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Chapter 7. Conclusions

1. Summary of contributions

The objective of this thesis was to develop theoretical and pragmatic solutions for multiprocessor
real-time problems: scheduling of tasks and of network communication, timing analysis of models,
and evaluation of scheduling techniques; and, moreover, to contribute to the development of
multiprocessor (including distributed) real-time systems with new models, algorithms, techniques and

methods that respond to the current challenges of the real-time systems research domain.

The contributions of this thesis spread in several sub-domains that cover the most important
problems of parallel and distributed real-time systems: system models, communication issues in
distributed systems, scheduling on multiprocessors, performance evaluation of scheduling techniques

and of parallel programming languages, tools for simulation and performance evaluation.
The main contributions are:

1. Studied the most representative theoretical models and scheduling techniques used in real-
time systems research, to be able to make an evaluation of the real-time domain and to
identify the problems that need more research effort.

2. In the context of distributed real-time systems, investigated and proposed a solution for
accommodating real-time communication over general purpose network segments.

3. Proposed new techniques for multiprocessor scheduling of complex real-time applications.
Proposed a new approach for the analysis and performance evaluation of multiprocessor
real-time systems, including new tools for real-time systems simulation and synthetic data

set generation.
Below is a detailed presentation of the contributions grouped in sub-domains:
1. Real-time models

After making the review and discussing the issues of the current research results in real-time
systems modeling and analysis, we proposed a real-time system model that is general enough to cover
parallel and distributed systems. The proposed workload model allows the representation thread level
parallelism and precedence dependencies that are specific to distributed applications. The platform is
modeled as a homogenous multiprocessor. In the case of real-time communication, a reservation-based
[67] model is considered. As for resource availability modeling, the proposed approach is similar to
the resource partition model [16]. The proposed scheduling model is an extension of clustered
scheduling, the loose clustered approach. The proposed models are used throughout the thesis in

different forms, some simplified and others more general.
2. Real-time communication

The research work in the direction of using general purpose networks for real-time communication

was mainly encouraged by networking technology developments such as increasing network
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bandwidth and development of new QoS mechanisms. The addressed (communication-related) issues
are generated by the integration of distributed control systems with other information systems that do

not require special communication services.

The solution had to be able to guarantee the timing requirements for real-time data transmission
over general purpose networks. The proposed real-time communication model is based on data flow
analysis, as support for a reservation-based communication architecture. Moreover, a method for the
analytical estimation of the network bandwidth required by real-time traffic was developed. Finally, an
experimental reservation-based control system was implemented. The prototype was used to validate
the proposed model and method. The analytical method proposed for the estimation of required

network bandwidth was validated through simulation.
The main outcomes/deliverables of this research are:

1. The communication model, which is based on control data flow analysis and
communication scheduling that uses a rate-monotonic algorithm. The communication
model solves efficient delivery for short control messages over IP networks and facilitates
a-priori estimation of required network bandwidth for the reservation mechanism.

2. The method for network bandwidth estimation that uses rate-monotonic response-time
analysis and that is based on the data flow communication model.

3. The reservation-based communication system architecture and prototype implementation.
The solution uses Integrated Services/RSVP and the facilities of IPv6 protocol as support
for real-time communication. The implemented middleware translates real-time
requirements to existing network services and is used to validate both the communication

model and the system architecture.

The experimental results showed that the implemented prototype satisfies the real-time constraints.
This proves the validity of the proposed communication model and the method for computing the
required network bandwidth. Moreover, the analytical evaluation of response time demonstrated to be

an upper limit for measured delivery time.
3. Real-time multiprocessor scheduling

In order to reduce the complexity of the multiprocessor scheduling of real-time transactions

problem, the approach is to divide it into sub-problems:

e Allocate tasks to available execution nodes.
e Set priorities/deadlines for tasks contained in distributed transactions.

®  Apply local scheduling techniques for tasks’ execution.
Two scheduling techniques for real-time transactions on multiprocessors are proposed.

The first scheduling technique is a cyclic executive-based scheduling approach, best suited for
distributed embedded systems that have limited processing and communication resources. In this case,
it is important to have the lowest scheduling overhead possible, so that applications that run on the

platform will not be delayed. This approach uses pre-computed schedules. This thesis presents
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algorithms for job allocation to processors and for the generation of cyclic schedules. The cyclic

executive-based technique was evaluated using the following metrics:

e Success rate: ratio between the number of transaction sets for which a feasible scheduling
solution was found, and the total number of transaction sets.

e Execution time (for schedule construction).

The results of the evaluation showed that the proposed cyclic executive-based scheduling approach
has better success rate compared to a global EDF approach, but only in the case of small systems.
Moreover, CYEX is faster than the global EDF approach and even than the UPPAAL approach
presented in [102].

The second, optimization-based scheduling technique combines genetic search and simulation to
find feasible system setups. The technique addresses two important aspects: task allocation and task
deadline assignment. The genetic engine looks for a feasible task-to-processor mapping (allocation)
and deadline setting that meets the given real-time and dependency restrictions. The simulator is used
to evaluate the behavior and consequently the quality of different candidates. Through an iterative
process, a feasible scheduling solution is obtained by choosing the best candidate result. This
technique is best suited for larger systems for which a traditional scheduler will fail at lower system

loads. The main research challenges in this case were:

e The adaptation of the genetic algorithm to the scheduling domain: definition of genes,
chromosomes, adaptation of genetic operators.
¢ The definition of a fitness function that optimizes three solution characteristics.

¢ The development of a technique that reduces the search space
The technique was evaluated using the following metrics:

®  Success rate.

e Average number of iteration: average number of iterations until a feasible scheduling
solution is found. The runs that don’t find a feasible solution are not considered. This
measure shows how fast a feasible solution is found.

® Average fitness: average fitness of feasible scheduling solutions.

After the comparison with related work, the conclusion is that the proposed approach has a 10%

better success rate than other similar techniques.
4. Real-time systems simulation and performance evaluation

The lack of standard methodologies and tools is an important and acknowledged [22] issue in the
area of real-time systems. In the context in which empirical methods like simulation have become a
more practical alternative to complex mathematical schedulability analysis, this thesis presents

RTMultiSim, a real-time systems simulation environment that includes:
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e A simulation tool that covers a wide variety of system models, including parallel and
distributed real-time systems. As far as we know, it is the only tool that can simulate
clustered scheduling and parallel task sets.

* An automatic workload generation tool that generates task sets as well as chain transaction
sets. Only a few performance evaluation tools provide automatic task set generation, and
none of those provides automatic transaction set generation. The algorithm used for task
set generation is comparable to the state of the art algorithms, while being much easier to

implement and use.
Compared to other tools, RTMultiSim has the following advantages:

e [t has the most general workload model

e It has the most general scheduling model

e [t implements partitioning heuristics

e Has task set and a transaction set generation tools

e The task and transaction set generation tools rely on a more efficient algorithm.

The RTMultiSim simulation environment was used to develop an exact schedulability test, based
on the theory and guidelines described in [104] and [105]. Furthermore, RTMultiSim was used to
develop a simulation-based method for the performance evaluation of muliprocessor real-time

systems.

Experiments were conducted to assess the behavior of multiprocessor systems with global EDF
using randomly generated periodic task sets, in order to determine the features that influence the
schedulability. The developed schedulability test proved to find more schedulable task sets than other

analytical tests.

The performance of the main three scheduling approaches (global, partitioned and clustered) was
evaluated and compared with the results obtained for the loose clustered approach. The loose clustered
approach improves clustered scheduling, because it finds more feasible schedules with a small

increase of the migration rate.

The valuable observations made during the experiments can be used as guidelines by researchers

that intend to evaluate their work with simulation tools.

Finally, tests were developed to assess the timing of individual operations implemented in parallel
real-time Java. Several memory (allocation, copy shared memory read), asynchronous event handling
and locking test were made for a parallel Jamaica VM implementation. As there are not many
benchmarks that evaluate parallel features of real-time programming languages, this work adds value

to the existing research in this area.

2. Dissemination
(18 papers, 9 independent citations)



137 | Conclusions

10.

Anca Hangan, Ramona Marfievici, Gheorghe Sebestyen - "Real-time Data Flow Scheduling
for Distributed Control", International Journal On Advances in Networks and Services, ISSN
1942-2644, vol. 1, no. 1, year 2008, p.77-90

Anca Hangan, Ramona Marfievici, Gheorghe Sebestyen - "Solutions for Real-Time
Communication over Best-Effort Networks", RoEduNet International Conference 2008, pp.44,
ISBN: 978-973-662-393-6 [IEEE][ISI Proceedings]

Ramona Marfievici, Anca Hangan, Gheorghe Sebestyen - "Periodic real-time data flows over
general purpose networks", Intelligent Computer Communication and Processing, 2008. ICCP
2008, pp.207-213, ISBN: 978-1-4244-2673-7[IEEE] [SCOPUS][ISI proceedings]

Gheorghe Sebestyen, Anca Hangan - "Transaction-based model for real-time distributed
control systems", Automation, Quality and Testing, Robotics, 2008. AQTR 2008, pp.165-170,
ISBN: 978-1-4244-2576-1[IEEE] [SCOPUS]

Anca Hangan, Ramona Marfievici, Gheorghe Sebestyen — “Reservation-Based Data Flow
Scheduling in Distributed Control Applications” — The Third International Conference on
Networking and Services, 19-25 June 2007, Athens, Greece, in Proceedings of the Third
International Conference on Networking and Services, IEEE Computer Society Washington,
DC, USA, 2007, ISBN: 0-7695-2858-9, p. 10-15 - Best Paper Award
[IEEE][ACM][DBLP][SCOPUS]

Citations:

1. M. L Andreica, E.-D. Tirsa, N. Tapus, F. Pop, and C.M. Dobre, Towards a Centralized
Scheduling Framework for Communication Flows in Distributed Systems, Proc. of the
17th Intl. Conf. on Control Syst. and Comp. Science, Vol. 1, 2009, pp. 441-448
2. M.IL Andreica, N. Tapus, "Decision optimization techniques for efficient delivery of
multimedia streams," Signals, Circuits and Systems, 2009. ISSCS 2009. International
Symposium on , vol., no., pp.1,4, 9-10 July 2009
Ramona Marfievici, Gheorghe Sebestyen, Anca Pop-Bidian — “Real-time communications
for industrial control applications on IPv6 networks” — Acta Universitatis Cibiniensis Journal,
Universitatea Lucian Blaga din Sibiu, vol.LV, p.26-29, Sibiu, 2007, ISSN1583-7149
Ramona Marfievici, Gheorghe Sebestyen, Anca Pop-Bidian — “QoS and IPv6 Infrastructure
for Industrial Control Applications” — Sth RoEduNet IEEE International Conference, Sibiu,
Romania, June 2006, in “Proceedings of the 5th RoEduNet IEEE International Conference”,
Ed. Univ. Lucian Blaga, ISBN (10)973-739-277-9; (13)978-973-739-277-0, p. 166-169
[IEEE]
Ramona Marfievici, Gheorghe Sebestyen, Anca Pop-Bidian - “Industrial Control
Communication Framework based on an IPv6 Infrastructure” — International Multi-
Conference on Computing in the Global Information Technology — Challenges for the Next
Generation of IT&C, Bucuresti, Romania, 1-3 August 2006, in IEEE Computer Society Order
Number E2629, ISBN 0-7695-2629-2, Editors: Petre Dini, Chip Popoviciu, Cosmin Dini,
Gunter van de Velde, Eugen Borcoci [[EEE] [SCOPUS]
Anca Hangan, Gheorghe Sebestyen,”Cyclic executive-based method for scheduling hard real-
time transactions on distributed systems” iccp, pp.441-444, Proceedings of the 2011 IEEE 6th
International Conference on Intelligent Computer Communication and Processing, 2011 ISBN
978-1-4577-1479-5[1EEE]
Gheorghe Sebestyen, Anca Hangan, “Genetic approach for real-time scheduling on
multiprocessor systems,” Intelligent Computer Communication and Processing (ICCP), 2012

IEEE International Conference on , vol., no., pp.267,272, Aug. 30 2012-Sept. 1 2012 [IEEE]



11.

12.

13.

14.

15.

16.

17.

18.

Conclusions | 138

Anca Hangan, Gheorghe Sebestyen, “Multiprocessor real-time scheduling using an
optimization-based technique”, submitted to Euromicro Conference on Real-Time Systems,
ECRTS 2014

Anca Hangan, Gheorghe Sebestyen, “RTMultiSim: A versatile simulator for multiprocessor
real-time systems,” in Proceedings of The 3rd International Workshop on Analysis Tools and
Methodologies for Embedded and Real-time Systems (WATERS) in conjunction with
ECRTS2012 Pisa, Italy, p. 15,2012

Citation:

3. Minj, “Real Time Event Management and Coordinating System”, Masters Thesis in
ComputerScience and Engineering, Department of Computer Science and Engineering
National Institute of Technology Rourkela, India, 2013

Anca Hangan, Gheorghe Sebestyen, “RTMultiSim: A versatile simulator for multiprocessor
real-time systems,” extended paper, submitted to Elsevier Journal of Systems Architecture
Gheorghe Sebestyen, Anca Hangan, Alin Suciu, “Simulation-based Schedulability Tests for
Multiprocessor Real-time Systems,” in Proceedings of 2012 IEEE International Conference on
Automation, Quality and Testing, Robotics, AQTR 2012[IEEE][SCOPUS]

V. Olaru, A. Hangan, Gh. Sebestyen, “Java support packages and benchmarks for multi-core
processors”, High Performance Computing and Communications (HPCC), 2011 IEEE 13th
International Conference on, pp. 528-535 [IEEE][DBLP]

Citation:

4. Goran Velkoski , Sasko Ristov, and Marjan Gusev. "Loosely or tightly coupled
affinity for matrix-Vector multiplication.” Information & Communication Technology
Electronics & Microelectronics (MIPRO), 2013 36th International Convention on.
IEEE, 2013.

V. Olaru, A. Hangan, Gh. Sebestyen, “RTSJMcBench, a framework for writing parallel
benchmarks for Real-Time Java on multi-core architectures”, Automation Quality and Testing
Robotics (AQTR), 2010 IEEE International Conference on, AQTR 2010, pp. 1-6 [IEEE]

Citation:

5. Joffrey Kriegel, et al. "Waveperf: a benchmark generator for performance evaluation."
SIGBED Review 9.2 (2012): 7-11.

Anca Hangan, Gheorghe Sebestyen, "Simulation-based evaluation of real-time
multiprocessor scheduling strategies" iccp, pp.375-378, Proceedings of the 2010 IEEE 6th
International Conference on Intelligent Computer Communication and Processing, 2010 ISBN
978-1-4244-8228-3[IEEE][SCOPUS]
V. Olaru, A. Hangan, Gh. Sebestyen, G. Saplacan, “Real-time Java and multi-core
architectures”, 4th International Conference on Intelligent Computer Communication and
Processing, 2008. ICCP 2008, pp. 215-222 [IEEE]

Citations:



139 | Conclusions

6. Pablo Basanta-Val, and Jonathan Stephen Anderson. "Using real-time java in
distributed systems: Problems and solutions." Distributed, Embedded and Real-time
Java Systems. Springer US, 2012. 23-44.

7. Damien Masson, and Serge Midonnet. "Handling Non-Periodic Events in Real-
Time Java Systems." Distributed, Embedded and Real-time Java Systems. Springer
US, 2012. 45-77.

8. Juan Antonio Holgado-Terriza, and Jaime Viudez-Aivar. "JavaES, a Flexible Java
Framework for Embedded Systems." Distributed, Embedded and Real-time Java
Systems. Springer US, 2012. 323-355.

9. Daniel Shapiro, "Recent progress in multiprocessor thread scheduling.”

3. Research projects
The research presented in this thesis partially resulted during the work as a member in the following

projects:

1. CNCSIS Type A project “Studiul si implementarea comunicatiilor din domeniul
controlului industrial folosind facilitatile de control al calitatii oferite de standardul
IPv6”

2. CNCSIS BD doctoral grant no:334

3. FP7 project JEOPARD “Java environment for parallel realtime development”



