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ABSTRACT

Computer systems are prone to faults. Faults are of two types: transient and per-
manent. The performance of events becomes unpredictable upon the occurrence of
such faults. This behavior introduced by transient faults might cause deadlines to
be missed making hard real-time systems fail. Check-pointing is a cost-effective way
of detecting faults. A generalized multi-frame (GMF) task is a sporadic task model
where the execution times, deadlines and minimum separation times are all N-array
vectors. Upon an occurrence of a fault, the set of GMF tasks re—execute causing
an increase in the overall execution time of the job causing other jobs to miss their
deadlines. To make the system schedulable, this thesis introduces checkpointing
mechanism called Generalized Multi-frame with Fault Tolerance (GMF-FT) for the
GMF tasks. We tackle faults by checkpointing the set of GMF tasks and find the

worst-case recovery time sequence of the given task set.
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Chapter 1

Introduction

A real-time system is one which includes both logical and temporal correctness
requirements— i.e., a system that produces correct outputs at the right time. Exam-
ples of real time systems are power plant controllers and airplane autopilot systems.
Real-time systems can be classified as hard real-time systems or soft real-time sys-
tems. Hard real-time systems are systems where, if the response does not occur
within a specified time interval catastrophic consequences can occur. Examples:
flight control systems, automotive systems. On the other hand, soft real systems are
those whose response times are not critical for the system to operate, and failure
of meeting a deadline would not hurt the system. Examples: banking system and
multimedia.

The basic units of work in real-time systems are jobs. A job is defined by its
execution time, relative deadline and arrival time. A hard real-time job must execute
for its given execution time within its arrival time and deadline.

In real-time systems, jobs often execute repeatedly. We call these repeated jobs a
task. These tasks can be periodic, sporadic or aperiodic depending upon their arrival

pattern. Periodic tasks are those where the separation between release times is the



same for all jobs. Sporadic tasks have a minimum separation between the release of
its jobs. Aperiodic tasks are the tasks that are released at arbitrary times.

The periodic task model has been generalized to the multi-frame model [1] and
the generalized multi-frame model. In these models, a sequence of jobs executes
repeatedly [2].

Computer systems are prone to faults. Faults can be of two types, transient
and permanent faults. Transient faults are more common and are major sources of
system errors. They are usually resultant of temporary environmental conditions
[3]. The performance of events becomes unpredictable upon the occurrence of such
faults. Permanent faults are the ones that do not go away with time and are due to
irreparable damages to hardware.

There needs to be a mechanism that checks for any fault occurrences. This
problem has been extended and considered for periodic and sporadic task systems.
This thesis considers the problem of fault tolerance for GMF task systems. A method
called Generalized Multi-frame with Fault Tolerance (GMF-FT) is presented that
ensures the jobs are scheduled and do not miss their deadlines. In particular, this
thesis provides analysis for ensuring GMF tasks meet their deadlines in the presence
of transient faults. For small systems, experiments demonstrate that, while this
system is pessimistic, it only rejects a small number of task sets that could actually
meet their deadlines.

In the following chapters, we discuss the various models and definitions used in
real-time systems as seen in Chapter 2. Chapter 3 talks about the different kinds
of processors, schedulers, scheduling algorithms, scheduling analysis strategies etc.
This research is discussed in detail in Chapter 4 where, we define the framework and

how the algorithm works, following up with experiments and results in Chapter 5.



Chapter 2

Model and Definitions

In real-time systems, many operations are performed repeatedly. These repeated
operations are called tasks. Each task set is defined as 7 = {11, Ts, ..., T,} and each

task T; denoted by a 4-tuple representation (¢;, F;, D;, P;),where
e ¢; = release time of first job (i.e., task’s phase),
e F; = worst case execution time of each job,

D; = task relative deadline (amount of time between each job’s release time

and deadline), and

P, = task period

If ¢; = 0, we use a 3—tuple (F;, D;, P;) and if ¢; = 0 and P, = D;, we use a pair
(Ei, Pr).

Worst Case Execution Time (WCET) is the maximum length of time a task could
take to execute without missing its deadline on a processor. The response time of
a task is defined as the time when the task starts to execute to the time it finishes
its execution. Worst Case Response Time (WCRT) is the maximum response time

a task can have.



Each task in the system is a collection of number of jobs. Each job J; is designated
with its execution times £;, deadline D; ; and arrival time a; ;. These tasks can either
be periodic or sporadic in nature. If the tasks are periodic, every job arrives exactly
P; time units, after its predecessor. Meaning, " job of task has an arrival time a; ,

a deadline a; ; + D, ;, and an execution requirement of E;, where:
® a9 =i
® ajj1=0¢;+jxPb

For example, let us assume that the arrival time for the task is 0, the notation
being used is T; = (E;, D;, P;). Example: Let us consider two tasks 77 = (3,5, 8)
and T = (4,10,10). We assume that 7 is of a higher priority than 75. Figure 2.1
illustrates the schedule of the task set. The arrows pointing upward represent the

arrival of the jobs in the task and the downward arrow represent the deadlines.

.

T2

Figure 2.1: Periodic Task Model

Since task 77 is of higher priority, it starts to execute from time 0 and releases a
job every 8-time units. Each job has a deadline of 5-time units after it arrives. Task
T, is released at time 0, and starts its execution at 4-time units as it must wait for
the higher priority task, 77. T5 releases its jobs at every 10-time units.

The task utilization is the proportion of time the processor spends executing

the tasks over long intervals. The utilization for task T; is denoted as follows:



E.
U= 2
P,

The total utilization of task set 7 is given as:

E.
U= ——
P;
i=1
Example: The utilization for T is
3
U1 — g
The utilization for 75 is
3
U; = 0
Total Utilization
3 3 27
U=-+—=—=0.67
8 + 10 40

2.1 Synchronous and Asynchronous Systems

Synchronous systems are systems where all the jobs of the tasks are released at the
same time. Asynchronous systems, on the other hand, are those where jobs are

released at arbitrary times instead of the same time.

2.2 Generalized Multi-Frame Model

Multi—frame tasks were introduced by Mok and Chen in 1996 as a form of rep-

resentation of the generalized form of a periodic task model defined by Lui and



Layland in 1973. A multi-frame task 7T is represented by a tuple (E, ﬁ) where
E= {Eo, E1, Es, ..., En_1} are the execution times and P= {Po, P\, Py,...,Pn_1}
are the minimum separations respectively. The task generates infinite number of
frames in succession where the arrival times of the frames are P time units apart
from each other.

A generalized form of multi-frame model [1] leads to a new model called the
generalized multi-frame (GMF) model [2] where, the deadlines differ from the pe-
riods, the minimum separations are not identical [4]. A GMF task T' is represented
using a 3-tuple notation (E, 5,15) where E, D and P are N-array vectors where
E = {Eo, E1, Es, ..., En_1} are the execution times; D = {Dy, D1, Ds,...,Dy_1}
are the relative deadlines, and P= {Py, P1, Ps,...,Py_1} are the minimum separa-
tions respectively.

Meaning, i*" frame of task T has an arrival time a;, a deadline a; + d;, and an
execution requirement of e;, where:

e a9 >0, and a;y1 > a; + P mod N,
o di=D; moa n and

L ei:Ei mod N

ol Uigll]

11T 1T T Tl I I I D D O N I | B
0 17 2325 33 38 50 5660 77 85 9398 110 116

Figure 2.2: Hlustration of a GMF Task

For example: Let us consider the GMF task T' = ([17, 12, 5, 6]; [23, 20, 7, 7]; [25, 8, 17, 10])
with N = 4. A schedule of this GMF task set is shown in Figure 2.2. For task T;, R;

denotes the frame number of the task. The colored blocks represent the execution

6



times of each frame. Rg represents the j* occurrence of the i** frame of task 7;. We
see that frame 1 is released (indicated by the up arrow) at time=25 (P, = 25) and
has a relative deadline of 20 time units (indicated by the down arrow at time = 45),
ie., dy =25+ 20 = 45. Before frame 1 finishes execution, frame 2 is released at time
=25+ 8 =33 (i.e.,, ay = a; + P, = 33) and has a relative deadline of 7 time units.
Therefore, its deadline is dy = 33 + 7 = 40. The next frame is released at 50 time
units (a3 = as + P» = 33+ 17 = 50) and has a relative deadline of 7 time units. The
next set of the frames, i.e., R? where i = {0,1,2,3} start to repeat from 60 time

units (254 8 + 17 + 10).

2.3 Task Model for Checkpointing

The unpredictable behavior introduced in the system by a transient fault might
cause deadlines to be missed making the hard real-time system fail. Check pointing
is a cost-effective way through which faults can be detected in real-time systems
[5] when compared to different techniques like message logging [6], retry [7], and
replication [7]. The saved state of the task that consists of data variables and system
register contents, is called a checkpoint. Checkpointing can also be used for improving
reliability in databases where an audit trail keeps a record of the last transactions
after the last successful checkpoint. This avoids re-execution of the whole process
improving the processing time. To ensure the correctness of the computation, an
acceptance test is done at each checkpoint.

Let O; be the computation time overhead necessary to establish one checkpoint
in task T;. The overhead consists of two parts, O and OF, where O{! is the overhead
for performing acceptance test and Of is the overhead for saving the system state

at each checkpoint. In this study, due to reasons of simplicity, we use a single factor



for overheads (O;). Therefore,

We are primarily concerned with transient faults which are resolved by re-execution.
We assume that the operating system kernel has adequate fault containment by using
redundancy as well as robust data structures. We also assume a fault-free scheduler
— i.e., the scheduler has no adverse effects on the occurrence of faults as it operates
at the kernel level, which provides isolation of faults and prevents system crashing
[8]. We assume that a fault can adversely affect only one task at a time [9], and it is
detected at some intermediate checkpoints or at the end of that task’s execution and
the minimum inter arrival time between faults is denoted as Tr. Although somewhat

pessimistic, this assumption is realistic since, in many implementations, task errors

0, =0+ 07

are detected by acceptance tests.

The Table 2.1 below shows the change in execution times with respect to the

checkpointing mechanism.

Table 2.1: Execution times with Checkpoints

ExecutionTime

RelativeDeadline

Min.Interval

No.of.CheckPoints

Overhead

NewExecutionTime

2

4

5

2

1

3

4

6

5

2

1

5

6

8

4

4

1

8




The table below gives a brief jist of the definitions used.

Table 2.2: Notations

Notation | Description

T; Task ¢

E; Execution time of task T;

D; Relative deadline of task T;

P, Minimum Inter-arrival time or Period of task T;
J; Job of a task T;

a; Arrival time of task T;

a; j Arrival of job j in task T;

U; Utilization of T;

U Total Utilization of task set 7

oA Overhead to perform Acceptance Test

o7 Overhead to perform state save

O; Overhead for Performing CheckPointing

m; Number of Checkpoints for task T;

R; Frame number of the task 7;

R] Represents the j* occurrence of f* frame of task T}
Tr Minimum inter arrival time between faults
WCRT | Worst Case Recovery Time

WCET | Worst Case Execution Time




Chapter 3

Related Work

This chapter is divided into 7 sections. Section 3.1 defines what a uniprocessor and
multiprocessor systems are. Section 3.2 talks about schedulers used for scheduling
tasks. Section 3.3 defines the preemptive and non—preemptive scheduling. Section
3.4 defines what a static schedule is and also shows various static scheduling algo-
rithms. Section 3.5 defines dynamic scheduling and algorithms that follow dynamic
scheduling. Section 3.6 illustrates how analysis of scheduling algorithms is done by

various methods.

3.1 UniProcessor and MultiProcessor

Real-time systems usually contain several tasks that are to be executed. Depending
on the number of processors being involved, real-time systems can be classified as
uniprocessor and multiprocessor systems. A uniprocessor system is the one where all
jobs share and execute on a single processor. A multiprocessor system is one where

there are several processors available for the jobs to share and execute on.

10



3.2 Preemptive and Non—preemptive Schedulers

Real-time tasks can be scheduled using various scheduling algorithms. A schedule
is said to be valid if it meets all time constraints and a task set is said to be A-
schedulable if the scheduling algorithm A produces a valid schedule for that task set.
Scheduling algorithms may either be preemptive or non-preemptive. A preemptive
scheduler is the one which allows jobs to be interrupted midway through their ex-
ecution and then resume from where they left off. A non— preemptive scheduler is

one which executes jobs from start to finish making even urgent tasks wait.

3.3 Preemptive and Non—Preemptive Scheduling

Preemptive Scheduling: Is a priority driven scheduling where the tasks with highest

priority tasks will currently be utilizing the processor. If a task is already executing
and a higher priority task comes into the system, then the task with the lower priority
is removed and is returned only after the higher priority tasks finish their execution.

For example, let us consider a task set described in Table 3.1. The schedule is an
EDF schedule, which is a preemptive schedule and, deadlines = periods as shown in

Figure 3.1.

Table 3.1: Preemptive Scheduling
Task Number(T) | Arrival Time(a) | Execution Time(E in ms) | Deadlines(D)
1 0 4 10
2 4 3 5

T; arrives at time 0. So, the CPU is allocated to the task 77, as there are no

other tasks in the system. 75, arrives at time 4. At time=4, the job of task T} is

11



0 4 7 9 10 14 19 20 24 29

Figure 3.1: Hlustration of Preemptive Scheduling

preempted by higher priority task 7. Task 75 starts to execute as it has the lowest
deadline of 4 + 5 = 9 time units. At 9 time units, another job of task T is released
and starts to execute until 12 time units. Even though task 77 is released at time
=10, it is preempted by the higher priority task 75 and needs to wait until task 75
has finished its execution.

Non-Preemptive Scheduling: In this kind of schedule, the task executing on the

processor will execute completely without being interrupted. Since the processor does
not switch from one task to another, there is no switching overhead. For example, let
us consider a task set described in Table 3.1 and the schedule is as shown in Figure

3.2.

0 4 7 9 10 14 19 20 24 29

Figure 3.2: Hlustration of Non—Preemptive Scheduling

T} arrives at time 0. So, the CPU is allocated to the task T}, as there are no other
tasks in the system. T, arrives at time 4. At time=4, the job of task 77 finished
executing and task Ty starts to execute and finishes by time = 7. At time = 9,
task 75 is released and continues to execute until time = 13. Even though task 7}

released at time =10 it has to wait until task 75 finishes its execution. Task 77 starts

12



its execution at time =12 and continues to execute until time=16 and task T, keeps
waiting until task 7} finishes to execute even though it has been released at time =

14.

3.4 Static Scheduling

Static Scheduling or Priority Driven scheduling or Fixed Priority Scheduling [10] is
a way of scheduling real time systems where enough information about deadlines,
periods, maximum delay etc., are to be known beforehand to design the system for
scheduling process. In such scheduling process, the priorities are assigned to all tasks
and these priorities do not change with time. It is assumed that no two tasks have
the same priority [11].

Example: Let us consider three tasks as in Table 3.2 which are denoted using
the notation: T; = (E;, P;). We assume that deadlines are equal to periods and the
following tasks priorities assigned are fixed. Figure 3.3 illustrates the preemptive

schedule of these tasks.

o P O O
o

3, 131i

IlIHI"H'%"H|IIII|’|[H||H|]=

Figure 3.3: Hlustration of Static Scheduling
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Task T} has the highest priority with its execution time being 2 milliseconds.
Next in priority is task 75 with priority=2 and execution time 2 milliseconds. Last
in line is task T3 with priority=3 and execution time 3 milliseconds. Since task 7}
is the highest priority, it starts to execute as soon as it arrives in the system. Tasks
T, and T3 need to wait for task T} to finish before they can execute. Notice that the

task T3 is interrupted at time 5, when task 75 releases its second job.

Table 3.2: Static Scheduling

Task Number(T) | Priority | ExecutionTime(E in ms) | Period(P)
1 1 2 7

2 2 2 )

3 3 3 13

Rate Monotonic (RM) Scheduling
This is an optimal static-priority scheduling algorithm [10] where priorities are
assigned according to their periods. A task with a shorter period is of a higher
priority than the task that has a larger period ie., T; > T} iff P, < P; [10]. The
task model assumed is set of periodic tasks (E;, P;) and D; = P,.

Example: Let us consider two tasks 77 and 75 as shown in Table 3.3 which have
2 milliseconds and 5 milliseconds respectively as their execution times. The periods
for each are 5 and 13 respectively. Since task T} has a shorter period, it is of the
highest priority among the two and the starts to execute as soon as it arrives into
the system. Task T, must wait even if it enters the system until 7} completes its

execution. The schedule is shown in the Figure 3.4 below.

14



Table 3.3: Rate Monotonic Scheduling
Task Number(T) | ExecutionTime(E in ms) | Deadline(D)
1 1 d
2 ) 13

o

o

Figure 3.4: llustration of Rate Monotonic Scheduling

Deadline Monotonic (DM) Scheduling
DM Scheduling is another kind of priority driven schedule where priority is given to
tasks that have shorter deadlines [12]. The tasks with shorter deadlines are of a
higher priority than the ones with longer deadlines. The task model assumed is set

of periodic tasks (F;, D;, P;) and D; < P; [13].

-
—— L

Figure 3.5: Ilustration of Deadline Monotonic Scheduling

Example: Let us consider a task set as shown in the Table 3.3. Task 7} has

a deadline of 5 time units and task 75 has a deadline of 13 time units. Since the

15



deadline for task T} is the lowest, it is of the highest priority among the two and
starts to execute as soon as it arrives into the system. Task Tp must wait even if
it enters the system until 7} completes its execution. The schedule is illustrated in

Figure 3.5.

3.5 Dynamic Scheduling

Dynamic scheduling is a schedule where job arrivals are not necessarily known before

execution. In these schedules, jobs’ priorities are determined during execution.

Earliest Deadline First (EDF)

EDF [10] is an optimal scheduling algorithm on preemptive uniprocessors. This is
a dynamic schedule where priorities are determined by which task has the earliest
absolute deadline. The task with the earliest deadline is the highest priority hence
the name earliest deadline first.

Example: Let us consider 3 tasks with the parameters as shown in Table 3.4. The
tasks are scheduled as shown in Figure 3.6. Initially, task 7} has the highest priority
as its absolute deadline is the shortest when compared to the rest of the tasks in
the system, therefore, it starts to execute right away. The next in queue is task T,
as it has a deadline of 5-time units. It starts to execute as soon as 177 completes its
execution. The last to enter the system is task 73 with a deadline of 7-time units and
starts to execute after the higher priority tasks finish their execution. Notice that
when task T releases its second job at t = 4, it has to wait for task T3 to complete

executing because task T3’s job has an earlier deadline that task 7}’s second job.

16



Table 3.4: EDF Scheduling
Task Number(T) | ExecutionTime(E in ms) | Deadline (D)
1 1 4
2 2 5

Jlkuﬁu%W%l\ﬁwu%_ﬁ_ﬁpuﬁu%_'
(ZTZS)I_Hl#\l|hll%_l-l|¥Fl||hlll|%l||’$=
il m w1 ml

Figure 3.6: Illustration of Earliest Deadline First

Least Laxity First (LLF)
Laxity is the amount of time a job can be in the wait queue without missing its
deadline [10]. The laxity of a real-time task 7; at time ¢, L;(t), is defined as follows:
Li(t) = D;(t) — E;(t) where D;(t) is the absolute deadline of the task at time t
and FE;(t) is the amount of computation remaining to be complete [14]. The LLF
scheduling algorithm assigns higher priority to the tasks with the least laxity.
Example: Let us consider a task set as show in Table 3.5 and the LLF schedule

llustrated in 3.7.

At time instant 0 i.e., t=0 for T}: L;(0) =8 -2 =6 At t = 0 for T5: Ly(0) =

17



L B

Figure 3.7: Hlustration of Least Laxity First

Table 3.5: LLF Scheduling

Task Number(T) | ExecutionTime(E in ms) | Deadline (D) | Period(P)
1 2 8 10
2 2 4 5

4 — 2 = 2 Since laxity for task T is the least out of the two, T5 starts to execute for

1 time units. At time instant 1 i.e., t=1for T3: Li(1) =7—-2=5 At t = 0 for T5:
Ly(1) = 3 — 1 = 2 Again, laxity for task 75 is the least out of the two, T, executes

for 1 time units. At time instant 2 i.e., ¢ = 2 for T}: L1(2) = 6 — 2 = 4 Since T5

finished executing within its period, T can start to execute.

3.6 Scheduling Analysis

Scheduling algorithms are used by real-time systems to determine the order in which

the tasks are executed such that no task or minimum number of tasks do not miss

their deadlines. A schedulability test decides whether a task can be scheduled such

that no other tasks in the system miss their deadlines [15]. In real-time scheduling, a

scheduling analysis is performed to ensure the system can be schedulable and tested
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by schedulability tests.

Time demand Analysis (TDA)

The TDA determines the worst—case response times of task sets scheduled by a fixed
priority algorithm [16] assuming tasks 773, ..., T, are indexed according to priority
and all tasks have D; < P,. TDA acts as a check for the tasks schedule and make
sure the tasks meet their deadlines.

Let w;(t) denote the worst case level — i demand in an interval of length ¢ then,
the TDA function for any task 7; is defined as the minimum value ¢ such that w;y) =
Z?ZO(EJ'.[%D gives the cumulative demands on the processor made 11,75, ..., T,
by tasks over [0,t] [16].

Time demand Analysis can be found by iteratively computing the function. The

result will be T;’s worst case response time. The computation is as follows:

For any task T,
1. t* D = qp;(¢t®)) | where t© is equal E;
2. Find t® iteratively until either

e t(!) > D; (system is infeasible), or

o t*+1) = (}) < D, (T; can meet its deadline)
3. Repeat for each task T;,7=1,2,...,n.

Let 7; =T, T, T3 where T; = (P, E;). T1 = (3,1), Ty = (4,2), T3 = (9,1). The Rate
Monotonic schedule of the following tasks are as shown below in Figure 3.8. Say, we

want to check if task T3 meets its deadline or not. The WCRT computation of task
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T3 is as follows:

1 1
tW =147211+7-12
+[311+17]
tH =14+1+2
tW = wy(2) =4
Now, t =4
4 4
4)=1 —|.1 —1.2
ws(®) = 1+ [+ 7]
wi(4) =14+2+2
Now, t =5
) 5)
5)=1 —.1 —1.2
wy(5) = 1+ [31.1+ 7]
w3(5) =1+2+14
Now, t =7

wdﬂ:1+[;l+f;2
wy(7) =1+3+4
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Now, t =8

Therefore, WCRT(T3) = 8 Since 8 < 9, we can say that task T3 meets its deadline.
The same computation is to be followed to find out the WCRT for tasks 77 and T5.
If P; was any less than 8 then the task would miss its deadline. Therefore, by using

TDA, we can make sure all the tasks in the system can meet their deadlines.

N N N A

T

(2,4) [ [ [

(1T39)|T||H||||$|H|||||LH||||||l|||HH|=

Figure 3.8: Ilustration of Time-Demand Analysis

Buildlist Algorithm
Buildlist algorithm is used to find the demand function for GMF tasks. It is a lookup
list for the demand bound function over a period of interval, that is, dbf(T, t) where
t is small interval. The buildlist algorithm runs in time O(N?log N) and produces a

list of sorted pairs of (workload, interval) for a given interval ¢ as stated in [2]. The
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dbf(T,t) can be determined from this list in O(logN) time, using binary search.

For example: Let us consider two task sets as show in the Table 3.6. The buildlist
algorithm is shown in 3.7.
Table 3.6: Buildlist Algorithm

Task 1 71 = [13, 5], [20, 27], [53, 42]
Task 2 Ty = [11, 14],[35, 34], [62, 77]

Algorithm build-list

I. Generate ordered pairs (“workload”, “interval size”) as follows:
Fori —0to N —1,do
For j — 0to N —1 do
generate the ordered pair (e(R;) + e(Riy1) + -+ e(Riyj), d(Riy;) — a(R;)).
2. Sort the ordered pairs into an array in increasing order of interval size (within interval
size, in decreasing order of workload).
3. Delete all those ordered pairs whose workloads are not strictly larger than the workloads

of all ordered pairs occurring prior to them in the sorted array.

Figure 3.9: Buildlist Algorithm

The algorithm when run for Task 1:

Table 3.7: Task 1 Buildlist Algorithm

i/i [i=0 =1
i=0 | e(Ro), d(R1) — a(Ro) = (13,80 — 0) = (13, 80) (Ry),d(Ry) — a(Ry) = (5,80 — 53) = (5,27)
i=1| e(Ro) + e(Ry), d(Ry) — a(Ro) = (13 + 5,80 — 0) = (18,80) | e(Ry) + e(Ra), d(Rs) — a(Ry) = (5 + 13,115 — 53) = (18, 62)

Here, N = total number of frames of each task. Therefore, i = 2 and j = 2 and e(Ri)
denotes the execution time of the frame and d(R;4;) is the deadline of frame(i + j)

and a(R;) is the arrival time of frame i. The algorithm when run for Task 2:
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Table 3.8: Task 2 Buildlist Algorithm

i/7]j=0 =1
i:oJ Je(RU),d(Rl) ~a(Ro) = (11,96 — 0) = (11, 96) (Ry), d(Ry) — a(Ry) = (14,96 — 62) = (14, 34))
i=1 | e(Ro) + e(Ry),d(Ry) — a(Ro) = (11 + 14,96 — 0) = (25,96) | e(Ry) + e(Ra), d(Ry) — a(Ry) = (14 + 11,174 — 62) = (25,112)

1. Sort pairs in increasing order of interval. Within interval, decreasing order of
workloads.
Task 1: (5,27), (18,62), (18,80), (13,80)
Task 2: (14,34), (25,96), (11,96), (25,112)

2. Delete pairs where workload > workloads prior to them

Task 1: (5,27), {48;62}, (18,80), {13;86)
Task 2: (14,34), (25,96), {H—,gﬁ},—(—rﬁ—'ﬁﬂ—l%—)

The final pairs are:
Task 1: (5,27), (18,62)
Task 2: (14,34), (25,96).
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The total demand of the task set is show in Figure 3.10.

Taskl
Task2
------ dbf of task set

A

50

30

) S

(L I O O

Figure 3.10: Total dbf of the task set

Demand Bound Function (dbf)

Demand Bound Function (dbf) was first introduced for periodic tasks for EDF
scheduling. A demand bound function is defined as the maximum processor de-
mand by workload for any interval t. Real-time system is schedulable under EDF if
and only if dbf(t) <t for all interval ¢ [17]. The demand function for a task 7; is a
function of an interval [t1, t5] that gives the amount of computation time that must

be completed in [t1, t5] for T; to be schedulable. dbf for a task is defined as,

dof(tt) = > E

t12a;,t2<D;

where, 7 is the task number.
dbf is used to check the feasibility of the GMF tasks without any resources. A
demand bound function dbf(T,t) represents the total workload of jobs generated by
task 7', that are both released and have deadlines within the time interval of length
t where t is a positive real number [18]. This dbf(7,t) is a non-decreasing step
function.
For example: Consider the following task sets T} = (1,2), Ty = (2,4),T5 = (1,7).
Let the time interval ¢ = 6, dbf is illustrated as in Figure 3.12. Then the

dbf(T,6) = 1% (E1) + 1% (Fy)
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Figure 3.11: Demand Bound Function(dbf)

dbf(T,6) =1+2

dbf(T,6) = 3
L
-
R S
e
" PR 1 ERE
1 3 5 7

Figure 3.12: Demand Bound Function(dbf)

3.7 Analysis of Checkpointing

Checkpointing is an important mechanism to increase the reliability of real-time

systems. Whenever a transient fault occurs, such as crash, power failure or a software
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fault, systems information may be lost or corrupted. Checkpointing mechanism saves
the system state and, in case of any faults, the mechanism can retrieve and restore
the most recent saved state of the system and execution can be resumed normally.

This is how we deal with tasks with faults:

1. Let us consider a set of n tasks, {T1,T5,...,T,} in which tasks are ordered
according to the assigned priorities with minimum inter-arrival time P;, worst

case execution time (WCET) E; and deadline D; and D; < P,.
2. Each task T' may be blocked by lower priority tasks for at most B; time units.

3. Let O; be the computation time overhead necessary to establish one checkpoint
in task 7;. In fact the overhead consists of two parts, i.e, O; = O+ 07, where
O# is the overhead for performing acceptance test and Of is the overhead for

saving the system state at each checkpoint.

4. Let us consider a task set with only one task, say T;. Suppose, the task T}
is divided into m; equal segments where F; is divisible by m; and perform a
checkpoint at the end of each segment. If we assume that there can be at most
one fault during 7}’s execution then the worst-case execution time inclusive of

checkpoint overhead and recovery, denoted by E}™, is given by:

E
ET1:E1+(m1—1)01+m—1+O1
1

E
= B +miO0; + —
my

Note that at the beginning of the task execution we need to perform a check-

point (without an acceptance test) and at the end of the task execution we need

to perform an acceptance test (without checkpoint). Hence, by combining this
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two and represent it as the last O; in previous equation, the execution time in
effect becomes,

E1 + (ml — 1)01

and the fault recovery time becomes % + Oy.

Let us assume a task 7' = (E, D) = (6, 10) where, execution time = 6 time units,
deadline = 10 time units as seen in Figure 3.13(a) and deadline = period. Let us

assume that number of checkpoint m = 4 and overhead for each checkpoint O; = 1
as shown in Figure 3.13(b) .

Let us assume that task 7" faults at time ¢ = 4 time units seen in Figure 3.13(c)

This fault is discovered when the task reaches the checkpoint is at ¢t = 6.

The worst—case execution time inclusive of checkpoint overhead and recovery,
denoted by E7"', is given by,

Em
EM™ = EM™ 4+ (m—1)0, + —— + 0,
my
Em
= E™ + (m —1)0; + —
my

Therefore, the execution time in effect for the task changes to

E=E+(m—-1)x0;

Fault recovery time = £ 4+ O;, where £ € Z is the interval size = (§) +1=2+1=3

Therefore, it rolls back to the latest checkpoint which is at time ¢ = 3 time units and
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re-starts its execution with execution time 7 4+ 3 = 10 time units shown in Figure
3.13(d).

Since each checkpoint has an overhead, checkpointing becomes a bounding prob-
lem as the mechanism can only be applied for task sets whose computation times
(i.e., execution times) are greater than the checkpoint overheads. If the execution
times are below the overhead, then simply re-execution of the whole task makes it
more feasible than insertion of checkpoints.

In the above scenario, we have considered a single task. But, if the computation

is to be done for the whole task set, then the response times would be:

R; R; E;
R, =C; i —1)0; + B, —(C; —1)O; — — +0;
H0m =00+ Bit 37 [71(Cy+my = 1)0;)+ [21 mave ([2+0;1)
(7e€hp(i)
(3.1)
where: f%} is the number of faults and 7' is the minimum inter arrival time between

faults and maxjehpiui((%) + O;]) is the worst case computation requirement upon
J

a fault.

3.8 Bruteforce Algorithm

The brute force algorithm, also known as exhaustive search or generate and test, is a
basic problem— solving methodology where in all possible combinations are checked to
see whether they satisfy for the solution. Logically, brute force search is the simplest
way to check whether all the possibilities lead to a solution. But, the cost of this
methodology is proportional to the number of inputs used for the solution. Therefore,
for a practical problem, using this ideology could require combinational runtime.
Because of this nature, the brute force algorithms are used when the problem size

is limited or when the set of candidate solutions are a manageable size. The main
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disadvantage for bruteforce is while tackling real-world problems where the number
of inputs are very large.

A classic example for bruteforce algorithm is the problem of a traveling salesman
problem (TSP) where a salesman needs to determine the order in which he visits the
cities to minimize the total distance traversed. This is a NP-hard problem whose
solution size increases exponentially with the increase in the number of cities.

Example: Let us consider that the salesman needs to travel all cities, starting
and ending with his home city. The distance between each city is as illustrated in
Figure 3.14 . The salesman needs to find the shortest route of travel. The four nodes
of the graph namely A, B, C' and D represent the four cities and the edges between
then represent the distance between each city. The salesman needs to start at the
node or vertex A and end at the same node.

There are three different paths that can be traversed.
A-B—-C—-D—A=16
A—-B—-D—=C—A=22
A—-C—-B—-D—>A=24
Therefore, the best distance path with the minimum distance to travel is A — B —
C—D— FE— A, of value 16.

Increasing to just 10 cities would result in having to consider 181440 paths, and
20 cities would require more than 6 x 10'¢ paths.

This research uses brute force method in finding schedules for a comparison to the

algorithm presented in Chapter 4.
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Figure 3.13: Checkpointing and Recovery of a task.
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Figure 3.14: Bruteforce Algorithm for TSP
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Chapter 4

Generalized Multi—frame Model

with Fault tolerance

While fault tolerance algorithms have been developed for periodic and sporadic tasks
[17], there have been no fault tolerance algorithms developed for GMF tasks. For
this work, we need to allocate a recovery time to each frame of the task.

This work determines a worst—case recovery sequence for GMF tasks. We use
this recovery sequence to compute a modified demand bound function that in co-
operates recovery demand. The new GMF with checkpointing task model will be
represented by a 4-tuple notation (E,ﬁ,ﬁ ﬁ) where E, D, P and r; are N-array
vectors [Eo; B ..., Ey_1] of execution requirements, [Dg; Dy ..., Dy_1] of (relative)
deadlines, [Py; P; ..., Py_1] of minimum separations and [Ry; R; ..., Ry_1] of recov-
ery times, respectively. The interpretation is as follows: The ** frame of task 7" has
an arrival time a;, a deadline d; , an execution requirement of e;, and a recovery time

of r; where
e ap > 0and a;11 > a;+ P noan

L4 dZ:DZ mod N
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e ¢, = B noa v and
L4 ri:Ri mod N

where r; is the maximum recovery time for the task frame.

4.1 This Research

Our focus in this paper is to determine if a generalized multiframe (GMF) tasks are
EDF-schedulable on a uniprocessor in the presence of faults. That is, given a system
of GMF tasks, we can determine if the tasks can be scheduled in a way that all of
them meet their deadlines even upon occurrence of faults during their execution on
a uniprocessor using the EDF scheduling algorithm. The schedulability of the tasks
are determined by the buildlist algorithm and in combination with demand bound

function.

4.2 General Framework

In this section, we define the abstract task model used in the research and determine
that the task mode is schedulable with fault tolerance built-in.

Task Independence Assumptions

e Assumption 1: The run-time of one task does not depend on other tasks exe-
cuting in the system. Each task is independent and driven by different external

factors. It is prohibited for a task to generate a job in response to another job.

e Assumption 2: There are no references of workload constraints to absolute time.

That is, there is no compulsion that task T" generates a job at time-instance 5.
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e Assumption 3: The frame with a higher recovery time will also have a higher

deadline. This is to in—cooperate the fault tolerance mechanism.

This research does not hold for systems where all jobs are generated at the same
time or where some jobs are guaranteed to release before other jobs.

Whereas, the research does hold in distributed systems where each task executes
jobs on different resources. We can also see that this assumption is violated by
periodic tasks systems where a task T with parameters execution time F, deadline
D and period P are scheduled to release each job at exactly P time units apart over
an interval of time. However, the research holds for sporadic task systems, where the

period P is a minimum separation of time between the jobs generated by task 7.

4.3 GMF with Fault Tolerance Algorithm

Let us consider the GMF tasks along with the recovery times scheduled with the
EDF scheduling algorithm. We assume that Tx is the minimum inter—arrival time
between two faults and £ is the length of the schedule. The recovery time of the frame
is the extra time that is added to its execution time upon the occurrence of a fault.
Unlike any set scheduling algorithm, we have built this algorithm to understand and
produce the worst case recovery demand of the recovery pattern for a given GMF
task set.

This algorithm accounts for recovery times by creating a new GMF task whose
execution times are the worst—case pattern of recovery times. This task is added to
the GMF task system and the buildlist analysis is performed as described in Chapter
4.

The new GMF task Tj is generated as follows:

Step 1: Calculate the number of fault intervals for the entirety of the schedule. This is
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Step 2:

Step 3:

Step 4:

Step 5:

Step 6:

done by f%}

Identify the earliest 7% interval with no scheduled recovery time, [k.Tr, (k +
)T

Choose the unscheduled frame with the highest recovery time (75 ;).

Calculate the number of intervals that the frame can have a possibility of
failure. Allocate the execution time of T to be r in the given frames. m =
(%1 + 1 and allocate r; ; recovery demand to T intervals starting at time
]{].TF, NN (K + m)TF

Keep in mind, a frame can have only one fault in a single T interval.

Check for next arrival of the frame. If the frame is from the same task 7T}, then
it can repeat only after it reaches the total period P; of the task and P; < /,
assuming the frame begins at time ¢ = 0. If the frame does not start at time 0,
then the earliest time a frame can repeat is k.Tr + P; such that (k.Tr+ P;) < ¢

and go to Step 3.

Find the next largest recovery time and go to Step 2.

Creation of new GMF task

After filling up all the Tr intervals, a new GMF taskset is created with change in

few of the frame parameters.

The execution time of the frame will be its recovery time.

The relative deadline will change to relativedeadline — (x. T F + recoverytime)
where x is the number of intervals between the first filled interval of the frame
and the last filled interval by the frame. If the difference is less than 0 or less
than the recoverytime, then the relativedeadline = max(relativedeadline —

(x.T'F + recoverytime), recoverytime) of the frame.
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e The period would be the Ty interval value.

e The recovery time would remain the same value as it was for the original frame.

For Example: Let us consider a GMF task set of 2 tasks—each containing 3 frames.
Ty = {[8, 11, 5], 17,19, 10], [40, 38, 42], [2, 3, 2] }
T, ={[2,5,5],[20,19, 15], [20, 35, 20], [3, 2, 1] }
The schedule for GMF with fault tolerance is shown in Figure 4.1. The total period
for task 717 is 120, for task T, is 75.
The length of the schedule, ¢ is the highest period among all the task sets. Length
of schedule, ¢ = 120.
The minimum inter arrival time between faults, Tr = 30.
Number of Intervals = [20] = 4.

As there are two frames with the same recovery times, let us take the frames from

T; which has the shortest deadline. Since, Ti» has the highest recovery (of 3 time

units) and deadline = 19, it can be placed in [%1 + 1 = 2 intervals.
Frame T}, has a recovery of 3 in the second interval and a deadline of 19 —3 = 16 in
the first interval. At time = 75, task T5’s frames are repeated since the total period

for task 75 is 75

The earliest time that 75 can start is the end of the second interval since Tj is
executing. This is because, even when the task’s total period is 75 time units, we
do not know when frame 775 actually starts to execute. The frame with the highest

recovery from 75 is T5; with recovery time of 3 time units

(20-1)

35~ | +1 = 2 intervals. Frames

The number of time frame Ty; can be repeated is [
T5; has a deadline of 3 in the last interval and a deadline of 20 — 3 = 17 in its third

interval. The ending intervals of the frames possible failure have a deadline which is
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equal to their recovery time is because the worst case for a frame to have a fault is
right at the beginning of the interval. When such situation occurs, the frame is to

be executed right away.

The new GMF-FT task is {[3,3,3,3],[16,3, 17, 3], 30, 30, 30, 30], [3, 3, 3, 3] }.

Figure 4.1: GMF with Fault Tolerance

4.4 Correctness of Generalized Multi-frame with

Fault Tolerance (GMF-FT)

The correctness of the GMF-FT is proved by the theorem stating that the sequence
of recovery times generated by GMF-FT algorithm causes a worst case recovery de-

mand for the task set when compared with any other series.

First, we define a couple of terms.
Definition 1: Assume we are scheduling a GMF task set on a uniprocessor with
fault tolerance. Let S = (po, p1,-.-.,pr) be a sequence of recovery times. For each
recovery p;, let d,, be the absolute deadline of the frame that failed in the T interval
[i.kTr, (i + 1)TF]. Then the demand from recovery sequence S during the interval
[0, 2] is Tama(S, [0, 1]) = deigt Pi-

We now show that the task Tg, generated by the GMF-FT algorithm, provides
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an upper bound of recovery demand.
Theorem: Let us consider two series of recovery demand S and S* for a GMF task
scheduled with fault interval of Tp. S = {po, p1,...,p—1} is a series of recovery times
that is constructed from our algorithm GMF-FT.

Let S = {py, p1,- - . ,,0;7} be any recovery possible series. Then, ¥Vt > 0, rg,q(S, [0,t]) >
rama(S', [0,1])).

Proof. We wish to show that the recovery sequence generated by our algorithm
GMF-FT is the worst case recovery sequence and the demand of the sequence is
either greater than or equal to any other recovery sequence for the given fault interval.
We show this by a “swapping argument”. We repeatedly swap the demand of the
series S' each time making it closer to the demand of S. After each swap, we show
that the recovery demand cannot decrease.

For each recovery py, let Q(pi) = T; x, the frame that failed, causing the recovery
demand of p;. Initially, S” = S’. Repeat the following until S" = S.

If p, = p;; forall kK =0,...,0 — 1 we have shown 74,,4(S, [0,t]) > Tama(S', [0,t])Vt,
which completed the proof.

If Q(p;) = Q(p;) for i =0,1,...,nthen S =S" and the theorem is proved.
Otherwise, let & = min {Q(p;) # Q(p; )}
Let r; and 7; be the recovery times of the frames Q(p;) and Q(p;), respectively.
Then, r; > 7; .

This follows directly from the way recovery times are allocated according to the
GMF-FT algorithm, as GMF-FT allocates recovery times from the longest to short-
est.

We modify S” where initially S” = S', as follows:

e If Q(p;) is in the series S, shift it forward in the series to the k" spot and shift

Prs - - , py backwards. This effectively means the associated tasks are arriving
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later which is permitted by the sporadic task model.
e If Q(p;) is not in the series S”, replace Q; with p;.

In both cases, the demand of S” which is initially equal to S’, cannot decrease
because the demand of p; is replaced with the larger demand of p;.
Note: On the " step, ro, ..., r;_1 and rg, e ,rl”_l are unchanged. Therefore, the

theorem holds for all = 0,...,l — 1 after completing all steps of the iteration. [

In conclusion, this chapter introduces the new Generalized Multi-Frame with
Fault Tolerance (GMF-FT) algorithm and the creation of a new GMF task set. The
task set created by the algorithm is a pessimistic task set as we are greedily choosing
the highest recovery frames to be executed at the beginning (i.e., with artificially early
deadlines) so as to have a higher demand at the beginning of time rather than having
it later causing the remaining tasks to miss their deadlines. Furthermore, when the
pessimistic recovery task is combined with the buildlist demand, the recovery demand
might not correspond to the tasks that are contributing to the worst—case demand

without recovery.
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Chapter 5

Experiments and Results

This chapter is divided into 6 sections. Section 5.1 deals with the experimental setup
of the obtained results, section 5.2 shows the comparison of the average total demand
for bruteforce and GMF-FT algorithms for 2 tasks and 2 frames and 3 tasks and 2
frames. Section 5.3 represents the results comparing the average recovery time over
fault interval ranges for both the algorithms for 2 tasks and 2 frames and 3 tasks
and 2 frames. Sections 5.4 shows the comparison of number of task sets that are
feasible and infeasible for the two algorithms. Section 5.5 compares the runtimes
for bruteforce and GMF-FT algorithms. Lastly, Section 5.6 deals with experimental

results only for GMF-FT algorithm for larger task sets.

5.1 Experimental Setup

The following values are used in experimental setup:

e Processor: All the experiments were performed on uniprocessor platform. 7t

generation Intel core ¢7 processor was used.

e Tasks per task set: Number of GMF tasks used were 2, 3, 4 and 5, with 2 and
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3 frames.

e Periods: The frame periods are randomly generated between 100 —500 time

units.

e Execution times: The execution times are randomly generated to be an integer

between %th of the frame’s period and %rd of the frame’s period.

e Deadlines: The frames’ deadlines are randomly generated to be an integer

between % of the frame’s period and the frame’s period.

e Checkpoints: The number of checkpoints are generated randomly between 2

and 4.

executiontime ‘I

e Recovery Times: The recovery times are calculated to be [ .
num.of.checkpoints

o feasibility: Task sets that fail Baruah’s feasibility test [2] are discarded.

After the task sets are randomly generated, to ensure the feasibility of the task set,
the buildlist algorithm is simulated as discussed in Section 3.4. The task sets that
are determined infeasible that is, if their workload > interval until we find enough
feasible tasks sets before adding recovery. From the feasible task sets we determine

the length of the schedule for which the bruteforce and GMF-FT algorithms.

e Length of the schedule: This is the entire time interval for which the algorithms
run for and is calculated to be highest total period of the task T; from the task

set 7.

e Fault Interval Tpw: This is the minimum inter arrival time between two faults
and is calculated to be [?1, where P = max; P; is the maximum total task

period and f is the total number of frames of all tasks.
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Bruteforce Algorithm Simulation: The bruteforce algorithm as mentioned in Sec-

tion 3.6 is an exhaustive search. In this research, the bruteforce algorithm is used
for computing all possible combinations of sporadic task arrivals within the system
using the EDF schedule as the scheduling algorithm and the worst case recovery time
scenarios for these arrivals because bruteforce takes so long to run, we can only run
this algorithm on small task sets.

GMF-FT Simulation: The same task sets used for bruteforce, are used for sim-

ulating the GMF-FT algorithm mentioned in Section 4.3.

5.2 Average Total Demand for Bruteforce and GMF—

FT Algorithms

In this simulation scenario, the task system is then run for various schedule lengths
and different Tr intervals by both bruteforce and GMF-FT algorithms. The com-
parisons are illustrated in Figures 5.1(a) through 5.1(b) are used to compare the
average of the total demand of feasible task sets consisting of 2 tasks and 2 frames

and 3 tasks and 2 frames respectively.

Experiments with 2 Tasks and 2 Frames
The total demand per interval are the resultant pairs of the buildlist algorithm as
discussed in Section 3.4., is run for both bruteforce and GMF-FT algorithms. The
x — axis of the graph illustrated in Figure 5.1 represent the interval lengths and the
y — axis represent the average total demand.

The total demand of the GMF-FT is computed using Baruah’s buildlist algorithm
[2] with the additional recovery task computed as described in Chapter 4. The

bruteforce algorithm computes demand directly using exhaustive search.
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Average Total Demand for Interval Range for 2 Tasks and 2 Frames
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Figure 5.1: Average Total Demand for an Interval Range for Bruteforce and GMF—
FT Algorithms.

We see that the demand computed for bruteforce is always less than the demand
produced GMF-FT algorithm (as expected). The GMF-FT has a much higher
demand as the the recovery demand is pessimistic, as discussed in Chapter 4. Only
feasible task sets are shown in these figures. Therefore, both the algorithms produce

demands that are less than the x = y reference line as seen in Figure A 1.
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In the Figure 5.1, we see that the two figures, Figure ?? and Figure 5.1(b) rep-
resent the average total demand values for intervals ranging from 0-1300. This is
the demand from task execution and recover times.In Figure 7?7 we see a gradual

increment of the average demand for GMF-FT as the interval ranges increase.

Experiments with 3 Tasks and 2 Frames
In this simulation scenario, the task system 7 comprises of 3 tasks each with 2 frames
as seen in Figure 5.1(b). The task system is then run for various schedule lengths
and different T intervals by both bruteforce and GMF-FT algorithms as in Figure
5.1.

We see that in the interval range 800-900, the demand instead of increasing in
fashion, goes down. This is because the values for the tasks are generated in random
causing the demand to fluctuate. The values of the task set might not follow a certain

fashion to keep up, with he increase in demand trend going on over all interval ranges.

5.3 Average Worst Case Recovery Demand for

Bruteforce and GMF-FT algorithm

In this section we see graphs related to the averaged worst case recovery demand for
an fault interval range. The task sets considered are the same as in Figure 5.1.

In this Figure 5.2, we see that the two figures, Figure 5.2(a) and Figure 5.2(b)
representing the average worst case recovery demand values for intervals ranging
from 200-1300. In Figure 5.2(a) we see a gradual increment of the average worst
case recovery demand for GMF-FT as the interval ranges increase and the average
worst case recovery demand does not fluctuate much for bruteforce for 2 tasks and

2 frames. We see that the worst case recovery demand computed for bruteforce and
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Average Worst Case Recovery Demand for Fault Interval Range for 2 Tasks
and 2 Frames
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Figure 5.2: Average Worst case Recovery Demand for an Interval Range for Brute-
force and GMF-FT Algorithms.

GMF-FT algorithms is almost equal for the fault intervals. As seen before, infeasible

task sets are not included in these graphs.
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Experiments with 2 Tasks and 2 Frames
In this simulation scenario, the task system 7 comprises of 2 tasks each with 2 frames
as seen in Figure 5.2(a). The task system is then run for various schedule lengths
and different T intervals by both bruteforce and GMF-FT algorithms as in Figure
5.2.

Experiments with 3 Tasks and 2 Frames

In this simulation scenario, the task system 7 comprises of 3 tasks each with 2 frames
as seen in Figure 5.2(b). The task system is then run for various schedule lengths
and different T intervals by both bruteforce and GMF-FT algorithms as in Figure
5.1.

5.4 Comparison of Number of Task sets for Brute-

force and GMF-FT Algorithm

The x — axis on the graphs illustrated in 5.3 represents the number of feasible and

non-feasible task sets for both bruteforce and GMF-FT algorithms.

Count for 2 Tasks and 2 Frames

As we see in the Figure 5.3(a), out of 40 total task sets, all 40 are feasible for
bruteforce and only 10 for GMF-FT. This is because, in GMF-FT, when the fault
tolerance is added onto the total demand of the task set, there are tasks that might
miss their deadlines. This results in a non—feasible taskset. Hence, there are 30 task

sets that are not—feasible for GMF-FT.
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Feasibility Count for 2 Tasks & 2 Frames
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Figure 5.3: Comparison of Task sets or Bruteforce and GMF-FT Algorithms.

Count for 3 Tasks and 2 Frames
As we see in the Figure 5.3(b), out of 40 total task sets, 39 are feasible for bruteforce

and only 6 for GMF-FT. This is because, in GMF-FT, when the fault tolerance is
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added onto the total demand of the interval, the tasks might miss their deadlines
and this results in a non—feasible taskset. Hence, there are 34 task sets that are not—
feasible for GMF-FT. Out of these 34 non—feasible tasks sets by GMF-FT, there is

1 such task set that is neither feasible by bruteforce nor by GMF-FT.

5.5 Comparison of Runtime Bruteforce and GMF-

FT Algorithm

In this section, we compare the run times of the two algorithms. This comparison
gives an idea of how the two algorithms run with increasing number of tasks and
frames. We see that the bruteforce algorithm takes longer to run with increase in
number of tasks and frames whereas, the GMF-FT algorithm takes much less time

to run with the same number of tasks and frames.

Table 5.1: Comparison of Runtime Bruteforce and GMF-FT Algorithms

Number of Tasks, Number of Frames | Bruteforce Runtime | GMF-FT Runtime
2,2 45 seconds 30 second
3,2 3 hours 45 seconds
2,3 No heap space 42 seconds

As we can see from Table 5.1, the bruteforce algorithm’s runtime keeps exponentially
increasing with the increase in number of tasks and frames. For higher number of
frames and tasks, the algorithm cannot even finish running without giving an“out of
memory” or “out of heap space” error. On the other hand, the GMF-FT algorithm
runs in within a minute for higher number of tasks and frames. Due to this reason
solely, we could not run the bruteforce algorithms for more number of tasks and

frames as it takes a long time ranging from hours to days to run. Hence, the next
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section of the chapter shows experiments that are done only for GMF-FT algorithm

since the runtime of the algorithm is much faster when compared to the bruteforce.

5.6 Experiments only for GMF-FT Algorithm

This section deals with experiments done only for GMF-FT Algorithm. There are
different combinations of tasks and frames in this sections. In these experiments
we see how the pessimistic GMF-FT behaves with increasing number of tasks and
frames and analyse the total demand of the system as well the worst case recovery
demand caused due to fault tolerance built in. The task sets considered in this sec-

tion are too large for bruteforce algorithm.

Average Total Demand and Average Worst case Recovery
Demand for GMF-FT Algorithm
We also see that number of tasks is more significant than number of frames i.e., as
number of tasks increase, total demand increases. From the figures Figure 5.4(a) and
Figure 5.4(b) the task sets taken are: 2 tasks with 3 frames, 3 tasks with 3 frames,
4 tasks with 2 frames and 5 tasks with 2 frames. We can see that as the number
of frames increase, their demands are present across increasing intervals and as we
increase the number of tasks in the system, the demands only remain in the first few
intervals and do not spread across the schedule length. But, in all cases, the demand
gradually increase with increase in interval ranges.

The last scenario, with 5 tasks and 2 frames appears to have lower average de-
mand , but that is due to the fact that almost all the task sets have failed the

GMF-FT test as shown in the next section.
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Figure 5.4: Average Total Demand and Average Worst case Recovery Demand for
GMF-FT Algorithms.

Comparison of Number of Feasible Tasks for GMF-FT

From the figures Figure 5.5 the task sets taken are: 2 tasks with 3 frames, 3 tasks
with 3 frames, 4 tasks with 2 frames and 5 tasks with 2 frames and 30 task sets of
each are considered. 5 tasks sets are feasible for 2 tasks with 3 and 4 tasks with 2
frames. 3 tasks sets are feasible for 3 tasks with 3 frames and 1 task set for 5 tasks

with 2 frames.
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We see that the pessimism of the GMF-FT algorithm increases as both number of

tasks and number of frames increases.
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Chapter 6

Conclusion and Future Work

This thesis unfolds a new task model that combines Generalized Multi—frame model
and checkpointing fault tolerance analysis into one. This new model is called Gen-
eralized Multi—frame Model with Fault Tolerance. This model was achieved by con-
verting the GMF task set into a 4-tuple task set with the addition of recovery times.

Experimental results demonstrate that this pessimistic approach when compared
to the bruteforce algorithm does not under perform. The expectation of this new
algorithm was to have the total demand of the task set inclusive of recovery to be
higher than the demand of the task set without the recovery added to it and it did
so. The worst case recovery demand was also greater when compare to the demand
produced by bruteforce. Also, the number of infeasible task sets were comparatively
less. Out of 80 task sets combined were used for comparisons between bruteforce
and GMF-FT, 106 of them turned out to be infeasible by GMF-FT. Experiments
that were run solely to analyze GMF-FT did not give establish a certain pattern to
determine the behavior of the algorithm.

This thesis analytically proves that the GMF-FT algorithm computes a pes-

simistic approximation of the worst—case recovery demand. The experimental results
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demonstrate that the level of pessimism is too extreme to be useful as the number
of tasks and frames increase.

As for runtime, while the GMF-FT algorithm is a pessimistic approach for finding
the worst case recovery sequence of fault patterns in a task set, it runs in polynomial
time where as bruteforce runs in exponential time depending on the number of frames
in the task set. The larger the task set, the time complexity exponentially increases
for bruteforce whereas, for GMF-FT the time complexity doesn’t depend on the
number of frames but it depends on the number of fault intervals considered.

In future work, we hope to improve the accuracy of the GMF-FT algorithm by
allowing it to find results less pessimistic for longer task sets while always finding an
upper bound for the recovery demand. The creation of a recovery task approach has
required to add a number of pessimistic assumptions causing large number of task
sets to be infeasible. We suspect that there might be significantly another approach
that can be taken in order to have more feasible task sets.

Incorporating fault tolerance into real-time systems is essential for ensuring
proper operation of these systems. This research is a first step towards exploring

this topic for GMF task sets.
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APPENDIX

The following figures in this section illustrate the total demand over intervals and
total worst case recovery demand over fault intervals. These images are the basis
from which the values have been averaged to achieve the average total demand and
average worst case demands as seen in Sections 5.2 and 5.3.

Figure A 1 illustrates the total demands over the intervals for 2 tasks and 2 frames
in Figure 1(a) and for 3 tasks and 2 frames in Figure 1(b) for both bruteforce and
GMF-FT algorithms. The reference x = y line indicates the maximum demand level
where the maximum workload of the task is equal to its interval size.

Figure A 2 illustrates the total worst case recovery demands over the intervals
for 2 tasks and 2 frames in Figure 2(a) and for 3 tasks and 2 frames in Figure 2(b)
for both bruteforce and GMF-FT algorithms. The reference x = y line indicates
the maximum recovery level where the maximum worst case recovery demand of the

task is equal to its interval size.
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Figure A 1: Total Demand for an Interval for Bruteforce and GMF-FT Algorithms.
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