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Abstract. We are in the era of parallelism: Multicore processors with
several cores on the same chip are standard. Fundamental changes in
mainstream software development are required, because parallelism is
now the key to better performance on every PC, laptop, or embedded
device. Every performance-critical application – not just supercomputing
applications – has to be parallel in order to exploit the hardware poten-
tial. The great challenge is now how to make parallel programming easier
for average programmers. This paper presents an overview of my research
directions, thoughts, and visions for the field of multicore software engi-
neering, to make parallelism accessible to a large number of developers,
scalable, portable, and applicable in novel scenarios. In particular, I will
highlight contributions to auto-tuning, programming models, debugging
techniques, as well as insights from empirical studies, working towards
the goal of making parallel programming easier.

1 Parallelism Changes the Game

The computer science community agrees that we are at an inflection point [1]:
Parallelism is available on every desktop at low cost. Every PC, laptop, or em-
bedded device is a truly parallel machine. Regular processors have 4, 8, or 12
cores. Intel presented the Single Chip Cloud Computer prototype with 48 cores
on one chip; CISCO had already in 2005 a packet processing chip with 192 cores.
Recent graphics cards have over 300 cores that can be used on every PC to speed
up data parallel computations. Looking at these developments, it is not hard to
believe projections that mainstream processors will soon have hundreds of cores
on one chip. We need to take advantage of this horsepower!

In the past, parallel computers used to be expensive and typically accessible
to scientists only. Why are they are now affordable for everyone? Processor
clock rate increases have reached technical limits, mainly due to heat and power
consumption, as shown in Figure 1 (a). We have to go parallel in hardware to
increase performance; this is possible because the number of transistors on the
same chip can still grow.

What is different from parallel computing in the past? It’s not only the ubiq-
uity of parallel hardware, but also some other subtle improvements. Multicore
processors share cores as well as other resources, such as cache memory and
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busses, all on on the same chip (see Figure 1 (b)). This difference has important
implications for communication and other overhead, ultimately influencing when
parallelization pays off. We are given a new chance in which the break-even sweet
spot of parallel performance is moved to a potentially more favorable location,
and parallelism becomes applicable in scenarios and fields in everyday life that
were never considered before. In addition, we also have new opportunities to
exploit parallelism in-the-small, e.g., on a PC or in the pocket cell phone, not
just in large-scale distributed systems or supercomputer clusters.

100.000

1.000.000

10.000.000

10.000

1.000

100

10

1

0

1970 1975 1980 1985 1990 1995 2000 2005 2010

Power (W)

Transistors (000)

Clock
Speed
(MHz)

SPARC

Core 0

SPARC

Core 5

SPARC

Core 4

L2

Tag0

L2

Tag5

L2

Tag4

SPARC

Core 3

SPARC

Core 6

L2

Tag2

L2

Tag3

L2

Tag7

L2

Tag6

FSR

FSR

L2 Data

Bank0

L2 Data

Bank1

L2B0

L2B1

MCU0

MCU1

M
C

U

L2 Data

Bank4

L2 Data

Bank5

L2B4

L2B5

MCU2

MCU3

L2 Data

Bank3

L2 Data

Bank2

L2B2

L2B3

L2 Data

Bank7

L2 Data

Bank6

L2B6

L2B7

RDP TDS

RTX
MACFSRPSR

DMU

PEU

CCX

SPARC

Core 2

FSR

SPARC

Core 7

SPARC

Core 1

L2

Tag1

a) b)

Fig. 1. a) Hardware developments [14]; (b) Sketch of the Sun Niagara II chip [10].

2 Why We Can’t Ignore the Trend

Major software engineering methods and tools currently focus on sequential soft-
ware development. However, every developer is now confronted with parallel
programming of applications such as server applications, desktop applications
(e.g., compression programs, multimedia programs, games, Web browsers), of-
fice applications, or business applications. In addition, parallelism can be used
to improve application-level fault-tolerance and human-computer interaction.

Software engineers can’t ignore the trend for several reasons. If a particular
application is not parallel, it uses just one core, so performance cannot be im-
proved by additional cores. As more and more cores are integrated on the same
chip, clock rates may decrease, so if no other techniques are employed sequential
applications could be slower on every new processor generation! Needless to say,
customers won’t buy new systems that have a lower performance than their old
ones. Industry projects that all major processor product lines will increase the
number of cores in the future. Exploiting parallelism in software becomes an
unavoidable necessity.



The whole spectrum of software engineering – from design over testing to
maintenance – has to be revisited in the light of parallelism. Nondeterminism
adds a new dimension of complexity.

Compared to scientific applications (which I view as the traditional area
of parallelism), everyday parallel applications emphasize different requirements.
This working hypothesis is grounded on various studies I did in collaboration
with industry (e.g., Intel, SAP, and Agilent). For example, exploiting the last few
percent of available hardware performance is not so important, while scalability
with the number of cores and portability to other platforms is really necessary.
Performance can thus be sacrificed in exchange for gaining code that is easier
to write, understand, debug, and maintain by teams of developers. Robustness
of parallel programs plays a greater role in business-critical or safety-critical
systems; scientific simulations can be restarted if something goes wrong, but
incorrect financial transactions or flawed security systems may cause irreversible
damage in real life. Nevertheless, the trustworthiness of scientific software results
would also benefit from better software engineering.

Many parts of the existing software stack require revisions, each providing
challenges and opportunities for parallelism exploitation. These parts include
programming languages and compilers, libraries, middleware, and operating sys-
tems. Although my focus is on the upper layers, all parts are interdependent and
have to be adapted and optimized in concert. Software engineering research can-
not be looked at in isolation at a higher abstraction level, because the methods
and approaches to be developed often rely on certain guarantees enforced in
some lower levels. Coping with this interdependency is yet another challenge.

3 Addressing the Multicore Software Engineering

Challenge

In the long run, my research aims to make the development of parallel software
easier for the average developer by advancing concepts, methods, and tools.
My work currently focuses on shared-memory multicore machines. Based on
results from empirical studies that will be discussed later, I hypothesize that
fully “automagic” parallelization of large, real-world applications is not generally
promising. Software engineers need to be involved – more or less directly – in
the parallelization process. Automation and tools are meant to support software
engineers, assuming they know what to do.

My research takes place in the major areas depicted in Figure 2, which I con-
sider key areas in addressing the difficulties of parallel programming: Automatic
performance tuning, parallel programming models, and debugging techniques for
parallelism. In addition, empirical studies are an important cross-cutting area
serving two purposes: (1) learning about the key issues for each area, based on
parallelizing complex real-world applications (most of them in collaboration with
industry) as well as studies with programmers; (2) validating new approaches
and theories proposed in each research area.
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Fig. 2. Key areas of my multicore software engineering research.

3.1 Auto-Tuning

Performance is the main reason why we parallelize software. A complex parallel
program can have many parameters influencing performance. Figure 3 (a) shows
a biological data analysis application employing nested parallelism with tunable
parameters on several layers [9]; for example, tunable parameters include the
number of threads in different parts of the program, the size of various data
structures that influences cache misses, but also the number of pipeline stages,
the choice of algortihms and load-balancing techniques, or the number and size
of data partitions that are processed in parallel.

M1

M2

M3

M4

M10

M5

M10

input bin 1
result 1

M10

M10

R
e
su

lt
D

a
ta

C
o
n
so

lid
a
ti
o
n

D
a
ta

P
a
rt

iti
o
n

in
g

Pre-

Processing
Post-

Processing
M7 M8

M6

M9

Nested Parallelism

input bin 2

input bin 3

instance 1

instance 2

instance m

result 2

result m

Tunable Performance Parameters

T

T

T
T

a) b)

Stage 1 Stage 2 Stage 3 Stage 4

Data
Layer

Module
Layer

Pipeline Layer

Compute
Parameter

Values

Configure applicationExecute & monitor

Parameter values

Parameterized
program

Performance
results

Parallel program with
tuning parameters

Fig. 3. (a) An example application with tunable performance parameters [9]; (b) Work-
ing principle of an auto-tuner based on [4].

Such parameters typically need to be adapted to the target hardware exe-
cuting the program, because the characteristics of multicore platforms can vary,
e.g., with respect to number of parallel hardware threads, cache architectures
and sizes, memory bandwidth, or operating system. Adaptations are often done
by hand and machine-dependent aspects are hard-coded to achieve best per-
formance. This harms the portability of everyday software – imagine a user’s



disappointment of an application running fast on a laptop, but slow on a desk-
top PC. We cannot sacrifice portability in favor of performance.

This problem can be tackled using an auto-tuner, which is an external, dy-
namic optimizer working iteratively as shown in Figure 3 (b). In an offline tuning
approach, a parallel application exposes tunable parameters, parameters ranges,
as well as probes for feedback measurements to an auto-tuner. In one iteration,
the auto-tuner calculates new parameter values, executes the application, and
gathers feedback data. This cycle is repeated until some convergence criteria is
satisfied (e.g., minimizing a given target function such as application run-time).
The auto-tuning algorithms are a sub-area of my research.

We developed Atune-IL [11] as an instrumentation language to connect an
auto-tuner to general-purpose multicore applications. A particular improvement
are language features that exploit software architecture knowledge to avoid try-
ing out unnecessary parameters combinations, thus significantly reducing the
search space. Earlier experiments have also shown that fine-granular parallelism
does not always provide enough leverage for good performance [9, 8]. As an im-
provement, we developed an approach to describe software architecture variants
using parallel patterns; an auto-tuner finds the best parallel software architecture
for a particular hardware platform [12].

My vision is that in the long-run, every application will be auto-tuned; every
operating system will provide appropriate services and interfaces to make parallel
application portability easy [4]. We successfully integrated an auto-tuner into the
Linux operating system, which is capable of tuning several applications online
while they are executing. In contrast to offline tuning, this approach can find
the global, system-wide performance optimum. Important application scenarios
include server applications, multimedia, games, and databases.

Why is auto-tuning important for software engineering? Because it separates
performance tuning concerns from code development concerns. It can also find
non-intuitive parameters values for the best performance. The tedious optimiza-
tion is left to an auto-tuner, and programmers can write parallel code in a more
generic way. Auto-Tuning will belong to the standard set of multicore software
engineering tools, because it saves development time and improves portability.
Parallel code becomes less complex, easier to read, understand, and maintain.

3.2 Parallel Programming Models

Programming models are a key area to improve developer’s productivity and
making parallelism easier to handle. Many industrial multicore applications have
a complex structure and require the exploitation of several types of parallelism
at the same time, such as task, data, or pipeline parallelism – very often in
a nested fashion. In addition, current programming models have many pitfalls
even for experts, leading to race conditions or deadlocks that go unnoticed for a
long time.

One of my goals is to reduce the cognitive distance between the program-
mer’s intentions and the actual implementation. I see a great potential in multi-
paradigm languages; for example, declarative and imperative aspects can be



combined in the same language to better handle parallelism and easily express
programmer’s thoughts. Declarative parts offer more potential for automatic
performance tuning, while imperative parts offer more precise control. The ide-
ologic disputes of the past – whether a functional, logic, or imperative approach
is better for parallel programming – asked the wrong question; the real question
is how to combine the best of all worlds in a meaningful way.

A particular direction I initiated and contributed to was the combination of
stream-orientation with object-orientation in the XJava language [6, 5], which al-
lows writing a Java program partly expressed in a stream-oriented way. Among
others, introducing an operator similar to Unix pipes in Java makes the ex-
ploitation of pipeline parallelism easier and introduces new opportunities for
automatic thread handling and tuning. Data parallelism can be automatically
exploited through replication of stateless filters, and task parallelism can be de-
duced based on program structure. The new language constructs added to Java
make parallel programming easier, because the potential to introduce parallel
programming errors is reduced. For example, programmers don’t have to care
explicitly about buffers between pipeline stages, synchronization, or signalling;
instead, they just use one operator.

3.3 Debugging Techniques for Parallelism

Debugging multicore programs is difficult because of nondeterministic execu-
tions; compared to sequential programs, developers also have to deal with race
conditions and deadlocks.

The exact solution to finding all races in an arbitrary parallel program is
equivalent to the halting problem. However, this is such an important field that
we cannot afford to give up, so we need to work with heuristics. Of course, the
accuracy of race detectors used at development time can be improved [3]. As all
heuristics have trade-offs, I also approach this problem from additional angles:
(1) already in the programming model, e.g., by introducing parallel constructs
that don’t allow too many wrong usages; (2) race detectors that work at run-time
[13], after the application has been deployed in a productive environment. To be
usable at run-time, our prototype online detector only selectively captures some
of the most common race patters, but on the other hand it can automatically
repair actually occurring races by delaying accesses of conflicting threads. (3)
by employing data mining techniques on call graphs to detect, among others,
wrong parallel program behavior that is caused by the wrong usage of non-
parallel constructs [2]. This is a promising approach not only to automatically
identify what causes incorrect results, but also what causes excessive resource
usage (e.g., memory leaks) and performance degradation.

3.4 Empirical Studies

We are closely collaborating with industry partners to study novel applications
areas for parallelism in realistic contexts with real data. The results show that
multicore performance can indeed be successfully exploited in many scenarios.



For example, a parallelization of the route planner in one of SAP’s business mod-
ules could reduce for real customer data (with hundreds of trucks and thousands
of constraints) the computation time from hours to minutes. Other successes
were achieved parallelizing a biological data analysis application, or extending
Sun Microsystem’s Electric Java application with parallel algorithms that speed
up the placement optimization of cells on microchips. In other case studies,
we parallelized a project management application, BZip compression, encryp-
tion (GnuPG), virus scanning (ClamAV), desktop search engines, and database
query processing (PostgreSQL).

We also analyzed the potential and programmability of graphics cards for
signal processing algorithms in an industrial context at Agilent, concluding that
data parallelism can lead to significant speedups if the problems are suitable and
have the right size, but that programmability and performance optimization
are still a big obstacle. Other case studies used several teams working on the
same programming problem, but with different programming approaches, e.g.,
Transactional Memory vs. Pthreads, or OpenMP vs. Pthreads; the results are
summarized in [7, 8].

All studies show that despite the existing body of knowledge in parallel sci-
entific computing, we need to extend our repertoire of tools for general-purpose
parallel applications. Better software engineering support will benefit both sci-
entific computing as well as everyday parallel programming.

4 Conclusion

Parallel computing has arrived on every desktop – it is not an exotic niche any
more. These are exciting times for software engineering researchers, but also for
practitioners to improve applications to scale their problem size and make inno-
vative use of parallelism. The multicore approach has far-reaching implications
for everyday applications that will go far beyond performance improvement. I
envision that multiple cores will not be used to improve performance, but also
to make everyday applications fault-tolerant and crash-proof, more secure, and
to improve human-computer interaction in unprecedented ways.
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