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How to reconfigure a general purpose operating system (GPOS) into an embedded
operating system has attracted attention for application-specific domains. Linux is cur-
rently one of the popular candidates for GPOSs. Although Linux has tools for kernel re-
configuration by letting users add or remove desired function modules, the best schemes
of reconfiguring Linux according to a specific embedded system are not practical. Even
after this configuration, the target Linux might still be a GPOS. In this article, we will
propose an approach to customizing an application-specific Linux operation system.
This approach derives from a “call graph” based on reengineering. By analyzing a
graph-structure representation of the target system, its hardware and software specifice-
tions are determined. Thus, we can find the rules for removing the redundant code in
Linux. Moreover, we employ the call graph approach to verify the system integrity at the
source-code level. In order to demonstrate the proposed idea, an experimental system
will also be reported in this article. The results show that our approach can significantly
remove about 17 percent of the Linux kernel’s footprint with respect to unreachable
code.

Keywords: embedded operating system, general purpose operating system, Linux kernel
customization, call graph, redundant code, unreachable code, dead code

1. INTRODUCTION

For a number of years, most prior efforts to attain embedded system involved pur-
chasing an embedded system from a vendor and then modifying the system in collabora-
tion with the supplier, or simply developing a new embedded system from scratch. It
would appear logical to look for some way to save time by modifying a currently avail-
able system. It isin this spirit that we speak of modifying GPOS to obtain an embedded
system. However, characteristics such as easy access to source code as well as having an
unbounded environment for further development become the necessary criteria for se-
lecting a GPOS of this kind. Fortunately, Linux is a GPOS which possesses such charac-
teristics. More recently, Linux has been more frequently for use in embedded systems,
for example, the TiVo digital recorder (DVR) [1], Rio MP3 player [2], and Axis Network
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Camera[3]. Generally speaking, Linux attracts industries' attention due to the following
atributes:

¢ The source codeis free. For developing an embedded system, thisis desirable.

e Linux is able to provide enough functionality for extracting and reusing. These charac-
teristics cover microprocessor architectures, graphics, telecommunication, and hard-
ware devices.

e The Linux kernel aims to be compliant with the IEEE’'s POSIX (Portable Operating
Systems Interface for Unix) standard, meaning that most existing Unix applications can
be compiled and executed on a Linux system with little or no modification to its source
code.

e Linux isrobust, reliable, modularized, and configurable in nature.

However, reducing the code footprint as much as possible is a critical issue for em-
bedded system developers, because the developer must take many issues into considera-
tion, like space, weight, power consumption, and price. In that case, Linux has some
drawbacks when used in an embedded system:

e Linux is a monolithic GPOS and has diverse versions. Also, adapting it is not an easy
task. Therefore, there is alack of aformal and useful scheme to cope with problems of
thiskind. After all, manually customizing a Linux is difficult and costly.

e |t is hard to guarantee and/or test the completeness and accuracy of a customized ker-
nel.

e Linux has provided three commands, make config, make menuconfig, and make xcon-
fig for configuration management by preprocessing [4], for users to choose specific
kernel functionalities. However, designing an embedded system using these three rec-
ommended methods may not be suitable. The system designer has to configure a new
kernel according to his or her experiences, a lengthy task. Most of all, the kernel de-
rived from this approach is still a GPOS rather than an embedded OS.

¢ Although Linux is configured as modules, it is a useful way for usersto link and unlink
object files at runtime. However, this feature may not be suitable for an embedded OS,
especialy for handless operation. The code size for module related software interface
and data structure still occupies much storage space even though we don’t need to use
all the modulesin an embedded system environment.

The redundant code is an existing program dlice but is never reached, i.e. thereisno
control flow path to it from other parts of the system. Another case of redundant code is
computing a value which contributes nothing, because the result is never used or is used
but with no benefit to the system. The presence of redundant code in the Linux kernel
may result from logical errors due to aterations in its control flow or from significant
changes in the assumptions or environment of the program. Thus, the code that is redun-
dant can be eliminated without causing any ill effects to the system. Linux is a kind of
GPOS that is designed to support a variety of popular functions, nevertheless, an em-
bedded system is designed for specific purposes and for individual use only. According
to this principle, when we use a GPOS (such as Linux) as an embedded system, there will
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probably be some redundant code. This redundant code will either be never executed
(unreachable code) or contribute nothing (dead code) to the targeted embedded system.

Therefore, for an embedded system, it is beneficial to eliminate redundant code [5,
6]. A typical approach to eliminating redundant code from the Linux kernel and adapt it
to an embedded system is through manual processing of an existing Linux kernel, say,
uClinux [7]. The developer scans the kernel source code first, and then, identifies and
manually eliminates the redundant code line by line. The developer can control the code
size and functionality of the Linux kernel. This is probably the most useful approach to
getting the smallest possible Linux kernel for a specific embedded system. However, it is
not so easy for a general user, and will take lots of time to do the job. Furthermore, it
should be redone again when a new version of Linux kernel is released, or when the ap-
plications or the embedded platform is changed. Developer should carefully decide
which part of kernel code has to be eliminated every time the kernel customization is
performed. Another drawback of this approach is that it is challenging to debug when
system crashes.

In this article, we propose a call graph [8-10, 15, 16] approach to customizing Linux
as an application-specific OS. A cal graph is commonly employed to represent the in-
terrelationships among the procedures in a program. Using a call graph, the reusable
components from a software system can be extracted [11-13]. Hence, a call graph is usu-
aly used for purposes of software reengineering or software maintenance. Our approach
is to use a cal graph to represent the three parts of a Linux system, namely, software
applications, system libraries, and Linux kernel. Of course, it is advantageous for a Linux
engineer to first employ atraditional Linux tool, “make config”, to remove functions that
are most likely unused. Then, by tracing the calling relations based on the various
requirements, the unused code can be discovered more precisely for an embedded system,
including hardware and software configuration. Afterwards, we could remove these
codes from Linux. Finally, a smaller and an application-specific Linux system is ob-
taineth this study, we adopt a popular audio tool, ACDC [14], a CD player application on
Linux, as our target system for demonstration, assuming that a user needs to manipulate a
Linux CD player box. Since it is a handless system, a system without a display and key-
board, its user interface should be removed in the first step. Then according to ACDC
software and target device, the unused code, such as the unnecessary hardware drivers, is
removed. Based on this experiment, we will list the related statistics to verify the feasi-
bility and correctness of our approach. Finally, a complete and smaller customized Linux
isthus obtained.

The rest of this paper is organized as follows. Section 2 describes how to use the
call graph approach to identify and eliminate unreachable code from the Linux kernel
without ill effects and modify Linux kernel for application-specific system. An experi-
mental case for the proposed approach is then reported in section 3. Finaly, a brief con-
clusionisgiven in section 4.

2. A GRAPH-BASED APPROACH FOR CUSTOMIZING LINUX KERNEL

The kernel of Unix-like systems are monolithic operating systems. Linux consists of
anumber of procedures which cooperatively perform jobs by calling each other. In short,
the Linux kernel is a non-fixed structure. The monolithic property of this kind, huge and
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modifiable, is different from a typical program that has a fixed hierarchy. Hence, it be-
comes more complicated for a designer to predict the Linux kernel in advance. The first
challenge of customizing a Linux kernel isto precisely understand its structure.

The call graph is a solution to cope with this challenge because it provides efficient
capability to depict a program’s calling structure. The notion of a call graph is to extract
the calling relations of the invoked procedures. Recently, the call graph has been suc-
cessfully applied in software reengineering and software maintenance. Our study adopts
the call graph technique to abstract a Linux kernel into akernel’s calling structure and to
remove the unnecessary kernel codes for a specific application. The resulting kernel will
thus be an application-specific Linux kernel.

However, there might be several issues related with customizing the Linux kernel:

e Most modern operating systems are constructed using a layer structure (see Fig. 1) and
Linux is an example. Therefore, the Linux kernel serves as a medium layer. The Linux
kernel, together with other layers such as applications, library and device drivers could
also bereusable.

e The Kernel is a modularized and very large component. Abstracting the kernel in lines
of code is not efficient. Procedures seem to be a suitable granularity and abstraction
level.

e There is no rooted procedure (a rooted procedure is similar to the main(), which is a
root of a C program) for the Linux kernel. Hence, the calling relations among the ker-
nel’ s procedures are intricate.

Applications that Assembly

use the C Library | | applications that
call the kernel

directly

\ Library

| Linux kernel |

| hardware |
Fig. 1. Linux’s layer-based architecture.

Our approach is to use the call graph scheme to represent the three parts of a Linux
system, namely, software applications, system libraries, and Linux kernel. Our proposed
approach has seven steps included in constructing a Linux application’s call graph and a
library’s call graph:

Step 1: Construct an application’s call graph from the application source code.

Step 2: Construct aLibrary’s call graph from the library’ s source code.

Step 3: Construct akernel’s call graph from the source code.

Step 4: Identify the needed hardware devices for an embedded system.

Step 5: Combine the application’s call graph, library’s call graph, and kernel’s call graph
for the system calls that an application actually needs.
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Step 6: Identify which exception handlers the kernel needs.
Step 7: Remove the unused (uncalled) procedures and test the new kernel.

The advantage of this approach isin reusing each layer’s asset, and in easily coping
with the above issues when customizing the Linux kernel for a specific application. In
the remainder of this section, details of each step areillustrated.

Sep 1: Construct an application’s call graph from the application source code.

The first step of our approach is to construct an application’s call graph since the
source code is available. Most Linux applications are implemented in C or C++. Based
on the concept of the call graph, the call structure of this application can be easily con-
structed.

Definition A call graph is a directed graph. A call graph of a program is formally de-
fined as agraph CG = (P, E, s), where P U sis the set of nodes (the nodes represent the
procedures of this program), and the set E is defined by the call relations on (su P) x P,
i.e., adirected edge(ps, p2) € E exist iff p; calls p, one or more times. p; is said to be the
predecessor of p,, and p, is said to be the successor of p;. Path(px, py) denotes that there
exists a path connecting px to py. Sis the initial node of CG. This node is a call graph
entry, and if p; € P, then thereis at least one path(s, py), i.€., there are no uncalled proce-
duresin P. If there exists a Path(p, p.) between p; and p,, then p, € SUCC(p,).

A call graph represents a program’s static structure. Take a C program for example.
It can be found that the path is composed of a number of invoked procedures with main ()
as the starting node of this path (Fig. 2 (a)). SUCC(main) should contain the necessary
procedures. Hence, if there exists a procedure P ¢ SUCC(main), P is the unused proce-
dure of this program. Consequently, P could be removed from this program. This is an
interesting question: why does there exist an unnecessary procedure? This situation usu-
aly appears due to a programming mistake, especialy in a huge program like Linux.
Although procedure P has not caused any fault within Linux, we can't be sure that it is
safe when porting it to an embedded system. In the case of Fig. 2 (b), two procedures, &)
and f(), have to be removed.

Sep 2: Construct aLibrary’s call graph from the library’s source code.

Typically, aLinux C program requests an OS's services through library calls (Fig. 3
(@) In Linux, libraries such as 1/O functions, mathematics functions, and string func-
tions, etc., usually occupy a good deal of space. Most embedded Linux companies prefer
to develop a new library from scratch. However, from the viewpoint of software reuse,
the time spent developing a library could be reduced if library calls are reused in an effi-
cient way.

Therefore, the second step of this approach is to construct a call graph for libraries.
This graph also represents a library’s calling structure, but it will have no root. In other
words, it provides a number of entries for an application written in C (Fig. 3 (b)). The
purpose of analyzing a library’s calling structure is to find which library calls might be
reusable. Of course, we may be able to predict the unnecessary ones from this call graph.
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main()

{ a0; b0O; ¢c0;}
a0

{..}

b0

—_ —
QOQ
= =
— —_

(a) Application source code. (b) Application call graph.
Fig. 2. Generating a call graph from the application source code.

Library call Kernel function
Library call —_ Kernel Kernel function
Applicaiton / despatcher
programm Library call / funct1on Kernel function
system_call(
Library call Kernel function

Fig. 3 (a). Call asystem service by library call.

call from applcation

Ty

invoke system call

Fig. 3 (b). Simplified library call graph.

Sep 3: Construct akernel’s call graph from the source code.

The next layer below the library is the kernel, the central part of Linux. It controls
and coordinates processes’ activities. Because the kernel is an important and big building
block, most embedded Linux distributions prefer to reserve the kernel instead of chang-
ing it to keep kernel’s correct execution. Therefore, there might be much unnecessary
code residing in the kernel.
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The third step of this approach is to analyze the kernel’s calling structure. Similar to
step 2, the kernel’s calling structure has several entries for its underlying layer. Fig. 4
depicts the relation among applications, library, and kernel. Most modern operating sys-
tems are interrupt-driven systems. Asynchronous requests ask for the system services
through interrupts or exceptions. Whenever an interrupt or exception occurs, the kernel
will initiate the corresponding handlers to service it. Therefore, to abstract the Linux
kernel, we first must understand when the kernel will be activated and executed. A list of
occasionsis asfollows:

e Booting the Linux system

e Invocation of system calls from an application

e Occurrence of an exception. Whenever this situation occurs, a user process will be sus-
pended until kernel handles the exception.

e Occurrence of an interrupt. Any time a hardware device generates an interrupt signal,
the kernel will be activated to handle it.

1
. !
Application System

«

Application

<+—— Interrupt

Application

—Exception—»

Application

Fig. 4. Interleaving of kernel control path.

Kernel

y

Interrupt

The second and the third conditions are application related, and the fourth condition
is hardware dependent. We can identify unnecessary kernel procedures by observing the
kernel’s call graph together with the above-mentioned conditions. We can then combine
an application’s call graph, the library’s call graph, and the kernel’s call graph. To gener-
ate a SUCC(main). Any procedures not included in this set may be removed.

Sep 4: Identify the needed hardware devices for an embedded system.

Linux supports many hardware devices, such as disk, keyboard, and mouse. How-
ever, an embedded system is a simplified platform, and devices like a keyboard or a
mouse may not be needed in an embedded system, like a PDA. Therefore, when porting
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Linux into an embedded system, a designer will encounter issues such as too many un-
used device drivers and associated program code in Linux. Fortunately, many modern
peripherals are plug-and-play devices. Linux allows an experienced engineer to decide
which drivers should or should not be loaded. However, much peripheral manipulation
data and code till reside in the kernel. These components might unavoidably occupy
some of the embedded system’s resources. Therefore, the fourth step is to find and re-
move such unused components.

In step 4, we focus on two situations concerning the interactions between kernel and
hardware:

e Device initialization: Usually, Linux will test and then initialize al of the possible de-
vices since the device configuration may change between system bootings. However,
device configuration is usualy fix and thus only the initialization procedure for prede-
fined devices is required in an embedded system. For example, a network camera
doesn’t contain a screen monitor, mouse or keyboard. Therefore, the unnecessary ini-
tialization code for unavailable devices should be removed.

e Drivers for unavailable devices: Another similar consideration is to remove the drivers
for unavailable devices. Many embedded systems engineers prefer to remove all drivers
and develop in-house ones.

Fortunately, Linux provides functionality, “make config”, to add/remove hardware
validation code. The complexity of this situation, however, depends on engineer’s ex-
perience. For the second condition, Linux kernel provides diverse interfaces located in
the top layer for an application to access devices including Iseek, read, write, readdir,
select, ioctl, mmap, open, release, fsync, fasync, check_media_change and revalidate. We
want to find the unnecessary interfaces and remove them from kernel.

Sep 5: Combine application’s call graph, library’s call graph, and kernel’s call graph for
the system calls that an application actually needs.

From step 5 to step 7, we want to find a set of SUCC(main) which describes a num-
ber of procedures that are capable of being reused for a specific application. As discussed
above, alibrary’s call graph lacks a root. Therefore, we incorporate the application’s call
graph into the library’s call graph. Main() is the root of the application’s call graph, rep-
resenting the unique entry of this combined call graph. Moreover, according to the
SUCC(main), the unused library’s calls are removed. Consequently, a customized library
is obtained.

As we discussed above, a library call is actualy a channel to connect applications
and the Linux kernel. By combining the kernel’s call graph and the library’s call graph,
we might find which system calls interact with the library’s calls. Hence, the invoked
system calls are added to the SUCC(main). Consequently, the unnecessary system calls
can beremoval.

Sep 6: Identify which exception handlers the kernel needs.
In step 6, we remove the unused code that handles exceptions. As we know, some
exception handlers are actually not needed. There are about 18 handlers within Linux
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1.2.3 including divide error, debug, nmi, int3, overflow, bounds, invalid op, de-
vice not_available, double fault, coprocessor_segment_overrun, invalid TSS seg-
ment_not_present, stack segment, general protection, page fault, coprocessor_error,
and alignment_check. These exceptions are also the entries provided by the kernel.

Sep 7: Remove the unused procedures and test the new kernel.

After identifying the unnecessary procedures, we remove them from the kernel in
step 7. However, we must validate this newly generated kernel. If the new kernel has
faults, we have to verify its call graph and generate the correct graph.

3. A CASE STUDY: AN ACDC CD PLAYER

In this section, we apply the call graph approach to a case study called ACDC
player, which ACDC is a media application running on Linux. In order to demonstrate
our proposed approach, we adapt ACDC to an embedded application.

In section 3.1, we describe how to construct the call graph for ACDC. In section 3.2,
some experimental measurements are shown to demonstrate the feasibility of our ap-
proach.

3.1 Customization of ACDC CD Player
Our approach can be summarized in three phases:

e Construct call graphs for application, library and kernel.
e Find the unused code, procedures, and drivers.
e Remove these and test the new kernel.

To reuse and customize ACDC, it is necessary to first construct the related call
graphs. Then we combine the three call graphs and go on to obtain SUCC(main). In this
case, our experimental environment is as follows:

e Linux distribution: Slackware 3.0

e Linux Kernel version: 1.2.3

e C Library version: libc 4.6.27

e Target application: text mode ACDC CD player

Linux kernel version 1.2.3 has been adopted for academic research due to its sim-
plicity. Although version 1.2.3 doesn’t support overly complex functionalities that are
seldom used in embedded systems, it is indeed easier to analyze this kernel’s structure.
ACDC is atext mode application running on this kernel. A GUI for a CD player is not
necessary. On the contrary, a text mode ACDC is adequate and can simplify our demon-
stration.
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First, we construct ACDC's call graph to find the necessary procedures. Fig. 5 de-
picts the ssimplified call graph of ACDC. Fig. 5 shows a customized result, because many
unused procedures have been eliminated. Since ACDC player can be a handless system, a
display and keyboard are not necessary. We can thus eliminate its user interface.

Several procedures listed in Fig. 5 are actualy provided by libc. These procedures
can be regarded as the entries that a Linux application requests from the next layer’s ser-
vices. The next step, therefore, is to construct libc’s call graph. By examining this call
graph, unused library calls can be found and removed. The gray box in Fig. 6 depicts the
corresponding libc’s call graph.

Application

autocat

cd_status .

exit \ \ close

\ read_toc H
Y
malloc

free \ \ open \ \ play_cd \ \ stop_cd }4—{ checkit

Fig. 5. ACDC's call graph.

ACDC

autocat

‘ read_toc }—>{

free i ‘ ‘ play_cd ‘ ‘ stop_cd ‘4—{ checkit ‘
I I

I
|
|
I
I
|
T
v

‘ malloc ‘ ‘ free ‘ ‘ exit ‘ ‘ close ‘ ‘ open ‘ ‘ ioctl ‘ libe

Fig. 6. The combination of ACDC's call graph and libc’s call graph.

Six libc’s calls, malloc, free, exit, close, open, and ioctl, are channels between
ACDC and libc. This means that these six libc’s calls should be included in SUCC(main).
Therefore, we can simply remove the rest of thelibc calls.

The next step is to combine Fig. 6 with the kernel’s call graph as shown in Fig. 7.
Fig. 7 shows that the kernel provides five system calls, mmap, exit, close, open, and ioctl.
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System Call l l
| | = | L]

Fig. 7. The combined call graph.

Each of these will call its successors with respect to its own sequence. Finally, through
the cooperation among the system calls, the kernel can successfully serve its requests
from the upper layer. The system calls that are not included in SUCC(main) will thus be
removed.

3.2 Evaluation Results

The Linux kernel can be decomposed into several parts, each of which is stored in
individual directory. There are ten major source subsystems in the Linux kernel source
tree:

e The arch directory contains the kernel source code that is specific to particular hard-
ware architecture. head.o contains hardware dependent Linux kernel booting code.
kernel.o contains architecture dependent code in the Linux kernel. mm.o contains the
architecture dependent memory management code;

e The init directory contains the architecture independent Linux kernel boot and initiali-
zation code.

e The kernel directory contains the main architecture independent functionalities pro-
vided by the Linux kernel.

e The mm directory contains the architecture independent Linux kernel memory man-
agement code.

e The fs directory contains various kinds of file systems supported by the Linux kernel.
fs.o contains virtual file system code. filesystem.a contains specific file system codes.

e The net directory contains the networking routines, such as sockets, IPX and TCP/IP
protocols.
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¢ Theipc directory contains the inter-process communications code.

e Thedriversdirectory contains block, char, net, scsi and sound device driver code.
e Thelib directory contains the library code.

e The include directory contains most of the Linux kernel’sinclude files.

Table 1 column (A) lists the program size (in bytes) for each Linux kernel object
file and library file after issuing a“ make config” command. Column (B) lists the program
size (in bytes) of each Linux kernel object file and library files after the proposed elimi-
nation approach. Column (C) lists the reduction size in the column (B) in percentage.
Because the code for most of the system calls are stored in the kernel directory, by using
our proposed customization approach, about 45 percent of the code in kernel.o will be
eliminated.

Table 1. Measurements of case 1.

. Linux kernel code I__inux kerngl code
Structureof Linux . . size after using call Reduced
kernel’s codes size aft.er” make graph elimination Percentage (C)
config” (A)
approach (B)

arch/i386/kernel/head.o 60,617 60,617 0%
arch/i386/kernel/kernel.o 41,227 34,601 16.1 %
arch/i386/mm/mm.o 3,593 2,882 19.8 %
init/main.o 7,732 6,134 20.7 %
init/version.o 639 639 0%
Kernel/kernel.o 61,469 34,021 44,7 %
mm/mm.o 34,351 29,342 14.6 %
fsfs.o 79,403 62,561 21.2%
net/net.o 15,075 1,635 89.2 %
ipclipc.o 226 226 0%
fo/filesystem.a 73,312 61,246 16.5 %
drivers/block.a 50,120 50,120 0%
drivers/char.a 136,648 125,910 79%
drivers/net.a 6,516 4,160 36.2%
lib/lib.a 7,084 5,828 17.7 %
net/network.a 6,642 360 94.8 %
Compressed kernel size 183,300 150,532 17.9%
Uncompressed kernel size 466,671 387,331 17.0%

Column (D) repeats the same data as Table 1 column (A). Table 2 column (E)
shows the result after using the call graph elimination approach and manually processing
to eliminate the code for printk(), panic() and char.a. We can treat these functions as
dead functions (i.e., dead code). The result shows that the Linux kernel size can be re-
duced by 43.1 percent.
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Table 2. Measurements of case 2.

. Linux kernel code I._inux kerngl code
Structure of Linux . B size after using call Reduced
kernel’s codes Size aft.er” make graph elimination Per centage (F)
config” (D)
approach (E)

arch/i386/kernel/head.o 60,617 60,573 0%
arch/i386/kernel/kernel.o 41,227 32,219 21.8%
arch/i386/mm/mm.o 3,593 2,000 443 %
init/main.o 7,732 5,104 34.0%
init/version.o 639 639 0%
kernel/kernel.o 61,469 32,091 47.8 %
mm/mm.o 34,351 23,031 33.0%
fo/fs.o 79,403 57,530 27.5%
net/net.o 15,075 1,535 89.8 %
ipc/ipc.o 226 226 0%
fo/filesystem.a 73,312 55,122 24.8%
drivers/block.a 50,120 41,076 18.0%
drivers/char.a 136,648 0 100.0 %
drivergnet.a 6,516 4,160 36.1 %
lib/lib.a 7,084 5,828 17.7%
net/network.a 6,642 360 94.6 %
compressed kernel size 183,300 97,284 46.9 %
uncompressed kernel size 466,671 274,660 41.1%

4. CONCLUSIONS AND FUTURE WORK

In this paper, acall graph representation is adopted to depict the Linux kernel’s call-
ing structure. The call graph is an adaptive structure capable of being modified to meet
different application-specific domains. This property is beneficial for embedded operat-
ing system design. Our approach, unlike typical methodologies that customize a Linux
kernel, is to employ call graphs to represent the structure of the kernel in achieving the
goals of efficacy, flexibility and low cost.

An experiment using an ACDC player is demonstrated. The results show that our
approach can remove about 17 % of a kernel’ s footprint with respect to unreachable code
and causes no side effects. In addition, 41.1% of the kernel’s footprint can be removed,
both unreachable code and dead code, without causing any errors. Although the proposed
procedure call level approach could significantly reduce the size of Linux kernel source
code, we can not claim that the customized kernel is minimal. An instruction-level mini-
mization scheme might be needed to get greater reduction. The paper aimed to first pro-
vide our experience of a systematic kernel customization using call graphs. Severa fu-
ture works based on this research could be focused, for example, on theoretically proving
the correctness of the customized kernel with the proposed scheme; proposing a instruc-
tion-level scheme for further reducing the kernel size; customizing the kernel with con-
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siderations of advanced system features like multiprocessing support; developing a visu-
alized development toolkit to remove redundant code from the Linux kernel in a more
accurate and efficient way; and so on.
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