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Embedded System Design

بندي متناوب زمان
Periodic schedulingPeriodic scheduling

T1

T2

براي زمان بندي متناوب، بهترين كاري كه مي توانيم انجام دهيم، طراحي 
كند م پيدا وجود صورت در را زمانبندي يك هميشه كه است .الگوريتمي است كه هميشه يك زمان بندي را در صورت وجود پيدا مي كندالگوريتم

تعريف مي شود،بهينهيك زمان بند
.اگر و فقط اگر يك زمان بندي را در صورت وجود بيابد
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Embedded System Design

بندي متناوب زمان
Periodic schedulingPeriodic scheduling

LetLet 
• pi be the period of task Ti,
• ci be the execution time of Ti,i i
• di be the deadline interval, that is, the time between a 

job of Ti becoming available and the time after which the 
j b T h t fi i h tisame job Ti has to finish execution.

• li be the laxity or slack, defined as li = di - ci
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سودمندي انبارشده
Accumulated utilizationAccumulated utilization

Accumulated utilization: 
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شرط لازم براي قابليت زمان بندي
دازندههاmا( mm)تعداد £ m)تعداد پردازنده ها=  mبا(
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زمان بندي با نرخ يكنوا: وظايف مستقل
Independent tasks: Rate monotonic (RM) schedulingIndependent tasks: Rate monotonic (RM) scheduling

.[Liu, 1973]معروف ترين تكنيك براي زمان بندي وظايف مستقل متناوب وب ل ي و ي نب ز بري ي رين ]رو , ]
:فرضيات

.همه ي وظايف داراي مهلت زماني، متناوب هستند• وب ي ز ه ي ر ي و ي
.همه ي وظايف مستقل هستند•
وظايف• همهي di=piبراي diبراي همه ي وظايف  pi

•ci ثابت است و براي همه ي وظايف معلوم است.
است• ناچيز متن تعويض براي لازم .زمان لازم براي تعويض متن ناچيز است.زمان
 µوظيفه، معادله ي زير براي سودمندي انبارشده  n براي يك پردازنده و•

n:برقرار باشد ب ر ر بر
1/

1
(2 1)

n
i n

ii

c n
p

m
=

= £ -å

Kazim Fouladi. School of Electrical and Computer Engineering, University of Tehran. Fall 2006 - 5 -



Embedded System Design

بندي با نرخ يكنوا ـ سياست ـ  زمان
Rate monotonic (RM) scheduling The policyRate monotonic (RM) scheduling - The policy -

:RMسياست :RMسياست
.اولويت يك وظيفه  تابعي يكنواي نزولي از دوره ي تناوب آن است

ردر هر زمان وظيفه ي داراي بالاترين اولويت بين آنهايي كه براي اجرا آماده  ر ي ه ن و و ن ر و ر
  .هستند، تخصيص داده مي شود

:قضيه
.برقرار باشند، قابليت زمان بندي تضمين مي شودRMاگر همه ي فرضيات
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سودمندي ماكزيمم براي قابليت زمان بندي تضمين شده
Maximum utilization for guaranteed schedulabilityMaximum utilization for guaranteed schedulability

Maximum utilization as a function of the number of tasks:Maximum utilization as a function of the number of tasks:
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RMمثالي از زمان بندي توليدشده با 
Example of RM generated scheduleExample of RM-generated schedule

T1 preempts T2 and T3T1 preempts T2 and T3.
T2 and T3 do not preempt each other.
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RMحالت شكست زمان بندي 
Case of failing RM schedulingCase of failing RM scheduling

Task 1: period 5 execution time 2Task 1: period 5, execution time 2
Task 2: period 7, execution time 4
µ = 2/5 + 4/7 = 34/35 ≈ 0.97,              2(21/2-1) ≈ 0.828

Missed 
deadline

Missing computations 
scheduled in the next period
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Proof of RM optimalityMore
i d th

p y

D fi iti A iti l i t t f t k i th ti t hi h

in-depth:

Definition: A critical instant of a task is the time at which 
the release of a task will produce the largest response time.

L F t k th iti l i t t if th tLemma: For any task, the critical instant occurs if that 
task is simultaneously released with all higher priority 
taskstasks.

Proof: Let T={T1, …,Tn}: periodic tasks with ∀i: pi ≦ pi +1. 

Kazim Fouladi. School of Electrical and Computer Engineering, University of Tehran. Fall 2006 - 10 -

Source: G. Buttazzo, Hard Real-time Computing Systems, Kluwer, 2002



Embedded System Design

Critical instances (1)

Response time of Tn is delayed by tasks Ti of higher priority:

Tn

cn+2ci

Ti
t

Delay may increase if Ti starts earlier

Tn

T

Maximum delay achieved if T and T start simultaneously
cn+3ci

Ti
t
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Critical instances (2)( )

R ti th t f ll i 1 1Repeating the argument for all i = 1, … n-1:
The worst case response time of a task occurs when it is 
released simultaneously with all higher priority tasks q e dreleased simultaneously with all higher-priority tasks. q.e.d.

Sched labilit is checked at the critical instantsSchedulability is checked at the critical instants.
If all tasks of a task set are schedulable at their critical 
instants they are schedulable at all release timesinstants, they are schedulable at all release times.
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Proof of the RM theorem

Let T={T1 T2} with p1 < p2Let T {T1, T2} with p1 < p2.
Assume RM is not used  prio(T2) is highest: 

T1

p1

1

T

c1

T2 t

S h d l i f ibl if ≦ (1)

c2

Schedule is feasible if             c1+c2 ≦ p1                      (1)

Define F= p /p : # of periods of T fully contained in T
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Case 1: c1 ≤ p2 – Fp11 p2 p1

Assume RM is used prio(T1) is highest:Assume RM is used  prio(T1) is highest: 

Case 1*: c1 ≤ p2 – Fp11 p2 p1
(c1 small enough to be finished before 2nd instance of T2)

T1

T2 t
p2Fp1

Schedulable if (F+1) c1 + c2 ≤ p2                        (2)
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Proof of the RM theorem (3)( )

Not RM: schedule is feasible if c +c ≤ p (1)Not RM: schedule is feasible if             c1+c2 ≤ p1 (1)
RM:       schedulable if              (F+1) c1 + c2 ≤ p2            (2)
From (1): Fc +Fc ≤ FpFrom (1):                                          Fc1+Fc2 ≤ Fp1

Since F ≥ 1:                       Fc1+c2 ≤ Fc1+Fc2 ≤ Fp1

Adding c : (F+1)c +c ≤ Fp +cAdding c1:                                     (F+1)c1+c2 ≤ Fp1 +c1

Since c1 ≤ p2 – Fp1:                       (F+1)c1+c2 ≤ Fp1 +c1 ≤ p2

H if (1) h ld (2) h ld llHence: if (1) holds, (2) holds as well
For case 1: Given tasks T1 and T2 with p1 < p2, then if the 

schedule is feasible by an arbitrary (but fixed) priorityschedule is feasible by an arbitrary (but fixed) priority 
assignment, it is also feasible by RM.
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Case 2: c1 > p2 – Fp11 2 1

Case 2: c1 > p2 – Fp1
(c1 large enough not to finish before 2nd instance of T2)

TT1

T2 tT2 t
p2Fp1

S h d l bl if F ≤ F (3)Schedulable if                                        F c1 + c2 ≤ F p1       (3)
c1+c2 ≤ p1 (1)

Multiplying (1) by F yields F c + F c ≤ F pMultiplying (1) by F yields                    F c1+ F c2 ≤ F p1
Since F ≥ 1:                          F c1+ c2 ≤ F c1+ Fc2 ≤ F p1
 Same statement as for case 1
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Calculation of the least upper utilization boundpp

Let T={T1, T2} with p1 < p2.
Proof procedure: compute least upper bound Ul as followsProof procedure: compute least upper bound Ulup as follows
 Assign priorities according to RM
 Compute upper bound U by setting computation times Compute upper bound Uup by setting computation times 

to fully utilize processor
 Minimize upper bound with respect to other taskMinimize upper bound with respect to other task 

parameters
As before: F= p2/p1p2 p1

c2 adjusted to fully utilize processor.
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Case 1: c1 ≤ p2 – Fp11 p2 p1

T11

T2 t

Largest possible value of c2 is        c2= p2 – c1 (F+1)

p2Fp1

Corresponding upper bound is
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{ } is <0  Uub monotonically decreasing in c1

Minimum occurs for c1 = p2 – Fp1
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Case 2: c1 ≥ p2 – Fp11 p2 p1

T1

TT2 t
p2Fp1

Largest possible value of c2 is c2= (p1-c1)F
Corresponding upper bound is:
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{ } is ≥ 0  Uub monotonically increasing in c1     (independent of c1 if {}=0)

Minimum occurs for c = p Fp as before
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Utilization as a function of G=p2/p1-Fp2 p1

For minimum value of c1:
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Since 0 ≤G< 1:       G(1-G) ≥ 0         Uub increasing in F
Minimum of Uub for min(F):     F=1 

GU +1 2
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Proving the RM theorem for n=2 endg
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RMبندي  هاي زمان ويژگي
Properties of RM schedulingProperties of RM scheduling

اگر كه است بديهي اثبات، اساس p2=Fبر p1لازم بيكاري ظرفيت هيچ p2بر اساس اثبات، بديهي است كه اگر F p1  هيچ ظرفيت بيكاري لازم
اگر دوره ي تناوب همه ي وظايف مضربي از  : در حالت كلي. نخواهد بود

مدوره ي تناوب پراولويت ترين وظيفه باشد، لازم نيست، يعني، قابليت
µزمان بندي در اين صورت نيز تضمين مي شود اگر  ≤ 1.

زمان بنديRMاين به زمان بندي.استايستامبتني بر اولويت هاRM ي نب ويز و بر ي ييب نب ز ب ين
، NTاجازه مي دهد كه در سيستم عامل هاي استاندارد، مانند ويندوز 

.استفاده شود
 انواع گوناگوني از زمان بنديRM وجود دارد.
ندي ا ز نهي ز داردRMدر د ان ا ف ر هاي ا اث در زمينه ي زمان بنديRM اثبات هاي رسمي فراواني وجود دارد.
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EDF

EDFنيز مي تواند براي زمان بندي متناوب به كار گرفته شود.
EDFبراي هر دوره ي تناوب بهينه است.

براي زمان بندي متناوب بهينه است.
 EDF  بايد قادر باشد مثال هايي كه در آنهاRM   شكست مي خورد را

.زمان بندي كند
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RMو  EDFمقايسه ي زمان بندي هاي 
Comparison EDF/RMSComparison EDF/RMS

RMS:

EDF:

T2 not preempted due to its earlier deadline
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T2 not preempted, due to its earlier deadline.
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EDF :ها ويژگي
EDF: PropertiesEDF: Properties

EDFدارد نياز پويا اولويتهاي به EDFبه اولويت هاي پويا نياز دارد
 EDF  نمي تواند با سيستم عامل هاي استاندارد كه تنها اولويت هاي ايستا را

.در نظر مي گيرند، استفاده شود و ير ي ر ر
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وظايف وابسته
Dependent tasksDependent tasks

مساله ي تصميم گيري در مورد اينكه آيا براي مجموعه اي از وظايف مستقل و مهلت 
است  NP-completeداده شده يك زمان بندي وجود دارد يا خير، در حالت كلي 

[Garey/Johnson][Garey/Johnson].

:راهبردها
.اضافه كردن منابع، به گونه اي كه زمان بندي ساده شود شود١. و و ي نب ز ي و ب بع ن ر
تقسيم مساله به بخش هاي ايستا و پويا تا تنها حداقل تصميمات لازم باشد ٢.

.در زمان اجرا گرفته شود و ر ر
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وظايف گاه و بيگاه
Sporadic tasksSporadic tasks

اگر وظايف گاه و بيگاه به وقفه ها متصل شوند، زمان اجراي ساير وظايف 
د ش ن ش ل قا غ .بسيار غير قابل پيش بيني مي شودا

 ،وارد كردن يك سروِر وظايف گاه و بيگاه
ا آ گا گا ظا ا .بررسي متناوب براي وظايف گاه و بيگاه آمادها

وظايف گاه و بيگاه اساساً به وظايف متناوب تبديل مي شوند.
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قراردادهاي دسترسي به منبع
Resource access protocolsResource access protocols

بخش هايي از كد كه در آنها:(critical sections)نواحي بحراني
.دسترسي انحصاري به برخي از منابع بايد تضمين شود

.تضمين شود Sمي تواند با سمافور 

P(S)  سمافور را بررسي مي كند تا ببيند
اگر بود،.كه آيا منبع موجود است يا خير

Task 1 Task 2

P(S) P(S)

ير ي وجو بع بوي ر
S  را به“used” مقداردهي مي كند  .

اگر نبود، وظيفه ي ! عمليات وقفه ناپذير
ك ا آ ك ا اخ Exclusiveف

V(S) V(S)

  .فراخواني كننده ي آن بايد صبر كند
V(S)  به“unused”  مقداردهي مي شود

نتظ فهي د(ظ ر )در

access
to resource
guarded by ) در صورت وجود(و وظيفه ي منتظر

.آغاز مي شود
guarded by
S
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معكوس سازي اولويت
Priority inversionPriority inversion

.باشدT2فرض مي شود كه بايد بزرگتر از اولويتT1اولويت و1و ر ز و ي 2رض

بايد  T1در خواست دسترسي انحصاري داشته باشد، ) t0زمان (در ابتدا  T2اگر 
.، بنابراين اولويت ها معكوس مي شود)t3زمان(منبع را آزاد كند T2صبر كند تا

.محدود شده استT2در اين مثال مدت معكوس سازي با طول ناحيه ي بحراني
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وظيفه مي توان از طول هر ناحيه ي بحراني تجاوز كند ۲مدت معكوس سازي اولويت براي بيش از 
Duration of priority inversion with >2 tasks can exceed the length of any critical sectionp y g y

P i it f T1 i it f T2 i it f T3Priority of T1 > priority of T2 > priority of T3.
T2 preempts T3:
T2 can prevent T3 from releasing the resource.
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مساله ي مسيرياب مريخ
The MARS Pathfinder problem (1)The MARS Pathfinder problem (1)

“But a few days into the mission, 
not long after Pathfinder started 
gathering meteorological data thegathering meteorological data, the 
spacecraft began experiencing total 
system resets, each resulting insystem resets, each resulting in 
losses of data. The press reported 
these failures in terms such as 
"software glitches" and "the 
computer was trying to do too 
many things at once" ”many things at once .  …
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The MARS Pathfinder problem (2)p ( )

“VxWorks provides preemptive priority scheduling of threads. p p p p y g
Tasks on the Pathfinder spacecraft were executed as 
threads with priorities that were assigned in the usual 

fl ti th l ti f th t k ”manner reflecting the relative urgency of these tasks.”
“Pathfinder contained an "information bus", which you can 
think of as a shared memory area used for passingthink of as a shared memory area used for passing 
information between different components of the spacecraft.”

 A bus management task ran frequently with highA bus management task ran frequently with high 
priority to move certain kinds of data in and out of the 
information bus. Access to the bus was synchronized 

i h l l i l k ( ) ”with mutual exclusion locks (mutexes).” 
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The MARS Pathfinder problem (3)

 The meteorological data gathering task ran as an The meteorological data gathering task ran as an 
infrequent, low priority thread, … When publishing its 
data, it would acquire a mutex, do writes to the bus, q
and release the mutex. ..
 The spacecraft also contained a communications task 

that ran with medium priority.”


High priority:       retrieval of data from shared memory
Medium priority: communications taskMedium priority:  communications task
Low priority:         thread collecting meteorological data
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The MARS Pathfinder problem (4)p ( )

“Most of the time this combination worked fine. However, very , y
infrequently it was possible for an interrupt to occur that caused 
the (medium priority) communications task to be scheduled 
during the short interval while the (high priority) information busduring the short interval while the (high priority) information bus 
thread was blocked waiting for the (low priority) meteorological 
data thread. In this case, the long-running communications 
task, having higher priority than the meteorological task, would 
prevent it from running, consequently preventing the blocked
information bus task from running After some time hadinformation bus task from running. After some time had 
passed, a watchdog timer would go off, notice that the data bus 
task had not been executed for some time, conclude that 
something had gone drastically wrong, and initiate a total 
system reset. This scenario is a classic case of priority 
inversion ”
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قرارداد وراثت اولويت
Coping with priority inversion: the priority inheritance protocolCoping with priority inversion: the priority inheritance protocol

وظايف داراي . وظايف بر اساس اولويت هاي فعالشان زمان بندي مي شوند
ا ك ا ل شFCFSا ا ز .زمان بندي مي شوندFCFSاولويت هاي يكسان به صورت 

 اگرT1  دستورP(S)  را اجرا كند و دسترسي انحصاري بهT2 داده شده باشد  :
T1مسدود مي شود. و ي و

  را به ارث مي بردT1اولويتT2:باشدT1كمتر از اولويت T2اگر اولويت
T2 ادامه مي يابد.

بوظايف بالاترين اولويت وظايفي كه توسط آنها مسدود شده اند را به:قاعده ر و ه و ي ي و وي و رين ب ي و
.ارث مي برد

 وقتيT2  دستورV(S)  را اجرا مي كند، اولويت آن به بالاترين اولويت وظايف
د ا كاهش آ ط ت شده .مسدود شده توسط آن كاهش مي يابددود

مقدار : مي شود T2اولويت : مسدود نشده بود T2اگر هيچ وظيفه اي توسط 
مسدود شده است، از Sوظيفه ي داراي بالاترين اولويت تاكنون بر روي.اصلي

ش ف .سر گرفته مي شودگ
لگر : تراگذريT2 ،T1  را مسدود كند وT1 ،T0  را مسدود كند، آن گاهT2 

.را به ارث مي بردT0اولويت
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Example

How would priority inheritance affect our example with 3 tasks?

T3 inherits the

p y p

T3 inherits the 
priority of T1 and 

T3 resumes.

V(S)
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Priority inversion on Mars

Priority inheritance also solved the Mars Pathfinder 
problem: the VxWorks operating system used in the 
pathfinder implements a flag for the calls to mutex 

i iti Thi fl ll i it i h it t b t tprimitives. This flag allows priority inheritance to be set to 
“on”. When the software was shipped, it was set to “off”. 

The problem on Mars was 
corrected by using the co ected by us g t e
debugging facilities of VxWorks 
to change the flag to “on”, while 
the Pathfinder was already on 
the Mars [Jones, 1997].
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توضيحاتي در مورد قرارداد وراثت اولويت
Remarks on priority inheritance protocolRemarks on priority inheritance protocol

.امكان تعدادي زيادي وظيفه با اولويت بالا
.امكان بن بست بنب ن

:بحث هاي پي در پي در مورد مشكلات اين قرارداد

Victor Yodaiken: Against Priority Inheritance,
http://www.fsmlabs.com/articles/inherit/inherit.html

در حين قرار ملاقات، اولويت وظيفه به ماكزيمم : ADAداراي كاربردهايي در 
.آن مقداردهي مي شود

priority ceiling)قرارداد سقف اولويت : قرارداد پيشرفته تر protocol)
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خلاصه

P i di h d liPeriodic scheduling
 Rate monotonic scheduling

P f f th tili ti b d f 2• Proof of the utilization bound for n=2.
 EDF
 Dependent and sporadic tasks (briefly)

Resource access protocols
 Priority inversion

• The Mars pathfinder example
 Priority inheritance

• The Mars pathfinder example
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