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It is not clear whether we will eventually design and implement a unified file system. It is also not
clear, given that the FS is only just beginning to be used, how effectively it will allow users to operate
in a mode in which they do not worry about where files are stored. Success or failure of the latter will
undoubtedly influence the former.

Shortcomings

Building a programming environment is an extremely difficult task. There are no solutions, no right
or wrong, just choices. Furthermore, the task is unbounded: you never finish a programming environment,
you simply gradually stop working on it (usually about the time you start planning another). One of the
most difficult challenges that faced us in the Cedar project was to decide what we would include. There
was considerable divergence on this subject among individuals in the project. This section reports on
some of the things that we chose not to do, why we made these choices, and how they have affected the
overall result. It is perhaps the most subjective part of the paper, and some members of the Cedar project
might disagree strongly with my conclusions. However, being the only Cedar implementor from the
Interlisp community, 1 was in the unique position of being proficient and intimately acquainted with
both Mesa and Interlisp. This perspective that has emboldened me to set down my observations and
conclusions in the hopes that they might be of interest or value to designers of future programming
environments.

The principal shortcomings of Cedar are in the area of providing support for various aspects of the
Lisp style of programming (and to a lesser extent Smalltalk), and can be attributed to the selection of
Mesa as a starting point for Cedar and the fact that the overwhelming majority of the Cedar implementors
and users came from the Mesa community. These shortcomings include not reaching Cedar’s original
goals with respect to: fast turnaround for small program changes, support for wide range of (i.e., late)
binding times, easy use of programs as data, and inheritance/defaulting (Smalltalk subclassing). In short,
with respect to the fundamental principle stated in the EPE report [8] that "the present Lisp, Mesa, and
Smalltalk programming styles all must be supported in a satisfactory way," it is fair to say that Cedar
has not (yet) succeeded. :

However, it should be pointed out that while Cedar has not succeeded in these areas with respect
to the original goals as stated in 1978, these goals themselves were revised and modified as the Cedar
project developed. For example, in 1980, Jim Morris, then manager of the Cedar project, stated:

Acceptance of this specific goal of increasing programmer productivity, and its immediacy,
i.e.. over the next several years, has made us conservative in our designs. In the main,
we have restricted ourselves to those ideas which can be understood and put to use by
the intended users in a timely fashion. While it is our business as Computer Science
researchers to strive for new and revolutionary ideas, they are not required for Cedar.
Indeed. employing the users of Cedar as guinea pigs for such ideas would tend to decrease
their programming productivity in the time frame of interest. [21]

Thus, in 1980 we were already beginning to recognize that we might have been overly ambitious,
and to reduce our aspirations. By 1982, the Cedar project was being described as "an attempt to take the
Mesa language and build around it a programming environment based on ideas from Interlisp and
Smalltalk, while retaining the strong type-checking properties of Mesa" [26]. In other words, by 1982
the goal of building an environment that would be attractive to both Mesa and Lisp users had been
discarded.

It is not the author’s intent to cast a value judgment about how Cedar has developed: in the face
of limited resources, choices must always be made about which areas to attack first. It is only natural
and proper that such choices be made in terms of the greatest good for the greatest number, and the
greatest number of users (and implementors) of Cedar came from the Mesa community. From the
standpoint of these users, Cedar has been an unqualified success: they are overjoyed at the increase to
their productivity that Cedar has provided them when compared with the previous Mesa programming
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environment. The fact that we did not achieve certain goals should not be taken as an indication that
these goals are not attainable in an environment based on a strongly typed language. Some of these goals
are not even technically difficult compared with some of the things that we did accomplish. We made
some choices, and this section reports on these choices and their consequences. In the future, we may in
fact revisit some of these choices— there is still the possibility that as Cedar matures we will address some
of the shortfalls discussed here.

Since the shortcomings listed above all relate to lack of support for various aspects of the Lisp
programming style, before we examine each of these specific areas in detail, it is appropriate to discuss
the basic differences between the Lisp programming style and that of Mesa. Such a discussion will help
to explain why the Mesa, and hence Cedar, user community glaced less importance on various issues
that are considered absolutely essential to the Lisp community. 112

A Matter of Style — Lisp versus Mesa

The principal differences between the Lisp and Mesa style arise from the types and purposes of the
programs they write:

Lisp is used almost entirely as a research tool. ... The average Lisp user writes a program
as a programming experiment, i.e., in order to develop the understanding of some task,
rather than in expectation of production use of the program. The act of developing the
program, not the act of running it (even for test data), constitutes the experiment. As a
consequence, the program is likely to be large and complex, to undergo drastic revisions
while it is being developed, and to be thrown away before it has been "completed” by
conventional pr?%ramming standards since it will already have served its purpose before

then. [25]
Beau Sheil [27] has called this style of use:

exploratory programming, the conscious intertwining of system design and implementation.
... Some applications are best thought of as design problems, rather than implementation
projects. These problems require programming systems which allow the design to emerge
from experimentation with the program, so that the design and program develop together.

Lisp evolved in response to the need for programming environments that facilitated this exploratory
style of use. For example, Lisp systems were first developed to support research in artificial intelligence,
where the programmer "invariably has to restructure his program many times before it becomes reasonably
proficient. In addition, since intelligent activities are complex, programs tend to be very large, yet they
are invariably built by very small teams, (often a single researcher)" [27].

Mesa. on the other hand, evolved in response to a need for producing reliable, robust systems,
developed by large teams of programmers, and the ability to maintain such systems over a fairly long
period, often by programmers who were not the original implementors. For example, the mandatory,
compile-time type checking employed by Mesa is particularly useful in the maintenance of large programs:
the additional, redundant information contained in the type declarations makes Mesa programs more
readable by others. 114 The type checking also gives greater confidence that when changes are made to
programs, trivial new bugs will not be introduced.

+112 For additional discussion. see the section entitled "Character of the Result,” in "The Roots of Cedar.” the first paper in this
report.

F113 Admittedly. this situation has begun changing in recent years. Increasingly. Lisp systems are being used to implement reliable
programs intended for production use. However, the thrust of the comments here concerning the difference in style between the
two communities is still valid.

1114 After much experience with both Mesa and Lisp. in the author’s opinion. it is a lot easier to write and get working your own
program written in Lisp. but much easier to read or modify someone else’s program when it has been written in Mesa.
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The Lisp programmer would argue that the advantages provided by type-checking are not significant
for the kinds of programs that he typically writes:

The advantages will be small for programs whose "characteristic times" (design,
programming, checkout, existence, total execution) are all measured in minutes, large if
they are measured in weeks or months. In an environment where programs are undergoing
rapid change, [Mesa’s] mandatory checking mechanisms tend to introduce unnecessary
overhead by requiring complete internal consistency at every step of the development
process. [11]

In fact, the requirement that the types of all values in Mesa must be specified in advance is
considered by most Lisp programmers to be a nuisance and an irritant, rather than an attractive feature
of the Mesa language. Here is a typical comment: "I think that static type-checking is a waste of time;
it solves a small number of problems while creating many more. | and other Lisp programmers spend a
very small percentage of time chasing problems static type-checking would catch."”

Because of the need for type declarations and specification of interfaces, Mesa requires more planning
before a running program is created than does Lisp (some would consider this a disadvantage, others a
benefit). Similarly, the Mesa programmer tends to put more thought and planning into each change.’rllS
In compensation, the Mesa programmer is fairly confident that once his program is finished and has
compiled successfully, he will spend much less time debugging it. 7116 This is extremely important to the
Mesa user because the process of finding and fixing bugs in Mesa programs is much more painful and
time-consuming than it is for his Lisp counterpart, as is discussed in more detail in the next section.

A definite weakness of the Mesa approach is that it is relatively difficult to add flexibility that was
not anticipated in the original design. Furthermore, Cedar programmers rarely anticipate and provide for
generalizations ahead of time —before a particular situation is encountered requiring them — because of a
viewpoint that is more or less prevalent throughout the Mesa community, and perhaps best summed up
in [16]: "An interface should capture the minimum essentials of an abstraction. Don’t generalize,
generalizations are generally wrong." This philosophy has also been stated as "If in doubt, leave it out,"”
and "KISS: Keep it Simple, Stupid." As a result of this attitude, with which the author disagrees, there
is often a significant time delay in Cedar between a perceived need and a capability which meets this
need. This is detrimental: it hinders our ability to experiment.

The Role of Change in Program Development
Perhaps the area of greatest difference between the Lisp and Mesa communities is in how each

views the process of change. The Lisp programmer tends to view change as an integral and desirable part
of the program development cycle. A typical Lisp debugging session has a "stream of consciousness"

1115 This philosophy of "go slowly. don’t make mistakes because they are expensive to correct” seems to carry over into the way
the Mesa/Cedar user interacts with the system. which is at a more deliberate, somewhat slower pace than that of their Lisp
counterparts. It is perhaps for this reason that DWIM. the automatic error-correction facility, did not receive as widespread
acceptance in Cedar as in Interlisp.

1116 This is an extremely fuzzy area. It is true that the time a Mesa programmer spends debugging his program is often much
less than the time spent debugging the corresponding Lisp program. For example. my very first programming effort in Mesa, a
spelling corrector. took three days to get to compile. a process which I found extremely frustrating (and was undoubtedly aggravated
by my inexperience with the Mesa syntax). However. once compiled. my program was debugged and running in half an hour.

However. these times can be misleading because the Lisp programmer starts debugging much earlier in the program development
cycle. i.e.. at a point where the Mesa programmer is still designing his algorithms and data structures. Debugging and design are
often intermixed in the Lisp style. In one experiment which compared the overall time from start to finish for a programming
problem (reading in a text file and performing simple justification). the Lisp programmers in our laboratory did much better than
Mesa programmers. However. this experiment involved a program whose characteristic time was quite small, and has already been
pointed out. Mesa’s benefits come with larger, longer-lived programs.
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flavor to it. rather than the deliberate, planned attack that a Mesa programmer is more likely to adopt.
The Lisp programmer simply starts using his program, and analyzes and fixes problems as they come
up. While pursuing the first problem he encounters, the Lisp user will often encounter a second, which
leads to a third, and so on. When this happens, the Lisp user frequently, to use a programming metaphor,
pushes the original problem onto his stack, and pursues the new one. The facilities of the Lisp system
supports this paradigm, and also provides tools for the programmer to keep track of what he is doing.

The Mesa system, especially the multiple threads of control provided by the process mechanism,
also enables the programmer to suspend a particular debugging path and pursue a new problem that he
has just encountered, or conversely, to continue pursuing his original problem, while leaving suspended
the new problem to which he can return later. The key difference between the two systems is that when
the Lisp programmer analyzes a {)roblem, he (usually) can fix it on the spot and continue his debugging
session with the fix now in place.T117 A single Lisp debugging session may last several hours during which
time the programmer will find and fix a number of problems. The interactive nature of this process is
especially important given the kind of programs a typical Lisp programmer often writes, where the
problem being solved, much less the algorithms being used, are not well understood, hence the need to
"debug the program into existence" by experimenting with various solutions and seeing how they work.

Lisp systems have been used in this highly interactive fashion for more than a decade. Over that
period. considerable effort has been devoted to building tools which facilitate this style, especially with
respect to making changes and continuing the debugging session. For example, the debugger and editor
are integrated to allow the user, having identified a particular place on the call stack, to edit the
corresponding expression in the source. (Cedar has a similar facility.) When a problem is not detected
until after the damage has been done, the user can alter the flow of control from the debugger, returning
the computation to a specified place on the call stack from which he can then continue with the fix in
place. There is even a facility, the Advise package, which allows the user to experiment with the effects
of a proposed change without having to perform any edits. Advise operates by redefining Lisp functions
so that the indicated expressions are evaluated at the entry or exit of a procedure. Advise can also operate
on a specific call to that procedure, such as the call to Print from within the function Foo. Finally, the
Interlisp file package keeps track of the changes that the user makes to various program elements, and
informs the user which files need to be saved. 18 The file package also notes changes to elements which
are not associated with any particular file, such as is the case when the user defines new functions during
the course of a debugging session. All of these facilities allow and encourage the user to find and fix
many bugs in a single session, building up and retaining as much state and context as he wishes during
the process. This paradigm seems much more effective than having to break the debugging process up
into a sequence of small sessions consisting of find some bugs, fix the bugs, start over.

It is difficult to distinguish cause and effect in the evolution of the Lisp style: did the tools develop
in support of the exploratory style, or did the existence of these tools encourage the growth of the Lisp
style? (Probably the former is the case.) Similarly, it is difficult to separate cause and effect in the relative
lack of support for making changes in the Mesa environment. Historically, making changes was always
extremely costly in terms of programmer time in the Mesa environment. When a change was required
in a Mesa program, the programmer had to edit his source, 119 compile it, correct syntactic errors (except

1117 Note that this is not a compiler versus interpreter issue, but one of dynamic relinking. Many times, especially where
performance is an issue. the Lisp user will take the time to compile his changes, although Lisp does not require it, i.e., interpreted
and compiled code can be freely intermixed. The important point is that regardless of whether it has been compiled or is being
executed interpretively. the modified version will be the one that is executed for all subsequent calls to the program.

1118 the Interlisp editor operates on the loaded. structure representation of programs, rather than on source files.

1119 In the Alto Mesa world. editing required leaving the debugging environment and running an entirely separate editing system.
This made making changes even more painful than it currently is in Cedar where the editor and debugger are integrated into a
single environment.
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for minor changes, it is unusual for a program to compile successfully on the first attempt), recompile,
perhaps several times, and then abandon his current context and start anew in order to load the now
changed program before he could evaluate the effects of his change. 120 The absence of an interpreter
(something that has been corrected with Cedar) meant that the pro§rammer also had to construct and
debug test programs and data structures for exercising his program.Jr 21 [f the programmer is developing
a multi-module system which includes various interfaces for communicating between its parts, a simple
change to one of these interfaces might require recompiling the entire system. (See the discussion
contained in "Recompiling Interfaces" below.)

Because making changes was so hard, they were avoided as much as possible. Considerable emphasis
came to be placed in the Mesa community on “getting it right the first time." For some, it became a
matter of pride: the Mesa programmer often views the need for a program change as an indictment of
the original design or implementation. an indication that something was done wrong.T122 Thus, providing
facilities that facilitated change tended to be given lower priority than other environmental issues.

Fast Turnaround for Small Changes

The key ingredient in the Lisp style discussed above is fast turnaround for small changes: the Lisp
programmer makes a change and sees the change take effect immediately. When we began work on
Cedar. the turnaround time for a Mesa program change was often measured in terms of dozens of
minutes. This time lag forced the programmer to operate in a fashion that resembled batch processing,
even though he was operating on a personal, dedicated machine. The programmer would identify as
many problems as possible in a single debugging session, then go off and make the required edits that
he hoped would fix these problems, and then resubmit his job and see if the changes worked. This
resulted in a tremendous loss in productivity as compared with a programmer performing a similar task
in Lisp or Smalltalk. 123

1120 For a certain. not terribly well-defined class of programs. it was possible to load multiple instances of a program into the
same environment. i.e.. on top of one another. However, this was not a practice that was encouraged or widespread because of the
possibility of confusion as to which instance a particular client was bound. For example, if A calls program B, and B is changed
and reloaded. program A continues to be bound to the original version of program B. On the other hand, programs loaded
subsequently. such as a newer version of A, will be bound to the latest version of B.

1121 Earlier Mesa environments had an interpreter for a (not well-defined) subset of the Mesa language. However, for the purposes
of experimentation. this interpreter had two serious shortcomings. First. because the debugger did not share the same address space
as the client. it was not possible to perform operations involving storage allocation. For example, the user could call a procedure
on the value of a datum that existed in his current computing context. but he could not construct such a value on the fly to supply
as the argument to a procedure. Second. it was not possible to save and reuse the values of expressions given to the interpreter,
e.g. assign the value of an expression to a newly created variable. Thus, the user could not decompose interpreting a complicated
expression into several simpler operations. The Cedar history facility, combined with the residential nature of the debugger and
interpreter, has successfully resolved both of these issues.

1122 An extreme version of this negative point of view regarding making changes easy was presented to me by an Air Force
Colonel at a programming environment workshop. We were having a discussion about the merits, and drawbacks of the automatic
spelling correction facility in Interlisp (DWIM). He was concerned about the possibility of DWIM making an inappropriate
correction to a program. | assured him that the user was always informed, that corrections had to be confirmed. and that they were
easily undoable. He remained unconvinced. I then proposed that we eliminate spelling corrections to programs, and consider only
corrections to the instructions that the user gives the operating system, such as load this file, run that program, etc. [ maintained
that correcting such mistakes improved productivity. His position was: "When one of my programmers makes a mistake, I don’t
want the system to help him out. I want him to have to go home and think about it overnight." This point of view is not confined
to the military. A leading European spokesman for modern programming technology is on record as having stated that programs
should not have to be debugged. and that the only programming tools a good programmer should need are pencil and paper.

1123 Many Mesa programmers were not aware of this loss of productivity — they had never had the opportunity to develop their
programs in a truly interactive fashion.
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In Cedar, we were concerned with rectifying this situation and providing fast turnaround for small
program changes. "Our concern with fast turnaround comes from the observation that programming
should be think bound, not compute bound." Mesa offered several medium-size obstacles to fast turnaround
for changes: the editor was not integrated or even properly packaged, the compiler was not designed to
compile anything smaller than an entire module, and the system did not provide incremental replacement
of procedures or even modules. [8]

The development of the Tioga editor within the Cedar environment overcame the first of these
obstacles, but we never did mount a serious effort to attack-either of the latter two issues: compiling
individual procedures and replacing modules. Both of these problems were much harder than we originally
anticipated, partly because of the monolithic nature of the compiler, and the difficulty of changing or
reorganizing it significantly.

Instead, the goal of fast turn around for small changes was transmuted to the goal of reducing the
overall time spent in the edit-compile-reload cycle, i.e., speaking metaphorically, giving the batch
programmer faster turnaround, rather than providing him with interactive access to the machine. Since
the editor was resident in the Cedar environment, it was no longer necessary to abandon program state
while making changes. Since the user was free to perform other tasks such as reading mail, editing, or
even debugging other parts of his program while waiting for a compilation to finish, the edit-compile
cycle became significantly less painful. Furthermore, the availability of a checkpoint-rollback facility (in
Interlisp parlance, Sysout and Sysin) reduced to approximately 30 seconds the time required to return
the system to a pristine state into which a changed version of a program could be loaded. Thus, the
entire edit-compile-reload cycle was reduced to on the order of a very few minutes.T124 Nevertheless,
the situation was still qualitatively very different from that of the Lisp programmer who could make a
change and see it take effect immediately.

Note that the key ingredient here is not necessarily the time required to see a change take effect,
but whether the change can be made in siru. Even if restarting the entire system and reloading it with
changed programs could be performed instantaneously, Cedar would still not have achieved its goal of
providing fast turnaround for small program changes in the sense that it was originally conceived and is
provided by Lisp and Smalltalk. There would still be a need to replace an instance of a running program
with a changed version of the same program to preserve valuable program state. For example, over the
course of a lengthy session, the user may have built up a complicated data structure and program state
in which he wants to test out the effects of a proposed change. In such cases, it is desirable to replace
running programs with changed versions, even if this operation takes /onger than restarting the system
and reloading the changed program. Cedar has failed to provide this capability. In the author’s opinion,
this is the single biggest shortfall of the Cedar project.

1124 To take the example of fixing the off by one error in the file UserExecMethodImpl as shown in Figure 27-28 of "A Tour
Through Cedar,” the time required to make the edit itself is 1-3 seconds, to save the file is approximately 10 seconds, to compile
the file another 25 seconds. (Both of these times obviously will depend on the size of the file. The file in question is larger than
average by Cedar standards, about 20,000 bytes.) If this were the only change we were going to make and we wanted to test it out,
we would then have to rebind the configuration which includes this file,. This takes another 20 seconds. Then we would
rollback —another 30 seconds—and finally run the new configuration, which in the case of the userexecutive takes about 20 seconds.
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One final comment on the subject of changes: while Cedar is weak in the area of making changes
whose implementation should take on the order of minutes, it is very strong, much stronger than Lisp
or Smalltalk. in the area of making changes which normally take on the order of days or weeks, such as
drastic reorganizations of basic data structures or algorithms in a large system. This is because the explicit
notion of interfaces in Cedar, combined with the enforced type checking, serves to detect right away
most of the problems that would only surface over a period of time if the corresponding changes were
made in Lisp or Smalltalk. Furthermore, once the changed system has been successfully compiled and
loaded. the programmer is fairly confident that it will run, whereas the Lisp or Smalltalk programmer
must embark on a lengthy checkout operation to make sure all of the things that used to work still do.

Support for Wide Range of Binding Times

According to Beau Sheil [27]:

The key property of the programming languages used in exploratory programming
systems is their emphasis on minimizing and deferring the constraints placed on the
programmer, in the interest of minimizing and deferring the cost of making large-scale
program changes. The languages make extensive use of late binding, i.e., allowing the
programmer to defer commitments as long as possible. ... [One example of late binding
is] the dynamic typing of variables (associating data type information with a variable at
run-time, rather than in the program text) and the dynamic binding of procedures. The
freedom to defer deciding the type of a value until run-time is important because it
allows the programmer to experiment with the type structure itself. Usually, the first few
drafts of an exploratory program implement most data structures in general, inefficient
structures such as linked lists, discriminated (when necessary) on the basis of their
contents. As experience’ with the application evolves, the critical distinctions which
determine the type structures are themselves determined by experimentation, and may
be among the last. rather than the first, decisions to evolve. Dynamic typing makes it
easy for the programmer to write code which keeps these decisions as tacit as possible.

By contrast, "the Mesa style requires relatively early binding of many aspects of programs that in
Lisp are typically bound during execution" [11]. Thus, it is relatively difficult to add flexibility that was
not anticipated in the program design, thereby restricting the range of experiments that can be performed
easily. We were aware of this problem in our early discussions. We agreed that:

The EPE must support a wide range of binding times, including the Mesa and Smalltalk
extremes, in a way that allows changes in binding time without structural changes in the
program. Different choices of binding time by the programmer may lead to different
turnaround times for apparently minor changes, and to different execution efficiencies,
but the functional behavior of programs must not depend on such choices. [11]

We intended that Cedar make provision for binding at a variety of times, but that delayed or
dynamic bindings would occur at the programmer’s request, rather than by default as is the case in Lisp.
This would allow programmers accustomed to the Mesa style to continue operating in the manner with
which they were familiar. For those wishing to adopt the Lisp style of delayed binding, tools would be
available to exploit program redundancy to infer suitable declarations for programs written without them,
and otherwise make it easy to convert programs originally written in a delayed-binding style to earlier
bindings for greater efficiency and ease of maintenance. For example, one reason for the addition of REF
ANY to Cedar’s type system was to allow the programmer to defer type checking from compile time to
run-time. At some later point when the program stabilized, one could imagine a tool which would assist
the programmer in the task of converting these REF ANY declarations to specific types where appropriate.
However., we never did get around to building such tools, and as a result, it is unusual for programmers
to use late binding, and then convert to earlier binding at some later point after the program matured.
However, as discussed earlier, many programs do use REF ANY for other purposes.
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Easy Use of Programs as Data

The keystone of the Interlisp programming environment is its very large repertoire of facilities that
support the user in the task of program development. These facilities include a sophisticated structure
editor. a history package that provides both a Redo and Undo capability, automatic error correction, the
Advise package discussed earlier. a package for analyzing user programs to determine various calling and
usage relationships, and others. Underlying most of these facilities is the easy use of programs as data,
i.e.. a convenient, program-manipulable representation of programs.’r125 In fact, in the author’s opinion,
the equivalence of programs and data in Lisp, i.e., the fact that Lisp programs are simply list structures,
is the single most important aspect of Lisp.“126

We wanted to see a collection of facilities comparable to those in Interlisp developed in and for
Cedar. We also wanted to make it possible for the average user to contribute to this collection of tools:
"Perhaps the single most important observation about the use of Lisp is that as users become more
experienced. they start building tools within the system to help them" [11]. Therefore, the issue of
program-data equivalence received special attention in our early discussions. In particular, we identified
three major facilities within the Mesa environment that would be necessary to enable treating Mesa
programs as data: Lisp-style atoms, universal pointers (pointers that carry the type of their referent with
them), and an S-expression representation of programs.

Both Lisp-style atoms and universal pointers (REF ANY) were implemented in Cedar and were great
successes (see discussion in footnotes 60, 61 in "A Tour Through Cedar"). However, we never did get
around to defining a standard S-expression representation of programs. We had originally intended to
design a representation other than the parse trees used internally by the compiler, so that the representation
of parse trees could change as the compiler/language evolved without affecting tools that depended on
this representation. We did not design such a representation, nor did the fallback position of using the
compiler’s parse trees directly prove workable. The Cedar compiler, having evolved from the Mesa
compiler, did not use collectible storage, nor was it written in the safe Cedar language. It also was not
organized in a way that made it easy to pull out pieces of it to use as packages."127 Furthermore, as a
result of its having evolved over several years under several implementors, the compiler had become
such a monolith that changing or reorganizing it in any significant way was impractical: it would have
been almost as difficult as starting over.

As a result of the difficulty of manipulating programs, tools of this type have not emerged in Cedar.
However, we have begun to see a great many tools being designed and implemented which exploit the
high-quality graphics interface. These tools include: an efficient, lightweight tool for checking spelling in
text. a tool for creating and editing icons, a reminder service, a package for constructing a visual interface
to a data structurc or Cedar program interface which also allows the components to be edited or invoked.

Another use Lisp makes of the ability to treat programs as data is to provide for more general
parameterization of tools and packages. For example, the conditions associated with breakpoints can be
arbitrary Lisp expressions, various editor commands permit their parameters to be computed dynamically
from expressions that are included in the command, etc. In principal, the Cedar interpreter makes this
possible. However, this practice has not found widespread acceptance. partly because Mesa programmers
simply tend to write applications in a different style than Lisp programmers, and partly because not
enough attention has been given to the packaging of the interpreter in Cedar.

1125 Other Lisp systems such as MacLisp may have fewer facilities and organize them differently, e.g., as separate programs rather
than as part of an integrated programming system, but the underlying capability that enables these facilities is still the ability to
treat programs as data.

1126 Others would disagree, citing perhaps the simplicity of syntax. or the fact that all expressions are in Polish prefix notation as
being equally or more important.
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Inheritance/defaulting (e.g.. Smalltalk subclassing)

Inheritance/defaulting was one of the items in the original catalog of programming environment
capabilities [8]:

Languages that provide for programmer-controlled defaulting or inheritance reduce the
time and chance for error in the programming process by making it unnecessary to write
the same code or parameter values over and over again. The basic idea is that one should
be able to write programs in a way that only specifies how they differ from some
previously written program. Examples include default standard values for procedure
-arguments (how does this call differ from a "standard" call) variant records (how does
this particular record distinguish itself from the invariant part) and the Smalltalk subclass
concept ... Smalltalk seems to derive considerable benefit from [subclassing]. [8]

Nothing was done about subclassing in Cedar, probably for the same reasons that most of the
Lisp-related issues were not addressed: the majority of Cedar users and implementors had little or no
direct experience with Smalltalk, and hence did not place as high a value upon this capability as they
did on others of a more traditional Mesa flavor.T128 As a result, when a user wants a slight change or
enhancement to an existing facility in Cedar, and he is unable to persuade the implementor to make the
change. he simply steals the code, i.e., uses the existing program as a starting point and makes the desired
changes, thereby producing his own, personalized version of the software.

The reason this works as well as it does in the Cedar environment is because one of the goals of
the Mesa language is readability and maintainability by programmers other than the original implementor.
The type declarations and other redundant information that may have been burdensome for the original
implementor to specify when he was first constructing the program now pay great dividends. They
provide a form of documentation. effectively recording certain aspects of the implementor’s intent, and
making the program easier to understand. Furthermore, the automatic type checking assures the borrower
that when the program he has modified compiles successfully, he will not have to go through a lengthy
debugging process; he has a high degree of confidence that the program will run correctly, or if there
are errors, they will be localized in the area of his changes.

The disadvantage of this procedure is that when repairs or improvements are made to the original
software. they do not always find their way into the modified version, unless the borrower is diligent
about tracking changes. Sometimes he may be able to convince the original implementor that the
modifications he has made are indeed improvements, in which case the changes may be incorporated in
the original code. For example, guarded buttons (see Figure 11) were introduced into Cedar via this
path. However. the danger of the proliferation of multiple, renegade versions of standard system software
makes this procedure not a completely satisfactory substitute for subclassing.

$127 Our original strategy called for factoring the compiler into layers. For example, our plan for implementing an interpreter
called for using the compiler’s scanner and semantic analyzer. However, the intractibility of the compiler forced us to implement
the interpreter as a separate package.

+128 Also. providing support for subclassing in Cedar would have been a very difficult task.
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Polymorphism

The Cedar run-time type system allows programs to manipulate types in a fully general way.
However. such programs admit the possibility of errors that are not detected at compile time but instead
occur at run-time. and sometimes only under unusual circumstances. This runs counter to the Mesa
philosophy that it is better to locate faults statically: "Many faults can be identified in a single run of
the checker. rather than surfacing one at a time in debugging runs” and perhaps even more importantly.
"Correctness is a static property of the program text; it is hard to ensure that a program that relies
heavily on dynamic properties actually does what is intended" [11].

We had hoped to make types first-class citizens in Cedar; types would simply be values and could
be passed as arguments and returned as results. This would enable many operations that would otherwise
require run-time facilities to be expressed directly in the program text.

One area where the absence of polymorphism is most noticeable is in the treatment of lists in Cedar.
A list in Cedar is a REF to a structure consisting of two fields, first and rest (the Lisp CAR and CDR).
first contains the corresponding element of the list, and rest a REF to the rest of the list, i.e., its tail. If
a list consists of elements of a particular type, such as INTEGER, then the type of the list is LIST OF
INTEGER. If x is declared to be of type LIST OF INTEGER, the static type checking of the language
guarantees that x.first is of type INTEGER, and x.rest of type LIST OF INTEGER. For example, a procedure
that reverses a list of integers would be of type PROCEDURE[list: LIST OF INTEGER] RETURNS[LIST OF
INTEGER]. However, the absence of polymorphism means that the programmer also has to supply a
similar procedure for LIST OF REAL, LIST OF CARDINAL, LIST OF CHARACTER, etc. What is really desired
is a way of defining a procedure which takes the type of the elements of a list as one of its arguments,
e.g.. PROCEDURE][list: LIST OF T. type: T] RETURNS[LIST OF T].

Our initial plan was to extend the Cedar language and modify the compiler, and we generated some
proposals for doing this. However, as mentioned earlier, the Cedar-Mesa compiler proved to be intractable
to any but very straightforward, localized modifications. The extensions necessary to include types as
values definitely did not fall into this category. We therefore decided to postpone any further incremental
changes to the compiler, and instead to design a generalized version of the Cedar language called
PolyCedar which would incorporate a number of the ideas found in languages like Russell [4]. However,
such a project requires a substantial effort that we have not yet been able to mount.

Document Editing. Editor Integrated with Language System

The original EPE report stated:

Editing is just one function of a language system, carried out using a particular
sublanguage. As such, it should be integrated with the rest of the language system in
that: (1) the user doing editing can call on arbitrary programs to compute commands or
data needed for the editing process, including the ability to pass selections from the thing
being edited to the computation as arguments; (2) any program can call on the editor as
a package. The latter seems very useful and relatively easy to achieve. We agree the
former is also valuable, but there is disagreement over whether it is merely valuable or
extremely important.  [8]

Cedar users in general agree that Tioga has been an outstanding success both as a text and program
editor. when viewed as a package invoked by the user. However, Tioga has not achieved the degree of
integration we aspired to in the original EPE report. Many operations that the user can perform on a
document cannot be conveniently performed by a program. Although there is a program interface to the
Tioga editor. it requires for most of its operations that the implicit argument be the current selection.
Thus. programs cannot operate on documents directly and invisibly, but must effectively simulate the
actions of a user moving the selection around, and obtain the results of these operations by examining
the current selection after the operations complete. As a result, there is considerable extraneous (from

XEROX PARC, CSL-83-11, JUNE 1984



CEDAR: THE REPORT CARD 109

the user’s standpoint) screen activity while such an operation is being performed, e.g., selections changing,
viewers scrolling, etc., and furthermore, the user cannot be performing at the same time any operations
that affect the display, such as clicking the mouse or typing characters. Both of these factors tend to limit
the utility of using Tioga as a callable package to perform editing operations.

What Next?

There is no good objective way to evaluate a programming environment, no way of certifying that
it "works." There are no solutions only choices. The previous section discussed. some of the things we
decided not to pursue in Cedar, and the shortcomings that resulted. This section briefly lists some tasks
that. in the author’s opinion, might prove fruitful to attack next.

Access to on-line documentation (Helpsys)

Good on-line documentation, both for reference and for learning, can greatly reduce the
need for time spent studying an enormous manual, can provide instant cross-linking of
related subjects in a way that hardcopy cannot, and can use one’s current context to
implicitly locate relevant material. Interlisp’s Helpsys facility is unique in these respects.
However, creating and maintaining such documentation is a tremendous amount of work,
even if the process is partly automated. [8]

No work has been done yet in Cedar on providing convenient access to on-line documentation of
the type available in Interlisp or Smalltalk. In fact, Cedar suffers from a lack of adequate documentation
in general. Even where material is documented, it -is often hard to find due to lack of coherent
organization: users have to know where to look. Providing good documentation for Cedar will be one of
the highest priority items on our agenda of things to do next.

Masterscope

Masterscope is an interactive program for analyzing and cross-referencing user programs in Interlisp.
We recognized the importance and utility of such a facility for Cedar, and envisioned that it would be
one of the principal clients of the Cedar data-base facility. However, due to various priorities and limited
resources. nothing has been done about Masterscope yet, a shortfall that Cedar users often bemoan. For
example, when the author polled the Cedar community for examples of definitions of new Viewer
Classes. one user responded: "Here's one where 1 could really use a ‘global’ Masterscope... I've
implemented so many viewer classes I'll probably forget some, and it would be very tedious to examine
all my code by hand."

Implementing a Masterscope-like facility for Cedar would be considerably simplified if there were
a standard. program-manipulable representation of Cedar programs (see earlier discussion under "Easy
Use Of Programs as Data"). As is, before one could begin worrying about analyzing a Cedar program,
it would be necessary to implement a facility for parsing the text of a Cedar program into a structure
which was program manipulable.

Altering the Flow of Control from the Debugger

The ability to alter the flow of control from within the debugger would partially offset the lack of
support for fast turnaround for small program changes by allowing the user to simulate the effects of a
change by manually altering data and control from the debugger. In this way, the user would be able to
see whether the rest of his program would operate in the desired fashion if he made a particular change,
without having to make the change and start over.

The simplest form of such a facility is the ability to stop a program at the entry to a procedure,
execute the procedure, examine its return value(s), and specify different ones. We can do this now in
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Cedar, but only for certain cases. Even more useful would be the ability to stop at a breakpoint on the
entry to a procedure, execute the procedure, examine its values/effects, change its arguments, and try
again. Interlisp provides a more general capability which allows the user to unwind the stack back to an
arbitrary location from within the debugger. This is particularly useful when a problem is detected after
the fact. Such a facility would be similar to Mesa’s existing signal-handling mechanism, but requires
being able to generate signals and construct catch phrases at run-time. We believe that such an extension
to Cedar is straightforward, though non-trivial.

Recompiling Interfaces

One of the great strengths of the Mesa programming language is the explicit notion of an interface.
Separation of Mesa programs into interfaces and implementations of these interfaces enable implementors
and clients to work independently, and to make changes independently, as long as they respect the
interface. However, the present need for recompilations of a large number of files whenever a fundamental
interface is changed in any way is a weakness in Cedar. Not only does every program that depends on
the interface need to be recompiled. but if any other interfaces depend on the interface, they, and all of
their clients, must also be recompiled before the system is once again in a consistent state. The existence
of this ripple effect makes changing a basic interface a major undertaking requiring precise coordination.
As a result, there is considerable social pressure to freeze program interfaces in Cedar, often before we
have had sufficient opportunity to experiment with the interfaces.

One improvement that would significantly improve the situation would be to eliminate the need for |
recompilation when an interface is changed in an upwards compatible fashion. The two most common
examples of such a change are changes to the comments in an interface and the addition of new items
to an interface.

Because of the ready accessibility of all program sources in Cedar via the version map, interfaces
are often their own most frequently used documentation. "A Tour Through Cedar" illustrated how the
user could readily see not only the type declaration for any item in an interface, but also the comments
associated with the item. Since documentation often needs to be debugged as much as programs, we
would like to be able to modify or extend the comments in a fundamental interface without introducing
the large ripple effect that follows such a recompilation. Currently, Cedar uses as the version stamp for
an interface the date and time the interface was compiled. One proposal for allowing comments to be
changed is to compute the version stamp, based on the contents of the interface minus the comments.

A much more ambitious change would be to keep version stamps in an interface on an item by item
basis. In this case, programs would have to be recompiled only when the particular items that they
actually used from a given interface were changed. This would also allow, as a special case, the addition
of new items to an interface without affecting existing programs.

Inter-language communication

The section "Support for Wide Range of Binding Times" discussed the desirability of being able
initially to implement a program using late binding to defer various binding decisions in order to
minimize the constraints on the program, and thereby decrease its resistance to change, and then later
to bind these decisions earlier in the program to provide for increased efficiency and reliability. Perhaps
the first such decision that a programmer has to make is what programming language to use. The ultimate
in delayed binding would be to enable the programmer to change this decision for those parts of his
program that needed it. for example, initially writing an application in Lisp, and then optimizing those
parts that need it by recasting them in Mesa. This is an extremely important and challenging area for
future research.
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Conclusion

Today, in the fall of 1983, Cedar is a reality and, by common consent, one of the most
advanced programming environments in the world. Visitors from other laboratories are
envious of Cedar’s emphasis on visual interaction; of its support for concurrent tasks; of
its sophisticated debugging facilities. Above all, the environment does indeed make it
possible for a researcher to design and implement an experimental computer system and
get it used and tested in a remarkably short period of time. For instance, various
programmers using the Cedar environment have in the last few months been able to
build and test two experimental systems for handling electronic mail, one for computer
storage of voice messages, one for producing raster images, several for VLSI design.
They all report favorably on the ease with which they could knock together real,
functioning systems.

The Cedar project is, however, still far from complete. ... There are still many problems
to be solved, and we have not yet succeeded in meeting all of our goals. We need even
more memory, both real and virtual. We need a more flexible type system. We do not
yet have integrated access to databases. We want better ways of manipulating information
from source programs. We need much faster turnaround for program changes than we
have yet been able to achieve. And as Cedar begins dramatically to increase our ability
to build complicated systems, we have come to feel the need for better tools to describe
and control them. [6]

The Cedar project has been an unusual one from several standpoints. To the author’s knowledge, in
no other case have the goals of an environment been so clearly stated, even before the first line of code
been written, and in very few cases have these goals been so ambitious. The successes of Cedar, how
much effort was actually required to achieve them, the shortfalls of Cedar, why they occurred and the
effect they had on the resulting environment, all have much to teach us about the design and
implementation of large programming environments, an area of endeavor that is becoming increasingly
more important as the plummetting price of computer hardware makes powerful personal workstations
increasingly accessible to programmers.
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Appendix 1: Catalogue of Programming Environment Capabilities

The following list of desirable capabilities for a programming environment was compiled by the first
Experimental Programming Environment Working Group. The complete results of their findings are
contained in [7].

Virtual machine/programming language
Large virtual address space (> 24 bits)
Direct addressing for files
Well-integrated access to large, robust data bases
Memory management-object/page swapping
Object management—garbage collection, reference counting.
Some support for interrupts
Adequate exceptional condition handling
User access to the machine’s capability for packed data
Program-manipulable representation of programs

Run-time availability of all information derivable from source program (e.g.. names,
types. scopes)

Statically checked type system

Self-typing data (a /a Lisp and Smalltalk), run-time type system
Encapsulation/protection mechanisms (scopes, classes, import/export rules)
Abstraction mechanisms; explicit notion of "interface"
Non-hierarchical control (coroutines, backtracking)

Adequate run-time efficiency

Inter-language communication

Uniform screen management

Inheritance/defaulting -

Ability to extend language (e.g.. operator overloading)

Ability to create fully integrated local sublanguages

User access to the machine’s capability for multi-precision arithmetic
Good facilities for processes, monitors, interrupts

Simple unambiguous syntax

Control over importation of names

User packages as "first-class" citizens

Closures

Full-scale inter-language communication
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User microprogramming
Clean data and control-trapping mechanisms

"Good" exceptional condition handling

Tools
Fast turnaround for minor program changes (less than 5 seconds)
Compiler/interpreter available with low overhead at run time
Cross-reference/annotation capability
Prettyprinter
Consistent compilation
Version Control
Librarian, program-oriented filing system (including Browser)
Source-language debugger
Dynamic measurement facilities
Checkpoint, establishing a protected environment
History and undoing
Editor integrated with language system
More optimizing compiler if user willing to bind more tightly-with full compatibility
Aids for incremental development (stubs, outstanding task list)
Regreésion testing system .
Random testing aids
(high capability) Masterscope
Access to on-line documentation (Helpsys)
Static analyzers; verifier, performance predictor
Packages
Text objects and images
Line objects and images
Scanned (bitmap) objects and images
Formatted document files
More elaborate screen management
Remote file storage
Small data base manager
Message transmission system
Remote procedure call

Event logging
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Background processing

Generalized cache

Document editing

Forms

Menus and other standard user interfaces

History lists

User access to full bandwidth of disk

(English) dictionary service

Teleconferencing

Audio

User access to full bandwidth of networks
Other

Adequate reference documentation

"Efficient" interface for experts

Uniformity in command interface

"Self-teaching" interface for beginners

Good introductory documentation
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Appendix 2: Prioritized Catalogue of Programming Environment Capabilities
The following is the same list that appears in Appendix 1, sorted by the priorities assigned to each
capability by the EPE Working Group.
Priority A
Object management-garbage collection, reference counting.
Statically checked type system
Memory management-object/page swapping
Abstraction mechanisms; explicit notion of "interface"
Fast turnaround for minor program changes (less than 5 seconds)
Adequate run-time efficiency
Large virtual address space (> 24 bits)
Priority B
Encapsulation/protection mechanisms (scopes, classes, import/export rules)
Well-integrated access to large, robust data bases
Self-typing data (a la Lisp and Smalltalk), run-time type system
Consistent compilation '
Version Control
Source-language debugger
Text objects and images
Uniform screen management
User access to the machine’s capability for packed data

Run-time availability of all information derivable from source program (e.g.. names,
types. scopes)

Priority C
Direct addressing for files
Some support for interrupts
Compiler/interpreter available with low overhead at run time
Adequate reference documentation
Librarian, program-oriented filing system (including Browser)
Program-manipulable representation of programs
Dynamic measurement facilities
Scanned (bitmap) objects and images
Formatted document files
"Efficient” interface for experts

Line objects and images
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Remote file storage

Priority D
Inter-language communication
History and undoing
Non-hierarchical control (coroutines, backtracking)
Ability to extend language (e.g., operator overloading)
Ability to create fully integrated local sublanguages
Closures
Checkpoint, establishing a protected environment
Inheritance/defaulting
Cross-reference/annotation capability
Prettyprinter
Menus and other standard user interfaces
Document editing
Adequate exceptional condition handling
Editor integrated with language system
Remote procedure call
More optimizing compiler if user willing to bind more tightly-with full compatibility
Access to on-line documentation (Helpsys)
Message transmission system
Event logging
Generalized cache
Forms

Uniformity in command interface
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