Chapter 2
Invasive Computing

Abstract As this book originates in the context of invasive computing, this chapter
gives an overview of the invasive computing paradigm and its realization in software
and hardware. It starts with its basic principles and then gives an overview how
the paradigm is expressed at the language level. Afterwards, a formal definition
and analysis of invasive speedup and efficiency according to Teich et al. is given.
For the formal analysis of individual application programs independent from each
other through composability presented in the later chapters of this book, it is a
prerequisite to consider an actual invasive hardware architecture. Therefore, a tiled
invasive architecture with its building blocks is detailed with a focus on the (i-NoC).
Finally, a brief description of the employed operating system is given before other
approaches which deal with heterogeneous many-core systems are reviewed.

Efficiently leveraging the performance of future many-core systems is one of
the key challenges of our days as motivated in Chap. 1. One approach to tackle this
challenge in a holistic manner is invasive computing [50, 52]. As this book originates
in the context of invasive computing, the following chapter gives a broad overview
of the whole paradigm and its realization in software and hardware. Section?2.1
starts with the principles of invasive computing and Sect.2.2 gives an overview of
the expression of the invasive paradigm at the language level. Afterwards, Sect.2.3
gives a formal definition and analysis of invasive speedup and efficiency according
to [53]. For the formal and composability exploiting analysis presented in Chap. 5, it
is a prerequisite to consider an actual invasive hardware architecture. Therefore, we
detail tiled invasive architectures and their building blocks in Sect. 2.4 with a focus
on the invasive network on chip (i-NoC) in Sect.2.5. Finally, we briefly describe
the operating system (OS) in Sect. 2.6 and review other approaches which deal with
heterogeneous many-core systems in Sect.2.7.

2.1 Principles of Invasive Computing

Future and even nowadays many-core systems come along with various challenges
and obstacles. Namely, programmability, adaptivity, scalability, physical constraints,
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reliability, and fault-tolerance are mentioned in [52]. These issues motivate the new
computing paradigm invasive computing, first proposed by Teich in [50], which
introduces resource-aware programming. This gives the application programmer the
possibility to distribute the workload of the application based on the availability
and status of the underlying hardware resources. In [52], Teich et al. define invasive
computing as follows:

Definition 2.1 (invasive programming) “Invasive programming denotes the capa-
bility of a program running on a parallel computer to request and temporarily claim
processor, communication and memory resources in the neighborhood of its actual
computing environment, to then execute in parallel the given program using these
claimed resources, and to be capable to subsequently free these resources again.”

In contrast to statically mapped applications, resources are only claimed when they
are actually needed and are available for other applications after they are freed. This
increases the resource utilization drastically and hence the efficiency (for a formal
analysis of the invasive efficiency, see Sect.2.3). Also, each application can adapt
itself to the amount and types of available resources. For example, if there are more
computing resources available, it can utilize a higher degree of parallelism. Or, if
there is a special accelerator module available, the programmer can use this resource
to execute an implementation variant of the algorithm which is tailored for exactly
this accelerator. Additionally, the application can retreat from resources which are
becoming too hot or unreliable [22]. All this is done in a decentralized manner and,
thus, highly scalable which is crucial for systems with 1,000 cores and more.

Invasive computing relies on three basic primitives invade, infect, and retreat.
The typical state transition of them is depicted by the chart in Fig.2.1. First, an
initial claim is assembled by issuing an invade call. A claim can constitute itself of
computing resources such as processor cores, communication (e.g., NoC bandwidth),
and memory (e.g., caches, scratch pads). Subsequently, infect starts the application’s
code on the allocated cores of the claim. After the execution finishes, the claim size
can be increased by issuing another invade, also known as re-invade, or decreased by
a retreat, also known as a partial retreat. It is also possible to call infect, or so-called
reinfect, with another application on the same claim. After the program execution
terminates, the retreat primitive frees the claim and makes the resources available to
other applications.

Fig. 2.1 State chart of an invasive program (c.f. [22])
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With these invasive primitives, different kinds of applications are supported. In
the following, we present application classes which may profit from the invasive
computing paradigm:

e Applications with dynamic degree of parallelism (DOP): Depending on the phase
of the algorithm, the degree of parallelism (DOP) can vary and the application
programmer specifically requests the number and type of cores. These kind of
applications are the target of the analysis in Sect.2.3.1.

e Malleable applications: The application can vary its DOP almost arbitrarily. Typ-
ically, this kind of applications is equipped with a speedup or hint curve which
specifies the performance gain with respect to the DOP. The system can then max-
imize among all malleable applications the average speedup. For example, the
multi-agent system DistRM performs this kind of optimization in a decentralized
way [35]. Further, Wildermann et al. showed, based on game theoretical analy-
sis that local and decentralized core allocation schemes for malleable application
converge to an optimum [57].

e Static applications graphs: Applications with strict real-time requirements need
to be statically analyzed. To do so, the data and control flow need to be known
at design time. Thus, for this kind of applications (see Sect.3.1), the invasion
is performed on a static graph structure rather than on dynamically changing the
DOP. Static application graphs build the foundation of the mapping methodologies
presented in Chaps. 4-6.

2.2 Invasive Programming Language

In principle, invasive computing is a novel computing paradigm which can be uti-
lized by any programming language by implementing the three primitives invade,
infect, and retreat. Besides existing ports to C++ [36] or OpenMP [19], the major
language research was performed based on the programming language X10 [46].
X10 was developed by IBM within the productive, easy to use, reliable computing
system (PERCS) project and was founded, among Cray’s Chapel and Sun’s Fortress,
by the DARPA’s high productivity computing systems project. According to [29],
X10 “brings modern features to the field of scientific computing by addressing par-
allelization from the start of the application development.” X 10 offers state-of-the-art
features such as system modularity, type safety, and generic programming. In con-
trast to, e.g., C++, it inherently supports concurrency and builds upon the partitioned
global address space (PGAS) model which is perfectly suited for tiled many-core
systems such as targeted by invasive computing. This model partitions the global
memory into so-called places. One place corresponds to a computing tile in invasive
architectures (see Sect.2.4).

In addition, it does not rely on automatic mechanisms but involves directly the
program developer who is most familiar with the algorithm: “The language imple-
mentation is not expected to automatically discover more concurrency than was
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expressed by the programmer” [47]. This matches the concept of invasive computing
where also the programmer herself/himself spreads the workload depending on the
resource availability (see Definition 2.1). X10 also introduces dependent types and
transactional memory (via atomic and when). The language supports concurrency
by so-called activities which are lightweight threads. They follow run-to-completion
semantics which means that they cannot be preempted by the OS. An activity can be
spawned asynchronously with async and can be synchronized with £inish.

2.2.1 Invade, Infect, Retreat, and Claims

As detailed before, invasive computing relies on the three primitives invade, infect,
and retreat. To enable invasive computing in X 10, they are implemented as functions
inside the library invadeX10 [22, 62]. Listing 2.1 gives an example of a basic invasive
X10 program.

1 val ilet = (id:IncarnationID) => {
2 do_something (1id) ;

3 b3

4+ claim = Claim.invade (constraints) ;

s claim.infect (ilet) ;
s claim.retreat () ;

Listing2.1 Example of abasic invasive program: The 11 et contains the source code to be executed
concurrently on the invaded cores. Given the specified constraints as argument, the invade function
returns a c laimof invaded resources. This claimis then infected with the i-let. After the execution
terminates, the resources are freed by retreat.

The invade function is implemented as a static method in the C1aimclass. Through
the argument constraints, the programmer can specify what kind of resources
should be invaded. Constraints form a hierarchy [22] (see Fig.2.2) and can be com-
bined by logical AND and OR. The invade call returns a c1aim object which con-
tains the invaded resources. This c1aimis then infected with the so-called i-/et (Line
5). The i-let! (Line 1-Line 3) contains the source code which is executed concur-
rently on the invaded cores. The retreat function (Line 6) releases the allocated
resources and makes them available for other applications. With these primitives,
complex dynamic applications such as a multigrid solver can be programmed in a
resource-aware manner which leads to a higher system throughput in comparison to
an execution on statically assigned resources [14].

I The notation i-let originates in the Java servlet which describes a code snippet for execution on a
server [55].
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Fig. 2.2 Invasive Constraint hierarchy (c.f. [22])

2.2.2 Communication-Aware Programming

As depicted in Fig. 2.2, constraints concerning computing resources, such as type or
temperature of cores, can be easily expressed with the constraint hierarchy proposed
in [22]. However, for formulating communication constraints, additional information
such as the connectivity of tasks need to be described. In this context, we presented
communication-aware programming (CAP) in [29]. In the following, we give a brief
summary of the language constructs proposed in this publication.

The first invasive CAP language construct is asynchronous prefetching of data.
With this mechanism, blocks of data can be copied to the tile local memory (TLM)
in parallel to the program’s execution. This may be beneficial for applications where
an algorithm can work on chunks of data such as matrix multiplication or image
processing. For an efficient data transfer, this prefetching utilizes a direct memory
access (DMA) module inside the invasive network adapter (i-NA) (see Sect.2.5.2).
This offers a significantly higher throughput than single load/store calls on single
data words. For example, Listing 2.2 shows an X10 code snippet for prefetching data
to the TLM. Before storing the data, memory in the TLM needs to be invaded via
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the LocalMemory constraint. Afterwards, memory is allocated with alloc (Line
1). The method fetch is responsible for loading the data to the TLM (Line 3). It
returns an fetch object which can be used to signal the end of the data transfer. If
the local memory is not needed anymore it can be released via the free method.

1 val loc = TileLocalMemory.alloc[int] (cs) ;

> val offset = id.ordinal * cs;

s val future = data.fetch(offset, loc);

4 ... // do something else, while the data is
copied into tile local memory

s val loc2 = future.force() ;

¢ assert loc == loc2;

7 ... // use the tile local data in ‘loc‘

Listing 2.2 Prefetching CAP example in X10. After allocating memory in the TLM, fetch
asynchronously copies data via DMA into it. During the transfer, other instructions can be executed.
The end of the transfer is signaled with the force function [29].

Besides prefetching, CAP proposes constraints for NoC communications. Band-
width to the invading tile can be reserved with ThroughputToMaster
and a connection with a worst-case latency can be invaded with the constraint
LatencyToMaster. Figure2.3 gives a code example for invasion of commu-
nication with a guaranteed bandwidth.

1 val claim = Claim.invade (

2 new PEQuantity (1) &&

3 new Type (PEType.RISC) &&

4 new ThroughputToMaster (128)

5 ) 3

Listing 2.3 The example X10 code fragment shows the request to invade a reduced instruction set
computing (RISC) core and a guaranteed bandwidth of 128 MB/s to its master, which triggered the
invasion [29].

However, a master/slave relationship is often too restrictive and cannot describe
certain communication scenarios or patterns. Especially, static task graphs, as con-
sidered in Chap. 4, require an intuitive and flexible representation at language level.
As a solution, in CAP nodes (via the Node class) model constraints regarding com-
puting resources and the communication in between can be described as weighted
edges with the connect function.

In the following, we illustrate this with a demonstrative example:

Example 2.1 Given is a picture in picture (PiP) application with a corresponding
application graph [10] as depicted in Fig. 2.3. The single tasks are modeled as nodes
while the needed bandwidth is annotated on the edges (for the formal application
graph model see Sect. 3.1). Listing 2.4 shows the invasive X10 representation of this
task graph according to CAP [29]. For each task, a node object with a unique string
identifier is created. The method connect creates an edge to another task, specified


http://dx.doi.org/10.1007/978-981-10-7356-4_4
http://dx.doi.org/10.1007/978-981-10-7356-4_3

2.2 Invasive Programming Language 15
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by the first argument, while the second argument specifies the required bandwidth
in MB/s.

1 val inp_mem = new Node ("inp_mem") ;

» val hs = new Node("vs") ;

s val vs = mnew Node("vs") ;

¢+ val jugl = new Node ("jugl");

s val inp_mem2 = new Node ("inp_mem2") ;
s val jug2 = new Node ("jug2");

7 val mem = new Node ("mem") ;

s val op_disp = new Node ("op_disp") ;

9y inp_mem.connect (hs, 128) ;

0w hs.connect (vs, 64);

n vs.connect (jugl, 64) ;

2 jugl.connect (mem, 64) ;

3 inp_mem.connect (inp_mem2, 64) ;
4 inp_mem2 .connect (jug2, 64);

5 jug2 .connect (mem, 64) ;

16 mem.connect (op_disp, 64) ;

Listing 2.4 X10 CAP representation of the application graph from Fig.2.3 [29].

2.2.3 Actor Model and Nonfunctional Properties

In invasive computing, the programmer can invade resources according to a set
of specified constraints (see Fig.2.2). For example, she/he can specify the maxi-
mum temperature or the computing resource on which the code should be executed.
However, in many scenarios, the user requirements cannot be easily described as
constraints. Often, they are given in metrics such as frames per second or maximal
latency in seconds. It is hard, or almost impossible, even for experienced program-
mers, to determine the relation between the allocated resources and the performance
of the application. Therefore, invasive computing offers the possibility to express
requirements on a language level as shown in the example in Listing 2.5 [58]. The
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annotation introduces the keyword @REQUIRE and is followed by the actual non-
functional property of concern and an identifier of the functionality description for
which it should hold.

I // Performance Requirements

2 @REQUIRE ("ag", mnew Latency (0, 110, "ms",
"hard"))

3 @GREQUIRE ("ag", new Throughput (20, 40,
"fps", "soft"))

4 // Reliability Requirement
5 @REQUIRE ("ag", mnew PFH(0.001, 0.0000001))

6 // Power Requirement

7 @QREQUIRE ("ag", mnew Power (1, 2, "wW", "soft"
))

8 // Security Requirement

9 @REQUIRE ("ag", new Confidentiality (50))

10 val ag = new ActorGraph ("ag");

Listing 2.5 Example of annotated requirements in invadeX10 [58].

The example shows requirements on performance, reliability, power, and security.
These requirements can be either hard, i.e., the required bounds should be never
violated, or soft, i.e. the bounds should not be violated in most of the cases. The
requirement La tency describes the end-to-end latency of an application expressed
by the application graph ag and characterizes the reaction time of an application. This
is crucial, especially in safety-critical/hard real-time domains. The property includes
latencies of computing and communication (Sect.5.2 provides a formal analysis)
and is usually measured in time units such as ms or ps. The required throughput
can be specified with Throughput and uses number of frames per second (fps) as
argument for video processing applications.

The next nonfunctional property in Listing 2.5 is devoted to reliability. Reliability
is achieved if the system can tolerate a certain number of faults. It requires a certain
level of redundancy, either spatial or temporal, to detect or even to correct wrong
computations or corrupted communication. An important metric in this area is the
probability of failure per hour (PFH) (see Line 5 in Listing 2.5). For example, the
safety integrity levels (SILs), as defined in the standard for functional safety IEC
61508, are specified for a certain PFH rate, e.g., SIL 2 requires a PFH between 10~°
and 1077 [7].2 The Power requirement bounds the minimal and maximal allowed
power consumption of an application. Particularly in systems with strict power and
energy budgets, e.g., in the mobile domain, a too high power and energy consump-
tion would result in excessive heat dissipation and battery drain. This requirement,
therefore, plays an important role. A formal model for analyzing the energy con-

2Qverall four SILs are defined. SIL 4 represents the highest safety integrity [7].
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sumption of an application mapping® is presented in Sect.5.3.2. Finally, security
aspects gain more and more attention in nowadays systems. In principle, security
has the two properties data confidentiality and data integrity [11]. Confidentiality
describes the property that data cannot be accessed by unauthorized persons and
integrity relates to preventing unauthorized manipulation of data. In the context
of invasive computing, Freiling et al. propose to offer (basic) confidentiality Conf
and e-confidentiality € Conf [17]. While (basic) confidentiality provides “standard
runtime protection techniques in operating systems (memory protection)” [17], e-
confidentiality offers a quantifiable protection against known side-channel attacks
and is defined as follows:

Definition 2.2 (e-confidentiality, €Conf) “The invasive software Soft satisfies
€Conf for attacker A and environment Env if there exists evidence of attacks on
Soft by A in Env that lead to unauthorized information leakage of at most € bits per
second (bps)” [17].

We presented a first application graph representation in X10 in Sect.2.2.2. How-
ever, this model is restricted to directed acyclic graphs and lacks analyzability which
is a prerequisite for the presented requirements above. Therefore, invasive computing
recently employs the actor model, first proposed by Hewitt et al. [33], later formal-
ized by Agha [1], and realized as X10 library called actorX10 by Roloff et al. [45].
Here, applications are described as graphs of actors communicating via channels
(see Listing 2.6). The communication is explicit and can only be conducted by send-
ing tokens over the channels between the actors. Each actor consists of the actual
functionality as well as a final state machine (FSM), determining its communica-
tion rules with other actors via channels per ports which are connected to channels.
The advantage of actor-based programming is that programming of data and control
flow are clearly separated. On the contrary to shared memory programming with
implicit communication, actor programming nicely fits the PGAS model of X10 and
tiled multiprocessor system-on-chip (MPSoC) architectures without global cache
coherence in particular. Also, an actor model already describes the data flow of the
application with computation and communication. This corresponds to the formal
models used in this book (see Sect.3.1). Finally, actors are natural entities for being
mapped to the cores of a many-core target architecture.

Example 2.2 In this example, we describe how the application graph from Fig.2.3
can be represented with actorX 10 [45] and how the requirements are translated to con-
straints after performing a static analysis as shown in Fig.2.4. First, the programmer
has to define and implement the actors and connect them according to the data flow
(see Listing 2.6). Each actor, e.g., InpMemActor, HSActor, VSActor, extends
the class Actor and implements the method act. This method contains the function
and the firing FSM. Also, the input and output ports are defined in each actor. After-
wards, the actors are added to the ActorGraph ag with the addActor instanti-
ation method. The method connectPorts enables the programmer to explicitly

3With a known (worst-case/best-case) execution time, the energy can be derived from the power
value and vice versa.
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Fig. 2.4 Overview of how actorX10 with annotated requirements is transformed to invasive X10
constraints which are handed over to the invasive run-time system (iRTSS) (c.f. [20])

1 val ag = new ActorGraph("ag");
2 /* Declare actors */
3 val im = new InpMemActor ("im") ;
4 val hs = new HSActor ("hs");
5 val vs = new VSActor ("vs");

//

= o

// Add actors and connect them
ag.addActor (im) ;
ag.addActor (hs) ;

© o

10 /...

1 ag.connectPorts (im.outPort, hs.input) ;

12 ag.connectPorts (hs.outPort, vs.input) ;

13 /] ..

14 /* This statement is replaced by the design flow
*/

15 ag.start () ;

Listing 2.6 Example of an actor graph generation and execution in actorX10 [58].

describe the communication behavior. Finally, start () initializes all actors. The
actor graph serves as input for the HAM methodology as presented in Chap. 5. There,
a DSE explores nonfunctional properties, so-called quality numbers, of various map-
pings. These quality numbers can be calculated either simulation-based, e.g., using
invadeSim [44], or analytically (see Chap.5). From all Pareto-optimal mappings.
*Constraint graphs, which generalize the concrete mappings and represent rather
a class of mappings with the same resource requirements and nonfunctional exe-

4A Pareto-optimal mapping denotes a mapping which is not dominated by any other mapping
regarding the objectives from the multi-objective optimization [51].
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1 val cg = new ConstraintGraph () ;

2 val t0 = cg.addTaskCluster (2, Type.iCore) ;

3 val tl = cg.addTaskCluster (3, Type.RISC) ;

4 val t2 = cg.addTaskCluster (1, Type.TCPA) ;

5 val m0 = cg.addMessageCluster (tl to0, 3, 7);

6 val ml = cg.addMessageCluster (t0, tl1, 3, 4);

7 val m2 = cg.addMessageCluster (tl t2, 2, 7);

8 val m3 = cg.addMessageCluster (t2, tl1, 2, 2);

9 OperatingPoint opl = new OperatingPoint (cg) ;

10 opl.setQualityNumber (new PowerConsumption (1.22,
2.01,"w") ;

11 opl.setQualityNumber (new PFH (0.0001, 0.000001)) ;

12 OPSet.add(opl); // ...

13 /* explicitly reserve resources: */

14 val claim = Claim.invade (OPSet) ;

Listing 2.7 X10 representation of a constraint graph (see Chap.5). Constraints regarding the
number and type of resources are annotated at the task cluster. Communication constraints are
annotated at the message cluster [58].

cution properties, are constructed. These constraint graphs are stored together with
the quality numbers as so-called operating point (OPs) (for details see Sect.5.3
and 5.4). These constraint graphs are finally written back to X10 level using inva-
sive constraints regarding processing cores and communication. In Listing 2.7, the
PEQuantity and Type constraints from the hierarchy in Fig. 2.2 are used to spec-
ify computing resources. The method addMessageCluster connects two task
clusters and constrains the maximal hop distance and the minimum required SL (see
Sect.2.5). This differs from the communication constraints in CAP, as a maximal
hop distance is necessary for providing safe latency bounds (see Sect.5.2) and the
SL is the needed parameter for configuring i-NoC (see Sect.2.5).

Additionally, the binding information is generated. Depending on the chosen OP
and the corresponding constraint graph, the actors are moved to the invaded resources
with the method moveActor. Such an actor binding is exemplified in Listing 2.8.

2.3 Overhead Analysis of Invasive Computing

A programmer should be aware of the invasive overheads to choose the right granu-
larity for her/his invasion calls to achieve a desired speedup. Therefore, we present a
formal speedup and efficiency analysis for invasive computing as proposed in [53].

As described earlier, the number of concurrently used cores of a parallel applica-
tion at a certain point of time is defined as degree of parallelism (DOP). Formally,
this is a discrete time function with solely non-negative values. The graphical repre-
sentation of this function is known as parallelism profile and can be extracted from a
given program with tools like ParaProf [8] or with the help of structural parallelism
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1 /* binding actors onto claim according to
selected operating point */

2 if (claim.getSelection () == opl)

3 val r0 = claim.getResource (t

4 val rl = claim.getResource (t

5 val r2 = claim.getResource (t

6 ag.moveActor (im, rl);

7 ag.moveActor (vs, r0);

8 ag.moveActor (hs, r0);

9 }

10 else if (claim.getSelection () == op2) {

11 //

12 }

13 ag.start () ;

Listing 2.8 Example of starting an actor graph (ActorGraph ag) on the obtained claim of
resources [58].

graphs [24]. In the following, we describe first how to derive the traditional speedup
and how the efficiency of a parallel program can be calculated and later how the
invasive speedup and the invasive efficiency are defined.

According to [53], the amount of computation or work W of an application can be
derived by integrating the DOP function. Therefore, several functions and variables
have to be defined:

e The number of cores that may be used to execute the parallel application is denoted
by n.

e m denotes the maximal DOP of an application. Consequently, the overall work
of an application is W = > W; with W; denoting the amount of work with
DOP= i.

e (i) denotes the discrete time in which work with DOP = i is computed.

In case of a parallel execution on i cores with DOP= i, the execution time is
T = W;/i.

e In general, the overall idealistic parallel execution time for n cores is ¥(n) =
Zi‘ll % (i). This calculation is idealistic as it does not take data distribution and
other overheads which are present in parallel computing into account.

e In contrast, the sequential execution time with a normalized CPU speed of 1 is

() = 2211 W;.

With these variables and definitions, the speedup & (n) is defined by Teich et al.

[53] as the relation between parallel and sequential execution time?:
T YW

=5 =3 W

i=1 |

2.1)

SNote, that there are several speedup laws defined in literature, most notably by Amdahl [2] and
Gustafson [21].
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The system resource efficiency e(n) relates the achieved speedup with the number of
allocated cores:

&m ()
n n-%n)’

E(n) = (2.2)

Obviously, the efficiency is maximal if &(n) = n, i.e., all allocated n cores are
fully utilized by executing the parallel application. In contrast, the efficiency is lowest
if an application is executed sequential and n— 1 cores are allocated but not processing
any program.

Example 2.3 Given is the DOP profile of a noninvasive application in Fig.2.5a.
All six cores are statically allocated to the application. The shaded areas illus-
trate allocated but unused cores. The sequential execution time evaluates to T(1) =
Z}L W, = Wy + W, + Wg = 12+ 36 + 12 = 60.5 The parallel execution time
is ¥(6) = 32, resulting in a speedup of G(6) = T(1)/%(6) = 60/32 = 1.875
according to Eq.2.1.

Following Eq.2.2, the efficiency is €(6) = 1.875/6 = 0.3125. This means that
only in 32% of the time the cores are used for processing, in the remaining time they
are unused.

2.3.1 Invasive Speedup and Efficiency Analysis

In contrast to static core allocation, in invasive computing, computational resources
can be invaded, infected, and retreated dynamically according to application’s need.
This comes along with some overhead which is not present when statically assigning
processors. Thus, the overhead induced by the invasive primitives (see Fig.2.1) has
to be considered when calculating the invasive speedup and efficiency. It may be
modeled by an overhead function O,. Further, the underutilization factor «;, 0 <
a; < 1, is introduced if not i processors are available for executing workload with
DOP = i but only «; - i processors.
The invasive speedup, according to [53], is defined as follows:

Definition 2.3 (invasive speedup) Given an n-core MPSoC and an invasive appli-
cation program that exploits the available degree of parallelism (DOP) through con-
cepts of invasion, infection, and retreat so to claim and release processor resources
dynamically based on this temporal application DOP. The invasive speedup is given
by

TH o LW

36(71) = jf(n) = Z:‘;l(lw_all) n Ov.

(2.3)

The invasive speedup factor J&(n) is the ratio of the execution time of a non-
invasive and sequential execution of the application over the execution time of a

%Values in 10° CPU cycles.
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Fig. 2.5 Execution traces of a noninvasive and an invasive program. Shaded areas denote unused,
but allocated cores. Execution times are given in 10° CPU cycles [53]

parallel invasive application. This includes overheads O, of invasive primitives and
a possible underutilization factor if less than DOP cores can be invaded.
The invasive efficiency, according to [53], is defined as follows:

Definition 2.4 (invasive efficiency) The invasive efficiency of an invasive program
on an n-core MPSoC, respectively tile of it with n equal cores is given as follows:

IS6m) (D)
IPn)  IT(n)-IP»)

JE(n) = (2.4)

Here, 303(n) denotes the average number of processors utilized during the execution
of the invasive program. For many applications with a highly varying DOP and many
phases of invasion and retreat, I (n) < n.
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In the following, the given speedup and efficiency formulae are applied to an
example shown in Fig.2.5:

Example 2.4 In contrast to the noninvasive application in Fig. 2.5a (for speedup end
efficiency see Example 2.3), Fig. 2.5b shows the invasive version of the application. It
is functionally identical to the one given in Fig. 2.5a but only requests resource when
the DOP increases and releases the cores when not needed anymore. The overhead
introduced by the invasive primitives are illustrated by the small shaded areas at
points where the DOP changes.

To calculate the invasive speedup the overheads have to be determined. We mea-
sured the overheads for a six core LEON3 -CPU-based MPSoC platform with a
lightweight operating system implementation which realizes invasion through copy-
ing of function pointers. From this measurement, we derived the following linear
functions for invading/retreating Ac cores and infecting k cores:

Oinvade (Ac) = 9.8Ac 4+ 21.7 (2.5)
Oretreat(Ac) = 9.5Ac + 23.7 (2.6)
Oinfect(k) = 30.4k +50.6 (27)

These individual overheads for the invasive primitives can be combined to
0,1 (Ac, k) = Oinvade(Ac) + Oinect(k) (invade and infect) and O,_(Ac, k) =
Oretreat (AC) + Oingect (k) (retreat and infect), respectively [53]. The overall overhead
0, for the given DOP evaluates to:

0y = 0,.(1,2) + 0y (4,6) + 0y_(5,1) + 0,..(1,2)
= 731.9. 2.8)

In relation to the workload of this example in the order of 10° CPU cycles, the
overhead of 731.9 CPU cycles is almost negligible. Using Eq. (2.4), the invasive
speedup and efficiency result in:

T(1) 60 - 10°
IS = Sz T 0 31 0746
1
IE(n) = ()

" 3R IBm)
= (60 - 10°)(60 - 10° + ((0y4(1,2) -2) -2 +
(0y—(5,1) +0,4(4,6)) - 6))_l = 0.99976.

This example shows that invasive programs can achieve similar speedups as pro-
grams running on statically allocated resources while reaching a significantly higher
resource efficiency (almost 100% in comparison to only 32% of the noninvasive
application in this example). The given implementations of invade, infect, and
retreat show that invasive computing is applicable in performance-critical sce-
narios.
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Fig. 2.6 Invasive applications in HPC. Four invasive shallow-water simulations adapt themselves
to the available resources [5] (With permission of Springer)

Invasive computing not only increases the efficiency of embedded single chip
architectures but also enables a more efficient resource utilization in large scale
and distributed systems. For example, Bader et al. show in [5] that with invasive
computing the efficiency and the throughput in an HPC cluster could be increased,
see Fig.2.6. An invasive RM distributes the available cores to four invasive shallow-
water simulations based on scalability curves. The four simulations are started one
after each other with a slight delay. In the beginning, cores are only assigned to
simulation 1. Later, cores are also allocated to the other three simulations. Overall,
the number of idle cores (white space in the figure) is reduced compared to static
resource assignment.

2.4 Invasive Hardware Architectures

Invasive computing is a philosophy which not only drives research in software, as
detailed above, but also in hardware. The different invasive hardware components
form together a tile-based MPSoC. An incarnation of such an architecture is some-
times referred to as InvasIC. As shown in Fig.2.7, the MPSoC consists of hetero-
geneous processing tiles including loosely coupled RISC processors, TCPAs (see
Sect.2.4.1), and i-Core (see Sect.2.4.2). The memory tile provides the access to the
external memory, the I/O tile represents the interface to peripherals such as screens
or cameras. Each processor has its private L1 data and instruction cache. In addition,
the tiles optionally have L2 caches, shared among the cores of one tile, and a tile local
memory (TLM) to reduce the latency of memory accesses. The i-NoC (see Sect.2.5)
connects the different tiles with each other.
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Fig. 2.7 Incarnation of a
tiled invasive architecture
consisting of two TCPAs
tiles, two RISC tiles
equipped with i-Core, three
standard RISC tiles, one I/0O,
and one memory tile

Router Router

External memory accesses, I/O communication and direct communication
between the tiles are directed through the i-NoC to the respective tiles. The inva-
sive network adapter (i-NA) is the interface between the tile local bus and the i-NoC
routers. A detailed overview of an invasive architecture is given in [31]. All aspects
of the architecture, especially the i-NoC are designed with a focus on scalability and
decentralized resource management.

2.4.1 Invasive Tightly Coupled Processor Arrays

As detailed in the introduction, the performance gain in modern many-core architec-
ture stems mainly from two reasons: parallelism and heterogeneity. A special proces-
sor type which exploits these two aspects is the TCPA [37]. A TCPA is an array of
very large instruction word (VLIW) cores which is integrated as a tile in invasive
architectures to mainly accelerate nested loop programs. Especially in the domains
of linear algebra or signal and image processing, TCPAs enable an energy-efficient
and timing-predictable execution. As such a processor array can easily consist of
100 of processing element PEs, TCPAs are designed to consider scalability and self-
adaptivity [23]. Figure 2.8 gives a schematic overview of a processor array. The PEs
consist of multiple functional units (e.g., adders, multipliers, shifters) which execute
VLIW instructions. The instructions set itself is reduced and tailored to a specific
domain. Hence, the PEs are also called weakly programmable. To guarantee a low
latency of local communication between the PEs, a circuit-switched interconnect is
used. Different topologies, e.g., 2D mesh or torus, can be implemented at design time
and be changed dynamically during run time. The data is fed to the reconfigurable
buffers at the borders and then streamed through the array.
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Fig. 2.8 Schematic of a TCPA tile. The TCPA is connected over a network adapter (i-NA) with the
i-NoC are designed with a focus i-NoC and the other tiles of the architecture. Incoming invasion
requests are handled by the invasion manager (IM) on tile level and by the iCtrl controller on PE
level. The address generator (AG) is responsible for distributing the data to the reconfigurable I/O
buffers and the global controller (GC) controls the loop execution [37] (Figure published in [37].
With permission of Springer)

val constraints = new AND() ;

constraints.add (new TypeConstraint (PEType.TCPA)) ;
constraints.add (new PEQuantity (1,8));

val claim = Claim.invade (constraints) ;
claim.infect (ilet) ;

claim.retreat () ;

= Y N T

Listing 2.9 Example invading a TCPA tile with 1 to 8 PEs in invadeX10.

In invasive computing, PEs of a TCPA can be invaded as shown in Fig.2.9. This
invade request is twofolded. First, the OS (see Sect.2.6) needs to find a TCPA tile
in the tiled architecture (see type constraint in Line 2). Second, the invasion of the
specified number of TCPA PEs is triggered. This invasion is performed in a distributed
manner and locally at PE level. Therefore, each PE is either equipped with an FSM-
based [38] or programmable [39] invasion controller (denoted as iCtrl in Fig.2.8).
The invasion of PEs can also be coupled with a hierarchical power management as
described in [40]. Noninvaded PEs can be powered down to save energy.
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Fig. 2.9 Schematic overview of the i-Core [32]

2.4.2 The Invasive Core—i-Core

Another invasive-specific hardware component is the i-Core. In invasive architec-
tures, this special core [30] is employed in a RISC tile (see Fig.2.7). The i-Core
extends the public available RISC-SPARC-V8-architecture-based processor LEON3
[16, 18], as shown in Fig.2.9, in two ways: First, micro-architectural components,
such as cache, pipeline stages, and branch prediction, can be adapted during run time.
Second, fine-grained reconfiguration is realized by a reconfigurable fabric where
certain processor instructions, so-called special instructions, can be accelerated by
hardware modules. One special instruction can replace several conventional instruc-
tions which would be executed in the processor’s pipeline. The reconfigurable fabric
utilizes field-programmable gate array (FPGA) partial reconfiguration technology
and is connected with a higher bandwidth to the local memory than the standard
system bus. This especially accelerates cryptography, image, and video processing
applications [30].

2.4.3 Dynamic Many-Core i-let Controller—CiC

Besides the i-Core, also tiles with only off-the-shelf RISC cores are enriched with
dedicated hardware to support the concept of invasive computing. Section 2.3 demon-
strated that low overheads for the invasive primitives are crucial for achieving a high
invasive speedup and efficiency. The dynamic many-core i-let controller (CiC) sup-
ports and accelerates the infection of the LEON3 cores [31]. While the invasive OS
(see Sect.2.6) is responsible for distributing the i-lets to tiles, the CiC schedules
them to the concrete cores based on local information and constraints provided by
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the application programmer. Overall, the CiC provides low latency infection and
offloads the OS from fine-grained decision-making and, thus, increases the scalabil-
ity. Further, this dedicated hardware module may decrease the energy consumption
by generating sleep signals for unneeded cores [43].

2.5 Invasive Network on Chip—i-NoC

The invasive network on chip (i-NoC) builds the communication infrastructure of
invasive architectures and connects the various tiles in tiled-architectures. It incor-
porates the invasive paradigm by offering the possibility to invade i-NoC resources.
In particular, the application programmer can request a i-NoC communication with
a guaranteed minimal throughput and maximal latency. In the following, we give an
overview of the i-NoC and its hardware building blocks, i.e., i-NA and i-NoC router,
which we published in [28, 29].

As shown in Fig.2.7, the i-NoC realizes a 2D-mesh-based structure, i.e., each
router has at most five input and five output ports. Unidirectional links connect
these ports to the neighboring routers in the four cardinal directions and the i-NA
of the local tile. The i-NoC uses state-of-the-art wormhole-switching technology.
Therefore, the data packets are partitioned into so-called flow control digit (flits).
A flit has the size of an i-NoC link and, thus, is the amount of data which can be
transmitted in one clock cycle. The first flit of a packet is always a header flit which
contains information such as the destination address (see Fig.2.10). The following
flits are so-called body flits and contain the payload. The zail flit signals the end of a
packet.

The routers perform the decentralized routing based on the destination address
in the header flit. The remaining body flits of the packet follow this header flit.
In contrast to store-and-forward switching, the body flits can be distributed among
buffers of several consecutive routers. Thus, buffers, which contribute most to the
area footprint of a NoC, inside the routers can be kept small. Special bits in the
beginning of each flit differentiate the different flit types (see Fig.2.10).

For a higher throughput, the i-NoC employs the concept of virtual channels
VCs [15]. To support the invasion of the communication infrastructure, the i-NoC
enables quality-of-service (QoS) through so-called guaranteed service (GS) connec-
tions. A special header flit is responsible for setting up a GS connection (see Fig. 2.10)
and a tail flit retreats from the connection. During the setup of a GS connection, a
VC is reserved for this communication flow at the source and the destination i-NA
and along the route at each router. Additionally, the i-NoC offers best effort (BE)
transmission of data which does not need QoS. This data can use any VCs which
are not reserved for GS connections. As only one VC per time interval can access
a physical link the different flows must be multiplexed in time. More specifically,
Heisswolf et al. propose the use of weighted round robin (WRR) arbitration [26].
The weights are assigned by the programmer to each GS connection by a so-called
service level (SL). These SLs influence how many time slots of the arbitration inter-
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Fig. 2.11 Example of different i-NoC transmissions. The green connection shows the invasion
of a guaranteed service (GS) channel with a service level SL = 1 through a header flit. The red
connection shows an already established GS channel with SL = 3 and the blue flow shows the
transmission of a best effort (BE) packet. Overall, there are three VCs at each port available and a
total of six time slots per arbitration interval. At link (D the red GS connection invaded VC 1 and
is assigned to the time slots TS 1, TS 3, and TS 5 while the green GS connection invaded VC 2
and TS 4. It can be seen that the red flow invaded other VC and time slots in Q) and @. However,
the number of assigned time slots is constant at all multiplexed links and, hence, guarantees on
throughput and latencies can be given [6]

val are assigned to the GS flow. A composable timing analysis of this arbitration
scheme including worst-case communication latencies is given in Sect.5.2.1 and a
comparison with other arbitration schemes is given in Sect.5.6.2. Figure 2.11 shows
the setup of a GS connection and a BE packet transmission. In this example, the
red GS connection has a SL of three and the green one invaded one with SL = 1.
The BE packet marked in blue uses VCs and time slots which are not utilized by
the two GS connections. In the following, we describe the main building blocks of
the i-NoC, namely the i-NA (Sect.2.5.2), the invasive router (Sect.2.5.1), and the
invasive control network (Sect.2.5.3).
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Fig. 2.12 Schematic of an i-NoC router including monitoring infrastructure [28] (With permission
of VDE)

2.5.1 Router

The main task of an i-NoC router is to forward the data toward the desired destination.
Each router has a maximum of five input ports and five output ports into western,
northern, eastern, and southern direction plus to the attached i-NA over a local link.
As the i-NoC implements only minimal routing algorithms, such as XY-routing and
odd-even routing [4], the data is always ejected at a port which decreases the hop
distance to the destination. In case of XY-routing, the data is first routed into X-
direction until the X-coordinate of the destination is reached and then in Y-direction
to the destination tile. With odd—even routing the router has more routing options,
depending if the router is in an odd or even column of the i-NoC, and can incorporate i-
NoC monitoring data. To reduce the buffer sizes, the i-NoC uses wormhole switching,
and to prevent buffers from overflowing, credit-based flow control between routers.

Figure 2.12 shows schematically the structure of an i-NoC router. All input ports
are connected to buffers. The i-NoC uses the concept of VCs to time multiplex the
physical link among different communication flows and, thus, increase the utiliza-
tion [15]. As a consequence, each input port is connected to multiple VCs. The router
decides, based on local decisions, which VC should be assigned to which transmis-
sion, for both types BE and GS. Once a head flit arrives, the router assigns a free
VC at the output port and adds an entry in the reservation table. If there is no free
VC available and a GS connection was requested, the invasion fails. In case of BE
traffic, the header is stalled until a VC is released. To prevent starvation, which may
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appear in other QoS NoCs (e.g., QNoC [12]7), the router never assigns all available
VCs only to GS connections. This guarantees an overall minimal bandwidth for BE
traffic.

The transmission control performs the time-multiplexing among the different VCs
according to the WRR arbitration scheme. To further increase the link utilization, only
VCs with available data are scheduled. In other words, if a GS connection does not
utilize the assigned time slot, data from other transmissions can be scheduled there.
However, this may open a side channel which can be used by malicious applications
to leak confidential information. This is further addressed in Chap. 6.

As illustrated in Fig.2.12, each router is also equipped with monitoring modules
which track the utilization of the buffers, the used VCs, and the links. Further details
are presented in [28].

2.5.2 Invasive Network Adapter—i-NA

Tiled architectures, such as invasive architectures, realize a hierarchical communica-
tion infrastructure. A local bus system, in our work currently an AMBA® AHB bus,
serves intra-tile communication among different cores, TLM, and peripherals while
the i-NoC handles the inter-tile communication. The invasive network adapter (i-NA)
lies in between and acts as a gateway between the local bus and the i-NoC. It is a bus
master and slave as well as an i-NoC component with VC buffers. The main func-
tionality is to translate bus traffic to i-NoC packets with flits, as described before, and
vice versa. For example, if a processor needs to access the global off-chip memory,
the i-NA detects that the requested address is outside the tile range and transpar-
ently transforms it to an i-NoC packet request to the remote tile where the memory
controller resides. The i-NA also handles DMA transfers, supports message passing,
and transmits special OS messages, the so-called system i-lets. To accomplish these
functionalities, the i-NA consists of several modules and buffers as Fig.2.13 shows
schematically.

The i-NA incorporates two data paths: the transmitting data path, to transfer
data from the tile over the i-NoC to another tile, and the receiving data path, to
translate incoming i-NoC packets to bus transactions. If an application wants to invade
communication resources, it issues the according invade call. Subsequently, the OS
writes the destination address and the requested SL into a memory-mapped register
of the connection manager which is responsible for setting up a GS connection. The
connection manager triggers the generation of a header flit with the GS and address
fields set accordingly (see Fig.2.10). This flit is then injected into a non-reserved VC
FIFO and is then forwarded by the egress scheduler to the local link of the connected
i-NoC router. The i-NA receives an acknowledgment if the GS could be successfully
established. The connection is stored in the VC reservation table and the invaded
connection is added to the claim to make it usable for the application programmer.

7For a detailed overview of NoC arbitration schemes see [25].
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Fig. 2.13 Schematic overview of the i-NA [28] (With permission of VDE)

Further traffic to the invaded target is detected by the traffic classifier and is injected
to the reserved VC FIFO and subsequently routed over the GS connection to the
target tile. Traffic to destinations to where no GS connection is reserved is handled
by the traffic classifier as BE traffic and is packetized accordingly. If a programmer
retreats from a GS connection, the OS sets the registers of the connection manager
according to this. This is followed by the generation of a tail flit which tears down
subsequently the reservation along the route and in the VC reservation table.

On the other side, the receive data path of the i-NA stores all incoming data into the
corresponding VC channels. From there the data is depacketized and forwarded to
the corresponding module on the local bus, e.g., TLM or cache. The i-NA also offers
an interface to access i-NoC monitoring information. This information about i-NoC
utilization is valuable to the RM for resource allocation. Further details about the
monitoring infrastructure can be found in [28]. In addition, the i-NA can detect
frequently accessed destination tiles and automatically invade GS connection to
there [59]. It also offers a hardware-based task spawning mechanism, which can
speedup the set up of an execution significantly (see [60, 61]).



2.5 Invasive Network on Chip—i-NoC 33

Fig. 2.14 Schematic
overview of the control

network layer. To reduce the Processing
area footprint the control Element
network layer has a lower
bitwidth, no VCs, and uses n s
dedicated control channel — ﬂi’;ﬁ- Ze ’@Zﬁg ¥
routers inside the i-NoC — A
routers [25] @ ﬁ
NoC
| | IRouter \_ R::ti_r

Processing -
Element

Data-Channel-Link: ——— Control-Channel-Link:

2.5.3 Control Network Layer

Another feature of the i-NoC is the so-called control network layer, also referred as
control channel, as proposed in [25]. It is a lightweight additional NoC which enables
efficient router-to-router as well as router-to-i-NA communication. The possibility
that modules inside a router can inject data to the NoC and communicate with other
routers is essential for self-adaptive and self-optimizing i-NoC mechanisms such
as rerouting [27], self-embedding (see Chap.4), or monitoring [28]. However, to
operate this kind of communication over the main NoC would mean to add another
port to the router design. This design choice would result in an overhead as area
and power consumption of the router increases super-linearly with the number of
ports [25]. As the data volume produced by self-adaptive mechanisms is low and
consists mainly of short control or status messages, a NoC with a smaller link width
is sufficient. Also no VCs, and thus fewer buffers, are required and packets from
different modules can be arbitrated in a round-robin manner. Figure 2.14 illustrates
the integration of the control layer network into the i-NoC. FSMs inside the i-NoC
router which implement the functionality of i-NoC'’s self-adaptive mechanisms can
access the control channel by a port of the control channel router and control and
monitor the i-NoC router by dedicated signals. To differentiate between the different
FSMs, the control message header contains an additional field with the FSM ID. In
addition, one bit of the header flit signals if the message should be ejected at the
router or the i-NA.

In an implementation with a link width of 16 bit proposed by Heisswolf [25], the
area consumption of the i-NoC router increases of only 4% and the power consump-
tion only by 2.3% when adding the control channel router.
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2.6 Invasive Run-Time and Operating System

As already outlined in Sect.2.3.1, the execution times of invade, infect, and retreat
calls should be reasonably low to enable a high invasive speedup and efficiency.
Hence, an efficient implementation of these function is eminently important.

Figure2.15a shows the software and hardware layers involved when calling an
invasive primitive. The top layer represents the application layer which supports
invasive applications written in C/C++ and X10. In case of an X10 application, an
X10 compiler with an additional backend [13] compiles the source code directly to
native code of the targeted platform. Functions and primitives which require run-time
support such as at or new are handled by the adapted X10 run-time library X/OMRT.
System calls are passed through the iRT'SS. The iRTSS itself consists of several layers:
The operating system abstraction layer (OSAL) offers an abstract interface to the OS.
It logically uncouples applications from the OS and enables executing invasive X10
as well as invasive C++ programs. The agent layer is responsible for finding a claim
according to the constraints issued in the invade method. Agents bargain in a
decentralized manner for computing resources as illustrated in Fig. 2.15b [35].

OctoPOS provides basic OS functionalities such as starting a task [42]. OctoPOS
is a lightweight OS and involves the hardware as much as possible, e.g., by using
the CiC for hardware-based task scheduling. Finally, the hardware abstraction layer
(HAL) provides an abstraction to the actual hardware. Currently, the following target
platforms are supported: (1) SPARC-V8 compatible LEON3 cores [18] for invasive
architectures (see Sect.2.4), (2) native code for x86 multi-core machines, and (3) as
a Linux guest layer.
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Table 2.1 Overview of frameworks/projects dealing with heterogeneous many-core architectures

Methodology Scope Nonfunctional Language Architecture
properties
Elastic Framework, Performance, Not specified CPU, FPGA
Computing [56] | library portability
PetaBricks [3] Compiler, Performance, PetaBrick CPU GPU
auto-tuning, run | portability
time
PEPPHER [9] Software, legacy | Performance C++ CPU, GPU
code, run time
Heartbeats [34] | Framework, run | Performance, soft | C/C++ CPU
time real-time
MULTICUBE DSE, run time Power, C++ CPU
[49] performance
Invasive Software, Soft/hard X10/C/C++ CPU, HW
Computing [50] | hardware, OS, real-time,
compiler, run reliability,
time security, energy

2.7 Related Work

Closing the performance gap on heterogeneous many-core architectures is the subject
of many research groups. The methodologies are manifold and the scopes are varying.
In the following, relevant approaches which go into similar directions as invasive
computing are presented and reviewed. Table?2.1 lists the different approaches and
gives a short overview of the used programming language, the scope, and the targeted
architecture and nonfunctional properties.

The elastic computing framework [56] introduces so-called elastic functions. An
elastic function separates the functionality from the implementation. Depending on
the architecture and the input data, different implementations may provide different
performance. For example, one algorithm is faster on a small input size than another
but at large input sizes, they behave differently. Also, implementations tailored to
a certain resource (e.g., CPU or FPGA), may be more performant or more energy
efficient than others. The authors of [56] envision a library where FPGA vendors like
Xilinx provide high optimized implementations and that the application programmer
can transparently call the desired function. The elastic computing run-time system
then selects the best suitable implementation regarding performance and resource
availability from the library. The program developer is not burdened with the par-
allelization of code or low-level optimization. However, this approach relies on a
rich library of implementations which has to be maintained and extended to new
target architectures. Additionally, implementations have to be analyzed in a step
called implementation planning. As it is proposed in [56], this is rather an exhaustive
search than a true multi-objective DSE. Further, the approach focuses on improving



36 2 Invasive Computing

lastic Functions Librar

Implementation
Planing

Heterogeneous Multi-Core

FPGA @ RISC
Ty

\

\

\

\

\ s

| v Elastic Functlon Call
1 v

\

\

\

\

\

\

\

Elastic Computing System

Performance

Profiles

4 4
Run-Time Avail.  Performance
Parameters Resources  Profiles

Design Time Run Time

Fig. 2.16 Overview of elastic computing. Implementation alternatives are stored in a library and
analyzed during the implementation planning phase. During run time, the elastic computing system
selects the most performant (combination of) implementation(s) according to the input size and the
available resources [56]

the average case by selecting the implementation with the lowest average execution
time rather than bounding the best and the worst-case. Figure 2.16 exemplifies elas-
tic computing with various implementation alternatives for sorting. Depending on
the input size and the available hardware resources, different sorting algorithms are
executed to maximize the performance.

Another approach which focuses on implementation variants is PetaBricks by
Ansel et al. [3]. It comprises a programming language, a compiler which utilizes
auto-tuning to derive speedup curves, and a run-time library (see Fig.2.17). With
PetaBricks, the application developer can give the compiler algorithmic alternatives
and describes how these choices can be connected. The compiler then transforms the
code into C++ code and identifies the parameters for auto-tuning and also generates
a run-time library. The auto-tuning process finds the points at which the algorithmic
variants should be switched. Overall, this increases the portability as the auto-tuning
can easily adapt to the underlying hardware.

Performance portability is also the main focus of the PEPPHER approach pro-
posed by Benkner et al. [9]. It targets especially heterogeneous CPU/GPU systems.
As depicted in Fig.2.18, the approach combines an expert-written library of imple-
mentation variants, similar to elastic computing, with auto-tuning and static pruning
techniques. The so-called PEPPHER components are marked with pragmas in the
C++ source code and accompanied by an XML file which comprises meta informa-
tion about the component such as tunable parameters, parameter ranges, resource
constraints, or performance predictions. Another XML file describes the platform
configuration. With this information, the so-called composition tool can already
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Fig. 2.17 Schematic
overview of PetaBricks: A
program written in the
PetaBricks language is
compiled by the PetaBricks
compiler which generates
static and auto-tuning
binaries [3]

Fig. 2.18 Overview of
PEPPHER: A C/C++ source
code is annotated with
pragmas and accompanied
by an XML file containing
meta information about
components [9]
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Fig. 2.19 The Application Heartbeats framework can be used to (a) directly to self-optimize an
application or for (b) observer-based systems [34]

prune, for a given architecture, infeasible implementation variants. The run-time
system schedules the components in a resource-aware manner to the “best available
resource” [9].

Another framework for self-adapting applications is Application Heartbeats pro-
posed by Hoffmann et al. [34]. Similar to a control system with a feedback loop, the
framework monitors the current application performance and adjusts parameters to
meet the targeted performance. As shown in Fig.2.19, these parameters can either
be application or system specific. The Heartbeats approach provides an application
programming interface (API) with which the application can register itself to the
framework and set its desired heart rate and the points of the heartbeats. A heartbeat
realizes a recorded time stamp and by triggering every frame or query, commonly
known metrics such as frames per second or queries per second can be implemented.
The controlling can then either be done by adapting the algorithm (see Fig.2.19a),
e.g., changing to a faster algorithm with lower quality in a video encoder, or by adjust-
ing the resource allocation or system parameters such as the frequency. Instead of a
single set point, the application developer can also set an upper and lower bound for
the heart rate. This is similar to the bounds as described in Sect. 3.5.1. However, the
heartbeat framework focuses only on performance with soft bounds through run-time
adaptation while in invasive computing, also hard bounds for various nonfunctional
execution properties derived by static analysis shall be satisfied.

The MULTICUBE project, proposed by Silvano et al. [49], aims to find Pareto-
optimal hardware configurations regarding power and performance for given target
applications. In this project, different DSE and optimization techniques for design-
time analysis and simulation are considered. For run-time management, different
operating points with different degree of parallelism are used. In addition, Mariani
et al. propose to monitor the arrival of jobs and use resource reservation to stay within
a given power budget [41].
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Overall, the presented approaches try to efficiently utilize the performance of het-
erogeneous multi-/many-core architectures. In contrast to invasive computing, where
the invasive principle is also realized in specialized hardware (see Sect. 2.4, in particu-
lar: i-NoC in Sect. 2.5, i-Core in Sect. 2.4.2, TCPA in Sect. 2.4.1), the aforementioned
methodologies target commodity and/or commercially available hardware systems
as GPUs or FPGAs. Nevertheless, invasive computing was also successfully imple-
mented and demonstrated on commercial platforms without specialized invasive
hardware (see Sect.2.6). Also, invasive computing specifically chooses the modern
parallel language X10 to enrich it with invasive constructs rather than using C++
where parallelism and PGAS are not natively supported. However, in some cases,
X10 is not a viable option and the invasive principals have to be employed with other
languages. For example, using invasive computing in robotic vision, C++ legacy code
has to be incorporated [36]. Other examples are areas where certain programming
models are predominant, such as invasive OpenMP for HPC [19]. Invasive computing
provides resource-awareness to the developer who can adapt her/his application to the
current circumstances, e.g., temperature, resource availability, etc. The programmer
can also give implementation variants, similar to [9, 56], or performance profiles for
malleable applications similar to [3, 9]. For applications which require soft or hard
real-time or bounds on other nonfunctional execution properties (see Sect.3.5.1),
invasive computing offers an actor programming model where these requirements
can be annotated. Through the hybrid application mapping (HAM) approach, pro-
posed in this book (see Chap.5), these requirements can be transformed to a set of
invasive constraints. If during run time a resource constellation that fulfills these con-
straints can be found and invaded, the user-defined requirements are met, respectively
shall be observed.
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