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Abstract

Shared libraries have been prevalently deployed in many systems
and application domains in the last decade. Their ubiquity depends
largely on their allowance for sharing; ie., a single copy of the li-
brary is used across multiple applications running on a single sys-
tem. Unfortunately, traditional partial evaluation does not consider
the sharing issue. Specifically, libraries are treated as if they are
statically linked, and sharing is not preserved during the process of
creating and running specialized libraries, especially across differ-
ent specialized applications. In this paper, we propose a methodol-
ogy for run-time specialization that aims to maximize sharing dur-
ing the whole specialization process. Specifically, we advocate a
stand-alone specialization of shared libraries (independent of their
clients), and propose a specialization mechanism which enables
sharing of run-time specialized library code both within a special-
ized application and across multiple specialized applications. Our
proposal includes a novel static transformation that constructs a
generic specialization library/component, aiming to eliminate code
duplication arising at compile-time, as well as a novel run-time spe-
cialization that eliminates code duplication occurring at run-time.

Categories and Subject Descriptors D.1.2 [Automatic Program-
ming]: Program transformation; D.2.m [Miscellaneous]: Reusable
software; D.3.4 [Processors ]: Run-time environments

General Terms Languages

Keywords Run-time specialization, Shared Libraries

1. Introduction

A library is a collection of subroutines (functions, methods or pro-
cedures) that can be reused to develop various applications. Li-
braries are commonly categorized into two types static libraries
and shared libraries, according to the way they are linked with
applications. In the last decade, there has been a proliferation in
deployment of shared libraries in implementations of essential ser-
vices in many systems and application domains. Their ubiquity de-
pends largely on their allowance for sharing; ie.,

e At compile-time, there is one single copy of a shared library
in the disk. Applications that use a shared library contain only
references to the library. The binary of a shared library is not
included in the binary of the compiled application at link-time.

Permission to make digital or hard copies of all or part of this work for personal or
classroom use is granted without fee provided that copies are not made or distributed
for profit or commercial advantage and that copies bear this notice and the full citation
on the first page. To copy otherwise, to republish, to post on servers or to redistribute
to lists, requires prior specific permission and/or a fee.

PEPM’08, January 7-8, 2008, San Francisco, California, USA.

Copyright © 2008 ACM 978-1-59593-977-7/08/0001. .. $5.00

Thus the size of the executables is considerably smaller than
that of the executables obtained from using static libraries;

e At run-time, all executables of applications refer to the same
executable copy of the library. Consequently, maximal reuse of
shared libraries is achieved.

Clearly, sharing enables reduction in both disk and memory
usages. Furthermore, it facilitates bug fixing for shared libraries.
Specifically, since only one copy of the shared library is main-
tained, all applications that use the library immediately benefit from
the fix, without having to be rebuilt.

Traditional specialization techniques, such as partial evaluation,
have been designed for specializing applications using static li-
braries. When dealing with applications that use shared libraries,
the technique is oblivious to sharing of these shared libraries.

app (paras_a) { //s0 app (paras a) {

specidizing f_ sl (ags £ 1):
f_s2 (args_f_2);
.}

%“(args_f_l); /IsL
f(args_f_2); /2

static linki

f_s1 (paras f) {
-}

f_s2 (paras f) {
-}

Figure 1. The typical specialization process of traditional special-
ization framework

Consider a typical specialization process, as shown in Figures 1.
Two specialization contexts s1 and s2 are derived at library £’s two
call sites respectively, when specializing an application app with re-
spect to its initial binding-time information s0. The library £, on the
other hand, is specialized independently, i.e. free from the special-
ization contexts established only within any specific applications.
Different specialized libraries, f_s1 and f_s2 are generated with
respect to s1 and s2. In the latter stage of the specialization pro-
cess, specialized libraries £_s1 and f_s2 are statically linked to the
specialized application to produce a stand-alone executable. This
forces extra copies of specialized libraries to be created, nullify-
ing sharing across multiple specialized applications. Furthermore,
in the case of run-time specialization — as we will elaborate later,
the code of a specialized library may also be replicated in multiple
uses within the specialized application.

In this paper, we describe a novel framework for specializing
applications which use shared libraries, with the intention to pre-
serve sharing of shared libraries, and minimize footprints of spe-
cialized shared libraries during the execution of specialized appli-
cations. The footprint of a specialized library is a specialized code



produced by executing the specialized library with respect to the
concrete specialization values which are available at run-time.

The first step to ensure that specialization preserves sharing is
to enable independent specialization of shared libraries. This has
been addressed by existing specialization techniques, such as spe-
cialization module proposed by Le Meur et al in [14, 8], specializa-
tion class proposed by Consel et al in [10, 19], component special-
ization introduced by Bobeff and Noy¢ in [3, 4] and profitability-
oriented component specialization advocated by the authors ear-
lier in [21]. Profitability-oriented component specialization aims at
discovering all possible use contexts of a library, the existence of
which ensure profitable specialization. A specialization is consid-
ered profitable if it can eliminate some conditional tests during its
process. Consider the function power defined in Figure 2. It com-
putes the base b to the power e.

int power (int b, int e) {
int z;
if (e ==0)
returnl;
else {
z = bk power(b, e — 1) ;
returnz;
}
}

Figure 2. Function power

The complete set of specialization scenarios derived for func-
tion power in profitability-oriented component specialization which
enables us to prepare the function power for all possible cases of
specialization, are listed in Figure 3'

Pssi: bty =SAbte =8
Pss2 btb:D/\bte:S
Pss3 : bty =D Abte =D

Figure 3. Specialization scenarios derived for function power in
PCS

Note that:

e S and D are binding-time constants representing static and dy-
namic values respectively;

e bty and bt are binding-time variables pertaining to the function
parameters b and e respectively.

Independent specialization of a library generates various spe-
cialized libraries aiming for being used under different use con-
texts. As we employ run-time specialization [9] in our special-
ization process, every specialized library is constructed from a
template file and a run-time specializer. Different specialized li-
braries may share identical templates, leading once again to code
(template) duplication. Figure 4 presents two template files, which
are constructed by Tempo and belong to the specialized libraries
power_pss2 and power_pss3 respectively. For simplicity of pre-
sentation, some statements in the template file are omitted. The du-
plicated template code is underlined in the two template files.

To eliminate such duplication, we propose a novel static trans-
formation which converts a source library into a generic special-
ization component — GSC for short. A GSC contains a global tem-

'Note that only profitable specialization scenarios and totally-dynamic
scenario are included.

plate repository sharable among different local run-time specializ-
ers. This enables the GSC to minimize code duplication at compile-
time.

/ * = Template file of power pss2 * */

extern int tmp_power (int b) {
/** Beginning of to
int z;
/** End of to
if (NO){
/*% Beginning of t1
returni;
/¥* End of t1
else {
/** Beginning of to
z = b * ((int(*)(int))(&CHO))(Db) ;
returnz;
/%% End of to
/*% Beginning of t3

/%% End of t3

/ * = Template file of power_pss3 *x/

extern int tmp_power (int b, inte) {
int z;
if (e == 0){
returnl;
else {
z = b * ((int(*)(int, int))(&CHO))(b, e — 1) ;
returnz;}

i

Figure 4. Two template files adapted from Tempo

We employ run-time specialization (instead of compile-time
specialization) in order to deal with the intricacy associated with
maintaining dynamic linkage of specialized libraries. Specifically,
it enables minimal library footprints to be created during execution
of specialized applications, a desired feature found in many execu-
tions of shared libraries. To facilitate understanding this technical
detail, we give an overview of traditional run-time specialization
below.

1.1 Background of Run-time Specialization

Partial evaluation is commonly categorized into two types compile-
time specialization and run-time specialization, according to when
concrete specialization values are available. For run-time special-
ization, these concrete specialization values are available until run-
time. Specialized libraries produced by run-time specialization nor-
mally exist in generating extension form. A generating extension,
denoted as £&;, is a code produced by specializing a library £ with
respect to its binding-time parameter information ss using run-time
specialization.

There are two notable run-time specialization systems for im-
perative languages, namely Tempo [9, 15, 1] and DyC [12, 11].
Generating extensions produced by these run-time specialization
systems are commonly comprised of two parts:

e A template file. It contains several source templates, each of
which is (partially-)dynamic program fragment parameterized
by static expressions. Each template is delimited by labels with
artificial gotos to make sure the templates will be considered
in isolation by the compiler. The template file is compiled into
a binary. With the help of a template compiler, the information
about the size and location of each compiled source code (in the



literature it is termed as object template) is extracted at compile-
time.

e A run-time specializer. It not only represents the computations
that are completely decided by the static parameters, but also
contains operations to manipulate object templates. The opera-
tions include selecting templates, filling static values in the tem-
plate (which is termed as femplate instantiation), and dumping
instantiated templates through executing memory copy instruc-
tions.

The compiled template file and run-time specializer are linked
together to create a generating extension of a library. At run-time,
a footprint is firstly created by executing the generation extension
with respect to concrete values of static inputs. More specifically,
a memory block is dynamically allocated to store all the templates
that are selected, dumped and instantiated by the run-time special-
izer. Every template captured by the template file is a candidate
for dumping. The reason for dumping templates is that instanti-
ated templates can be different from their original ones, because
the former replace holes in the latter by static values. In the sec-
ond phase at run-time, the footprint is executed further with respect
to the concrete values of remained dynamic parameters to produce
final results.

1.2 Code Duplication Arising at Run-time

Consider again the template file of power_pss2 depicted in Fig-
ure 4. There are four templates detected by Tempo, as delimited
by comments. Suppose power_pss2 is called with static input 2.
The memory block dynamically allocated by traditional run-time
specialization for the footprint powerép comprises the following

sequence of templates:
1 0
[to; £25 To; t2; to; T1) ta) taj ta)

where t3 and tJ are two templates instantiated from original tem-
plate t2 within which the static expression is filled with 1 and
0 respectively. We notice that templates to and ts3 stored by the
memory block allocated for powergp are identical to the original
templates stored by the memory block allocated for the template
file of power _pss2. This example illustrates that the dumping all
templates strategy adopted by traditional run-time specialization is
oblivious to code duplication. Specifically,

1. Templates to and tz appear multiple times in powergp.

2. Suppose power_pss2 is called with static input 3 elsewhere.
Another memory block dynamically allocated for the footprint
powerép comprises the following sequence of templates:

2 1 0
[to; t2; to; ta; to; t2; to; t1; ta; ta; ta; ]

Here, t2, t3 and t$ are three templates instantiated from origi-

nal template to within which the static expression is filled with

2, 1 and O respectively. We notice that templates to and t3 are

duplicated in both powers? and power?.

In this paper we propose a novel run-time specialization to ad-
dress code duplication problem arising at run-time. Specifically, we
adopt a different strategy for template dumping that minimizes the
footprint of specialized shared libraries in the specialized applica-
tions by reducing the number of duplicated object templates created
in the dynamically allocated memory block. With this new strat-
egy, we propose a run-time specialization mechanism to manage
the new structure of the footprint.

1.3 Contributions

We summarize the technical contributions of this paper as follows:
‘We propose a methodology for run-time specialization that aims at

maximizing sharing during the entire specialization process. Specif-
ically,

e We introduce a novel static transformation to construct a
generic specialization component for a shared library, aiming
at eliminating code duplication at compile-time.

e We devise a novel run-time specialization that eliminates code
duplication at run-time, thus minimizing the footprints of spe-
cialized shared libraries during application executions.

The rest of this paper is outlined as follows: Section 2 intro-
duces the core language and notational conventions used in this
paper. In Section 3 we elaborate our proposals to address the code
duplication problem arising at compile-time and run-time, named
GSC construction and a novel run-time specialization to executing
a GSC. The algorithms to implement our proposals is elaborated in
Section 4. A complete picture of the novel specialization frame-
work for specializing application using shared libraries is sketched
out in Section 5. Before concluding, we survey related work in the
areas of component specialization and run-time specialization in
Section 6.

2. Languages and Notations

In this paper we choose the implementation model of shared li-
braries to be C function definitions. The terms shared libraries and
functions are thus used interchangeably. The core language is a sub-
set of C language. Its abstract syntax is defined in Figure 5.

v € Var Variables
f,g € FName Function names
n S N Numerals
bop € BOp Binary operators
n= 4| = x| /] ==
[l=1]<|>|>=
| <= |&&]]]
e € Exp Expressions
= nlvl|f(er,...,en)
| e1 bop €2
s S Stat Statements
= s1;s2 |whilees|returne
|v=-e|if e s1 else sa
decl €  Decl Declarations
= intw
fd € FDef Function definitions

int f (decl™) {decl* ; s}

Figure 5. Syntax of the core language - A C subset

The core language excludes features such as pointers, com-
pound data structures, global variables, etc. The evaluation strategy
for function calls is restricted to call-by-value and every function
definition must return a value.

For ease and clarity of presentation, we define several notations
and explain them as follows:

e 8¢ A GSC of a library f

e £3%: An action annotated code of the library f constructed with
respect to a specialization scenario ss

o £53: A generating extension of the library £ constructed with
respect to a specialization scenario ss

e £I°°: A run-time specializer of the library f constructed with
respect to a specialization scenario ss

° ff,ﬁls: A footprint of the library £ constructed by executing its
corresponding generating extension with respect to the values
of static variables valsg



3. Our Approach

In this section, we introduce our proposal to construct a generic
specialization component (GSC for short) for a shared library. We
also describe the run-time properties of a GSC introduced by the
novel run-time specialization.

A GSC £8°%¢ is constructed from a library f. Formally, given
a specialization scenario ss synthesized by £8°¢, concrete values
vals and valy for static and dynamic inputs to f respectively
conforming to ss, the following holds:

£8°(ss) = £5
where ££(vals,vals) = f£.5, (vala)
= f(vals,valg)
£2, = fif(valy)

£8°¢ can thus be deemed as a meta generating extension because
£8°¢(ss) returns a generating extension for the specialization sce-
nario ss.

3.1 Reducing Code Duplication at Compile-Time: Building a
Template Repository

As indicated in Section 1, the main source of code duplication
arising at compile-time is related to duplication of identical tem-
plates scattered among different template files possessed by dif-
ferent generating extensions. In [21] we conducted a preliminary
investigation to address this code duplication problem at the action-
annotated code level: We constructed a web of action annotated
codes in which sharable action-annotated code fragments are iden-
tified and shared by all action-annotated codes generated with re-
spect to different specialization scenarios. Essentially, sharable
action-annotated code fragments are identical action-annotated
codes created required by different specialization scenarios.

Action annotations attached to program constructs are clear
instructions dictating the construction of specialized codes, which
have been supported by several popular partial evaluators such as
Schism [5, 6] and Tempo [7]. The action domain ACya1 used in
this paper comprises four values ev, rd, rb, and id, representing
the actions evaluation, reduce, rebuild and identity respectively.

We enhance our earlier work on eliminating code duplication
in a web of action-annotated codes by constructing a GSC, aim-
ing at eliminating duplicated femplates at compile-time. We intro-
duce a novel static transformation performed over a set of action-
annotated codes, detecting sharable templates by looking up each
action-annotated statement. Sharable templates are derived from
identical action-annotated statements. Thereafter, instead of creat-
ing different template files separately for different specialization
scenarios, we build a global template repository which captures all
distinct templates possessed by the different template files.

Figure 7 presents an example of a template repository derived
from three action annotated variants of function power depicted in
Figure 6. For simplicity of presentation, we omit those action anno-
tations which can be inferred easily. For example, if an expression
or a statement is annotated by ev (or id), the action annotations of
all the nested program constructs are also ev (or id). The algorithm
to derive the template is presented in Section 4

We leverage the traditional two-part structure of generating
extension in constructing the GSC. A GSC £8°¢ is composed of a
set of local run-time specializers and a global template repository;
the latter is shared by all local run-time specializers. Each local
run-time specializer pertains to specialization of the library with
respect to a distinct specialization scenario.

Figure 8 highlights the differences between the traditional ap-
proach and our new approach in organizing the generating exten-
sions constructed for the function power with respect to three spe-

/ * * powerp?  xx/
int power (int b°Y, int e®) {
(int z)®";
if (e == 0)°®"
(return 1) ;
else {
(z = b * power(b, e — 1)) ;
(return z)®V ;
}
}

e powerp? */

int power (int b*?¢, int e®V) {
(int z)1¢;
if (e == 0)"
(return 1)id;
else {
(z — bid * pOWeI‘(bid, eV 1)rb)rb ;
(return z)id;

}

e powers? = * */

int power (int b¢, int ed) {
(int z)d;
if (e == 0)4d
(return 1)id;
else {
(z = b * power(b, e — 1))
(return z) ;

Figure 6. Action-annotated codes constructed for function power
w.r.t. three specialization scenarios

Label | Template

pto int z ;

p+1 z = b * power(b, h0) ;
pt2 return z ;

pt3 if (e ==0)

pta return 1 ;

p5 z = b * power(b, e-1) ;

Figure 7. A global template repository constructed for three
action-annotated codes of function power

cialization scenarios?. In the traditional approach, three generating
extensions are constructed separately, each of which contains a pair
of a run-time specializer and a template file. In our new approach,
we construct three local run-time specializers rts_1’, rts_2’ and
rts_3’ each of which is responsible for encoding the static compu-
tations and manipulating templates stored in the sharable template
repository. The run-time specializers constructed in our approach
are different from those produced by traditional run-time special-
ization, since we adopt different run-time specialization mecha-
nisms in manipulating templates, which will be elaborated in the
following section.

It is worth noticing that a GSC is constructed with the aim
to handle all uses of the specialized shared library, rather than a
specific application. Although this implies that a GSC can contain

2 For reasonable comparison, the template files produced by traditional
run-time specialization, such as Tempo, are represented in terms of the
templates produced by our approach



Traditional approach to organizing generating extensions
Input: Action-
annotated codes power,™ powero* power,*
Output: - +
Generating [ P | %
extensions B, |
Py | | Py |
[P ] ™
™
Our approach to constructing a GSC
Input: Action-
annotated codeg power* power;* power;*
2
Output: a GSC
(o P [P [Pal Pyl ps]

Figure 8. Two approaches to organizing generating extensions
constructed for function power w.r.t. three specialization scenarios

several local run-time specializers, each of which is pertaining to
specialization of a library with respect to a distinct specialization
scenario, the size of the GSC is curbed by the fact that: (1) the
number of such different specialization scenarios are limited only
to those profitable ones, as explained in [21], and (2) the sharing of
templates in the global template repository is enable, as explained
above.

Our GSC construction not only maximizes sharing at compile-
time, it also paves the way for maximizing sharing at run-time since
GSC exists in shared library form and it is amenable to sharing at
run-time.

3.2 A Novel Approach to Run-time Specialization

As introduced in Subsection 1.1, in the first phase at run-time,
a footprint is created from the generation extension returned by
£8°¢(ss) with respect to concrete values of static input. The objec-
tive of our novel approach to run-time specialization is to minimize
the footprints of specialized shared libraries during execution. We
now describe how our approach achieves this objective.

3.2.1 Dumping Fewer Templates

As indicated in Section 1, the issue of run-time code duplication
mainly stems from the traditional strategy of dumping all templates
into the dynamically allocate memory block. Under this strategy,
even fotally dynamic templates, which do not contain any embed-
ded static holes and remain unchanged during instantiation, will be
dumped, and possibly multiple times. Thus we can maximize shar-
ing by choosing not to dump totally dynamic templates into the dy-
namically allocated memory block since they can also be located in
the memory block allocated for the generating extension.
Consequently, in the first phase, only hybrid templates — those
which contain at least one static hole to be filled by concrete values
of static expressions — are dumped into a dynamically allocated
memory block after being instantiated by filling concrete values
into their holes. Operationally, dumping of hybrid templates is per-
formed by dumping operations instrumented in the local run-time
specializers of a GSC. On the other hand, totally dynamic templates

need not be directed by dumping operations. By adopting this novel
template dumping strategy, multiple occurrences of identical tem-
plates in the dynamically allocated memory block, as described in
Subsection 1.2, can be replaced by references to the corresponding
single copy of the templates residing in the global template reposi-
tory of a GSC.

3.2.2 Connecting Templates

Figure 9 shows the layouts of memory blocks allocated for storing
the footprints of power generated with respect to input 2 by the
two approaches. pi; and p2; are two templates instantiated from
original hybrid template p¢; within which the static expression is
filled with 1 and O respectively. The traditional approach allocates
a memory block at run-time to store all the templates needed for
the footprint. On the other hand, in our approach, the templates are
split and kept in two separate memory blocks: (1) A dynamically
allocated memory block keeps the instantiated hybrid templates
which are instantiated and dumped from global template reposi-
tory of power®*®; (2) A memory block keeps the global template
repository. Under this approach, the footprint is produced by link-
ing templates from two separate memory blocks. Referring to Fig-
ure 9, the footprint is constructed by linking the hybrid templates
in the dynamically allocated memory block and the shaded totally
dynamic templates found in the template repository.

Footprint produced by the traditional approach

dynamically allocated memory block
Lpo [Pt oo [0 Pe [y [Py [0y ]

Footprint produced by our approach

memory block alocated for the template repository of power®
[pol P, [Polpalpulps]
dynamically alocated memory block

[pt e

Figure 9. Layouts of memory blocks of the footprints for function
power w.r.t. concrete value 2 generated by two approaches

As templates for a footprint are not in consecutive memory
space, we need to connect them together so that execution of the
footprint can proceed properly. A naive approach to connecting
templates together is to associate each template with a goto instruc-
tion jumping to subsequent template. However we notice that when
executing the footprint, even though instantiated hybrid templates
residing in the dynamically allocated memory block only need to
be executed once, totally dynamic templates residing in the global
template repository may need to be executed multiple times. (For
instance, if a totally dynamic template is nested within a while
statement or the original function is a recursive function.) It is im-
possible to determine the unique subsequent template. Thus it is
undesirable to associate with each template a goto instruction to
connect them all together. We tackle this problem as follows:

1. During the first phase, besides creating the footprint, we build
an address table simultaneously. This address table records a
sequence of addresses of the object templates, depicting the
program execution control flown among these templates dur-
ing execution of footprint. The length of the address table is
thus equal to the number of templates accessed during the first
phrase.

2. We add two types of operations for the purpose of passing pro-
gram execution control among templates. These two operations



capture the interactions between object templates and the ad-
dress table.

e The registration operation register. It registers the ad-
dress of an object template in the address table. Registration
operations are part of a local run-time specializer and are
executed during the first phase to build the address table.

The redirecting operation redirect. It directs the program
execution control to the subsequent template at the end of
execution of current template. The address of the subse-
quent template is recorded in the address table.

Except for the templates derived from an action-annotated
return statement, redirecting operations are inserted at the
end of all templates, including totally dynamic templates
and instantiated hybrid templates, so that program execution
control will flow back to the address table after reaching the
end of a template. Redirecting operations are executed in
the second phase to execute the footprint properly.

The register and redirect operations are designed as fol-
lows: Suppose the name of the address table is tab_add, the name
of the template counter which acts as a program counter is tc, and
the symbolic label naming a template is tem_lab, then:

register &tem lab := [tab_add[tc] = &tem_lab]
redirect = [tc++;goto tab_add[tc]]

The template counter tc is initialized to zero at the beginning
of the second phase at run-time.

The address of a footprint is the address of the first template to
be executed during the second phase of run-time; this is be either
a hybrid template residing in the dynamically allocated memory
block or a totally dynamic template residing in the memory block
allocated for the global template repository of a GSC.

In Figure 10 we present the code of a local run -time specializer
derived from the action-annotated code powerp?, , depicted in Fig-
ure 6. We also extend the templates listed in Flgure 7 by inserting
redirect operations. The design of dump and inst operations are
the same as Tempo’s, we omit the detail here.

[k % powerlﬁz:z * %k [

int power_rts (ss2, inte) {
register (&pyo);

if (e ==0)
register (&pta);
else {
inst(hO,e — 1) ;
dump ;

register (&p},) ;
power_rts(ss2,h0) ;
register (&ps2) ;

}

/ * x Templates x* */

pto : {int z ; redirect; }

pe1 : {z =b* (tc++, ((int(x)int))(&h0)(b));
redirect; }

pt2 : {returnz; }

pta : {returni; }

Figure 10. The local run-time specializer and templates derived

from powerp?

4. Our Algorithm

We have developed a modular static transformation algorithm (Fig-
ure 11, 12, 13) to create a GSC for a library £.

GSCss :: P(Stat?®) — (Deptemp , P(Stat))
GSCrs (£33, 222) =
let 79 =
{[fe,] = body (£22) | 1 < i < n}
{(ri, £5°) = GSCs [fs,] mim1 |1 < i <m}
in (Tn s (f51 PR flsfs))

Figure 11. Static transformation over action-annotated libraries

The main function GSCss is defined in Figure 11. The inputs to
GSC:, are various action-annotated libraries £33, ..., £22 that are
the result of profitability-oriented action analysis [21] performed
over a library £ with respect to different specialization scenar-
i0s s1,...,8n. GSCs returns a set of local run-time specializers
£I7°, ..., fi° derived from those action-annotated codes respec-
tively and a global template repository 7 € Deptemp. T is an
action-annotated code indexed table of the form [stat®® — stat].

Template repository operators > and & are defined as:

aa — s}.

e < extend a table T with a new entry {s
7 < {s* — s} returns an appended table if s*® is distinct
from all existing indexes of 7. Otherwise, it returns the original

T.

aa

e J build a new table by merging two tables 71 and T without
duplication.

T W =J{m ele. |Veler € 72}

GSC, :: Exp® — (Exp, Stat)

GSCe [e®7] =
let  h be a fresh hole variable
in  ([h], [inst(h,e)])

GSC, [e*] =
([e], LD
QSC [[( b a rb —
et (1], [Ttsl]]) G5C.[e5]
(leal, [rtsa]) = GSCe[es]
in  ([e] bop eb], [rts1; rtez}])
GSCo [f (ef,... €

= GSC[¢2] |1 < i < n}

el

)l
let {([[e]] [[rtsl]])
[rtsel = [f9°(s55 €, eh)]
[rts] = [rts1; ... ; rtsn; rts
in ([tet++, fp)], [rts])

Figure 13. Static transformation over action-annotated expression

Function GSCs, is defined in terms of two auxiliary functions
GSC, and GSC.. Function GSC (Figure 12) takes in an action-
annotated statement and a global template repository, and returns a
(possibly) updated template repository and code forming the local
run-time specializer.

The Seq-Rule dealing with action-annotated sequential state-
ments enables the transformation to descend recursively to the ba-
sic language constructs (i.e. assignment statement, return statement
and conditional tests) to build templates.

In the If-Rb-Rule dealing with if statement annotated by rb, we
first derive templates for two branches, and then build a template
for the action-annotated conditional test. The latter template will



GSCq i Stat? — Deptemp — (DePtemp, Stat)

GSCs [(s7%;85")] T = let (71, [rts1]) = GSCs [s§°] T (Seq-Rule)
(12, [rtsa2]) = GSCs [s5°] m1
in (72, [rtsi;rtsa])
GSC, [(int v)i9] 7 = et [s**] = [(int v)*] (Decl-Rule)
temp] = [int v ; redirect]
rts] = [register;]
in (v {[s°] — [templ} , [rts])
GSC, [(v = )] 7 = et [s°] = [(v= €] (Ass-Id-Rule)
temp] = [v = e ; redirect]
rts] = [register;]
in (7o {[5°] > Frempl} , [rts])
GSCs [(return e'?)id] r = let [5%9] = [(return ei?)id] (Ret-Id-Rule)
temp] = [return €]
rts] = [register;]
in (roa {[s] v Ftempl} , [rts])

GSCs [(v=e*")"] T = (7, [v=c¢€]) (Ass-Ev-Rule)
GSCs [(returne®”)®V] = (7, [returne]) (Ret-Ev-Rule)
GSCs [(v = e2)™] = let  ([€'], [rtse]) = GSCe [e%9] (Ass-Rb-Rule)

[5°9] = [(0 = e%)]
[temp] = [v =€’ ; redirect]
[rts] = [rtse; dump; register]
7' =1 {[s%?]  [spe] }
in (7", [rtse])
GSCs [(return e®®)*®] 1 = let ([€¢'],[rtse]) = GSCe [e**] (Ret-Rb-Rule)
[temp] = [return €]
[s%?] = [(return e**)™]
[rts] = [rtse; dump; register]
v =71 pa{[s*] — [temp]}
in (7', [rtse])
let (71, [rtss,]) = GSCs [s4] 0 (If-Rd-Rule)
(o, [rtsanl) = GSCs [551 0
[rts] =[ if ertss, ; else rtssy; |
= yUrwr
o (77, [rts])
let (75, [rtss]) = GSCs [s2] 0 (While-Rd-Rule)
[rts] = [ whileertss; |
T =TsWT
i (7', [rts])
let  ([€'], [rtse]) = GSCele*®] (If-Rb-Rule)
(11, [rtss,]) = GSCs [s] @
(12, [rtss,]) = GSCs [s5] 0
[rts] = [rtse ; Ttss, ; Ttssy]
Ttmp =TI W T2 W T
[temp] = [if €’ goto &(hd(71)) ; else goto &(hd(12));]
7' = Temp > {[%°] > [temp]}
in (7", [rts])
let  ([€'], [rtse]) = GSCe[e*®] (While-Rb-Rule)
(7s, [rtss]) = GSCs [s2] 0
[rts] = [rtse ; rtss]
[temp] = [while €’ { goto &(hd(7s))}]
Ttmp = Ts W T
7' = Temp < {[%°] > [temp]}
i (7', [rts])

GSCs [(if €®V 5§ else s$)™4] 7

GSCs [(while e®¥ s%)™4] 7

GSCs [(if € s{ else s§)™] T

GSC [(while e™® s)™°] 7

Figure 12. Static transformation over action-annotated statement

be an if statement, each branch of which is a goto statement point- e Qur static transformation derives a template at each basic lan-
ing to the address of the first template derived from each action- guage construct whereas the templates identified by Tempo may
annotated branch respectively. This enables sharing of templates include the code derived for a sequence of statements, as shown
derived from identical action-annotated statements found in dif- in Figure 4.

ferent action-annotated functions. Similar treatment is defined in
While-Rb-Rule dealing with a while statement annotated by rb.

The functionality of our static transformation algorithm is sim-
ilar to Tempo’s algorithm of transforming action annotations [9] in
that both aim to identify the code that should appear in the run-time
specializer and the template file. The differences between these two
algorithms are:

e There are two more categories of operations used in our static
transformation to manipulate templates, namely register and
redirect operations, both for the purpose of directing pro-
gram execution among templates during execution through the
help of the address table.



e Dumping operations dump are only used in dispatching hybrid
templates.

4.1 Building Local Run-time Specializers and Templates for
Inter-related/Recursive Libraries

For inter-related/recursive functions, we only consider unfolding
of recursive function calls so that function calls are substituted by
their corresponding function bodies. We do not consider special-
izing recursive function calls in order to avoid the risk of infinite
specialization. This strategy is similarly adopted by Tempo. Next,
we explain in details the static transformation rules dealing with
action-annotated return statement and function call.

The redirect operation is not inserted in the templates derived
from action-annotated return statement, as illustrated by rules Ret-
Id-Rule and Ret-Rb-Rule. This is because the program execution
control flow for return statement will be directed by the underlying
operating system conforming to the convention of handling func-
tion call/return.

The rule dealing with function call expressions is defined in Fig-
ure 13. Here, [rts.] is the call (to be made during the first phase)
to the corresponding GSC parameterized by ss. In the rule, ss is
the specialization context which is available in the action-annotated
function call. The resulting template contains a comma expression:
Before the comma is an expression that increases the template vari-
able tc by one; after the comma is a function pointer fp pointing to
the address of the corresponding footprint constructed by executing
[rtse]. When such template is executed, the function pointer will
ensure the program execution control is transferred to the first tem-
plate of the pointed footprint, following the convention of handling
function call/return.

The rules dealing with action-annotated return statement and
function call expressions ensures that the template counter tc
obeys the following property throughout run-time execution:

Regardless of whichever template is executed, tc+1 always
points to the address of the next template to be executed.

The above property holds regardless of how the next template
will be reached. Indeed, a template can be reached by executing
either the redirect operation at the end of the current template, or
a function pointer which jumps to the first template of the function
body, or a return statement which jumps to executing the code
immediately following the function call.

In order to maintain this property, we insert an increment op-
erator to increase the value of tc before a function pointer, and
refrain from calling redirecting operations during the execution of
the return statement.

4.2 Building the Address Table for Inter-related/Recursive
Libraries

As demonstrated in function GSC, and GSC., the operations
which are responsible for building the address table only exist in the
code for the run-time specializers. The code in the templates of a
GSC, which is constructed for either an intra-procedual library or an
inter-procedual/recursive library, does not include any operations
to build the address table.

Specifically, during the process of executing specialized inter-
related (or self-recursive) libraries, only one address table is built
throughout the execution of all invoked run-time specializers. Be-
cause of the sequential nature of code execution, one template
counter is adequate to be used to point to the address table and con-
trol the flow among templates. For example, the address table built
after calling the run-time specializer power;::2 (presented in Fig-
ure 10) with input 2 during the first phrase at run-time, comprises
the following sequence of template addresses:

[&Pro; &pr1; &pro; &Poi; &Pro; &Pra; &pr; &pro]

Interested readers may wish to simulate the sequential execution
of the templates listed in Figure 10 to verify that the templates are
connected properly at run-time with the help of the dynamically-
built address table.

4.3 Compiling the Template Repository

We organize templates in a way which is totally different than tra-
ditional run-time specialization systems do. The templates identi-
fied by those existing systems, such as Tempo, DyC and TickC
[2, 16, 17], are syntactic subset of the original code. Thus those
templates can be put together and compiled as a whole. This en-
ables some global optimizations over those templates to be per-
formed to produce an optimized object templates. In our approach,
each individual template stored in the global template repository is
derived from the action-annotated statement possessed by different
action annotated libraries. The same statement with different ac-
tion annotations lead to the generation of different templates. Thus,
the template repository can not be compiled as a whole. Instead,
we compile individual templates separately and then link all ob-
ject templates to form a unique binary representing the binary of
template repository.

This simple compilation scheme can be improved by grouping
adjacent hybrid templates or adjacent totally dynamic templates
into a cluster to allow global optimization. There will be only one
registration operation and one redirecting operation associated with
each cluster. The information conveyed by the web of action anno-
tated codes (as introduced in Section 3.1) regarding the merging of
sharable action-annotated code segments can help us to perform the
clustering operation.

4.4 Wrapping GSC

In order to facilitate interaction between GSC and multiple applica-
tions, we wrap the GSC with other information, including multiple
specialization scenarios and two APIs. These APIs act as interfaces
to GSC clients, throughout the entire specialization process from
compilation to execution, through reception of binding-time infor-
mation (from clients) and return of proper run-time generating ex-
tension to be referred to by the specialized application.

Client access to the GSC is mainly guided by submitting a
specialization scenario. As the GSC maintains only the run-time
specializers associated with the profitable specialization scenarios
and the rorally dynamic specialization scenario, client access via
scenarios not listed as “profitable” will have to be converted to
profitable ones (or the totally dynamic one) by the wrapped GSC.
Selection of the most appropriate profitable specialization scenario
is guided by some specialization policy, and the selected scenario
is called minimal profitable context. We refer interested readers to
[21] for details.

The abstract data type of wrapped GSC for a function f is
defined in Figure 14:

class f_wgsc{
private :
static int ss[ss-numl;
static (voidx) rts[ss.num)];
public :
int gsc-bt(int ssv);
(voidx*) gscrtge(int ssv);
}

Figure 14. Abstract data type of wrapped GSC

In the figure,



ssv refers to an encoding of specialization scenario value (SSV
for short); ie., binding-time values S and D are encoded into 0
and 1 respectively, and a specialization scenario comprising a
tuple of binding-time values is encoded into an integer repre-
senting a concatenated sequence of 0’s and 1’s. Thus, the SSV
of the specialization scenarios S1 and S2 defined in Figure 3 are
002 and 102 respectively.

® ss_num is a constant representing the number of specialization
scenarios supported by GSC. ss is an array of SSV’s represent-
ing all acceptable (ie., profitable and totally dynamic) special-
ization scenarios.

rts maintains an array of function pointers pointing to all local
run-time specializers created for this GSC.

This address of footprint is implemented as a function pointer
pointing to the binary of the footprint, which is executed with
respect to the values of dynamic variables in the second phase.

gsc-bt takes in an SSV encoding of a specialization scenario,
and returns an SSV encoding of a minimal profitable context,
which will be used in the ensuing correspondence with this
wrapped GSC, in replacement of the input scenario.

gsc_rtge takes in an SSV encoding of a specialization scenario,
which is returned by gsc_bt, and returns a function pointer
pointing to the footprint instantiated from the field r¢s, indexed
by the minimal profitable context in association with this spe-
cialization scenario.

5. A Novel Specialization Framework

Figure 15 depicts the complete picture of the novel framework for
specialization of applications using shared libraries. There are three
essential elements of this framework:

f wgsc (ss, paras f) {

-]

app (para_g) { /10 app (para_a) {
e
f(args f_1); /isl Hegp f wgsc (sL, args f_1);
f(args_f_2); I f wosc (2, args f_2);
= 3 Compile timellink time
Run-time
Hybrid Address
’f_wgsc (sL,args f 1) H templatest ablel Outputl
Hybrid Address
f wosc (2, args f 2) H templates? table2 Output2 ‘
1% sub-phase 27 sb-phase

Figure 15. Complete picture of the novel framework for special-
ization for applications using shared libraries

e Shared library specialization: This is a process that constructs a
wrapped GSC by performing profitability-oriented component
specialization [21] and GSC construction GSCcons Over a shared
library at compile-time. It is an application-independent pro-
cess.

e Application specialization: This is a process that specializes an
application at compile-time with respect to its relevant binding-
time information specified by application programmers. A typ-
ical example of the relevant specialization information is the
specialization scenario for the application’s parameters. Appli-
cation programmers may also specify binding-time conditions

for the called libraries at call sites inside the application as we
proposed in [20].

An application specializer Specapp is constructed to perform
profitability-oriented binding-time analysis, action analysis and
specialization over the application through interaction with
wrapped GSC of called functions. The main specialization job
undertaken by Specap, is to substitute each action-annotated
function call with the call to corresponding wrapped GSC pa-
rameterized by the minimal profitable specialization context
of that function call. In this way, we build a correct reference
to corresponding wrapped GSC in the specialized application
such that the subsequent dynamic linking can proceed prop-
erly and f_wgsc.gsc_rtge(ss) returns the desired generating
extension (i.e. the selected local run-time specializer the execu-
tion of which will manipulate the templates stored in the global
template repository) at run-time. This specialization step pro-
duces a generating extension for the application, similar to what
Tempo generates in run-time specialization.

Specialized application execution: This is a process that runs
the specialized application with respect to the concrete values
for the whole input. Here, the approaches described earlier
are employed to ensure minimal footprints of the specialized
libraries throughout the execution.

6. Related Work

The idea of specializing libraries independent of their use contexts
was first proposed by Schultz in his position paper [18], in which
he called it “black-box program specialization”. Relevant work also
includes [3, 4, 10, 19]. However, none of these works address the
sharing issue pertaining to dynamically-linked shared libraries. In
fact, to the best of our knowledge, the issue has not been addressed
by the partial-evaluation community.

Tempo [8] is the first run-time specializer that employs partial
evaluation at the level of object code, and yet remains high-level
in its specification. While it does not handle shared libraries, its
implementation details have inspired many ways in our current
implementation. Specifically, the division of generating extension
into a run-time specializer and a set of template, and the generation
of template file through execution of run-time specializer, have
been the core technique of our implementation. We have also found
similar implementations in Dyc [11, 12]. None of these works,
however, consider the possibility of maintaining separate memory
regions for different kinds of templates. Consequently, they fail to
minimize library footprints in application execution.

There is much room for improvement in our implementation.
One such improvement is to perform data specialization, as pro-
posed by Lawall [13] to optimize the run-time specialization in
Tempo system. More specifically, data specialization can be used
to pre-calculate the precise size of the buffer needed to be allocated
at run-time, rather than allocating buffer of default maximal size.

7. Conclusion

In this paper we investigate specialization for applications using
shared libraries, aiming for preserving and maximizing the chances
of sharing during the whole specialization process, which includes
specializations of both libraries and applications. We propose a
static transformation to construct a GSC for a shared library, aiming
at eliminating code duplication occurring at compile-time. Instead
of creating separate generating extensions with respect to differ-
ent specialization scenarios as traditional specialization framework
does, our GSC is composed of a set of local run-time specializers,
each of which pertains to a specialization of the library with respect
to a specific specialization scenario; and a global template reposi-



tory which is shared by those local run-time specializers. We also
propose a novel run-time specialization approach to minimizes the
need to dump object templates at run-time and maximize sharing
by sharing the fotally dynamic templates of a GSC among differ-
ent footprints, at the expense of building an extra address table at
run-time. Together with our earlier solution to profitability-oriented
component specialization, the approaches proposed in this paper
build a framework of specialization for applications using shared
libraries.
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