to speed up the building of Star and to 
relie~e. the programmers of many complex, but 
repetitive, tasks. 

Background 

In 1975, the Systems Development Department (SDD) 
was formed inside Xerox to effect the technology 
transfer of research from the Xerox Palo Alto Research 
Center (PARC) into mainline Xerox office products. 
Central to this strategy was the development of a 
superior professional workstation, subsequently named 
Star, that was to provide g major step forward in 
several different domains of office automation. 

PARC had developed a number of experimental 
software development tools and office tools based on the 
Alto personal computer [Thacker 821. The most 
important of these tools was a combined modular 
imp!ementation language and interactive development 
environment called Mesa [:\<litchell 78]. Mesa played a 
k~y . role in the construction of an integrated, 
distributed development environment of personal 
computers connected by a local-area network. 

The experimental office tools were the result of several 
research projects that had produced extensive user­
interface design knowledge. But these tools were not 
consistent in terms of software design, implementation 
language or user interface. The goal of Star was to use 
the base of experience accumulated at PARC to build 
an integrated system with a uniform user interface. 

Xerox'&, 8010 and Star are trademarks of Xerox Corporation. 

The first release of Star entered the marketplace in 
1981. Star provides a relatively powerful personal 
computer in an elegant professional workstation 
(electronic Desktop) connected to a 10 mega-bits-per­
second (Mbps), local-area network (Ethernet [Dalal 
81]). Star provides a unique user interface and 
comprehensive office functions [Smith 82] including 
multi-font text editing integrated with graphics, 
sophisticated interactive layoutl, electronic mail 
printing and filing, as well as a "personalized" dat~ 
management system. 

In this paper, we generally refer to Star development in 
the past tense, as if it had ended with the first release. 
Actually, that first release has already been replaced 
by later releases. Star is expected to evolve as a 
product for several more years--adding new functions 
and encompassing new domains. 

Summary of Star Development 

From the start of 1977 through the first quarter of 
1978, a functional specification was written for Star. 
Product specifications are often overly ambitious due to 
pressures from the marketing organization. In the case 
of Star, the problem was compounded because the very 
charter of the development organization was to be 
innovative. The staff of designers and implementors 
aspired to build the ultimate professional workstation. 
Concurrent with the writing of the functional 
specification, two experimental prototypes were 
developed at a cost of approximately 15 work years. 

The design of the Star software began in the spring of 
1978. The first release was completed early in October 
of 1981. Over that period of 3.5 years. 93 work years 
were expended by the Star development group 
including project leaders, first- and second-Ievei 
managers, and software integrators. The staff grew to 
20 people within the first six months and then 
gradually increased to 45 people over the next three 
years. 

The progress of Star development was interrupted 
several times when we discovered that fundamental 

1 Th!s paper was prepared on Star. The layout, fonts and 
~raphlcs, as you see them, were viewed and edited directly on 
:,t~r. The original document was printed on a Xerox 8044 laser 
prmter. 
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components of the system required redesign to meet 
objectives. For example, three successive designs for 
interactive text, graphics and page layout were 
implemented. 

About one-fifth of Star was working by the time it was 
determined that a subclassing mechanism would be 
needed to complete the system. Such a mechanism was 
subsequently designed and implemented [Curry 82]. 
The existing Star code was converted to use this new 
mechanism in several phases. 

The initial text display and editing implementation 
supported an 8-bit character space. A little over a year 
before the end of development, this was replaced with a 
new design to support a 16-bit character space, 
including Japanese, Chinese, Russian and European 
characters. 

Star workstation software was built on a specialized 
operating system known as Pilot [Horsley 79]. For 
historical reasons, we include a tree-structured file 
system as part of Star, even though it was split ofT as a 
separate project in 1980. There were six major releases 
of the Pilot operating system and five major releases of 
the file system during the course of Star development. 

Each new release of underlying software required 
significant changes to Star code-sometimes to take 
advantage of new functionality, and sometimes to 
adapt to radically restructured interfaces. The last 
major restructuring of the file system occurred only 
three months before the first release of Star. 

The barchart below shows the size of the operational 
corpus of Star code over the period of its development. 
A plot of functionality would have roughly the same 
shape. Star actually shrank during the conversion to 
the subclassing mechanism. 
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The first release of Star (including the file system but 
not Pilot) was composed of 401 interface (definitions) 
modules, 440 implementation (code) modules and 88 
configuration description files. The modules contained 
255,000 lines of code and the compiled system consisted 
of908,000 bytes of Mesa opcodes. 

Altogether. we probably wrote, integrated and had 
working, for some period of time, in excess of 400,000 
lines of code. Moreover, we expect major components of 
the existing system to be rewritten in the future, based 
on our most recently evolved insights. 

The 8000 Workstation 

The 8000 workstation hardware was developed 
concurrently with the Star software. The 8000 
workstation had two distinct uses for Star 
development: as an electronic Office Desktop, which is 
the Star product, and as a Programmer's Desktop-a 
vehicle for software development which is currently 
only available inside Xerox. 

The 8000 workstation consists of a processing unit and 
a user terminal. The 8000 processor was designed to be 
the processor in all SDD products (the 8000 series). 
The processing unit is installed in a wheeled cabinet 
that is small enough (12"x25"x28") to fit conveniently 
under a table or beside a desk. It consists of a central 
processor (implemented with bit-slice microprocessor 
technology), a rigid disk (8 mega bytes (MB) or, with a 
second cabinet, 24MB), a floppy disk, connections for 
Ethernet and user terminal, and optional controllers 
for other devices. The memory system implements a 
22-bit virtual and 20-bit real address space. The 
typical memory configuration includes 512KB of RAM. 

The central processor is microprogrammed, so it allows 
an efficient implementation of a modular, high-level 
language such as Mesa through the specialization of 
the Mesa opcodes [Johnsson 82J. The 8000 processor 
runs about 500,000 Mesa opcodes per second. For 
typical (non-floating-point) processing, the 8000 
processor has about one-half the speed of a DEC V AX 
111780 processor. 

The user terminal consists of an 808 raster by 1024 
pixel bitmapped display. a keyboard, and a pointing 
device called a "mouse" [Thacker 82J. The bitmapped 
display and mouse are of particular significance to the 
functionality of Star as well as for the use of the 8000 
as a programming environment. 

The Evo"lution of Workstation Hardware 

From the beginning of Star software development, 
every programmer had his own Alto. Later, Altos were 
supplemented by a more powerful personal computer, 
the Dolphin. Finally, 8000 workstations replaced both 
Altos and Dolphins as the personal computers for 
programmers. About two-thirds of the Star 
programmers have used all three of these computers in 
the course of Star's development. 

The following table summarizes the capabilities of 
these three computers. 

Avail- Virtual Typical Disk Mesa 
ability memory memory capacity compile 

Alto 1977-81 NO 2S6KB 5MB 2min. 
Dolphin 1979-81 YES 576KB 24MB 1.Smin. 
8000 1981- YES 512KB 24MB 1 min. 

Availability is for personal use of Star developers. 
Compile times are for a typical 600 line program. 



The Alto was very good hardware for research 
purposes, but it lacked virtual memory and was 
therefore not suitable for a sophisticated product such 
as Star. The Dolphin (also known as the DO) was still 
research hardware, but its virtual memory capability, 
disk capacity and user terminal put it much closer to 
the 8000 than the Alto was. The Dolphin's principal 
use for Star development was to emulate the 8000 
workstation, while the latter was under development. 
During 1980, Dolphins were a critical resource for Star 
development. One Dolphin was provided for every 3-4 
programmers. While each programmer had an Alto for 
his programming tasks, all execution and debugging 
had to be done on shared Dolphins. 

An important feature was that all three computers 
were micro-programmed to run Mesa. All three 
systems could be used to compile and build systems as 
well as to execute them. In the terminology of Brooks 
[Brooks 75], our two early vehicle machines were able 
to imitate the target machine, albeit with a certain 
degradation in performance. This feature accelerated 
Star development and provided partial independence 
from the delivery schedule for 8000 hardware. 

The Network Development Environment 

All three of the hardware systems used in the 
development of Star were interconnected via the 
Ethernet. As noted above, these systems came with 
only modest disk capacity and with no printing 
capability. Our requirements for large disk storage 
and printing were fulfilled by server elements on the 
Ethernet. 

For most of the development of Star, the servers were 
Alto-based. File servers used in Star development had 
between 600 and 1,200 MB of online file storage. Print 
servers provided between 10 and 60 pages-per-minute 
raster printing to personal systems on the network. 
Librarian servers mediated access to libraries of source 
files stored on file servers. 

To further complicate the process of developing Star, 
SDD was geographically split between EI Segundo and 
Palo Alto, California. During 1981, roughly twenty­
five programmers were located in EI Segundo, and ten 
were located in Palo Alto. Communication servers 
connected the El Segundo Ethernet with the Palo Alto 
Ethernet via a 56 Kbps leased line. 

The following diagram shows the portion of the Xerox 
internetwork (internal, connected Ethernets) that was 
relevant to the development of Star. 

The internetwork made large-scale resources available 
to geographically-separated, personal computers on a 
cost-effective basis. It was also essential to the 
Integration Service, which we discuss later. 

The network link between EI Segundo and Palo Alto 
provided high-bandwidth, inter-personal electronic 
communication. Through electronic mail, minor 
developments, which might otherwise have gone 
unnoticed, were broadly publicized. This constant flow 
of information was a primary vehicle for the 
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implementors to keep up to date on such a large project. 

The Implementation Language 

Much has already been written about the advantages of 
using Mesa for the development of system software 
[Horsley 791 [Lauer 79l. Our experience with Mesa in 
the development of Star supported the following key 
points made in the earlier papers: 

• High-level language. This was the most obvious 
benefit of Mesa. It provided the ability to "say" a lot in 
a single statement and improved the readability of the 
code. 

• Interface definitions modules (Defs). Defs allowed 
use of logical software objects by client modules 
without any knowledge of, or dependency on, the 
implementation modules. Such information hiding 
greatly facilitated the rapid growth of Star, as well as 
the redesigns and re-implementations of key functions 
in the system. Star contained 401 Defs. 

• Independent compilation of modules. Star was 
composed of 440 implementation modules, each of 
which could be recompiled without recompiling any of 
the others. The compiled modules were bound together 
into a tree-structured hierarchy of 88 configurations. 
Only those configurations on a direct path between a 
recompiled implementation module and the root 
configuration needed to be rebound. This feature made 
it possible for programmers to routinely achieve six or 
more compile-build-test cycles per day. 

• Strict type enforcement. The compiler and binder 
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found many errors that traditionally would require 
tedious debugging. Also, when a working part of the 
system was converted to new interfaces, type 
enforcement found most errors, allowing Star to 
become operational again quickly. 

• Coding conventions. Star developmers chose to 
observe a set of formally specified coding style 
conventions, particularly in regard to naming types 
and variables. While not specifically part of Mesa, 
these conventions were made possible by Mesa's 
provision for user-defined types. The naming 
conventions significantly enhanced the readability of 
Star code. 

The Software Development Environment 

Many papers on software engineering have noted that 
software tools are as critical to the effectiveness of an 
environment as the hardware. The key tools, ranging 
from the obvious to the sublime, that were part of our 
development environment, are listed below.2 

• Compiler. Read interface and implementation source modules 
and produced object files called Binary Configuration Descriptions 
(BCDs). 

• Binder. Merged implementation module BCDs and/or 
configuration BCDs into configuration BCDs. 

• IncludeChecker. Examined the partial ordering of 
dependencies in a set of modules and/or configurations to 
determine which ones must be recompiled and/or rebound, and in 
what order, to insure type compatibility. 

• Packager. Rearranged code within bound configurations 
BCDs to change swapping pl·rformance. 

• MakeBoot. Produced u ··boot file" from a BCD which contains 
Pilot. A boot file wa' t h~ basic E!xecutable object on 8000 systems. 

• CoPilot. Provided interactive, source-level debugging for 
~Iesa:programs, including a variety of performance monitoring 
and debugging tools. 

• Adobe. Submited problem reports to a data base on a file 
server, maintained the data base, and generated data for status 
reports. Was used extensively to keep track of problems with 
hardware as well as problems with software. 

• Bravo/Editor/Formatter/FindlWaterlily. Created and 
manipulated Mesa source programs and documentation. including 
string searches and line-by-Iine file comparisons. In the future, 
Star itselfwiII be used for many of these same purposes. 

• Lister. Produced human-readable listings of BCD contents in 
manYdii'ferent formats. 

• Access/Librarian. Checked modules in and out of a source 
library maintained on a file server via a librarian server and 
updated the librarian server's data base. 

• FTPlFileToollChaUBrownie. Transfered data files between 
workstations and file servers. 

• EmpresslPrint. Printed source listings, documentation, etc. 
on print servers. 

• Laurel/Hardy. Used to compose, send, receive and organize 
electronic mail. 

As mentioned previously [Horsley 79], the original 
Alto-based environment was highly fragmented. Each 

2 The diversity of tool names reflects the variety of groups 
which contributed to the development of these tools. Most of the 
tools with self-explanatory names were created for the 
integrated Mesa development environment. 

tool was a separate context to and from which the 
programmer had to switch. This was burdensome, due 
as much to the attention and keystrokes required as to 
the time consumed. Furthermore, these tools had been 
developed by many different groups. They had radical 
differences in user interfaces, which taxed even the 
adaptability of systems programmers. These 
programmers frequently cited the context switching 
and differing user interfaces as major aggravations, if 
not measurable deterrents to progress. 

Over the years, an integrated environment-a 
Programmer's Desktop-was developed. This 
environment provided editing, compiling, binding, 
debugging, etc. in multiple co-existing windows on the 
Desktop. This integrated environment was only 
available for the last few months of Star development. 

Personal Computers for Programmers 

The increasing cost of software as a portion of overall 
computer system development is a well known fact of 
life. SDD was committed from the start to maximize 
the effectiveness of a relatively scarce and expensive 
resource-programmers. 

Gutz, Wasserman and Spier present a thorough case for 
providing professional programmers with personal 
workstations, in the context of a network of larger­
scale services [Gutz 81]. The Star experience supported 
their case. The personal environment was a key to the 
high productivity of Star development. The 
advantages included the following: 

• Vehicle machine'" Target machine. This condition 
held at two points during Star's development: at the 
beginning and at the end. Almost any degree to which 
a personal vehicle machine can approximate the target 
machine is a major benefit. The one year when it was 
necessary to "sign up" for Dolphins was significantly 
more frustrating and less productive. 

• Reliability. The operational independence of 
personal computers meant that a single workstation 
failure affected only one person. 

• ConsistencylPerformance. Second in importance to 
reliability is the consistent feedback/response that a 
personal computer provides. <fA dependable 2-h[our] 
turnaround is better than an average I-h[our] 
turnaround with high variability." [Mills 76] 
Furthermore, the 8000 processor provided computing 
power comparable to modest timesharing systems. 

• Physical environment. Personal computing in an 
environment rich in services provided remotely via 
Ethernet freed programmers from many traditional 
restrictions-extreme noise, cold air, etc. The power of 
the 8000 and of the Programmer's Desktop reduced 
programmers' reliance on printed output. Portability 
was certainly an option, but the capital expense of an 
8000 was such that they were not made available for 
home use. 

• Staffing. Hiring talented programmers has been 
especially difficult in recent years. We found that 
being able to offer a programmer his own personal 



computer with a powerful set of development tools was 
of great benefit in attracting and holding a talented 
staff. 

• Job satisfaction. Our programmers appreciate and 
enjoy having sufficient computing resources readily 
available to make full use of their time and talents. 

We also noticed a few pitfalls with personal computing. 
There was a tendency for individuals to isolate 
themselves because of the autonomy of personal 
computing. Without careful coordination and 
direction, it was easy for for considerable time and 
effort to be wasted. 

Another interesting effect was that the overhead of 
doing a given task could be reduced to the point where 
it was tempting, if not automatic, to do it without 
appropriate forethought. For example, when it was 
easy to build a new version of the system, programmers 
would tend to stop debugging as soon as they found the 
first bug rather than making the most efficient use of 
each debugging opportunity. Under those conditions, it 
was also tempting to try a quick fix for a problem 
rather than taking time to really understand it. 

Going to Extremes with Personal Computers 

At the end of the first year of development, Star had 
grown to 300 modules and 67.000 lines of code. This 
was far more than an individual programmer could fit 
on his Alto disks along with the necessary tools to build 
the system. 

Of course, not all changes required compiling all of 
modules in Star. In fact. most changes required only a 
small number of modules to be recompiled. However, 
binding Star and building a boot file each required 
most of the available disk space as well as significant 
amounts of time. 

File servers could solve the disk space problem. 
However, swapping files required a large number of 
keystrokes and introduced opportunities for error. A 
lot of creative time was spent on the rather mundane 
task of system building. 

In part, this problem could have been alleviated by a 
system modeling/building tool. A system modeling tool 
would provide a formal description of the system and a 
means of automatically building a new version given 
an arbitrary revision. Such a tool would have allowed 
programmers more of an option to rebuild the system 
themselves, particularly overnight. System modeling 
was-and still is-an active research topic in SDD. 
However, even if system bulding were completely 
automatic, the time involved was frequently not 
appopriate for a personal workstation. 

The Integration Service 

After the first few months of Star development we 
"rediscovered" the need for integrations-versions of the 
system that were complete, consistent, operational, 
and stored on a file server for public use as a basis for 
development. The requirements for an Integration 
Service enumerated below may seem quite logical and 

even obvious. While we recognized a few of them from 
the beginning, we discovered most of them along the 
way-by identifying bottlenecks and by experimenting 
with proposed solutions that we found in the literature 
or (re)invented ourselves. 

Initially we tried to have individual programmers 
perform software system integrations on a rotating 
basis. It became increasingly difficult for each new 
integrator to learn the techniques that had been 
developed by his predecessors. 

• The Integration Service permanently accepted the 
responsibility for producing and storing integrations 
and for documenting the structural and procedural 
aspects of integrations. 

Producing an integration included the following 
functions, among others: 

• compiling the right modules in the correct order; 
• binding the configurations in the correct order; 
• correcting syntax errors; and 
• building an executable system. 

• The Integration Service was staffed with para­
programmers under the direction of a programmer. 

We found performing integrations to be a sub-optimal 
use of programming talent. Performing integrations 
was a specialized, repetitive task, in many ways having 
little to do with programming and requiring good skills 
for interpersonal communication. The bulk of the work 
of performing Star integrations was done by a single 
para-programmer. A second integrator was added 
during 1981 when the Integration Service was 
expanded to support development of Services products 
and the file system in addition to Star. 

• The Integration Service tested what it built to insure 
operability of the system. 

For an integration to be useful as 11 base for further 
development, it had to operate with a sufficient, known 
degree of correctness. We generally required that all 
modules submitted to the mainline integration be "unit 
tested," but as Mills points out ••... the difficulties 
show up at system integration time .... there is seldom 
difficulty in programming the pieces, the modules; the 
main difficulty is that the modules seldom all run 
together as designed." [Mills 76] 

The Star project had a separate product testing group, 
but it was oriented toward testing fully documented 
"final" products. The Integration Service was in the 
best position to quickly determine the level of 
operability of the system and then either to initiate 
corrective action or to inform the programmers of any 
pitfalls that had been discovered. Even a 
malfunctioning system could often be used successfully 
by programmers as long as each programmer could be 
spared the burden of having to discover. each 
malfunction himself. 

• The Integration Service acquired and organized 
computing resources to handle the burdens of large 
computing tasks. 
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The computing resources of the Intel(ration Service 
expanded gradually to include nine Altos for compiling 
and binding, two Dolphins for system building, and an 
8000 system for checkout. In addition, integrations 
used a library of over 200 2.5MB Alto disk packs, a 
dedicated file server with 600 MB of storage, and 
300MB of storage on three public file servers. 

By taking advantage of opportunities to automate the 
integration procedures, we enabled a single para­
programmer to keep up to eight workstations busy 
building different parts of Star for several different 
integrations simultaneously. 

The integrator's principal interactions with the 
programmers were through electronic mail and a well­
publicized set of uniquely named directories on file 
servers for each integration. The Ethernet 
environment allowed these forms of interaction to work 
equally well with programmers in EI Segundo or Palo 
Alto, except for the degradation caused by the 56 Kbps 
line between sites. 

Parallel Integrations 

• The most interesting contribution of the Integration 
Service was its management of parallel integrations. 

Most Star development was planned to follow a single 
thread-the mainline series of integrations. But there 
were several situations where we were compelled to do 
some development work in parallel with the 
mainstream until it reached stability, and then to 
merge it into the mainstream. We had as many as four 
parallel integrations in progress at the peak of Star 
development. 

Reworks of critical parts of the system were one such 
situation. For example, the input handler was largely 
reworked 3 years into the development of Star to 
provide a "virtual" or "soft" keyboard capability. 
Untested changes could not be introduced into the 
mainline integration sequence without running the 
risk of stopping all development until the new feature 
was operational. 

In many cases, this problem could be handled 
adequately by an individual on his personal 
workstation. However, the changes frequently affected 
interface definitions which had such wide compilation 
dependencies that the computing effort would have 
swamped the programmer and his workstation. 

One alternative to parallel integrations was to develop 
stand-alone test vehicles for critical parts of the 
system. We only chose this alternative in a few cases. 
In general, we found, that testing changes in parallel 
integrations required much less programming 
resources than developing and maintaining test 
programs. 

• The Integration Service supported reworks and 
conversions. 

Parallel integrations were also used when we received 
a new version of Mesa, Pilot or the file 
system-especially when interfaces changed or massive 
recompilations were required. We call such parallel 
integrations conversions. 

in converting to a new version of Mesa, Pilot, the file 
system or to some reworked component within Star, 
much of the work was systematic and straightforward 
editing that could be performed by para-programmers. 
We found that this was also a good training activity for 
new, junior programmers. The work was fairly easy, 
and it provided an opportunity to expose them to Mesa, 
toour coding standards, and to various domains of Star 
in a non-threatening way. 

• The Integration Service merged parallel 
integrations into the mainstream. 

This was another example of work that could be done 
by para-programmers. Most of the work was routine, 
given a good source comparison program and complete 
lists of the sources that were changed in each 
integration being merged. 

The key to our success with this technique was our 
simple method of accounting for all of the source 
changes that went into each integration. Every source 
file that was modified for a particular integration was 
stored by the programmers on a uniquely-named 
directory on a file server. As the files were processed by 
the integrator, the original source files were moved to a 
different uniquely-named directory. The names of both 
directories included the version number of the 
integration for easy traceability. At the end of the 
integration, the second directory contained all of the 
files which had been changed for that integration. 

Conclusions 

The net productivity of Star development was just over 
2700 lines of code per work year. This compares 
favorably with Brooks, who cites 1500 lines per year for 
a typical project with "many interactions" [Brooks 75]. 
Boehm's formulas for the nominal productivity of a 
project delivering 250K source lines yield 2066 lines 
per year for "semidetached software" and 1420 lines 
per year for "embedded software." Star was probably 
more "semidetached" than "embedded". The main 
factors contributing to our productivity were as follows: 

• High-level language. The number of lines of 
assembly language code required for Star would have 
been larger than the Mesa code by at least a factor of 
three. The manpower required would have increased 
by an even larger factor. 

• Language explicitness. Manually debugging the 
errors caught at compile time by Mesa's type checking 
could easily have doubled the duration and cost of the 
project. 

• Source-level interactive deburng. This roughly 
halved the debugging time, there i increasing overall 
progress by about 10%. 

• Sophisticated develo~ment environment. We 
estimate that the power 0 our tools and the flexibility 
of the Programmer's Desktop have increased our 
programming output by about 30%. Overall gain for 
the project was about 10%. The attractiveness and 
rarity of our personal development environment made 
hiring easier and reduced turnover. 



• Personal computers. Personal computers with 
adequate capacity to support the Mesa development 
environment were essential to the development of this 
particular product. We feel certain that personal 
computers were cost effective relative to timesharing, 
but we do not have an adequate basis for quantative 
comparison. 

• Integration Service and parallel integrations. Our 
semi-automated integration procedures made parallel 
integrations practical. Parallel integrations enabled 
us to more than double the amount of development 
work that could be integrated and system tested in a 
given period of time, with a modest increase in less­
skilled manpower. We estimate that parallel 
integrations shortened our total development schedule 
by 40%. 

• Electronic mail. Electronic mail was extremely 
important to Star development because the group was 
geographically split. Moreover, the ease of information 
dissemination to a large group in a non-preemptive 
fashion (vs. the telephone, for example) eliminated a lot 
of disruptive administrative overhead at a low cost. 

Star was an ambitious undertaking. The design and 
implementation were inherently complex and entailed 
many uncertainties. Many future software projects 
will have these same characteristics. Like Star, such 
projects will benefit from a Mesa-like language, a 
source-level debugger, a comprehensive set of 
development tools, personal workstations connected to 
a local-area network, and an Integration Service. 
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The development of Pilot, an operating system tor a personal 
computer, is reviewed, including a brief history and some of the 
problems and lessons encountered during this development. As part 
of understanding how Pilot and other operating systems come about, 
an hypothesis is presented that systems can be classified into five 
kinds according to the style and direction of their development, 
independent of their structure. A further hypothesis is presented that 
systems such as Pilot, and many others in I\"'idespread use, take about 
fin to selen years to reach maturity, independent of the quality and 
quantity of thl! t'llent anplied to tlleir devl'\opment. The pres.~ures. 
constraints. and problems of producing Pilot are discussed in the 
context of these hypotheses. 

Key words and phrases: Operating system. system development. 
software engineering, Pilot, personal computeT. system classification. 

CR Categories: 4.35. 4.30. 

This paper contains my personal observations about the 
development of Pilot, an operating system for a personal computer 
[Redell et an. compared anc contrasted with some other operating 
svstems with which I have had contact. In these observations. I 
concentrate not on the anatomy of these systems but rather on their 
life cycles, particularly their formative years from conception to birth 
to maturity. This is a somewhat unorthodox point of view in the 
technical literature which abounds with papers on operating system 
techniques and structures. software engineering tools and methods. 
and general exhortations about the right and wrong ways to develop 
systems. But it is a useful one. not only for the student of operating 
systems and system development, but also for the managers or 
sponsors of development projects who need some understanding 
about why systems are so dramatically different from each other. why 
some succeed and others fail. and what might expected from 
development organizations. 

In comparing Pilot with other operating systems. I have found it 
useful to classify operating systems into five categories according to 
how they came about, how successful they were. and their impact on 
the computing community. This classification is one of the main 
themes of this paper. It is interesting to observe that systems 
classified as the second kind, including Pilot and many of the major 
operating systems in widespread use, seem to take from five to seven 
years to grow from birth to maturity. Furthermore, it seems that this 
five to seven years is necessary, independent of the amount or 
quality of the talent applied to an operating system development 
project. 

Permission to copy without fee all or part of this material is granted 
provided that the copies are not made or distributed for direct 
commercial advantage, the ACM copyright notice and the title of the 
publication and its date appear, and notice is given that copying is by 
permission of the Association for Computing Machinery. To copy 
otherwise, or to republish, requires a fee and / or specific permission. 

The paper has four main pans. In the first two parts, I chronic." 
the de\'elopment of Pilot and some of the data and problcms 
pertaining to it: this chronicle is presented not because it is. new. 
different, or nol'cl. but because we rarely talk about these things in 
the literature and there are lessons to be learned. In the third part I 
offer the classification and some comments on systems in each 
category. In the final part. I make some observations about the five­
to-seven year rule. why it seems to be true. and what its 
consequences are. 

History of Pilot 

We use the term 'Pilot' in three different ways. to mean an 
operating system kernel. a major project and system. and a way of 
life. 

As an operating system kernel. Pilot is the system described 
in [Redell. tl a1]. It consists of approximately 25.000-50,000 
lines of code (deper.ding .lpC"I how you count) in the Mlsa 
programming language [Mitchell et an and was developed 
over four years by a group of four to eight people. many of 
whom had other responsibilities at the same time. 
As a system development project. Pilot consists of 
approximately 250,000 lines of Mesa code in about two 
dozen major subsystems. including the operating system 
kernel. CoPilot (the Mesa debugger). a common user 
interface package and framework for building development 
tools. various utilities and communications packages. 
mic;rocode for defining the Mesa architecture in several 
processors. and other facilities. For historical and 
organizational reasons, another 200.000 lines of code in 
compilers. binders. Mesa utilites. librarian tools. change 
request tools .. etc.-much of which was Alto-based until early 
1981-are not included in Pilot. Together. these two bodies 
of software represent both the operating system to be 
embedded in client application systems and the neces~ry 
support to develop and test those applications. 
Approximately 40 people have contributed to these systems 
oyer five years. 
As a way of life. Pilot defines a framework for thinking 
about. designing. and implementing systems and for 
communicating among subsystems within machines and 
across networks. It is the operating system for the Mesa 
machine architecture and hence part of a number of Xerox 
products. the foundation for the Mesa development 
environment. and a tool for supporting software research 
through the Cedar system [Deutsch and Taft] .. 

Most other operating systems suffer the same multiple uses of 
their names. In this paper, I will use the term Pilot and any other 
operating sytem in the second sense. to include all the supporting 
software that makes the system usable. Note that Pilot is not 
ordinarily visible to Xerox customers: it was primarily intended to be 
embedded in products and to be used internally in the research and 
development en\·ironments. 
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Although it has roots in earlier work on the Alto system [Sproull 
and Lampson} and Mesa at the Xerox Palo Alto Research Center 
(PARC). serious work on Pilot began in the System Development 
Department (SOD) in early 1976. Most of the people who worked 
on Pilot over the past five years had previous experience primarily in 
the academic and research communities. and very few had ever built 
any 'production' system. let alone an operating system. to commercial 
pressures of schedule and budgets. We knew about the differences 
between the big. ponderous. ungainly systems sold by some 
computer manufacturers and the simple. elegant. lightweight systems 
imagined in the research community. and we were determined to do 
it right. This meant using a good. high-level language (Mesa). 
assigning a fairly small group of knowledgeable people to the project. 
carefully studying the lessons of others in the computer science 
community and from the Alto environment at PARCo and designing 
the hardware and software together. This ought to take two or 
perhaps three years. after which the designers would be available to 
work on advanced. Pilot-based applications for products, research. 
and development. The following is a short chronicle of our actual 
experience: 

Jan. 1976: Architectural principles established: work began 
on design of a machine architecture optimized for 
Mesa. The Mesa machine extended the Alto 
architecture in a number of ways, including 
expansion of the basic machine address from 16 
to 32 bits. stack-oriented operation, addition of 
virtual memory, improved handling of 1/0 
devices, etc. 

mid-1976: Mesa language and system becomes operational 
on the Alto [Geschke el a~. 

Dec. 1976: Pilot Functional Specification (version 1) released 
to clients. Unfortunately, the system specified in 
this document looked a lot like a traditional 
operating system and did not take account of the 
characteristics of a personal computer. the role of 
Mesa. or the (dimly perceived) needs of 
distributed applications. 

early 1977: Mesa process facilities [Lampson and Redell} and 
Pilot file system redefined. 

Sept. 1977: Pilot Functional Specific;ation (version 2) released 
to clients. This set the style of Pilot as it is today 
and used the Mesa interface language as the 
primary specification tool [Lauer and 
Satterthwaite}. 

Sept. 77-Apr. 78: Design of Pilot kernel implementation. 

Apr. 78-Oct. 78: Implementation of Pilot kernel and basic 
communication facilities. 

July 1978: First Dolphin processor delivered to Pilot group 
(the Dolphin is one of three machines supported 
by Pilot). This was microcoded to be compatible 
with the Alto but with \'irtual memory: some 
Mesa emulator functions were still coded in 
BCPL and compiled into Alto machine language .. 

Oct. 1978: First release of Pilot to clients. This version 
retained compatiblility with the Alto system in 
many areas such as disk layout. boot file formats, 
and Mesa instruction set, even though they were 
not adequate for our long term needs. The 
debugger was a modification of the AltolMesa 
debugger and operated in Alto mode. Since at 
this time there was no established client base, 
there was very little testing except from our own 
test programs: consequently. this release was of 
hmited use. 

Nov. 78-Dec. 79: Bootstrapped away from the Alto environment 
During this time, we eliminated remaining Alto 
compatibility from Pilot implemented the Mesa 
architecture entirely in microcode, supported Pilot 
disk and boot file formats, etc. CoPilot. the Pilot 
debugger, became operational as the first major 
Pilot client. This was a particularly painful 
period for the implementors. 

Dec. 1979: 

Mar. 1980: 

May. 1980: 

July. 1980: 

OcL 1980: 

Dec. 1980: 

Second release of Pilot to clients. Note that at 
this time. the Mesa compiler, binder, and other 
facilities. as well as the program editors, were still 
based on the Alto. The performance, reliability, 
and usability of Pilot was grim: as each new 
client tried it. a new set of disabling bugs was 
uncovered. Among other things. we discovered 
that Pilot could read or write the disk at the rate 
of only one 256-word sector per revolution. 

Third ,release of Pilot to clients. This was a 
cleaned up version of the second release and the 
first to appear in a product (the Xerox 5700 
elcctronic printing system). We redesigned the 
file system to solve the disk performance problem 
and concentrateq, on the reliability issues with 
respect to that specific client. Even so. the 
application programmer's had to resort to some 
unnatural contortions to avoid problem areas in 
the operating system. 

First Dandelion processor available, but with no 
disk or Ethernet (the Dandelion is the basis of all 
Xerox 8000 series products). 

The Pilot disk utility runs on the Dandelion (with 
a simulated Ethernet). 

Fourth release of Pilot to clients. The primary 
emphasis of this release was to provide the 
function necessary to support Xerox 8000 series 
products, the Mesa development environment, 
and the Cedar project at PARCo Unfortunately, 
Pilot by this time had become too large and too 
slow to do any of these very well. 

Pilot runs on the Dorado processor at PARe (the 
Dorado is a very high speed. single-user system 
for the research environment [Dorado). 

Feb. 1981: First Xerox 8000 network system, including Pilot. 
delivered to a customer. 

Apr. 1981: Fifth release of Pilot to clients. The emphasis of 
this release was to improve the performance and 
reliability and to reduce the working set size of 
the system to acceptable levels within the memory 
available on the various processors. The first 
version of the Pilot-based Mesa development 
environment (i.e., compiler, binder. editor. 
utilities. etc.) was made available to friendly 
clients. 

In April 1981, we received a letter from our most demanding 
clients in PARe indicating that with the fifth release, Pilot had 
become the system of choice (on processors that were capable of 
running either Pilot or Alto software). After five years, Pilot had 
~ome of age. 

During this whole time, we always had the support of the 
corporation, even during the hard years when we 'should have' had a 
nicely running system. Of course, it was necessary to regularly show 
progress, which we did partly by demonstrating some early but 
limited applications (to show that Pilot actual worked) and partly by 
demonstrating Alto-based prototypes of some advanced applications 
(to show the feasibility of the kinds of things we were aiming for). 
We also had to fend off the usual kinds of pressures from other parts 
of the corporation-for example, that we use a commercially 
available language (e.g., Pascal) rather than Mesa or that we purchase 
OEM computers rather than design our own architecture. 

Selected problems and lessons 

In this section. I will recount a few of the problems we 
encountered and lessons we learned during the development. Most 
of. these we should have avoided. and afterwards there were plenty of 
people to say they told us so (none of whom had any responsibility 
for actually releasing the system, of course). Nevertheless. these 
problems and lessons happened anyway. 



Sizes of the svstem. Table 1 shows some statistics for the five 
releases of Pilot. Included are the sizes of the Pilot kernel and of the 
entire system in terms of lines of Mesa code. bytes of object code, 
and numbers of modules. From the table it can be seen that the 
Pilot kernel dominated the first release, but by the fifth release it 
represented barely more than twenty percent of the system. The 
growth of the total system is accounted for partly by new 
development and partly by absorbing and converting code which was 
orginally developed for other systems. Other development, in which, 
major subsystems were completely rewritten or replaced, is not 
apparent in this kind of summary table, but represents a non-trivial 
portion of the work that went into all but the first release. 

When we began work on Pilot, none of us imagined that we 
would be developing and managing a system so large. Yet in 
retrospect this was probably inevitable. given that it was intended to 
support several major products plus all of our software development, 
some research. and a number of specialized applications. As we look 
to the future, it is not clear whether the sizes of either the kernel or 
the system will stabilize soon or whether they will continue to grow 
as we respond to new or different needs from our clients. 

Working set sizes. Table I also shows the size of the working set of 
the Pilot kernel when supporting 'typical' applications-i.e.. the 
amount of real memory required to hold the virtual memory actively 
needed by Pilot without thrashing. A working set size is inferred by 
first artificially restricting the amount of real memory available on 
the machine and then timing a selected benchmark with a stopwatch. 
This is repeated for various memory sizes and the results plotted. 
The total system working set for that benchmark is defined to be at 
the knee of the curve and can be determined accurately within 1%. 
Then another experiment is run by setting the real memory size to 
the working set size. executing the benchmark again (most 
be~.:hmarks take a fe .... :.«onds;, and takiI.g a menlory dump. With 
some detective work, it is possible to attribute specific pages swapped 
into real memory to the Pilot kernel, common software and other 
packages, and the application. This whole exercise is repeated for 
various benchmarks and for each release of Pilot (and also for each 
release of critical applications on a given version of Pilot). 

An unexpected result was that the content of the working set of 
the Pilot kernel (i.e., the actual pages swapped in) is nearly constant 
across all benchmarks. We were also surprised that by April 19S0, 
Pilot exceeded its share of the real memory of, (Jur product 
configurations by nearly a factor of two. In retrospect. of course, 
.... e should not have been surprised. Although the requirement for a 
small working set was in the front of our minds, we had no feedback 
or reinforcement to achieve it, even at the expense of some features 
or function. In this sense, the developers suffered from the 
availability of a good virtual memory system. It is too easy to add 
more memory to their machines in order to meet critical scjledules, 
even if business reasons precluded such memory in the products. 
The result was a year of hard work to bring the Pilot memory 
requirement down to a reasonable level, at some cost in the overall 
schedule. (An Alto programmer. by contrast. is forced to make his 
applications fit into a non-expandable real memory and address 
space because he cannot proceed with his own 'Work until they do.) 

Unfortunately. similar pressures affect many of our clients, and some 
are caught by the convenience of virtual memory the way we were. 

Programmer Productivity, None of the ways that we know of for 
measuring the productivity of our developers is very statisfying. We 
do, of course, measure whether or not a release is on time, how 
many trouble reports are submitted against it, how big it is, etc. But 
none of these tell us how good the system is. We also have. on 
occasion, tried to make one traditional measurement of programmer 
productivity. namely the number of lines of code produced per work­
year. There are two types of problems with this measurement, an 
obvious one and a subtle one. The obvious one is deciding which 
people and what time to count, so that an effective comparison might 
be made among organizations and/or programming eR\'ironments 
(companies such as Xerox are always interested in such comparisons, 
even if individual development groups are not). There is also the 
question of how to count the lines of code, especially when someone 
is reorganizing or making major modifications to existing modules. 

The subtle problem is illustrated by the following observation: in 
my organization. a group of four or five developers. including a 
project leader. can specify, design, implement, test. and release a 
complete system or subsystem of approximately 25.000 lines of Mesa 
code in twelve months. This includes vacations and holidays and 
time to attend conferences and seminars, to write professional papers 
or continue education. to get and train some users or clients to test 
the system. and to be generally effective members of the 
organization. In most cases. if Ihe same people had Iwice as much 
lime, Ihey could produce as good a syslem i'~ perhaps, half Ihal 
amount of cod~i.e.. the extra year yields negative productiyity. 
Thus, one of the conflicts that we have to manage constantly is that 
between the need to get a system done and working satisfactorily and 
the desire to make it smaller, faster, easier to use, etc. 

Holy wars; In the early days of Pilot development, we got bogged 
down in a number of cf-sic questiolls of o"e~'iting system design and 
spent a lot of time, energy, and emotions before resolving them. 
One of these concerned the model of processes and synchronization 
and whether we should have a facility based on procedures and 
monitors or a facility based on messages. Each side was firmly 
entrenched and unable to accept the position of the other: not until 
we developed the duality hypothesis presented in [Lauer and 
Needham) were we able to resolve the issue and implement the 
scheme described in [Lampson and Redell). Even afterward, our 
organization bore serious scars from this debate. 

Another basic question concerned the kind of access to the file 
system that Pilot would provide. One alternative was a simple read­
write facility with which client programs transfer pages directly 
between virtual memory and files. The other alternative was a 
'mapping' facility, whereby a portion of the file is made the backing 
store for a portion of virtual memory (for example, as in MClTles 
[Bensoussan el aij). While this question did not inflame emotions 
the way the process question did, the proponents of each view felt 
that the two models were incompatible with each other. Pilot chose 
the mapping approach, providing a convenience for some but causing 
headaches for others, particularly those who were trying to conyert 

TABLE I - SIZES OF PILOT RELEASES 

Relea~e II III IV V 

Date Oct i8 Dec 79 MarSO Oct SO AprSI 
Contnbutors • -20 -27 -27 -35 -35 

Pilot Kernel: 
hnes 24K 30K 33K 44K 53K 
"odebytes S9K 111K 1l0K 152K 162K 
modules S8 102 114 123 135 
interfaces 93 132 146 IS3 204 

Pilot System: 
lines 4SK 129K 125K l7lK 249K 
codebytes 211K 50SK 50SK 754K 1025K 
modules 390 420 unknown 530 710 

W\)rking Sets unknown unknown -320 -260 -190 
{25(\-wl)rd pages) 

~ost contributors had responsibility for other. non-Piloi software at the same time. 
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programs from other systems based on the read·write model. 
Subsequently. the perception grew that perhaps the two approaches 
are duals of each other, and that a client program structured for one 
approach might have a natural counterpan of similar performance 
and complexity for the other approach. However, we never found a 
duality transformation to suppon this view. Finally. we realized that 
neither model excludes the other. In particular, code files and 
cenain data files of limited size are better supponed by the mapping 
model-the swapping characteristics are understood and address 
space management in vinual memory is more convenient than 
explicit reading and writing. Large data files with known, high 
performance access requirements, on the other hand. are better 
served by the read· write approach-these files are often larger than 
the vinual address space, and the complexity and overhead of buffer 
management is wonhwhile to achieve the desired performance. Pilot 
now suppons both approaches with consistent interfaces. 

Files and transactions. When the Pilot file system was being 
designed. the question naturally arose about whether or not it should 
include a transaction facility for crash recovery and atomic updating 
of files. We did not include one because our experience was limited 
and we were only just beginning to see results from research in this 
area at PARCo However. we did provide enough facilities so that a 
client could build a specialized transaction mechanism on top of the 
Pilot kernel. Someone built such a facility and also undenook an 
evangelical mission to persuade people that it offered the solution to 
all file reliability and recovery problems. As a consequence. several 
of (lur major clients came to depend upon the transaction concept. 
even in cases where it is not appropriate. 

. Naturally. a transaction facility built on top of Pilot could not 
have as high performance as one integral with it. and in this case, its 
interfaces were of a substantially different style than those of Pilot 
itself. It was also extremely unreliable. Thus we were forced to do a 
quick implementation of a new transaction facility as pan of, and 
consistent with, the Pilot kernel. This has significantly better 
performance and is reliable in spite of known bugs: client programs 
that dp.pended on .the previous facility became simpler with the new 
one. However. the performance is still not good enough for high 
intensity activities such as data base accesses and updates. At the 
same time. some of the clients began to realize that even the best 
transaction facility would offer inappropriate performance for their 
applications and that their failure modes did not require this 
generality. For example, in the user level directory facility for the 
Xerox 8000 series products, it is much better to accept that crashes 
can occasionally occur in the middle of updates and to rely on a 
scavenger to restore things from the natural redundancy in the file 
system. 

It is no! clear what the future of transactions in Pilot will be. but 
since we currently satisfy no one in this area, it is likely that the 
facility will change substantially again. 

\'inual memory implementation. In designing the Pilot vinual 
memory facilities, we recognized the client program would want to 
manage the address space, map files to pieces of vinual memory. and 
control (or influence) the swapping between real memory and the 
backing file. We began with three different interfaces and concepts. 
but quickly unified them into the single concept of the space. The 
Pilot space is the unit of allOCation. mapping. and swapping: spaces 
can be declared within other spaces, so that the set of a\1· spaces 
forms a hierarchy according to the containment relation. This was a 
remarkably simple generalization. but it was hard to implement and 
is not used by clients. Clients have evolved a style in which almost 
all mapped spaces are subspaces of the primordial space (all of 
vinual memory) and only a few of these are funher panitioned into 
subspaces for swapping control. The implementation requires such 
large data structures for each space that they have to be swappable, 
and only the very active items are cached in real memory. In the 
end, several caches were needed and a lot of resident code was 
written to manage them. 

An assumption of the vinual memory implementation is that 
disk accesses are exp~nsive. Thus. we set up a lot of queues and 
expected a lot of multiprogramming to overlap computing with disk 
operation. In fact. disk accesses are cheap on both the Dandelion 
and Dolphin configurations. If no arm movement is required (this 
appears to be true .most of the time), the computation required to 
field a page fault. locate the disk address. set up a disk command, 
receive the disk interrupt. and dispatch the faulted process takes 
about the saID.e time as the average latency to read a sector. We 
found that the s)'Stem could not accept back·to·back requests for 
adjacent sectors and read them on the same revolution. and thus we 

had to rewrite the file system to submit single disk requests for runs 
of pages whenever it could. Even so, it would almost be cheaper to 
treat the disk as a synchronous device and simply wait until each 
operation completes without trying to do anything else. 

In view of this experience, we are currently reexamining the 
basic design of the Pilot kernel vinual memory system and will 
probably make major revisions in both the strategy and the 
implementation. 

Pipes, filters. and streams. One of the strong features of the U~IX 
system (Ritchie and Thompson) is the uniform facility for input and 
output which anows separate programs to be connected together by 
'pipes.'The U~IX programmer's toolkit includes a large number of 
simple programs (called 'filters') which perform simple 
tran~fJ .. ma~iuns 001 str ~amf of data. and it is .ommor practice :0 
concatenate a number of these together for a desired result. We 
thought that Pilot should have a similar facility but consistent with 
and implementable in Mesa, and so we designed Pilot streams (see 
(Redell et an for an overview). 

Unfonunately. although the Pilot stream facility works 
satisfactorily, it was not very well received and is not widely used by 
us or by our clients. One reason probably lies in the Mesa model of 
program modularity. The type-safety and interface language of Mesa 
make it convenient to design programs with clearly specified 
procedural interfaces and bind them together with a little bit of 
control code for a desired reSUlt. Thus the Mesa programmer's 
toOlkit consists of a large number of modules of varying complexity 
and different kinds of control structures. For example. a module 
which produces a sequence of objects of some abstract type will 
expon a procedure for its clients to access these one at a time. This 
can be easily bound to another module that expects to get objects of 
that type. and it is often more flexible than parsing a stream of 
characters. Thus. Pilot streams are used almost exc\usil'ely at the 
interface with terminals and other systems over industry standard 
communication lines and protocols. Procedural interfaces are 
preferred. both within Pilot· based programs and between system 
elements over the Ethernet. 

Comparing Pilot with other operating systems 

From the success of the April 1981 release. it is el'ident that Pilot 
will take its place among the ranks of mature. evolving operating 
systems and have a useful life long after its original designers have 
moved on to other pursuits. However. it did not happen as planned 
and its development was very different from that of the Alto system. 
In reflecting upon this. I found it useful to enumerate some of the 
other operating systems I have known, either from direct contact or 
from study of the literature or from contact with others. These 
systems Sfem to fall into five categories, which I shall first enumerate 
and then describe. 

l. The Alto system. U~IX. 
2. IBM'sOS/360, ML1.T1CS, Pilot. etc. 
3. MTS (the Michigan Terminal System). TE~EX. CP'67 
4. CAL·TSS. Project St.:E. HYDRA. etc. 
5. OOS/360, RS·ll, etc. 

These categories are the result of my personal observations. not of a 
systematic study, and hence many systems are not listed because I 
don't know enough about them to classify them. The ordering of 
the categories is not significant. An imponant pan of the 
classification is the maturity or success of a system-i.e.. acceptance 
by its clients as a useful. economic tool for helping to get work done. 
for' supponing applications. or for fulfilling other goals. A 
characteristic of a successful system is that it is accepted by a non' 
trivial community of users outside its developing organization as a 
matter of choice and that this community contributes. directly or 
indirectly .. to its funher development and growth. 

Systems of the first kind. These are everyone's fa\'ourite systems. 
They are successful by our measure and by most other measures 
(someJ.lles too succe:;sful for their d~velopers). Ttej' beg:n life as 
small, simple, unambitious systems meant to serve only their authors 
and perhaps their immediate colleagues. They have limited 
requirements, usually in the research area. But their excellence and 
simplicity attract others who are willing to contribute to the funher 
development, additional features, or maintenance responsiblities in 
exchange for being able to use such systems in their own work. 
They become successful panly because potential users find it simple 
and easy to adapt them when needed facilities are missing or ill· 



conceived. Systems of the first kind rarely evolve according to any 
coherent plan agreed to between the implementors and clients, but 
rather by the willingness to contribute facilities and features as 
needed. Thus it is not surprising that these systems sometimes 
appear a little haphazard.. 

Systems of the second kind. These the planned systems. They are 
cut 'from whole cloth: designed and implemented as major projects, 
directed toward objectives defined by negotiation, often (but not 
always) aimed at new architectures. meant to satisfy major clients. 
and built according to schedules and budget constraints imposed for 
business. contract. or other external reasons. 

Some, but not all, of the major operating systems sold by 
computer manufacturers fall into this category. For example, IBM's 
05/360 was conceived as a whole system to satisfy a new, broad 
marketplace and to incorporate many of the technological 
achievements of the previous five years. and thus it is a system of the 
second kind. So is MCLTICS, which was built primarily at MIT as a 
'real' system based on the prel'ious experimental system CTSS. Pilot 
is a system of the second kind: it was conceived as a successor to the 
Alto system and intended to support a range of product. 
development. and research applications within Xerox over a specified 
number of years on a new machine architecture. 

Not all systems of the second kind are successes. Some notable 
failures include lBM's TSS/360, the Berkeley Computer Corporation 
system [Lampson], and the Elliot 503 Mark [[ system [Hoare]. Each 
of these was conceived as a major system and a fairly ambitious 
project. but none survived the patience of its sponsors or c1ient~ to 
reach maturity. 

Systems of the third kind. These systems borrow much of their 
supporting software from an existing system but represent a 
fundamental change in the way of life. The Michigan Terminal 
System, for example, provides a paging, terminal-oriented, time­
sharing system especially suited for university use on the IBM 360/67 
and IBM 370 systems. Most of its compilers. run-time support. 
subroutine libraries. program development tools, etc., were taken and 
converted directly from OS/360, but its operating system kernel is 
dramatically different from OS/36O and it supports new applications 
that 05/360 never could. (Of course, there are also many OS/36O 
applications that MTS cannot support) The obvious motiviation for 
building a system of this kind is to avoid the time and expense of 
designing. implementing. and maintaining all new supporting 
software for the operating system when it is desired only to 
implement an operating system kernel and some basic functions. 

Systems of the fourth kind. While the population of systems of the 
first three kinds is relatively small, there are many systems. of the 
fourtlJ kine.. They make major contributions to the an lind science 
of operanng systems but either never reach maturity or never gain 
acceptance outside the developing organization. For many of them, 
there is never any serious intent to promote them for widespread use, 
to support a variety of applications, or to be ·complete.' They are 
primarily laboratory exercises to support research and to teach about 
operating system structures, or to support other laboratory work. 
Note that systems of the first kind begin life as systems of the fourth 
kind but suffer the calamity of success. 

Systems of the fifth kind. Finally, the world is full of small, 
uninteresting systems which do little to enhance the machines they 
support and which contribute little to the technology or have little 
impact on the computing community. These systems come in all 
sizes. shapes. colors, and prices. and I have nothing interesting to say 
about them. 

This taxonomy is helpful in comparing like with like when we 
talk about operating systems in a context of which work and which 
do not. For example, it does not make sense to berate the excessive 
generality of 05/360. which did succeed, in comparison with the 
more limited objectives and elegant structures of. say, CAL-TSS or 
Project SCE. both of which failed to become generally usable. It was 
observed in [Lampson and Sturgis) that there is much more work 
involved in making an operating system usable by general 
programmers than just providing a nice kernel. Similarlv, when we 
ask why the Pilot development was so different from that'ofthe Alto 
syst~m. it is important to bear in mind the fundamental difference in 
objectives and ground rules for the two systems. The following were 
explicitly /lot objectives of the Alto system: 

"This system must satisfy the corporate needs for the next 
10-15 years in specific areas." 

"/\ (nearly) complete list and specification of the functions 
and facilities required of the system ol'er the next five years 
must be provided before design starts." 

"This system must incorporate all of the wonderful lessons 
of operating system technology from the past five years." 

"This system is expected to have more than one hundred 
users or to be installed in more than one hundred 
locations." 

These or similar objccti\·es did apply, however, to Pilot and to 
most other systems of the second kind. The developers of the Alto 
system are chagrined to find that they now have to spend 
considerable time and energy supporting a system which has several 
thousand users and supports a wide variety of corporate needs. By 
contrast. in the Pilot de\·elopment. we were chagrined to discover 
thai in striving to meet these objectives or our schedule, we often 
found ourselves unable to apply what we felt was the best technical 
solution to a problem. 

nie five-to-seven-year rule 

The above classification identifies operating systems in terms of 
how they were developed and their impact It separates systems of 
the second kind, which are willed into existence and operation. from 
those of the first. third.. and fourth kinds. which evolve in a less 
deliberate manner or as part of some other research or project. 
While I have no recipe for producing successful systems of the latter 
kinds, I can offer an hypothesis which, if true, will be useful to 
anyone setting out to build a system of the second kind: it lakes 
from five to seven years for a system of Ihe seco/ld kind 10 grow from 
birth to maturity. For example, in the systems I enumerated above: 

05/360 was begun in 1963-1964. Despite early availability 
and vigourous promotion by its manufacturer, it was not 
until 1968-1969 that it really gained wide acceptance by its 
users as a valuable, economic tool. 

MCLTICS development began in about 1965. After an 
initial flurry of publications about the system, its design, 
and its goals. the outside world heard very little from 
MnTICS-Iand until the early 1970's, when it started to 
acquire a following outside MIT and was subsequently 
adopted by Honeywell, the manufacturer of MCLTICS 
hardware. 

The first five years of the life of Pilot were chronicled 
above. Although the previous skepticism by itS users is now 
changing to enthusiasm, there is still much to be done 
before Pilot fulfills their expectations. 

It also appears that it takes from five to seven years for other 
operating systems produced by major manufacturers or as major 
system projects to mature, Let us consider what happens during 
those years. 

First. there is the period of planning and design. This is a time 
of exceptional optimism, of desire to incorporate the past successes 
and avoid past mistakes. of a determination to 'do it right.' In the 
Pilot project. for example, an attitude that prevailed was "the Alto 
system demonstrated a lot "bout personal computing: now let's build 
one for real. to support the company's business. And incidentally, 
we sh(;lUld build it in Mesa. and build it with virtual memory, and 
re-englDeer the Ethernet. and unify the protocols. improve the file 
system, etc" etc., etc." 

Next comes the initial implementation and first release. There 
are no operational client programs ·.against which to validate it. so it 
gets little testing. Anyway. some of the promised function was 
deferred in the interestS of meeting the delivery schedule. 

Then comes a period of trying to make the system work at all. 
Those first hardy users have had to pick their way through 
minefields of bugs and problems, and some may have become 
discouraged and turned to other alternatives. However, through 
perseverance, the problems are solved one by one. and eventually the 
system seems to work passably, at least for its few active users. 

But now it is important to make it work well. It is too slow or 
too big; it supports too few users/clients; or it fails to match the 
performance of. its predecessors. Promised enhancementS andlor 
deferred functions are abandoned and development is <:oncentrated 
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on very simple matters. During these two phases. dient or user 
participation is essential. althouRh painful. Without the appropriate 
feedback from others who are trying to use the system tor non-trivial 
reasons (other than its own development). the implementors do not 
have enough information to guide their work and identify problems 
in performance, style, or function. 

Finally, if the sponsor has not lost patience, there is a period of 
e.volving expectations about the new system. Clients realize that it is 
not the same as a previous one and that their old models of 
performance, behaviour, and usage need to be modified to take 
advantage of the new facilities and the new constraints. Some 
functions or facilities of the new system may never work as well or 
as fast as the corresponding ones of the old, and 'programs convened 
from the old may appear sluggish in the new environment. This is 
the beginning of lhe period of 'community involvement' with the 
operating system. during which clients learn how to live within the 
framework defined by that system and how to contribute to its 
funher success and growth. 

The five-to-seven-year rule for systems of the second kind is a 
strong generalization from weak evidence. I linow of ' no analysis 
which might lead to it as a conclusion. I would even like to see it 
disproyed (and to learn how to disprove it at will). Nevertheless. 
from my own experience and from observations of the experience of 
others. it seems to be true. at least most of the time. It seems to 
apply both to the professional system designers and programmers 
who populate the industry and to the elite corps of computer 
scientists from the academic/research community. Even people with 
impressive credentials fail in their attempts to build systems in less 
time. and very few succeed. We believed from the beginning that 
we could do better in the development of Pilot. 

Bolh in casual conversations and detailed analyses of the 
successes and failures of systems of the second kind. the same terms 
keep recurring: that the systems are "too ambitious" and/or "too 
general." Hoare used these terms in his Turing Lecture [Hoare]. I 
can remember as a graduate student that my colleagues and I would 
sneer at the manufacturer-supplied operating systems (lBM's OS/360. 
Univac's Exec VIII. Burroughs' MCP, and all the rest) in exactly the 
same terms. In almost any cocktail conversation about a system in 
trouble or one which the users find unsatisfactory. criticism is 
focused on the generality or amibitousness of the project goals. In 
my discussions with the original implementors of the kernel of the 
Alto system, the same terms were used again: "if only we had set 
more limited goals for Pilot by concentrating on. say. real memory 
requirements rather than on features. we would have produced a 
nice. well'performing system in two or three years. just the way they 
did." However, that begs the question: we did concentrate on real 
memory usage, execution speed. simple structure. and all of the other 
things that are important in making a successful design. We made 
task lists of things to do. problems to solve, features to support: we 
assigned priorities and worked on first things first; we parried 
requests for yet more features or complexity; we ignored 
unreasonable constraints imposed externally and let our computer 
science wisdom prevail. It still took us five years. and our critics a~ 
the time still worried about the grandiosity of our system. 

I suspect that there is something abou t the ground rules of 
projects like Pilot. the Berkeley Computer Corporation system. 
Ml:LTICS, and other systems of the second kind that makes it 
difficult or impossible to plan or carry out projects the way we do 
for systems of the other kinds. (1 Jote that by definition. systems of 
the other kinds cannot be too ambitious or general: either they 
succeed on their merits. meaning that they have exactly the right 
blend of generality and simplicity. or they were never meant to fulfill 
the kinds of goals that" system of the second kind is.) Part of it is, 
no doubt, in the way that projects are sponsored. Systems of the 
first, third. and founh kinds are usually financed as part of some 
other project or research. 

But systems of the second kind are investments. As such they 
are subject to the kinds of review of planning. budgeting, scheduling. 
and scrutiny that the sponsor needs to confirm continuing support 
(neither the Alto system, MTS. or HYDRA. for example. were ever 
subject to this kind of review). Funhermore, investments in system 
development are still so risky these days that most sponsors would 
rather purchase a sati~factory system, if available. than build one. 

ThUs, by definition. the new system has to be more ambitious and/or 
more general than its predecessors." If it is necessary to finance a 
new system, then the sponsors and/or their clients feel entitled to 
some \'oice in the facilities. features. style. character or other 
attributes of the system. I.e" the system designers do n~t get to go 
off alone to build the system of their dreams, and the five-to-seven' 
year rule prevails. 

Summary 

I have been a member of the Pilot project since early 1977 and 
have managed it in its later years. Coming from an academic and 
research background, I have been somewhat surprised at what it has 
been possible for us' to do and also at what we have not been able to 
do. I think it is important for people to write about these things 
occasionally because we too often concentrate on the objects we are 
creating and not enough on the process of creating them. The world 
of programming methodolo~y and structured programming is 
devoted to helping us achIeve perfection in the systems we 
design-an impOrtant goal but somewhat at odds with the need to 
get something done. Pilot had to be delivered and work well 
enough, despite the fact that we never had time to make it perfect or 
even as small and as simple as we would have liked. It is helpful to 
treat the major system as an organism itself, with a life cycle and a 
personality and characteristics derived from the organizations that 
build. use. and sponsor it. The successful ones usually outlive the 
interests and participation of their implementors. and they captivate 
or even dominate the professional lives and interests of many other 
people. 

I ha\'e believed in the five-to'seven-year rule for at least a 
decade and have not found much evidence against it. Yet this is not 
proper science. so I challenge graduate students and researchers in 
the operating system field to conduct systematic studies about how 
systems are conceived and born and which ones grow. mature. and 
lead productive .lives. This would be a study partly of technology 
but partly of the sociology and dynamics of system development. and 
it would teach us how to build better, simpler, less ambitious systems 
more predictably. 

The classitkation of operating systems Into five kinas came about 
as I tried to compare Pilot with other systems and see where the five· 
to-seven-year rule applied and where it did nol. There is definitelv a 
qualitative difference between the kind of development we carried 
out and the kind that I have watched or been associated with in 
universities and research laboratories. Thus it is not surprising that 
there is a difference in character between the kinds of systems that 
emerge from these activities. I do not know whether this 
classification is 'right,' so again I challenge research students to 
explore the field of operating systems from this point of view. 
making systematic studies to help us understand how we do better at 
building them. 

Finally. a word of advice to designers. implementors. sponsors, 
and u~ers: if you are involved with a new. challenging system 
planned and cut out of whole cloth and meant as a service. not as an 
experiment. but intended to stretch our horizons and 
expectations-i.e .. a system of the second kind-then have patience. 
I have not yet seen anyone who has been able to build one as 
quickly and as well as he thOUght he could. 
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