










































































































































































































































































































































































































































































traverse subtrees of the hierarchy of nested spaces. The 
most frequent l)perations, however, are handled by the 
kernels essentially on their own. For example, a page 
fault is handled by code in the swapper, which calls the 
filer to read the appropriate page(s) into memory. adjusts 
the hardware memory map, and restarts the faulting 
process. 

The resident data structures of the kernels serve as 
caches on the swappable databases maintained by the 
managers. Whenever a kernel finds that it cannot per­
form an operation using only the data in its cache, it 
conceptually "passes the buck" to its manager, retaining 
no state information about the failed operation. In this 
way, a circular dependency is avoided, since such failed 
operations become the total responsibility of the man­
ager. The typical response of a manager in such a 
situation is to consult its swappable database, call the 
resident subcomponent to update its cache, and then 
retry the failed operation. 

The intended dynamics of the storage system imple­
mentation described above are based on the expectation 
that Pilot will experience three quite different kinds of 
load. 

(1) For short periods of time, client programs will have 
their essentially static working sets in primary mem­
ory and the storage system will not be needed. 

(2) Most of the time, the client working set will be 
changing slowly, but the description of it will fit in 
the swapper/filer caches, so that swapping can take 
place with little or no extra disk activity to access the 
storage system databases. 

(3) Periodically, the client working set will change dras­
tically, requiring extensive reloading of the caches as 
well as heavy swapping. 

It is intended that the Pilot storage system be able to 
respond reasonably to all three situations: In case (1), it 
should assume a low profile by allowing its swappable 
components (e.g., the managers) to swap out. In case (2), 
it should be as efficient as possible, using its caches to 
avoid causing spurious disk activity. In case (3), it should 
do the best it can, with the understanding that while 
continuous operation in this mode is probably not viable, 
short periods of heavy traffic can and must be optimized, 
largely via the advice-taking operations discussed in 
Section 2.2. 

3.2 Cached Databases of the Virtual Memory 
Implementation 

The virtual memory manager implements the client 
visible operations on spaces and is thus primarily con­
cerned with checking validity and maintaining the da­
tabase constituting the fundamental representation be­
hind the Space interface. This database, called the hier­
archy, represents the tree of nested spaces defined in 
Section 2.2. For each space, it contains a record whose 
fields hold attributes such as size, base page number, and 
mapping information. 

The swapper, or virtual memory kernel, manages 
primary memory and supervises the swapping of data 
between mapped memory and files. For this purpose it 
needs access to information in the hierarchy. Since the 
hierarchy is swappable and thus offlimits to the swapper, 
the swapper maintains a resident space cache which is 
loaded from the hierarchy in the manner described in 
Section 3.1. 

There are several other data structures maintained 
by the swapper. One is a bit-table describing the alloca­
tion status of each page of primary memory. Most of the 
bookkeeping performed by the swapper, however, is on 
the basis of the swap unit, or smallest set of pages 
transferred between primary memory and file backing 
storage. A swap unit generally corresponds to a "leaf' 
space; however, if a space is only partially covered with 
subspaces, each maximal run of pages not containing 
any subspaces is also a swap unit. The swapper keeps a 
swap unit cache containing information about swap units 
such as extent (first page and length), containing mapped 
space, and state (mapped or not, swapped in or out, 
replacement algorithm data). 

The swap unit cache is addressed by page rather than 
by space; for example, it is used by the page fault handler 
to find the swap unit in which a page fault occurred. The 
content of an entry in this cache is logically derived from 
a sequence of entries in the hierarchy, but direct imple­
mentation of this would require several file accesses to 
construct a single cache entry. To avoid this, we have 
chosen to maintain another database: the projection. This 
is a second swappable database maintained by the virtual 
memory manager, containing descriptions of all existing 
swap units, and is used to update the swap unit cache. 
The existence of the projection speeds up page faults 
which cannot be handled from the swap unit cache; it 
slows down space creation/deletion since then the pro­
jection must be updated. We expect this to be a useful 
optimization based on our assumptions about the relative 
frequencies and CPU times of these events; detailed 
measurements of a fully loaded system will be needed to 
evaluate the actual effectiveness of the projection. 

An important detail regarding the relationship be­
tween the manager and kernel components has been 
ignored up to this point. That detail is avoiding "recur­
sive" cache faults; when a manager is attempting to 
supply a missing cache entry, it will often incur a page 
fault of its own; the handling of that page fault must not 
incur a second cache fault or the fault episode will never 
terminate. Basically the answer is to make certain key 
records in the cache ineligible for replacement. This 
pertains to the space and swap unit caches and to the 
caches maintained by the filer as well. 

3.3 Process Implementation 
The implementation of processes and monitors in 

Pilot/Mesa is summarized here; more detail can be found 
in [11]. 
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The task of implementing the concurrency facilities 
is split roughly equally among Pilot, the Mesa compiler. 
and the underlying machine. The basic primitives are 
defined as language constructs (e.g .. entering a MOl"ITOR, 
wAITing on a CONDITIO!\; vanable, FORKing a new 
PROCESS) and are implemented either by machine 
op-codes (for heavily used constructs. e.g .. \\'.\IT) or by 
calls on Pilot (for less heavily used constructs. e.g .. FORK). 
The constructs supported by the machine and the low­
level Mesa support component provide procedure calls 
and synchronization among existing processes, allowing 
the remainder of Pilot to be implemented as a collection 
of monitors, which carefully synchronize the multiple 
processes executing concurrently inside them. These 
processes comprise a variable number of client processes 
(e.g., which have called into Pilot through some public 
interface) plus a fixed number of dedicated system pro­
cesses (about a dozen) which are created specially at 
system initialization time. The machinery for creating 
and deleting processes is a monitor within the high-level 
Mesa support component; this places it above the virtual 
memory implementation; this means that it is swappable, 
but also means that the rest of Pilot (with the exception 
of network streams) cannot make use of dynamic process 
creation. The process implementation is thus another 
example of the manager/kernel pattern, in which the 
manager is implemented at a very high level and the 
kernel is pushed down to a very low level (in this case, 
largely into the underlying machine). To the Pilot client, 
the split implementation appears as a unified mechanism 
comprising the Mesa language features and the opera­
tivns defined by the Pilot Fl'uct:ss interface. 

3.4 File System Robustness 
One of the most important properties of the Pilot file 

system is robustness. This is achieved primarily through 
the use of reconstructable maps. Many previous systems 
have demonstrated the value of afile scavenger, a utility 
program which can repair a damaged file system, often 
on a more or less ad hoc basis [5, 12, 14,21]. In Pilot, the 
scavenger is given first-class citizenship, in the sense that 
the file structures were all designed from the beginning 
with the scavenger in mind. Each file page is self-iden­
tifying by virtue of its label, written as a separate physical 
record adjacent to the one holding the actual contents of 
the page. (Again, this is not a new idea, but is the crucial 
foundation on which the file system's robustness is 
based.) Conceptually, one can think of a file page access 
proceeding by scanning all known volumes, checking the 
label of each page encountered until the desired one is 
found. In practice, this scan is performed only once by 
the scavenger, which leaves behind maps on each volume 
describing what it found there; Pilot then uses the maps 
and incrementally updates them as file pages are created 
and deleted. The logical redundancy of the maps does 
not, of course. imply lack of importance. since the system 
would be not be viable without them; the point is that 
since they contain on(v redundant information, they can 

be completely reconstructed should they be lost. In par­
ticular. this means that damage to any page on the disk 
can compromise only data on that page. 

The primary map structure is the volume file map, a 
B-tree keyed on (file-uid, page-number) which returns 
the device address of the page. All file storage devices 
check the label of the page and abort the I/O operation 
in case of a mismatch; this does not OCCllr in normal 
operation and generally indicates the need to scavenge 
the volume. The volume file map uses extensive com­
pression of uids and run-encoding of page numbers to 
maximize the out-degree of the internal nodes of the B­
tree and thus minimize its depth. 

Equally important but much simpler is the volume 
allocation map, a table which describes the allocation 
status of each page on the disk. Each free page is a self­
identifying member of a hypothetical file of free pages, 
allowing reconstruction of the volume allocation map. 

The robustness provided by the scavenger can only 
guarantee the integrity of files as defined by Pilot. If a 
database defined by client software becomes inconsistent 
due to a system crash. a software bug, or some other 
unfortunate event, it is little comfort to know that the 
underlying file has been declared healthy by the scav­
enger. An '"escape-hatch" is therefore provided to allow 
client software to be invoked when a file is scavenged. 
This is the main use of the file-type attribute mentioned 
in Section 2.1. After the Pilot scavenger has restored the 
low-level integrity of the file system, Pilot is restarted: 
before resuming normal processing, Pilot first invokes all 
client-level scavenging routines (if any) to reestablish 
any highcr levcl consistency constraints that may have 
been violated. File types are used to determine which 
files should be processed by which client-level scaven­
gers. 

An interesting example of the first-class status of the 
scavenger is its routine use in transporting volumes 
between versions of Pilot. The freedom to redesign the 
complex map structures stored on volumes represents a 
crucial opportunity for continuing file system perform­
ance improvement, but this means that one version of 
Pilot may find the maps left by another version totally 
inscrutable. Since such incompatibility is just a particular 
form of "damage," however, the scavenger can be in­
voked to reconstruct the maps in the proper format, after 
which the corresponding version of Pilot will recognize 
the volume as its own. 

3.5 Communication Implementation 
The software that implements the packet communi­

cation protocols consists of a set of network -specific 
drivers, modules that implement sockets, network stream 
transducers, and at the heart of it all, a router. The router 
is a software switch. It routes packets among sockets, 
sockets and networks, and networks themselves. A router 
is present on every Pilot machine. On personal machines, 
the router handles only incoming, outgoing, and intra-



machine packet traffic. On internetwork router ma­
chines, the router acts as a service to other machines by 
transporting internetwork packets across network 
boundaries. The router's data structures include a list of 
all active sockets and networks on the local computer. , 
The router is designed so that network drivers may easily 
be added to or removed from new configurations of 
Pilot; this can even be done dynamically during execu­
tion. Sockets come and go as clients create and delete 
them. Each router maintains a routing table indicating, 
for a given remote network, the best internetwork router 
to use as the next "hop" toward the final destination. 
Thus, the two kinds of machines are essentially special 
cases of the same program. An internetwork router is 
simply a router that spends most of its time forwarding 
packets between networks and exchanging routing tables 
with other internetwork routers. On personal machines 
the router updates its routing table by querying internet­
work routers or by overhearing their exchanges over 
broadcast networks. 

Pilot has taken the approach of connecting a network 
much like any other input/output device, so that the 
packet communication protocol software becomes part 
of the operating system and operates in the same personal 
computer. In particular, Pilot does not employ a dedi­
cated front-end communications processor connected to 
the Pilot machine via a secondary interface. 

Network-oriented communication differs from con­
ventional input! output in that packets arrive at a com­
puter unsolicited, implying that the intended recipient is 
unknown until the packet . is ~xamined. As a conse­
quence, each incoming packet must be buffered initially 
in router-supplied storage for examination. The router, 
therefore, maintains a buffer pool shared by all the 
network drivers. If a packet is undamaged and its desti­
nation socket exists, then the packet is copied into a 
buffer associated with the socket and provided by the 
socket's client. 

The architecture of the communication software per­
mits the computer supporting Pilot to behave as a user's 
personal computer, a supplier of information, or as a 
dedicated internetwork router. 

3.6 The Implementation Experience 
The initial construction of Pilot was accomplished by 

a fairly small group of people (averaging about 6 to 8) in 
a fairly short period of time (about 18 months). We feel 
that this is largely due to the use of Mesa. Pilot consists 
of approximately 24,000 lines of Mesa, broken into about 
160 modules (programs and interfaces), yielding an av­
erage module size of roughly 150 lines. The use of small 
modules and minimal intermodule connectivity, com­
bined with the strongly typed interface facilities of Mesa, 
aided in the creation of an implementation which 
avoided many common kinds of errors and which is 
relatively rugged in the face of modification. These issues 
are discussed in more detail in [7] and [13]. 

4. Conclusion 

The context of a large personal computer has moti­
vated us to reevaluate many design decisions which 
characterize systems designed for more familiar situa­
tions (e.g., large shared machines or small personal com­
puters). This has resulted in a somewhat novel system 
which, for example, provides sophisticated features but 
only minimal protection, accepts advice from client pro­
grams, and even boot-loads the machine periodically in 
the normal course of execution. 

Aside from its novel aspects, however, Pilot's real 
significance is its careful integration, in a single relatively 
compact system, of a number of good ideas which have 
previously tended to appear individually, often in sys­
tems which were demonstration vehicles not intended to 
support serious client programs. The combination of 
streams, packet communications, a hierarchical virtual 
memory mapped to a large file space, concurrent pro­
gramming support, and a modular high-level language, 
provides an environment with relatively few artificial 
limitations on the size and complexity of the client 
programs which can be supported. 
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Introduction 

This paper provides an overview of the architecture of the 
Mesa processor, an architecture which was designed to 
support the Mesa programming system [4]. Mesa is a high 
level systems programming language and associated tools 
designed to support the development of large information 
processing applications (on the order of one million source 
lines). Since the start of development in 1971, the 
processor architecture, the programming language, and the 
operating system have been designed as a unit, so that 
proper tradeoffs among these components could be made. 
The three main goals of the architecture were: 

- To enable the efficient implementation of a 
modular, high level programming language such as 
Mesa. The emphasis here is not on simplicity of the 
compiler, but on efficiency of the generated object 
code and on a good match between the semantics of 
the language and the capabilities of the processor. 

- To provide a very compact representation of 
programs and data so that large, complex systems 
can run efficiently in machines with relatively small 
amounts of primary memory. 

- To separate the architecture from any particular 
implementation of the processor, and thus 
accommodate new implementations whenever it is 
technically or economically advantageous, without 
materially affecting either system or application 
software. 

We will present a general introduction to the processor 
and its memory and control structure; we then consider an 
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example of how the Mesa instruction set enables 
significant reductions in code size over more traditional 
architectures. We will also discuss in considerable detail 
the control transfer mechanism used to implement 
procedure calls and context switches among concurrent 
processes. A brief description of the process facilities is 
also included. 

General Oveniew 

All Mesa processors have the following characteristics 
which distinguish them from other computers: 

High Level Language 

The Mesa architecture is designed to' efficiently execute 
high level languages in the style of Algol, Mesa, and 
Pascal. Constructs in the programming languages such as 
modules, procedures and processes al1 have concrete 
representations in the processor and main memory, and 
the instruction set includes opcodes that efficiently 
implement those language constructs (e.g. procedure call 
and return) using these structures. The processor does not 
"directly execute" any particular high level programming 
language. 

Compact Program Representation 

The Mesa instruction set is designed primarily for a 
compact, dense representation of programs. Instructions 
are variable length with the most frequently used 
operations and operands encoded in a single byte opcode; 
less frequently used combinations are encoded in two 
bytes, and so on. The instructions themselves are chosen 
based on their frequency of use. This design leads to an 
asymmetrical instruction set. For example, there are 
twenty-four different instructions that can be used to load 
local variables from memory, but only twenty-one that 
store into such variables; this occurs because typical 
programs perform many more loads than stores. The 
average instruction length (stark) is 1.45 bytes. 
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Compact Data Representation 

The instruction set includes a wide variety of instructions 
for accessing partial and multiword fields of the memory's 
basic unit, the sixteen bit word. Except for system data 
structures defined by the architecture, there are no 
alignment restrictions on the allocation of variables. and 
data structures are generally assumed to be tightly packed 
in memory. 

Evaluation Stack 

The Mesa processor is a stack machine; it has no general 
purpose registers. The evaluation stack is used as the 
destination for load instructions. the source for store 
instructions, and as both the source and destination for 
arithmetic instructions: it is also used for passing 
parameters to procedures. The primary motivation for the 
stack architecture is not to simplify code generation, but to 
achic\'(! compact program representation. Since the stack is 
assumed as the source and/or destination of one or more 
operands, specifying operand location requires no bits in 
the instruction. Another motivation for the stack is to 
minimize the register saving and restoring required in the 
procedure calling mechanism. 

Control Transfers 

The architecture is designed to support modular 
programming, and therefore suitably optimizes transfers of 
control between modules. The Mesa processor implements 
<ll: ':'uiil[U; Ljunsf~rs Vwith d singk primiLilc c.llkd XFER, 

which is a generalization of the notion of a procedure or 
subroutine call. All of the standard procedure calJing 
conventions (call by value, call by reference (reSUlt), etc.) 
and all transfers of control belween contexts (procedure 
cal1 and return, nested procedure calls, coroutine transfers, 
traps, and process switches) are implemented using the 
XFER primitive. To support arbitrary control transfer 
disciplines, activation records (called frames) are allocated 
by x FER from a heap rather than a stack; this allows the 
heap to be shared by multiple processes. 

Process Alechanism 

The architecture is designed for applications that expect a 
large amount of concurrent activity. The Mesa processor 
provides for the simultaneous execution of up to one 
thousand asynchronous preemptable processes on a single 
processor. The process mechanism implements monitors 
and condition variables to control the synchronization and 
mutual exclusion of processes and the sharing of resources 
among them. Scheduling is event driven, rather than time 
sliced. Interrupts, timeouts, and communication with lID 
devices also utilize the process mechanism. 

Virtual Memory 

The Mesa processor provides a single large, uniformly 
addressed virtual memory, shared by all processes. The 
memory is addressed linearly as an array of 232 sixteen-bit 
words, and, for mapping purposes, is further organizt,!d as 
an array of 224 pages of 256 words each; it has no other 
programmer visible substructure. Each page can be 
individually write-protected, and the processor records the 
fact that a page has been written into or referenced. 

Protection 

The architecture is designed for the execution of 
cooperating, not competing, processes. There is no 
protection mechanism (other than the write-protected 
page) to hmit the sharing of resources among processes. 
There is no "supervisor mode," nor are there any 
"privileged" instructions. 

Virtual Memory Organization 

Virtual addresses are mapped into real addresses by the 
processor. The mapping mechanism can be modeled as an 
array of real page numbers indexed by virtual page 
numbers. The array can have holes so that an associative 
or hashed implementation of the map is allowed; the 
actual implementation is not specified by the architecture 
and differs among the various implementations of the 
Mesa processor. 

In<;;tqlctiol1S 3T"f~ rf(\vjd~d to eT1Dry1e ~ pr0gr<tm (lJs!I:llly the 

operating system) to examine and modify the virtual-to­
real mapping. The processor maintains "write-protected," 
"dirty," and "referenced" flags for each mapped virtual 
page which can also be examined and modified by the 
program. 

The address translation process is identical for all memory 
accesses, whether they originate from the processor or 
from 110 devices. There is no way to bypass the mapping 
and directly reference a main memory location using a real 
address. Any reference to a virtual page which has no 
associated real page (page fault), or an attempt to store into 
a write-protected page (wrileprotec( faUlt) will cause the 
processor to initiate a process switch (as described below). 
The abstraction of faults is that they occur between 
instructions so L'1at the processor state at the time of the 
fault is well defined. In order to honor this abstraction, 
each instruction must avoid al1 changes to processor state 
registers (including the evaluation stack) and main 
memory until the possibility of faults has passed, or such 
changes must be undone in the event of a fault 

Virtual memory is addressed by either long (two word) 
pointers containing a full virtual address or by short (one 
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word) pointers containing an offset from an implicit 64K 
word aligned base address. Tnere are several uses of short 
pointers defined by the architecture: 

- The first 64K words of virtual memory are reserved 
for booting data and communication with I/O 
devices. Virtual addresses known to be in this range 
are passed to 110 devices as short pointers with an 
implicit base of zero. 

- The second 64K of virtual memory contains data 
structures relating to processes. Pointers to data 
structures in this area are stored as short pointers 
with an implicit base of 64K. 

- Any other 64K region of virtual memory can be a 
main data space (MOS). Each process executes 
within some MOS in which its module and 
procedure variables are stored~ these variables can 
be referenced by short pointers using as an implicit 
base the value stored in the processor's MOS 

register. 

Code may be placed anywhere in virtual memory, 
although in general it is not located within any of the three 
regions mentioned above. A code segment contains read 
only instructions and constants for the procedures that 
comprise a Mesa module; it is never modified during 
normal execution and is usually write-protected. A code 
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segment is relocatable without modification; no 
information in a code segment depends on its location in 
virtual memory. 

The data associated with a Mesa program is allocated in a 
main data space in the form of local and global frames. A 
global frame contains the data common to all procedures 
in the module, i.e. declared outside the scope of any 
procedure. The global frame is allocated when a module IS 

loaded. and freed when the module is destroyed. A local 
frame contains data declared within a procedure; it is 
allocated when the procedure is called and freed when it 
returns. 

Any region of the virtual memory, including any main 
data space, can contain additional dynamically allocated 
user data: it is managed by the programmer and 
referenced indirectly using long or short pointers. An MDS 

also contains a few system data structures used in the 
implementation of control transfers (discussed beiow). The 
overall structure of virtual memory is shown in Figure 1. 

Besides enabling standard high level language features 
such as recursive procedures, ml.iltiple modllle inst~ccs, 
coroutines. and multiple processes, the representation of a 
program as local data, global data, and code segment tends 
to increase locality of rerer~nce: this is important in a 
paged virtual memory environment 

Contexts 

In addition to a program's variables, there is a small 
amount of linkage and control information in each frame. 
A local frame contains a short pointer to the associated 
gJob~.d frame and a short pointer to the local frame of its 

caller (the relUrn link). A local frame also holds the code 
segment relative program counter for a procedure whose 
execution has been suspended (by preemption or by a call 
to another procedure). Each global frame contains a long 
pointer to the code segment of the module. A global frame 
optionally is preceded by an area called the link space, 
where links to procedures and variables in other modules 
are st8red. Th1S structure ~s shc,,\,n i~ Figure ~. 

To speed access to code and data., the processor contains 
registers which hold the local and global frame addresses 
(LF and GF), and the code base and program counter (CB 

and pc) for the currently executing procedure; these are 
collectively called a context. When a procedure is 
suspended, the single sixteen bit value which is the MDS 

relative pointer to its local frame is sufficient to reestablish 
this complete context by fetching GF and pc from the 
local frame and CB from the global frame. The 
management of these registers during context switches is 
discussed in the section on control transfers below. 

The Mesa Instruction Set 

As mentioned above, a primary goal of the Mesa 
architecture is compact representation of programs. The 
general idea is to introduce special mechanisms into the 
instruction set so that the most frequent operations can be 
represented in a minimum number of bytes. See [5] for a 
description of how the instruction set is tuned to 
accomplish this goal. Below we enumerate a representative 
sample of the instruction set. 

Many functions are implemented with a family of 
instructions with the most common forms being a single 



byte. In the descriptions of instructions below, operand 
bytes in the code stream are represented by a and {3: a{3 
represents two bytes that are taken together ~ a sixteen bit 
quantity. The suffix n on an opcodc mnemonic represents 
a group of instructions with n st~mding for small integers, 
e.g. Lin represents L10. L11. Ll2. etc. A trailing B in an 
opcode indicates a following operand byte (a); W 
indicates a word (a{3): P indicates that the operand byte is 
a pair of four bit quantities. a.left and a.right 

Operalions on the stack. These instructions obtain 
arguments from and return results to the evaluation stack. 
Although elements in the stack are sixteen bits, some 
instructions treat two elements as single thi11y-two bit 
quantities. Numbers are represented in two's complement 

DIS Discard the top element of the stack 
(decrement the stack pointer). 

REC Recover the previous top of stack 
(increment the stack pointer). 

EXCH 

DEXCH 

DUP 

DDUP 

DBl 

Exchange the top two elements of the 
stack. 

Exchange the top two doubleword 
elements of the stack. 

Duplicate the top element of the stack. 

Duplicate the top doubleword element of 
the stack. 

Double the top of stack (multiply by 2). 

unary operations: NEG, INC, DEC, etc. 

logical operations: lOR. AND. XOR. 

arithmetic: ADD, SUB, MUL. 

doubleword arithmetic: DADO, DSUB. 

Divide and other infrequent operations are relegated to a 
multibyte escape opcode that extends the instruction set 
beyond 256 instructions. 

Simple Load and Slore instructions. These instructions 
move data between the evaluation stack and local or global 
variables. 

LIn Load Immediate n. 

LIB a Load Immediate Byte. 

L1wa{3 Lo~d Immediate Word. 

lln Load Local n; load the word at offset n 
from IF. 

llB a Load Local Byte; load the word at offset a 
from IF. 

Sln Store Local n. 

SlB a Store Local Byte. 

PLn 

LGn 

LGB a 

SGB a 

LLKB a 

Put Local n: equivalent to Sln REC. i.e. 
store and leave the value on the stack. 

Load Global n; load the word at offset n 
from GF. 

Load Global B'yte; load the word at offset 
a from GF. 

Store Global Byte. 

Load Link; load a word at offset a in the 
link space. 

There are also versions of these instructions that load 
doubleword quantities. Note that there are no three-byte 
versions of these loads and stores and no one-byte Store 
Global instructions. These do not occur frequently enough 
to warrant inclusion in the instruction set 

Jumps. All jump distances are measured in bytes relative to 
the beginning of the jump instruction; they are specified as 
signed eight or sixteen bit numbers. 

In short positive jumps. 

JB a jump -128 to + 127 bytes. 

JWa{3 long positive or negative jumps. 

JLB a compare (unsigned) top two elements of 
stack and jump if less; also JlEB, JEB, 
JGB, JGEB and unsigned versions. 

JESB a {3 if top of stack is equal to to a. jump 
distance in {3; also JNBB. 

JZB a 

JEP a 

JIB a{3 

jump if top of stack is zero; also JNZB. 

if top of stack is equal to a.left, jump 
distance in a.right; also JNEP. 

at offseta{3 in the code segment find a 
table of eight bit distances to be indexed 
by the top of stack; also JIW with a table 
of sixteen bit distances. 

Read and Wrile through poinlers. These instructions read 
and write data through pointers on the stack or stored in 
local variables. 

Rn Read through pointer on stack plus small 
offset. 

RB a Read through pointer on stack plus offset 
a. 

WB a Write through pointer on stack plus offset 
a. 

RlIP a 

WLlPa 

Read Local Indirect; use pointer in local 
variable a.left; add offset a.right 

\Vrite Local Indirect 
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RnF a 

RF a fJ 

WF a fJ 
RKIB a 

Read Field using pointer on the stack plus 
n: a contains starting bit and bit count as 
four bit quantities. 

Read Field using pointer on the stack plus 
a: fJ contains starring bit and bit count as 
four bit quantities. 

Write Field. 

Read Link Indirect; use the word at offset 
a in the link space as a pointer. 

There are also versions of these instructions that take long 
pointers and versions that read or write doubleword 
quantities. 

COnTrol Transfers. These instructions handle procedure call 
and return. Local calls (in the same module) specify the 
enlry point number of the destination procedure; external 
calls (to another module) specify an index of a control link 
in the module·s link space (see the section on Control 
Transfers). 

LFCn 

LFCB a 

EFCn 

EFCB a 

SFC 

RET 

BRK 

local Function Call using entry point n. 

Local Function Call using entry point a. 

External Function Call using control link 
n. 

External Function Call Byte using control 
link a. 

Stack Function Call: use control link from 
the stack. 

Return. XFER using the return link in the 
local fr~me as the destination; frec the 
frame. 

Breakpoint: a distinguished one-byte 
instruction that causes a trap. 

Miscellaneous. These instructions are used to generate and 
manipUlate pointer values. 

LAn 

LAB a 

LAwa{3 

Local Address n; put the address of local 
variable n on the stack. 

Local Address Byte; put the address of 
local variable a on the stack. 

Local Address Word; put the address of 
local variabie a{3 on the stack. 

GAn Global Address n; put the address of 
global variable n on the stack. 

GAB a Global Address Byte; put the address of 
global variable a on the stack. 

GAW afJ Global Address Word; put the address of 
global variable a{3 on the stack. 

LP Lengthen Pointer; convert the short 
pointer on the stack to a long pointer by 
adding MDS; includes a check for invalid 
pointers. 

An example. Consider the program fragment below. The 
statement c +- Q[p.f + i] means "call procedure Q, passing 
the sum of i and field f of the record pointed to by local 
variable p; store the result in global variable c." The 
statement RETURN [a[i].c] means ";-eturn as the value of 
the procedure Q field c of the ith record of global array 
a." 

Prog: PROGRAM = 
BEGIN 

c: CHARACTER; 
a: ARRAY INTEGER OF RECORD [ 

b: BOOLEAN, 
c: CHARACTER, 
s: INTEGER[O .. 12S), 
W: CARDINAL]; 

P: PROCEDURE = 
BEGIN 
i: INTEGER = 2; 
p: POINTER TO RECORD [ ••• , f: INTEGER]; 
... , 
c +- Q[p.f + i]; 
. .. , 
END; 

Q: PROCEDURE [i: INTEGER] 
RETURNS [CHARACTER] = 

BEGIN 
RETURN [a[i].c]; 
END; 

END. 

Below we have shown the code generated for this program 
fragment in a generalized Mesa instruction set, and then in 
the current optimized version of the instruction set. 

Source 

p.f 

j 

p.f + i 
Q[ .. ] 
n+-

Q: 

:I:).c 
RETURN 

Mesa/Gen 

II p 
R f 
LI 
ADD 
lFC q 
SG n 

11 Code Bytes 
5 Inst ructions 

Sl 
REC 
DBl 
GAB a 
ADD 
RF O,{1,8) 
RET 

11 Code Bytes 
7 Instructions 

Mesa/OQt 

RLiP (p, f) 

Ui 
ADD 
lFCq 
SG n 

7 Code Bytes 
5 Instructions 

PLi 

DBl 
GAa 
ADD 
ROF (1,8) 
RET 

7 Code Bytes 
6 Instructions 



Although this is admittedly a contrived example. it cannot 
be called pathological. and it does illustrate quite well 
several of the ways the Mesa instruction set achieves code 
size reduction. I n particular: 

- Use of the evaluation Slack. The stack is the implicit 
dcstin:ltion or source for load and store operations; 
instructions can be smaller because they need not 
specify all operand locations. Since the stack is also 
used to pass parameters, no extra instructions are 
needed to set up for the procedure call. Most 
statements and expressions are quite simple so that 
the added generality of a general register 
architecture is a liability rather than an asset 

- Control transfer primitive. By using a single, 
standard calling convention with built-in storage 
allocation. almost all of the overhead associated 
with a call is eliminated. There is minimal register 
saving and restoring. 

- Common operations are single instructions. 
Operations that occur frequently are encoded in 
single instructions. Reading a word from a record 
given a pointer to the record in a local variable is a 
good example (RLI P). There are similar 
instructions for storing values through pointers. 
There are instructions that deal with partial word 
quantities or that include runtime as well as 
compile time offsets. Procedure calls are also given 
single instructions. 

- Frequently referenced variables are slOred together. 
Most operands are addressed with small offsets 
from local or global frame pointers or from variable 
pointers stored in the local or global frame. Using 
small offsets means that instructions can be smaller 
because fewer bits are needed to record the offset 
The compiler assists by assigning variable locations 
based on static frequency so that the smallest offsets 
occur most often. 

These last two points are the guiding principles of the 
Mesa instruction set. If an operation. even a complex one 
involving indirection and indexing, occurs frequently in 
"real" programs, then it should be a single instruction or 
family of instructions. For instruction families with 
compile time constant operands such as offsets, assigning 
operand values by frequency increases the payoff of 
merging small operand values into the opcode or packing 
multiple values into a single operand byte. There are a 
small number of cases in which an infrequently used 
function is provided as an instruction because it is required 
for technical reasons or for efficiency (e.g. disable 
interrupts or block transfer). 

Control Transfers 

The Mesa architecture supports several types of transfers 
of control. including procedure call and return, nested 
procedure calls. coroutine transfers. traps and process 
switches. using a single primitive called XFER [1]. In its 
simplest form. XFER is supplied with a destination control 
link in the fonn of a pointer to a local frame: XFER then 
establishes the context associated with that frame by 
loading the processor state registers: the PC and global 
frame pointer GF are obtained from the local frame, and 
the code base CB is obtained from the global frame. Most 
control transfer instructions pcrfonn some initial setup 
before invoking the XFER primitive; some specify action to 
be taken after the XFER. If after the XFER we add code to 
free the source frame. we have the mechanism for 
performing a procedure return. On the other hand, if we 
add code before the XFER to save the current context (only 
the pc), we have the basic mechanism to implement a 
coroutine transfer between any two existing contexts. 

A process switch is little more than a coroutine transfer. 
except that it may be preemptive. in which case the 
evaluation stack must be saved and restored on each side 
of the XFER. In the Mesa architecture, we have also added 
the ability to change the main data space on a process 
switch (see the next section). 

The procedure call is the most interesting form of control 
transfer in any architecture; it is complicated by the fact 
that the destination context does not yet exist. and must be 
created out of whole cloth. We represent the context of a 
not-yet-executing procedure by a control link called a 
procedure descriptor. It must contain enough information 
to derive all of the following: 

The global frame pointer of the module containing 
the procedure, 

The address of the code segment of the module, 

The starting PC of the procedure within the code 
segment, and 

The size of the frame to aJlocate for the procedure's 
local variables. 

Note that in the case of a local call within the current 
module, only the last two items arc needed; L1C first two 
remain unchanged. 

It is desirable to pack all of this information into a single 
word. and at the same time make room for a tag bit to 
distinguish between local frames and procedure 
descriptors, so the two can be used interchangeably. Then. 
at the Mesa source level, a program need not concern itself 
with whether it is calling a procedure or a coroutine. 
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Procedure Descriptor 
r- gfi epi II I 

GFT Code Segment 

1 +~ Code Base 

I rCB ~ 
-32 .11- Entry 

~. Vector 
~ I 

pc 

I lsi f--

1 
Code bytes 

Global Frame fpc 1--+ m flags 
.~ 

code 
j". base 

fGF ~ 

AV 

local Frame I 
Ifsi 

return link Frame Heap 

global link 
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+ 

lta-, 
II I ~~JI1 

L----_-----' --c=J 
Figure 3. Procedure Calls 

The obvious representation of a procedure descriptor 
would include the global fmme address (sixteen bits), the 
code segment address (thirty-two bits), the starting PC 

(sixteen bits). and the local frame size (sixteen bits), for a 
total of eighty bits. We use a combination of indirection, 
auxiliary tables. and imposed restrictions to reduce this to 
the required fifteen bits, leaving one bit for the 
frame/procedure tag (refer to Figure 3). 

We eliminate the code segment address by noticing that it 
is available in the global frame of the destination module, 
at the cost of a double word fetch. 

We replace the PC and frame size by a small (five bit) 
entry painl index into a table at the beginning of each code 
segment containing these values for each procedure. This 
costs another double word fetch, and limits the number of 

procedures per module to a maximum of thirty-two. (By 
an encoding trick, we will increase this to 128 later.) 

We replace the global frame pointer by a ten bit index into 
an MDs-unique structure called the global frame table 
(GFT); it contains a global frame pointer for each module 
in the main data space. This costs one additional memory 
reference per XFER and limits the number of modules in 
an MDS to 1024 and the number of procedures in an MDS 
to 32,768. 

We obtain our tag bit by aligning local frames to at least 
even addresses; the low order bit of all procedure 
descriptors is one. 

To increase the maximum number of procedures per 
module, we first free up two bits in each entry of the 
global frame table by aligning all global frames on quad 



word boundaries. We lise these two bits to indicate that 
the entry point index should be increased by O. 32. 64. or 
96 before it is used to index the code segment entry vector. 
Of course. this requires mUltiple entries in the global 
frame table for modules with more than thirty-two 
procedures. 

SO, XFER'S job in the case of a procedure call is 
conceptually the same as a simple frame transfer, except 
that it must pick apart the procedure descriptor and 
reference all the auxiliary data structures created above. It 
also needs a mechanism for allocating a new local frame. 
given its size. 

As mentioned above. local frames are anocated from a 
heap rather than a stack, so that a pool of available frames 
can be shared among several processes executing in the 
same MOS. We organize this pool as an array of lists of 
frames of the most frequently used sizes; each list contains 
frames of only one size. Rather than actual frame sizes. the 
code segment entry vector contains frame size indexes into 
this array. called the allocation vector. or AV (see Figure 
3). 

Assuming that a frame is present on the appropriate list, it 
costs three memory references to remove the frame from 
the Jist and update the list head. This scheme requires that 
the frame's frame size index be kept in its overhead words. 
so that it can be returned to the proper list; it therefore 
requires four memory references to free a frame. Again we 
take advantage of the fact that fr['mes are aligned to make 
use of the low order bits of the list pointers as a tag to 
indicate an empty list There is also a facility for chaining a 
list to a larger frame size list 

In the (rare) event that no frame of the required size (or 
larger) is available. a trap to software is generated; it may 
resume the operation after supplying more frame storage. 
Of course. the frequency of traps depends on the initial 
allocation of frames of each size. as well as the calling 
patterns of the application; this is determined by the 
obvious static and dynamic analysis of frame usage. 

Calling a nested procedure involves additional complexity 
because the new context must be able to access the local 
variables of the lexically enclosing procedure. The 
semantics of procedure variables in the Mesa language 
dictate that the caller of a nested procedure cannot be 
aware of its context or depth of nesting; all of the 
complexity must be handled by the called procedure. The 
implementation of this is beyond the scope of this paper. 

Conrurrent Processes 

The Mesa architecture implements concurrent processes as 
defined by the Mesa programming language for 
controlling the execution of multiple processes and 
guaranteeing mutual exclusion [2]. 

The process implementation is based on queues of small 
objects called Process State Blocks (~SBS). each 
representing a single process. When a process is not 
mnning, its PSB records the state associated with the 
process, inclclding the process's MDS and the local frame it 
was last executing. I f the process was preempted. its 
evaluation stack is also saved in an auxiliary data structure; 
the evaluation stack is known to be empty when a process 
stops running voluntarily (by waiting on a condition or 
blocking on a monitor). The PSB also records the process's 
priority and a few flag bits. 

When a process is running, its state is contained in the 
evaluation stack and in the processor registers that hold 
pointers to the current local and global frames, code 
segment and MOS. An MDS may be shared by more than 
one process or may be restricted to a single process. All of 
these processor registers are modified when a process 
switch takes place. 

Each PSB is a member of exactly one process queue. 
There is one queue for each monitor lock, condition 
variable, and fault handler in the system. A process that is 
not blocked on a monitor, waiting on a condition variable. 
or faulted (e.g. suspended by a page fault) is on the ready 
queue and is available for execution by the processor. The 
process at the head of the ready queue is the one currently 
being executed. 

The primary effect of the process instructions is to move 
PSBS back and forth between the ready queue and a 
monitor or condition queue. A process moves from the 
ready to a monitor queue when it attempts to enter a 
locked monitor; it moves from the monitor queue to the 
ready queue when the monitor is unlocked (by some other 
process). Similarly, a process moves from the ready queue 
to a condition queue when it waits on a condition variable. 
and it moves back to the ready queue when the condition 
variable is notified, or when the process has timed out 
The instruction set includes both notify and broadcast 
instructions, the latter having the effect of moving all 
processes waiting on a condition variable to the ready 
queue. 

Each time a process is requeued, the scheduler is invoked; 
it saves the state of the current process in the process's 
PSB, loads the state of the highest priority ready process, 
and continues execution. To simplify the task of choosing 
the highest priority task from a queue, all queues are kept 
sorted by priority. 

In addition to normal interaction with monitors and 
condition variables, certain other conditions result in 
process switches. Faults (e.g. page faults or write-protect 
faults) cause the current process to be moved to a fault 
queue (specific to the type of fault); a condition variable 
associated with the fault is then notified. An interrupt 
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(from an 1/0 device) causes one of a set of preassigned 
condition variables to be notified. Finally, a timeout causes 
a waiting process to be moved to the ready queue, even 
though the condition variable on which it was waiting has 
not been notified by another process. 

Conclusions 

The Mesa architecture accomplishes its goals of supporting 
the Mesa programming system and allowing significant 
code size reduction. Key to this success is that the 
architecture has evolved in conjunction with the language 
and the operating system, and that the hardware 
architecture has been driven by the software architecture, 
rather than the other way around. 

The Mesa architecture has been implemented on several 
machines ranging from the Alto [6] to the Dorado [3], and 
is the basis of the Xerox 8000 series products and the 
Xerox 5700 electronic printing system. The ability to 
transport almost all Mesa software (i.e. all except unusual 
I/O device drivers) among these machines while retaining 
the advantages of the semantic match between the 
language and the architecture has been invaluable. The 
code size reduction over conventional architectures (which 
averages about a factor of two) has allowed considerable 
shoehorning of software function into relatively small 
machines. 

Acknowledgments 

The first version of the Mesa architecture was designed 
and implemented by the Computer Science Laboratory of 
the Xerox Palo Alto Research Center. Butler Lampson was 
responsible for much of the overall design and many of 
the encoding tricks. Subsequent development and 
maintcmmce have been done by the Systems Development 
Depanment of the Office Products Division. Chuck 
Geschke, Richard Johnsson, But1er Lampson, Roy Levin, 
Jim Mitchel1, . Dave Redell, Jim Sandman, Ed 
Satterthwaite, Dick Sweet, Chuck Thacker, and John Wick 
have all made major technical contributions. 

References 

[1] Lampson, B., Mitchel1, 1., and Sattenhwaite, E. On the 
transfer of control between contexts. LecTure NOles in 
Computer Science 19, (1974). 

[2] Lampson, B. W. and Redell, D. D. Experience with 
processes and monitors in Mesa. Comm ACM 23, 2 
(Feb. 1980), 105-117. 

[3] Lampson, B. W. el. aL The Dorado: A high­
perfonnance personal computer-three papers. Tech. 
Rep. CSL 81-1, Xerox Palo Alto Res. Ctr., 1981. 

[4] Mitchell, 1. G., Maybury, W., and Sweet, R. Mesa 
Language Manual. Tech. Rep. CSL 79-3, Xerox Palo 
Alto Res. Ctr., 1979. 

[5] Sweet, R. E. and Sandman, 1. G. Empirical Analysis of 
the Mesa Instruction Set, ACM Symposium on 
Architectural Support for Programming Languages & 
Operating Systems, March 1982. 

[6] Thacker, c.P. et. al. Alto: a personal computer, in 
Computer Structures: Readings and Examples, Second 
edition, Sieworek, Bell, and Newell, Eds., McGraw­
Hill, 1981. Also available as Tech. Rep. CSL 81-1, 
Xerox Palo Alto Res. Ctr., 1981. 



Empi rical Analysis of the Mesa 
Instruction Set 
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1. Introduction 
This paper describes recent work to refine the instruction 
set of the Mesa processor. Mesa [8] is a high level systems 
implementation language developed at Xerox PARC 
during the middle 1970's. Typical systems written in Mesa 
are large collections of programs running on single-user 
machines. For this reason, a major design goal of the 
project 'has been to generate compact object programs. 

The computers that execute Mesa programs are 
implementations of a stack architecture [5]. The 
instructions of an object program are organized into a 
stream of eight bit bytes. The exact complemeni of 
instructions in the architecture has changed as the 
language and machine micro architecture have evolved. 

In Sections 3 and 4, we give a short history of the Mesa 
instruction set and discuss the motivation for our most 
recent analysis of it In Section 5, we discuss the tools and 
techniques used in this analysis. Section 6 shows the 
results of this analysis as applied to a large sample of 
approximately 2.5 million instruction bytes. Sections 7 
and 8 give advice to others who might be contemplating 
similar analyses. 

2. Language Oriented Instruction Sets 
There has been a recent trend toward tailoring computer 
architecture to a given programming language. 
A vailability of machines with writeable control stores has 
accelerated this trend. A recent Computer issue [2] 
contains several general discussions of the subject 

There are at least two reasons for choosing a language 
oriented architecture: space and time. We can get 
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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. 

improved speed by assuring that operations done 
frequently have efficient implementations. We can get 
more compact object programs by using variable length 
opcodes, assigning short opcodes to common operations. 
The use of variable length encodings based on 
probabilities is, of course, not new; see the classical papers 
by Shannon [9] and Huffman [4l 

Both space and time optimizations rely on knowledge of 
the statistical propenies of programs. Static statistics are 
sufficient for code corripaction, while dynamic statistics 
help in the area of execution speed. As most of today's 
computers have some sort of virtual memory, anything 
that makes programs smaller tends to speed them up by 
reducing the amount of swapping. 

One ot the first published empirical stuaies of 
programming language usage was by Knuth [6], where he 
studied FORTRAN programs. Several other studies have 
also been published, including [I), [111, and [13]. Similar 
studies have been made of Mesa programs before each 
change in the instruction set 

Basing an instruction set on statistical properties of 
programs leads to an asymmetric instruction set For 
example, variables. are read more often than they are 
assigned, ~o it makes sense to have more short load 
instructions than short store ones; certain short jump 
distances are more cornmon than others, so variable length 
jump instructions can make address assignment a rather 
complicated operation. There is a misconception held by 
some that a language oriented architecture is one in which 
the compiler's code generators have a very easy task. 
Quite the contrary, in a production environment, we are 
willing to put considerable complexity into code 
generation in order to generate compact object programs. 

There are trade-offs between code compaction and 
processor complexity. Encoding techniques such as 
variable bit length opcodes and conditional encoding add 
to the amount of microcode or hardware needed, and slow 
down decoding. The Mesa machines use a fIxed size 
opcode (eight bits), and have instructions with zero, one, 
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or t\\/o data bytes. A similar architecture was 
independentiy proposed by Tanenbaum [11]. 

The paper by 10hnsson and Wick [5] describes the current 
Mesa architecture. 

3. History of the Mesa Instruction Set 

Each machine that runs Mesa provides a microcoded 
implementation of the Mesa architecture. Machines have 
spanned more than an order of magnitude in processing 
power, from the Alto [12] to the Dorado [7], with several 
machines in between. All have a 16 bit word size. 

The overall concepts of the Mesa architecture have not 
changed since 1974, but the exact complement of 
instructions has changed several times. New language 
features, such as a larger address space. have required new 
instructions. :\ew insights into the usage of these language 
features have allowed more compact encoding of common 
operations. 

The first implementation of Mesa was done in 1974 for the 
Alto. Peter Deutsch's experience with Byte LISP [3] had 
shown the feasibility of a byte code interpreter to run on 
the Alto. A stack architecture was chosen to allow 
"addressless" instructions. Decisions on stack size and 
procedure parameter passing. etc. were partially based on 
statistics gathered on programs written in MPL. a 
precursor to Mesa that ran on Tenex (and partially forced 
by the limitations of the Alto hardware). The MPL study 
is described briefly in Sweet's thesis [10]. 

In 1976. a reasonable bod) of Mesa cude e,xisled and was 
analyzed. A study of source programs is described in [10]. 
There was also a study of the object code. These analyses 
lead to small changes in the instruction set; in particular to 

some two byte instructions where the second (operand) 
byte was divided into two four-bit fields. 

It soon became clear that the small 16 bit address space of 
the original Alto implementation was too restrictive. 
There were several proposals for adding virtual memory to 
the Alto. but they were rejected in favor of designing a 
new machine whose microarchitecture was better suited 
for Mesa emulation. In 1978, we had a machine with 
virtual memory, and the type LONG POINTER (32 bits) was 
added to the language. This, of cours~, required 
instructions for dealing with the new pointers: loading, 
storing, dereferencing. etc. At the same time, 32 bit 
arithmetic was also added to the language (and Mesa 
architecture ). 

4. Experimental Sample 

Today, Mesa has reached a significant level of maturity. 
Our programmers are working in a development 
e~vir0nment writt~n completel', in Mesa; there are 

products in the field, such as the Xerox 8000 series. 
including the Star workstation, that are programmed 
entirely in Mesa These are large programs that make 
extensive use of the virtual memory. Since the LONG 

POINTER instructions were added to the architecture before 
we had any body of code using long pointers to analyze, 
we were sure that there was room for improvement in 
their encoding. We did not have the resources at this time 
to completely redesign the instruction set, but we decided 
that it was_worth our while to see if small changes to the 
instruction set could lead to more compact object 
programs. 

We started with a sample of programs that was 
representative of all software running under Pilot [8], the 
Mesa operating system. We had to decide whether to 
analyze the source code or the object code generated by 
the then current compiler. We chose to do both. but this 
paper deals primarily with the object code analysis. 

Some changes, such as increasing the stack depth. or 
adding new instructions for record construction, have 
significant effects on the code generating strategy in the 
compiler. These were studied by instrumenting the 
compiler or producing a new compiler that generated the 
expanded instruction set. 

Most anticipated instruction set changes were sufficiently 
similar to the existing set that observing patterns in object 
code was a workable plan. This certainly included 
decisions' about the proper mix of one, two. and three byte 
instructions for a given function. In fact. the compiler 
waits until the very last phase of code generation, the 
peephole optimizer. to choose the exact opcodes. This 
concentrates knowledge of the exact instruction set in a 
single place in the compiler. 

5. Experimental Plan 

The general plan of attack was as follows: 

1. Normalize the object code. 

We convened the existing object code into a 
canonical form. This included breaking the code 
into straight line sequences, and undoing most 
peephole optimizations. The sample resulted in 2.5 
million bytes of normalized instructions. 

2. Collect statistics by pattern matching. 

Patterns took two general forms: compiled in 
patterns that looked at things like operator pair 
frequencies, and interactive patterns, where the user 
could type in a pattern and have the data base 
searched for that pattern. 

3. Propose new instructions. 

Based upon the statistics gathered in step 2, we 
proposed new instructions. 



4. Convert to new opcodes by peephole optimization, 

We wrote a general framework for peephole 
optimization that read and wrote tiles in a format 
compatible Yfith the pattern matching utilities, This 
allowed us to write procedures that would convert 
sequences of simple instructions into new fancier 
instructions. 

S. Repeat steps 2 through 4. 

While the statistics from step 2 tell us how many of 
each new instruction we will get in step 4, the 
ability to panially convert the data file was helpful 
for questions of the form "What local variables are 
we loading when the load is not folded into another 
instruction ?" 

NormalizaltOfl 

The version of the Mesa instruction set under analysis 
used 240 of the possible 256 byte values. Moreover, many 
of the instructions are single byte encodings of what is 
logically an operation and an operand value, e.g. "Load 
Local 6" or "Jump 8." Other instructions replace two or 
three instruction sequences that are sufficiently common to 
warrant a more compact encoding. To simplify analysis, 
all code sequences were transformed into semantically 
equivalent seqpences 'Jf a subset of the instructions, 
comprising slightly over 100 opcode values. 

1. Expand out imbedded operand values. 

All instructions with embedded operand values 
were replaced by a corresponding two or three byte 
instructions where the operand is given explicitly. 
For example "Jump 8", a single byte opcode was 
replaced by the three byte sequence: the "Jump 
word" opcode, and a two byte operand with a value 
of8. 

2. Break apart multi-operation opcodes. 

Most complicated instructions were replaced by 
sequences of equivalent simpler instructions. For 
example, "Jump Not Zero" was replaced by the 
sequence "Load 0," "Jump Not Equal." Notable 
exceptions were the "Doubleword" instructions. 
These could often have been replaced by two single 
word instructions, but a major thrust of this analysis 
was finding out how doublewords were used in the 
language. 

The procedure that did the normalization first made a pass 
over the code to find the targets of all jumps. These were 
then sorted so that the normalizing procedure could put a 
marker byte in the output fiie between each sequence of 
straight line code. 

The analysis software was written so that the normalization 
routine could run as a coroutin€ with any of the pattern 

matchers. converting object tiles to a stream of normalized 
bytes, While not a complete waste of effort. this option 
was not used when the mass of data becam~e large, The 
normal mode of operation was to convert a related set of 
object programs to a single output file, and then use that 
data file, or a collection of such files. as the input to 
pattern matching and peephole optimization. 

When working with large amounts of data, YOLI should 
plo.n fOl expansio.l. Consider th~ format of t:le code. 
sequence data file. The normalization step reduces the 
opcodes to a set with approximately a hundred members. 
On the other hand, the peephole optimization (step 3 
above) adds new opcodes. In fact. before we were done 
we had more than 256 logical opcodes (some of them 
became two or three byte sequences in the resulting 
instruction set using an escape sequence). As we desired 
to have the output of peephole acceptable to the pattern 
matchers, we used two bytes for each operation "byte" of 
the stream. 

Paltern Alatching 

The collected files of normalized instructions may now be 
used to answer questions about language usage. One 
obvious question is "How many of each opcode do I 
have?" It is easy to write a routine that reads the data file 
and counts the opcodes. This was one of a class of generic 
patterns that we ran on our data file. The set of generic 
patterns waxed and waned throughout the several months 
of analysis, but at the end, we found the following patterns 
most interesting: 

1. Static opcode frequency. 

Count the number of occurrences of each opcode. 

2. Operands values. 

For each opcode, get a histogram of operand 
values. 

3. Opcode successors. 

For each opcode, get a histogram of the set of next 
opcodes in the code sequences. 

4. Opcode predecessors. 

For each opcode, get a histogram of the set of 
previous opcodes in the code sequences. 

5. Popular opcode pairs. 

Consider the set of all pairs of adjacent opcodes; 
sort them by frequency. 

The reader will doubtless observe that patterns 3, 4, and 5 
~l report the same information. Patterns 3 and 4 are 
valuable because, even when the frequency of an opcode 
pair is not especially high, the conditional probability of 
one based on the other might be high. Additionally, all 
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three patterns provide information that can suggest 
additional areas of study, as described below. 

We also wrote patterns for finding popular triples, and in 
fact popular n-tuples, where the search space is seeded 
with allowed (n-1)-tuple initial strings. These weren't as 
interesting as we had suspected; we got mountains of n­
tuples that occurred only a few times, and we tended to 
run out of storage. Looking at pairs, along with a 
knowledge of the language and the compiler·s code 
generation strategies, allowed us to generate patterns that 
gave us statistics on most interesting multibyte constructs. 

User Specified Patterns 

For matching of longer patterns, or answering specific 
questions about instruction use, we preferred not to have 
to recompile the matching program for every new pattern. 
Vltie therefore wrote an interactive program where the user 
typed in a pattern which was parsed, and then matched 
against the data base. A pattern was a sequence of 
instructions: each instruction consisted of an operator and 
its operands. The operator/operands could be given 
explicitly in the pattern, or a certain amount of "wild 
carding" was allowed. For wild card slots, we provided 
the option of collecting statistics on the actual values. 

Consider the pattern: LLB • IN [0 .. 16), RB $. The 
instruction LLB is a two byte "load local variable" 
instruction where the second byte gives the offset of the 
variable in the frame (procedure activation record). 
Similarly, RR <;ays "dereference the pointer on the stack, 
ajding the offset ?ecified by the o,erand byte." This 
pattern finds all occurrences of L L B followed by R B where 
one of the first sixteen local variables is a pointer being 
loaded. The $ is a wild card match like the ., except it 
tells the pattern matcher to gather statistics on the actual 
operand values for the R B instructions. The output of the 
pattern matcher looked something like this: 

Total data: 1289310 inst. 2653970 bytes 

LLB • IN [0 .. 16). RB $ total: 22813 

value count % cum.% 

0 7575 33.20 33.20 
1 3638 15.94 49.15 
2 2838 12.44 61. 59 
3 1700 7.45 69.04 
4 1291 5.65 74.70 
5 823 3.60 78.31 
6 746 3.27 81. 58 
7 577 2.52 84.10 

13 344 1. 50 85.61 
15 328 1.43 87.05 
10 315 1. 38 88.43 
11 283 1. 24 89.67 
14 277 1. 21 90.89 
12 '1)2 1.10 91.99 

Figure 1. Sample Pattern Matcher Output 

These data tell us that the vast majority of otrsers are 
small. If the first ..... had been a "$", statistics would have 
been collected on which local variable was loaded as well. 
The statistics for this field are even more skewed-over 
90% of the matches are for locals at offset 0, 1, or 2. 

Peephole Oplimizer 

Based on the statistics gathered by pattern matching, we 
proposed some new instructions. Some of these new 
instructions were single byte opcodes that encoded a 
common operand value of what was logically a two or 
three byte operation; other new instructions were 
combinations of operations that occurred frequently in 
code sequences. 

Decisions about the two types of instructions were 
interrelated. The question "How many single byte 'load 
local' instructions should we have" is best answered by 
looking at the load local statistics after any loads have been 
combined into fancier instructions. We solved this 
problem by writing a peephole optimizer to convert 
normalized code sequences into sequences of new 
instructions. This simplified the patterns needed for 
decisions and also allowed us to look for patterns involving 
the new instructions. The actual peephole conversion was 
done by straightforward case analysis, but the framework 
that it was Duilt upon is worthy of some discussion. 

There are several problems with operating directly on the 
data files. Variable length instructions cannot be read 
backward. and some instructions have two operand bytes 
that are logically a single sixteen bit operand. For this 
reason, the file reading procedure produced fixed sized 
Mesa records containing the opcode and an array of 
parameters, correctly decoding multibyte operands. These 
were maintained in an array as shown in the figure below. 

-2 -1 o + 1 +2 

Figure 2. Peephole Optimization Framework 

The optimizing procedures typically dealt with thl! element 
at index 0, based upon previou,s instructions (- 1) and 
following instructions (+ I). The range of index values 
depends on how much history is required in the peephole 
procedure. For all of our routines, a range from - 5 to 

+ 3 was more than adequate. The framework provided 
the following operations: 

1. Delete i. 

Any instruction not already written to the output 
may be deleted. 



2. Output new code. 

:\ew instructions may be generated; they are 
buffered ljntil the next c;hift. but will appear juc;t to 
the right of index O. 

3. Shift left. 

The first new output, or the element at + 1, is 
moved to index O. Deleted cells are compacted. 
The buffered new code is moved into the array, 
possibly pushing some of the previous + i elements 
into a buffer at the right. Any instruction forced 
out the left is written to the output file. In the case 
of no change, this reduces to a write, a block 
transfer in memory, and a read; in the general case, 
the operation can be rather complicated. 

One useful feature of the framework was a display facility 
that showed the entire array on the screen, with the 
instruction given as a mnemonic and the parameter array 
shown only to the extent that the given instruction had 
parameters. We had several stepping modes, allowing us 
to see the instructions streaming by, or allowing us to stop 
and display only when an optimization was to take place. 

6. Results 

There is certainly not room in this paper to show the 
complete results of our analysis. Instead, we will show 
some of the generally interesting results, and go into 
considerable detail for one class of jump instructions. 

Statistics of the Normalized Instruction Data 

Table 1 shows the most frequently occurring elements of 
the original normalized instruction set, together with their 
statistics. 

Op count % cum. % 

LI 208924 16.90 16.90 Load immediate 
LL 156848 12.68 29.59 Load local variable 
SL 81270 6.57 36.16 Store local variable 
REC 64145 5.18 41.35 Recover previous top of stack 
LLD 62950 5.09 46.44 Load local doubleword 
EFC 55982 4.52 50.97 E:xternal function call 
J 50726 4.10 55.08 Unconditional jump 
R 42328 3.42 58.50 Dereference pointer on stack 
SLD 37747 3.05 61.56 Store local doubleword 
LA 29205 2.36 63.92 Address oflocal variable 
ADD 28987 2.34 66.26 Add top two words of stack 
JNE 25499 2.06 68.33 Jump not equal 
RET 24176 1. 95 70.28 Return 
JE 23335 1.88 72.17 Jump equal 
LG 21594 1. 74 73.92 Load global variable 
LFC 21450 1. 73 75.65 Local function call 
DADO 20652 1."67 77 .32 Doubleword add 
LGD 17895 1.44 78.77 Load global doubleword 
LLK 16193 1. 31 80.08 Load link 

Table l. Frequency of normalized instructions 

Table 1 contains some interesting data about language 
usage. Note that the local variables of procedures are 
loaded twice as often as they are stored. Doubleword (32 

bit) variables are loaded and stored almost half as often as 
single word ones. Over 6% of the instructions were 
procedure calls (E Fe + L Fe), and there were statically three 
times as many procedure calls as returns. Knowing that 
the compiler generates a single return from a procedure to 
facilitate setting breakpoints, we can conclude that 
procedures are called from an average of three places. 
Almost 17% of the instructions load constants (L I). Table 
2 shows the most popular constants. Bear in mind that 
some of the loads of constants go away when then are 
combined into fancier instructions, as we will see in the 
section on conditional jumps. 

Value count % cum. % 

0 96652 45.83 45.83 
1 29546 14.01 59.84 
2 8901 4.22 64.06 
3 7094 3.36 67.42 
4 5895 2.79 70.22 

-1 5553 2.63 72.85 
5 3411 1. 61 74.47 
6 3198 1. 51 75.99 
8 2220 1. 05 77.04 

13 2037 0.96 78.01 
9 1853 0.87 78.88 
7 1841 0.87 79.76 

Table 2. Distribution of values for load immediate 
instructions 

The distribution of local variables loaded is shown in 
Table 3. The reader should be aware that the compiler 
sorts the local variables by static usage before assigning 

. addresses in the local frame. 

Offset count % cum % 

0 63152 40.29 40.29 
1 23151 14.77 55.07 
2 15125 9.65 64.72 
3 10116 6.45 71.17 
4 7886 5.03 76.21 
5 5837 3.72 79.93 
6 4323 2.75 82.69 
7 3754 2.39 85.08 
8 2718 1. 73 86.82 
9 2096 1. 33 88.16 

Table 3. Distribution of offsets of local variables loaded 

Analysis of Conditional Jumps 

We observe from Table 1 that approximately 4% of the 
instructions are testing the top two elements of the stack 
for equality (J E or J N E). It is instructive to describe in 
some detail the steps that we took in deciding upon what 
specific instructions to generate for the "Jump Not Equal" 
class of instructions (JNE). 
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In Tanenbaum's proposed architecture [11], he allocates 20 
one byte instructions and one two byte instruction to each 
of "Jump ~ot Equal" and "Jump ~ot Zero." We would 
rather not use this much of our opcode space. We looked 
to see if some of the conditional jumps could be combined 
with other operations. 

From the predecessor data, we observed that 84.7% of the 
JNE instructions are preceded by a load immediate. We 
next wrote a pattern that ga\'e a distribution of the values 
being tested against. Table 4 shows the most frequent 
\'alues. 

Value count % cum.9C 

0 11792 54.07 54.07 
1 2181 10.00 64.07 
3 1441 6.60 70.68 
2 1032 4.73 75.41 
4 390 1. 78 77.20 
5 314 1. 43 78.64 
6 238 l. 09 79.73 
7 232 1. 06 80.80 

-1 220 1. 00 81. 81 
15 198 0.90 82.72 

Table 4. Constants loaded before Jump ~ot Equal 
instructions 

It comes as no surprise that 0 is the most common \'alue, 
since 1% of the pre-nonnalization instructions were "Jump 
1'\ot Zero," and they were normalized to the sequence 11 
0, JNE. We clearly needed to put back in at least the two 
byte version of this instruction. "Jump ~ot Zero Byte" 
(JNZB), \\here the operand byte specifies the jump 
distance. The frequenc;. of other small constants lead us 
to prop\.1se a ne\\ instrucion: "Jump '\'ot Equal Pair." a 
two byte instruction where the operand byte is treated as 
two fOllr bit fields, one a constant. and the other a jump 
distance. Since jump distances are measured from the first 
byte of a multibyte instruction, the first reasonable \alue 
to jump is 3 bytes-jump over a single byte. When we 
looked at the jump distances for IN E. hov.'ever, we sav. 
that 3 byte jumps occur \er~ seldom, and that 5 bytes is 
the winner, followed b~ 4 bytes. For this reason. we 
biased our distances by 4. 

By using the data byte to hold a constant b~tween 0 and 
15, and a jump distance betv.'een 4 and 19, we found 4464 
opportunities for the nev. J N E P instruction. This did not 
count the situations where the constant value was 0, since 
they could be encoded by the equal!) shon JNZB 
instruction. 

After the J N Z Band J N E P instructions are removed from 
J N E statistics, there are still over 5000 cases of 11 *. J N E. 

left. In these, either the constant value or the jump 
distance was out of range. v.,'e decided to include a "Jump 
Not Equal Byte Byte" instruction-one with two operand 

bytes: a value for comparison, and a signed jump distance. 
This took care of most of the remaining cases. 

'ow it was time to look at the operands of the remaining 
JNEB instructions to see if we should have anyone byte 
J N E instructions. The distribution was fairly flat. with the 
most frequent occurring around 0.+:50 times. For this 
reason, v.e declined to include single byte JNE 
instructions. 

We also looked at the operands of the JNZB instructions. 
There were two \'alues. 4 and 5, that were frequent enough 
to warrant single byte instructions. We added the 
instructions JNZ3 and JNZ4 (remembering that the jump 
distance counts from the first byte of the instruction). 

In summary. our ~ot Equal testing is nov. supponed by 
the following instructions: 

Opcode byles count 9C oj IN E 
JNEB 2 4501 18 

Jump ;\ot Equal Byte (all byte jumps arc sig.ned b) tes\ 

JNZB 2 8878 35 
Jump l'\on·Zero B} te 

JNEP 2 4464 17 
Jump l'\ot Equal Pair (value in [0 . .15]. dist in 14 .. 19]) 

JNEBB 3 4742 19 
Jump !\ot Equal Byte Byte (\ alue in 10 .. 255]. dist in [·128 .. 127]) 

JNZ3 1 1029 4 
Jump !\on-Zew 3 

JNZ4 1 1885 
Jump J\:on-Zero 4. 

Table 5. Jump ~ot Equal in the new instruction set 

The then current opcode set under analysis had a tv. 0 byte 
JNZB instruction, a two byte JNEB instruction and eight 
single byte J N E instructions. The new instruction set has 
no single byte JNE instructions: most of them occurred in 
situations where we could combine the jump v. ith the 
preceding instruction into a new two byte jump. The 
overall net change was a 13% decrease in code bytes used 
for not-equal testing compared to the pre\'ious instruction 
set, even though there are four fewer J N E instructions. 

SlOlislics oj The Final Instruction Set 

From infonnation theory, we know that the best encoding 
would ha\"e all single byte opcodes equally probable. 
While we do not meet this ideal. the distribution of opcode 
frequencies is a lot flatter than that of the normalized set. 
Table 6 shows the most frequently occurring instructions 
in the new instruction set. ~ote that of the twenty -tv. 0 

instructiuns shown in Table 6, founeen are straightforward 
single operation opcades with an) operand \alue~ given 
explicitly as additional bytes, six are single byte 
instructions where operand values are encoded in the 
opcode, and two are compound operations combined into 
a single opcode. 



Opcode counl % 
LIO 46956 4.57 

Load immediate 0 

LLO 35242 3.43 
Load local 0 

JB 25587 2.49 
Jump byte-l relati\e, signed byte distance 

RET 24256 2.36 
Return 

LIB 19944 1.94 
Load immediate byte-operand is literal \alue 

LLI 18951 1.84 
Load local 1 

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

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

LI1 16244 1.58 
Load immediate 1 

REC 15929 1.55 
Reco\ er \alue just popped from stack 

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

JZB 13618 1.32 
Jump zero byte-pop stacie. jump if \Oalue = 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 

LLOB 11222 1.09 
Load local doubleword byte-operand is offset in frame of 
first \\ord 

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 relative jump 
distance 

LLKB 10306 1.00 
Load link byte-operand specifies linle number 

RLIP 9691 0.94 
Read local indirect pair-operand has four bits to specify 
local \-ariable pointer. four bits to specify offset of word 
relative to that pointer. 

Table 6. \1ost 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 L I 0 

instructions have been folded into new instructions. 
Eighty percent of the L L instructions are either encoded as 
single byte instructions such as LLO, or folded into more 
complicated instructions such as R LIP. Several of the 
most common instructions are load immediate ones (L 1*). 
In fact, the complete frequency data show that almost 13% 
of all new instructions are some fonn 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. 

LORd instructions-push 10cal variable 0T110 stack. 
byles rotal % 

LLn,forn=0,1,2,3,4, 1 103402 10.1 
5,6,7,8,9,10.11 

LLB 2 
LLOn,forn=0.1.2,3,4, 1 

5,6.7,8,9 

LLOB 2 

13269 1.3 
39989 3.9 

11222 1.t 

Store instructions-pop from stack into local variable. 
SLn,forn=O,1,2,3.4, 1 44598 4.3 

5,6,7,8,9,10 

SLB 2 
SLOn,forn=0,1,2,3,4, 1 

5,6,8 

SLOB 2 

13977 1.4 
21829 2.1 

12400 1.2 

Put instructions-store from stack into local variable, 
don't pop. 

PLn,forn=O.l,2 10540 1.0 
PLB 2 4195 0.4 
PLOn, for n=O 1 2350 0.2 
PLOB 2 5238 0.5 

Table 7. Distibution of load 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. ~ote 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 hence the first in the frame) locals are 
loaded over twice as often as stored. The variables that are 
loaded with thoe two byte LLB 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 R E C (Recover) 
instruction reco\'ers 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 v. ere 
follo\\cd b~ a REC. Th~se two instructions were combined 
into the PS (Put S\~arpl?d) instrllction \\hich left the 
pointer on the stack. We could th~n eliminate the WS 
instruction entirely and use the sequence P S, 0 I S 
(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 L I 0, L I 0. 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 J NEB 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 shon jumps had been 
com bined into the J N E P or J NEB a instructions. The 
operand data obtained after peephole optimization did not 
warrant putting the short J N E 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 compiler, history and expected future 
trends of language use. and details of the implementations 
of the instruction set. 

There are some operations thC:lt are needed in the machine. 
even though they occur infrequentl)-the di, ide operation 
is an example. Man) such operations can be encoded as a 
single opcode. ESC (Escape). fa II 0\\ ed by an ope-rand byte 
specifying the infrequently used operallon. This makes 
available more single byte apcades for more frequently 
occurring operations. \l1athematically, it makes sense to 
move any operation to ESC if the a\'ailable 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 instruction set. In particular, if you 
already have aLL 6 instruction, it typically takes only a 
single microinstruction to add L L 7. 

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 above, we 
ended up with an instruction, IN E P, 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 
ir.c:truction for one of the values. For one of the 
microprocessors implementing 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 sho\\ ed 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 hac; 
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 ne\\ RET Z) in order to set exit breakpoints. 
Therefore \\ e declined to add this n~\\ instruction. 

Finally, be careful when analyzing data obtained abollt an 
e\ ohing system. Be av. are 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 sma)) 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 shan 
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. ~onnalization of the code to a canonical fonn 



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 progrqm was valuc~ble 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 prodl,lced in an environment 
containing a number of sophisticated software en~ineering 
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 suppOrt system based on the strongly typed language 
\1esa [Geschke el al. 1977. Mitchell el al. 1978]. a distributed 
network of personal computers [Metcalfe el al. 1976]. and a filinsr 
and indexing system on that network designed to coordinate the 
activities of a score or more of programmers. In ,this paper we will 
present a broad overview of our experience with this project, briefly 
describing 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 avoids the difficulties and schedule risk usuallv associated 
with system integration and testing. . 

The use or" a Program Secretary, not unlike Harlan Mills' program 
Ii.brar!an. proved to be quite valuable, panicularly in dealing with 
sJtuatlons 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 some additional tools, panicularly tools for scheduling consistent 
compilations and for controlling incremental integrations. 

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 nonnally associated with an industrial 
enterprise. 

Pilot is implemented in Mesa, a modular programming system. As 
reponed in [Mitchell el 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 \.1esa 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 will be 
reponed in a series of papers to come [Redell el al. 1979], 
[Lampson et aI, 1979]. 

Development Environment and Tools 

The hardware system supporting the development environment is 
based on the Alto, a personal interactive computer [Lampson 1979], 
[Boggs, el aL 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 et al. 1976]. As the Altos have limited disk 
storage, a file 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 file 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 belov.. 

Mesa is a modular programming language [Geschke el af. 1977). 
The Mesa system consists of a compiler for the language. a Mesa 
binder for connecting the separately compiled modules. and an 
interacti\ e debugger for debugging the Mesa programs. Optionally. 
a set 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: dejinilions modules and 
Implellle171alion modules. Both of these a:e compiled into binary 
(object) fonn. A definitions module describes an interface to a 
function b~ pro\iding a bundle of procedure and data declarations 
v. hich can be referenced by clienT programs (diellls). Declarations 
are fully type specified so that the compiler can carry out strong 
l)pe checking bet\~een clients and implementation modules. The 
rele\'ant type infonnation is supplied to the clients (and checked 
against the implementations) by reading the object modules which 
resulted from pre\ ious compilation(s) of the rele\,ent 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 
onh throu~h some definitions module. a wide varien of 
implementations and/or \'ersions is possible without their being 
functionalh detectable b\ the clients. Thus Mesa enforces a fonn 
of infonnatlon hiding (Parnas. 1972). 

The \1esa binder [M itchell el al. 1978) defines another language. 
called C/Mesa. which is capable of defining conjigurations. These 
assemble a set of modules and/or sub-confieurations into a new 
conglomerate emit:- 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 softy,are lOol is the Librarian. It is designed specifically lO 
index and track the histor:- of the thousands of files created during 
lfl\; pruje":l. In ddditiun to it:, mde>.ing. traci..iag. <in~ sta:us 
reporting functions. the Librarian is constructed lO adjudicate the 
frequent conflicts arismg between programmers attempting to access 
and update the same module. 

Organization. Dh'ision, and Control of the Development Effort 

The size of the Pilot development tea."T1 (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 lO address these problems. rather than primarily 
providing the capability for rapid interface change as reponed 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 faclOr 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. 1970J in his chief 
programmer team approach. As we shall describe. the Secretary 
perfonned a number of functions which would have been very 
diffICult to distribute in our environment. This person allowed us to 
control and make lOlerable a nl:lmber of problems. described below. 
which for lack of time or insight we were not able lo solve directly. 

The PilOf Conjiguralion Tree 

We organized Pilot into a tree of configurations isomorphic to the 
corresponding people trce of teams and sub-teams. The nodes of 
the Pilot trce are C /Mesa configuration descriptions and the leaH'S 
(at the bottom of the tree) are Mesa implemcntation modules. B~ 
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 de\eloped independently. The 
configuration tree was three lo four layers deep everywhere. The 
lOp level configuration implements Pilot itself. Each node of the 
next level down maps to each of the major Pilot de\clopment 
teams, and the next lower level to sub-teams. At the Jo"est level. 
the modules themseh es were usuall~ the responsibilil:' of one 
person. This technique of di\"iding the labor in correspondence 
with the configuration tree pro\'ed to be a viable management 
technique and was supported effecti\'el:. by Mesa. 

Managell7e111 Of Inlerfaces 

It quickl:,. became apparent that the scope of an interface v. as an 
important concept. It is important because it measures the number 
of de\elopment tcams 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 nOl export 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 de\,elopment organization or team that corresponds 
to 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) control1ed and the less frequently it was altered since 
changes to high scope interfaces impact broader organizations. 
Changmg a high le\oel Interrace was a management deLISlon 
requiring careful project planning and longer lead times. while a 
lowest-level interface could be modified at the whim of the 
(usual1y) individual developer responsible for it. In general. 
changing an interface required project planning at the 
organizational level corresponding to its scope. In panicular, 
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 \'olatile 
implementation details. The result of all of this was 1) the 
elimination of schedule slips during system integration by the 
elimination oi nasty interface incompatibility surprises and. even 
stronger. 2) the reduction of system integration to a pro-fonna 
exercise by the (thus enabJel:1) introduction of incremental 
integration (see below). 

[Mitchell 1978) reported good success with changing Mesa interface 
specifications. followed by corresponding revisions in the 
implementing modules and a virtually 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 StrOIlg 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 el al. 
1976]. 

The ,\faster 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 file server. Yet another deSCription 
was implicit in the C/Mesa configuration files. Early in the project 
we found it necessary to create a set of command files for 
compiling and binding the system from source: these files contained 
still another description of the Pilot tree. 

The addition of a module implied manually updating each of these 
related files 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 
called the Master List. This data base was fundaIT~ntal in the sense 
that all other descriptions and enumerations were required to 
conform to it A program was written to generate from the Master 
List some of the abo\·e files 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 apart 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 
Progr: m Secretary. It is quite clear what chaos would have resulted 
if th: updating of the numerous lists described above had not been 
conc·~ntrated 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 file sener to the disk on the developers personal 
machine. \1easures must be taken to ensure that no one changes 
these modules without coordinating these modifications Yo ith the 
other de\elopers. Usually edits are made to the source modules: 
the changed modules (and perhaps some others) are recompiled; 
and a trial Pilot system is built by binding the new objcct modules 
to older object modules and configurations. The resulting system is 
then debugged and tested using the symbolic Mesa debugger and 
test programs which ha\'e been fetched from the working directory. 
When the system is operating again (usually a few days later). the 

result is integrated with the current coments of the working 
directory on the file seT\er. and the changed modules are stored 
back Onto the working directory. 

A number of interesting problems arise during this cyclic process: 

C onsisteni CpdaI€ Of Files 

Pilot has been implemented in the context of a distributed 
computing network. The master copies of the \1esa source modules 
and object modules for Pilot are kept in directories on a file server 
on the network. In order to make a coordinated batch of cham!es 
to a set of Pilot source files. the developer transfers the current 
copies of the files from the file server to his local disk. edits. 
compiles. imegrates. and tests them. and then copies them back to 
the' file server. 

This simple process has a number or risks. T\l,o developers could 
try to change the same file simultaneously. A developer 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 fOf!m 
to write the updated \ ersion back to the file sener. ~ 

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 sener and adjudicates access to them \ ia 
a checkin/checkout mechanism. To guarantee consistenC\ bet\l,een 
local and remote copies of files. it p-ro\·ides atomic operations for 
"checkout and fetch the file" and "checkin and store the file". In 
the latter case. it also deletes the file from the local disk. thus 
removing the possibility of changing it without having it checked 
out (n.b. check-in is prevented unless the dneloper has the module 
currently checked out). 

Consistent 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 
COI/Sistelll. nor will the the binder bind a set of inconsistent object 
modules. C ollsisEenl is loosely defined to mean that. in the set of 
all object mOdules referenced directly or indirectly. there is no case 
of more than one \ ersion of a particular object module. Each 
recompilation of a source module generates a new \ersion. 

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 c;. "slightly" and recompile. and then we attempt to 
compile A using C (the new version) and using B (which utilized 
the original version of C). The compiler has no way of knowing 
whether the "slight" edit has created compatibility problems, so it 
"plays safe" and announces a consistency error. 

!hus, 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 it. Correctly determining the list of 
modules to be recompiled and an ordtT in which they are to be 
recompiled is the consistent compilation 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 comparability of all such changes, thus eliminating this source 
of subtle problems. 
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A consistent compilation order for a system (such as Pilot) having a 
configuration tree can be determined largely by the following 
anal~ SIS: 

1) As a direct consequence of the consistency requirement. t .... 0 
modules cannot reference each other, nor can am other cvclical 
dependencies exist: other .... ise the set cannot be compiled, - This 
implles the ex istence of a v. ell-defined order of compilation. 

2) Pilot implementatlon modules may not refer to each other but 
must refer ()nl~ to defInitions modules. Therefore on1\ those 
implementation modules which import recompiled definitions 
modules need themselves be recompiled. Such implementation 
modules are recompiled in any order after the recompilation of the 
definitions modules. 

3) An indi\idual definitions module can have compilation 
dependencies onl) on modules ha\ing the same or a higher scope 
(from the definition of scope). The proper compilation order for 
definitions modules with different scopes is thus detennined by the 
C/\1esa configuration sources (compile the one with the higher 
scope first). The PilOt tree of configurations thus imposes a global 
and fairly restricti\e partial ordering on the compilation order of 
defInitions modules. The set of "difficult" compilation 
dependencies are hence limited and localized to definitions modules 
of the s<.Ime scope and described in the same C/\'!esa source 
module. 

4) B~ point I) there exists a .... ell-defined order of compilation 
among interfaces possessing the same scope. The compilation order 
of such sets of inrerfaces v.as detennined at desi~n time, and. as a 
maner of poIJC~, the interfaces were nOl 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. v. ill examine the source 
modules of the s\·stem. determine .... hich modules must be 
recompiled, and gi\' e the order of thClf recompilation. This is a 
r:H","i(,'f'I" ('nJ'Pn~.'n~~·"'" Tn~.' A. "'!'"~("";r~1 r(',,",!(l<:;TPrH rf"~nll;lrl","! '(\0~ 

~eed ~~t be ~~ni~ient" and itc~uid -~ca~i~n~lI~ ~a~~~ ~ ;;~dul~' to 
be compiled when this was not reall} necessar}. Our auempts to 
build such a tool have been less than completely successful. 

Consistent compilation and the design of associated tools is one of 
those topics .... hich requires a separate paper fOl a complete 
treatment. 

System BUIlding 

As alread\ mentioned. the nodes of the Pilot tree are C/\1esa 
configuration descriptions. Associated with each is an object 
module built bv bindinl! all associated modules and confil!urations 
belo .... the node' in the Pilot tree. If a module changes. th-e system 
is rebound bottom up through the tree. First. the changed module 
is bound with its siblings in its parent configuration. ~ext. the 
parent is bound with its siblings in its parent's configuration. and so 
on, 

Since the binding must be done on the deveiopers personai 
computer and the object modules are stored in the file senef. it is 
nccessar~ to fetch from the file sener the object modules im oiled 
in the bll1ding and to stOre (after testing [see below}) the newly 
bound replacements back OntO the file sen er. 

The process of fetching (from the file sener) the correct siblings for 
each le\el of binding is somewhat tedious and error prone. h was 
not automated except by indi\'jdual dewlopers using command 
files. Clearlv this information should have been derived 
automatically from the Master List or from the hypothesized data 
base. 

Each rebinding yields a neVI version of the object module. The 
Mesa Binder enforces cOllsistent binding by ensuring that onl~ one 
version of a module or sub-configuration is used either directly or 
indirect)\' in a bind, This situation has a number of similarities to 
the con-sistent compilation issue. The subtleties of consistent 
binding also merit treatment in a separate paper. 

Integration and Tesling 

A key soft ..... are engineenng technique \\ hich we implemented for 
the Pilot project was that of incremenlal inlegralion. This kept Pilot 
integ:rated and tested in a state which .... as no more than a fcv. da\s 
behind the lead de\ elopers. ' 

Each developer integrated and tested t:hanges as he made them. 
BUl!s arose incrementalh and v. ere usualh restricted to the last set 
of -changes: there was' alv. ays a current .... orking version of the 
system. This technique was particularly useful in the earl} stages of 
dC\elopment. when the \arious teams were quite dependent on 
what the other teams were doing (i,e., the:; needed nev. funClions as 
soon as the) ""ere implemented). 

Substantial payoff was realized at the time of release. Final systell1s 
integralion and systems les! pro\ed to be almost tri\'ial: cssentiall) 
no bugs showed up at this stage. (In man: 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 senef. In L~is case consistent 
means that the stored modules are consistently compiled and 
consistently bound and that the resultant Pilol object module has 
been system tested using regression-test programs also stored 
consistentl~ in this same working directo~. 

When the Pilot object module had been constructed as described 
above. the test modules \0\ ere fetched from the work ing: directon 
and executed. ~othing: ..... as to' be swred In the workinQ director. 
until these tests had -been passed. \\'e referred to lim whole 
process as incremental integratioll, (It is intended that the update 
performed in an incremental integration require onj~ a small 
amount of work. [i,e.. a fe.... man-days]), 

The steps in storing a change to Pilor onto the working dlrector~ 
.... ere as folic) .... s: 1) test the change on a pri\ ate \erSlOn of Pilot 111 

one's local em ironment. 2) fetch the latest object modules from 
the working director:, rebuild the system, and test again. 3) \ ia the 
librarian, acquire sole right to update the master copy. 4) again 
fetch the latest object modules, rebuild the system and lest. 5) 
write the source and nev. object modules back onto the v.orking 
director). 6) relinquish sole right to update the master cop: of the 
object modules via the librarian. 

Steps 3-6 are, of course, necessary to resohe the "store race" ..... hich 
sometimes results from t ..... o de\elopers perfonning incremental 
integrations in paraiie!. This procedure permits such paraliei 
incremental integrations provided that the~ 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. 
Nare thar If independent and parallel incremental integrations are, 
in fact. taking place. the modules fetched at step 4) ma~ \er: v.ell 
be different than those fetched at step 2). L'nless there is a subtk 
interaction error bet ..... een the changes of the t .... 0 concurrent 
incremental integrations, the test al ~ step 4) v. ill not fail. 

Whiie this procedure v.as effective in managing parallel incremental 
integrations, its implementation was not \ er~ satisfacwf:. The 



procedure was executed manually. introducing the potential for 
error. The fetching and stOring were accomplished by command 
files dem ed from the \tlaster List rather than from an integrated 
data base. This situation could be considerably improved by a tool 
tlexing 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 \ersion of Pilot. For 
example, the changing of high-le\el interfaces usually had system 
wide repercussions. These changes were coordinated via internal 
releases (described below). 

Releases 

Illlerna! 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 onl:. 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 
archive 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. 

External 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 mo\ed from the public test directory to the 
proper public release directory. 

The execution of this acti\'ity was another of the Program 
Secretar}'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 development. and found it 
sufficientlv linmanagable that we did not try it again. The extra 
complexity of maint~ining twO development paths and the problems 
of making 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 fP.ain 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 external 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. 'Thc t..1aslcr List and command files generated 
therefrom helped allc\ iate some of the logistics problems. 

Conclusion 

What is the upshot of all of this? In shon, most of the 
development environment and comrol concepts which we used 
worked well. Of e\'en more interest is the catalog of newly 
discovered issues which are the ones now constraining our 
performance. Our systems are never fast enough, panicularly 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 easil\ 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 
well in allowing us to divide. organize and control our development 
effon. 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 turn 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 files. 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 pan) 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. p~rticula~ly from the 
point of view of a\'oiding a monolithic system integration and test 
just before a scheduled release. 

Deficiencies 

With respect to our development en~'iron~ent., ~e ~~Iative 
autonomy of each of our tools reflected Itself In our lnabllJt~' to 
achieve an integrated data base which would control the tools In a 
consistent way. It also manifested itself in the relative slown,ess of 
the system in switch ina 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 bases 
was a tedious error-prone operation. In these cases the tools are In 
a relath'eh earl\' stage. and not all of the improvements possible to 
the user 'interaction" have yet been made. 

A strong requirement for some addi~onal tools, h~s been 
established. The requirement for a Consistent Compilation Tool 
(for determining the modules to recompile and the order of 
recompilation) was proposed quite some time ago by memb,ers 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 Consistent Binding 
Tool has been also now established. whereas before the Pilot project 
this was not a particularly visible requirement, A third addition 
which would have a large positive impact is a tool for controlJing 
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 riata base. 
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The Impact of Mesa on System Design 

Hugh C. Lauer and Edwin H. Satterthwaite 

Xerox Corporation, Palo Alto, California 

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 interfaces. 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 interfaces, for using the interface 
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 reponed previously [Geschke 
el 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 panicular 
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 
piOgramming; 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 pape~ [Hors!ey and Lynch. 1979] 

focuses upon organizational and management issues. This paper 
contains three main sections. First., the facilities provided by Mesa 
for supponing the development and organization of modular 
programs are discussed. In the second section. we describe the role 
J:;layed 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. 

Contex[ 

Mesa is both a language and a system. The Mesa language 
[Mitchell el al. 1979} features strict type-checking much like that of 
PASCAL [Wirth. 1971} or EUCLID [Lampson el al. 1977]. with similar 
advantages and disadvantages. In panicular. 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 el ai. 1977}. The type 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 suppon 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 

Systems built in Mesa are collections of modules. The general 
structure of a Mesa module is described in [Geschke el al. 1977]. A 
module declaration defines a data structure consisting 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\1CLA class. Although the Mesa language enforces no p~rucular 
style of module usage, a de Jacto standar~ has e\"o~ved. An msta!lce 
of a module typically manages a collecuon of objects. Each object 
contains information characterizing its own state. The module 
instance provides a set of procedures to create. operate upon. a~d 
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 
imponer a client flf 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 
Instead a collection of modules is bound together into a 
configuratioll by the Mesa binder: this causes all imponed 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 imponant impact on the style 
and organization of any large system programmed in Mesa. 

Illlerfaces 

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 panitioned into two pans. either of 
which may be empt). A Sialic 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 pari defines the operations 
available to clients imponing 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 typicall} found 
in the static and operations pans respecti\ely. }'Irote 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 imporl 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 compiie 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 imponed 
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 exponed interface. record in which procedure and 
signal descriptors have been assigned to the fields. Figure Ic 
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 belo". 

The Mesa approach to interfaces has several important advantages: 

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 boundanes. 

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

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

Interfaces enforce consistenc\ in the connections among 
modules. The operations lIpon a class of objects are collected 
into a single interface. not defined indi\'idual1~ and in 
potentially incompatible ways. An earlier binding scheme. 
using componcnt-by-component connection. could for 
example obtain Allocate from one module and Free from an 
entirely unrelated one. 

I'early 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 13 

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 ard impose little structure on the use of 
names. Implementations of higher-level languages that are 
constrained to use the same binders seldom do anv better. even 
when they offer strict intra-module type-checking. We believe Ihal 
lhe l)pe-checking of inrerfaces is the most imporlant application of 
[he [ype machinery of Mesa. In a few PASCAL derivatives (see. for 
example. [Kieburtz el 01. 1978]). inter-module type-checking is 
pro\ided 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 consenative approach has therefore been adopted 
to £uarantee 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 ~1esa's equivalence rule for record types (see 
[Geschke et aI, 1977] for further discussion). The compiler pJaces 
the unique name of the interface in the object code generated for 
any importer or exporter compiled using that interface. II is [his 
internal name thaI is used by the binder to match interface';. Thus 
the binder checks that each interface is used in the same l'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 Billding 

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 facL 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 configuration 
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: 

Contig 1: CONFIGURATION 
IMPORTS A 
EXPORTS B = 

BEGIN 
U; 
V' , 

END. 

.. imports A, C 
··exports B, C 

Config2: CONFIGURATION 

IMPORTS B = 
BEGIN 

W; 
X; 

END. 

.. imports B. exports C 

. ·imports B. C 

Contig3: CONFIGURATION 

IMPORTS A = 
BEGIN 

Config1 ; 
Contig2; 

END. 

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

The scope of interface C in Contig 1 is just that 
configuration: that is. this instance of C is known to all 
components of Contig1 but to no component outside it. 
Every component of Contig 1 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 Contig 1. Whether these two interfaces are 
different irlSlances of the same interface definition does not 
matter: lhey do not represenl the same illlpiemefllalion. All 
components of Config2 that import C are bound to the 
implementation in W. not V. 

Interface A is imported into Config3 (from some yer-to-be­
specified. larger configuration). but iT is imported only into 
the branch of the hierarchy represente-:: by Contig 1. Thus 
no component of Config2 may import A. ~ven though It is 
known at a higher le\el in the hierarchy. 

The scope rules for configurations provide a powerr~d tool for 
controlling the interactions among different parts of th~i system. 
Indhidual subgroups of the development team can define th('!r own 
interfaces for their own purposes without involving larger U;f'.its. 
without having to cope with unexpected calls from unrelated pa' '," 
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 funy exposed. 
No private. undocumented interfaces between low-level components 
in unrelated branches of the configuration hierarchy can exist. 

Pilot makes extensive use of nested confil:wrations to limit the 
scopes of interfaces. The configuration de~riptions 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 
cO,mmunication 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 
le\'el. 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. 

C onsislent C ompilalioll 

When one module is referenced during the course of compiling 
another_ a compilalion depel/dency is established. This dependency 
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imposes a partial 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 report 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 recompi1ation of Y also. Thus Y has an 
indirect compilation dependency on A. Whcnever A is recompiled. 
B. X. and Y must be also. 

If the number of modules and interfaces in a s\,stem is lan!c and if 
interfaces are evohin~. ensurin~ this strictl\ -checked consistenC\ 
becomes a major logistic problem for the p'roject manager. The 
practical effect of this COllsiSlelll compilation requirement is to force 
system designers to pay very close anention to y.hen and hoy. 
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 partial order. 

In our experience, such a universal recompilation effon nearl~ 
alwa\'s reveals newh introduced incon:iistencies 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 effort took more than a week the first lime 
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 enfcr:ed !nac!i\'i~) 3!'!1C'r:g ~he me~~ers of the ;,~cje:~-i.e .. ~l;e) 
are not able to continue the coding and development of the system 
being integrated. (Because of the hierarchical structure of Pilot. 
uni\ ersal recompilations were rare. In most cases. only the 
components of one of the nested configurations needed 10 be 
recompiled. requiring much less time and effort and affecting fewer 
people.) 

The enforcement of consistent' compilation is a result of Mesa's 
StrIct type- and version-checking at the module le\'el. We ha\e 
fOllnd that a utility program capable of computing the partial 
ordering and scheduling the required compilations is of great help 
in dealing with consistent compilation. Three more drastic 
alternati\'es can be Imagined: 

First. compatibility of interfaces might be defined recursivel) 
in terms of component-by-component compatibility of types 
and \'alues. This not onlv inyoh'es the binder in much more 
elaborate type checking -but also requires access to large 
symbol tables during binding. Previous 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 thaI is //01 

apparenl in allY source leX!. (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 \'ersion mismatches was extremel) 
tedious and frustrating.) 

The universal recompilation effort 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., ney. 
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 strictI) 
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 repartition functions within a 
system. When this occurs. the type- and version-checking done by 
the compiler and binder will detect all references to that interface 
and will expose ali parts of the system that must be modified to 
accommodate the change. The experience of many projects in Mesa 
is .that ollce a pre\'iously running s),stem has been success folly 
recompiled and rebound following change!: to its internal or external 
interfaces. it will immediately run with the same reliabilitJ as before. 
The correct use of strict interface checking is not always ob\'ious. 
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 l\'lesa 

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 not 
derived ex post facto from the compiled modules constituting a 
s\'sfem, Most of the early 'orol!ramminQ' of Pilot wac; in fae! 
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 a11 
interfaces were complete, were consistent Y. ith 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 part 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 evohed into one 
resembling programming. The first part of this section illustrates 
the specification method and the use of the Mesa interface language 
for defimng the external characteristics of Pilot. 

One of the most imponant responsibilities of the interface 
programmer was to ensure that there were no ~ompilatlon 
dependencies between client programs and internal detaIls of PIlot. 
This is not as easv as it sounds, and we had suffered some blUer 
experience in pre"ious 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 ne~ release of that system-had been completed. 
Unfortunately, the DEFINITIONS module in. which the record was 
located was near ule root of the tree of compilation dependenCIes 
and, because of schedule commitments, could not be corrected prior 
to reJease. A.s 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 pan 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. 

lnrerfaces and Specifications 

The interface language of Mesa served as the nucleus of the 
functional specification of the Pilot operating system. This 
pro\·ided 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-i.e .. 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.Capability is an encapsulation of a File.lD. 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.lD, permissions: File.Permissions]; 

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

File.nuIlCapability: File.Capability = [flO: File.nuIllD, 
permissions: {}]; 

Capabilities are redundant specifications of 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. 

Figure 2a 

s~stem and the operation for creating files. File capabilities are 
slmpl~ and c~nve!liently described in terms of the type File.lD 
(descnbed earher In the Functional Specification). The null value 
of a file capability is also defined at this point in terms of 
File.nuIllD. a previously defined null value of File.lD, and the 
empty set Figure 2a contains all of the information about file 
~pabilities . n~ded by a Mesa programmer designing a c1il!nt of 
Pilot and It Illustrates the self-documenting nature of high-level 
languages such as Mesa. 

In ~i~ure 2b, the file creation operation is defined. First 
defimuons 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 attnbutes 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 Funclional 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 ~ad adequately d~umented the whole system as an integral pan 
of Its development, In advance and not as a last-minute chore. 

File.Create: PROCEDURE [VOlume: Volume.lo, initialSize: 
File.PageCount, 
type: File.Type] RETURNS [file: File.Capability]; 

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

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

Volume.lnsufficientSpace: ERROR; 

Volume. Unknown: ERROR [volume: VOlume,lD]; 

The Creat.e operation creates a new file on the specified volume. 
The operation returns a File.Capability (with all permissions) for 
the new file. 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 file. The file initially contains 
the number of pages specified by initialSize (filled 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 file 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. 

Figure 2b 
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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 formal 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 Exporting Types 

At the time Pilot was developed, Mesa did not permit 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 structure· 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 speciflCation 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 1a and 1b 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 
shortcoming. A client program is not concerned with the actual 
values of Channel. Handle: it only stores them and passes them as 
parameters. The implementati!ln 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 (i.e., 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 Channel.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 

i.-nplementation 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 
Channel. 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]; 

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 RECORD[UNSPECIFIED] i 

Figure 3a 

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

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

Figure 3b 

Channellmplementation: PROGRAM IMPORTS Device 
EXPORTS Channel = 

BEGIN 
Object: TYPE = RECORD [ ... ]i 
InternalHandle: TYPE = POINTER TO Object; 

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

BEGIN 
h1: InternalHandlei 

h1 ..... ; 

h .. LOOPHOLE[h 1, ChlJnne/.Handle1i 
ENDj 

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

BEGIN 
h1: InternalHandle = LOOPHOLE[h, 

InternalHandle1i 

END; 

END. 

Figure 3c 



exported type is consistent with the specified size. In Figure 3c. 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 exported 
type is exported 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 exported type does not 
have a run-time representation that is available to clients: only the 
exporter can have any knowledge of the internal structure of that 
type. 

Functional Simulation of [he Pilot 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 
systems implement the same ·semantics.' the client perceh-es no 
functional difference between them. This proved to be a \aluable 
feature ~or the early ~lients 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 com-erted calls upon Pilot 
procedures into calls upon old operating-system procedures. In the 
configuration description of the simulated svstem. 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 virtually identical functional behavior. 

The conversion from the simulated environment to ille real 
em-ironment took very little time and effort. 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 
Fun~lional SpecificaTion. provided sufficient redundancy to permit 
the Implementaoon of exactly the same functions on two different 
systems. 

This simulated system was not our first attempt. An earlier effort 
demonstrated that compatibility requires more than a collection of 
appropr,iately named operations: In that effort. the old operating 
system Interfaces 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 extensive dependencies upon the facilities of the 
old system. which were still available and visible. 

Adequacy of Mesa as a System Programming Language 

Previous sections ha~e discu~sed some potential benefits of high­
~evel lan,guag~s .. parucularly In the areas of consistency checking, 
mformauon hidIng, and control of interfaces. These languages offer 
other well-k~own 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 
Iffiplemenung components of 'rear systems. especially very low-level 
PI"?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-lime suppOrt 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 answer. In our opinion. 
se\'eral easily overlooked characteristics of our em-ironment 
contributed substantially to our success. The more important of 
these are discussed in this section. 

Access to the Hardware 

Mesa was designed to pro\'ide 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 certain situations, 

The programmer has the option of specifying the representation to 
be used for a particular 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 
repr~entation is precisely defined and guaranteed by the compiler. 
~n Important 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 evoh"ing: each release defines a 'virtual 
machine' that may differ from its pred'Aessors in certain details. 
Any data structure likely to outlive a particular release is. in effect 
dependem upon the virtual machine that created it. Clients are 
enco,ur~ged to recognize this dependency explicitly. either by 
specIfYIng some fixed format in the original declaration or bv 
m\enting their own unique naming scheme for version controL 
(We have found that using the MACHINE DEPENDENT attribute for 
this purpose is o\erly tedious: an adequate and more satisfactorv 
~lternati\e would be an attribute enforcing somc standard. release­
Independent format.) 

The Mesa language allows explicit breaches of the type system. For 
essentially the same reasons reported previously [Geschke el aI, 
1977]. we have made modest use of such breaches. often to decode 
~eprese,ntations. Trap handling" for example. sometimes requires 
mspectIon 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 el aI, 1974J, for the transfer of control bet~een 
contexts. Use of this primitive sacrifices a certain amount of 
readability an~ type checking; in conjunction with the heap (non­
stack) allocauon of frames, however, it has allowed us to 

experiment with unconventional control structures and to 
implement the lowest Ic\els of trap handlers.. interrupt routines. 
process schedulers and the like in Mesa. 

Finally. Mesa permits bodies of procedures to be specified as 
~quences of machine instructions. When one of these procedures 
IS called, 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 110 controL 
interrupt masking, etc. 
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Efficiency 

Implementing Mesa on a microprogrammed machine has given us 
the opportunity 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 perfonnance 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 [Sweel 19781 to discover 
common operations and to choose efficient encodings of them. The 
current compiler does little global analysis and optimization. but 
extensi\e '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. e\'en those that perfonn extenshe optimization [Wichmann. 
1977]. In facl Mesa object code is often more compact than good 
assembly code for machines with a comentional instruction set. 

We ha\ e been careful to define operations that ha\'e 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 resort to obscure coding styles 
to achie\e fast programs: when bottlenecks are disco\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 routinel~ used by all ~esa 
programmers. To a11ov. the debugging of programs such as Pilot 
itself. our debugger operates on the 'world-swap' principle. 
Embedded in me prograrn to be debugged is J small nut: which 
fields traps, faults. breakpoints, and other conditions. Using a few 
carefully chosen primiti\'e 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 SY. ap. 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 pro\ ides 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. Al1 interactions with 
the programmer are symbolic and are expressed in tenns 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 \'aluable for following paths 
through data structures. setting variables. and ca11ing procedures in 
the user's memory image. 

Syslem IllIegralion 

'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 
fonn. Because of the accessibility of the underlying machine. 
particularly the transfer primitives, users were able to write their 
own packages supporting process creation and scheduling. In fact. 

several such packages were written, each designed to perform well 
for certain ciasses. of appiications. Most of the packages were 
mu~ually incompatible. however. and since the language had no 
notion of a 'process' or 'critical ~ection: 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. 19781 
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 
igno~e these additions. they pro\'ide 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 relath'ely 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 b\ indi\'iduals and b\' oH!anizations if the benefits 
are to be obtained.' The benefits. how'e\er': can be verv substantial. 
Mesa pro\'ides a measure of control o\er the . design and 
de\'elopment of systems that greatly exceeds anything else a\ ailable 
to us within the resources of a modest-sized de\elopmem project. 
As a result. sophisticated systems can be implemented robustly and 
reliably b) 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 
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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 
?evelopment 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 a 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 82]. The most 
important of these tools was a combined modular 
implementation language and interactive development 
enVIronment called :Vlesa [:Vlitchell 78]. Mesa played a 
k~y . role in the construction of an integrated, 
dIstnbuted 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 layout l , electronic mail, 
printing and filing, as well as a upersonalized" data 
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 c,)mpleted 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-level 
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 

I Th~s paper was prepared on Star. The layout, fonts and 
graphICS, as you see them, were viewed and edited directly on 
St~r. The original document was printed on a Xerox 8044 laser 
prmter. 
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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 fonnally 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. ~rerged implementation module BCDs andior 
configuration BCDs into configuration HC Ds. 

• IncludeChecker Examined the partial ordering of 
dependencies in a :-;et of modules and/or configurations to 
determine which one:; mu~t be recompiled andior rebound, and in 
what order, to insure t~'pe compatibility. 

• Packager. Rearrdllg"cd code \ ... ithin bound configurations 
BeDs to change swapping p(·rformance. 

• \lakel3oot. Pn.wtt:t.d a buol Cde' from d BCD which cuntains 
Pilot. A boot file W,\~ the ba:-ic l;xecutable object on 8()OO systems. 

• CoPilot. Provided interactive. source-level dp.bugging for 
~lesa programs, incllldin~ a variety of performance monitoring 
and debugging took 

• Adobe. Submited problem reports to a data ba~e on a tile 
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/FormatterfFindlWaterlilv. Created and 
manipulated ~fesa source programs and documentation, including 
string searches and line-by-line file comparisons. In the future, 
Star itselfwill be used for many of these same purposes. 

• Lister. Produced human-readable listings of BCD contents in 
many different 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. 

• FTP/FileTooIlChaUBrownie. Transfered data files between 
workstations and file servers. 

• EmpresS/Print. Printed source listings, documentation, etc. 
on print servers. 

• LaurellHardy. 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. Furthennore, 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. 

• Consistency/Performance. Second in importance to 
reliability is the consistent feedback/response that a 
personal computer provides. ·'A dependable 2-h[our] 
turnaround is better than an average I-h[our] 
turnaround with high variability." [Mills 76] 
Furthennore, 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 opportuni ty. Under those condi tions, 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 in tegra tions. 

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 Sermce tested what it built to insure 
operabili ty of the system. 

For an integration to be useful as a 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 ttunit 
tested," but as Mills points out ff ... 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 
ftfinal" 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 si tes. 

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 
developmen t. 

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 ttsoft" 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 
in tegrations conversions. 

tn 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 u many interactions" [Brooks 75]. 
Boehm's formulas for the nominal productivity of a 
project delivering 250K source lines yield 2066 lines 
per year for usemidetached software" and 1420 lines 
per year for uembedded software." Star was probably 
more usemidetached" 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 debugging. This roughly 
halved the debugging time, thereby increasing overall 
progress by about 10%. 

• Sophisticated development environment. We 
estimate that the power of 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 .. 



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 Dol phins. 

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 L 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 medi"ated 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 .\'Iesa for the development of system software 
[Horsley 791 [Lauer 79]. 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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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 off 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 hefore the first release of Star. 

The barchart below :;hows 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) 
r;~odules, 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 ~lesa through the specialization of 
the ~lesa opcodes [Johnsson 82]. 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 82]. 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 Evolution 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. Abou t 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 256KB 5MB 2m n. 
Dolphin 1979-81 YES 576KB 24MB 1.5m n. 
8000 1981- YES 512KB 24MB 1 m n. 

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



• 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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Observations on the Development of an Operating System 
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The de,·elopment of Pilot. an operating system for a personal 
computer. is reliewed. including a brief history and some of the 
problems and lessons encountered during this de,·clopment. As part 
of understanding ho"· 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 delelopment. 
independcnt of thcir structure. A further hypothesis is presented that 
systems such as Pilot. and many others in widesprcad use. take about 
the to sc\en years to reach maturity. independent of the quality and 
quantity of thp. t'llent aoplied to t,",eir del"t'lopmt'nt. The pressures, 
constraints. and problems of producing Pilot are discussed in the 
context of these hypotheses. 

Key words and phrases: Operating system, system de,·elopment. 
software engineering. Pilot. personal compute,r. 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 el an. compared ane contrasted with some other operating 
systems with which I have had contact. In these observations. I 
concentrate not on the anatomy of these systems but rather on their 
life cycles, panicularly 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 exhonations about the right and wrong ways to de\elop 
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 L.'e 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 I or specific permission. 

The paper has four main parts~ In the first two parts. I chronic.~ 
the de\ elopment of Pilot and some of the data and pro~lcms 
pertaining to it: this chronicle is presented no~ because it is new. 
diffcrent. or novcl. but because we rarely talk about these things in 
the literature and there are lessons to be learned. In the third pan. I 
offer the classification and some comments on sys~ems in each 
category. In the final pan. I make some obsenations about the the­
to-se\ en 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. et an. It consists of approximately 25.000-50.000 
lines of code (deper.ciing "'pc'} how you count) in the ~hsa 
programming language [Mitchell el a~ and was developed 
oyer 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 developmen: 
tools, various utilities and communications packages, 
microcode for defininsz 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 necessary 
support to de\elop and test those applications. 
Approximately 40 people have contributed to these systems 
0\ er fi\·e years. 
As a wa\ 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 pan 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 supponing 
software that makes the system usable. Note that Pilot is not 
ordinariI v visible to Xerox customers: it was primarily intended to be 
embedded in products and to be used internally in the research and 
development environments. 
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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 
(p'4,RC). serious work on Pilot began in the System Development 
Depanment (SOD) in early 1976. Most of the people who worked 
on Pilot over the past fhe 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 detennined 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 PARe. 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: 

mid-1976: 

Dec. 1976: 

earl) 1977: 

Sept. 1977: 

Sept 77-Apr. 78: 

Apr. 78-oc1. 78: 

July 1978: 

Oct. 1978: 

Nov. 78-Dec. 79: 

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 110 
devices. etc. 

Mesa language and system becomes operational 
on the Alto [Geschke el an. 
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. 

Mesa process facilities [Lampson and Redell] and 
Pilot file system redefined. 

Pilot Functional Specification (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]. 

Design of Pilot kernel implementation. 

Implementation of Pilot kernel and basic 
communication facilities. 

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. 

First release of Pilot to clients. This version 
retained compatiblility with the Alto system in 
many areas such as disk layout. boot file fonnats, 
and Mesa instruction set. even though they were 
not adequate for our long tenn needs. The 
debugger was a modification of the Alto/Mesa 
debugger and operated in Alto mode. Since at 
L~is 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. 

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 fonnats, 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: 

Oct 1980: 

Dec. 1980: 

Feb. 1981: 

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 
electronic printing system). We redesigned the 
file system to solve the disk performance problem 
and concentrated on the reliability issues with 
respect to that specific client. hen so. the 
application programmers 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 PARe. 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 PARC (the 
Dorado is a very high speed. single-user system 
for the research environment [Dorado». 

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 perfonnance 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 sho~ 
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 responsibilit~ 
for actually releasing the system. of course). Nevertheless. these 
problems and lessons happened anyway. 



Sizes of the s\stem. 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 tenns 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 
de\elopment and partly by absorbing and converting code which was 
orginally de\'eloped 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. 

\Vhen 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 thev will continue to grow 
as "':e respond to new or different needs from our clients. 

Working set sizes. Table 1 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 detennined 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"l..hmarks take a fev. :..ec.onds:', and tab.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 1980, 
Pilot exceeded its share of the real memory of our product 
configurations by nearly a factor of two. In retrospect. of course, 
"'e should not have been surprised. Although the requirement for a 
small '" ark ing 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 
avaibbility of a good \'irtual memory system. It is too easy to add 
more memory to their machines in order to meet cri.tical sc)1edules, 
e\en 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 "'ark until they do.) 

Cnfortunately. similar pressures affect many of our clients, and some 
are caught by the con\ enience of \ irtual memory the way we were. 

Proarammer Productivity. None of the ways that we know of for 
mea~uring the producthity of our developers is Yen': statisfying. We 
do, of course, measure whether or not a release IS on tlme, 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 
producti\ity. namely the number of lines of code produced per work­
vear. 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 ~ompari~on might 
be made among organizations and/or programmmg en\ Ironments 
(companies slIch 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 obsenation: in 
my organization. a group of four or five developers. including a 
project leader. can specify, design. implemenL test. and release a 
complete system or subsystem of approximately 25.000 lines of \1esa 
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 the same people had twice as much 
time, {hey could produce as good a system ill, perhaps, half Ihal 
amount of cod~i.e., the extra year yields negative productivity. 
Thus. one of the conflicts that we have to manage constantly is thaI 
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 
duwn in a lIumber of Cc.sic yUestiolls of u~e~8.Ling 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 finnly 
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]. E\'en 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 \1u TICS 
[Bensoussan el a~). While this question did not inflame emotions 
the way the process question did, the proponents of each \ iew 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 com'ert 

TABLE I - SIZES OF PILOT RELEASES 

Release II III IV V 

D,lte Oct 78 Dec 79 Mar 80 Oct 80 Apr 81 
* Contnbutors -20 -27 -27 -35 -35 

Pilot Kernel: 
ilnes 24K 30K 33K 44K 53K 
(;odebvtes 89K lllK 11 OK 152K 162K 
moduies 88 lO2 114 123 135 
interfaces 93 132 146 183 204 

Pilaf System: 
lines 48K 129K 125K 171K 249K 
codebytes 211K 508K 508K 754K 1025K 
modules 390 420 unknown 530 7lO 

Wurking Sets unknown unknown -320 -260 -190 
(256-wl)rd pages) 

\105! contributors had responsibility for other. non·Pilol software at the same time. 
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programs from other systems based on the read-write m0del. 
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 perfonnance 
and complexity for the other approach. Howe\er. we never found a 
duality transfonnation to suppon this view. Finally. we realized that 
neither model excludes the other. In panicular. code files and 
certain 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 
perfonnance access requirements, on the other hand. are better 
served by the read-write approach-these files are often larger than 
the virtual address space. and the complexity and o\erhead of buffer 
management is worthwhile to achieve the desired perfonnance. Pilot 
now supports 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 reco\ery and atomic updating 
of files. We did not include one because our expericnce was limited 
and we were only just beginning to see results from research in this 
area at PARe. However. we did pro\'ide enough facilities so that a 
clicnt could build a spccializcd transaction mechanism on top of the 
Pilot kernel. Someone built such a facilit\ and also undertook an 
evangelical mission to persuade people that' it offered the solution to 
all file reliability and recovery problems. As a consequence. several 
of <Jur major clients came to depend upon the transaction concepl 
even in cases where it is not appropriate. 

. Naturally. a transaction facility built on top of Pilot could not 
have as high perfonnance as one integral with it, and in this case. its 
interfaf.:es were of a substantiallv different stvle than those of Pilot 
itself. It was also extremelv unreliable. Thus 'we were forced to do a 
quick implementation of a new transaction facility as part of. and 
consistent with. the Pilot kernel. This has significantly better 
perfonnance and is reliable in spite of known bugs; client programs 
that d~pended on the previous facility became simpler with the new 
one. However. the perfonnance 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 perfonnance 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 bener 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.t 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. 

"irtual memory implementation. In designing the Pilot \inual 
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: spaccs 
can be declared within other spaces. so that the set of all spaces 
fonns 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 evohed a sty Ie in which almost 
all mapped spaces are subspaces of the primordial space (all of 
vinual memory) and only a few of these are further partitioned into 
subspaces for swapping control. The implementation requires such 
large data structures for each space that they have to be swapp able. 
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 expensive. 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 ann 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 same time as the average latency to read a sector. We 
found that the system 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 nms 
of pages whenever it could. Even so. it would almost be chcaper 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 currentl] reexamining the 
basic design of the Pilot kernel virtual memor] system and will 
probably make major revisions in both the strategy and the 
implemcntation. 

Pipes. filters. and streams. One of the strong features of the U'\'IX 
system [Ritchie and Thompson] is the unifonn 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 perfonn simple 
tran~fJ;ma.ions 0.1 str ~arn~ of data. and it is l'ommo!' practice :0 

concatenate a number of these together for a desired result. We 
thought that Pilot should haw a similar facilit\ but consistent with 
and implementable in Mesa. and so we designed Pilot streams (sec 
[Redell et an for an overview). 

Lnfonunately. although the Pilot stream facility works 
satisfactorily. it was not very well received and is not wideh used b\ 
us or by our clients. One reason probably lies in the Mesa'mode! of 
program modularity. The type-safety and interface language of ;"1esa 
make it convenient to design programs with clearly specified 
procedural interfaces and bind them together w'ith 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 
export 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 exclUSively at the 
interface with tenninals and other systems over industr} standar~ 
communication lines and protocols. Procedural interfaces are 
preferred. both within Pilot-based programs and between system 
elements over the Ethernet. 

Comparing Pilot \\ith other operating systems 

From the success of the April 1981 release. it is evident 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 
mo\ ed on to other pursuits. However. it did not happen a~ planned 
and its de\elopment was yery different from that of the Alto system. 
In reflecting upon this. I found it useful to enumer:ne some of the 
other operating systems 1 have known. either from direct contact or 
from study of the literature or from contact with others. These 
s\stcms s('cm to fall into the catcl!ories. which I shall first enumerate 
and then describe. -

1. The Alto s\,stem. U'IX. 
2. IBM's OS/360. MUTICS. Pilot. etc. 
3. MTS (the Michigan Terminal System). TE,\EX. CP-67 
4. CA.L-TSS. Project SCE. HYDRA. etc. 
5. OOS1360. RS-l1, etc. 

These categories are the result of my pcrsonal obsenations. 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 part of the 
classification is the maturit~ or success of a system-i.e .. acceptance 
by its clients as a useful. economic tool for hclping to get work done. 
for' supporting 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. directh or 
indirectly. to its further dc\,elopment an'd growth. ' 

Systems of the first kind. These are e\eryone's fa\ourite systems. 
They are successful by our measure and by most other measures 
(some~i.lles too succe~sful fOI their d~vcloper"). H.c) beg:n Jif~ as 
small. simple. unambitious systems meant to sene 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 further 
development. additional features. or maintenance responsiblities in 
exchange for being able to use such systems in their own work. 
They become successful partly because potential users find it simple 
and easy to adapt them when needcd facilities are missing or ill, 



concei\ed. Systems of the first kind rarely e\ohe 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. 

S)stems of the second kind. These the planned systems. They are 
cut 'from whole cloth: designed and implemented as major projects. 
directed toward objecthes defined by negotiation. often (but not 
aJwa~ s) aimed at new architectures. meant to satisfy major clients. 
and buill 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 
OS1360 was conceived as a whole system to satisfy a new, broad 
marketplace and to incorporate many of the technological 
achie\ements of the previous five years. and thus it is a system of the 
second kind. So is \inTIcs. "'-hich was bUllt primarily at MIT as a 
'rear system based on the previous 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 s}'stems of the second kind are successes. Some notable 
failures include IBM's TSS/360. the Berkeley Computer Corporation 
system [Lampson]. and the Elliot 503 Mark II system [Hoare]. Each 
of these was conceived as a major system and a fairly ambitious 
project. but none survi\ed the patience of its sponsors or clients to 
reach maturity. 

SYstems of the third kind. These systcms borrow much of thcir 
s~pporting software from an existing system but represent a 
fundamental change in the way of life. The \1ichigan Tenninal 
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. \1ost 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/360 and it supports new applications 
that OS/360 never could. (Of course, ,there are also many OS/360 
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 ?perating 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 
Fourtl-J kine. They make major contributions to the art ilnd science 
of operatmg systems but either never reach maturity or never gain 
acceptance outside the developing organization. For many of them, 
there is ne\'er 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 SU. both of which failed to become generally usable. It was 
obsef';ed in [Lampson and Sturgis] that there is much more work 
invoived in making an operating system usable by general 
programmers than just providing a nice kernel. Similarly, when we 
ask why the Pilot development was so different from that of the 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 1101 objectives of the Alto system: 

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

"'A (nearly) complete list and specification of the functions 
and facilities required of the system o\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, howe\er. 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 se\ eral 
thousand users and supports a wide variety of corporate needs. By 
contrast. in the Pilot development, we were chagrined to discover 
that 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. 

The fhe·to-se,'en·year rule 

The above classification identifies operating systems in terms of 
how they we,re developed and their impact. It separates systems of 
the second kmd, which are willed into existence and operation. from 
those of the first. third. and fourth kinds. which evohe in a less 
deli?erate 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 wkes 
from fire 10 seren years for a system of [he second kind to grow from 
birth 10 maturity. For example, in the systems I enumerated above: 

OS1360 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 \aluable, economic tool. 

\1UTICS 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 
\.1UTICS-land until the early 1970's, when 'it started to 
acquire a following outside \1IT and was subsequently 
adopted by Honeywell, the manufacturer of \1u TICS 
hardware. 

The first five years of the life of Pilot were chronicled 
above. Although the pre\ ious skepticism by its users is now 
changing to enthusiasm. there is still much to be done 
before Pilot fult1.11s their expectations. 

It also appears that it takes from fi\'e 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 detennination to 'do it right In the 
Pilot project. for example, an attitude that prevailed was .. the Alto 
system demonstrated a lot ilbout personal computing: now let's build 
one for real, to support the company's business. And incidentally. 
we should build it in Mesa. and build it with virtual memory. and 
re-engineer 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 [0 make the system work at all. 
Those first hardy users have had to pick their way throuoh 
mine fields of bugs and problems. and some mav have beco~e 
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 
perfonnance of. its predecessors. Promised enhancements andlor 
deferred functions are abandoned and de\ elopment is concentrated 
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on very simple matters. During these two phases. ,dient or user 
participation is essential. althou2h painful. Without the aporopriate 
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 infonnation to guide their work and identify problems 
in perfonnance. style. or function. 

Finally. if the sponsor has not lost patience. there is a period of 
evolving expectations about the new system. Clients realize that it is 
not the same as a previous one and that their old models of 
perfonnance. 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 the period of 'community invol\ement' with the 
operating system. during which clients learn how to live within the 
framework defined bv that svstem and how to contribute to its 
further success and growth. . 

The fi\e-to-seven-year rule for systems of the second kind is a 
strong generalization from weak evidence. I know of no analysis 
.... hich might lead to it as a conclusion. I would e\en like to see it 
dispro\ed (and to learn how to dispro\'e it at will). :--;e\ertheless. 
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 communit~. Even people with 
impressi\'e 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. 

Both in casual conversations and detailed analyses of the 
successes and failures of systems of the second kind. the same tenns 
keep recurring: that the systems are "too ambitious" and/or "too 
general." Hoare used these tenns in his Turing Lecture [Hoare]. I 
can remember as a graduate student that my colleagues and I would 
sneer at the manufacturer-supplied opciating systems (IB~rs OS1360. 
l'ni\'ac's Exec YIII. Burroughs' MCP. and all the rest) in exactly the 
same tenns. In almost any cocktail conversation about a system in 
uouble 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 tenns 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-perfonning system in two or three ycars. just the wa} the) 
did." Ho .... c\'er. that begs the question: we did concenuate 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 suppon: 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 the years. and our critics at 
the time still worried about the grandiosity of our system. 

I suspect that there is something about the ground rules of 
projects like Pilot. the Berkeley Computer Corporation system. 
Mu TICS. and other systems of the second kind that makes it 
difficult or impossible to plan or C::l.ITy out projects the way we do 
for systems ot the other kinds. (1 ~ote 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 ne\'er meant to fulfill 
the kinds of goals that a system of the second kind is.) Pan of it is. 
no doubt. in the way that projects are sponsored. Systems of the 
first.. third. and fourth kinds are usually financed as pan 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 suppon 
(neither the Alto system. MTS, or HYDRA. for example.. were ever 
subject to this kind of review). Furthennore. invesunents in system 
de\'elopment are still so risky these days that most sponsors would 
rather purchase a s:1tisfactory system. if available. than build one. 

Thus. by definition. the new system has to be more ambitious and/or 
more generdl 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 not get to 20 
otT alone to build the system of their dreams. and the fi\ e-to-sc\ e-n· 
year rule prevails. 

Summal1 

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. .1 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 methodology and structured programming is 
devoted to helping us achieve perfection in the systems .... e 
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 iiked. It is helpful to 
ueat 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 
L~e 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 technolog~ 
but panly of the sociology and dynamics of system development. and 
it would teach us how to build better. simpler. less ambitious systems 
more predictably. 

The classirication of operating systems lllto the kmos came about 
as I tried to' compare Pilot with other systems and see where the fi\e­
to-seven-year rule applied and where it did not. There is definitely a 
qualitative difference between the kind of development we carried 
out and the kind that I have .... atched 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 \ iew. 
making systematic studies to help us understand how we do better at 
building them. 

Finally. a word of ad\'ice to designers. implementors. sponsors. 
and users: if you are invohed with a new. challenging system 
planned and cut out of whole cloth and meant as a sen ice. not as an 
experiment. but intended to stretch our horizons and 
expectations-i.e .. a system of the second kind-then ha\e patience, 
I have not yet seen anyone who has been able to build one as 
quickl) and as well as he thought he could. 
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