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Abstract. Customization aims to improve the performance of pure object-oriented languages by compiling multiple
copies of a source method, each of them specialized for a certain revceiver type. Like other code duplication tech-
nigues, it gains performance by trading code space for better speed. Unfortunately, customization can significantly
increase code space, especially for larger programs. We show that customization increases memory usage by almost a
factor of three for some applications in the Self-93 system.

We analyze and quantify the factors that lead to this space overhead and identify strategies to eliminate most of it. We
focus on dynamically-compiled systems like Self-93 where it is impractical or undesirable to use whole-program anal-
ysis or programmer-directed profiling to guide customization decisions. Our experiments show that a combination of
relatively straight-forward strategies can bring the code space consumption of customization to within 34% or less of
a completely non-customizing system. Thus, even in dynamically-compiled systems customization and efficient mem-
ory usage need not be mutually exclusive.

1. Introduction

Pure object-oriented languages such as Self [US87] or Smalltalk [GR83] are difficult to implement because of the high
frequency of virtual method calls [DS84], [CUL89]. Much previous work has attempted to overcome this performance
problem with a suite of optimization techniques aimed at reducing the cost of dynamic dispatch: inlining [CU93],
customization ([CU89], [CU93]), splitting ([CU93], [CU9Q]), type inference [APS93], type feedback [HU944q],
specialization [DCG95a], and adaptive optimization [HU94a]. Together, these optimizations can dramatically improve
the performance of pure object-oriented languages.

Many of these optimizations trade code space for speed by creating multiple specialized copies of a piece of source
code, each of which can execute faster than code handling the general case. For example, inlining specializes a method
to a particular call site, and splitting duplicates part of a method in order to avoid dispatch [CU93]. Similarly, custom-
ization compiles multiple versions of a single source method, each of them specialized to a specific receiver type. It
especially benefits pure object-oriented languages, since it exploits the fact that there many messages within a method
are sent taelf, the receiver of the method. With customization, the compiler knows the tgpk iofthe customized

copy at compile time and can subsequently inline sensidfte@liminating a common source of dynamic dispatches.

Figure 1 shows how a polymorphic sendesgThan: is inlined after the calling method has been customized.

By creating multiple specialized copies, customization increases the size of the compiled code. The resulting code
space overhead can be quite substantial. Figure 2 shows that customization increases code size by almost a factor of
three for some applications in the Self-93 system. Is this large overhead inherent to customization, or can it be reduced
to a more reasonable fraction?

In this paper we identify the factors that contribute to the code size increase and quantify their influence. Several exper-
iments not only identify the sources of unnecessary code duplication but also suggest strategies to eliminate most of
these cases. Based on measurements of the Self-93 system, we estimate the success of each strategy in reducing the
space overhead.

The results show that a large fraction of the code overhead is caused by customization of unoptimized code. Elimi-
nating this portion can already reduce the memory usage by 17-45%, most likely without any performance loss.
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Figure 2. Impact of customization on code space in Self-93

The experimental setup and the benchmarks are described in detail in Section 3

Additional restrictions on the customization of optimized code further reduce space usage to approximately 40% of the
size of the current Self system (50% on average for the larger benchmarks). Such a system reduces the space overhead
of customization to 34% or less over a completely non-customizing system. Based on these results, we believe that
customization and economical memory usage need not be mutually exclusive, and that a dynamically-compiled system
can take advantage of the performance benefits of customization without sacrificing compact code.

Dean et al. [DCG95a] addressed a similar problem in Cecil and suggest selective customization based on profile infor-
mation and global call-graph analysis to suppress unnecessary customization. While their result confirms our basic
assumption that most of the benefit of customization can be gained by duplicating only a few methods, their technique
to detect these methods is not directly applicable to an interactive, dynamically-compiled system such as Self-93. (See
the related work section for a more detailed discussion.) In contrast, our work investigates techniques that reduce the
memory impact of customization but do not require global code analysis or profiling, which both could impair the
overall performance and responsiveness of a dynamically-compiling system. To our knowledge, this study is the first
to address the space overhead of customization in a dynamically-compiled system.

The remainder of this paper is structured as follows. Section 2 contains a review of customization as well as back-
ground information about Self and its runtime system. The next four sections study the memory behavior of Self-93.
They describe the experimental setup (Section 3), identify sources of excessive customization (Section 4), suggest
strategies to overcome these problems (Section 5), and estimate the impact onto runtime performance (Section 6).



2. Background

2.1 Customization

Self is a pure, dynamically typed object-oriented language [US87]. All data are objects and are accessed only by
message sends. To overcome the performance problems posed by frequent dynamically-dispatched calls, Self-93 uses
customization and other optimizations to eliminate most of the runtime message sends.

Customization allows the compiler to determine the types of many message receivers in a method [CUL89]. It extends
dynamic compilation by exploiting the fact that many messages within a method aress#fntite receiver of the

current method. The compiler creates a separate compiled version of a given source method for each receiver type
(Figure 1). For example, it might create two separate methods feiirtheource method computing the minimum of

two Ordered objects (i.e., objects implementindeasThan: method that imposes a total order on the objects). The
polymorphic nature of this method allows it to be reused for many different kinds of objects, e.g., integers, floating-
point numbers, strings, etc. If there was only one compiled methadrfoit would have to invok&ssThan: through

another dynamically-dispatched call since the receiver could b&rdayed object. Duplicating the compiled code

allows the compiler to customize each version to the specific receiver type. Code duplication by itself does not provide
any benefits, but knowing the exact typesaf at compile time enables the compiler to inline all sendslfoln our

example, the two compiled versionsnaifi: can both inline the respectilssThan: method, avoiding the expensive
additional call. Customization is especially important in pure object-oriented languages like Self or Smalltalk where so
many messages are sensdts, including instance variable accesses and many kinds of user-defined control structures.

2.2 Overcustomization

While customization can significantly improve performance in many situations [CU93][Cha92], it can also lead to
excessive duplication of inherited methods. For example, consider a hierarchy of graphical objects whose abstract
superclass defines the methathHaveSubmorphs. The default implementation returtige and is inherited by all

graphical objects that can contain subobjects. Customization forces the system to compile a separate compiled version
of canHaveSubmorphs for each inheriting type of graphical object. Since the code does not benefit from customization

(it just returns true), that code is unnecessarily duplicated many times (Figure 3). This situation is called
overcustomization

1
1
GanHaveSubmorphs = (return trueH» :
customization

source method defining default imple-
mentation of common behavior

compiled code is duplicated many times, once for
each type of graphical object that inherits the method

Figure 3. Overcustomization

In large software systems, overcustomization can have a significant impact on code space. In early Self systems which
did not have a large code base, this effect was not apparent. But in later systems (Self-93 contains about 1,800 kinds
of objects and over 30,000 methods), code size became a problem. For example, in the Self user interface [SMU95] all
graphical objects inherit from th@orph object defining the functionality common to all morphs. Currently, the
common morph interface includes 169 functions which are inherited by 106 concrete morph types, creating a
maximum of 169 * 106 = 17,914 customized morph functions to implement the common behavior. In reality, the
compiler creates only a fraction of the possible versions since not all methods are used with all receiver types; with
dynamic compilation, code is only generated for cases that are actually used. Nevertheless, the problem of overcus-
tomization is real, as demonstrated by the factor of 2.8 code growth observed for the GUI benchmark.

2.3 The Self Runtime System

The Self virtual machine (VM) is based dypnamic compilationRather than compiling the whole system up front,
small units are compiled on demand, interrupting execution. Whenever a certain method/receiver combination is used



for the first time, the VM invokes a compiler and stores the compiled code. In order to avoid long interrupts, the VM
uses a “fast but dumb” non-optimizing compiler called NiGn(-inlining compile) for this initial compilation.

The unoptimized code contains invocation counters to keep track of its usage. Whenever a counter exceeds a given
threshold, the VM invokes the recompilation system to decide whether to recompile the method with a smarter but
more expensive optimizing compiler dubbed Stnple inlining compilér

Compiled methods are stored in a code cache. The cache contains both unoptimized (NIC-compiled) and optimized
(SIC-compiled) methods. All compiled methods are customized to one specific receiver type. They are retrieved
dynamically through a lookup based on the method selector and the receiver type.

3. Experiments

This chapter describes the experiments performed to study space consumption of customization. Our goal was to quan-
tify the memory cost of customization, to identify improvements, and to quantify the space impact of such
improvements. In particular, we investigate the space usage of systems that customize only a subset of compiled
methods. For every configuration, we simulate the code cache of the modified VM after executing one of the
benchmarks.

We only simulate the customization variants, i.e., we did not actually modify the Self VM to produce non-customized
code. The main reason for this was that the current Self implementation does not allow non-customized methods.
Permitting non-customized methods in the code cache would require substantial changes throughout the VM (e.g.,
lookup system, deoptimization/debugging system, and recompilation system). Such changes would require a large
implementation effort, and they would also affect the overall performance of the system. Also, the non-customizing
system would likely be less tuned and therefore less efficient, which could distort measurements of the performance
impact of customization. By simulating the partially customized systems, we can study a variety of configurations with
only moderate implementation effort. Although the simulations ignore execution performance, they accurately capture
the code space behavior of a real system, and thus we hope they will be helpful to implementors contemplating the
incorporation of customization into a dynamically-compiling system.

3.1 Experimental Setup

In order to measure the memory performance of customization, we executed the benchmarks application using an
instrumented version of the Self-93 system. During the benchmark runs, the VM periodically takes a snapshot of its
code cache and writes the data to disk. This data captures a static picture of the compiled code generated for the partic-
ular benchmark. We then used off-line analysis tools to determine, for example, how many of the compiled methods are
unoptimized, or how often a particular source method is customized. Being a static picture of the code cache, the
logged data does not reveal, for example, exactly when or why a method was compiled. However, for some benchmarks
we also compared consecutive snapshots in order to observe, for example, how recompilation of NIC methods changes
the code cache over time.



The study is based on experiments with two groups of benchmarks (see Table 1). Figure 4 and Figure 5 present a
summary of the code space after executing each benchmark 200 times in Self-93. We will use these numbers as a base-
line for the interpretation of subsequent experiments.

compiled
_— source code degree of
benchmark description (linesf (Kg?/?ees}’ customization
Cecil-to-C compiler compiling the Fibonacci 11,500 1262 medium
ccom | function (the compiler shares about 80% of its
code with the interpreter, cint)
cint interpreter for the Cecil language running a 9,000 475 medium
short Cecil test program
mando automatically generated lexer/parser for ANSI 7,000 459 low
9 C, parsing a 700 line C file
two-way constraint solver developed at the Uni- 500 98 low
deltablue versity of Washington
richards simple operating system simulator originally 400 52 low
written in BCPL by Martin Richards
GUI Self user interface [SMU95] 25,000 3,600 high

Table 1. Standard benchmark programs
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Figure 4. Total size of compiled methods in Self-93

3.2 Standard Benchmarks

The first benchmark group consists of five Self programs, each of which shows a distinct and highly repeatable
behavior. Figure 4 shows that the benchmarks differ quite a bit in code size. On the lowehadd spends its time

in very few methods; even after several repetitions, its code cache does not grow over 52 Kbytes, with only 22% being
optimized code. A profile shows thiathards spends almost no time in unoptimized code once the runtime system has
recompiled all hot methods. In the optimized portrichards’ code cache, no method is customized to more than

two receiver types.com on the other end is more complex and significantly larger. At the end of its execution, the code
cache contains 1,266 Kbytes, of which 54% is optimized code.

In general, a single run of a benchmarks did not execute long enough to fill the cache and optimize the important calls.
We therefore invoked each benchmark 200 times before measuring the code cache, thus making sure that the system
has enough time to reach equilibrium. At the end of the 200th iteration, we created a snapshot from its cache contents.
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Figure 5. Ratio of optimized vs. unoptimized code in Self-93

450

400 I
350
300

@ 250+
=

[24]
¥ 200+

150

100 B SIC code

3 NIC code

50

0

o O o

o O O O O O o O O O
= N MO < O O© ™~ 0O d N M
A = o o

n

140

o O O O O 9O
n © r~ 0 O O
A A4 -+ 49 4«

mango ru

Figure 6. Code space evolution during 200 executionsiaigo

3504 = compile

i

—

= execute NIC-compiled code

tick (0.01sec)
N
o
i

1 execute SIC-compiled code
L |

© N~ 0 O O
= = = N
interval (10 runs of mango)

Figure 7. Time spent for execution and compilation during 200 runsaoijo

~N 0 OO O 4 NN S ;0
— —

Although most of the data presented in this paper is based these snapshots of the final code space state, we also
measured how the code space configuration evolves during the 200 consecutive runs. For these experiments, the VM
profiled every subgroup of 10 iteratidrend recorded a snapshot of the code cache after every 10th run. Figure 6 and



Figure 7 show the results forango. In the beginning, the VM spends most of its time executing unoptimized code and
compiling. The code cache is full with unoptimized code. After a while, the recompilation system starts replacing
unoptimized methods with optimized code. Although the overall size still increases, the cache now contains much less
unoptimized code. Soon, the compiler is invoked only infrequently. After 30-40 repetitions, the system has reached
equilibrium; a longer series of repetitions would not improve the quality of the code.

3.3 User Interface Benchmark

To complement the standard benchmarks, we also measured a much larger and highly polymorphic program, the Self
graphical user interface (GUI) [SMU95]. It consists of over 25,000 lines of highly factored Self code, including a large
hierarchy of user interface elements called morphs. Morphs are used at all levels of the user interface, from basic
elements such as characters and lines to more complicated ones such as menus and buttons. All in all, the GUI contains
more than 100 different kinds of morphs. Since they all inherit at least some default behavior, the program is ripe for
customization.

For the measurements, a user was working interactively with the Self GUI for over an hour. The actions involved
searching through the system, changing graphical objects, starting an animation, etc. During the session, we took
several snapshots of the code cache, one right after stawlup)é and the others roughly every 10 minuteslic1

to GUI-7).

Based on our knowledge of the program’s structure, we expected the code cache to contain highly customized code at
the end of this session. Our measurements confirm this. Figure 4 and Figure 5 show large code caches with a high frac-
tion of optimized code. All except the very first snapshot contain methods customized for over 50 receiver types. Even
just starting the GUI requires almost as much compilation as a whole sertesoiins.

4. Identifying the Overhead of Customization

4.1 The Overhead of Customization

Our first task is to quantify and analyze the costs of customization in Self-93. We start by determining the code size of

a completely non-customizing system, where no method is ever customized. This hypothetical system serves as a
reasonable lower bound on code size. It is not a strict lower bound since it is theoretically possible to reduce the code
size with customization. For example, a customized method may be more optimized and thus smaller than the non-
customized version, resulting in a net code size decrease if the method is customized only once.

non-

benchmark customized Self-93 factor
(Kbytes) (Kbytes)

ccom 815 1262 1.5

cint 294 475 1.6

deltablue 68 98 1.4

mango 289 459 1.6

Table 2. Code size of a non-customizing system compared to Self-93

1 All timings exclude any overhead introduced by the measurement process (e.g., the snapshotting of the code cache contents).

1 Since the first data point (GUI-0) shows a atypical setting found only during start-up, this point is excluded from theimorpatarage
values.



benchmark Cl(Jlirt;cc);rrﬁg)ed (iggj[gg) factor
richards 43 52 1.2
GUI-0 775 1192 15
GUI-1 1446 3734 2.6
GUI-2 1358 34572 25
GUI-3 1305 3399 2.6
GUI-4 1343 3549 2.6
GUI-5 1451 3717 2.6
GUI-6 1304 3332 2.6
GUI-7 1305 3654 2.8

Table 2. Code size of a non-customizing system compared to Self-93

Table 2 shows the current code sizes relative to the estimated sizes produced by a non-customizing system. In such a
system, not more than one optimized and one unoptimized method for the same source method are allowed to exist
simultaneously in the code cache.

For the standard benchmarks, the presence of customization increases code size by a factor of 1.2-1.6. For these
programs, the extent of customization is modest; many methods have only a single receiver, and none of the bench-
marks contains any optimized method customized to more than eight receivers.

The larger GUI benchmark, on the other hand, suffers significantly from code expansion due to customization,
requiring almost three times more space when executed with a customizing system. The GUI benchmark underscores
a disturbing trend: the larger the application, the higher the customization overhead. In particular, the two smallest
programs deltablue andrichards) show the smallest overhead, and GUI (the largest program by far) exhibits the largest
overhead by far. For customization to scale to larger systems, it is clearly desirable to throttle it in some way in order
to avoid this code space explosion.

4.2 Customization Overhead of Unoptimized Code

We now analyze how much of the code added by customization is still unoptimized. Figure 8 and Figure 9 show the
current system’s code sizes, broken down into optimized and unoptimized code. The lower two segments of each bar
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(min-cust. NIC and non-cust. SIC) together show the expected cache size when no method is customized; this is the

1 section 4.2 describes in detail how we estimate the size of the non-customized code cache.
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baseline used in the previous section. The upper two segments represent the amount of customized code, again split
into unoptimized and optimized code. Figure 9 shows the same data expressed as percentages of the overall code size.
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richards
GUI-0

Both figures show that a large portion of the overhead introduced by customization is caused by unoptimized code, i.e.,
code created by the NIC compiler. Extra copies of unoptimized methods consume more space than optimized copies.
Depending on the benchmark, unoptimized code accounts for between 55% and 99% of the overhead (75% on average
for the standard benchmarks and 61% for GUI). Clearly, reducing the customization of unoptimized method is a prom-
ising avenue for code size reduction.

4.3 Estimating the Size of Non-Customized Code

In the graphs above, the absolute code size and the total amount of optimized and unoptimized code correspond to
actual numbers measured in Self-93. The baseline numbers for the non-customizing system, on the other hand, are esti-
mated. A system that does not create a special copy for each and every occurring receiver type must compile a general-
purpose copy to handle the cases where no customized method is available. The size of this general-purpose method
will most likely differ from the sizes of all the customized copies in Self-93. For example, different amounts of inlining
might influence not only the size of the code created for the non-customized method itself, but also the code cache as
a whole. Since Self-93 requires full customization, we could not actually measure the size of general-purpose code.
Instead, we used a heuristic to estimate the sizes.

Our approximations of the size of non-customized methods are based on the actual sizes of compiled methods observed
with Self-93. We first examine the code cache, group the compiled methods into optimized and unoptimized code, and
determine the peers for every compiled method. Two methods are peers if they are of the same type (optimized/unop-
timized) and implement the same source method. For every group we pick one peer to represent the size of the
hypothetical non-customized method.

When choosing the representative peer we experimented with three different heuristics, assuming that a non-custom-
ized compiled method would have the size of (a) the smallest peer, (b) the largest peer, or (c) the average of all peers
in the group. Figure 10 and Figure 11 show the three possible distributions that result from the heuristics show for each
benchmark. The differences between the estimates are rather small. For example, the distritutions &2.9% /

23.1% / 39.6% / 14.4%based on the smallest peer and 23.3% / 22.7% / 43.6% / 10.4% based on the largest peer. All
other benchmarks show even smaller deviations. Since the differences are fairly small, we believe that using the size
of the average customized copy is an appropriate approximation of the size of the corresponding non-customized
method. For the remainder of this paper, we estimate the size of a non-customized copy based on the average size of
the corresponding customized instances.

1 non-customized NIC / extra NIC / non-customized SIC / extra SIC
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5. Reducing the Space Overhead of Customization

This section contains a sequence of experiments that show step by step how to reduce the space overhead introduced
by customization. Ultimately, our goal is to identify the ineffective usages of customization whose elimination would
reduce the space overhead at the cost of only a minor performance loss. We simulate scenarios with different strategies
for controlling customization and determine the expected savings.

5.1 Avoiding NIC Customization

The high percentage of unoptimized (NIC) code that contributes to the overhead of customization is quite surprising,
since customization of unoptimized methods does not provide any performance advantage. As discussed before,
customization benefits performance only in combination with other compiler optimizations, most notably inlining. Per
definition, the NIC compiler does not inline at all, and thus a customized copy compiled with the NIC compiler is iden-
tical with its original. In other words, customization of unoptimized methods consumes space but does not improve
code quality. (Self-93 customizes unoptimized code because it was much simpler to integrate the NIC into the system
this way; although there were plans for allowing non-customized code, they were never implemented because of the
need to rewrite substantial amounts of legacy code in the VM.)

Figure 12 shows the code saving achieved by not customizing unoptimized methods (Table A-1 in the appendix
provides the raw data). The simple strategy is very successful: for most programs, it reduces code space requirements
by a factor of about 1.5. For the standard benchmarks, the remaining customized code is very small, using less than
20% of the overall code space. The code for the graphical user interface, however, still is 60% larger than in a
completely non-customizing system.

10
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Figure 12. Code sizes with a system customizing only optimized (SIC) code (100% = Self-93)

5.2 Reducing SIC Customization

We can further reduce the space overhead of customization by restricting the creation of customized SIC code. In
particular, we can try to eliminate excessive customization by limiting the maximum number of copies customization
can create. For example, it is unlikely that creating 50 copies of a method really improves performance, because the
cost of compiling these copies, as well as the extra instruction cache misses caused by the 50 times larger code, are
likely to negate the benefits of customization. In a system using adaptive compilation, limiting customization is rela-
tively straightforward: with a limit of N copies, the compiler simply customizes for the first N receiver types that
exceed the recompilation threshold and then creates a non-customized method to handle all subsequent cases. (Recall
that a system using adaptive compilation optimizes methods only if their use exceeds a certain threshold [HU94a].)
Most likely, such a strategy will customize code for the most important receivers since these will exceed the recompi-
lation thresholds first.
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Figure 13. Code sizes when restricting SIC customization (standard benchmarks)

Figure 13 and Figure 14 show the effect of different levels of restricting SIC customization. The two rightmost bars in
each group repeat numbers presented in previous sections (fully customized / no customization of NIC code) and are
included for better comparison. The other bars show systems that customize only optimized code, and where only a
certain number of optimized copies is allowed for each Self source method.

1 25 SIC” reads “up to 25 optimized copies per source method”.
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Figure 14. Code sizes when restricting SIC customization (GUI benchmark)

For most of the standard benchmarks except, the influence of restricting SIC customization is very small because
there is very little customized SIC code to begin with (as discussed in the previous section). For the GUI benchmark,
restricting SIC customization shows a clear improvement. Restricting customization to ten copies per method reduces
code size by a factor of up to 1.2 over the system allowing unrestricted SIC customization, and restricting customiza-
tion to three copies per method results in a factor of up to 1.4 improvement.
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Figure 15. Correlation between size of SIC portion and maximal number of customized SIC copies.

Order in legend corresponds to final size of code portion. The curves for GUI-1 to GUI-6 resemble GUI-7 and are omitted for
better readability.

Figure 15 shows a more detailed picture of the amount of customization that takes place in each benchmark. The graph
shows code size as a function of the degree of customization. For example, the data points at x=10 show the SIC code
sizes of the benchmarks when including only the first 10 optimized copies for every source method. The curves for the
standard benchmarks flatten out very early, indicating that they do not contain heavily customized methods. The GUI,
on the other hand, is much more customized, flattening out only around 25 copies. But even here the very heavily
customized methods do not contribute that much to the code size; the majority of the code space is filled by methods
that are customized less than 10-15 times.

5.3 Eliminating Unoptimized Code Entirely

Unoptimized code represents 46-80% of the total code (see Figure 5); even after eliminating NIC customization, the
remaining NIC methods still consumes 27-74% of the code (an average of 45% for the standard benchmarks and 31%
for the GUI benchmark). In addition, the benchmarks spend very little time executing unoptimized code, as Figure 16
demonstrates.
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Figure 16. Total time spent for execution and compilation with Self-93

Replacing the NIC compiler by an interpreter would eliminate the unoptimized code in the code cache entirely (at some
cost in execution speed, of course). When combined with restricting SIC customization to five copies per method, such
a system would reduce the code size by 50-80% compared to Self-93 (Figure 17). However, in this case the code size
decrease may not accurately reflect the actual savings since Self’s bytecodes would have to be redesigned to allow for
efficient interpretation, and this change would probably increase their size.
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Figure 17. Code sizes with a interpreter and five or less customized copies per method (100% = Self-93)

6. Effects on Runtime Performance

Most of the steps discussed in the previous sections will have some impact on runtime performance since reducing the
degree of customization may also reduce the speedup gained by this optimization technique. Unfortunately, the exact
extent of this performance impact is hard to determine based on the data we collected. The main goal of our experi-
ments was to determine the impact on memory usage, not performance. However, we can at least estimate the expected

performance impact.

The first strategy, not customizing unoptimized methods, is very likely to be performance-neutral or to even improve
performance. Customization does not improve code quality at all for unoptimized code, so that a system will not slow
down if customization is disabled. To the contrary, it may run faster since the much smaller overall amount of code will
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decrease instruction cache misses (Self-93 spent up to 40% of its execution time in instruction cache misses on a
SPARCstation-1 [HU94a]).

Since the assumption that all code is customized permeates the runtime system of the Self-93 virtual machine (and all
Self VMs before it), many system components would be affected by the introduction of non-customized code.
However, except for the lookup system, most of these changes would probably be performance-neutral. Sends from
non-customized methods may become more polymorphic since a single compiled method now serves many receiver
types, and thus sends from within that method may frequently change their receiver types, reducing the effectiveness
of inline caching.

The performance impact of partial customization of optimized code is less predictable since we don’t know the amount
of time spent in eliminated customized copies. However, we are encouraged by previous studies performed in the
context of the Vortex compiler that show that most of the benefit of customization can be achieved with a relatively

small amount of customization [DCG95a]. Selective specialization increased the performance of Cecil programs while
significantly reducing code space at the same time. Similarly, a study of profile-based customization for C++ found that
relatively few methods needed to be customized in order to eliminate most calls that can be eliminated with customi-
zation [The96]. Although there are many differences between these systems, it appears likely that a partially
customizing system could achieve its space reductions without an undue loss of performance.

7. Related Work

Customization has been applied to several object-oriented languages, including Self (JCU89], [HU94a]), Sather
([LS91)]), Trellis ([Kil88]), and C++ ([Lea90], [The96]). Most of these systems combine customization with other opti-
mization techniques (e.g., inlining and method splitting in Self.) Because of the nature of customization—it just
enables the compiler to perform other optimizations—the benefit of this technique is sometimes difficult to isolate.
Chambers reports a speedup of factor 1.4 - 9 in Self [Cha92], and Lea suggests an order of magnitude speedup for C++
for small programs [Lea90]. Most of the early work on customization focuses on the performance gained with this tech-
nigue rather than on the code size increase.

Several previous systems include forms of adaptive customization. Cooper et al [CHK92] and Hall [Hall91] specialize
Fortran procedures to obtain better information for dataflow optimizations, for example, to parallelize a loop. They
present a general framework for identifying beneficial specializations without using profile information. Plevyak and
Chien [PC95] implement cloning techniques in the lllinois Concert compiler. They also create clones based on global
data flow analysis, but focus on combining clones not required for optimization, thus minimizing the number of clones
created.

Dean et al. [DCG95a] present a similar algorithm for Cecil, a pure object-oriented language with multiple dispatch.
Cecil uses customization—called specialization—in a more general sense than Self. A method can not only be custom-
ized to its receiver but also to its argument types. Therefore, the problem of excessive customization is even more
apparent in Cecil and needs to be addressed. The algorithm suggested by Dean et al. is based on a global (program-
level) weighted call graph obtained from an execution profile and aims to minimize dynamically-dispatched calls by
copying parts of the call graph, starting with the most profitable parts (based on the relative execution frequencies). The
algorithm’s benefit estimation is defined in terms of the number of eliminated dynamic dispatches.

Although the study’s results support our assumption that most of the benefits of customization can be gained by
customizing only a few methods, the technique proposed to select the candidates for customization is not directly appli-
cable to an interactive environment using dynamic compilation. The benefit estimation described in [DCG95a] is based
on detailed profiling and non-incremental program-wide analysis, both of which are difficult to combine with dynamic
compilation as used in Self-93. A dynamically compiling system would have to collect and exploit the data while the
application is running, which could have a significant impact on overall performance. For example, Grove et al. [G+95]
report overall execution time overheads of up to 50% for profiling. Furthermore, the profile would most likely be very
large (several megabytes for Self) and difficult to compress with standard techniques, and the full call graph is not avail-
able. Finally, if the required global analysis is non-incremental it could introduce large pauses, thus reducing the
responsiveness of the system.
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8. Conclusions

We studied the space overhead of customization in the Self-93 system. Although this overhead can be quite large
(almost a factor of three in the case of Self's graphical user interface), it can be reduced considerably with relatively
simple techniques. For example, suppressing customization of unoptimized code, which most likely has no effect on
performance, can improve the memory consumption of our benchmarks by a factor of 1.5 on average.

Limiting the customization of optimized methods can further improve the space cost of customization. For example a
system that does not create more than five customized copies for any method can reduce the code space by a another
factor of 1.3 for large benchmarks. Together, these techniques reduce the space overhead of customization to 34% or
less over a completely non-customizing system. Thus, even a dynamically-compiled systems can combine customiza-
tion and efficient memory usage.

All of the proposed strategies require no code analysis and no global information or expensive profiling. Instead, they
take advantage of the adaptive recompilation system already present to decide at runtime whether and how to optimize
a method based on an invocation counter. Although the presence of global information would undoubtedly allow supe-
rior solutions, the highly interactive nature of exploratory programming environments such as Self favor solutions that
do not require maintaining large data structures and that allow for rapid change.
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Appendix A Raw data

non-customized | "ON-Cust NIC + Self-93 Self-93 / Self-93 /

benchmark (Kbytes) fﬁf,tytgé)c (Kbytes) non-customized non-cust NIC+cust SIC
ccom 814.9 975.7 1261.7 15 1.3
cint 293.5 347.7 474.9 1.6 14
deltablue 68.0 81.4 97.6 14 1.2
mango 289.4 291.0 459.1 1.6 1.6
richards 42.5 43.7 52.2 12 1.2
GUI-0 775.1 825.7 1191.7 15 14
GUI-1 1446.4 2034.3 3733.8 2.6 1.8
GUI-2 1358.0 2096.5 3451.9 25 1.6
GUI-3 1304.6 2205.1 3399.2 2.6 15
GUI-4 1343.4 2261.5 3549.1 2.6 1.6
GUI-5 1451.4 2360.3 3716.9 .26 1.6
GUI-6 1304.1 2207.4 3331.7 2.6 15
GUI-7 1305.2 2249.5 3655.0 2.8 1.6

Table A-1. Code sizes
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