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Abstract A novel paradigm for designing and programming future paraiom-
puting systems callethvasive computings proposed. The main idea and novelty
of invasive computing is to introdugesource-aware programmingupport in the
sense that a given program gets the ability to explore andrically spread its
computations to neighbour processors in a phase callegdioathen to execute
portions of code of high parallelism degree in parallel blase the availablénva-
sibleregion on a given multi-processor architecture. Aftervgaahce the program
terminates or if the degree of parallelism should be loweiraghe program may
enter aretreat phase, deallocate resources and resume execution aga@xafim-
ple, sequentially on a single processor. In order to sughidea of self-adaptive
and resource-aware programming, not only new programnangepts, languages,
compilers and operating systems are necessary but alslitienary architectural
changes in the design of MPSoQd(ti-Processor Systems-on-a-Chimust be
provided so to ef ciently support invasion, infection aretneat operations involv-
ing concepts for dynamic processor, interconnect and mgmaoon guration. This
contribution reveals the main ideas, potential bene ts] ahallenges for support-
ing invasive computing at the architectural, programmingd eompiler level in the
future. It serves to give an overview of required researglictorather than being
able to present mature solutions yet.
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Introduction

Decreasing feature sizes have already led to a rethinkifgwafto design multi-
million transistor system-on-a-chip architectures eiovimg dramatically increas-
ing rates of temporary and permanent faults as well as feaanations. The major
question will thus be how to deal with this imperfect world.Jin which compo-
nents will become more and more unreliable. As we can for8s€s with 1000 or
more processors on a single chip in the year 2020, static amgat management
concepts to control the execution of all resources mighemaet their limits long
before and are therefore not appropriate. Invasion mightige the requiregelf-
organisingbehaviour to conventional programs for being able not oolioterate
certain types of faults and cope with feature variations atgo to provide scalabil-
ity, higher resource utilisation numbers and, hopefullspgerformance gains by
adjusting the amount of allocated resources to the tempegds of a running ap-
plication. This thought might open a new way of thinking abparallel algorithm
designas well. Based on algorithms utilising invasion and nediotipresources
with others, we can imagine that corresponding programsrbepersonalisedb-
jects, competing with other applications running simuit@nsly on an MPSoC.

Parallel Processing has Become Mainstream

Miniaturisation in the nano era makes it possible already tw implement bil-
lions of transistors, and hence, massively parallel coemsuin a single chip with
typically 100s of processing elements.

Whereas parallel computing tended to be only possible i high performance
computing centres some years ago, we see parallel prodessorology already
in home PCs, but interestingly also in domain-speci ¢ pretdusuch as computer
graphics and gaming devices. In the following descriptiwe picked out just four
representative instances out of many domain-speci ¢ exasuf massively parallel
computing devices using MPSoC technology that have alréadyd their way into
our homes:

Visual Computing and Computer Graphics: As an example, the Fermi CUDA
architecture [3], as it is implemented on NVIDIA graphicopessing units
(GPUs) is equipped with 512 thread processors which prorides comput-
ing power than 1 TFLOPS as well as 6 GB GDDR5 (Graphics DouldéaD
Rate, version 5) RAM. To enable exible, programmable graptand high-
performance computing, NVIDIA has developed the CUDA dolglauni ed
graphics and parallel computing architecture [9]. Its &l parallel array of
processors is massively multithreaded and programmab®adn via graphics
APIs. Another brand-new platform for visual computing igelfs Larrabee [15].
Although the platform will not yet be commercially availabh its rstversionin
2010, Larrabee introduces a new software rendering pipedirmany-core pro-
gramming model and uses multiple in-order x86 CPU coresdhaienhanced
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by a wide vector processor unit, as well as several xed fiomclogic blocks.
This provides dramatically higher performance per Wattgercdunit of area than
out-of-order CPUs in case of highly parallel workloads.I$begreatly increases
the exibility and programmability of the architecture asmpared to standard
GPUs. A coherent on-die 2nd level cache allows ef cientiifieocessor commu-
nication and high-bandwidth local data access by CPU cdesk scheduling is
performed entirely with software in Larrabee, rather tharxed function logic.
Gaming: The Cell processor [10] such as part of Sony's PLAY STATIOKOB-
sists of a 64-bit Power Architecture processor coupled withitiple synergistic
processors, a exible 1/0 interface and a memory interfametoller that sup-
ports multiple operating systems. This multi-core SoC, lemented in 65nm
SOl (Silicon On Insulator) technology, achieves a high kl@ate by maximising
custom circuit design while maintaining reasonable comiplehrough design
modularity and reuse.

Signal Processing Application-speci c tightly-coupled processor arraysG-
PAs). For applications such as 1D or 2D signal processingali algebra and
image processing tasks, Figure 2 shows an example of an Mi&seating 25
VLIW processors designed in Erlangen with more than oneigniltransistors
on a single chip of size about 2 MnContrary to the previous architectures, this
architecture is customisable with respect to instructiem grocessor types and
interconnect [6, 8]. For such applications, the overheatmoitlenecks of pro-
gram and data memory including caches can often be avoidé@dygnore chip
area for computations than for storage and managementdascDue to the fact
that the instruction set, word precisions, number of fuorai units and many
other parameters of the architecture may be customisedsieiraf dedicated ap-
plication programs to run, we call such architectuweskly-programmabldt is
unique that the inter-processor interconnect topology beeecon gured at run-
time within a few clock cycles time by means of hardware regoration. Also,
the chip features ultra-low power consumption of about 180when operating
at 200 MHz.

NoC: In [18], Intel demonstrates the feasibility of packing 8@ fprocessors
on a single chip by introducing a 275 Mmetwork-on-a-chip (NoC) architec-
ture where each tile processor is arranged as a 1® 2D array of oating-
point cores and packet-switched routers, operating at 4 Ghizdesign employs
mesochronous clocking, ne-grained clock gating, dynastéep transistors and
body-bias techniques. The 65nm 100 M transistor die is desigo achieve a
peak performance of 1.0 TFLOPS at 1V while dissipating 98 ¥fy\fecently,
Intel announced a successor chip, cal&idgle-chip Cloud ComputgiSCC),
with 48 fully programmable processing cores manufactureibinm technology.
In contrast to the 80 core prototype, Intel plans to build @0tore experimental
SCC chips for use by industrial and academic research cobatrs.

Note that there exists a multitude of other typically dorrgjieci ¢ massively
parallel MPSoCs that cannot be listed here. Different dosaf applications have
also brought up completely different types of architectuf@ne major distinguish-
ing factor is that concurrency is typically exploited atfeient levels of granularity
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Fig. 1 Levels of parallelism including process-level, threageleloop-level, instruction-level as
well as word-level and bit-level. The architectural cop@sdence is shown on the right side in-
cluding parallel computers, heterogeneous MPSoCs antlytighupled processor array architec-
tures, nally VLIW and bit-level parallel computing. Inva@ computing shall be investigated on
all shown levels.

and levels of architectural parallelism as shown, for exemip Figure 1. Starting
with process- and thread-level applications running oh pigrformance computing
(HPC) machines or heterogeneous Multi-Processor Systear@hip architectures
(MPSoCs) down to the loop-level for which tightly-couplempessor arrays match
well, and nally instruction and bit-level type of operatis.

Obstacles and Pitfalls in the Years 2020 and Beyond

Already now can be foreseen that MPSoCs in the years 2020eyaht will allow
to incorporate about 1000 and more processors on a singe ldbivever, we can
anticipate several major bottlenecks and shortcomingswabeying existing and
common principles of designing and programming MPSoCs.chialenges related
to these problems have motivated our idea of invasive coimgut

Programmability:How to map algorithms and programs to 1000 processors or

more in space and time to bene t from the massive paralletisailable and by
tolerating defects and manufacturing variations conogrmiemory, communi-
cation and processor resources properly?

Adaptivity The computing requirements of emerging applications toam an

MPSoC may not be known at compile-time. Furthermore, thetbé problem
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Fig. 2 Architecture of a5 5 processor MPSoC customised for image lItering type of afiens
Technology: CMOS 1.0V supply voltage, 9 metal layers, 90 tandard cell design. VLIW mem-
ory/PE: 16 times 128, FUs/PE: 2 times Add, 2 times Mul, 1 ti®kt, 1 times DPU. Registers/PE:
15. Register le/PE: 11 read and 12 write ports. Con guratiddemory: 1024 times 32 = 4 kByte.
Operating frequency: 200 MHz. Peak Performance: 24 GOP8elPconsumption: 132.7 mW @
200 MHz (hybrid clock gating). Power ef ciency: 0.6 mW/MHZhair for Hardware/Software Co-
Design, Erlangen, 2009.

of how to dynamically control and distribute resources aghdifferent appli-
cations running on a single chip, in order to satisfy higlotgse utilisation and
high performance constraints. How and to what degree sidBI80Cs therefore
be equipped with support for adaptivity, for example, regarability, and to
what degree (hardware/software, bit, word, loop, threag¢gss-level)? Which
gains in resource utilisation may be expected through ime-tdaptivity and
temporary resource occupancy?

Scalability: How to specify algorithms and programs and generate exaleuta
programs that run ef ciently without change on either 1, PNoprocessors? Is
this possible at all?

Physical ConstraintsHeat dissipation will be another bottleneck. We need
sophisticated methods and architectural support to ruorigihgns at different
speeds, to exploit parallelism for power reduction and toage the chip area in
a decentralised manner.

Reliability and Fault-ToleranceThe continuous decrease of feature sizes will
not only inevitably lead to higher variances of physicalgmaeters, but also af-
fect reliability, which is impaired by degradation effe§id]. In consequence,
techniques must be developed to compensate and tolerdtgatations as well
as temporal and permanent faults, that is, the executiopmfcations shall be
immune against these. Hence, conventional and centraisetol! will fall off
this requirement, see, for example, [11]. Furthermorestirgrol of such a par-
allel computer with 100s to 1000s of processors would alsmine a major
performance bottleneck if centrally controlled.
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Finally, whereas for a single application the optimal magpinto a set of pro-
cessors may be computed and optimised often at compilevtimieh holds in par-
ticular for loop-level parallelism and corresponding prags [5, 6, 7], a static map-
ping might not be feasible for execution at run-time becadisiene-variant resource
constraints or dynamic load changes. Ideally, the intarecthstructure should be
exible enough to dynamically recon gure different topgies between compo-
nents with little recon guration and area overheads.

With the above problems in mind, we propose a new programipargdigm
calledinvasive computingln order for this kind of resource-aware programming
concept become reality and main stream, new processaicameect and memory
architectures, exploiting dynamic hardware recon guwmatwill be requiredinva-
sive computinglistinguishes itself from common mainstream principleslgfo-
rithm and architecture design in industry on multiple (feample, dual, quadruple)
and many-core architectures, as these will still be prognachmore or less using
conventional languages and programming concepts. In ¢odecrease the scope
and applicability, however, we do require that legacy paogs shall still be exe-
cutable within an invasive processor architecture. Toeehthis, a migration path
from traditional programming to the new invasive programgiparadigm needs to
be established.

Principles and Challenges of Invasive Computing

In vision of the above capabilities of todays hardware tebdbgy, we would like to
propose a completely new paradigm of parallel computinigdahvasive comput-
ing in the following.

One way of how to manage the control of parallel execution iR9dCs with
100s of processors in the future would obviously be to givepgbwer to manage
resources, thatis, link con gurations and processing eletsito the programs them-
selves and thus, have the running programs manage and catardie processing
resources themselves to a certain degree and in contex¢ stdte of the underly-
ing compute hardware. This cries for the notion of a selfaoiging parallel program
behaviour callednvasive programming

De nition: Invasive Programming denotes the capability of a programmiag
on a parallel computer to request and temporarily claim @egor, communication
and memory resources in the neighbourhood of its actual cdimg environment,
to then execute in parallel the given program using thesered resources, and to
be capable to subsequently free these resources again.

We shall show next what challenges will need to be solved deioto support
invasive computing on the architectural, on the notati@mal on the algorithmic
and programming language sides.
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Architectural Challenges for the Support of Invasive Compuing

Figure 3 shows how a generic invasive multi-processor gechire including loosely-
coupled processors as well as tightly-coupled co-processays may look like.

Mem
Cil

Fig. 3 Generic invasive multi-processor architecture includiegeral loosely-coupled processors
(standard RISC CPUs andvasive coresso-calledi-Cores) as well as tightly-coupled processor
arrays (TCPASs).

In order to present the possible operational principlesngésive computing,
we shall provide an example scenario each for a) tightlyptexdiprocessor arrays
(TCPAS), b) loosely-coupled, heterogeneous systems alH&€)systems.

An example of how invasion might operate at the level of loopgpams for
a tightly-coupled processor array (TCPA) as part of a hgemeous architecture
shown in Figure 3 is demonstrated in Figure 4. There, two fanogAl and A2
are running in parallel and a third progra3 starting its execution on a single
processor in the upper right corner.

In a phase of invasio®\3 tries to claim all of its neighbour processors to the west
to contribute their resources (memory, wiring harness andgssing elements) to
a joint parallel execution. Once having reached bordersnasion, for example,
given by resources allocated already to running applinatior, in case the degree
of invasion is optimally matching the degree of availableafialism, the invasive
program starts to copy its own or a different program intckimed cells and then
starts executing in parallel, see, for example, Figure 5.
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TCPA with the two programs Al and A2 running
and incoming application A3 before invasion in west direction

program Al program‘A3

program A2

Fig. 4 Case study showing a signal processing applicath@®) {nvading a tightly-coupled proces-
sor array (TCPA) on which two prograndsl andA2 are already executing. Prograd3 invades
its neighbour processors to the west, infects claimed ressuby implanting its program into
these claimed cells and then executes in parallel untilitetion. Subsequently, it may free used
resources again (retreat) by allowing other neighbousdelinvade.

In case the program terminates or does not need all acq@isedirces any more,
the program could collectively executeretreat operation and free all processor
resources again. An example of a retreat phase is shownuneHig Please note that
invade and retreat phases may evolve concurrently in a vehggarallel system,
either iteratively or recursively.

Technically speaking, at least three basic operationgipatiinvasive program-
ming will be needed, namelpvade infectandretreat It will be explained next that
these can be implemented with very little overhead on regarable MPSoC archi-
tectures such as a tightly-coupled processor array like RA\B] or the AMURHA
[17] architecture in a few steps by issuing recon guratiomenands that are able to
recon gure subdomains of interconnect and cell progranigciively in just a few
clock cycles, hence with very low overhead. In [6], for exdenpve have presented
a masking scheme such that a single processor program ok siae be copied
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TCPA with A1 and A2 and A3 running (after invasion)

program Al prograrr} A3

program A2

Fig. 5 TCPA hosting a signal processing applicati@3) together with two other progran#sl
andA2 (after invasion).

in O(L) clock cycles into an arbitrarily sized rectangular prooesegion of size
N M.

Hence, the time overhead for an infection phase, compatalhe infection of a
cell of a living being by a virus, can be implemented in lingiaue with respect to the
size of a given binary program memory imdgen case of a tightly-coupled proces-
sor array running typically in a clock-synchronous mannerintend to prove that
invasion requires onl® (max N; Mg) clock cycles wher& M denotes the max-
imally claimable or claimed rectangular processor reg®efore subsequent cell
infection, an invasion hardware ag might be introducedigmal that a cell is im-
mune against subsequent invasion requests until this eggist in the retreat phase.
In contrast to the initial invasion phase, the retreat plsasees to free claimed re-
sources after parallel execution. As for invasion, we idtenshow that retreat can
be performed decentrally in tim@(max N; Mg) [16].

The principles of invasion apply similarly to heterogene®PSoC architec-
tures, as shown in Figure 1. Here, invasion might be explatetie thread-level
and implemented, for example, by using agent-base@pproach that distributes
programs or program threads over processor resourcedefafif kinds.
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Fig. 6 Options for invasion (uni- vs. multi-directional) and et phases.

At this level, dynamic load-balancing techniques might Ipplizd to imple-
ment invasion. For example, diffusion-based load balapoiethods [4, 1, 12] are
a simple and robust distributed approach for this purposenkentralised algo-
rithms based on global prioritisation can be made scalaitedistributed priority
queues [13]. Very good load balancing can be achieved by dication of ran-
domisation and redundancy, using fully distributed antidégorithms (for example,
(14)).

Figure 7 shows by example how invasive computing for looselypled multi-
core architectures consisting of standard RISC processuoils work. These cores
may—together with local memory blocks or hardware accédesanot shown in
the gure)—be clustered in compute tiles, which are coneédhrough a exible
high-speed NoC interconnect. In general, an operatingsyst expected to run
in a distributed or multi-instance way on several cores aag bre supported by a
run-time environment.

To enable invasive computing on such MPSoCs, an ef cientaalyic assignment
of processing requests to processor cores is required. dimstants for starting
processing on newly claimed CPUs is expected to be consilyelanger than in
the case of tightly-coupled processors. Therefore, wes@nvithe corresponding
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Fig. 7 Invasive computing on a loosely-coupled MPSoC architectur

mechanisms to be implemented in a hardware-based supp@stincture using
Dynamic Many-Coreé-let* Controllers (CIC), which help to limit the impairments
of any overhead associated with the invasion/infectiorcgss.

Invasive operating and run-time support services invadegssing resources
when new processing requirements have to be ful lled. Tivasion process con-
siders monitoring information on the status of the hardwaagform received via
the CICs, which are contained in each compute and 1/O tilea fesult of invasion,
CICs are con gured for the appropriate forwarding of thecasated processing
requests. This forwarding actually corresponds to thectida of the invaded pro-
cessor cores. The nal assignment may be based on a set sfthdeimplement
an overall optimisation strategy given by the invasive ating system. Criteria to
be taken into account in this context may, for example, beldhd situation of
processing or communication resources, the reliabilitylps of the cores or the
temperature pro le of the die.

The CICs dynamically map processing requests to processas ander the con-
trol of the operating system and the run-time environmdRI$§S). These requests
may either be generated when

an application wants to spawn additional parallel processéhreads, for exam-
ple, depending on interim processing results (shown inigie part of Figure 7,
dashed-dotted line), or when

data arriving via external interfaces (for example, seasasideo data, network
packets), which represent processing requests, have tstobuted to the ap-
propriate processing resources (shown in the left part gfifei 7, straight and
dashed arrows).

1 For the explanation of thielet concept see paragraph “units of invasion” below.
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In the rst case, a so-calledlet will be created for a new thread to be spawned
and sent towards the invaded resource. The CIC in the taogapate tile will dis-
tribute thei-let to one of the cores depending on the rules given by theatipg
systemiRTSS, which take into account the actual load situation ahérostatus
information. In case there is not enough processing capaeidilable locally, the
rules may also indicate to forward tlidet to the CIC of a compute tile with free
resources in the neighbourhood, as shown in Figure 7 fordkttern right compute
tile.

For the second case, if more traf c arrives from externaldsza than can be
processed by the left compute tile, the invasive operatyistesn or even the CIC
itself—if authorised by the operating system—shall invadeirther CPU cluster.
In case of success, the CIC rules would be updated and in goesee excess re-
quests (designated aslata—invasive data—in Figure 7) would be distributed to
the newly invaded resources to cope with the increased gsotgrequirements. In
order to avoid latencies in the invasion triggered by therafieg system, resources
may already have been invaded earlier, for example, whemesttbld below the
acceptable load is exceeded.

In this way, MPSoCs built out of legacy IP cores can be enaloleiivasion and
thus provide applications with the required processingueses at system run-time,
which helps to meet performance requirements and at the Sameeo facilitate
ef cient concurrent use of the platform. As applications @pand and contract on
the MPSoC dynamically, we also expect that less resoureeeguired in total to
provide the same performance as would be needed if resossitganent is done at
compile-time.

Finally, the paradigm of invasion offers even a new perspedbr programming
large scale HPC computers according to Figure 1 with respéieé problem classes
of space partitioningandadaptive resource management

Today, resource management on large scale parallel sysetore using space
partitioning: The available processors and memories atieatly partitioned among
parallel jobs. Once a job is started on these resourcess iXxausive access for its
entire life-time. This strategy becomes inadequate if naoicemore parallelism has
to be exploited to obtain high performance on future petasgstems. As the cores
will most likely not be getting much faster (in terms of clogkes) in the future,
applications will bene t from a maximum number of processonly during certain
phases of their life-time, and can run ef ciently during thest of their life-time
using a smaller number of processors.

Moreover, there exist applications that have inherenthatde requirements for
resources. For example, multi-grid applications work ottiple grid levels ranging
from ne to coarse grids. On ne grids, many processors camknef ciently in
parallel while only a few a able to do so on coarse grids. Tipugcessors can
be freed during coarse grid computation and assigned to fiths. Another class
of applications is that oddaptive gridapplications, where the grid is dynamically
re ned according to the current solution. Applications nmalgo proceed through
different phases in which different amount of parallelisrigint be available. For
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example, while in one phase, a pipeline structure with feages can be used, two
different functions can be computed in parallel in anotheage.

Notational Issues for the Support of Invasive Computing

Obviously, in order to enable a program to distribute its patations for parallel
execution through the concept of invasion, we need to dstahinew programming
paradigm and program notation to express the mentionedpltds) invasion, b)
infection and c) retreat. Either existing parallel prograotations and languages
might be extended or pragma and special compiler modi cetimight be estab-
lished to allow the speci cation of invasive programs.

In the following, we propose a minimal set of required comdsato support
resource-aware programming, independent of the level nfwwency and archi-
tectural abstraction. This informal and minimal notatiaycserves to give an idea
of what kind of basic commands will be needed to support iregsrogramming
and how such programs could be structured.

Invade. In order to explore and claim resources in the (logical) heaurhood of a
processor running a given program, fhgade instruction is needed. This com-
mand could have the following syntax:

P = invade(sender _d, direction, constraints)

wheresender _id is the identi er, for example, coordinate of the procesdarts
ing the invasion, andirection encodes the direction on the MPSoC to invade,
for example North , South , West, East or All in which case the invasion is
carried out in all directions of iteeighbourhoodFor heterogeneous MPSoC archi-
tectures, the neighbourhood could be de ned differentiyeikample, by the number
of hops in a NoC. Other parameters not shown hereanstraints that could
specify whether and how not only program memory, but alsa demory and in-
terconnect structures should be claimed during invasianthEr, invasion might
be restricted to certain types of processors and resoubagfg invasion, each
claimed resource is immediately immunised against inveioother applications
and until they are freed explicitly in the nal retreat phastence, the operational
semantics of the invade command is resource reservation.

Now, a typical behaviour of an invasive program could be &nalas many re-
sources in its neighbourhood as possible. Usingriiade command, a program
could determine the largest set of resources to run on inadecentralised man-
ner. The return parametBrcould, for example, encode either the number of proces-
sors or the size of the region it was able to successfullydavAnother variant of
invade could be to claim only a xed number of processors in eachafios. For
example, Figure 4 illustrates the case of a signal procgsgiplicationA3 running
concurrently with two application&1 andA2. Here, the signal processing applica-
tion is issuing an invade command to all processors to itd.Wgure 5 shows the
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running algorithmA3 after successful invasion.

Infect. Once the borders of invasion are determined and correspgmesources
reserved, the initial single-processor program couldessninfect command
that copies the program like a virus into all claimed prooesdn case of a tightly-
coupled processor array (TCPA) architecture, we antieipmbe able to show how
to implement this operation for a rectangular domain of pssors in timeD(L)
wherelL is the size of the initial program. Also, the interconneatar guration
may be initialised for subsequent parallel execution. AtHeinvade command,
infect  could have several more parameters considering modi natio apply to
the copied programs such as parameter settings, and ofcalgsthe recon gura-
tion of interconnect and memory resource settings. Notetiesinfect command in
its most general form might also allow a program to copy ndy @s own, but also
foreign code to other processors. After infection, the l@rexecution of the initial
and all infected resources may start.

Retreat. Once the parallel execution is nished, each program mamiteate or
just allow the invasion of its invaded resources by othegpams. Using a spe-
cial command calledetreat , a processor can, for example, in the simplest case
just initiate to reset ags that subsequently would allowetinvaders to succeed.
Again, this retreat procedure may hold for interconnect el as processing and
memory resources and is therefore typically parametriBéterent possible op-
tions of typical invade and retreat commands for tightlyjoled processor arrays
(TCPAS) are shown in Figure 6.

Algorithmic and Language Challenges for the Support of Invasive Computing

We have stated tha¢source-awarenessill be central to invasive computing. Ac-
cordingly, not only the programmer, but already the aldgwnitdesigners should re-
ect and incorporate this idea that algorithms may inteeaud react to the temporal
availability and state of processing resources and p@ssitikrnal conditions.

However, this invasive computing paradigm raises interggjuestions for al-
gorithm design and complexity analysis. It will also gerterguestions concerning
programming languages, such as semantic properties ofeaimaasive language
with explicit resource-awareness.

We would like to mention, however, that the idea of invasismot tightly re-
lated or restricted to a certain programming notation ogleage. We plan to de ne
fundamental language constructs for invasion and reseawegeness, and then em-
bed these constructs into existing languages such as C+#@rIX fact, accord-
ing to preliminary studies it seems that X10 [2] is the onlpitable parallel lan-
guage which already offers a fundamental concept necefsairyvasive comput-
ing: X10 supports distributed, heterogeneous processonbmny architectures. Also,
we would like to show how invasion can be supported in cunpeogramming mod-
els such as OpenMP and MPI.
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What is essential and novel in the presented idea of invasjaithms is that in
order to support the concept of invasion propealyrogram must be able to issue
instructions, commands, statements, function calls ocgse creation and termina-
tion commands that allow itself to explore and claim hardsvaasourcesThere is
a need to study architectural changes with respect to rgiMiPSoC architectures
in order to support these concepts properly.

Resource-aware Programminglnvade, infect and retreat constitute the basic op-
erations that shall help a programmer to manipulate thewtiscbehaviour of a
program on the underlying parallel hardware platform.

On the other hand, invasive computing shall provide and thedprogrammer to
decide whether to invade at a certain point of program ex@cirt dependence of
the state of the underlying machine. For example, such aidacmight be in u-
enced by the local temperature pro le of a processor, by theenit load, by certain
permissions to invade resources and, most importantlyslshe correct function-
ing of the resources. Taking into account such informatromfthe hardware up
to the application-level provides an interesting feedblacp as shown in Figure 8
that enables resource-aware programming.

- invade
- infect
- retreat

- permissio
- speed
- utilization

- power/ }
temp g
fa - —

Fig. 8 Resource-aware programming is a main feature of invasivepating. By providing
a feedback-loop between application and underlying hamevwmaatform, an application pro-
gram/thread, calledlet, may decide if and which resources to invade, infectetreat at run-time;
depending on the current state of the underlying parallelvare platform. Examples of proper-
ties that need to be exploited are permissions, speedfpafwe as well as utilisation monitor
information, but also power and temperature informatiod, anost importantly, also information
about faults and errors.

For example, the decision to invade a set of processors m&gkba condition-
ally at a certain point within a given invasive program degieg on whether the
temperature of a processor is exceeding@@:nd if there are processors around
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with permission to be invaded and average load under 50 %e lglmmplex scenar-
ios may be de ned as well.

Such information provided from the hardware to the applicaprogram could
thus lead to program executions that take the dynamic &tuaf the underlying
hardware platform into account and permits to dynamicadpl@t the major bene-
ts of invasive computing, namely increase of fault-toleca, performance, utilisa-
tion and reliability.

Units of Invasion. In the following, a piece of program subjected to invasive-
parallel execution is referred to as an “invasive-let”: ivod, i-let.? An i-let is the
fundamental abstraction of a program section being awamtahntial concurrent
executionPotentialbecause of the semantics ofiamade command, which may
indicate allocation of only one processing unit, for examplthough plenty of these
might have been requestedoncurrent instead of parallel, because of the possi-
bility that an allocated processing element will have to hdtiplexed (in time)
amongst several threads of control in order to make availdtd grade of “paral-
lelism” as demanded by the respective application.

Such an abstraction becomes indispensable as a conseaqig¢aseurce-aware
programming, in which the program structure and orgarasatiust allow for exe-
cution patterns independently of the actual number of psiog elements available
at atime. By matching the result of amvade command, am-let “entity” will then
be handed over tmfect  in order to deploy the program snippet to be run con-
currently. Similarlyretreat  cleans processing elements up fromittet entities
that have been setup lyfect

Depending on the considered level of abstraction, diffeirdgt entities are dis-
tinguished: candidate, instance, incarnation and exatufin i-let candidaterep-
resents an occurrence of a parallel program section thattmégult in different
samples. These samples discriminate in the grade of piasailas, for example,
speci ed by a set of algorithms given the same problem to heesio In such a set-
ting, each of these algorithms is considered to be optimigifona certain range in
the exploration space.

In generalj-let candidates will be identi ed at compilation-time bdsen ded-
icated concepts/constructs of the programming languagestfampleasync in
X10 [2]), assisted by the programmer. Technically, a caaigids made up of a spe-
ci c composition of code and data. This composition is death as a single unit of
potential concurrent processing. Each of these unit datsanis is referred to as an
i-let instance Given that ari-let candidate possibly comes in different samples, as
explained above, within a single invasive-parallel progrthe existence of different
i-letinstances will be a logical consequence. Howeverjsm®t con ned to a cate-
gorically one-to-one mapping betweketet candidate and instance. A one-to-many
mapping is conceivable as well. Cases of the latter areximele, invasive-parallel
program patterns whosdet candidates arrange for different granularity in teofis
program text and data sections, depending on the chasaesrof the hardware

2 This conception goes back to the notion of a “servlet”, whigla (Java) application program
snippet targeted for execution within a web server.
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resources (logically, virtually) available for parallaiogessing. Each of these will
then make up artlet instance. Options include, for a singiket candidate, a set of
i-let instances likewise tailor-made for a TCPA, ASIP, dugltad-, hexa-, octa- and
even many-core RISC or CISC.

An i-let instance will be the actual parameter to thieect command. Upon
execution ofinfect , the speci ed instance becomes iaket incarnatior that is,
ani-let entity bound to (physical) resources and set readyXecation. Depending
on these resources as well as on the operating mode subjectegarticular pro-
cessing element, arlet incarnation technically represents a thread of cdmifra
different “weight class”. In case of a TCPA, for example,leatthese incarnations
will hold its own processing elements. In contrast, seviei@rnations of the same
or differenti-let instances may share a single processing element ino@seon-
ventional (multi-core) processor. The latter mode of oppengypically assumes the
implementation of a thread concept as a technical meansdaepsor multiplex-
ing. The need for processor multiplexing may be a temporaryahd, depending
on the actual load of the computing machine and the resgeatier pro le of an
application program.

In order to be able to abstract from the actual mode of operaif some pro-
cessing element, drlet incarnation does not yet make assumptions about a speci
“medium of activity”, but it only knows about the type of itedicated process-
ing element. It will be the occurrence as ialet executiorthat manifests that very
medium. Thus, at different points in time, afet incarnation for the same process-
ing element may result in different sorts iefet executions: The binding between
incarnation and execution of the samket may be dynamic and may change be-
tween periods of dispatching.

Behind this approach stands the idea of an integrated catperof different
domains at different levels of abstraction. At the bottdme, dperating system takes
care ofi-let incarnation/execution management; in the middle,ldinguage-level
run-time system does so foilet instances; and at the top, the compiler, assisted
by the programmers, provides for thdet candidates. Altogether, this establishes
an application-centric environment for resource-awaogamming and invasive-
parallel execution of concurrent processes.

Operating System Issues of Invasive Computing

The concept of resource-aware programming calls for operalystem functions
by means of which the use of hardware as well as software resebecomes pos-
sible in a way that allows applications to make controllestjpess depending on the
actual state of the underlying machine. Resources mustdieddo invading execu-
tion threads in an application-oriented manner. If neagsaaertain resource needs
to be bound, for example, exclusively to a particular threaid has to be shareable
by a speci c group of threads, physically or virtually. Cgially, the binding may
be static or dynamic, possibly accompanied by a signallieghmanism, likewise
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to asynchronously communicate resource-related evestexbmple, demand, re-
lease, consumption, or contention) from system to uset.leve

In order to support resource-aware execution of invasasdfel programs as
indicated above, two fundamental operating system ali&irescare being consid-
ered: theclaim and theteam A claim represents a particular set of hardware re-
sources made available to an invading application. Tylyical claim is a set of
(tightly- or loosely-coupled) processing elements, butdty also describe memory
or communication resources. Claims are hierarchicallycstired as (1) each of its
constituents is already a (single-element) claim and (2aiancconsists of a set of
claims. This shall allow for the marshalling of homogeneoiseterogeneous clus-
ters of processing elements. More speci cally, a claim afqassing elements also
provides means for implementingéace which is the concept of the programming
language X10 [2] to support a partitioned global addressespdowever, unlike
places, claims do not only de ne a shared memory domain tsat alm at provid-
ing a distributed-memory dimension.

In contrast, a team is the means of abstraction from a spesiecof a particular
claim in order to model some run-time behaviour as intended given applica-
tion. Similar to conventional computing, where a proceggesents a program in
execution, a team represents an invasive-parallel prograxecution. More specif-
ically, a team is a set aflet entities and may be hierarchically structured as well:
(1) everyi-let already makes up a (single-element) team and (2) a teasists of a
set of teams. Teams provide means for the clustering orgeraant of interrelated
threads of execution of an invasive-parallel program. ia Hetting, an execution
thread may characterise aet instance, incarnation, or execution, depending on
whether that thread has been marshalled only, already yieghlor dispatched.

Application-oriented Run-Time Executive. A team needs to be made t to its
claim. Reconsidering the three fundamental primitives ifafasive computing,
invade allocates and returns a claim, which, in addition to a teaithpe& handed
over toinfect  in order to deployi-let instances in accordance with the claim
properties. For deallocatiomfade unaccompanied binfect ) or depollution
(invade accompaniedbinfect ),retreat is provided with the claim (set-out
by invade ) to be released or cleaned up, respectively.

Asserting a claim usingiwvade will entail local and global resource allocation
decisions to be made by the operating system. Dependingeonthding applica-
tion, different criteria with respect to performance andiefcy need to be taken
into account and brought in line. In such a setting of pogsiin icting resource
allocation demands, teams are considered as the kind ofanisch that enables the
operating system to let the computing machine work for @agibns in a exible
and optimal manner. Teams will be dispatched on their claicesrding to a sched-
ule that aims at satisfying the application demands. Inra@anprove application
performance, for example, this may result in a team schabatgrevents or avoids
contention in case a particular claim is being multiplexgdotherwise unrelated
teams. As a consequence—and to come full circle—resoweeegprogramming
also means to pass (statically or dynamically derivegjriori knowledge about
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prospective run-time behaviour from user to system levalrider to aid or direct
the operating system in the process of con ict resolutiod aagotiating compro-
mises.

Integrated Cooperative Execution.In order to achieve high performance and ef-
ciency in the execution of thread-parallel invasive pragrs, various functions re-
lated to different levels of abstractions of the computiggtem need to cooperate.
Figure 9 exempli es such an interaction by roughly sketghimajor activities asso-
ciated with the release and executionfade , infect andretreat . Asin
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- &

G o —H
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Fig. 9 Possible levels (“columns”) of abstraction for achievingiategrated cooperative execu-
tion of invasive-parallel programs. The activity diagraketshes the ow of control in the use

of invade , infect andretreat and shows three different phases of processing: resource
allocation, parallel execution and resource deallocation

conventional computing systems, developers are free tosghthe proper level of
abstraction for application programming and thus, mayatiyeemployinvade ,
infect andretreat in their programs. One of the ideas of invasive comput-
ing, however, is to also let a compiler (semi-) automatjcd#rive these primitives
from programs written in a problem-oriented programmimglzage. The displayed
nuance of abstraction interrelates a problem-orientedgraraming language level
(application, X10), an assembly level (compiler, run-tiaystem), a machine pro-
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gramming level (run-time support system, operating syyterd the hardware level.
In Figure 9, these levels are vertically arranged, in terfnsotumns from left to
right. In this setting, the hardware level implements tta neachine of the comput-
ing system, while the other three levels implement absiraathines. The functions
(thatis, operations) provided by each of these machinedaatieated to the purpose
of supporting invasive-parallel resource-aware programm

Examples of Invasive Programs

In order to illustrate resource-aware programming andsimeecomputing, we shall
present four preliminary, but representative exampleswedidive programs. Note
that these examples are pseudocode and are designed tosterteofundamental
invasive techniques. They shouldt be interpreted as examples for a new invasive
programming language.

The rst example (Figure 10) is a simple invasive ray trabte that the goal of
this fragment of an invasive ray tracer is not ultimate perfance, but maximal ex-
ibility and portability of code between different platfosmn the gure, the lower
implementation of the functioshade() belongs to an invasive ray tracer which

rst tries to obtain a SIMD array of processors for the congiign of the shadow
rays and, if successful, runs all intersect computatiopsnallel on the invaded and
then infected array. Note how the invade command speci eptiocessor type and
the number of processors, and the infect command uses Figleeprogramming)
by providing a method name as parameter, which is to be apliall elements of
the second parameter, namely the array of data. In case ab Bitbtessor cannot
be obtained, the algorithm tries to obtain another ordipaogessor, and uses it for
the intersection computation. If this fails also, a seqiaidop is executed on the
current processor. Note that resource-aware programnaregrheans that the ap-
plication asks for the availability of processors of a spetjipe. For the re ected
rays, a similar resource-aware computation is shown.

The second example (Figure 11) goes one step further inbeires-aware pro-
gramming. The example is a traversal of a quadtree, wheredbelinates of the
current cell's vertices are parameters to a standard rieeurge traversal method.
Leafs, that is, the last recursions are always processeldeocutrent processor. If,
however, the tree is “big enough,” the rst three recursiaéiare done in parallel,
if processors are available. If not enough processors camfdeted, recursive calls
are done on the current processor.

Note that the algorithm adapts dynamically to its own woakipas well as to the
available resources. Whether a tree is “big enough” to malkasion useful, not only
depends on the tree size, but also on system parametersssaobktaf invasion or
communication overhead. Resource-aware programming takestsuch overhead

3 Actually amapconstruct.
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/I common code:
trace(Ray ray)

/I shoot ray

hit = ray.intersect();

/I determine color for hitpoint
return shade(hit);

}

/I shade() without invasion:
shade(Hit hit)
{
/I determine shadow rays
Ray shadowRays[] = computeShadowRays();
boolean occluded[];
for (int i = 0; i < shadowRays.length; i++)
occluded[i] = shadowRays]i].intersect();
/I determine reflected rays
Ray reflRays[] = computeReflRays();
Color refl[];
for (int i = 0; i < reflRays.length; i++)
reflli] = reflRaysJi].trace();
/I determine colors
return avgOcclusion(occlusion)
* avgColor(refl);

}

/I shade() using invasion:
shade(Hit hit)
{
/I shadow rays: coherent computation
Ray shadowRays[] = computeShadowRays();
boolean occluded[];
/I try to do it SIMD-style
if ((ret = invade(SIMD,shadowRays.length))
== success)
occluded = infect(intersect,shadowRays);
/I otherwise give me an extra core ?
else if ((ret = invade(MIMD,1)) == success)
occluded = infect(intersect,shadowRays);
/I otherwise, | must do it on my own
else
for (int i = 0; i < shadowRays.length; i++)
occluded[i] = shadowRaysli].intersect();
/I reflection rays: non coherent,
/I SIMD doesn't make sense
Ray reflRays[] = computeReflRays();
Color refl[];
/I potentially we can use
1 nrOfReflectionRays processors
ret = invade(MIMD,reflRays.length);
if (ret == success)
refll] = infect(trace,reflRays);
else
/I do it on my own
for (int i = 0; i < reflRays.length; i++)
reflli] = reflRaysli].trace();
return avgOcclusion(occlusion) * avgColor(refl);

}

Fig. 10 Pseudocode for an invasive ray tracer. The upper code ofhihees shows a simple
sequential code. The lower code is invasive and relies mures-aware programming.

into account when deciding about invasions. Notably, imraalso adds exibility
and fault-tolerance.
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quadtreeTraversal(vl, v2, v3, v4) { if (numCores>0) {
if (isQuadtreeLeaf(vl, v2, v3, v4}) { infect(claim[1], quadTreeTraversal(
processLeaf(vl, v2, v3, v4); (V1+v2)/2, v2, (v2+v3)/3, vctr));
} else { numcCores--;
if (isSmallTree(vl,v2,v3,v4))
numCores = 0 else quadTreeTraversal((v1+v2)/2, v2,
else { (v2+v3)/3, vctr);
claim = invade(3); if (numCores>0) {
numCores = claim.length; infect(claim[2], quadTreeTraversal(
vetr, (v2+v3)/2, v3, (v3+v4)/2));
vetr = (vl+v2+v3+v4)/4; numCores--;
/I last recursive call is else quadTreeTraversal(vctr, (v2+v3)/2,
/I always on current processor v3, (v3+v4)/2);
/I other recursive calls infect, if (numCores>0) {
/I if processors available infect(claim[3], quadTreeTraversal(
/I and tree big enough (v3+v4)/2, vctr, (v1+v4)/2, v4));
numcCores--;

else quadTreeTraversal((v3+v4)/2, vctr,
(v1+v4)/2, va);

quadTreeTraversal(vl, (vi+v4)/2,
vetr, (v1+v2)/2);
}
}

Fig. 11 Invasive quadtree traversal. The algorithm dynamicallypasi to the available resources
and the subtree size.

The next example is an invasive version of the Shearsortithgo (Fig. 12).
Shearsort is a parallel sorting algorithm that worksionm-grids, for anyn (width)
andm (height). It performgn+ m) (dogme+ 1) steps. An invasive implementation
will try to invade anmn - mgrid of processors, but will not necessarily obtain all thes
processors. Ifit gets a®  m2grid,n® n,m® m, it adapts to these values. Most
signi cantly, it may choose to use the received grid aswn nZgrid, rather than
ann® m2grid.

The pseudocode thus uses invade to obtain an initial rom°@rocessors, and
for each row processor a column wtadditional processors. Note that the invade
command speci es the direction of invasion: in the exam@@®UTH and EAST.
For coarse-grained invasion such as in case of the rayag@siample, the direction
of invasion is usually irrelevant, but for medium-grainedaop-level invasion, it
may be very relevant. Thus, a so-calledasive command spaceeds to be de ned
and include a variety of options for invade and infect.

Next, the rows are infected with a transposition sort athami which is used to
do a parallel sortin the rows rst and then a parallel sorhia tolumns. These row
and column sort phases constitute a round. Rounds are pexddogm’+ 1 times,
and an appropriate subspace of the key space is sorted itepgraach sequential
iteration. In this example, invasion is more ne-graineanhin the previous one;
here, resource-awareness means that the algorithm adapesavailable grid size,
where the initial invasion is based on the problem size.

Invasion can not only be used to receive tife mZgrid. It is also possible to
check after every loop execution, i. e., after every rountktiver the resources re-
quested in the beginning, became available in the meanticte that by a further
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Shearsort:
— determine optimal values forandm;
(estimation of free resources)
— Invasion to the south;
— obtainn® processing elements (PE);
— Invasion from every PE to the east
— obtain minimal number af PEs;
—unused PEs are freed;
— PEs will handle a total of
dn m=(n® mekeys;
—ifn®> m?
then
do Shearsort on the® n°grid
else
do Shearsort on the® m°grid

program InvasiveShearSorter
/ = Variable declarations */
int Pinv[M];
int N _prime, M _prime;
int keys[N *M];

/ » Parameter declarations */

parameter M;
parameter N;
/ * Program blocks  */

Mprime = invade(PE(1,1), SOUTH,

EAST, N);

m);
seq f
par (i >= 1 and i <= M_prime)
Pinv[i] = invade(PE(i,1),
g
N_prime
= MIN[1 <= i <= M]
Pinv[i];

23

/ » Free PEs again such that all
arrays have
same size N _prime */
par (i >= 1 andi <= M) f
retreat(PE(i,1), N _prime+1,
Pinv(i]);
g
if  Nprime > Mprime
swap(N _prime, M _prime)
infect columns and rows with Odd-Even
Transposition Sort
repeat dog Mprime e+ 1times
f

par (i >= 1 andi <= M_prime) f
if odd() f
sort in row i the keys
2+ Nprime *(i-1)+1, ...,
2xN_prime *i
into ascending order g
else f
sort in row i the keys
2+Nprime *(i-1)+1, ...,
2xN_prime *i
into descending order g
9

par § >= 1 andj <= N _prime) f
sort in column | the keys

j, j*+2  *Nprime, j+4 *Nprime, j+6 *Nprime ...

into ascending order g
par  >= 1 andj <= N _prime) f
sort in column j the keys
Nprime+j, j+3  *Nprime, j+5 *N_prime,
j*7 *N_prime ...
into ascending order g
g/ * Here, more invasion is possible:
Check
whether more resources are available in
the meanwhile and act appropriately */
9
g

Fig. 12 Pseudocode for invasive Shearsort.

invasion phase the execution can be sped up, as noted in ¢negiode of Fig-
ure 12.

While the previous examples demonstrated coarse-gramtdadium-grained
invasion, the last example (Figure 13) demonstrates rergd invasion at the loop
level. For every iteration of a parallelised loop, a sepapabcessor element may be
invaded. To avoid the overheadieliet incarnation, there is just one controlldet
which synchronises all the invaded processor elementsightiyt-coupled proces-
sor array (TCPA) at a maximal invasion speed of a single clyaie/processor.
Each processor element is infected with “code 2” (Figurerig®it column) and ex-
ecutes the initial loop program in parallel. This kind ofaion is particularly suited
for a myriad of nested loop algorithms (loop-level paradie).

All examples follow a more generic scheme and are presemtedtt give a bet-
ter idea of the invasive process (cf. Figure 14). In paréigihvade ,infect and
retreat  operate on sets of resources and processes, called “clamdsteams.”
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Sequential C code: Control code (pseudo notation):
for (i=0; i<T; i++) while (stop!=1) do
for (j=0; j<N; j++) P = invade(N)
ylil += alj] *ufi-]; if (P>0) then

/I execute code on P processors
infect(P, ProgID)
for (i=0; i<T; i++) do

Code 1 (sequential assembler code): Code 2

end for
; write input to feedback FIFO of retreat()
depth N else
1: mov ffo, in0O /I execute code on one processor
; set the number of Taps for (i=0; i<T; i++) do
2: mov r0, N Code 1
3: mov r2, 0 end for
; filter coefficient a end if
4: mul r1, ffo, a end while
5: add r2, r2, rl
; decrement the tap
6: sub r0, r0,1
; loop N times .
7: if zeroflag!=true jmp 4 Code 2 (VLIW program):
; get the output add outl rO inl, mul rO in0 a, mov outO in0
8: mov outl, r2
9 jmp 1

Fig. 13 FIR Iter exploiting loop-level invasion. Sequential C aadsembler code is shown left.
To the right, the-let code controlling an invaded TCPA is shown, as well asassgembler code
(VLIW) executed on each invaded processing element.

claim = invade(type, quantity, properties);
if (luseful(claim)) / * unrealisable claim request */
raise(IMPROPER_CLAIM);

team = assort(claim, code, data);
if (Iviable(team)) / * inadmissible team assembly */
raise(UNVIABLE_TEAM);

infect(claim, team); / * employ resource(s) */
retreat(claim); / * clean-up of resource(s) */

Fig. 14 Pattern of invasive programming (in the programming laggu@) by adopting an operat-
ing system machine level of abstraction. Imagine requdsts/ade , infect andretreat as
“system calls” to an abstract machine, for example, an oipgraystem, while all other primitives
execute as part of a run-time system or even an applicatmgram by using that machine.

This example also demonstrates the optional integrati@xoéption handling con-
cepts by means of which resource-aware application progjeaenenabled to re ect
on the outcome of claim and team assembly. Handling an “iomaxception” may
result in reissuingnvade with alternate parameter values. Similar concepts hold
with respect to the marshalling of ateam (that is, assenfldgade and data sections)
to t a selected claim. Note that further origins of invasierceptions may be the
implementations ofnvade , infect andretreat . At the level of abstraction
assumed in Figure 14, this eventually implies that the dpeyaystem will be in
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charge of raising exceptions. Adequate linguistic supfmontobustresource-aware
programming like this comes with the exception handlingasg of X10 [2].

Let us conclude with the important remark that true rescasgare program-
ming will not just check the availability of processors. Asoeirce-aware applica-
tion in general will rst of all determine its own needs basauthe dynamic work
load, then check for available resources of a specic kind arally infect the
obtained resources. The “kind of resource” may include mpatars such as per-
mission, speed, or even processor temperature. In the fmackd, the operating
system and the recon gurable hardware cooperate to givagpécation its desired
resources in the most ef cient and appropriate way.

Expected Impact and Risks

In the following, we summarise the expected bene ts and ichffactors we see
for a broad and multi-disciplinary research in invasive poitimg but also potential
risks.
Impact. We have motivated invasive computing as a means to cope lvé@téxplod-
ing complexity of future massively parallel MPSoCs with thajor call to provide
scalability, higher resource utilisation higher ef cignand also higher speed as
compared to applications with statically partitioned e#lton of resources. We in-
tend to achieve these goals on the basisegburce-aware programmingndnew
recon gurable MPSoC architecture inventiarBoth revolutionary architectures as
well as new programming concepts in synergy shall provideasbin ef ciency
and usability of future MPSoC platforms that are expecteddntain 1000 and
more processors.

The areas in which research in invasive computing mightteraasubstantial
impact are summarized as follows:

Processor Architecture of Future Multi-Core Systems Even if we will not be
able to compete in our design concepts and demonstratdnshigih-end pro-
cessor designs as developed by teams of 100 and more desan@ocessor
companies such as Intel and AMD, we believe that some of alnitactural in-
ventions will in uence their way of how to design large preser systems in the
future. For example, without research and inventions oniposly non-common
RISC architectures performed at universities such as byeksy and Patterson,
the chip design companies might still produce other typgsofessors.

Design Environments for Programming Parallel Many-Procesor Systems
Similarly, our paradigm of invasive programs and resowaa@e programming
will have an impact on future programming languages and naroging envi-
ronments for the development of parallel programs.

Design of Parallel Algorithms. Even more, the idea of invasive algorithm de-
sign will in uence the development of parallel algorithms\a&ell. Never before
algorithm designers had the opportunity to dynamicallypda algorithm's be-
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haviour and parallelism to the dynamic work load and the dyinaavailability
of resources.

Risks. Nevertheless, we do not conceal that our challenging gomjhtralso hide
some risks:

Acceptance of Resource-aware ProgrammingAt a rst look, resource-aware
programming seems questionable and counter-productiea Waoking at mod-
ern software-technological principles: High level-langes as well as operating
systems have, for good reason, more and more abstractedfesmayspeci ¢
hardware details or resource politics. Instead of offepragress, resource-aware
programming thus sounds contradictory and a step backhetpdst when look-
ing at the achievements of modern programming languageshwbstract away
from speci c architectural details.

Cost in Terms of Time and Area Increasing the non-determinism by self-
organised algorithm execution when allowing programs totied hardware re-
sources directly might naturally lead to cases with lowefgrenance and worse
resource utilisation than statically mapped and schedapgdications, of course
as the time to invade and retreat from resource occupati@tkipes overhead.
Any comparison of cost and speed-up against a staticallypedpon-invasive
algorithm must therefore be done carefully and, in orderedatir, consider the
case of overload situations: Here, due to invasion, regsundll be freed which
enables other applications to dynamically claim more resgrithan in a stat-
ically partitioned case between several competing apipics. If the degree of
parallelism of considered applications is varying in tilsp speed-up will result
naturally over static processor partitions apart from bigtesource utilisation,
savings of power and fault-tolerance. A natural scenarimwdsive computing
is therefore that not only one but several programs are samebusly trying to
invade a common pool of resources.

In summary, it is evident thahere is a price to payn order to exploit the ben-
e ts of invasive computing. Therefore, it needs to be inigeted carefully where
the border of centralised control versus invasive congakthes its greatest bene-
t and how a maximum of abstraction can be maintained everrédspurce-aware
computing. The goal of this survey was to give an overview itite fascinating
emerging paradigm of invasive computing that might solvaynaroblems of MP-
SoC architectures and their programming with more than 1@d6s for the years
2020 and beyond. Here, only the basic principles and eldseqgiired research
could be drafted.
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