TECHNICAL REPOR

T 97-01

A No v el Approac h to Multiprogrammed

Multipro cessor Sync hronization

for Real-Time Kernels

Hiroaki T ak ada and Ken Sak am ura

Jan uary 29, 1997

T

Dep ar tment of Inf orma tion Science

F a cul ty of Science, University of Tokyo

7{3{1 Hongo, Bunkyo-Ku, Tokyo, 113 Jap an

TECHNICAL REPOR

T 97-01

TITLE

A No v el Approac h to Multiprogrammed Multipro cessor Synchronization

for Real-Time Kernels

A UTHORS

Hiroaki T ak ada and Ken Sak am ura

KEY WORDS AND PHRASES

m ultiprogrammed multipro cessor, synchronization, real-time system, SPEPP synchronization,

w ait-free synchronization, preemption-safe lo cking

ABSTRA CT

In order to solve the problem of inopp ortune preemption in multiprogrammed multipro cessor

sync hronization, tw o strategies which are applicable to real-time systems hav e b een inv estigated:

preemption-safe lo cking and w ait-free synchronization. Either of them, how ev er, has a problem for

use in the implementation of a real-time k ernel. Preemption-safe lo cking has the drawbac k that the

preemption ov erhead b ecomes quite large; while wait-free op erations on complex data structures

are generally very ine�cient and are not practical.

In this pap er, w e prop ose a no v el approach to multiprogrammed multipro cessor synchronization,

called the SPEPP (Spinning Pro cessor Executes for Preempted Pro cessors) sync hronization, with

whic h the preemption ov erhead can b e reduced to zero, while op erations on complex data structures

can b e realized with reasonable ov erhead. This pap er presents the tw o algorithms of the SPEPP

sync hronization, and demonstrates its e�ectiveness through the p erformance measurements of a

real-time kernel implemen ted with the SPEPP synchronization.

ANY OTHER IDENTIFYING INF

ORMA

TION OF THIS REPOR T

DISTRIBUTION ST A TEMENT

First issue 45 copies. This technical rep ort is av ailable via anonymous FTP from

ftp.is.s.u-tokyo.ac.jp (directory /pub/tech-reports).

SUPPLEMENT AR Y NOTES

REPOR

T DA TE

Jan uary 29, 1997

TOT AL NO. OF P A GES

13

WRITTEN LANGUA GE

English

NO. OF REFERENCES

11

DEP AR TMENT OF INFORMA

TION SCIENCE

F acult y of Science, Univ ersit y of T oky o

7-3-1 Hongo, Bunkyo-ku, T oky o 113, Japan

A No v el Approac h to Multiprogrammed

Multipro cessor Sync hronization

for Real-Time Kernels

Hiroaki T ak ada Ken Sak am ura

Department of Information Science, The Univ ersit y Museum,

Scho ol of Science, Univ ersit y of T oky o Univ ersit y of T oky o

T ec hnical Rep ort 97-01

Jan uary 29, 1997

Abstract

In order to solv e the problem of inopp ortune preemption in multiprogrammed multipro-

cessor synchronization, tw o strategies which are applicable to real-time systems hav e b een

in v estigated: preemption-safe lo cking and wait-free synchronization. Either of them, ho w-

ev er, has a problem for use in the implementation of a real-time kernel. Preemption-safe

lo cking has the drawbac k that the preemption ov erhead b ecomes quite large; while w ait-free

op erations on complex data structures are generally very ine�cient and are not practical.

In this pap er, w e prop ose a nov el approach to multiprogrammed multipro cessor sync hro-

nization, called the SPEPP (Spinning Pro cessor Executes for Preempted Pro cessors) synchro-

nization, with which the preemption o v erhead can b e reduced to zero, while op erations on

complex data structures can b e realized with reasonable ov erhead. This pap er presents the

t w o algorithms of the SPEPP sync hronization, and demonstrates its e�ectiveness through the

p erformance measurements of a real-time k ernel implemented with the SPEPP synchroniza-

tion.

1 In tro duction

When a real-time system is constructed on a shared-memory multipro cessor, it is a common

practice to use a real-time kernel

1

to execute m ultiple tasks preemptiv ely on each pro cessor. A

real-time kernel designed for m ultipro cessor systems should also supp ort some comm unication

mechanisms among tasks on di�erent pro cessors. V arious data structures within the real-time

kernel are usually shared among pro cessors and guarded with busy-wait mutual exclusion lo c ks.

In realizing m utual exclusion lo cks used in a real-time kernel, the following di�culty exists. In

order to b ound the maximum execution time of a task that requires a lo ck, the turn that the task

acquires the lo ck should b e reserved when it b egins waiting for the lo ck. T ypically

, this is realized

by handing round the lo ck in an FCFS order. If the lo c k is handed to the task while the task

is preempted, it cannot b egin to execute the critical section immediately and holds the lo c k for

an unnecessarily long duration. As the result, the other tasks w aiting for the lo ck cannot acquire

the lo ck in time. This di�culty has b een discussed as one of the problems of multiprogrammed

multipro cessor sync hronization [1].

Tw o strategies ha v e b een in v estigated to solve this di�culty: preemption-safe lo c king and

wait-free (or blo ck-free) synchronization [2]. W ait-free synchronization guaran tees that any task

can complete an op eration on a shared data structure in a �nite n um b er of steps, regardless of

the execution sp eed of the other tasks [3], while blo ck-free sync hronization guarantees that one

1

In this pap er, the word \real-time kernel" indicates a basic run-time system for real-time systems supp orting

task management, priority-based preemptive scheduling, inter-task synchronization and communication, and some

other functions, which is also called as a real-time monitor or a real-time executive.

of the con tending tasks can. Blo ck-free synchronization is not appropriate for real-time systems,

b ecause it cannot b ound the worst-case execution time that a task executes an op eration. Herlih y

presented a general construction of wait-free synchronization op erations, assuming a universal

atomic primitiv e, such as compare and sw ap (CAS) or the pair of load linked and store conditional

[3]. Ho w ev er, wait-free (or blo ck-free) op erations on complex data structures are very ine�cien t

and are not practical [2].

Preemption-safe lo cking is a class of spin lo ck algorithms with which a lo ck is not handed to

preempted tasks. The MCS lo c k [4], which is an FCFS-ordered queueing spin lo c k algorithm and

thus is suitable for real-time systems, has b een extended to b e preemption-safe [5, 6]. With the

preemption-safe v ersion of the MCS lo ck, when a task that is waiting for a lo ck is preempted, it

mo di�es a shared v ariable and informs others that it is preempted. The task releasing the lo c k

chec ks the state of the succeeding task in the w aiting queue. If the succeeding one is preempted,

its reserv ation to acquire the lo ck is canceled and the lo ck is handed to the next one in line.

When a task �nds that its reserv ation has b een canceled while preempted, it re-executes the

lo ck acquisition routine from the b eginning. Ob viously

, the maxim um time of this re-execution,

called the preemption ov erhead b elo w, is quite long dep ending on the num b er of contending tasks.

In order to b ound the preemption ov erhead with a constant time length, we hav e prop osed an

improv ed algorithm with whic h the reserv ation is not canceled but is p ostp oned [7]. When the

preempted task is scheduled again, it resumes waiting for the lo ck in its original p osition.

This pap er prop oses a nov el approach to multiprogrammed multipro cessor sync hronization,

with which the preemption ov erhead can b e reduced to zero, for use in a scalable real-time kernel for

function-distributed m ultipro cessors [8]. In case of function-distributed multipro cessors, in terrupt

requests are raised on each pro cessor, and the tasks on the pro cessor can b e preempted with

them. The maxim um time that a task waits for a lo c k is extended by the preemption ov erhead,

whenever the task is preempted b y an in terrupt handler. Consequen tly , when the schedulabilit y

of the system is analyzed, the preemption o v erhead should b e added to the in terrupt service time,

and th us reducing the preemption ov erhead is signi�cant for improving the schedulabilit y of the

system. Though the preemption ov erhead b ecomes zero with the general construction of wait-free

op erations presen ted b y Herlih y , shared data structures in a real-time kernel is to o complex to b e

implemented e�ciently with wait-free op erations.

2

Our approach is to incorp orate the realization concept of the general construction of w ait-

free op erations in to the lo cking-based sync hronization. In detail, when a task tries to acquire

a lo ck, the op eration that the task will execute in the critical section is p osted to the waiting

queue for the lo ck. If the turn that the task acquires the lo ck comes while it is preempted,

the p osted op eration is executed by another pro cessor that is spinning on the lo ck. With this

metho d, named the SPEPP synchronization (SPEPP stands for \Spinning Pr o c essor Exe cutes for

Pr e empte d Pr o c essors"), op erations on a shared data structure are executed in an F

CFS order

regardless of the preemptions. If one of the tasks that are w aiting for the lo ck is not preempted,

the execution of the op erations con tin ues to mak e progress. If all the tasks are preempted, the

execution ceases to progress. It is obvious, how ev er, that the time duration that the execution

is susp ended is shorter than the duration that any one of the tasks is preempted. Therefore, the

extension of the maximum time until the op eration of a task is �nished is shorter than or equal

to the duration that the task is preempted. As the result, the preemption o v erhead is reduced to

zero.

In Section 2, tw o algorithms of the SPEPP synchronization are presented. W e �rst present the

basic version assuming that more than one tasks on a same pro cessor do not acquire a same lo c k.

W e then extend the algorithm to remo v e the assumption. In Section 3, the e�ectiveness of the

SPEPP synchronization is inv estigated through p erformance measurements. W e hav e implemented

three versions of real-time kernels, tw o with preemption-safe lo c kings and one with the SPEPP

synchronization, and compared their p erformance.

2

T o the b est of our knowledge, no wait-free implementation of op erating systems has b een rep orted, while some

blo ck-free implementations hav e [9, 10]

Figure 1: The Data Structures of the SPEPP Sync hronization Algorithm

Figure 2: State T ransition of a Queue No de

2 The SPEPP Sync hronization

2.1 The Basic Algorithm

In this section, w e present the basic version of the SPEPP sync hronization algorithm with the

restriction that each lo ck is acquired b y at most one task on eac h pro cessor. In the following, we

assume that task switches are triggered b y interrupt requests.

Pseudo-co de for the algorithm app ears in Figure 10, 11, and 12. In these �gures, the lines

b eginning with \//" are comments. The keyw ord shared indicates that only one instance of the

v ariable is allo cated and shared in the system. Other v ariables are allo cated for each task and

lo cated on the lo cal memory of its host pro cessor.

3

SW AP reads the memory addressed by the

�rst parameter, returns the con ten ts of the memory as its v alue, and atomically writes the second

parameter to the memory

. CAS, the abbreviation of compare and swap, �rst reads the memory

addressed by the �rst parameter and compares its con ten ts with the second parameter. If they

are equal, the op eration writes the third parameter to the memory atomically and returns true.

Otherwise, it returns false.

Lo ck and No de are the data structures for a m utual exclusion lo ck and a queue no de linked

in the w aiting queue, resp ectiv ely . The last �eld of Lo ck p oints to the last no de in the waiting

queue, and the next �eld of No de p oints to the succeeding no de in the queue. When the lo c k

is idle and the w aiting queue is empty

, the last �eld is assigned NULL. The state �eld of No de

includes a p ointer to a queue no de or one of the three sp ecial v alues (W

AITING, PREEMPTED,

and EXECUTED), and indicates the current state of the queue no de. The op �eld p oints to the

data blo ck of the OpBlo ck typ e, in whic h the kind of op eration and the parameters passed to it

are stored. Also, the return v alues of the op eration are written in this data blo c k (Figure 1).

A t �rst, the task trying to acquire a lo c k enqueues its no de at the end of the w aiting queue

with a SW

AP op eration (Line 63). When the queue has b een empty

, the task succeeds in acquiring

3

W e assume that a pro cessor can directly access its lo cal memory without using the shared bus or interconnection

netw ork.

Figure 3: The Global Lo ck State

the lo c k. Otherwise, it initializes its state to W

AITING (Line 69), makes the predecessor p oint

to its queue no de (Line 71), and b egins to spin. When the task detects an interrupt request

while spinning, it changes its state to PREEMPTED and services the request (Line 90). After

the interrupt service, the task simply recov ers its state from PREEMPTED to W

AITING with a

CAS op eration (Line 82) and resumes to spin. When the lo ck is handed to the task, the state

of the task is c hanged to the p ointer to the head no de of the w aiting queue. This state is called

the acquired state. If the task is at the head of the queue (in other words, if the state �eld

p oints to its o wn queue no de (Line 127)), the task executes its o wn op eration (Line 142) and then

releases the lo ck (Line 143). Otherwise, the task executes the op eration p osted to the head no de

(Line 129), and then pro ceeds to the succeeding no de in the queue (Line 136), until the task’s

own no de b ecomes the head of the queue (Line 127). When the op eration of the task is executed

by another pro cessor, its state is changed to EXECUTED. In this case, the task simply exits the

routine (Line 123). Figure 2 illustrates the state transition of the queue no de of a task.

A di�cult situation o ccurs when all the tasks w aiting for a lo c k are preempted. In this case,

there are no task to which to hand the lo c k, but the w aiting queue should not b e made empty .

T o cop e with this di�culty

, an additional �eld glo ck, called the global lo ck state, is intro duced in

the Lo ck data structure. When all the tasks in the waiting queue are preempted, the global lo ck

state is assigned the p ointer to the head no de of the queue (Figure 3, Line 49). Eac h task whic h

has resumed to spin must chec k the global lo c k state (Line 97). When a p ointer is assigned to

it, the task tries to acquire the lo ck by c hanging the global lo ck state to NULL atomically from

the p oin ter (Line 108). Here, c hec king the global lo ck state only once is not su�cient. This is

b ecause at the moment of the chec king, the task releasing the lo c k may b e still trying to hand

the lo c k to the succeeding ones. In order to inform that the global lo c k state must b e chec k ed

again, a sp ecial v alue UPD A TING is assigned to it (Line 38). In order to reduce the shared-bus

tra�c, we also adopt an exp onential bac k o� sc heme when chec king the global lo ck state rep eatedly

(Line 103). Tw o constant parameters � and � should b e determined for eac h target hardware. It

is also necessary to c hec k the global lo c k state, just after a task enqueues its queue no de at the

end of the waiting queue.

With this algorithm, the maximum duration that in terrupt services are inhibited can b e

b ounded with T plus some lo ck handling o v erhead, where T is the maximum execution time

of an op eration. In order to realize this feature, interrupt requests are prob ed while spinning on

the lo ck (Line 88). In addition, interrupt requests m ust b e chec k ed after the op eration requested

by another task is executed (Line 130). If an interrupt request is detected at this moment, the

pro cessor hands the lo c k to another one (Line 132) and services the interrupt request.

On the other hand, the maxim um duration that a task spins on the lo c k can b e b ounded with

(n � 1) � T plus lo ck handling o v erhead, where n is the num b er of contending pro cessors for the lo c k,

b ecause of the restriction that at most one task on each pro cessor acquires the lo ck. Consequently ,

the maximum execution time until a task �nishes an op eration

4

can b e b ounded with n � T plus

lo ck handling ov erhead regardless of the o ccurrence of preemptions.

4

The p erio d during which its host pro cessor executes other tasks is not included in this execution time.

4

2.2 The Extended Algorithm

The basic algorithm still w orks, even if the restriction on the algorithm is remov ed. How ev er, the

maximum duration that a task spins on the lo ck b ecomes as long as (N � 1) � T plus lo ck handling

ov erhead, where N is the num b er of contending tasks for the lo c k. Because N is muc h larger than

n in general, the maximum execution time until a task �nishes an op eration b ecomes v ery long.

In this section, w e present an extended algorithm of the SPEPP synchronization, with which the

maximum execution time until a task �nishes an op eration can b e regarded as b eing b ounded with

O (n) without the restriction.

Figure 13 presents the di�erences of the extended algorithm from the basic one. At �rst, the

queue no de should b e prepared for each lo c k for eac h pro cessor (instead of prepared for each task).

The task trying to acquire a lo ck uses the queue no de for the lo ck, even if a preempted task is

using the no de. When a task is scheduled again after preempted within the algorithm, it should

chec k whether its op eration has b een executed during the preemption (Line 79.2). W e assume that

whether an op eration is executed or not is recorded in the OpBlo ck structure and can b e chec k ed

with the �nished function. If the op eration has not b een executed, then the task chec ks the state

of the queue no de (Line 79.6). If it is EXECUTED, the queue no de has b een stolen by another

task, and the former task should retry the op eration. Otherwise, the task resumes to spin.

In order to estimate the maximum execution time un til a task �nishes an op eration, w e m ust

consider the case when the queue no de of a preempted task is stolen by another task. In this case,

b ecause the preempted task must re-execute the sync hronization algorithm from the b eginning,

the maximum execution time to �nish an op eration is prolonged. Instead, the execution time that

the preempting task is reduced. In more precise, when task �

1 is preempted after spinning on a

lo ck for the duration of T

s

, the task �

2 which steals the queue no de of �

1 can shorten its maximum

waiting time for the lo ck by T

s

. When the sc hedulabilit y of the system is analyzed, we can safely

count this stolen execution time of �

1 as a part of the maximum execution time of �

2

.

When a task detects that the state of its queue no de is changed to EXECUTED, it must c hec k

with the �nished function whether its op eration has b een executed (Line 122.1). This is b ecause

what has b een executed may b e the op eration requested by another task on the same pro cessor.

In other w ords, a task m ust p ossibly wait for an execution of the op eration requested by another

task on the same pro cessor. As the result, with this extended algorithm, the maximum execution

time un til a task �nishes an op eration can b e considered to b e b ounded with (n + 1) � T plus lo ck

handling o v erhead. This is a signi�cant impro v emen t ov er the simple algorithm, when n is muc h

smaller than N .

3 P erformance Measuremen ts

W e hav e implemented a real-time kernel in whic h shared data structures within the kernel are

op erated with the extended v ersion of the SPEPP synchronization algorithm presented in the

previous section. The application program in terface of the kernel is an extension of the �ITR ON

sp eci�cation [11].

In this section, the p erformance of this real-time kernel is measured, and compared with

the p erformance of tw o other v ersions of the real-time k ernel implemented with preemption-safe

lo ckings; one of them is implemented with the simple preemption-safe version of the MCS lo ck

[5, 6] (called MCS/SPS lo cking in this section), and the other with the improv ed preemption-safe

MCS lo ck [7] (called MCS/IPS lo c king).

3.1 Ev aluation En vironmen t and P erformance Metric

A shared-bus multipro cessor system is used for the measurements. The shared bus is based on the

VMEbus sp eci�cation, and nine pro cessor b oards and a shared memory b oard are connected to

the shared bus. Each pro cessor b oard consists of a Gmicro/200 micropro cessor, whic h is rated

approximately at 10 MIPS, 1 MB of lo cal memory

, and some I/O interfaces. The lo cal memory

can b e accessed from other pro cessors through the shared bus. No coherent cache is equipp ed

(Figure 4).

5

Figure 4: Ev aluation Environmen t

Figure 5: The W orkload for the Measuremen ts

The Gmicro/200 micropro cessor supp orts the CAS instruction but dose not supp ort the

SW AP op eration. In the measuremen ts, the SW

AP op eration is emulated using the CAS in-

struction and a retry lo op. Because the VMEbus has only four pairs of bus request/grant lines,

pro cessors are classi�ed into four classes b y the bus request line they use. The round-robin arbitra-

tion scheme is adopted among classes and the static priority scheme is applied among pro cessors

b elonging to a same class.

Because the worst-case b ehavior is the primary concern in real-time systems, the e�ectiveness

of our prop osals should b e ev aluated with its worst-case execution (or resp onse) times. How ev er,

worst-case times cannot b e obtained through exp eriments b ecause of unav oidable non-determinism

in multipro cessor systems. Moreov er, our ev aluation environmen t cannot b ound the execution

times of v arious kernel services, b ecause the access time of the shared bus has no upp er b ound

with our environmen t. Therefore, in place of a worst-case time, w e hav e adopted a p-reliable time,

the time within which a pro cessor �nishes to execute (or resp onds) with probability p, as the

p erformance metric. In the following section, we use the 99.9%-reliable (i.e. p = 0:999) execution

(or resp onse) times instead of the worst-case times.

3.2 Measuremen t Metho d

W e ha v e measured the execution times of a system call of the real-time kernels and the in terrupt

resp onse times using a synthetic workload describ ed b elow. A task �

2 on pro cessor P

2 rep eatedly

inv ok es a system call that sends a message to a task �

1 on pro cessor P

1

, and the execution times

of the system call are measured. The execution times when an interrupt request is serviced during

6

Figure 6: 99.9%-Reliable Execution Times of an Op eration

(when no interrupt request is serviced)

Figure 7: 99.9%-Reliable Execution Times of an Op eration

(when an interrupt request is serviced)

the execution are recorded separately .

In order to interfere the message sending op eration, a task on P

1 and tasks on the other

pro cessors alternately susp end and resume the execution of low er priority tasks on P

1 at random

interv als. The av erage in terv al is ab out 1 ms. During the measurement, p erio dic interrupt requests

are raised on each pro cessor, and the interrupt resp onse times are measured within the interrupt

handler. The in terrupt service time including the time for inv oking and returning from the handler

is ab out 33 �s. The in terrupt p erio d is around 2 ms and is v aried in 0{5% for each pro cessor, in

order that the timing of interrupt requests for each pro cessor should not b e synchronized. The

relation of the tasks is illustrated in Figure 5.

3.3 Measuremen t Results

Figure 6 and 7 presen t the 99.9%-reliable execution times of a message sending op eration when no

interrupt request is serviced and those when an interrupt request is serviced during the execution,

resp ectively

. The n um b er of con tending pro cessors (including P

1

) is changed from tw o (only one

interfering task on P

1

) to nine (eigh t in terfering tasks). The SPEPP synchronization exhibits

worse p erformance than the preemption-safe lo ckings, mainly due to the ov erhead of storing the

parameters passed to the op eration in to the OpBlo ck structure and reading the return v alues from

7

Figure 8: 99.9%-Reliable Preemption Overheads

(an interrupt service time is included)

Figure 9: 99.9%-Reliable Interrupt Resp onse Times

it.

Figure 8 presen ts the di�erences of these tw o graphs, i.e. the di�erences of the 99.9%-reliable

execution times of an op eration when an interrupt request is serviced and those when no in terrupt

request is serviced, which represent the measured preemption ov erheads including an interrupt

service time. Considering that the in terrupt service time is ab out 33 �s, the preemption ov er-

heads with the SPEPP synchronization are almost zero. This demonstrates that the SPEPP

synchronization has the exp ected prop erty .

Finally

, Figure 9 presen ts the 99.9%-reliable in terrupt resp onse times on pro cessor P

1

. With

either metho d, the interrupt resp onse times are indep enden t of the num b er of contending pro-

cessors. The resp onse times are a little w orse with the SPEPP sync hronization than the other

metho ds.

4 Conclusion and F uture W ork

In this pap er, we ha v e prop osed a nov el approac h to multiprogrammed multipro cessor synchroniza-

tion, called the SPEPP synchronization, for use in the implemen tation of a real-time kernel. The

SPEPP sync hronization has the merits of b oth of the t w o con v en tional approaches to multipro-

grammed multipro cessor synchronization: preemption-safe lo cking and w ait-free sync hronization.

In the concrete, the preemption ov erhead can b e reduced to zero with the SPEPP sync hroniza-

8 tion. It is also p ossible to op erate on complex data structures with reasonable ov erhead. The t w o

versions of the SPEPP synchronization algorithms ha v e b een describ ed, and their timing b ehav-

ior has b een discussed. Finally

, it is demonstrated through p erformance measurements that the

SPEPP synchronization has the exp ected adv an tages, although its ov erhead is a little larger than

preemption-safe lo ckings.

The most imp ortan t future work for us is to extend our algorithm for nested lo c ks, in order

to implement a scalable full- edged real-time kernel for function-distributed m ultipro cessors. The

di�culty in its implemen tation is describ ed in [8].

Another w ork to b e done is to apply our approach to multiprogrammed multipro cessor syn-

chronization of non-real-time systems. When the maxim um execution times need not b e b ounded,

v arious optimizations are p ossible. F or example, in case of cache coherent multipro cessor systems,

it is a promising approac h that once a pro cessor acquires a lo c k, it executes the op erations of all

the tasks that are w aiting for the lo ck. In case of NUMA architecture, on the other hand, if the

pro cessor to whic h the target shared data structure is lo cal is spinning on the lo ck, the lo ck should

b e handed to the pro cessor and the pro cessor executes for all of the w aiting tasks.

References

[1] R. W. Wisniewski, L. Kontothanassis, and M. L. Scott, \High p erformance synchronization

algorithms for m ultiprogrammed m ultipro cessors," in Pr o c. 5th A

CM Symp osium on Princi-

ples and Pr actic e of Par al lel Pr o gr amming, pp. 199{206, July 1995.

[2] M. M. Mic hael and M. L. Scott, \Relative p erformance of preemption-safe lo cking and non-

blo cking synchronization on multiprogrammed shared memory multipro cessors," in Pr o c. 11th

Int’l Par al lel Pr o c essing Symp osium, Apr. 1997. (to app ear).

[3] M. Herlihy

, \W ait-free sync hronization," ACM T r ans. Pr o gr amming L anguages and Systems,

v ol. 13, pp. 124{149, Jan. 1991.

[4] J. M. Mellor-Crummey and M. L. Scott, \Algorithms for scalable synchronization on shared-

memory multipro cessors," ACM T r ans. Computer Systems, vol. 9, pp. 21{65, F eb. 1991.

[5] H. T ak ada and K. Sak am ura, \A b ounded spin lo ck algorithm with preemption," T ec h. Rep.

93-2, Department of Information Science, Univ ersit y of T oky o, July 1993.

[6] R. W. Wisniewski, L. Kon tothanassis, and M. L. Scott, \Scalable spin lo cks for m ultipro-

grammed systems," in Pr o c. 8th Int’l Par al lel Pr o c essing Symp osium, Apr. 1994.

[7] H. T ak ada and K. Sak am ura, \Predictable spin lo ck algorithms with preemption," in Pr o c.

R e al-Time Op er ating Systems and Softwar e, pp. 2{6, May 1994.

[8] H. T ak ada, C.-D. W ang, and K. Sak am ura, \Issues for realizing a scalable real-time kernel

for function-distributed multipro cessors," in Pr o c. Work in Pr o gr ess Session of 17th IEEE

R e al-Time Systems Symp osium, pp. 23{26, Dec. 1996.

[9] H. Massalin and C. Pu, \A lo c k-free multipro cessor OS kernel," T ec h. Rep. CUCS-005-91,

Departmen t of Computer Science, Columbia Universit y , 1991.

[10] M. Greenw ald and D. Cheriton, \The synergy b et w een non-blo cking sync hronization and

op erating system structure," in Pr o c. 2nd Symp osium on Op er ating Systems Design and Im-

plementation, pp. 126{136, Oct. 1996.

[11] K. Sak am ura, ed., �ITRON 3.0 Sp e ci�c ation. T oky o: TRON Asso ciation, 1994. (can b e

obtained from \ftp://tron.um.u-tokyo.ac.jp/pub/TR

ON/ITR

ON/SPEC/mitron3.txt.Z").

9

1: // data structure for a queue no de.

2: typ e No de = record

3: next: p oin ter to No de;

4: state: p oin ter to No de;

5: op: p oin ter to OpBlo ck

6: end;

7:

8: // data structure for a lo ck.

9: typ e Lo ck = record

10: last: p ointer to No de;

11: glo ck: p ointer to No de

12: end;

13:

14: // globally shared v ariable.

15: shared v ar L: Lo ck; // L.last and L.glo ck should b e initialized to NULL.

16:

17: // the subroutine to release the lo ck.

18: // top is the head no de of the queue b efore the release.

19: pro cedure release lo ck(lo ck: p oin ter to Lo c k, top: p oin ter to No de);

20: v ar entry

, next: p oin ter to No de;

21: b egin

22: next := top!next;

23: if next = NIL then

24: // tries to mak e the w aiting queue empty .

25: if CAS(&(lo c k!last), top, 0) then

26: // the waiting queue is empt y , now.

27: top!state := EXECUTED;

28: return

29: end;

30: rep eat next := top!next un til next 6= NULL

31: end;

32: top!state := EXECUTED;

33:

34: // waits if lo ck!glo ck is not NULL.

35: rep eat until lo c k!glo c k = NULL;

36:

37: en try := next;

38: lo ck!glo ck := UPDA

TING;

39: rep eat

40: // tries to hand the lo ck to entry.

41: if CAS(&(entry!state), W

AITING, next) then

42: lo ck!glo ck := NULL;

43: return

44: end;

45: // pro ceeds to the next no de in the queue.

46: en try := en try!next

47: un til en try = NULL;

48: // no task to which to hand the lo ck.

49: lo ck!glo ck := top

50: end;

Figure 10: The Basic Algorithm of the SPEPP Synchronization (Part 1)

10

51: // shared v ariables for each task.

52: v ar I: No de;

53: v ar opblo c k: OpBlo c k;

54:

55: // unshared v ariables for each task.

56: v ar pred, top, entry

, next: p oin ter to No de;

57: v ar interv al, i: integer;

58:

59: // opblo ck is assumed to b e prepared b eforehand.

60: disable interrupts;

61: I.next := NULL;

62: // inserts I at the end of the queue.

63: pred := SW

AP(&(L.last), &I);

64: if pred = NULL then

65: // when the queue has b een empty .

66: goto acquired

67: end;

68: // when the queue has not b een empty .

69: I.state := W

AITING;

70: I.op := &opblo c k;

71: pred!next := &I;

72: goto spin;

73:

74: preemption:

75: // branc hes here after assigning PREEMPTED to I.state

76: // when an in terrupt request should b e serviced.

77: enable interrupts;

78: // in terrupt requests are serviced here.

79: disable interrupts;

80: // tries to recov er I.state from PREEMPTED to W

AITING.

81: // do es not recov er I.state if it is already EXECUTED.

82: CAS(&(I.state), PREEMPTED, W

AITING);

83: spin:

84: i := 1; interv al := �;

85: entry := I.state;

86: // spins while I.state is W

AITING.

87: while en try = W

AITING do

88: if interrupt r e queste d then

89: // tries to change I.state from W

AITING to PREEMPTED.

90: if CAS(I.state, W

AITING, PREEMPTED) then

91: goto preemption

92: end

93: end;

Figure 11: The Basic Algorithm of the SPEPP Synchronization (Part 2)

11

94: i := i � 1;

95: if i = 0 then

96: // c hec ks the global lo ck state.

97: top := L.glo c k;

98: if top = NULL then

99: i := 1

100: else if top = UPDA

TING then

101: // must chec k the global lo ck state again

102: // with exp onential back o�.

103: i := in terv al; interv al := interv al � �

104: else b egin

105: entry := I.state;

106: if entry 6= W

AITING then

107: break

108: else if CAS(&(L.glo ck), top, NULL) then

109: // succeeds in acquiring the global lo c k.

110: entry := top;

111: goto execute

112: else

113: i := 1

114: end

115: end

116: end;

117: entry := I.state

118: end;

119:

120: // I.state (= entry) is not W

AITING, now.

121: if entry = EXECUTED then

122: // my op eration has b een executed b y another pro cessor.

123: goto �nish

124: end;

125: execute:

126: // succeeds in acquiring the lo ck.

127: while entry 6= me do

128: // executes the op eration p osted to entry.

129: execute(entry!op);

130: if interrupt r e queste d then

131: I.state := PREEMPTED;

132: release lo c k(lo c k, entry);

133: goto preemption

134: end;

135: // pro ceeds to the next no de in the queue.

136: rep eat next := entry!next until next 6= NULL;

137: entry!state := EXECUTED;

138: entry := next

139: end;

140: acquired:

141: // executes m y op eration, now.

142: execute(&opblo c k);

143: release lo c k(lo c k, me)

144: �nish:

145: enable interrupts

Figure 12: The Basic Algorithm of the SPEPP Synchronization (Part 3)

12

51: // shared v ariables for each lo c k for eac h pro cessor.

52: v ar I: No de;

52.1: // shared v ariables for each task.

53: v ar opblo ck: OpBlo ck;

59: // opblo ck is assumed to b e prepared b eforehand.

60: disable interrupts;

60.1: retry:

61: I.next := NULL;

62: // inserts I at the end of the queue.

63: pred := SW

AP(&(L.last), &I);

74: preemption:

75: // branches here after assigning PREEMPTED to I.state

76: // when an interrupt request should b e serviced.

77: enable interrupts;

78: // interrupt requests are serviced here.

79: disable interrupts;

79.1: entry := I.state;

79.2: if �nished(&opblo ck) then

79.3: // opblo ck has already b een executed.

79.4: goto �nish

79.5: end;

79.6: if entry = EXECUTED then

79.7: // the queue no de has b een stolen.

79.8: goto retry

79.9: end;

79.10: // steals the queue no de (if another task is using it).

79.11: I.op := &opblo ck;

80: // tries to reco v er I.state from PREEMPTED to W

AITING.

81: // do es not recov er I.state if it is already EXECUTED.

82: CAS(&(I.state), PREEMPTED, W

AITING);

83: spin:

120: // I.state (= entry) is not W

AITING, now.

121: if entry = EXECUTED then

122: // the op eration has b een executed by another pro cessor.

122.1: if :�nished(&opblo c k) then

122.2: // executed op eration has b een the request of another task.

122.3: goto retry

122.4: end;

122.5: // executed op eration has b een m y request.

123: goto �nish

124: end;

125: execute:

Figure 13: The Extended Algorithm of the SPEPP Synchronization

13