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Abstract

Application optimization usually means optimization for a given, static computer architecture. In such
systems, the programmer optimizes towards given objective functions with respect to the existing system.
This scenario changes dramatically when dealing with reconfigurable systems. Here, the underlying system
architecture may change and be changed during runtime. Such changes might be both, measures of self-
healing or a direct result of self-optimization. In any case, it is not possible to optimize in a classic sense
anymore since the objective functions might change with each reconfiguration. Optimization therefore be-
comes an effort of finding a best compromise between — sometimes contradictory — objective functions and
the current system configuration.

In this paper we outline an architecture- and application-independent framework for self-organizing par-
allel computer systems. Main focus of this framework is to provide a novel, uniform approach to modeling
Self-X systems. Core of this framework is a layer model with flexible, decentralized monitoring and adaptive
components on each system layer. Monitoring components feed an adaptive planning stage, which evalu-
ates this data against given objective functions and instruments the adaptive components to perform required
system updates.

The suitability and applicability of this framework is demonstrated by successful adaptation of two exam-
ple scenarios: data locality optimization serves as a software-only application example, whereas a dedicated
Software-defined Radio architecture is presented as an example for an architecture based on the framework
sketched in this paper.

1 Introduction and Motivation

As a matter of constantly rising system complexity, modern systems are increasingly hampered by system
deployment failures, hardware and software issues, and human errors.

Growing system complexity combined with increasing usability and reliability requirements have to lead
to systems with self-organizing characteristics and capabilities. Such systems require introspection to acquire
system-wide state-information to tune for desired performance, energy consumption, reliability, security, or
other metrics. In a typical self-organizing system, a monitor probe will acquire state, and then a steering com-
ponent will adapt the system — either dynamically at runtime, or statically as in profile directed feedback
techniques for future executions.

Role model for such systems is the human body’s vegetative nervous system which is able to flexibly and au-
tonomously react to external influences. Such flexibility and autonomy is required to cope with increasing sys-
tem complexity. To achieve these abilities, a computer system must develop certain basic properties, commonly
noted as Self-X capabilities and typically defined as Self-Awareness, Self-Configuration, Self-Optimization,
Self-Healing, and Self-Protection.



A system built upon these properties requires a closed control or feedback loop calling for flexible and
powerful monitoring resources on all system layers. It is vital to avoid restriction to some few monitoring
points as present in current systems: by extending monitoring to all system layers, it is possible to exploit
emergence effects. This emergence will contribute to improved self-awareness.

Based on this data, a more suitable (i.e. optimized) system configuration can be determined. Reconfigura-
tion requires presence of adaptive components on all system layers to supply necessary reconfiguration capa-
bilities. Amount of reconfiguration is determined by analysis of monitoring data and evaluation against given
rules or problem specifications, so-called objective functions. Such functions describe the desired, optimal sys-
tem behavior for a given objective. Although each objective function is well defined, no equally well-defined
corresponding optimal system state exists because of the of-
ten contradictory nature of objective functions. Optimization Objective

. .- . Functions

therefore means finding a best-suiting compromise to fulfill

the objective functions’ requirements. Hence, a weighing and
evaluation process is required. This process is based on ap-
plication type, field of use, and additional system conditions. Automatic
Further complexity is added from the fact that objective func- Planning
tions are not necessarily one-dimensional but can also be
multi-dimensional, aggregate functions.

Figure 1 shows a closed control loop based on the scenario @

described above: an existing system is enhanced by moni- g é 8
toring and adaptive components as required. The monitor- E‘ 3 System <
ing infrastructure supplies status data to the automatic plan- < § =
ning stage. Within this stage, monitoring data is evaluated

against objective functions, and required system reconfigura-
tion is initiated. Reconfiguration takes places by instrument- Figure 1: Closed-control system
ing adaptive components.

In this paper we will present a novel architecture framework, ASoCS, targeting development of self-
optimizing computer systems and applications for such systems. This framework is most versatile and neither
bound to a specific target system architecture nor application scenario.

We will first describe existing approaches in Section 2 and then present our architecture in detail in Section
3. Section 4 will then show a prototypic implementation, where we used our architecture concept to enhance
existing work within the field of NUMA data locality with self-x concepts. Section 5 briefly describes an ar-
chitecture concept for Software-defined Radio applications based upon the concepts of the ASoCS framework.
The paper closes with a conclusion in Section 6.

2 Related Work

The proposed architecture combines efforts from various research areas. Topics involved are monitoring, data
assembly and interpretation, and system reconfiguration.

Monitoring techniques are used to gather data from various system layers. This data is then processed,
interpreted, and evaluated against given objective functions. Following, a reconfiguration cycle takes place
which will optimize the system with respect to objective functions. This optimization process ideally runs
automatically without human interaction, i.e. the system turns into what is typically called an autonomous
system.

Certain aspects of the above problems have been targeted in current and previous research activities and
industrial initiatives. Most prominent is IBM’s Autonomic Computing initiative targeting automated system
administration without need for human interaction [13]. Similar projects exist from other companies [20, 3] and
in academia [6, 7]. On hardware level current research interest focuses on feedback loops to adjust computing
power and energy efficiency [5, 2].

Data for such feedback loops is provided by monitoring. On lowest hardware level, processor architectures
offer so-called event counter registers offered by many processor architectures. These registers provide neces-



sary information for application profiling. Number and use of these registers are dependent on the individual
architecture. Counter-based methods typically suffer from four basic limitations explained in detail in [23] and
are complemented by additional monitoring techniques such as software-based profiling [8], or embedding
monitoring routines on driver level [16, 12]. On higher level, monitoring devices are usually decoupled from
post-processing software by APIs as described in [21], [1], or [17, 18, 19].

From the previous subsections we see that existing implementations and infrastructures are inherently lim-
ited. Implementations and applications have a rather limited scope resulting from the addressed scenario, and
existing monitoring infrastructure in hardware is fixed and hardly configurable. Furthermore, no standardized
universal Monitoring API exists, but are again bound to their specific field of use. An approach into this direc-
tion was taken within the APART project [10] and the associated EP-Cache project [9]. These, however, only
target monitoring and analysis in parallel and distributed systems.

With respect to self-organizing systems, still no uniform, application-independent, and standardized mon-
itoring API exists including reporting existing monitoring resources, permitting access to these resources, and
— regarding self-organization — enabling reconfiguration.

3 The ASoCS Architecture Concept

In this section we outline our novel architecture concept for self-organizing or organic systems. This concept
is based on a closed control loop system as sketched in Section 1 of this paper.

Key to self-optimization is self-awareness. A self-x architecture must first-most be able to detect and eval-
uate events on all system layers. However, a uniform monitoring infrastructure is not sufficient: to be able to
deal with changing objective functions and therefore changing best-effort optimization scenarios, amount and
type of monitoring and interpretation of this monitoring data also changes. Furthermore, in a changing system
evaluating monitoring data by one distinct instance is not sensible. Especially with respect to parallel systems
such analysis has to happen in-place, i.e. decentralized, where possible. However, data from all monitoring in-
stances has to be correlated to enable system-wide best-effort optimization: using techniques like performance
prediction and pattern matching adds the necessary amount of decentralized “intelligence” to fulfill required
in-place optimizations.

We put therefore special focus on a novel monitoring infrastructure which is not only embedded into system
layers, but furthermore contains necessary intelligence to enable decentralized analysis of data and enable cor-
relation of all monitoring data. Hence, we introduce the concept of monitoring capsules (MC) and monitoring
modules (MM), which we will explain in the following paragraph. Monitoring capsules provide appropriate
interfacing required to dock or plug monitoring modules into the respective system layer. MCs are present on
all system layers and can be considered as the low-level interface in which necessary monitoring functionality
can be plugged. This functionality is provided by the monitoring modules which consist of the sensory part
(data pickup) and defined pre-processing capabilities.

Splitting the monitoring resources into capsule (interface) and module (functionality) enables exchange of
monitoring modules as required, so that the monitoring infrastructure itself can be reconfigured depending on
the actual requirements. Monitoring modules will be stored in a repository from where they can be retrieved
and docked into the appropriate monitoring capsule.

A dedicated API will serve as an abstraction layer and enable access to monitoring capsules and adaptive
components by other system services, especially the adaptive planning (AP). AP is a virtual system service
responsible for interpretation and evaluating monitoring data against given objective functions. It is virtual in
a sense that it is no monolithic instance but pervades all nodes of a system and all layers within a single node.
Based on the AP’s evaluation required monitoring modules are loaded into the respective capsules.

Data collected by the monitoring infrastructure will be buffered in a local performance repository. To ex-
plicitly address parallel and distributed systems, this data can be merged with local data from additional system
nodes resulting in a global performance repository enabling scalability of the entire performance repository
system. A dedicated query interface provides access to all local performance repositories and the monitoring
infrastructure.
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Figure 2: Layer concept for adaptive/autonomic computing systems

This query interface is used by AP which evaluates collected data against objective functions in a decen-
tralized manner to determine appropriate system reconfiguration. This evaluation is based on certain metrics
quantizing system parameters and objective functions; when adapting this architecture to distinct application, it
is necessary to investigate and evaluate existing metrics for use in adaptive planning and to eventually develop
novel metrics aiding in the evaluation process where needed.

The overall architecture concept is depicted in Figure 2. It enhances and refines the control loop scheme
pictured in Figure 1. A system is split into a 5-tier hierarchical scheme: the bottom layer is formed by the system
hardware, with the (Real-time) Operating System (OS) including hardware drivers on top. The OS is assisted
by libraries which in turn are required by the compiler to finally create the desired application. Depending on
its type, an application might influence only some or all levels. On each hierarchy level monitoring capsules
exist. These capsules can be loaded with monitoring modules stored in a module repository. Data collected and
preprocessed by monitoring modules is stored in a local performance repository.

Figure 3 shows a graphical representation (adaptation disc) of this feedback loop. This disc model provides
a general template for structured and interoperable design of self-organizing or organic systems by indepen-
dent groups: every single adaptive process of a self-organizing or organic system can be represented as a disc
with segments for each component involved in the adaptive process. Each instantiation of a disc represents an
optimization towards a particular objective function. A disc’s sector comprises functionality or components
to be configured to reach the respective aim, i.e. fulfill the objective function’s requirements in a best-effort
manner. As an illustration of use, Figure 3 shows discs for the two selected application scenarios presented in
the following sections of this paper.

A single system can employ numerous discs representing various, different objective functions or different
incarnations of a single objective function. One could illustrate such a collection of disc as a Wurlitzer machine:
depending on the given base scenario (application and initial system configuration) a set of discs is addressed
and “loaded”. By doing so, the monitoring capsules will be loaded with required monitoring modules including
the proper initialization of decentralized in-place analysis and evaluation.

During runtime, discs may be changed or replaced based on actual circumstances such as observed per-
formance bottlenecks, user-defined system priorities, faults, or external influences. In such a case the system
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Figure 3: Generic disc (left), applied to Data Locality Optimization in NUMA systems (middle), and a dedicated
SdR architecture (right)

selects the appropriate disc(s), loads required modules or performs required configuration described by each
disc segment to initiate the adaptive mechanism described by the particular disc.

Contrary to projects and initiatives listed in Section 2, our framework is application- and system-
independent, and addresses all system layers rather than specific system parameters; it is furthermore applicable
to single nodes as well as parallel and distributed systems:

Decentralized and flexible data acquisition methods formed by Monitoring Capsules and Monitoring
Modules, i.e. interface and functionality. Adaptive components provide the required amount of reconfigura-
bility. Both, monitoring subsystem and adaptive components are present on every system layer.

To provide a uniform interface to this vast amount of — also changing — components, interface, API, and
management services need to be well defined. By doing so, a hierarchical management service can be created
which eases gathering of status information as well as initiating system reconfiguration.

By employing Performance Repositories and a dedicated Query Interface (QI) ASoCS scales with the
size of a given system. The local performance repositories buffer and aggregate performance data of single
system nodes and assist in generating a complete and emergent view of the entire system.

Adaptive planning receives status information from the monitoring infrastructure and evaluates this against
one or more given objective functions. Based on this appropriate reconfiguration is initiated. AP will be respon-
sible for coordinating self-awareness and self-configuration resulting in self-optimization, self-protection, and
self-healing.

4 Prototypical Implementations

In order to evaluate the ASoCS concept, we targeted two different application scenarios. First, we have built
a prototypical architecture and developed several components for a feedback loop with respect to data locality
optimization on NUMA architectures. The reason for choosing NUMA locality as the initial objective function
lies in the fact that we have been doing research work in the area of shared memory programming on top of
NUMA architectures [22]. The second implementation is an architecture design for Software-defined Radio
applications which we chose as an example for streaming-media architectures.

4.1 Data Locality on NUMA Systems

A typical feature of NUMA (Non-Uniform Memory Access) machines is their specific memory organization.
On a NUMA machine, the main memory is distributed over the system, but globally organized into a shared
virtual memory accessible from all processor nodes. Due to the different property of local and remote mem-
ory accesses, however, references targeting a remote memory can take up to two orders of magnitude longer
than local accesses. As a consequence, unoptimized applications often suffer from poor data locality and the
resulting high memory access latencies. For tackling this locality issue we use ASoCS to build a feedback loop.



4.1.1 Structure of the Feedback Loop

Figure 4 depicts how we map this problem onto the general framework of ASoCS. First of all, such data
locality optimization needs a set of system parameters

such as memory access distribution and remote access

characteristics.

We assume Monitoring Capsules integrated in the ARS: Data Analyzer & Migration Component
NUMA network interface capable of observing all re- y i

. reques
mote memory transaction. On top of these MCs, we use Adapting Adapting

low-level APIs for preprocessing the original monitoring
data. For each MC, a Data Buffer is maintained for stor- m

ing the local monitoring information. From there, data

is aggregated and combined into the Global Repository.
This work is done by the OMIS/OCM monitoring in-
terface. Besides, OMIS/OCM also provides a Query In-
terface that delivers the memory locality information to
higher levels. Finally, an Adaptive Planning and an Adap- W
tive Component are needed for self-tuning. The former .
is implemented with a Data Analyzer that automatically ]
analyzes the runtime interconnection traffic and detects
access hot spots, while the latter is achieved with a Mi-
gration Component that transparently modifies the data Figure 4: Memory Locality Adapting on NUMA
layout via moving data to its dominating node. Systems.
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Monitoring Capsule: The design of this component is based on the SMiLE hardware monitor [15] which
has been developed for observing the interconnection traffic on the SMiLE (Shared Memory in a LAN Environ-
ment) cluster connected via the Scalable Coherent Interface (SCI), a low-latency, high-bandwidth interconnec-
tion technology. For acquiring comprehensive data about the inter-node communication, we have designed two
analysis modules for monitoring the memory transaction: static and dynamic. The former allows to explicitly
program the hardware for event triggering and action processing on special memory regions of interest, while
the latter is based on histogram-driven monitoring, in which all memory transactions through the local inter-
connect bus are monitored in order to provide fine-grain monitoring statistics across the complete application’s
working set.

A hardware Monitoring Capsule is also designed to hold these analysis modules, which can be dynamically
loaded into the capsule at the runtime. The capsule implements two interfaces: a link interface and a PCI inter-
face. The former is used to snoop a local bus, which connects a single node to the actual interconnection fabric,
and extract information from the transactions delivered over this bus, while the latter, an interface between the
PCI bus and the monitor, offers direct access to the host node enabling the users or system software to configure
the hardware monitor and read the gathered monitoring data.

Low-level API and the Data Buffer: In order to avoid delivering fully detailed monitoring data which is
not essential for further use, we have implemented a library of functions for data processing. This PAPI-like
[4] standard API contains a set of routines capable of generating statistical information in the form of e.g.
memory access histograms that show the number of accesses from all processor nodes to the whole working
set at different granularity. These histograms can be used to detect communication bottlenecks where required
data is mainly acquired from a remote processor node. For locally storing this monitoring data a Data Buffer is
maintained on each processor. The buffer is organized as a histogram chain in order to enable fast searching of
the needed information.

Data Aggregation and Querying Interface: We use the OMIS/OCM [24] monitoring system to combine
monitoring data from all nodes. OMIS (On-line Monitoring Interface Specification) is a specification of an
interface between a programmable on-line monitoring system for distributed computing and the tools that reside
on top of it. It offers two interfaces: one for the interaction with different tools and the other for the interaction
with the program and runtime system layers. OCM is an OMIS Compliant Monitoring system adhering to
OMIS. It has been implemented for a series of loosely coupled environments including clusters and NoWs and



has initially been designed for message passing tools. It is structured into a core and several extensions. For this
work we extended OCM for providing services with respect to the access of data delivered by the Monitoring
Capsules. Further, we have extended OCM with a high-level Query Interface that provides the memory locality
information to higher levels.

Adaptive Planning and Component: The remainder components include a Data Analyzer (Adaptive Plan-
ning) and a Migration Component (Adaptive Component). The former is used to analyze the monitoring data
and determine whether to move a data page to another processor node. Based on the Querying Interface, the
Data Analyzer is capable of accessing the memory access histograms created by the low-level API. It then com-
pares the number of accesses to a data page from all processor nodes. If the accesses performed by a remote
node exceed a predefined threshold, it is decided to move this page to the remote node. This decision is then
delivered to the Migration Component, which uses system calls to move the data from the original location to
the node that more requires it. This kind of adapting is performed periodically either at specified time or by
synchronization points, and is held during the whole execution of the applications.

A critical issue with this approach is the migration algorithm used to make the migration decision. Com-
monly used page migration mechanisms are based on competitive algorithms, which migrate a page if the
difference between the number of local references and the number of remote references concerning one node
exceeds a predefined threshold. A similar one, called U-Mig, is also proposed within this work. As the local
accesses can not be acquired by the monitors, the migration decision is based on the references performed by
all remote nodes on the page under consideration. If the difference between the number of the remote accesses
from the dominant node and the average remote accesses performed on the page exceeds a threshold, it is
decided to move the page to the dominant remote node.

Using this algorithm, however, a correct decision can be made only after a large amount of references have
been issued, resulting in late migrations and thereby a loss of performance. We implements therefore several
novel migration algorithms, which base their analysis on memory references to multiple shared pages, in a way
that the accesses to a set of pages are combined using a weighted distribution.

Overall, we have implemented a closed feedback loop for adapting the data distribution on NUMA systems.
At the same time, we also established the basis framework of the ASoCS architecture. Most components within
this framework can be applied to build other feedback loops with slight extension. For example, we are currently
working on an adaptation disk for improving the cache performance. Monitoring data is acquired from cache
monitors; the established repositories and Query Interface are directly applied; the existing Adaptive Planning
component is slightly extended; and a new Adaptive Component is under development.

The prototypical implementation of the proposed architecture has been benchmarked with several OpenMP
applications from the NAS parallel benchmark suite [14] and the SPLASH-2 benchmark suite [25]. It was
an interesting observation to see that no constant threshold is optimal with respect to various applications;
however, for the adaptive threshold all applications showed a good, either same or just slightly worse than the
optimal threshold factor, performance. To give room for the second implementation, detailed results have been
omitted but can be supplied upon request.

4.2 Software-defined Radio Architecture

In this Section, we describe an architecture suited for Software-defined Radio applications based upon the
ASoCS principles.

The proposed architecture consists of three logical building blocks: on lowest level, an Adaptive CPU
(ACPU) provides the actual reconfigurable computing hardware and necessary monitoring infrastructure. The
actual hardware configuration is abstracted and assisted by a Virtual Machine (VM). and the overall system is
controlled and configured by a dedicated management unit called Power-Performance-Management (PPM).

All these units are interconnected to form the closed control loop, the resulting architecture is shown in
Figure 5.



4.2.1 Virtual CPU and Binary Compatibility

ACPU and VM together form the Virtual CPU (VCPU) as seen by the programmer. The ACPU itself is a
quasi-RISC architecture resembling a subset of common RISC architectures [11] enhanced by dedicated re-
configurable functional slots. These can be loaded with arbitrary application-supporting functions. The VM
is used to ensure a configuration-independent binary format, therefore enabling binary compatibility among
different ACPU configurations, and also keeps track of current resource usage and reports this information to
the PPM.

An application is therefore compiled into a configuration-independent P-code representation and processed
by the VM: upon processing a supporting instruction call, the VM decides whether this call should be executed
natively, i.e. using a dedicated hardware instruction loaded into the ACPU, or call a software library function
which emulates that instruction’s behavior using either the static instruction set or, depending on the ACPU’s
configuration, less monolithic dedicated instructions.
This decision is made based on so-called attributes,
which are part of the application description as well as
the soft- and hardware system libraries. For an appli-
cation these attributes define application requirements
such as required minimum throughput, variable reso-
lution, etc. and also list mandatory supporting instruc- -
tions.

Similar information is provided in the system libraries
which provide special operations to be loaded into the
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4.2.2 Performance-Power-Management

PPM forms the overall control unit of the proposed architecture. During compilation stage, the PPM assists the
compiler in initial distribution of the application into generic program and dedicated function calls. With the
help of PPM, also initial ACPU configuration is performed. These steps are based on the information contained
in the attributed application. Further attributes are used to instruct PPM about the objective functions, i.e. what
optimizations to perform. The PPM will also derive certain min/max parameters from the attributed application
which are later used to evaluate the system configuration and decide whether reconfiguration should take place
or not.

During program execution, the PPM serves as a control loop. It takes parameters reported by VM, ACPU,
and external sensors to evaluate the current system configuration and determine possibly required system re-
configurations.

In case of reconfiguration, parts of the application are either moved from software to hardware execution,
i.e. replacing function calls by dedicated instructions, or vice versa, or switching between similar represen-
tations of an algorithm fulfilling the changed requirements, such as e.g. enhanced precision. In parallel to
hardware reconfiguration, the VM is instructed about the changes to properly translate P-code into appropriate
instructions and function calls.



We are actively working on the implementation if this architecture, thus no measurements could be per-
formed so far. As of now, the ACPU is being built in hardware and necessary code generation software (GNU
binutils, GNU C compiler) are ported.

5 Conclusion

In this paper we described a novel architecture concept for self-optimizing parallel and distributed computer
systems, and demonstrated applicability of this concept through a prototypical implementation.

The need for such an architecture concept was discussed in the first section, where it was shown that future
systems must employ so-called Self-X capabilities to overcome current limitations resulting from increased
system complexity. A basic sketch of such Self-X or autonomic systems and expected problems were outlined.
Related work was presented, and it was shown that existing concepts and solutions currently address only
certain aspects of autonomic computing or are inherently limited to dedicated applications and application
scenarios.

Following, we presented the ASoCS concept in detail. The concept is application independent and scalable,
thus able to address single-node as well as parallel and distributed systems. The applicability of this concept was
demonstrated by a prototypical implementation targeting two independent fields, Data Locality optimization on
NUMA systems, and power vs. performance optimization for SAR applications. For the first implementation,
detailed information was given how the locality optimizer was modeled after the ASoCS concept, and early
simulation results based various benchmark applications were shown.
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