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Abstract Traditiona operating systems control the execution of programs regardless of how often they
arerun. Thisraisesthe question: can't the often run or the often used programs provide better performance
if an operating system had an ability to optimize their execution behavior based on a knowledge the
operating system had obtained from their previous execution(s)? In this paper, weintegrate this ability into
a part of an operating system called a process scheduler and examine its cost and benefit. Our initia
eval uations show that the cost involved in our scheduler is small and the processing time can be reduced by
using this scheduler.

1. Introduction

Traditional operating systems control the execution of programs regardless of how often they arerun. In
other words, with traditional operating systems, the often used programs are treated in the same way as
those that are rarely run or those that are run for the first time. However, among the programs that are in
execution, it is desirable for usersto have their often used programs to be executed at the highest speed.

Therefore, in this paper, we ask whether the often used programs might provide better performanceif an
operating system had an ability to optimize or to alter their execution behavior based on an advanced
knowledge — a knowledge the operating system obtained from the previous execution(s) of the programs.
So, we decided to integrate this ability into a part of an operating system called a process scheduler, and we
design a scheduler that alters the execution behavior of a program by changing the timing of process
switching. More specifically, our scheduler delays process switching in order to allow a process running on
behalf of an often used program to continue its execution even though its time-slice has aready expired,
when it is predicted from an advanced knowledge that that process needs a little bit more CPU time before
it voluntarily relingquishes the CPU. By doing this, we can achieve enhanced performance.

As aconcrete example, by delaying process switching of an objective processthat uses up itstime-slice
just beforeitinitiatesan 1/O operation, its processing time and process switching cost can bereduced. Since
it does not need to wait until its next time-dlice to initiate an I/O operation and relinquish the CPU



immediately after that for the 1/0 completion. Asmentioned, the decision about whether or not to delay the
process switching is determined based on an advanced knowledge, which we will call PFS (Program Flow
Sequence). The PFS of each program is created based on the execution behavior of its corresponding
process at the end of the first execution, and it is used whenever the program is executed fromthenon. Itis
also adjusted based on the feedback obtained from each execution.

We implement our scheduler in BSD/OS 2.1 and evaluate its effectiveness experimentally. Our initial
experimental results show that the cost involved in our scheduler is small and the processing time can be
reduced by using our scheduler.

Therest of this paper isorganized asfollows. Section 2 discussesrelated work. Section 3 and Section 4
describe the design and implementation of our scheduler respectively. Section 5 describes our experiments
and explains the results we obtained. Section 6 offers our conclusions and future work.

2. Related Wor k

The work described in this paper relates mainly to the area of CPU scheduling in operating systems.

Traditional process schedulers in operating systems control the sharing of the CPU resources among
processes using a fixed scheduling policy based on the utilization of a computer system such asareal-time
or atime-sharing system. Real-time system schedulers are usually only available in real-time operating
systems, and not in general-purpose operating systems in which time-sharing system schedulers are used.
In other words, real-time and time-sharing system schedulers have existed in two separate worlds.
However, the advent of multimedia applications on PCs and workstations has called for new scheduling
paradigms to support red-time in systems with conventional time-sharing schedulers. One simple
approach to do this, which has been adopted by many general-purpose operating systems such as Solaris,
Linux and Windows NT, isto provide fixed priorities to real -time applications[1][2]. Another approachis
to schedule based on proportion and/or period [3][4][5][6]. Another approach is based on hierarchical
scheduling with several scheduling classes and with each application being assigned to one of these classes
for the entire duration of its execution [7][8][9].

However, none of the above approaches istrying to schedul e based on content or behavior of a process,
which iswhat our approach does. As aconseguence, in some cases, this can hinder an effective use of the
CPU resource or can extend the processing time of a process unnecessarily.

For example, in atime-sharing system, if the processis still running at the end of itstime-dlice, the CPU
is preempted and given to the next waiting process no matter how much more CPU time the process needs.
Thus, a process that needs just a little bit more CPU time will also need to wait until its next time-slice.
Because of this, the processing time and the process switching cost increase unnecessarily. For example,



when a process uses up its time-dlice just before it initiates an 1/0O operation, it will voluntarily relinquish
the CPU (i.e., the process blocks itself pending the completion of the I/O operation) immediately after the
beginning of its next time-dlice. If we had predicted the behavior of the process and delayed process
switching according to the predicted behavior allowing the process to continue its execution until it initiated
an 1/0 operation, then the extra costs mentioned above would have been avoided.

In a parallel computer system, scheduling a paralel program onto CPUs is basically done based on
behavior of processes by taking a directed acyclic graph representing the execution behavior of the parallée
program (e.g., dependencies of code segments) asinput, and scheduleit onto CPUs of atarget machineina
manner which reducesthe completion time [10][11][12]. However, scheduling is performed without regard
to the previous execution behavior of the parallel program as our approach does.

In addition to process scheduling, one function in Windows 98, which users can get “faster program start
up” as a performance enhancement [13], uses an idea similar to ours. That is, the function improves the
performance of a user's programs based on the previous usage of the programs. To be more specific, the
function creates a log file to determine which programs a user runs most frequently. All such frequently
used files are then placed in asingle location on the user's hard disk, which further reduces the time needed
to start those programs[14]. However, the function does not alter the execution behavior of programs based
on the previous usage, which is what our idea does. Therefore, by using the function in Windows 98, the
operating system can control a user's programs more efficiently until a user's programs start up (i.e., the
operating system can locate and load auser's programsfaster), but it cannot execute or run auser's programs
more efficiently.

3. Design

Our idea-based scheduler can be divided in two parts. the logger and the process controller. When a
program is executed, if its PFS does not exist then the logger will record the execution behavior of the
corresponding process and use it to create PFS of the program at the end of the execution. If its PFS exists
then the process controller will alter the execution behavior of the corresponding process based on PFS,
whichin this paper meansthat it will make a decision about whether or not the process switching should be
delayed based on the PFS, when the corresponding process is running at the end of its time-slice. The
process controller aso adjusts PFS to changesin execution behavior of aprogram. Notethat, in this paper,
we discuss only the programs that consist of a single process in which the mutua relation between
processes in the same program is not a concern.

Figure 1 is a simple example used to identify how our scheduler works and how it improves the
performance. Inthisfigure, process A and process B need respectively 3.4 seconds and 2.1 seconds of CPU



time to complete their jobs. Both processes have the same priority and atime-dlice of 1 second. Figures
1(a) and (b) show the processing times of process A and process B when using a conventional timesharing
scheduler and when using our scheduler respectively. In Figure 1(a), the processing times of process A and
process B are 5.5 seconds and 4.1 seconds respectively, while in Figure 1(b), based on the advanced
knowledge, PFS, that process B needs only 0.1 seconds more CPU time to complete its job, the scheduler
delays process switching by 0.1 secondsto allow process B to completeitsjob. Delaying process switching
causes the processing time of process B to be reduced to 3.1 secondswhilethat of process A istill the same
asin Figure 1(a). Moreover, the number of process switches of the process B decreases from 6 to 4.
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Figure 1: A scheduling example.

The following sections discuss the parts of our scheduler in more detail.

3.1 The Logger

When a program is executed, if its PFS does not exist then a log about the corresponding process is
collected recording the information necessary to create PFS. A log (shown in Figure 2(a)) is a sequence of
entries describing time, process identifier and process state. Thisinformation isrecorded at dispatch time,
i.e., when deciding which process to run next. Note that there are many process states, but we will focus
only on run, ready, and wait states. A processissaid to berunning inthe run stateiif it is currently using the
CPU. A processissaidto be ready in the ready stateif it could use the CPU if it were available. A process
issaid to be blocked inthe wait stateif it is waiting for some event to happen (e.g., an 1/0 completion event)

before it can proceed.



Next, using the log mentioned above creates PFS. A PFS (shown in Figure 2(b)) is composed of the
program name and a sequence of its process information, i.e., asequence of entries describing process state
and time spent. We will refer to each time spent in the run state asa CPU time of PFS(T,).

(@ alog (b) aPFS

program name

R — | alog entry

' aPFSentry

| time | processidentifier | process state |
[ process state | time spent |

Figure2: Theimage of alog and a PFS.

3.2 TheProcess Controller

When aprocessisrunning at the end of itstime-dlice, if the PFS of the program it runs on behalf of exists,
then the decision about whether process switching should be delayed or not is determined based on PFS as
follows.

e T, - (CC - Cs) < T, thenthe processis allowed to continue using the CPU, (1)
e T, - (CC - Cs) >T,,, then the next waiting process is dispatched, 2

where C,_ isthecurrent time, C, isthetimethat aprocess starts using the CPU for each allocated portion of
CPU, T, isthe expected CPU time a process would use from C until it voluntarily relinquishes the CPU
(each T, is determined based on each CPU time of PFS (T,)) and T, is the maximum time to delay
process switching, called maximum dispatch delay time.

According to this, when a process is running at the end of its time-dlice, if the expected CPU time the
process would use from now until it voluntarily relinguishes the CPU is smaller than the maximum dispatch
delay time T, , then we allow the process to continue using the CPU instead of dispatching the next waiting
process. We note that setting the T, arbitrarily will cause the management of process switching to become
complex, so we enforce therulethat T,, must be amultiple of timeslot where timeslot is the minimum unit
of time that process switching can be delayed.

Since the execution behavior of a program may change dueto, for example, the load in the system, PFS
needs to be able to adjust to changes. However, adjusting PFS to the latest change is dangerous when the
corresponding process runs abnormally. Therefore, the process controller adjusts each CPU time of PFS
(To) slightly by multiplying the difference between the CPU time that a corresponding process actually



spends before it voluntarily relinquishes the CPU and T, with a constant (called an increase or a decrease

scaling factor) as shown in the following.

« If T, =(C, - C,), then the adjustment is not needed. ©

« If T, <(C,-C,), then T, should beincreased by using the following rule:
T, =T, +{(C. -C.)- T} x(x/100), (4
where X isan increase scaling factor (%).

« If T, >(C_-C,), then T, should be reduced by using the following rule:
Te =T, _{TP B (Cc B Cs} X (y/ 100)1 ®)
where Y is adecrease scaling factor (%).

According to this, throughout the execution, whenever a process voluntarily relinquishes the CPU (e.g.,
when the process blocksitself pending the completion of the I/O operationin the wait state), if T, issmaller
or greater than the CPU time that the process actually spends before it voluntarily relinguishes the CPU,
thenit isincreased or decreased slightly by using an increase or a decrease scaling factor.

4. Implementation

This section describes the implementation of the logger and the process controller in detail.

4.1 The Logger

The main work of thelogger isto create alog and aPFS. A log (shownin Figure 3) isimplemented asan
array of structures containing information about time (clock), process identifier (pid) and process state
(p_state). A PFS (shown in Figure 3) isimplemented asan array of structures containing information about
process state (p_state) and time spent (T,). In order to identify the PFS of each program, the program
nameisattached to thetop of the array. Figure 3 showshow to usethelog to createaPFSand it isdescribed
in detail below.
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Figure 3: The diagram of how to usethelog to create a PFS.

How to create a log: when a program is executed, if its PFS does not exist then the information
necessary to create the PFS is recorded in the log at every dispatch until the corresponding process
terminates. That is,

* when the corresponding process is the current running process, the information about time,
processidentifier and process state from now (i.e., ready or wait state) is entered into thelog viaa
pointer giving the current position. Then, the pointer isincremented to the next log entry and the
next waiting processis dispatched.

*  when the corresponding process is the next waiting process, the information about time, process
identifier and process state from now (i.e., run state) is entered in the log via a pointer giving the
current position. Then, this pointer is incremented to the next log entry and the corresponding
processis dispatched.

Note that the addresses of thelog entry when the process starts execution and when it finishes execution are
respectively referred to as the start and the end positions. And the data between these two positions are
used for creating the PFS of the program.

How to create a PFS: at the end of the execution, space for the PFS of the program is allocated and the
datafor each PFS entry isthen created from the log between the start and the end positions. When thereis
more than one process in the system, it is necessary to determine which process(es) correspond to which
program. By using thisinformation, the datafor the process(es) which correspond to the program nameis
taken fromthelog. Notethat for our scheduler only the time spent in run state and in wait state have useful
information, since the time spent in ready state depends on the number of the processes waiting for the CPU
to become available in the ready queue and has no bearing on future execution behavior. Therefore, we
consider the series of log entries in which their p_state element recording the consecutive switching



between run state and ready state, as one PFS entry whose p_state element isrun stateand T, element isthe

summation of the times spent in run state in that series, and it is calculated using the following equation
where C; isaclocki element in thelog entriesin that series.

T, ={C,(ready) —C,(run} +---{ C, (ready) -C, (ru { C,.,(wait) —C,..(ruh)

4.2 The Process Controller

The main work of the process controller isto make a scheduling decision based on PFS and to adjust an
exigting PFS to changes. This can be implemented by dividing into four phases. 1) when a process is
created, 2) when a process uses up its time-dlice, 3) when a process blocks itself, and 4) when a process
terminates. The following is describing each phasein more detail. The diagram of how to schedule based
on PFS and the processing flowchart are shown in Figures 4 and 5 respectively.

scheduling table PFS
pid 1 current information table program name
oid 2 // start time (Cs) :
expected time (Te) - p_state | time spent (Tp)
= — z

Figure 4: The diagram of how to schedule a process based on PFS.

1) When a processiscreated,
if the PFS of the program it run exists, then

(a) its process identifier is stored in atable called scheduling table and space for a table called
current information table is allocated. A scheduling table (shown in Figure 4) is an array of
structures containing process identifier (pid) of the process that will be scheduled based on
PFS and a pointer to its current information table. A current information table (shown in
Figure 4) is a structure containing the time a process starts using the CPU for each allocated
portion of CPU ( C,), the expected CPU time a process would use from C, until it voluntarily
relinquishes the CPU (T, ) and a pointer to the PFS entry (pfs_ptr).

(b) Next, each element of the current information table isinitialized as below.

hd CS<—O,



» pfs ptr — theaddress of the first PFS entry whose p_state isrun state,
« T, « T, whichisaccessed viapfs_ptr.
2) When a process uses up itstime-dice,
(a) the elements of the current information table, T, and C,, are updated as below.
+ T.-T.-(C-c)
e C, ~CifT, =T, o0r
C, «0ifT,>T,,
where T, isthe maximum dispatch delay time.
(b) Next, the processis scheduled according to (1) and (2). Thatis,
« if T, =T, then the process is allowed to continue using the CPU.
« if T, > T, then the next waiting process is dispatched.
Note that the next waiting process is also dispatched if T, <O.
3) When a process blocks itsalf,
(a) the element of PFSentry, T, is adjusted according to (3) through (5). That is,
« ifT.-(C,-C.)=0,then T, — T, (noadjustment).
- ifT,-(C,-C.)<0,then T, « T, -{T. -(C. -C.} x(x/100)
- ifT,-(C.,-C,)>0,then T, — T, -{T. -(C. -C.} x(y/100)
(b) Each element of the current information table is updated as below.
« C, -0,
» pfs ptr — theaddress of the next PFS entry whose p_state isrun state,
« T, « T, whichisaccessed viapfs_ptr.
4) When a processter minates,
(a) the element of PFSentry, T, is adjusted according to (3) through (5). That is,
. ifT,—-(C,-C,)=0,then T, « T, (noadjustment).
- ifT,-(C,-C.)<0,then T, T, —-{T, - (C. -C.} x(x/100)



. ifT,-(C,-C,)>0,then T, « T, -{T. - (C, -C.} x(y/100)

(b) The current information table is free and its associated scheduling table entry is removed.

Note that when a process changes from ready state to run state, if C, =0 then C, ~ C,.

aprocessis created
|

(a) processidentifer is stored in scheduling table
(b) the current information table is alocated and initialized

«Cs<«— 20
« pfS_ptr «— the address of the first PFSentry
+Te<—Tp
ready state /\
\ ((a) the current information tableis updated\
+Te <—Te— (Cc-Cs)
he current information table is updated +Cs<—Cc if Tes Tm, or
«if Cs= 0, then Cs<«— Cc Cs<—0 if Te> Tm

(b) the process is scheduled as below
«if TeS Tm, then
it isallowed to continue using the CPU
«if Te> Tm, then
\ the next waiting process is dispatched )

\

wait state

a) the element of PFS entry, Tp, is updated according to

+Te— (Cc-Cs) timeslice
(b) the current information table is updated
«Cse+— 0
« pfS_ptr «— the address of the next PFSentry
‘e Tp run state
(a) the element of PFS entry, Tp, is updated according to

+Te- (Cc-Cs)
(b) the current information table is free, and
the scheduling table entry is removed

4

a process terminates

Figure5: The processing flowchart.

5. Experimental Evaluation

In this section, we present several experiments designed to evaluate the effectiveness of our scheduler,

which isimplemented as a modification to the BSD/OS 2.1 kernel.



We performed two set of experiments: 1) experiments with a test program, and 2) experiments with
exigting programs. We chose gzip, merge, and sort as the examples of the existing programs. Gzip isuseful
for backing-up or transferring large files while merge and sort are used a lot in database systems. The
following is describing each program in detail.

* Atest program isaprogram that loops 20 times through work A and work B. Work A increments
an integer variable by one for the amount of time specified by the argument sent to the program.
Work B goesto slegp in the wait statefor afixed time of 1 second. We will refer to the process of
the test program as the test process.

 Gzpisafast and efficient file compression program distributed by the GNU project. The basic
function of gzip isto take a file, compress it, save the compressed version as filename.gz, and
remove the original, uncompressed file. When compressing files, one of the options
—1,-2,---,—9 can be used to specify the speed and quality of the compression used. —1 specifies
the fastest method, which compressesthe filesless compactly, while —9 usesthe slowest but best
compression method. In our experiments, we ran gzip as “gzip -2 filel”; filel contains 200,000
number of integers which are generated by the library function called rand().

* Merge is a useful program for combining all changes or differences into one file. In our
experiments, we ran merge as “merge outputfile file2 file3", resulting all differences that lead
from file2 to file3 into outputfile are incorporated. File2 and file3 contain 100,000 number of
integers which are generated by rand().

» Sortisatextfilesorting program. It sortstext filesby linesand outputs the resultsin the standard
output or in the file specified by option -o0. In our experiments, we ran sort as “sort file2 file3 -0
outputfile”; file2 and file3 has the same contents as mentioned above.

The purpose of the first set of experimentsisto explore the cost involved in our scheduler, and to verify
that our scheduler works as expected, i.e., it delays process switching as expected, and it adjusts an existing
PFSto changes as expected. The purpose of the second set of experimentsisto examine the performance of
the existing programs when their corresponding processes are scheduled using our scheduler. More
specifically, we examined the processing time of each existing program with regard to the length of the
maximum dispatch delay time, and the effect on the processing time of adjusting the existing PFS to
changes when each program is executed a number of times.

All our experiments were run on a 120 MHz Pentium with 32 MB of memory, running our modified
version of BSD/OS 2.1. In addition, the experiments were conducted in single user mode with the
preemption enabled, and timeslot and time-dlice are 1 and 100 milliseconds respectively.



5.1 Test Program

This section presents the experimental results with the test program for the cost involved in our
scheduler and the validation of our scheduler.

5.1.1 Over head

The cost involved in creating and storing PFS on memory and the cost involved in scheduling based on
PFS, when running the test program, are as follows.

*  Wedid not notice a difference between the processing time when a PFS was created for the test
process and when it was not. Therefore, the overhead of logging the information of the test
process and creating PFS is relatively small.

¢ When the maximum dispatch delay time is zero, the processing time when the test process is
scheduled by our scheduler is the same as when it is scheduled by a conventional time-sharing
scheduler. Therefore, the overhead of scheduling based on PFSis small.

According to the above experimental results, the overhead of our scheduler is small.

5.1.2 Delay Process Switching

In order to verify that our scheduler can delay process switching as expected, we measured the
processing time of the test program when the length of the maximum dispatch delay time was varied as 0,
10, 40, and 70. In this experiment, the argument of the test program was given as 75, 125, 150 and 200
milliseconds. In order to enable process switching when a given time-dice expires, the test program
coexisted with a CPU intensive program called loop program, throughout the experiment. Loop programis
aprogram that increments an integer variable by onein aninfinite loop. We will refer to the process of the
loop program as the loop process. Figure 6 showsthe experimental results plotted with the processing time
on y-axis normalized by the processing time when using a conventional time-sharing scheduler. Thisfigure
shows that when the required CPU time is more than the time-sglice (100 milliseconds) and its differenceis
smaller than the maximum dispatch delay time, then the processing time when using our schedul er becomes
shorter. For example, when the required CPU time is 125 milliseconds and the maximum dispatch delay
time is 40 milliseconds, and when the required CPU time is 125 and 150 milliseconds and the maximum
dispatch delay time is 70 milliseconds. According to the results, our scheduler delays process switching as
expected.
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Figure 6: Therelation between the maximum dispatch delay time and the processing time of the test
program when the argument to thetest program isgiven as 75, 125, 150, and 200 milliseconds.

5.1.3 Adjusting An Existing PFS

In order to verify that our scheduler can adapt an existing PFS to changes as expected, we executed the
test program with itsinitial PFS different from its actual execution behavior for 20 times and measured the
processing time for each execution. During the experiment, the test program coexisted with the loop
program, in order to enable process switching when a given time-slice expires. Figure 7 showstherelation
between the number of executions and the processing time, when the maximum dispatch delay time is 20
milliseconds while the increase (x) and the decrease (y) scaling factors are both varied from 10%, 20% and
30%. Figures 7(a) and (b) show the experimental results when we ran the test program with its argument
given as 310 and 110 milliseconds respectively. Theinitial PFS was created when we ran the test program
with its argument given as 210 milliseconds. Also, the processing time in Figure 7 is normalized to the
processing time when theinitial PFS of the test program is the same as the actual execution behavior. Note
that during each execution of the test program, CPU time of the PFSis adjusted when the test process goes
to deep 1 second in the wait state.

During the first execution, when the test process with its argument specifying the amount of time for
work A as 310 milliseconds is running at the end of its second time-dlice, the CPU time it actually needs
before going to sleep 1 second becomes 110 milliseconds, which is more than the maximum dispatch delay
time (20 milliseconds). On the other hand, the expected CPU time based on the initia PFS (10
milliseconds) is less than the maximum dispatch delay time (20 milliseconds). Therefore, theinitial PFSis
adjusted by using (4). That is each CPU time of theinitial PFS isincreased by using the increase scaling
factor. And asthe number of executions becomes bigger, it finally becomes closeto 310 milliseconds. The
experimental results shown in Figure 7(a) are discussed in more detail .
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Figure 8: The execution behavior of atest processfor work A of each loop when (@) theinitial PFSis
the same as the actual execution behavior, (b) the number of timesthe program is executed is small,
and (c) the CPU time of theinitial PFSisadjusted and becomes more than 220 milliseconds.

When the number of timesthe program is executed is small, for example, at the end of the second
time-slice of thefirst execution of thetest process, the expected CPU time based on PFSfor work A of each
loop is 10 milliseconds, which isless than the maximum dispatch delay time (20 milliseconds). Asaresult,
the test process is allowed to continue using the CPU instead of dispatching it to the loop process. After
using up 100 milliseconds more of the CPU time, the expected CPU time based on PFS becomes less than



zero causing the CPU to be dispatched to the loop process (recal the rule (in Section 4.2) that the next
waiting processisdispatchedif T, <0). According to this, the processing time of thetest process when the
initial PFSisthe same as the actua execution behavior and when it is different are the same as shown in
Figures 8(a) and (b). Therefore, the processing time at the first execution in Figure 7(a) is one.

As the number of times the program is executed increases, each CPU time of the initial PFSis
adjusted and becomes more than 220 milliseconds. Therefore, when the test process is running at the
end of its second time-slice, the expected CPU time based on PFS for each loop is more than 20
milliseconds, which is more than the maximum dispatch delay time (20 milliseconds). Asaresult, the CPU
is dispatched to the loop process. Moreover, at the end of itsthird time-dlice, the expected CPU time based
on PFS becomes less than zero causing the CPU to be dispatched to the loop process as shown in Figure
8(c), while the test process with the initial PFS the same as the actua execution behavior is alowed to
continue using the CPU for 10 more millisecondsas shown in Figure 8(a). Accordingto this, the processing
time of thetest processwhen theinitial PFSis different from the actual execution behavior becomes bigger.
Therefore, the processing time in this case is more than one as shown in Figure 7(a). In addition, Figure
7(a) showsthat the bigger theincrease scaling factor is, the faster each CPU time of PFS becomes morethan
220 milliseconds. For example, when the number of executions is two, the processing times with the
increase scaling factors of 20% and 30% are more than one, while the one with the increase scaling factor of
10% is still about one.

Asthe number of timesthe program is executed increases more, each CPU time of theinitial PFS
isadjusted and becomesclose to 310 milliseconds. Therefore, when thetest processis running at the end
of itsthird time-dlice, the expected CPU time based on PFS for each loop isless than 20 milliseconds, which
is also less than the maximum dispatch delay time (20 milliseconds). Asaresult, thetest processisallowed
to continue using the CPU instead of dispatching it to the loop process. According to this, the processing
time of the test process when the initial PFS is the same as the actual execution behavior and when it is
different become the same. Therefore, the processing time in this case becomes one again as shown in
Figure 7(a). Inaddition, Figure 7(a) showsthat the bigger theincrease scaling factor is, the faster each CPU
time of PFS becomes close to 310 milliseconds. For example, when the number of executionsis more than
13, the processing times with the increase scaling factors of 20% and 30% become one again, while the one
with the increase scaling factor of 10% is till more than one.

In the same way, the experimental results shown in Figure 7(b) can be explained. In brief, during the
first execution, when the test process with its argument specifying the amount of time for work A as 110
milliseconds isrunning at the end of itsfirst time-dlice, the CPU time it actually needs before going to sleep
1 second becomes 10 milliseconds while the expected CPU time based on the initial PFS is 110
milliseconds (which ishigger). Therefore, theinitial PFSisadjusted by using (5). That iseach CPU time of



theinitial PFSis decreased by using the decrease scaling factor. And asthe number of executions becomes
bigger, it finally becomes close to 110 milliseconds.

5.2 Existing Programs

This section shows the effect of the maximum dispatch delay time and the effect of adjusting the PFS of
each existing program (gzip, merge, and sort), on its processing time.

5.2.1 The Length of The Maximum Dispatch Delay Timevs. Processing Time

We ran the three existing programs one at a time and found the relation between the length of the
maximum dispatch delay time and the processing time of the process of each program. In order to enable
process switching when a given time-slice expires, throughout the experiment, the existing programs
coexisted with the loop program. Figure 9 shows the experimental results plotted with the processing time
on y-axis normalized by the processing time when using a conventional timesharing scheduler (TSS). For
reference, we a so show the time used to create PFSin Figure 9. Also, table 1 shows, according to PFS, the
number of times the CPU and the /O resources are abtained by each program including time used. Note
that the number of times the I/O resource is obtained is shown in parenthesis. Also, the total time used to
execute gzip, merge and sort programs are 15, 105 and 19 seconds respectively. The experimenta results
shown in Figure 9 are discussed in more detail.
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Figure 9: The effect of the maximum dispatch delay time on the processing time (gzip, merge, and
sort).



Table 1: Theresource usage of gzip, merge and sort programs based on PFS.

time used number of times CPU (1/0O) resources were obtained
(milliseconds) gzip merge sort

under 10 11( 2) 5 (0) 54 ( 5)
10 to under 20 5(5) 0 (0) 43 (26)
20 to under 30 0(7 01 12 (33)
30 to under 40 0 (15) 1(1) 19 (33)
40 to under 50 0(11) 0(0 7 (23)
50 to under 60 0(7) 0 (0) 1(16)
60 to under 70 1(4) 0 (0) 3(2
70 to under 80 11( 1) 0 (0) 0(0
80 to under 90 0(0 0(0) 0(4
90 to under 100 0(0) 01 1(4)
over 100 25( 1) 1(4) 16 (10)
total 53 (53) total 7 (7) total 156 (156)

In the case of gzip: table 1 shows that the total number of dispatches and the total number of times the
CPU resource is obtained by gzip are 106 and 53 respectively. Out of the total number of times the CPU
resource is obtained, about 50% (25 times) of the time it used more CPU time than the time-slice (100
milliseconds). When the required CPU time is more than the time-slice (100 milliseconds), by using our
scheduler, the processing time becomes smaller as the length of the maximum dispatch delay time is
increased. For example, the processing time when the maximum dispatch delay time is 20 and 60
milliseconds, is improved 4.2% and 7.8% respectively. Therefore, our scheduler makes a noticeable
improvement in this case.

In the case of merge: table 1 showsthat thetotal number of dispatches and the total number of timesthe
CPU resource is obtained by merge are 14 and 7 respectively. Out of the total number of times the CPU
resource is obtained, only one time did it use more CPU time than the time-slice (100 milliseconds). And
that time it used the CPU resource only 3 milliseconds longer than its normal time-slice. Asaresult, the
processing time when using our scheduling is almost the same aswhen not using it, regardless of how much
the length of the maximum dispatch delay time isincreased. For example, the processing time when the
maximum dispatch delay time is 60 milliseconds is improved only 0.5%. Therefore, the effect of our
scheduler isrelatively small in this case.

In the case of sort: table 1 shows that the total number of dispatches and the total number of times the
CPU resource is obtained by sort are 312 and 156 respectively. Out of the total number of times the CPU
resource is obtained, only 10% (16 times) of the time it used CPU time more than the time-slice (100
milliseconds). However, the processing time becomes smaller asthe length of the maximum dispatch delay



time is increased. For example, the processing time when the maximum dispatch delay time is 60
milliseconds isimproved 3.0%. In this case aso, our scheduler makes a noticeable improvement.

5.2.2 Adjusting An Existing PFS vs. Processing Time

We varied the number of executions of each program from 1 to 10 and observed the effect on the
processing time of adjusting the existing PFS. During the experiment, the existing programs coexisted with
the loop program, in order to enable process switching when a given time-slice expires. Figure 10 shows
the relation between the number of executions and processing time, when the maximum dispatch delay time
is20 milliseconds while theincrease (x) and the decrease (y) scaling factors are both varied from 10%, 20%
and 30%. For comparison, we also show the results when the maximum dispatch delay time and the
increase and the decrease scaling factors are zero. In addition, the processing time in Figure 10 is
normalized to the processing time of the first execution. Note that during each execution of the existing
programs, CPU time of the PFSis adjusted when the processes of the existing programs are blocked for an
1/O operation to be completed in the wait state.

In Figure 10, thereis atrend that the processing time of the process of gzip program will decrease asthe
number of executions becomes larger, while we did not notice this kind of trend for the merge and the sort
programs. This shows that adjusting the PFS of the three existing programs has very little or no effect on
the processing time.
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Figure 10: The effect of adjusting the existing PFS to changes on the processing time (gzip, merge,
and sort).
6. Conclusions

This paper proposed a process scheduler that control sthe sharing of the CPU resource based on behavior
of aprocess. The special feature of our scheduler isthat (1) when aprogram is executed for thefirst time, it



logs the behavior of the corresponding process at every dispatch and then creates an advanced knowledge
called PFS (Program Flow Sequence) at the end of the execution, and (2) when the program is executed
from then on, it schedules the corresponding process based on the PFS, i.e., it delays process switching in
order to alow the corresponding process to continue its execution, when it is predicted from PFS that the
corresponding process needs alittle bit more CPU time before it voluntarily relinquishes the CPU. It aso
adjusts PFSto changes based on the feedback obtained from each execution. Also, our experimental results
show that processing time can be reduced by using our scheduler.

However, the price to be paid for reducing the processing time is that we reduce the fairness of the
system. Even though this work is motivated by the question why can't often-used programs run faster, we
need to ensure that the resulting unfairness does not outweigh the performance gains obtained. This could
be done by using the early process switching mechanism to compensate for the delay process switching
during other times. Also, the impact of varying the maximum dispatch delay time on fairness needs to be
explored.

Beside those areas mentioned above, some of our future work will also include evauating the
effectiveness of our scheduler with other programs, exploring the cost of storing PFS on the disk,
developing a method to determine which processes running behalf of often used programs, and extending
our scheduler to deal with programs consisting of multiple processes.
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