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Federated Scheduling of Mixed-Criticality Sporadic DAG Tasks on Uniform Multi-
processors

Chengzi Huang

Department of Computer Science and Engineering

Chalmers University of Technology and University of Gothenburg

Abstract

In designing real-time systems, there is an emerging trend in moving towards the
mixed-criticality(MC) system, where functionalities with different degrees of impor-
tance (i.e., criticality) are implemented upon a shared platform, and the level of
heterogeneity in the modern multiprocessors systems is gradually increasing. This
thesis develops algorithms to schedule and allocate implicit-deadline sporadic mixed-
criticality DAGs upon the uniform heterogeneous multiprocessors.

A two-level scheduler is designed based on the federated scheduling paradigm.
Tasks are categorized into heavy and light tasks according to their utilization. Each
heavy task exclusively executes on a number of dedicated processors (cluster). Light
tasks are treated as sequential tasks and share the remaining processors. The work-
conserving scheduler is used at the cluster level, and EDF-VD is used to schedule
the light tasks. The upper bound of the response time for a heavy task under the
work-conserving scheduler and utilisation bound for light tasks under EDF-VD are
proposed to verify offline that the design constraints are met.

Task allocation upon the multiprocessors is known to be NP-Hard. This the-
sis describes an approach to solving the task allocation problem using bin-packing
heuristics and simulated annealing. There are two stages for task allocation. The
light tasks are assigned to processors using partitioned scheduling in the first stage.
A group of bin-packing heuristics will be considered, and a metric QoP is defined
to compare the quality of partitioned scheduling under different heuristics. The al-
location partition with the best QoP will be used. In the second stage, simulated
annealing is employed and tries to find a feasible solution by gradually minimizing
the total task lateness in the system.

There is a service abrupt problem at the traditional mixed criticality system.
Elastic mixed criticality task model is introduced to address this problem. This
thesis also develop schedulability test and discusses the task allocation for elastic
mixed criticality task.

Empirical evaluation is presented to show the effectiveness of our approach.

Keywords: Federated scheduling, Task allocation, Partitioned scheduling, Simu-
lated annealing






Acknowledgements

First of all, I would like to give my heartfelt thanks to my supervisor Risat Pathan,
for his invaluable instruction and inspiration. Without him, this thesis could not
have been finished. Furthermore, I am grateful to my examiner Jan Jonsson, for
piquing my interest in this topic through his excellent real-time systems courses.
Finally, I would like to thank my opponents David Wilkins and Oskar Hammargren,
for reviewing this thesis and giving valuable writing suggestions.

Chengzi Huang, Gothenburg, June 2022

vii






Contents

List of Figures xi
List of Tables xiii
1 Introduction 1
2 Background 3
2.1 Realtimesystems . . . . . . . . .. . 3
2.2 Scheduling algorithm and task priority . . . .. ... ... ... ... 3
2.3 Schedulability test . . . . . .. ..o o 4
2.4  Computing platform and workload model . . . . . . . .. .. .. ... 4
2.5 Local search and simulated annealing . . . . . ... ... ... ... .. 6

3 System and task model 7
3.1 Uniform multiprocessor platform . . . . . ... ... ... ... ... 7
3.2 System model for dual-criticality system . . . . .. .. .. ... ... 7
3.3 Taskmodel . . . . . . .. 7
3.4 Virtual deadline and system behavior . . . . . . ... ... ... ... 9
3.5 Target goal . . . . . . . ... 9

4 Scheduling algorithm 11
4.1 Federated scheduling . . . . .. ... .. ... .. oL 11
4.2 Scheduling algorithm for heavy task . . . . . .. ... ... ... ... 11
4.3 Scheduling algorithm for light task . . . . . .. ... ... ... ... 12
4.4 Summary ... oL e 14

5 Schedulability test 15
5.1 Response time analysis for the working conserving scheduling algorithm 15
5.2 Utilization bound for EDF-VD . . . . . . ... ... ... ... .... 20
5.3 Summary . o.o.o. ... 24

6 Task allocation 25
6.1 Overview. . . . . . . . 25
6.2 Partitioned scheduling for light tasks on uniform platform . . . . .. 26
6.2.1 Quality of partition . . . . . . . ... ... L. 27

6.2.2 Heuristics . . . . . . ..o 27

6.2.2.1  Processor selection heuristics . . . . ... ... ... 27

ix



Contents

6.3

6.2.2.2  Initial task ordering heuristics . . . . . . .. .. ...
6.2.3 Partitioned framework . . . . . ... ... L.
6.2.4 Heuristics for forming processor set . . . . . . ... .. .. ..
Search an allocation solution for heavy tasks based on simulated an-
nealing . . . . ...
6.3.1 Objective function . . . . ... ... ... ... L.
6.3.2 Initial solution . . . . . . ... ... ...
6.3.3 Generate a legal neighbor . . . . ... .. ... ... ...
6.3.4 Framework for the simulated annealing algorithm . . . . . . .

7 Extension to elastic mixed criticality model

7.1
7.2

7.3
7.4

Elastic mixed criticality model . . . . . . . . . ... ...
Schedulability test . . . . . . .. ...
7.2.1 Response time analysis for HL task . . . . ... ... ... ..
7.2.2 Utilization bound for LH and LL tasks . . . . . . .. ... ..
7.2.3  Summary . . ...
Task allocation . . . . . ... ... .. ... ...
SUMMATY . . . oo s e

8 Evaluation

8.1
8.2
8.3

Uniform platform generation . . . . . . . .. ... ... ... .....
Task set generation . . . . . . . . . ... .o
Results . . . . . . . o
8.3.1 Impact of uniform platform and different DAGs . . . . . . ..
8.3.2 Performance under homogeneous platform . . . . ... .. ..
8.3.3 Performance under elastic mixed-criticality systems . . . . . .

9 Conclusion and future work

Bibliography

A Source code

35
35
35
36
38
39
39
41

43
43
43
44
45
48
50

51

53



2.1

3.1

4.1

0.1
6.1

7.1
7.2

8.1
8.2
8.3
8.4
8.5
8.6
8.7

List of Figures

Varying execution lengths of the same task under different platform

speeds . .. oL 5
An example for two DAG tasks . . . . ... ... L 8
A work-conserving scheduling sequence on a uniform platform with 2

PTOCESSOTS. .« © v v v v v v e e e e e 12
lustration of af* and X2 . . . . . 18
Neighbor Generation . . . . . . ... .. ... ... .. ....... 33
A possible allocation scheme . . . . . . ... ... 37
Neighbor Generation for elastic mixed criticality tasks . . . . . . . .. 40
Comparison of acceptance ratios for different number of processors . . 45
Comparison of acceptance ratios for different P . . . . . . . . . .. 46
Comparison of acceptance ratios for different p™ . . . . . . . . .. .. 47
Comparison of acceptance ratios for different w,gqe . . . . . . . . . .. 47
The weignted acceptance ratio under different R4, and p™© . . . . . 48
Performance under homogeneous platform . . . . ... .. .. .. .. 49
Performance under elastic mixed-criticality systems . . . . . . . . .. 49

X1



List of Figures

xii



W~

© 00 ~J O Ot

List of Algorithms

Local search(f, N, L, S) . . . . . . ... . . 5
simulated__annealing(f, N, L, S) . . . . ... ... ... 6
Work-conserving scheduler on uniform multiprocessors . . . . . . . .. 12
The pre-processing stage of EDF-VD . . . . . ... ... ... ..... 13
Task allocation framework(r, P) . . ... .. ... ... ... .... 26
Partitioned framework(P,s, 7,7m) . . . . . . ... 29
Allocate light task(P,7,7m) . . . . . .. ... ... ... 30
Initial _solution(Premain, Tremain) « « « « « « « « o 00w e 32
Allocate_heavy task(Premain, Tremain) - - « « « « « « o 0 000w 34

xiii



List of Algorithms

Xiv



1

Introduction

Mixed Criticality (MC) systems are systems that have components of two or more
distinct criticality levels (for example safety-critical, mission-critical and low-critical)
[1]. Criticality is a designation of the level of assurance needed against failure for a
system component. A commonly used example of an MC system is an unmanned
aerial vehicle. The electronic system consists of flight control system, camera control
system and route planning system. The flight control system is a safety-critical sys-
tem. When it fails, the unmanned aerial vehicle will crash-land. This is dangerous.
Failures of safety-critical system are not acceptable. By contrast, the camera control
system that captures videos and process images is a mission-critical system. Route
planner, is desirable and improves the quality of service of the system, but is less
critical. Those systems are needed to be hosted on the same platform by the system
designers. An increasingly important trend in the design of real-time embedded
systems is the integration of components with different levels of criticality onto a
common computing platform. Integrating subsystems with different criticality re-
quirements into one device that will reduce hardware costs, energy consumption and
weight.

Many modern multiprocessors now have heterogeneous processing cores (e.g.,
ARM’s big. LITTLE platform) that can execute different tasks at different speeds.
Heterogeneous multiprocessors have continued to improve to meet today’s require-
ment for high computation power in those complex embedded real-time systems [2].
In addition, applications that are implemented using a task-based parallel program-
ming model such as MPI can effectively exploit the processing capacity of a parallel
heterogeneous platform.

Scheduling algorithms play a important role in guaranteeing time predictability,
i.e., computing the makespan of parallel applications. It is important to design
effective scheduling algorithms for parallel tasks on a heterogeneous platform and
propose schedulability tests to verify offline that the design constraints are met.
Unfortunately, many of the well-known schedulability analysis techniques for homo-
geneous multiprocessors cannot be trivially applied to heterogeneous multiprocessors
[3]. The task assignment is also a vital issue for guaranteeing system correctness.
Since the problem of assigning tasks to the processors (even for sequential tasks) is
NP-hard in the strong sense [4], designing an effective task assignment algorithm
is not only important but also more challenging for parallel tasks in comparison to
sequential tasks.

In this thesis, we study the problem of scheduling parallel mixed-criticality tasks
on a uniform multiprocessors platform. Although there has been extensive research
on the two related problems, namely, mixed-criticality scheduling of sequential tasks
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on the homogeneous multiprocessors and single-criticality scheduling of parallel tasks
on the heterogeneous multiprocessors, to our knowledge, there has been little prior
work on the combined problem of mixed-criticality scheduling of parallel task on the
heterogeneous platform [1, 5]. The organization and contributions of this thesis is
as follow:

Chapter 2 presents the real-time workload and platform models considered
in this thesis and provides necessary background information on real-time
scheduling theory as well as local search.

Chapter 3 defines the mixed-criticality parallel real-time task model and uni-
form heterogeneous multiprocessor platform used in this thesis.

Chapter

Chapter 4 presents a two-level scheduler based on the federated scheduling
paradigm. The work-conversing algorithm and a modified earliest deadline
first algorithm, called EDF-VD, are used at the different levels.

Chapter 5 develops the schedulability test for the work-conserving scheduling
algorithm and EDF-VD to guarantee the system correctness on the uniform
platform.

Chapter 6 presents a practical method to find a feasible task allocation based
on bin packing heuristics and local search.

Chapter 7 develops the schedulability test under elastic mixed criticality sys-
tem and the task allocation under this system.

Chapter 8 evaluates the performance of the proposed scheduling algorithm.
Chapter 9 contains the conclusion and some further discussion.
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Background

This chapter presents the fundamental background to the field of real-time systems
and local search.

2.1 Real time systems

In general, real time systems are systems in which the timing of a computation is
important for the correctness of the system. Independent programs, in the field of
real-time systems, are known as tasks. Every task 7; is included in a task set with
n tasks such that { 7, 7,...,7, }. For each task 7;, the worst-case execution time
(WCET) C; is known. And each task is said to arrive (i.e. ready to execute) at a
certain instant in time. Tasks may arrive several times where each instance is know
as a job. If the arrivals have a constant time between each job the task is said to be
periodic and the time between consecutive arrivals of a task is called the period T;.
However some task’s jobs may not arrive strictly periodically, but some time after
the period. These tasks are called sporadic. Each task also has a deadline D; which
specifies the latest time, relative to the arrival time, that the job must complete. If
the deadline is equal to the period it is said to be an implicit deadline.

2.2 Scheduling algorithm and task priority

For priority based scheduling algorithms, task priorities are used to determine in
what order tasks should be executed so that all tasks meet their deadline. The
priorities are either fixed or dynamic depending on what scheduling algorithm is
used. A fixed priority means that the priority is decided before run-time, while for
dynamic priorities the priority of a task can change during run-time.

The priority of a task also indicates how important it is that the task executed
when it is dispatched. In some cases, where preemptive scheduling is used, a task
with higher priority can preempt another task that already has started its execution.
However, there are also cases where non-preemptive scheduling is used, which means
that when a task has started its execution, it will execute until completion. Three
different task priority assignment policies are presented below.

o EDF: The earliest deadline first (EDF) priority policy dynamically changes
the priority of tasks during run-time. Task priority in EDF is decided by when
in time an instance of a task has its deadline, the task with the deadline closest
in time will have the highest priority while the task with the furthest deadline
will have the lowest priority.
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o DM: Deadline monotonic (DM) is a priority policy which uses static priority.
For the DM policy the priorities are assigned as follows: The task with the
lowest relative deadline has the highest priority and the task with the highest
deadline has the lowest priority.

« RM: Rate monotonic (RM) is a priority policy which uses static priorities.
For RM, priorities depend on the periods of the tasks. The task with the
lowest period has the highest priority, and the task with highest period has
the lowest priority in the task set.

2.3 Schedulability test

Schedulability tests help determine if a task set is schedulable or not, given a schedul-
ing algorithm. A Schedulability test can be sufficient, necessary, or both, and it pro-
duces a binary outcome (positive or negative). A positive outcome from a sufficient
test means that the task set is definitely schedulable and a negative outcome means
nothing. Conversely, for a necessary test the positive outcome means nothing but a
negative outcome means the task set is definitely not schedulable. If a Schedulability
test is both sufficient and necessary, the test is said to be exact. A positive outcome
from an exact test means that the task set is definitely schedulable and a negative
outcome means that it is definitely not schedulable.

There are many existing techniques that can be used to perform Schedulability

testing. Two of them are Response time analysis and Guarantee bound analysis

» Response time analysis (RTA) is a widely used Schedulability test. RTA tries
to find the worst-case response time for a task, where the response time is
the end time of the task while it is being interrupted by higher priority tasks.
Since response time analysis will give the worst-case execution pattern for a
task the result is then compared to the deadline of the task. If the result from
RTA is lower than the deadline the analysis will pass for this task and it is
scheduable, otherwise it is not scheduable.

o Guarantee Bound Analysis is another method to validate that all timing con-
straints will be met in a system. A task’s utilization is expressed as C;/T; and
if the accumulated utilization of all tasks in the system does not exceed the
guarantee bound, we can guarantee that all timing constraints in the system
will be met. The guarantee bound differs depending on what task priority
assignment policy that is used. For example the guarantee bound for EDF is
Uppr = 1, while for RM the guarantee bound is Ugy; = n(2/" — 1), where n
is the number of tasks [6].

2.4 Computing platform and workload model

The computing platform is a important part for modeling a real-time system. The
worst case execution time(WCET) is related with the computing with the computing
platform. It is commonly assumed in real-time systems research that a processor
runs at a fixed (normalized) speed of 1. Then, the worst-case execution of a task on
the unit speed is referred to as the workload of the task.

4



2. Background

Figure 2.1 shows the execution pattern of a task 7, which has the workload
C1 = 2, deadline Dy = 3 and period P; = 4. At the time interval [0, 5] the processor
runs with unit speed. The speed of processor changes to 0.5 at time instant ¢ = 5.
The height of jobs indicates the execution speed at the moment. Under this case,
the total execution time for the first job 7 ; and the second job 715 is 2 and 3,
respectively. However the third job need 4 unit time to finish its work. That results
in a deadline miss at ¢t = 11.

0 2 4 5 7 8 11 12 time

Figure 2.1: Varying execution lengths of the same task under different platform
speeds

A multiprocessor is a combination of multiple uniprocessors, and can be classified
into one of the following platform models depending upon the relationship between
the computing capacities of those processors:

o Identical: all processors have same speed. The WCET of a task is same for

all processors.

o Uniform: each processor is characterized by its own execution speed. The
WCET of a task is on the processor the product of its workload (same for all
processors) and the processor speed (may differ for each processor).

o Unrelated:The WCET is not necessarily related for different processors.

In this thesis, the uniform multiprocessor platform is focused.

Algorithm 1: Local search(f, N, L, S)

Input: f: a objective function that we want to maximize/minimize.
N: a function that can generate the neighborhood for a given state s.
L: a function that get a set of legal neighbors for a given state.
S: a function that select one of the neighbors.
1 s = Generate_ Initial _Solution();
2 s =g
3 for k =1 to maxTrial do
4 | if satisfiable(s) and f(s*) is better then
5 ‘ s =s%
6
7
8
9

end

s* = S(L(N(s),s),s);
end
return s;
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2.5 Local search and simulated annealing

Local search is a heuristic method for solving NP-Complete problem. Local search
is useful for the problems that want to find a solution which maximize/minimum
a criterion among the candidate solutions. Local search algorithms move from one
solution to another solution in the searching space by applying local changes, until
a optimal solution is found or upper bound of search time is reached.

A neighborhood is the set of all the solutions which can be obtained by applying
minimal change on the current solution. For example, a neighborhood can be defined
as one node differing from another solution for the vertex cover problem [7]. The
pseudo code for a basic local search is shown as algorithm 1.

Simulated annealing is a kind of local search algorithm. It is a global optimization
technique which borrows ideas from statistical physics. It has a probability to accept
a worse solution when doing the local search. Accepting worse solutions makes the
simulated annealing have the ability for jumping out of the local optimal area [8].
When using simulated annealing, there is a temperature parameter, which decreases
as the number of searches increases. This parameter controls the probability to
accept a worse solution. The pseudo code for simulated annealing is shown as
algorithm 2.

Algorithm 2: simulated_annealing(f, N, L, S)

Input: E: energy (goal) function we want to maximize/minimize.
Neighbor: a function that can generate the a neighbor.
Temperature: a function that get current temperature.
P: a function that return the acceptance probability.

s = Generate_ Initial Solution();

s* =s;

Define the maximum iteration steps ki qz;

for k=0to kpax — 1 do

T = Temperature(1 — (k + 1) /knaz);

Generate a new state, s* = Neighbor(s);

if P(E(s),E(s*),T)) > random(0,1) then

‘ s =5
end

© 0 N O Gtk W N =

10 end
11 return s;

The temperature function Temperature() and the acceptance probability function
P() has significant impact on the performance of simulated annealing. However,
there are no choices that will be always good for all problems, and there is no
general way to find the best choices for a given problem. In this thesis, simulated
annealing is used for assigning the processors to the tasks. The Temperature()
is defined as Temperature(7) = T and the acceptance probability function P() is
defined as P(E(s), E(s*),T) = eF&)=EE)/T,
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System and task model

This chapter defines the mixed-criticality parallel real-time task model and uniform
heterogeneous multiprocessor platform.

3.1 Uniform multiprocessor platform

A uniform multiprocessor platform of m processors can be represented by their
normalized speeds {01, 62, -+, 8™}, where &, < 1 for all k € {1,...p}. And they are
sorted in non-increasing order(d* < §7 for ¢ < j). In a time interval of length ¢, the
amount of workload executed on a processor with speed 0% is t6*. Therefore, if the
WCET of a task on a processor with speed 1 is ¢, then its WCET becomes ¢/ on
a processor of speed 7.

3.2 System model for dual-criticality system

In the dual-criticality system, the system has two states: low-criticality mode and
high-criticality mode. A task has two kinds of WCET: nominal worst case execution
time and overload worst case execution time. When the system is in the low-
criticality mode, the WCET of that task is its nominal worst case execution time.
When the system is in the high-criticality mode, the WCET of that task is its
overload worst case execution time. The nominal worst case execution time is the
less pessimistic estimate generally expected to occur during normal operation, while
the overload worst case execution time is the potentially much more pessimistic
estimate considered during the certification process.

3.3 Task model

Each instance of a parallel task can be modeled as a directed acyclic graph (DAG),
where each node is a sequential unit and each edge represents a precedence con-
straint. Notes that are not connected by an edge may run in parallel. A node is
ready to be executed when all its predecessors have been finished. Without loss of
generality, we assume that every DAG has one node with no incoming edges, called
the head, and every DAG also has one node with no outgoing edges, called the tail.

A task set with n DAGs is defined by 7 = {7, ....7,,}, where each 7; is a DAG
with index ¢ € {1,2,...,n}. For a DAG 7; with v nodes, a node with index j of 7; is
denoted by 7; ;, where 1 < j < wv. A node has two kinds of WCET: nominal worst

7
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case execution time and overload worst case execution time. ¢/ and ¢/} denote the
nominal worst case execution time and overload worst case execution time of node

7;; on the processor with unit speed, respectively. Figure 3.1 shows a example for
two DAG tasks.

- s -
;=3 cli=5
VA (- Lo — 1
(T2 b Tua ) i R
ctfd=1 k - \—/ L0 N\ 21~
é[ B / \\\ €15 = 2 ‘ Ty, :I
¢1=2, W cil—g \ "/
N/ N/ N
([ T11 K ¥ Tis |
\ / AN Lo \‘ /
- N\ €13 =3 — k9 =1
s N2
\\‘,/ N (132 ) €22
(1,5 ) \
N -
Tq T2

Figure 3.1: An example for two DAG tasks

The tuple (Z;, T;, D;, CEL CLO LHI [LO) characterizes a task ;. Z; € {HI, LO}
is the criticality of the task 7;, where HI and LO specify that task 7; is a Hl-criticality
task and LO-criticality task, respectively!'. T} is the minimum inter-arrival time of
the jobs (called the period) of the task 7; and D; is the relative deadline of the task
7;. In this thesis, we focus on implicit-deadline sporadic tasks, where D; = T;. C’Z»HI
and CL9 are the nominal and overload total workload of task ;. Similarly, L#! and
LE© are, respectively, the nominal and overload workload of the critical-path of task
7;- They are defined as definition 1 and 2.

Definition 1. Total workload of task 7; with v nodes under a certain criticality Z;
1s defined as follows:

Cl=>"c (3.1)
j=1

Definition 2. A head-to-tail path ~; of a task 7; is a chain of nodes in which the first
node is the head node, and the end node is the tail node. The set of all head-to-tail
paths of task 7; is denoted by paths;. The critical path is a head-to-tail path with the
longest length. The length of the critical path of task 7; under a specific criticality
Z; is defined as follows:

L% =arg max Y. cf; (3.2)

vi€paths; =

From the definition of nominal and overload worst case execution time in the
section 3.2, set CLO = CHI [LO = [HT for a low-critical task 7; and CL0 = CH!I|
LEC < LHT for a high-critical task 7.

LAll the nodes of a DAG have the same criticality.
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When a task 7; executes on a processor p with speed 07, its inflated nominal and

ilization i Lo, cte HI, CHI .
overload utilization is denoted as u;”" = =5 and u;" ¥ = 5i5-, respectively. The

concepts of light and heavy task are based on the inflated utilization.
Definition 3. Task 7; is called a heavy task upon processor p with speed 6P, it
satisfies the relationship max (uiLO’p,ufH’p) > 1, otherwise it is called a light task
UPON Processor p.

Based on the utilization and the criticality, tasks are categorized into following
four types on a specific processor p:

o Heavy and Hl-criticality (HH) task: Z; = HI and max (uiLO’p L ulthe ) > 1

o Heavy and LO-criticality (HL) task: Z; = LO and max (uLO’p ulr ) >1

7 s g

 Light and LO-criticality (LL) task: Z; = LO and max (uLO’p, ufﬂ’p> <1

1

 Light and Hl-criticality (LH) task: Z; = HI and max (uLO’p Jup P ) <1

7

3.4 Virtual deadline and system behavior

Each Hl-criticality task will be assigned a virtual deadline 2. The idea of virtual
deadline is first proposed by Baruah et al. in [9]. At a high level, the virtual
deadline D? for a high-criticality task 7; is less than its deadline D;. Generally,
the virtual deadline has two purposes: (1) It gives the high-criticality job a higher
priority so that the scheduler can detect whether it has exhibited overload behavior
early. (2) furthermore, it provides enough time for the job to finish the overload
work after the transition.

The behavior of the system is as follows: Firstly, the system is in LO-criticality
mode. The time instant for checking whether the system should transition from
Low-criticality mode to High-criticality mode is at the HI-criticality job’s absolute
virtual deadline. If some Hl-criticality job does miss its absolute virtual deadline,
the system will transition from LO-criticality mode to Hl-criticality mode and all
LO-criticality jobs are immediately discarded and no LO-criticality job will receive
any execution at HI-criticality mode 3.

3.5 Target goal

This thesis proposes scheduling algorithms and corresponding schedulability tests
to verify that the correctness (according to Definition 4) of a set of implicit mixed-
criticality parallel tasks on a uniform machine is guaranteed. Chapter 4 presents the
scheduling algorithms used in this thesis and Chapter 5 presents the schedulability
test.

Definition 4. A dual-criticality scheduler is MC-correct if, it satisfies the following
two conditions:

o During the low-criticality mode, all the tasks can meet their deadlines.

2The value of the virtual deadlines for the light and heavy task are presented in section 4.3 and
section 5.1, respectively.
3This assumption will be relaxed in the chapter 7
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o After the system transitions into the high-criticality mode, all HI-criticality
tasks can meet their deadlines.

10
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Scheduling algorithm

This chapter presents the scheduling algorithm for heavy and light tasks.

4.1 Federated scheduling

Our algorithm is based on federated scheduling, which is firstly presented by Li in
[10]. Tt is a generalized partitioned scheduling algorithm for parallel tasks. When
using federated scheduling algorithm, each heavy task is assigned a set of dedicated
processors, called cluster, such that it can execute its cluster exclusively and will
not be interfered by other tasks. For the light tasks, it shares the rest processors as
partitioned scheduling.

This thesis uses the work-conserving scheduling algorithm to schedule each heavy
DAG on its dedicated cluster. And a special earliest deadline first scheduling al-
gorithm, called EDF-VD [9], is used to schedule the light tasks on their allocated
Processors.

4.2 Scheduling algorithm for heavy task

We use a work-conserving algorithm to schedule the heavy task on its dedicated
cluster P.

On homogeneous multiprocessors, a work-conserving scheduling algorithm for
parallel tasks, never makes any processor idle if some node is waiting for execution.
In [11], Xu et al. extend the concept of work-conserving scheduling for parallel
tasks to uniform multiprocessors. They define a scheduling algorithm for parallel
tasks is work-conserving on m uniform processors if it satisfies both of the following
conditions:

» No processor is idle when there exists some node’s job waiting for execution.

o If at some time instant, the number of active node’s job is less than the number

of processor m, then the active jobs can migrate to the fastest processors for
execution.

The pseudo code for the work-conserving scheduling on uniform multiprocessors
is shown as algorithm 3.

The node’s job, which is waiting for execution, is stored in the ReadyQ, and the
RunQ keeps track of the active jobs. If the head node of the task release a job or
one of the nodes’ jobs finishes, the scheduler is invoked (line 1). The jobs in the
Run@Q can migrate to the fastest idle processor. After the migration, the processor
it was executing on is marked as idle. We check all the active jobs to see whether

11



4. Scheduling algorithm

Algorithm 3: Work-conserving scheduler on uniform multiprocessors

1 if Release or Completion event then

2 forall 7, ; € Run() do

3 Find the idle processor p, with smallest k;

4 Execute 7; ; to processor py, update platform’s status;

5 end

6 while There are idle processors and the Ready(Q is not empty do
7 7;; = ReadyQ.pop;

8 Find the idle processor p;, with smallest k;

9 Execute 7; ; to processor py, update platform’s status;

10 end
11 end

they can migrate (lines 2 - 5). If there exists an idle processor and some job waiting
for execution, the ReadyQ will dispatch a job from its head. The dispatched job
will execute on the fastest idle processor(lines 6 - 10).

Figure 4.1 shows a possible scheduling sequence of the DAG, which is shown
as 7 in figure 3.1, on two processors with speeds {1,0.5}, when system is in LO-
criticality mode. Node 71 3 and node 71 4 migrate to the fastest processor at time 3
and 5 respectively.

T T
14 . » 0,=105
1 3 5
T11 T1,2 T13 Tia T1s 61=1
0 1 3 5 7 9 time

Figure 4.1: A work-conserving scheduling sequence on a uniform platform with 2
Processors.

It has been proved that if the migration is forbidden. In the worst case, the
critical path of the DAG will be executed on the lowest processor, which makes the
response time of that DAG become very large [11]. To make it schedulable, we need
to allocate more processors, which is a significant computing resource waste.

4.3 Scheduling algorithm for light task

Baruah et al. propose an algorithm, EDF-VD, to schedule mixed-criticality implicit-
deadline sporadic tasks on a preemptive uniprocessor in [9]. When given a set of
tasks 7 and for each task 7, € 7, it is a light task on processor p, which means
max (uZL Op ,uf{ Lp ) < 1, we can apply earliest deadline first with virtual deadline
algorithm, EDF-VD, to schedule them.

12



4. Scheduling algorithm

Definition 5. Let the task set T executed on the processor p with speed 0. For each
of © and y in {LO, HI}, we define a utilization parameter on the processor p as
follows:

cY
orT;

v = (4.1)

T, ETANZ;=x

For example, UL5” () and UL () denote the sum of the utilizations of the LO-
criticality tasks and HI-criticality tasks in 7 at LO-criticality mode on the processor
p, respectively.

When using EDF-VD to schedule a set of task 7, there is a pre-processing phase.
At the pre-processing stage, a strategy is used to determine whether the task set
is schedulable. If the task set is deemed schedulable, the modified period (the T})
is computed for the each Hl-criticality task. As shown in algorithm 4, EDF-VD
first computes a parameter x and then assigns values to the T, parameters for all
HI-criticality tasks as equation 4.2:

T,z x T, (4.2)

Algorithm 4: The pre-processing stage of EDF-VD
Input: The task set 7, the processor p with speed d,
1 compute z as follows:

Uni " (7)

T~ —— G5
1 - U5 (r)

2 if 2ULSP(7) + UfP(1) < 1 then

3 TZ < xT; for each Hl-criticality task 7;
4 return Schedulable

5 end

6 return Unschedulable

The reason why assigning the modified period as this value and why this pre-
processing stage can check whether the task set is schedulable are explained at
Chapter 5 Lemma 2 and Lemma 3.

The EDF-VD still uses the EDF scheduler. The difference between EDF-VD and
EDF is that the priority set by the EDF-VD scheduler is according to the virtual
deadline.

1. At LO-criticality mode, the priorities of jobs are determined by the virtual
deadline. The job with earliest absolute deadline is selected for execution will
have the highest priority. Suppose that a job of task 7; arrives at time-instant
t, the virtual deadline is assigned as follows:

o If it is a LO-criticality job, its absolute virtual deadline equals t + T;.
o If it is a Hl-criticality job, its absolute virtual deadline equals t 4 1.

2. At Hl-criticality mode, all the LO-criticality jobs are discarded. Use EDF to
scheduling all the HI-criticality jobs. The priority of job is determined by its
absolute deadline that is its release time plus its original deadline (the D; = Tj,
not the 7}).

13



4. Scheduling algorithm

4.4 Summary

This chapter presents the scheduling algorithm used by our algorithm. Our al-
gorithm is based on federated scheduling. Tasks are categorized as heavy and
light tasks. Heavy tasks are executed on its dedicated cluster in isolation, and
the working-conserving scheduler is used at the cluster level. For light tasks, use
partitioned scheduling, and EDF-VD is used at each uniprocessor level.

Chapter 5 gives the upper bound of the response time of a heavy task under the
working-conserving scheduler and the utilization bound for checking whether a set
of light tasks is schedulable on a uniprocessor.
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Schedulability test

Mapping tasks to processors relies on the schedulability test. This chapter develops
the upper bound of response time for the work-conserving scheduling algorithm and
shows the utilization bound for EDF-VD.

5.1 Response time analysis for the working con-
serving scheduling algorithm

In [12], Funk et al. first introduce the concept uni formity of the uniform platform.
Definition 6. The uniformity of m processors with speeds {6, --- 6™} (6% > §*T1)
is defined as
m Sm - Sx
=i o1

where S, is the sum of the speeds of the x fastest processors:

Sp=>_ 0 (5.2)
j=1

The uni formity intuitively measures how similar a uniform multiprocessor sys-
tem and corresponding homogeneous multiprocessor system, which has the same
number of processors are. If a platform is formed by m identical processors, the
uni formity of that platform is (m — 1) and becomes progressively smaller as the
speeds of the processors differ from each other by greater amounts.

Xu et al. give an upper bound of response time of a DAG task 7; executing
on m processors with speeds {4,482 -+ 6™} (8% > 6*™) under work-conserving
scheduling in [11], which is as equation 5.3 shown.

R< M (5. 3)
Sm
where C; is the total worst-case execution time of all vertices of DAG task 7; on
the fastest processor, L; is the sum of the worst-case execution time of each vertex
along the critical path of 7;, and S, is the total capacity of the platform.

Let m! and m*© denote the cluster assigned to task 7; in Hl-criticality and
LO-criticality mode respectively. S#! and SO denote the total capacity of the
cluster m#! and mZ© respectively, which is the sum of processor speeds. And the
uniformity of m#? and mf© are denoted as A#Z and AF© respectively. Without loss

of generality, we assume the processors in the cluster are sorted in non-increasing
speed order (6% > §**1).
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5. Schedulability test

HI

HI HI HlI,x
HI _ HIx HI _ | | S =5
Sit= > 67 " N = max {5111,3;
i (5.4)
mto|

LO
SEO — >4 RO = max

¢ r=1

miLol SZLO _ SiLO,z

a=1 { o) O }
where SX9" and S are the sum of the speeds of x faster processors of the cluster
mE0 and mH1. 579" and /""" are the 2™ processor speed of the cluster m*© and
mH! respectively.

Now we will present the schedulability analysis and the corresponding tests for
HH and HL tasks.
1) Schedulability analysis for HL task

The virtual deadline for each HL task 7; is D} = D,. Since the LO-criticality
task is discarded during the Hl-criticality mode, the cluster m!*! assigned to it at
this mode is an empty set.
Theorem 1. The execution of each HL task T; is correct using the work-conserving
scheduler, if the processor cluster mX© assigned to it, satisfies the condition 5.5.

C,L»LO + )\ZLO LZLO

SEO

(2

<D, (5.5)

Proof. We can apply the equation 5.3 to get the upper bound of the response time
and let this bound be less than the DAG’s deadline. O

2) Schedulability analysis for HH task
To utilize the processor efficiently, we set that mX© C mH!. The virtual deadline
Dy for HH task 7; is assigned as follows:

CLO 4 \LO[LO

)

(5.6)

Lemma 1. If mF© C mHA? then SFO < SHT and \FO < \AT

Proof. Let Am; = mHI\ mE©. Since mF® C mHAL |Am;| > 0. Let Ad¥ be the
o' processor speed of the cluster Am;. It is clear that A§? > 0. SHI — SEO =
slamil Az > 0. So SFO < SHI,

The uniformity can be rewritten as

m 8§
\ = max ==+l

i == (5.7)

Since the processor speeds in the cluster are sorted in non-increasing order and
LO : LO,(z+A
miLO C mf“ , for each 0;"" € miLO, the cluster mZHI also contains all ¢, (et )(O <

S 5o LOJ _ cHILK
A < |mFP| — x). Assume \FO = =Eror— and 6;7" =6; " we can have
7
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5. Schedulability test

LO
Z|5LO,] < Z 5HI,]

j=k+1 =k +1
it (5.8)
@ZJ k+1 9 j=k'+1 0; \HT
LOk = = A
51' 5HI K
So we can get AFO < \AT,
[

Theorem 2. Consider a pair of cluster (m-LO,mHI), such that the HH task T

is assigned dedicated cluster m*© and mH! for the LO- and HI-criticality mode,
respectively, where m*© C mHL. Fach job of task T; meets its deadline in all correct
states if the following condition is satisfied:

11\ CHIp\HILH
SLO — GHI SHI

(CrO+AOLEO) ( < D; (5.9)

Proof. Without loos of generality, we consider a job J;, which is released at time
instant 0, of HL task 7;. The execution of job .J; happens in three possible scenarios:
(1) Stable LO-criticality mode, (2) Stable HI-criticality mode, and (3) mode switch-
ing. A stable mode means that there is no system state change during the execution
of job J;. This theorem is proved by showing that job J; can meet its deadline for
all these three possible execution scenarios if condition 5.9 satisfied.

Stable LO-criticality mode. During the stable LO-criticality, the task 7; is
executed on cluster m*©. Since its job J; executes entirely in stable mode, it should
signal completion at or before its virtual deadline. So the upper bound of the
response time Ryo for a job of HH task in the stable LO-criticality should satisfy
condition 5.10 .

CLO 4 \LO[LO
SLO

%

Rio <

From Lemma 1, we can get A*? < A7, Since for each node /¢ < ¢/If, C}© <
CHI and LFO < LHI So we can have

CiLO + )‘Z'LOLiLO ClLO + )‘z'LOLiLO C@HI _ ClLO + )\Z'HILﬁI _ )‘iLOLiLO
GLO = GLO + GQHI

% 7

< D; (5.11)
Combining equation 5.10, we can get

Rio < = L = DY < Dy (5.12)

Stable HI-critical mode. During the stable Hl-criticality mode, the task 7; is
executed on cluster m1. Since its job .J; executes entirely in stable mode, it should
signal completion at or before its deadline. So the upper bound of the response time
Ry for a job of HH task in the stable Hl-criticality mode should satisfy condition
5.13.
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CHI 4 \FTLHT
Sl
From Lemma 1, we can get SX9 < SHI and (1/S%° —1/SHT) > 0. So we can
have

Ry <

< D (5.13)

CH NI CH NI o ooy (1]
Combining equation 5.13, we can get
CHI 4 N\HI[HI
Ru< i TN M o p, (5.15)

HI
Si

Mode Switching The transition occurred during the execution of job J;. As-
sume the transition to HlI-criticality mode occurred at time t*. It is clear that
0 <t* < DY (If t* > DY, then J; has finished executing already. That contradicts
that assumption.) So the job J; executes on cluster mZ© during the interval [0, ")
and on cluster m#” after ¢*.

During the time interval [0, ¢*], let aiL 9 denote the total length of intervals during
which the 2" processor of cluster m© (with speed -9 is busy. Since the work-
conserving scheduling does not let any processor be idle and migration is allowed, if
the z'" processors is busy in a time interval then all the processors which has smaller
index are also always busy. Because they have a higher processor speed. Therefore,

LO,1 :
we know t* = «;". We define a parameter  as equation 5.16.
LO,x LO,x+1 LO
os | o7 - , 1<z < |mi©] 5 16
ﬁi - LO,x o LO ( . )
Q; ) T = |mz ’
LO-criticality mode Hl-criticality mode
101 | L02 | 10,3
B po B 5
10,3
A} ,
5L02 a,;:o,s S£LO,3
i k.
'y . af{‘OJZ r S;:LO'Z
51;0,1 i SiLO,l
Ye » >
0! atol = ¢ t* time

Figure 5.1: Illustration of aiL 9% and ﬂfo’x

Figure 5.1 illustrates the definition of a““* and 8-°*. So we can rewrite ¢* =
LO,1
a7 as

m 9]

= > pror (5.17)
=1
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5. Schedulability test

The total workload executed on all the processors at the LO-criticality mode is

LO
|mi

CHo= > glorsior (5.18)
x=1

The remaining amount of total work at time t*, denoted by Clemain, from the
equation 5.18, we can have

m 9]

Cremain = CH1T — Y pgForgloe (5.19)
rx=1

During the time interval ﬂZL O forl <z < |mEFC| — 1, the two proprieties are
satisfied:

« at least one processor is idle

o the slowest processor speed among the busy processor is (5} O

We use w(57?") to denote the total amount of workload executed on the cluster
mFO before DV at time interval BiLO’gE for 1 <z < |mF°| —1. At such time interval,
the length of the critical path is decreased. Because there are at least one processor
is idle. Since the slowest busy processor has speed (51-L 079”, we can have

w (@LO,x) > ﬂiLO,xdiLO,x
ImEC|-1 o ImEC|-1 Lo 1O (5.20)
X T X
= > w (51' ) > > B
=1 =1

LO|_

So the length of critical path is reduced at least Z‘x":""l -t ﬁf O’zéiL 92 The re-
maining workload of the critical path at time t*, denoted by Lyemain, can have

ImLO|-1

Lremain < Lfll - Z BiLO,E(siLOJf (521)
r=1

After t*, we can model a new DAG with total workload Ciemain and the critical
path length L;emaim assigned on the cluster m!. So the upper bound of the response
time R, of job J; is shown as equation 5.22.

HI
Crcmain + /\@ chmain

R, <t"+ GHT (5.22)
From equation 5.19 and 5.21, we can have
Im | Im©|-1
r=1 z=1
Ry <t"+ (5.23)

ST

From Lemma 1, we can have A#7 > A\, Combine the definition of A in equation
5.1, we know for all 1 < x < |mL9|, the condition 5.24 is satisfied.

SLO _ ghoe

Z(ST’; < \FO < \HI (5.24)
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|miLO mLO‘fl

| Im;
Let B = Y Broestor 4 \HI s> groe5E0%  From condition 5.24, we can
=1

=1
get

m2©| mtOl-1

B> Y BIOTSIO 4+ 3 BEOT(SE0 - 5107)
=1 z=1
LO |mzLO|_1
<=>6Z-LO7|mi \SZLO+ Z 6}/0,965%0 (525)
=1

ImE0|
& 5Ly glow

=1
Im©|

. LO
Since Y B;7" =t*, we can get
z=1

—B < SOt (5.26)

Combining condition 5.23 and 5.26 gives

N CZHI + )\f{IL,HI _ SZ-LOt*

R < t* ST
(since 0 < t* < D7) (5.27)
o, G+ NI — SPODy
<D+ =
From equation 5.6, we get
1 1 CHI L \HI[HI
LO LO 7 LO i 7 i
R, < (Ci + N L, ) <5’.L0 — S.HI> ST <D (5.28)

Therefore, the generic job j; of HH task 7; meet its deadline in all the three
scenarios, the theorem is proved. O

5.2 Utilization bound for EDF-VD

In this section, we show a utilization bound of the EDF-VD on a specific processor.
Assume a set of light task 7 is scheduled by EDF-VD on the processor p with speed
0P and for each task 7; € 7, it is a light task upon processor p.

Lemma 2. (Theorem 1 from [9]). The following condition is a sufficient con-
dition for ensuring that the task set T is schedulable by EDF-VD on the processor p
with speed 6P at LO-criticality mode:

LO,
> Unr p(T)

S 5.29
1= U5) o2
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5. Schedulability test

Proof. Since at LO-critcality mode, each Hl-criticality task 7; will be scheduled by
its modified period T; = zT;. Scaling down the period of each Hl-criticality task
by a factor z is equivalent to inflating its utilization by a factor 1/x. From the
utilization bound result of EDF [6], we can get that

LO D
T
LO,p
o L @) o1 _ygr (5.30)
T
Usit”"(7)
Sr> —
1—UL9P(7)
is sufficient for guaranteeing the task set 7is schedulable by EDF-VD at LO-criticality
mode. O
EDF-VD chooses for z the smallest value such that Lemma 2 is satisfied:
ULO D
_ T D) (5.31)
1-=U;5"(7)

This is the reason why assigning the modified period as this value as equation 4.2.

With this value of x, we now determine a sufficient condition for ensuring that all
HI-criticality tasks can meet their deadlines at Hl-criticality mode under EDF-VD.
Lemma 3. (Theorem 2 from [9]). The following condition is a sufficient con-
dition for ensuring that task set T is schedulable by EDF-VD on processor p with
speed OP at HI-criticality mode:

cULSP(r) + UFP(r) < 1 (5.32)

Proof. Suppose that 7 satisfies condition 5.29, all deadlines can be meet of 7 at
LO-criticality mode, but EDF-VD cannot meet all deadlines of 7 at Hl-criticality
mode.

Consider a instance I of set of jobs, which satisfied the following condition:

o The earliest release time of job in [ is 0

e Only one job will miss its deadline and others can meet their deadline

o All the jobs are schedulable at LO-criticality mode

Let t; denote the time instant of the deadline miss. Because all the jobs in
the I must be schedulable at LO-criticality mode, t; must be the deadline of a
HI-criticality job. Let t* denote the time instant at which the system switch to
HI-criticality mode. Let J; denote the job with the earliest release time amongst all
those that execute in [t*,t;). Assume the release time of .J; is a; and its deadline is
d;. Assume that the total workload over the interval [0, %] of a job J; is denoted as

;-
Proposition 1. (Fact 1 from [9])
All jobs in the I that execute in [t*,t;) have deadline < t;.

Proposition 2. (Fact 2 from [9])
All LO-criticality jobs in the I have deadline < a; + x(t; — ay).
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Proposition 3. (Fact 3 from [9])
All HI-criticality jobs in the I with release time < ai, have modified deadline
<a + l’(tf — al)-

1) The workload for LO-criticality task 7;:
From Proposition 2, for any LO-criticality task 7;, it workload has

m < upfOf (ay + 2z (ty —ap)) O (5.33)

2) The workload for HI-criticality task 7;:

Case a: If 7; does not release a job at or after a;. According to Proposition 2,
each job has a modified deadline < (a; +z (t;— a;) ), their actual deadlines are all
< 4 + (ty — a1). Their cumulative workload requirement is at most

a1 ro LO

‘|—(tf—a1

o (5.34)
< —ufo’pép + (tf —ay) Hl’p(Sp
x

Case b: If 7; releases a job at or after a;. Let a; denote the first release > a;.
The cumulative workload requirement of all jobs of 7; is at most

agu; PP + (ty — a;) ul P oP (5.35)

HlI)p

LO
Since a; < a; and u;”" < u; and z < 1, we can have

auyOPoP + (ty — a;) uf PP
< ayuf Ot + (ty — ay) ul PP (5.36)
)

a
< ;uiLO,p(gp +(t; —ay uHI,p(gp
x
So for any LO-criticality task 7; has

i < LukOPse 1 (ty — ap) uPe (5.37)
A

Let us sum the cumulative workload of all tasks over [0,):

Z n; + Z ;i

T, €ETANZ;=LO TETNZ;=HI
< Y wM(atalty—a)P+ > Ay Lorge 4 (ty — ar)uj PP
T ETNZ;=LO T, ETANZ;=HI x
LO Us??(7) LO HI
o (08870) + D) -4 1y - ) (2028 7(0) + U )

(5.38)

LO,p

Since ULS? (1) + UHIT(T) <1,

>oomt+ > m<Fa+ by —a) (UG +ULP(r)) 0 (5.39)

T, ETNZ;=LO T, ETNZ;=HI
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We can form a necessary infeasibility condition of this instance that

6Pay + (ty — ay) (xULLg’p(T) + Uﬁ{’p(f)) o > tpoP
& (tr — ) (2ULS(7) + UL[P (7)) > (t — ) (5.40)
UL (1) + U (1) > 1
From equation 5.40, it follows that 2U}o " (7)+ U} ;P (1) < 11is sufficient to ensure
task set is schedulable by EDF-VD at HI- crlticality mode. [
Theorem 3. (Theorem 4 from [9]). Any set of light tasks T satisfying the
property
3

max (UfG"(7) + Ul ?(7), Uf{7 (7)) < 0 (5.41)

is successfully scheduled by EDF-VD on a preemptive processor p with speed oP.

Proof. Let b denote an upper bound on both LO-criticality utilization and the HI-
criticality utilization of task set 7:

b > max (ULG"(7) + U™ (7), Ugi{ (7)) (5.42)

By Lemma 2 and Lemma 3, we know that if an x satisfying both lemma, there
will be no deadline miss. Since Lemma 2 and Lemma 3 require that

Upi " (7)
= LO,
1-=U;5"(7) (5.43)
1—Uf"(r) '

we can get equation 5.44 as a sufficient condition for 7 to successfully scheduled
by EDF-VD:
Usiy"(r) 1= Up™(7)

5.44
L=Ug"(n) ~ Uig™(r) o
Since ULS? (1) + USP (1) < b, UL (1) < b—ULS?(r). we can have
h— LO,p 1 — HIp
e (5.45
1= Upe™(7) Uo™(7)

Since Uf1? < b, we can get
b— UG (T) et
1—ULJP(r) — ULES(7) (5.46)
& (UL6™(1)? = UL5™(r) + (1 =b) > 0

If we set b = 9, equation 5.46 becomes:

3
4’

UL (r))? ~ UES*(r) +

(ULOp( ) — 1)2 > 0

>0

N

(5.47)

DO |
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which is true for all values of U; 5 LOp

So when 2 > max (ULO’p( )+ UII{’(I)’p(T), Uﬁ}’p(f)), Lemma 2 and Lemma 3 will
be satisfied. That means task set 7 is schedulable. O

5.3 Summary

The summary for scheduling algorithm and schedulability test for four different types
of tasks is shown as table 7.1. Here assume that the LH and LL tasks are assigned
on the processor p with speed JP.

Task Type | Criticality Virtual Deadline Schedulability test Scheduling algorithm
HL Low c Theorem 1 Work-conserving schedulin,
HH High (CFO + /\-LOL-LO)/SZ-LO Theorem 2 & &
LL Low o Theorem 3 EDF-VD
LH ngh IUTPTD

Table 5.1: Scheduling algorithm and scheduability test for four different types of
tasks
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Task allocation

The task-to-processor assignment algorithm is crucial for guaranteeing the MC-
correctness for federated scheduling on multiprocessors. But the problem of search-
ing the clusters of processors that would make all the DAGs meet their deadlines
is NP-hard in the strong sense [4]. This chapter builds a heuristics task allocation
framework.

6.1 Overview

In this chapter, we assume the initial task set is denoted as 7, and the initial available
processor set is P.

Definition 7. When given a processor set P, assume processor Pmas 1S the processor
with the highest speed in the processor set P. If a task set T, for each task 7; € T
satisfies the relationship max (uiLO’p’"”,ufH’pm’”) < OPmar - the task set T is a light
task set for the processor set P.

The task allocation has two main stages:

o In the first stage, we select a set processors P, and get its light task set
Tiight according to definition 7. We use partitioned scheduling algorithm to
schedule the task set 74, on the processor set P,;. EDF-VD is used upon
every uniprocessor which is in the processor F,s. We do not require any task
in the task set 745 to be successfully scheduled on any processor P, at the
stage. After the first stage, assume the task set Tyuccess 1S successfully scheduled
and the processor set Pijiocation 1S Used to host the task set Tyuccess: L€t Tremain =
T \ Tsuccess and Premain =P \ Pallocation'

e In the second stage, use Tremain aNd Premain as the input. Treat each task
in Tremain @S a heavy task. For a task 7, € Tyemaim, if Z; = HI, it will be
assigned cluster m*© and mi! when system is in LO-criticality mode and

HI-criticality mode, respectively. If Z; = LO, it will be assigned cluster m©

when the system is in LO-criticality mode. The work-conserving scheduler is

used at the cluster level. In the second stage, we use simulated annealing to

find such an allocation of m?? and m#”.

The general task allocation framework is shown as algorithm 5. Because the sim-
ulated annealing algorithm takes relatively longer time than the partitioned schedul-
ing algorithm, we decided to first apply partitioned scheduling algorithm to allocate
light tasks (line 1). When performing partitioned scheduling in the first stage, we

need to select part of subset of processors to form P, here we use simulated anneal-
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6. Task allocation

Algorithm 5: Task_allocation_ framework(r, P)

Input: The task set 7 and the processor set P.
Pillocation, Tsuccess = Allocate light task(Pps, 7, m); // Algorithm 7
Premain =P \ Pallocation;

Tremain — T \ Tsuccesss
if Premain - @ and Tremain —— @ then
// All tasks are successfully scheduled by partitioned scheduling
algorithm
return success;

[N

end
isFeasible = Allocate_heavy task(Premain, Tremain); // Algorithm 9
if isFeasible == True then
// Find a feasible task allocation by simulated annealing algorithm
9 return success;

o I O o

10 end
11 return failure;

ing to find a best one *. The partitioned framework takes a set of heuristic policies 7
to make sure the processors are used efficiently. The tasks that can not be assigned
a processor by using this framework, we will treat it as a "heavy" task and put it
into the remaining assignment framework.

Line 2 to line 6 is to get the input of the second stage and check whether the
task set 7 is already schedulable by performing the partitioned framework. Then
simulated annealing algorithm is used to find a feasible allocation (line 8). If a
feasible allocation is found, declare the task set is schedulable and return (lines 8
- 10). If all the works have been done but still can not find a feasible allocation,
declare the task set is unschedulable and return (line 11).

6.2 Partitioned scheduling for light tasks on uni-
form platform

We use partitioned scheduling for schedule light tasks. However, find an feasible
allocation pattern for partitioned scheduling is NP-complete [13]. So there cannot
be any polynomial-time algorithm for finding an optimal partition of a set of tasks
unless P = N P. Some heuristic policies are used to find an approximate solution.

We want to know whether one heuristic is better than the other or not, we use a
concept called Quality of Partition, to determine which heuristic to apply from a set
of different alternative heuristics at each stage of the partitioned algorithm. Section
6.2.1 presents the definition of the Quality of Partition. Section 6.2.2 presents the
details of the each heuristic policy and Section 6.2.4 presents how to form the subset
of processors to perform the partitioned scheduling.

!This part is described in detail at section 6.2.4
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6. Task allocation

6.2.1 Quality of partition

A metric QoP is defined to measure the quality of partitioned scheduling under
specific heuristics.

Definition 8. Assume given a task set T and a processor set P. The task set T is
a light task set for the processor set P according to the definition 7 and is scheduled
successfully on the processor set P by EDF-VD. All the processors in the process set
P are occupied by at least one task. For each processor p; € P, let T7(p;) denote the
set of tasks that are assigned to it. The QoP is defined as:

‘7_| i Uuse
~|P| £ 0.755;
4‘ | |P‘ Uuse

=3P %

where U = max {ULS" (7(p:)) + UETY (7(p2)), Usi1 " (7(p2) }.

Since the tasks assigned to the processor are required to be schedulable, U**¢ <
3/4 (due to Theorem 3). The QoP measure the degree the processor cluster is
utilized. If a heuristic policy can allocate as many light tasks as possible with as
few processors, it will have a large value of QoP.

(6.1)

6.2.2 Heuristics

The heuristic policies aim to make the partitioned scheduling algorithm get the
maximum QoP on a given processor set. The heuristic policies are combined by
two sub-heuristic strategies. The first sub-heuristics concerns the order in which the
processors are selected for testing whether another task can be added. The second
sub-heuristics concerns the initial ordering of the taskset, that is, the order in which
the tasks will be selected for schedulability testing on each processor.

6.2.2.1 Processor selection heuristics

The following heuristics will be considered to guide the processor selection:

o First Fit in increasing order (FFI): The processors are sorted in order of in-
creasing speed, and the selected task is assigned to the first processor in which
it fits according to the used schedulability test.

o First Fit in decreasing order (FFD): The opposite of FFI, the processors are
ordered according to their speed in decreasing order.

o Best Fit (BF): The processor with the highest utilization is tested first, then
the one with the second-highest utilization, etc.

o Worst Fit (WF): The opposite of BF, the processors, are ordered according to
the highest remaining capacity.

6.2.2.2 Initial task ordering heuristics

The following ordering of task heuristics will be evaluated:
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o Increasing utilization (IU): The tasks are ordered by increasing utilization at
LO-criticality mode.

 Decreasing utilization (DU): The opposite of IU, the order of tasks decreases
according to their utilization at Hl-criticality mode.

o Decreasing criticality (DC): The tasks are ordered according to decreasing
criticality level. In the case of equal criticality levels, decreasing utilization is
used.

o Increasing criticality (IC): The tasks are ordered according to the increasing
criticality level. In case of equal criticality levels, increasing utilization is used.

« Random (RAND): The tasks are not ordered at all.

6.2.3 Partitioned framework

The partition framework is shown as algorithm 6. This algorithm takes the set of
given processors P, the task set 7 and the heuristic policy set 7 as the input. Every
heuristic strategy m; € 7 is combined by the processor selection heuristics and task
initial orderings heuristics which are presented in section 6.2.2. We do not require
any task that can be assigned a processor by this partitioned framework. The tasks
that can not be assigned a processor by using this framework, we will treat it as a
'heavy" task and put it into the remaining assignment framework.

At first, get the light task set Texam for the given processor set P, according
to the definition 7 (line 1). Line 4 to line 18 is used a specific heuristic policy to
perform the partitioned scheduling algorithm. Sort the processor set P, and task
set Texam according to the specific heuristic policy. For each task 7; exam, traverse the
processor set P,,. Once find a processor p; that can host the task 7; cxam, store the
information. When the partitioned scheduling algorithm under the specific policy
is finished, check whether it has a better QoP (lines 20 - 24). Finally, return the
Pinocation and Tguecess; Which are obtained by the heuristics with the best QoP.

6.2.4 Heuristics for forming processor set

In the first stage, we need to select a set processor P, to do partitioned scheduling.
However, there are total 217! different processor set P,s, when given a initial processor
set P. Here, we use simulated annealing to find the "best" processor set P,.

The initial solution for P, is set as P. A neighbor of a processor set P, is defined
as randomly deleting a processor from F,s or adding a new processor into F,s. The
objective function is defined as the maximum value of QoP. The pseudo-code is
shown as algorithm 7. We want to find an allocation scheme with the best QoP.

If a better solution is generated, (QoP" — QoP) > 0, e(QoF =QoP)/T - 1 j5 satisfied.
That means a better allocation scheme is always accepted. If a worse solution is
generated, there is a slight possibility of accepting it (lines 8 - 13).
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Algorithm 6: Partitioned framework(P,,, 7, 7)

1

2
3
4

© 0 N o o

10
11
12
13
14
15
16
17
18
19

20
21
22
23
24
25

Input: The set of processor to be checked Py, with speed {51, 52, ...5‘P‘},
the task set 7 and the heuristic policy set 7

Output: The processor set Pocation that is used to host the light tasks, the
task set Tyuecess Which has been successfully partitioned and the
quality of partition QoP

Traverse the processor set P, and the task set 7 to get the light task set

Texam according to the definition 7;
QoP = 0;
for k =1 to |r| do

Sort the processor set P,s and the light task set Texam according to the
heuristic policy m;
P, allocation_ tmp — ®7
Tsuccess_tmp — Q)v
for i = 1 to |Texam| dO
for j = 1 to |P,| do
if Equation 5.41 is satisfied then
// processor p; can host task 7; exam according to Theorem 3
assign task Tiexam O Processor pj;
if DPj ¢ Pallocationitmp then
‘ Add the processor p; to Phjiocation;
end
Add the task 7; exam t0 Tsuccess;
break;
end
end
end
Based on Pyjiocation and Tguccess compute the QoP . ent @ccording to
equation 6.1;
if QOP yrrent > QoP then
QOP = QOPcurrent;
P, allocation — { allocation_tmp>
Tsuccess — Tsuccess_tmp;
end
end
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Algorithm 7: Allocate_light_task(P, T, 7)
Input: The inital processor set P, task set 7, the heuristic policy set 7
Output: The processor set Pajocation that is used to host the light tasks and
the task set Tyuccess Which has been successfully partitioned

1 P, =P;

2 lelocmon, Tsuccess; QOP = Partitioned framework (P, 7,7); // Algorithm 6
3 Define maximum iteration steps Kpax;

4 for k =0 to kpa.x — 1 do

5 T =1—k/kmax;

6 P;;s = Pick a random neighbour of P;

7 Pl ocations Towecesss QoP’ = Partitioned_framework(P];s, T,T);
s | if e(QP'-QoP)/T > random(0,1) then

9 Py = PB,;

10 Piocation = z;llocation;

11 Tsuccess = Ts,uccess;

12 QoP = QOP/;

13 end
14 end

6.3 Search an allocation solution for heavy tasks
based on simulated annealing

Assume after the partitioned framework, the task set iS Tremain = 7 \ Tsuccess and the
processor set iS Premain = P\ Pallocation- At this stage, for each task 7; € Tremain, if
Z; = HI, it will be assigned cluster m*© and m’!, when system is in LO-criticality
mode and HI-criticality mode respectively. If Z; = LO, it will be assigned cluster
mF© when the system is in LO-criticality mode. m?® and m/! are initialized by an
empty set. We use a simulated annealing to determine m*© and m*!.

When using simulated annealing, objective function, initial solution and neigh-
bourhood space of a solution are needed. Section 6.3.1 presents how to formulated
the problem allocate heavy tasks as a optimization problem and the objective func-
tion. Section 6.3.2 presents how to generate the initial solution. The neighbourhood
space is defined in section 6.3.3. Finally, section 6.3.4 gives the total framework of
the algorithm for the second stage.

6.3.1 Objective function

Searching a allocation solution which makes the task set schedulable is a feasibility
problem. We use the total lateness of tasks to define the objective function.

cost= > |R;— Dj (6.2)

Ti €Tremain

where R; is the response time bound for the task 7; computed according to equation
5.10 and equation 5.28 for LO-criticality task and HlI-criticality task, respectively,
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based currently given cluster m*© and m?!. D is the deadline of task 7;.
Allocating heavy tasks can be formulated as equation 6.3.

minimize > |R;— Dj
Ti €Tremain

subject to  m? C mi! it Z;, = HI
U mHI - Premain (63)

7
Ti eTremain/\Z,L- =HI

U AmPT = U mt©e

(2 (2
T’ieTremain/\Z,L-:HI 7-'L'ETremain/\Zi:LO

where Am! = m1\ mlO.

The first condition is to make the processors be used sufficiently. When the system
is transformed to HI-criticality mode, the LO-criticality tasks will be discarded,
and the clusters assigned to them will be reassigned to the HI-criticality tasks.
The second condition and the third condition are used to guarantee that resource
constraint is not exceeded, and the system behavior is satisfied.

6.3.2 Initial solution

The initial solution is obtained by the greedy algorithm. The algorithm is shown as
algorithm 8.

The tasks are sorted based on their total workloads at LO-criticality mode, and
the processors are sorted based on their speeds (line 1). For each task 7;, add the
processor gradually to its mZ© until it becomes schedulable when the system is in
LO-criticality mode. If we have travesed all the processors but the task 7; is still
unschedulable, those processors will also assigned to form the cluster m*©. If a
task 7; is LO-criticality task, every time a processor p is added into its mF*©, select
a random Hl-criticality task 7; and add the processor p to the cluster Am§TlU , to
make sure that the third condition is always satisfied (lines 6 - 8). When all tasks
are schedulable and there is some processor unused, assign those processors to the
cluster mJLO of a random HI-criticality task 7;, to make sure the second condition in
the equation 6.3 is satisfied (lines 15 - 18).

After the greedy algorithm, if all tasks are schedulable. Return schedulable di-
rectly. If some task is still unschedulable, perform the simulated annealing algo-

rithm, which is shown as algorithm 9.

6.3.3 Generate a legal neighbor

To make sure the three conditions in equation 6.3 are always satisfied and follow the
design principle that a neighborhood is the set of all potential solutions that differ
from the current state by the minimum possible extend. For a allocation scheme s,
we define follow five rules to generate a legal neighbor:

1. For an arbitrary pair of Hl-criticality tasks 7; and 7;: m*© - m%©

J
2. For an arbitrary pair of LO-criticality tasks 7; and 7;: m/© —= m}©

3. For an arbitrary pair of Hl-criticality tasks 7; and 7;: Am#! — Amf !
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Algorithm 8: Initial _solution(Pemain, Tremain)

1

[= I, B U

10

11
12
13
14
15
16

17
18

Input: The task set Tremain and the processor set Pemain
Sort the available processors based on their speed and the tasks based on
their total workloads at LO-criticality mode in descending order;
k = 0; // use index k to track available processor
foreach 7; € T,0pmaim do
while & < |Pemain| do
Add processor py to the cluster m
if Z;, == LO then
// Make sure the third condition in equation 6.3 is always
satisfied
Choose a Hl-criticality task 7; randomly, and add processor pj, to
the cluster Amfﬂ;

LO

7 )

end

k=k+ 1;

if Task 7; is schedulable then
// If Z; = LO, use theorem 1. If Z; = HI, use theorem 2
break;

end

end
end
while £ < |Piemain| do
Choose a Hl-criticality task 7; randomly, and add processor p; to the
cluster m}©;
k=k+ 1;
end
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4. For an arbitrary pair of Hl-criticality task 7, and LO-criticality task 7;:
O % mLO and select an arbitrary HI-criticality task 73, add processor
a mto AmH] 1
D. For an arbltrary pair of LO-criticality task 7; and Hl-criticality task 7;:
mio = mLO and find the Hl-criticality task Tr, where the processor
a € Ami! delete processor a from Ami!
The operator i> is defined as equation 6.4:

A B < A=A\{a} and B= BU{a} (6.4)

Where A and B is a set, and A %+ B is valid when a € A.

The following two rules can also generate a legal neighbor, but the neighbors
generated by rule 6 and rule 7 are as same as rule 4 and rule 5. So we just use five
rules to generate neighbors. Those five rules are shown in figure 6.1.

6. For an arbitrary pair of Hl-criticality task 7; and 7;: m*© - Amf! and

select an arbitrary LO-criticality task 74, add processor a into de.

7. For an arbitrary pair of Hl-criticality task 7; and 7;: Am! — m;*~ and

find the LO-criticality task 75, where the processor a € ka delete processor

a from mLO

LO

HI: 1; HI: 1

‘.

Select a random HI: 1,, add processor a into Ami!

Q Q

LO: 1;

delete processor a from Am{!

|
Q

Figure 6.1: Neighbor Generation

6.3.4 Framework for the simulated annealing algorithm

The framework of simulated annealing is shown as algorithm 9. We want to find a
feasible solution, and the value of the objective function for a feasible solution might
be small. If a better solution is generated, Acost < 0, e=2C¢*t/T > 1 is satisfied.
That means a better solution is always accepted. If a worse solution is generated,
there is a slight possibility of accepting it (lines 18 - 21).
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Algorithm 9: Allocate_heavy_ task(Premain, Tremain)

W N

13
14
15
16
17
18
19
20
21
22

Define maximum iteration step k,qz;
Getting an initial solution S by the greedy algorithm; // Algorithm 8
if The initial solution S is a feasible solution then
// According to the schedulibility test (Theorem 1 and Theorem 2)
Declare the task set is schedulable;
return;
end
Mincost = cost(S) ;
while k£ < k. do
I'=1- k/ kmax;
// The 5 rules presented in section 6.3.3
S" = randomly chosen from the neighbor of S;
if The S’ is a feasible solution then
// According to the schedulibility test (Theorem 1 and Theorem 2)
Declare the task set is schedulable;
return;
end
CurrentCost = cost(S");
Acost = CurrentCost - MinCost;
if e=2Cost/T > random(0,1) then
S=5"
MinCost = CurrentCost;
end

end
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Extension to elastic mixed
criticality model

In the previous chapter, all the LO-criticality task are assumed to be discarded when
system switches to high criticality mode. This causes a service abrupt problem, since
some LO-criticality tasks may provide very useful function to the system. . In this
chapter, this assumption is relaxed and the schedulability tests and task allocation
are discussed under a new model called elastic mixed-criticality model, , which allows
the low-critical tasks to continue execution at HI-criticality mode.

7.1 Elastic mixed criticality model

To address the service abrupt problem for low-criticality tasks in mixed-criticality
scheduling algorithms, Su and Zhu in [14] introduce an FElastic Mized-Criticality task
model, where the elastic model [15] is used to model low criticality tasks. When
the mixed criticality system transforms to HI-criticality mode, the period of low-
criticality tasks will become larger such that low-criticality tasks continue to provide
service (less frequently). That makes the systems has the graceful degradation.

The major difference between the elastic mixed criticality task model and the
traditional mixed criticality task model is how to model the low-criticality task. For
each low-criticality task 7; in the elastic mixed criticality system, it has a additional
maximum period T]"** > T; to represent its minimum service requirements.

In this thesis, we consider the implicit deadline task. That means, in the low
criticality model, low criticality task 7; has a deadline D; = T; and in the high
criticality model, low criticality task 7; has a extended deadline D]*** = T;™**.
Definition 9. A set of elastic mixed criticality tasks is said to be schedulable, if the
following two conditions can be satisfied:

o During the low-criticality mode, all the tasks meet their deadlines.

o After the system transitions into the high-criticality mode, all high-criticality

tasks can meet their deadlines and all low-criticality tasks can meet their ex-
tended deadline.

7.2 Schedulability test

We need to develop new schedulablity test for HL, LH and LL tasks. Note that LH
is considered even if it is a high-critical task since EDF-VD uses a schedulability
test for each uniprocessor where some light Hl-criticality task may be allocated. The
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schedulability test for HH task (Theorem 2) is still usable under elastic mixed crit-
icality model because its behavior under elastic mixed criticality systems is remain
same.

7.2.1 Response time analysis for HL task

Assume task 7; is a HL task. Let mF® and m!! denote the cluster assigned to
it in LO-criticality and HI-criticality mode respectively. To utilize the processor
efficiently, we set that m/ C mZ9. From Lemma 1, we can have: \F¢ > M\ and
SEO > SHI The virtual deadline DY for it is assigned as follows:

CLO | \LO[LO

)

(7.1)

Theorem 4. Consider a pair of cluster (miLO,mf’I), such that the HL task T; is

assigned dedicated cluster m*© and m! for the LO- and HI-critical mode, respec-
tively, where m C mIO. Each job of task ; meets its deadline in all correct states
if the following condition is satisfied:
CLO L \LO[LO
L <D, (7.2)
min {w; S, S}

where w; = T /'T;.

Proof. Without loos of generality, we consider a job J;, which is released at time
instant 0, of HL. task 7;. The execution of job .J; happens in three possible scenarios:
(1) Stable LO-criticality mode, (2) Stable Hl-criticality mode, and (3) mode switch-
ing. A stable mode means that there is no system state change during the execution
of job J;. This theorem is proved by showing that job J; can meet its deadline for
all these three possible execution scenarios if condition 7.2 satisfied.

Stable LO-criticality mode. During the stable LO-criticality, the task 7; is
executed on cluster mF©. Since its job J; executes entirely in stable mode, it should
signal completion at or before its virtual deadline. So the upper bound of the
response time Ryo for HL task in the stable LO-criticality should satisfy condition
7.3.

CLO | \LO[LO
SFO

Stable HI-criticality mode. During the stable HI-criticality mode, the task
7; is executed on cluster m!. Since its job J; executes entirely in stable mode, it
should signal completion at or before its extended deadline. So the upper bound of
the response time Ry for HL task in the stable HI-criticality mode should satisfy
condition 7.4.

Rro < =Dy (7.3)

CHI  \HITHI
I
Mode Switching The transition occurred during the execution of job J;. Let
R, denote the upper bound of response time for this case. Assume the execution
time for J; at Hi-criticality mode is ¢'. It is clear that 0 < t' < R,.

Rur < < w;D; (7.4)
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LO-criticality mode HI-criticality mode
L HLL | HI2 | HI3
; Bi ; Bi ! Bi |
5 5 HI3% '
' | J;
! HI3 o
; , T :
i t !
HI,2
5£ A J
1 HI,2
HI1 a;
oF i SiHI,l
4 L
! HI1 ! i
0 . a; =t RSE time

Figure 7.1: A possible allocation scheme

As shown in Figure 7.1, we can get the total workload and the critical length
which have been finished at LO-criticality mode as equation 7.5 shown.

HI
|mi

LO HIx oHIx
Cﬁnished = CZ - Z ﬂz Sz
=1

e (7.5)
Lﬁnished S LzLO - Z Bz'HLw(SZHI’x
=1
So we can get
/ C'ﬁnished + )\Z‘LOLﬁnished
R, <t + <70
mHI x xT mHI — x T 76
B e e (> e )
<t +

> LO
S,

From Lemma 1, we can have A*¢ > M. Combine the definition of A in equation
5.1, we know for all 1 <z < |mf|, the condition 7.7 is satisfied.

QHI _ gHILz

; HI LO
e SA S (7.7)
K3
I 1w oL Y i e "
Let B= Y B S, "+ X0 5 37555 From condition 7.7, we can get
=1 r=1
Im | Im {1
B> Y pAlagHla | 3 pHle (S{H_Sfﬂ,z>
=1 =1
HI |m'LHI‘_1
HI,|m!
e AR DI (7:8)
=1
m |

HI HI,
<5 Z [
r=1
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Im {1

Since Y B =t we can get
=1

~-B < -SHIY (7.9)
Combining condition 7.6 and 7.9 gives
CFO 4 \OLLO _ gHIY

R, <t +— SLO
CiLO + /\iLOLiLO ( SHI )t'
SZLO SLO (710)
(since 0 < t < R, and SZ-HI < SZ-LO)
CLO y \LoLo Sl
S;e + SLO)R
So we can get
C-LO /\LOLLO
R, < = T AL (7.11)

HI
Si

To make the task 7; become schedulable, we can make

max {Rro, Rur/wi, Rs/w;} < D; (7.12)
Since it is a HL task, CH = CFC and LEf = LEO. And M < A9 we can have

CHI + /\HILHI CLO + )\LOLLO
w; S - w;SHI
That means Ry;/w; < Rg/w;.

LO | \LO LO
LO4 \LO 1

So when —4——i—i_~

min{wiSlHI,SiLO}

(7.13)

< D;, each job of task 7; meets its deadline in all correct

states.
OJ

7.2.2 Utilization bound for LH and LL tasks

Liu et al. analysis the elastic mixed criticality system under EDF-VD scheduling
n [16]. They gives two sufficient tests for sequential elastic mixed criticality tasks.
Because LH and LL tasks are light tasks, those two sufficient tests are still usable
here.

Lemma 4. (Theorem 3 from [16]) Given an elastic mized criticality task set
T and a processor p with speed 6P, if

Ui _ 1= (Uai () + Ufg" (7))
1_ULOp< )~ ULOp( ) — UHIp( ) (7.14)
URTP (1) + USP (1) <1 and ULSP(1) < 1 and ULS? > ULA* (1)

then this elastic mized criticality task set T can be scheduled by EDF-VD with a
deadline scaling factor x arbitrarily chosen in the following range

vkorr) 1= (Ui () + UIS(n)
1_ULOp< ) ULOp( ) UHIp( )

xr €

(7.15)
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where Up1P(1), ULYP(T) and UESP () are computed according to definition 5 and
CcHI
Hlp 7
Uo” = 2. s (7.16)
T ETNZ;=LO “P~1

Theorem 5. (Theorem 3 from [16]) An elastic mized criticality task set T is
schedulable upon a processor p with o, if the following condition is satisfied.

3
max {UL6" (r) + Uy " (), ULo" () + Uiy "(7) } < (7.17)

The Lemma 4 can be used for determining the modified period and virtual dead-
line when using EDF-VD to schedule an elastic mixed criticality task set. And the
Theorem 5 can be used to offline verify whether the task set is schedulable.

7.2.3 Summary

The summary for scheduling algorithm and schedulability test for four different
types of elastic mixed criticality tasks is shown as table 7.1. Here assume that the
LH and LL tasks are assigned on the processor p with speed .

Task Type | Criticality | Schedulability test Scheduling algorithm
LH High
L Low Theorem 3 EDF-VD
HH High Theorem 2 ‘ .
HL Low Theorem 4 Work-conserving scheduling

Table 7.1: Scheduling algorithm and scheduability test for four different types of
elastic mixed criticality tasks

7.3 Task allocation

The task allocation algorithm for elastic mixed criticality tasks is similar to tradi-
tional mixed criticality tasks. There are following difference:

The calculation for QoP. When computing the QoP according definition 8 in
section 6.2.1, the way for calculating the U/* changes to

Uy = max {ULS™(r(p) + U7 (r(p). U™ (r(pi)) + VLG (r(pi))} - (7.18)

where p; is the processor and 7(p;) denotes the tasks that are assigned to it.
Schedulability test. In line 9 of algorithm 6, use equation 7.2 to check whether
the task is schedulable upon the uniprocessor. In line 12 of algorithm 9, use Theorem
4 to check whether HL tasks are schedulable or not. When computing the value of
the objective function for an allocation scheme, use equation 7.2 to get R; if Z; = LO.
The rules for generate a neighbor. Assume we want to allocate a set of elastic
mixed criticality task 7 upon the processor set P. After the first stage(algorithm 7),
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the task set Tyuccess 1S successfully scheduled and the processor set Papocation 1S used
to host the task set Tsuccess: L0 Tremain = T \ Tsuccess and Premain = P \ Panocation-

In the second stage (algorithm 9), each LO-criticality task 7; € Tyemain i assigned
on the cluster m#! and the cluster m&© = m1 U AmF© at HI- and LO-criticality
mode, respectively. And each Hl-criticality task 7; € Tieman is assigned on the
cluster m?© and the cluster m'' = m?9 U Am}'" at LO- and Hl-criticality mode,
respectively. The equation 6.3 in the section 6.3.1 is changed as equation 7.19.

minimize > |Ri— D

Ti ETremain

subject to  mHT C mH© it Z; = LO
mi© Cmitif Z; = HI
Lo Lo (7.19)
U m;, - = Premain \ U m]’
TieTremain/\ZizLO 7—je'f-remainAZj=HI
LO __ HI
U Am;” = U Am;
Ti€TremainA Z;=LO 7j €TremainAZ j=HI

The first and second condition in equation 7.19 is to make the processors be
used sufficiently. When the system is transformed to HI-criticality mode, part of
the processors which are assigned to LO-criticality tasks at LO-criticality mode will
be reassigned to HI-criticality tasks. The third and forth condition are used to
guarantee that resource constraint is not exceeded, and the system behaviour is
satisfied.

As figure 7.2 shown, we define eight rules to generate a legal neighbor.

HI: 7 HI: g LO: T; LO: T
a
HI: 7; LO: g
O
e a o
HI: 14 LO: 7 LO: 1; HI: 7
0

Select a random HI: T, add processor a into Amf’ delete processor a from Am}

Figure 7.2: Neighbor Generation for elastic mixed criticality tasks

1. For an arbitrary pair of Hl-criticality tasks 7; and 7;: m&© - m]LO
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For an arbitrary pair of Hl-criticality tasks 7; and 7;: Am["" — Am!!

For an arbitrary pair of LO-criticality tasks 7; and 7;: m/!! —= mM!

For an arbitrary pair of LO-criticality tasks 7; and 7;: Am/[©9 — Am}©

For an arbitrary pair of Hl-criticality task 7; and LO-criticality task 7;:

mbO %y i1

6. For an arbitrary pair of LO-criticality task 7; and Hl-criticality task 7;:
miT %y O

7. For an arbitrary pair of Hl-criticality task 7; and LO-criticality task 7;:
mf — Am}© and select an arbitrary HI-criticality task 7, add processor
a into Ami!

8. For an arbitrary pair of LO-criticality task 7; and Hl-criticality task 7;:

AmEo 2 mfo and find the HI-criticality task 7, where the processor

a € Amf  delete processor a from Ami!

Gk W

7.4 Summary

This chapter presents the elastic mixed criticality systems, and develops a up bound
of the parallel task’s response time. The difference in the task allocation algorithm
for elastic and traditional mixed criticality tasks is also shown in this chapter. In
the next chapter, we will evaluate the performance of the task allocation algorithm.
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Evaluation

To quantitatively evaluate our algorithm, we generate synthetic DAG sets and check
whether all the DAGs of a set of DAGs can meet their deadlines. Section 8.1 and
section 8.2 introduces the task set generation algorithm, and section 8.3 presents
the simulation results.

8.1 Uniform platform generation

To generate the uniform platform, two parameters are needed. The first one is the
number of processors m. We set m € {16, 32,64, 128}. The second one is the total
capacity of the platform S,,. We set S,, = 0.8m.

Once the number of processor m and the total capacity of the platform S, is
determined, we need to generate the processor speed o for each processor. The sum
of the processor speed should be equal to the total capacity of the platform. The
Dirichlet-Rescale (DRS) algorithm [17] can be used.

To make sure that a processor with the unit speed is in the results, we use (m—1),
(S — 1) as the input of the DRS and each value is limited in [0, 1]. After it outputs
a sequence of (m — 1) values, we add the value 1 into the sequence to form the final
results.

8.2 Task set generation

After generation of the platform, we can generate the task set. Since our schedula-
bility test depends on the total work, the critical-path length. We directly generate
theses two parameters. Let U and UM’ respectively denote the total nominal
utilization of all the tasks and total overload utilization of all the HI-criticality

tasks in a randomly generated taskset 7 such that UX° = Y _ uF© and UH! =

rier W
Srernzi—mr Uit Let Up = max{UHI/Sm, ULO/Sm} denote the upper bound of
the total system utilization. Note that Ug < 1 is a necessary condition for taskset
7 is schedulable on the given platform.
To generate a task set 7, we control 6 parameters, which is similar to the task
set generation algorithm presented by Pathan in [18]. They are shown as fellow:
o pM: This parameter controls the proportion of heavy tasks in a task set. Set
p" €{0.4,0.5,...,1.0}.
« p“: This parameter controls the proportion of Hl-criticality tasks in a task
set. Set p"¢ € {0.4,0.5,...,1.0}.
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e Umas: This parameter defines the upper bound of overload utilization of each
heavy task. Set umq: € {2,4,...,10}.

e P,4.: This parameter defines the upper bound of the ratio of the deadline and
overload critical-path length of a task 7; € 7, such that 1 < D;/L < P,,,.
Set Pras € {2.0,2.5, ..., 5.0}

e R,4:: This parameter defines the upper bound of the ratio of overload and
nominal utilization of a task 7; € 7, such that 1 < ufff/uf® < R,.... Set
Rpnaz € {2.0,2.5,...,5.0}.

o Up: Total system utilization Ug is setting as Ug € {0.2,0.3, ..., 1.0}.

We consider different combinations of the those 6 parameters to generate a task
set. For each combination, we generate 500 task sets to form the test set. The task
7; € T is generated as follows ( each parameter is uniformly selected from the specific
range, and the generated the total workload, as well as the critical path length, is
the value on the processor p; with unit speed):

o Task period D; = T; is chosen in the range [10, 1000].

« Generate a random number p? in the range [0, 1]. If p* < p™* then 7; will be
a heavy task on the processor p; and its overload utilization u;H Lptig drawn

in the range [1.0, unax|; otherwise, it will be a light task on the processor p;

and its overload utilization u, "' is chosen in the range [0.02, 1]. The overload
total workload of 7; is computed as CH = ui'"P* x T,

» Generate a random number P, in the range [1, Ppax|. Then the overload critical
path length is computed as LA = T;/P;.

+ Generate a random number p¢ in the the range [0,1]. If p¢ < p"°, then 7
will be a Hl-criticality task; otherwise it will be a LO-criticality task. If 7; is
Hl-criticality task, then generate a random number R; in the range [1, Ryax];

otherwise R; = 1.
 The nominal total workload and critical path length are computed as CX° =
CHI/R; and LFC = LH!/R;.
Generate a task according to above steps repeatedly and add it to the task set
until max {UHI/Sm, ULO/Sm} > Up — 0.1. If add a generated task to the task set

make max {UHI/Sm, ULO/Sm} > Upg, discard it and generate a new one.

According to the above task set generation procedure, the Ug of each task set is
in the range (Ug — 0.1, Up]|. Tt is accepted because we set the increment step of Up
in our experiment is 0.1.

8.3 Results

We use acceptance ratio to measure the performance. The acceptance ratio is the
fraction of task sets that can be schedulable on the given uniform multiprocessor
platform out of the test set, which contains 500 task sets. Note in this section that
each time we vary one parameter, the other parameters are fixed. The fixed values
of the parameters are set as m = 64, p"® = 0.5, p" = 0.5, v = 2.0, Pz = 4.0
and R,,.. = 2.0.
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8.3.1 Impact of uniform platform and different DAGs

In this section, we evaluate the performance of our algorithm by varying the param-
eters for generating the platform and task set.

1) Impact of m

Figure 8.1 shows the change of acceptance ratio by varying the number of pro-
CEssOors.

Generally, as the number of processors increases, the acceptance ratio decreases.
Because the total capacity is set as S,,, = 0.8m and Up = max {UHI/Sm, ULO/Sm},
so when m becomes larger, the number of tasks in the task set will also become
larger. The number of different allocation patterns becomes larger. It makes the
search space of our algorithm become larger, which makes it harder for our algorithm
to find a feasible solution.

100%

m = 16
—¢—m = 32

m = 64
—k—m = 128

890%

80% |

70%

60%

50%

40%

Acceptance Ratio

30%

20%

10%

0% 1 L e 4 % ¥
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

{/;I‘-B

—

Figure 8.1: Comparison of acceptance ratios for different number of processors

2) Impact of P,

P,.ax is the upper bound of the ratio of the deadline and the overload critical
path length. It has a huge impact on the schedulability of the parallel task because
it affects the structure (parallelism) of tasks. The P,,,, becomes larger means that
the task has larger parallelism. When it closer to 1, the task is more close to a
sequential task.

When P,,,, increases, tasks have more slack to complete the work, which can be
executed parallelly, so they do not require a large computing resource. That makes
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our algorithm much easier to find a feasible solution. Figure 8.2 shows the change
of acceptance ratio by varying P,.z.

100%
0 Ru.ru: 5.0
o —F— Ru.ru! 4.5
80% Praz = 4.0
+Ru.ru: 3.5
2 70% —F— Ru.ru! 3
-E _*_Plu.ru: 2.5
o Priaz = 2.0
= 50%
=
j=
T 40%
< 30%
20%
10%
0% . ! ,
0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1

{/:I‘-B

Figure 8.2: Comparison of acceptance ratios for different P,

3) Impact of p™

p™ controls the proportion of heavy tasks in a task set. Figure 8.3 shows the
change of acceptance ratio by varying p"*. When it becomes larger, the task set will
contain more heavy tasks.

The heavy tasks will be allocated a set of processors, and they exclusively own
the assigned processors. This way has a drawback in that it may waste comput-
ing resources. To make it clear, we consider the situation under the homogeneous
platform. Under the homogeneous platform, assume a heavy task needs k + e(k is
an integer and 0 < € < 1) computing resource to become schedulable. According
to the federated scheduling, we need to allocate [x + €] processors to it. So 1 — e
computing resources are wasted. The proportion of wasted resources is positively
correlated with P". So the acceptance ratio goes down as the p™* goes up.

4) Impact of 4,

Umae 1S the upper bound of overload utilization of each heavy task. Figure 8.4
shows the change of acceptance ratio by varying t,q; -

Each time, we add one task into the task set until the specific Ug is met. When
Umae Decomes larger, that makes the task set contains more heavy tasks. So why
does the acceptance ratio decrease as g, increases for the same reason as p™,
which is shown in section 8.3.1.
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Acceptance Ratio

Acceptance Ratio
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Figure 8.3: Comparison of acceptance ratios for different p
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Figure 8.4: Comparison of acceptance ratios for different u,,,,
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5) Impact of R, and p"

Ryhaz is the upper bound of the ratio of overload and nominal utilization, and P"¢
is the proportion of Hl-criticality tasks in a task set. They do not have a significant
impact on the acceptance ratio because they do not have a significant impact on the
schedulability test.

We use weighted acceptance ratio to show their effects. Let R(Ug) denote the
acceptance ratio under a specific Ug. The weighted acceptance ratio is computed
as Y. R(Up)Ug/ > Ug. Figure 8.5 shows the change of weighted acceptance ratio by
varying R,,q. and pc.

50% T T T T

40% - 1

30% - 8

20% - 8

10% 8

0% 1 1 1 1 1
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10% | |
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Figure 8.5: The weignted acceptance ratio under different R,,,, and p"

8.3.2 Performance under homogeneous platform

The homogeneous platform can be seen as a kind of special uniform platform. All
the processors have the unit speed. We can set S, = m to generate a homogeneous
platform.

Figure 8.6 compares the acceptance ratio of our algorithm with MCFS-Bound,
which is proposed by Li in [19], with different number of processors.

The acceptance ratio of our algorithm is better than the aceptance ratio of
MCFS-Bound for m = 16, 32, 64, 128. For example, the acceptance ratio at Ug = 0.3
for m = 128 is around 35% and the acceptance ratio for MCFS-Bound is around 10%.
And when Up increases, the acceptance ratio of the MCFS-Bound decreases more
quickly.
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Acceptance Ratio

Acceptance Ratio
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Figure 8.6: Performance under homogeneous platform
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Figure 8.7: Performance under elastic mixed-criticality systems
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8.3.3 Performance under elastic mixed-criticality systems

In elastic mixed-criticality systems, each LO-criticality task 7; has a elastic degree
w; = T /T;. We use a parameter average elastic degree w € {4,6, .., 10} to gener-
ate the w; for each LO-criticality task. After generating a task set for the traditional
mixed-criticality systems. The number of LO-criticality tasks is determined. As-
sume it is [LO|. Since w = Y>, _ro w;/|LO|, we can use |LO|w and |LO| as the input
of the DRS and each value is limited in [w — 2,10] to generate the w; for each the
LO-criticality task.

Figure 8.7 shows the performance of our algorithm under elastic mixed-criticality
systems. Since we generate the elastic degree for each LO-criticality task after we
generate the task set for traditional mixed-criticality systems, here, the value of Up is
still computed under the traditional mixed-criticality system. Actually, the true Ug
for the elastic mixed-criticality systems should be larger than the Up for traditional
mixed-criticality systems because the LO-criticality tasks are not discarded at HI-
criticality mode under elastic mixed-criticality systems.

The traditional mixed-criticality systems can be seen as a special case of elastic
mixed-criticality systems, the elastic degree for the LO-criticality task is infinite.
When the average elastic degree increases, the true Up for elastic mixed-criticality
systems is more close to the Up for traditional mixed-criticality systems. So when the
average elastic degree increases, the acceptance ratio of the elastic mixed-criticality
systems is more close to it under the traditional mixed-criticality systems.
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Conclusion and future work

This thesis presents the scheduling algorithm for dual-criticality parallel tasks on
uniform multiprocessor platform. The algorithm is based on federated scheduling.
An upper bound of response time for mixed-criticality parallel tasks on a uniform
multiprocessor platform is given. A heuristics based on bin-packing and simulated
annealing is developed to allocate tasks on processors. To address the serve abrupt
problem in the traditional mixed-criticality systems, a discussion on how to extend
the task allocation algorithm to elastic mixed-criticality systems is presented.

There are several directions for future work. We assume that the system will
transition to HI-criticality mode at a Hl-criticality task miss its virtual deadline.
Suppose the system can have some indications as to whether a job will overrun
during runtime. A good direction to consider is how we can use this information to
improve the schedulability test to increase the system utilization. Under federated
scheduling, each heavy task exclusively executes on its dedicated cluster. This makes
getting the schedulability test become easy. But this property also makes federated
scheduling suffer significant resource waste. An interesting future research direction
could be to develop the schedulability test in case that sharing processors among
the clusters is allowed. Note that the task can have a shorter response time on a
cluster with a smaller uniformity A. The uniformity intuitively measures how similar
a uniform multiprocessor system and corresponding homogeneous multiprocessor
system. Consider two clusters P, = {0.5,0.5,0.5} and P, = {0.6,0.5,0.4}. They
have the same total capacity as 1.5. But A\; =2, A\ = 1.5. A DAG with C' = 10 and
L = 5. Its response time is 40/3 on cluster P, and 35/3 on cluster P». That means
that maybe we let the processor speeds differ from each other by greater amounts
in the cluster to make more task sets can find a feasible task allocation scheme.
This feature is worth considering when designing task allocation algorithm. The
schedulability test for the system with more than two criticality levels and on the
unrelated multiprocessor platforms is to be done.
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Source code

The source code for the task allocation algorithm and task set generation can be
found at https://github.com/ChengziHuang/taskAllocation.


https://github.com/ChengziHuang/taskAllocation
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