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■  Real-Time scheduling on multi-processor system is a much harder 
problem than RT scheduling on uni-processor systems 

■  Uni-processor systems: 
□  Earliest Deadline First has been proven to be the best algorithm to 

guarantee the correct execution of prioritized tasks 

■  Multi-processor systems: 
□  Uni-processor scheduling approaches are not feasible for multi-

processor systems anymore 
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■  No optimal, priority-driven algorithm exists for arbitrary task sets 
□  Optimal algorithms only exists for periodic task sets  

(e.g. laxity driven) 
□  Most algorithms ignore task migrations in their cost-model 
–  performance often remains insufficient in practice  

□  No optimal algorithm exists for the general case (Fisher 2007) 

Motivation & Background 

Operating Systems & 
Middleware Group 

Evolving 
Scheduling 
Strategies for 
Multi-Processor 
Real-Time Systems 

Chart 3 

Grundlagen

A AD C
T1 0 5 4
T2 0 5 4
T3 0 10 3

t 1 2 3 4 5 6 7 8 9 10
p0 T1 T3 T0

1 T3

p1 T2 T0
2

t 1 2 3 4 5 6 7 8 9 10
p0 T1 T2 T0

1 T0
2

p1 T2 T3 T0
2 T3

Abbildung 2.2.: Anomalie nach Levin: nicht ausführbare (z.B. nach EDF) und ausführbare
Taskanordnung durch passende Aufteilung von T2

A AD C
T1 0 10 5
T2 0 10 5

t 1 2 3 4 5 6 7 8 9
p0 T1 T2 T1 T2 T1 T2

laxity(T1) 5 4 3 3 3 2 1 1

laxity(T2) 4 4 4 3 2 2 2 1 0

Abbildung 2.3.: Oszillierendes Verhalten bei der Ausführung eines T1 und T2 mittels LLF

analog zum Beispiel von Levin et al. [2] vorgestellt.

Wie Abbildung 2.2 zeigt, besteht die einzige Möglichkeit das Beispieltaskset auszuführen
darin, dass die Tasks mit hoher Auslastung (T1, T2) zum Teil auf einem Prozessorkern aus-
geführt werden. T2 wird bewusst aufgeteilt, um auf p2 ausreichend Ressourcen für T3 zur
Verfügung zu stellen. Auslastungsbeschränkte Schedulingalgorithmen können diese Task-
sets nicht ausführen, da die ‘schweren’ Tasks mit hoher Auslastung aufgrund der hohen
Priorität je einem Prozessor zugewiesen werden, wodurch die notwendige Unterbrechung
nicht möglich ist.

Ausführungsoszillation

Zuletzt sei eine Anomalie genannt, welche vor allem bei vollständig dynamischen Schedu-
lingalgorithmen, z.B. LLF, auftritt. Mindestens zwei Tasks T1, T2 werden derart ausgeführt,
dass die Ausführung von T1 für eine Zeitspanne t0 die Priorität des wartenden Tasks T2

soweit erhöht, dass dieser die Ausführung von T1 unterbricht, um selbst ausgeführt zu wer-
den. Nach ti Zeiteinheiten wird er wiederum von T1 aus dem gleichen Grund unterbrochen.
Für die Ausführungszeiten gilt t0 < ti < t0 + e mit (i > 0, t0 > 0, e > 0) wobei t0 und
e beliebg klein gewählt werden können. Abbildung 2.3 zeigt dieses Verhalten mit diskre-
ten Schedulingzeitpunkten (t0 = 1, ti = 2, i > 0). Die Zahl der Kontextwechsel steigt für
kleinere t0, ti stark an.
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■  Dhall’s effect 
□  Although it is possible to schedule all tasks according to their deadline, 

Earliest Deadline First fails to do so 
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Abbildung 2.1.: Dhall’s Effekt: nicht ausführbare (z.B. nach EDF) und ausführbare Taskan-
ordnung durch Zuweisung von T3 auf eigenen Kern

2.1.3. Schedulingeffekte im Echtzeitscheduling

Im Rahmen von Echtzeitscheduling treten unterschiedliche Effekte auf, die eine erfolgrei-
che Ausführung verhindern oder im Anwendungsfall beeinträchtigen. Im Folgenden wer-
den zwei Effekte vorgestellt, die eine erfolgreiche Ausführung von Tasksets für bestimmte
Klassen von Schedulern verhindern. Zudem wird eine Laufzeitanomalie vorgestellt, die vor
allem bei vollständig dynamischen Algorithmen auftreten kann.

Dhall’s Effekt

Dhall’s Effekt [19] tritt auf, wenn ausführbare Tasksets mit geringer Auslastung nicht aus-
geführt werden können. Insbesondere Algorithmen ohne Berücksichtigung der Auslastung,
wie RMS oder EDF, sind von diesem Effekt betroffen. Der Effekt tritt auf, wenn mehrere
hochpriorisierte Tasks (T1, T2) mit geringer Auslastung die Ausführung mindestens eines
niedriger priorisierten Tasks (T3) mit hoher Auslastung verhindern, in dem sie alle vor-
handenen Prozessoren nutzen. Durch höhere Priorisierung des Tasks mit hoher Auslastung
kann dieses Problem verhindert werden. Abbildung 2.1 illustriert diesen Effekt. Oben wird
das Taskset mittels EDF ausgeführt, bei dem T3 die Deadline nicht einhalten kann, während
unten T3, beispielsweise nach EDF-US, eine höhere Priorität erhält und T2 auf einen anderen
Prozessor verdrängt.

Anomalie nach Levin

Besonders von Bedeutung für prioritätsgetriebene Schedulingalgorithmen für Multiprozes-
soren sind Tasksets wie von Levin et al. [2] aufgeführt. Dies zeigt die Grenzen einfacher
prioritätsgetriebener Algorithmen, beispielsweise von global ausgeführtem EDF und EDF-
US Scheduling. Im Folgenden wird ein periodisches Taskset für einen Zweikernprozessor
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■  Levin’s pure global task sets: 
□  Although it is possible to schedule all tasks according to their deadline, 

it is impossible to do so by pinning tasks to a single processor 
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Abbildung 2.2.: Anomalie nach Levin: nicht ausführbare (z.B. nach EDF) und ausführbare
Taskanordnung durch passende Aufteilung von T2
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Abbildung 2.3.: Oszillierendes Verhalten bei der Ausführung eines T1 und T2 mittels LLF

analog zum Beispiel von Levin et al. [2] vorgestellt.

Wie Abbildung 2.2 zeigt, besteht die einzige Möglichkeit das Beispieltaskset auszuführen
darin, dass die Tasks mit hoher Auslastung (T1, T2) zum Teil auf einem Prozessorkern aus-
geführt werden. T2 wird bewusst aufgeteilt, um auf p2 ausreichend Ressourcen für T3 zur
Verfügung zu stellen. Auslastungsbeschränkte Schedulingalgorithmen können diese Task-
sets nicht ausführen, da die ‘schweren’ Tasks mit hoher Auslastung aufgrund der hohen
Priorität je einem Prozessor zugewiesen werden, wodurch die notwendige Unterbrechung
nicht möglich ist.

Ausführungsoszillation

Zuletzt sei eine Anomalie genannt, welche vor allem bei vollständig dynamischen Schedu-
lingalgorithmen, z.B. LLF, auftritt. Mindestens zwei Tasks T1, T2 werden derart ausgeführt,
dass die Ausführung von T1 für eine Zeitspanne t0 die Priorität des wartenden Tasks T2

soweit erhöht, dass dieser die Ausführung von T1 unterbricht, um selbst ausgeführt zu wer-
den. Nach ti Zeiteinheiten wird er wiederum von T1 aus dem gleichen Grund unterbrochen.
Für die Ausführungszeiten gilt t0 < ti < t0 + e mit (i > 0, t0 > 0, e > 0) wobei t0 und
e beliebg klein gewählt werden können. Abbildung 2.3 zeigt dieses Verhalten mit diskre-
ten Schedulingzeitpunkten (t0 = 1, ti = 2, i > 0). Die Zahl der Kontextwechsel steigt für
kleinere t0, ti stark an.
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■  Identify novel algorithms by exploring the solution space for real-time 
scheduling algorithms. 
 

■  Create algorithms complying with desired characteristics such as the 
number of task migrations and maximal system utilization. 
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■  Application of genetic programming to prioritization functions 
■  Functions are represented as trees of operands and terminals 
■  Mutation: random nodes are replaced 

 

■  Breeding: sub-trees get swapped  
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Evolutionäre Suche nach Priorisierungsfunktionen

ist für jeden Knoten gleich. Ersetzung eines Teilbaumes finden nicht statt.
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Abbildung 4.3.: Mutation

Kreuzung Die Kreuzung von Individuen wurde bereits Teil von systematischen Untersu-
chungen von Poli et. al [34]. Die untersuchten Kreuzungsvarianten erhalten die Struktur der
Individuen, was in Kombination mit dem implementierten Mutationsoperator kein Wachs-
tum von Individuen zulässt. Aus diesem Grund wurde ein naiver Kreuzungsoperator im-
plementiert, der beliebige Knoten im Baum als Kreuzungspunkte, ähnlich zur Mutation,
nutzen kann. Wie Abbildung 4.4 an einem Beispiel verdeutlicht, wählt der Kreuzungsope-
rator bei den Elternelementen zufällig je einen Knoten aus, welcher die Wurzel des auszu-
tauschenden Teilbäume repräsentiert. Die Wahrscheinlichkeit der Auswahl ist für alle Kno-
ten innerhalb eines Baumes gleich. Die ausgewählten Kreuzungsknoten für beide Individu-
en können auf unterschiedlichen Tiefen liegen, so dass ein Wachstum eines Individuums
durch unterschiedlich tiefe Teilbäume möglich ist. Durch die Nutzung eines Wurzelkno-
tens als Kreuzungsknoten ist es möglich, den Teilbaum des jeweils anderen Individuums zu
einem Individuum zu propagieren. Dieser Algorithmus ermöglicht es, zwei Kinder durch
eine Kreuzung zu erzeugen. Nur eines der Kinder wird für die nächsten Generation genutzt.
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Abbildung 4.4.: Kreuzung

Im Folgenden werden unterschiedliche Anteile der Mutation und der Kreuzung bei der Er-
zeugung der Folgegeneration evaluiert. Angewandt auf das vorliegende Szenario erreichen
Funktionen mit der Kreuzung ihre maximale Leistungsfähigkeit nach bereits fünf Genera-
tionen. Ein höherer Anteil von Mutation verlangsamt den Performanzgewinn geringfügig,
ermöglicht jedoch eine bessere Leistung nach zehn Generationen. Wie Abbildung 4.5 zeigt,
sind die Werte für die unterschiedlichen Mutationswahrscheinlichkeiten sehr ähnlich. Man
erkennt, dass die Baumtiefe und Knotenanzahl für alle evaluierten Varianten über die Ge-
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■  Evaluation of fitness 
□  Executability 
□  Number of migrations 
□  Multi-goal optimization 

■  Selection process 
□  Tournament mode (2, 4, 6 or 8 participants) 
–  Larger selection pressure yields executable strategies quicker 

■  Overfitting 
□  Usually considered as a weakness 
□  Is able to create optimal scheduling strategies for specific workloads 
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■  Evaluation of fitness requires test task sets 
■  Strategy 1: attempt generation of “complete” task sets 
□  Feasible only for small number of CPUs and quanten 
□  8 processors, 6 quanta intervals à 108 task sets 

■  Strategy 2: compile representative task sets from literature 
□  It is hard to find real, global task sets 

■  Problem size classes 
■  Q1:   1, 2, 4 processors 
■  Q10:  10, 20, 40 processors 
■  Q100: 100, 200, 400 processors 
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■  Main training set QA 

□  Dhall (5 variants) 
□  RMS3 (3 variants) 
□  Lemma3 (9 variants) 
□  Partitioned (5 variants) 
□  WikiRMS (3 variants) 

■  Counter balancing training set QB 

□  Dhall (2 variants) 
□  SlackDhall (3 variants) 
□  RMS3 (2 variants) 
□  RMS4 (2 variants) 
□  Detail (1 variants) 
□  Lemma3 (3 variants) 
□  Partioned (2 variants) 
□  WikiRMS (2 variants) 
□  Interwoven (2 variants)  
□  Levin (1 variants) 
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■  Main training set QA 

□  Dhall (5 variants) 
□  RMS3 (3 variants) 
□  Lemma3 (9 variants) 
□  Partitioned (5 variants) 
□  WikiRMS (3 variants) 

■  Counter balancing training set QB 

□  Dhall (2 variants), SlackDhall (3 variants) 
□  RMS3 (2 variants), RMS4 (2 variants) 
□  Detail (1 variants), Lemma3 (3 variants) 
□  Partioned (2 variants), WikiRMS (2 variants) 
□  Interwoven (2 variants), Levin (1 variants) 
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TABLE I. CHARACTERISTICS OF OUR SET OF REPRESENTATIVE TASK SETS. THE RIGHT PART OF THE TABLE SHOWS WHICH PROCESSOR
CONFIGURATIONS CANNOT BE SCHEDULED BY EXISTING SCHEDULING ALGORITHMS. 1, 2, 4, 8, 16 ARE THE NUMBERS OF PROCESSORS USED.

CONFIGURATIONS MARKED WITH A * CAN ONLY PARTLY BE SCHEDULED. PLEASE NOTE THAT LEVIN’S PURE GLOBAL TASK SETS [11] CAN NEITHER BE
SCHEDULED BY APPROACHES THAT APPLY A SIMPLE PARTITIONING, NOR BY APPROACHES THAT ARE SENSITIVE TO UTILIZATION.

periodic partitionable Laxity-based global EDF EDF-US EDZL
RMS3 X X 2*
RMS4 X X 2* 4 8 16 4* 8* 16*
WikiEDF X X
Partitioned X X 2* 4* 8* 16* 4* 8* 16* 2* 4* 8* 16* 4* 8* 16*
Dhall X 2 4 8 16 1*
SlackDhall X 4* 8* 16* 1* 2* 4* 8* 16* 4* 8* 16*
Detail X 2
Split X
Interwoven X 2 4 8 16 2 4 8 16 1 2 4 8 16 2 4 8 16
Levin [11] X 2 4 8 16 2 4 8 16 2 4 8 16 2 4 8 16

of selection, mutation and crossover was realized according
to the literature. [21]–[23] The initial population is generated
purely randomly, with a restricted AST depth of up to 5.

Fig. 6. Prioritization schemes are represented as abstract syntax trees.
Mutations and crossovers are realized by varying and exchanging nodes. In
this example (LD �AD) + C mutates to become log(LD,AD) + C.

TABLE II. ATOMIC AND SIMPLE DERIVED TERMINALS, BASED ON THE
CURRENT TASK AND THE SYSTEM.

x random floating point values from -10.0 to 10.0
0, 1 constant values 0 and 1

m number of processors
A arrival time

RD relative deadline (relative to arrival time)
C capacity = worst case execution time

PT amount of C that has already been executed
P current task priority (starting with 0)
T current point in time

AD absolute deadline = A + RD
ST slack = RD - C

L remaining surplus time = (AD - T) - (C - PT)
U utilization created by task = C / RD

LD remaining execution time = C - PT
RU remaining utilization = LD / (AD - T)

The nodes in the AST are the terminals listed in Table
II. We distinguish between three types of basic terminals:
numbers, system terminals, task specific terminals. System
terminals comprise of the processor count and the time. Task
specific terminals are deadline, worst case execution time and
so forth. In addition to these, we provide a selection of derived
terminals. These are not essential, since they would be gener-
ated by the evolutionary process anyway, but since they are the
core of many of the popular scheduling algorithms like EDF
[2] and LLF [3] we provided them, as well. Furthermore, the
introduction of derived terminals improved the performance
of the evolutionary process significantly. Please note that the
resulting prioritization schemes do not consider the other tasks
in the system, thereby guaranteeing a linear execution time of
the represented scheduling algorithm.

The set of functions supported by our AST are: addition,
subtraction, multiplication, protected division, protected loga-
rithm, exponentiation, check for equality, check for inequality,
selecting the minimum, and selecting the maximum. Checking
for equality and inequality will produce either 1 for success
or 0, allowing a combination with the other functions: AD *
(L == 0).

The fitness of a prioritization scheme is rated according to
multiple objectives [23]. A prioritization scheme is considered
better than a similar one, if it can either schedule more task
sets successfully or needs significantly less migrations for
the scheduling. The impact of the objectives on the fitness
functions can be configured by weights. For the selection
process, we experimented with different population sizes. We
observed that a tournament based selection process with 8
participants and a population size of 100 produced the best
results.

In our experiments, we experienced overfitting effects [22],
where the identified candidates were capable of scheduling
all the task sets we trained them with. This is useful, if
you want to use the approach, to find the perfect schedule
for a specific task set. In the study of the solution space
for scheduling algorithms, it is a hindrance, though, because
overfitted prioritization schemes perform worse in the general
case. To control overfitting, we created two distinct sets of task
sets – the first to evolve the schemes and the second for the
final evaluation. Furthermore, we applied randomizations and
weighted function length negatively, since long functions tend
to overfit more, than shorter ones.

D. Implementation and Performance Tuning

For the practical evaluation, we implemented the concep-
tual architecture presented in Figure 4. Fortunately, the repeti-
tive steps of generation, evaluation and selection are suited for
a parallel implementation. Our initial measurements indicated
that the evaluation step is the predominant workload causing
99.99% of the overall execution time. As a consequence, all
optimization efforts were directed at improving the efficiency
of the evaluation step.

The time required for the evaluation process was greatly
reduced using several optimization techniques: Using a stack-
based representation of terms resulted in a decreased number
of memory allocation operations compared to a tree-based
data structure. At the same time, the stack-based structure
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■  Generic scheduler for the simulation framework 
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1 for(runtime = 0; 
2  runtime < simulationEnd && !missedDeadline(tasks); 
3  ++runtime) 
4 { 
5  activeTasks = filterActive(tasks); 
6 
7   // this is exchanged with each prioritization scheme 
8   prioritizationScheme->prioritizeTasks(activeTasks); 
9 
10  orderDescendantByPriority(activeTasks); 
11  tasksToSchedule = selectFirst(activeTasks, processors); 
12 
13  simulateDiscreteStep(tasksToSchedule); 
14 } 



■  Fitness ratings that are based on the number of executable task sets 
exclusively show a faster evolutionary progress, but introduce a 
considerable amount of task migrations. 
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■  The evolutionary approach favored fundamental arithmetic operations and 
the min/max functions. 

■  Complex operations such as log, exp and equals were less succesful 
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■  Terminals with dynamic properties such as Laxity L, remaining execution 
time LD and remaining utilization RU were especially successful in the 
evolutionary process 
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TABLE I. CHARACTERISTICS OF OUR SET OF REPRESENTATIVE TASK SETS. THE RIGHT PART OF THE TABLE SHOWS WHICH PROCESSOR
CONFIGURATIONS CANNOT BE SCHEDULED BY EXISITING SCHEDULING ALGORITHMS. 1, 2, 4, 8, 16 ARE THE NUMBERS OF PROCESSORS USED.

CONFIGURATIONS MARKED WITH A * CAN ONLY PARTLY BE SCHEDULED. PLEASE NOTE THAT LEVIN’S PURE GLOBAL TASK SETS [10] CAN NEITHER BE
SCHEDULED BY APPROACHES THAT APPLY A SIMPLE PARTITIONING, NOR BY APPROACHES THAT ARE SENSITIVE TO UTILIZATION.

periodic partitionable Laxity-based global EDF EDF-US EDZL
RMS3 v v 2*
RMS4 v v 2* 4 8 16 4* 8* 16*
WikiEDF v v
Paritioned v v 2* 4* 8* 16* 4* 8* 16* 2* 4* 8* 16* 4* 8* 16*
Dhall v 2 4 8 16 1*
SlackDhall v 4* 8* 16* 1* 2* 4* 8* 16* 4* 8* 16*
Detail v 2
Split v
Interwoven v 2 4 8 16 2 4 8 16 1 2 4 8 16 2 4 8 16
Levin [10] v 2 4 8 16 2 4 8 16 2 4 8 16 2 4 8 16

C. Evolution

We represent each prioritization scheme as an abstract
syntax tree (AST) that can be executed for a task to produce a
priority. Figure 6 shows an example. The evolutionary process
of selection, mutation and crossover was realized according
to the literature. [23]–[25] The initial population is generated
purely randomly, with a restricted AST depth of up to 5.

Fig. 6. Prioritization schemes are represented as abstract syntax trees.
Mutations and crossovers are realized by varying and exchanging nodes. In
this example (S-AD )+ C mutates to become log(S, AD )+ C.

TABLE II. ATOMIC AND SIMPLE DERIVED TERMINALS, BASED ON THE
CURRENT TASK AND THE SYSTEM.

x random floating point values from -10.0 to 10.0
0, 1 constant values 0 and 1

m number of processors
A arrival time

RD relative deadline (relative to arrival time)
C capacity = worst case execution time

PT amount of C that has already been executed
P current task priority (starting with 0)
T current point in time

AD absolute deadline = A + RD
ST slack = RD - C

L remaining surplus time = (AD - T) - (C - PT)
U utilization created by task = C / RD

LD remaining execution time = C - PT
RU remaining utilization = LD / (AD - T)

The nodes in the AST are the terminals listed in Table
II. We distinguish between three types of basic terminals:
numbers, system terminals, task specific terminals. System
terminals comprise of the processor count and the time. Task
specific terminals are deadline, worst case execution time and
so forth. In addition to these, we provide a selection of derived
terminals. These are not essential, since they would be gen-
erated by the evolutionary process anyway, but since they are
the core of many of the popular scheduling algrithms like EDF
[7] and LLF [3] we provided them, as well. Furthermore, the

introduction of derived terminals improved the performance
of the evolutionary process significantly. Please note that the
resulting prioritization schemes do not consider the other tasks
in the system, thereby guaranteeing a linear execution time of
the represented scheduling algorithm.

The set of functions supported by our AST are: addition,
substraction, multiplication, protected division, protected loga-
rtihm, exponentiation, check for equality, check for inequality,
selecting the minimum, and selecting the maximum. Checking
for equality and inequality will produce either 1 for sucess or
0, allowing a combination with the other functions: AD * (L
== 0).

The fitness of a prioritization scheme is rated according to
multiple objectives [25]. A prioritization scheme is considered
better than a similar one, if it can either schedule more task
sets successfully or needs significantly less migrations for
the scheduling. The impact of the objectives on the fitness
functions can be configured by weights. For the selection
process, we experimented with different population sizes. We
observed that a tournament based selection process with 8
participants and a population size of 100 produced the best
results.

In our experiments, we experienced overfitting effects [24],
where the identified candidates were capable of scheduling
all the task sets we trained them with. This is useful, if
you want to use the approach, to find the perfect schedule
for a specific task set. In the study of the solution space
for scheduling algorithms, it is a hindrance, though, because
overfitted prioritization schemes perform worse in the general
case. To control overfitting, we created two distinct sets of task
sets – the first to evolve the schemes and the second for the
final evaluation. Furthermore, we applied randomizations and
weighted function length negatively, since long functions tend
to overfit more, than shorter ones.

D. Implementation and Performance Tuning

For the practical evaluation, we implemented the concep-
tual architecture presented in Figure 4. Fortunately, the repete-
tive steps of generation, evaluation and selection are suited for
a parallel implementation. Our initial measurements indicated
that the evaluation step is the predominant workload causing
99.99% of the overall execution time. As a consequence, all
optimization efforts were directed at improving the efficiency
of the evaluation step.
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■  Fittest prioritization functions by capability of scheduling task sets and the 
number of required task migrations: 
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Qualitative Evaluation 
The time required for the evaluation process was greatly

reduced using several optimization techniques: Using a stack-
based representation of terms resulted in a decreased number
of memory allocation operations compared to a tree-based data
structure. At the same time, the stack-based structure managed
to increase the degree of data locality. Targetting the goal
of data locality as well, an additional blocking method was
applied to increased the amount of cache hits. Finally, we
evaluated several strategies to vectorize our implementation.
However, in contrast to the other optimizations, none of the
vectorization strategies resulted in any significant performance
improvements.

In addition to an x86 64 CPU-based implementation, we
also created prototypes targetting Intel’s Many Integrated Core
(MIC) architecture exclusively as well as a hybrid version. The
hybrid implementation applies an asymmetric load distribution
scheme between the CPU and the MIC in order to maximize
the execution speed.

The Xeon Phi accelerators based on the MIC architecture
consist of 57-61 cores that are based on a modified P54C
design. Unlike GPU compute devices, all cores of a MIC
accelerator can act independently of each other. This property
makes the MIC architecture a promising target for the parallel
evaluation of diverse priorization functions. Since the MIC
architecture supports x86 64 instructions, the optimization we
conducted improved the performance for both architectures.

IV. EVALUATION

A. Qualitative evaluation

As described in Section III-C, we designed our implemen-
tation to assign fitness ratings based on weighted objectives.
Figure 7 shows the impact of weighting migrations with 10%.
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Fig. 7. Fitness ratings that are based on the number of executable task sets
exclusively show a faster evolutionary progress, but introduce a considerable
amount of task migrations.

A selection of the resulting prioritization functions is listed
in Table III. In this example, L/RU was capable of scheduling
all task sets, but required a substantial amount of task migra-
tions. As another interesting candidate, AD reduced the number
of migrations by a factor of 35.9, but failed with over 25% of
the task sets. These examples show that even simple functions
can handle the training task sets very successfully. Our second
set of task sets proved to be greater challenge. We conducted
elaborate simulation runs each with up to 200 generations.
The most successful ones were capable of scheduling 83%

of the task sets successfully. Some of them, such as 1 / L,
were capable of executing pure global task sets, but failed
with others.

TABLE III. THE QUALITY OF EXEMPLARY PRIORIZATION FUNCTIONS
BASED ON CAPABILITY OF SCHEDULING TASK SETS AND THE NUMBER OF

REQUIRED TASK MIGRATIONS.

function # executable task sets migrations / task set
L/RU 75 100 % 862
L 71 94.67 % 819
AD 56 74.67 % 24
AD � 1.0 56 74.67 % 24

Figure 8 and Figure 9 show which terminals and functions
are most dominant. The terminals that are used by the state-
of-the-art scheduling algorithms such as laxity L, remaining
execution time LD, deadlineAD are successful at surviving the
selection process. Surprisingly, the processor count, that could
be a mechanism to distinguish single-processor from multi-
processor systems is only scarcely used for prioritization. The
most prominent functions are basic arithmetic functions such
as addition and multiplication as well as selecting the mininum
and maximum. Functions allowing terminals to have strong
influence on the results such as exponentiation and logarithm
are only used rarely.
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Fig. 8. Terminals with dynamic properties such as Laxity L, remaining
execution time LD and remaining utilization RU were especially successful in
the evolutionary process.
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Fig. 9. In our evolutionary process arithmetic operations as well as minimum
and maximum operations were predominant.



■  Accelerator hardware: Xeon Phi 5110p 
□  60 Cores based on P54C architecture (Pentium) 
□  512 bit wide VPU per core 

□  > 1.0 Ghz clock speed; 64bit based x86 instructions + SIMD 
□  1x 25 MB L2 Cache (=512KB per core) + 64 KB L1, Cache coherency 

□  8 GB of DDR5 on-board memory 
□  4 Hardware Threads per Core (240 logical cores)  
–  Purpose: memory latency hiding 

–  Switched after each instruction 

■  Host hardware: 2x Xeon E5620 

□  4 Cores each 
□  2.40 GHz 

□  25 GB main memory  
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Performance Evaluation 



■  Xeon Phi (MIC) always outperforms the CPU 
□  Up to factor ~2x of speedup 
□  Hybrid approach HYP always provides an additional performance 

■  Main bottleneck: few opportunities for vectorization 
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Performance Evaluation 
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■  For certain task sets, optimal prioritization functions were generated 

■  Overfitting can be leveraged to create optimal prioritization functions for 
well-known workloads 

■  Results harmonize well with Fisher’s proof, that no priority-driven 
multicore scheduling algorithm exists for arbitrary tasksets 
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Conclusions 



Thank you  
for your attention! 
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