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- ABSTRACT—In recent year, the functionality of networking three specic domains (illustrated in Figure 1): Sprvice-
infrastructure has expanded to the point where routers notlp  Oriented Computing: In service-oriented computing, appli-
provide data connectivity but also a variety of processirgnsces. cations are distributed over numerous different computing

A major challenge in this context is to manage these procegsi d b . h . id Int fi bat
resources and to allocate them to data transfers in an efote @Nd WED SErvices oI seérvice providers. Interactions wee

manner. In our workl, we present a novel way of how end-Software components need to be specied and mapped to
system applications can specify resource requirements.éiplore a heterogeneous processing environment. The middleware

the performance of several heuristic approaches to solvittte needs to determine a suitable mapping in order to hide the
intractable problem of mapping requirements to system nesmes. complexity of the underlying system from the application.
2.) Service Provisioning on Routers Router systems process
packets in order to forward network traf c. Depending on the
router system, this processing can range from simple asldres

The strategic vision for command, control, communicdeokups to complex payload scanning. Due to the performance
tions, computers, intelligence, surveillance, and reedsin requirements of such systems, numerous processing resourc
sance (C4ISR) is to provide military forces with informaare available on router systems. In order to ef cientlyimél
tion technology to succeed in their mission. As part of thithis system, processing requirements need to be specidd an
vision, the capability to collect, process, and dissenginatapped to the underlying hardware. Bgplication Mapping
information is an important aspect to achieving informatioon Network Processors A typical processing resource of a
superiority. The Defense Information Infrastructure cames router, called “network processor or NP,” is implementedas
communication and processing capabilities in a battlespasystem-on-a-chip with numerous parallel embedded process
communication network. cores. Application components need to distributed acioeset

In an advanced network infrastructure (e.g., tacticalrintecores in order to maximize the performance of this system.
net, civilian Internet), there is a general problem of how tdhese scenarios can each be seen as independent mapping
coordinate communication and processing tasks in a coherproblems, or as a combined mapping problem with different
manner. Advanced programmable routers allow for procgssilevels of granularity. Our main focus in this paper is on the
service to be deployed within the network and effectivelsouter level, but as shown, all levels are interconnectetian
create a distributed computing platform. In this paper, warinciple pose the same problem.
focus on the issues of how to specify processing servicestask
in the context of a communication network and how to map -
these tasks onto processing resources. In particular, dressl
three problems: 1.)Service Specication a methodology
for describing the required processing tasks, their Idgica
dependency, and the data transfer operations between them.| w '
2.) Network and Node Specication a methodology for S B S o A -
characterizing the capabilities and performance of piings S
resources, their interconnects, and their resource @#ija
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general problem of distributing multiple processing reses \ S?/gb”gg;
optimally onto a resource graph is NP-complete [9], [16]vNe 741 Aml

ertheless, it is an important problem that appears throuigho
distributed computing and computer networking. We thenefo Fig. 1. Mapping Scenarios
look at the general service mapping problem into context of
The contributions of our paper are threefold. First, we
1This research was carried out while at ETH Zurich. introduce a noveservice programming languagethat allows



the specication of services. Second, we presennhade graph into a “layered graph”, processing is represented by
speci cation methodology that permits the description ofnter-layer links, while communication links are constedl
capabilities of processing systems. Third, we discusevel to intra-layer connections. A mapping solution is found by
mapping algorithm that achieves a good approximation to theetermining shortest path from the source node in the rst
intractable mapping problem. This mapping algorithm isnthdayer to the sink node in the last layer. This method works
compared qualitatively to other existing mapping appreach with in nite capacities since the topology of the graph obpr
We structure this paper as follows. In Sec. I, we presengssing elements needs to be invariant. ANCS [11] apples th
related work. Sec. lll introduces our service model to dyecilayered graph method with network services modeled as Unix-
component based network services. Sec. IV presents our néikie pipes of service components. Since this network model
model that allows the speci cation of processing infrastru assumes homogeneous processing elements with in nite link
tures. Our mapping algorithm is introduced in Sec. V antiemory, and processing capacities, the layered graph wohetho
compared to existing algorithms in Sec. VI. The work isan be applied directly. XNP [4] addresses the problem of
summarized in Sec. VII. service mapping onto networks with nite link capacities. |
solves this problem by the proposal of two different graph
Il. RELATED WORK creation procedures that include links only if they meet the
There have been a number of efforts to develop abstractiaipacity requirements. While elegant, these solutiony onl
for specifying services on network routers. The Click madul consider constraints on bandwidth capacity. Other coimésra
router project [12] de nes two environments of code exemuti (e.g., heterogeneity of processing element, memory tythes)
(EE) on Linux: one is the in-kernel EE and the other is @ppear in real systems cannot be considered. A more general
Linux user space EE. Processing services are provided bygproach to providing a heuristic solutions to the mapping
speci cation of interconnected Click elements. While lic problem with multiple constraints is “randomized mapping”
de nes arbitrary service graphs by its speci cation langea as proposed by Karp [10] and Motwani and Raghavan [13]. In
it does not have the expressiveness to specify resourceslimpne of the author's prior work, randomized mapping has been

Moreover, the language does not support the required exibapplied to mapping processing tasks onto network processor
ity of service extensions due to the architectural limiasi of cores [17].

the Click EEs.
NetScript [6] de nes a framework for service composi- I1l. COMPONENTBASED NETWORK SERVICES

tion in active networks that is programmed by a data ow In this section, we introduce our service model and the

composition language, a pa_cket declaration language, an%earvice Programming Language (SPL) that is used to specify
rule-based packet classi cation language. The rst de rees ice. The k hall . ke th , del
method to specify data path services as a composition gervice. The key chatenge 1S to make the service mode
: . xpressive enough to allow the description of a wide range
interconnected service components. The second de nes ﬁ} . . . .
. Qf “services. At the same time, the Service Programming
packet structure of network protocols, and the third de nes :
. ; ; . anguage needs to be simple enough for users to use and
the packet classi cation rules that are installed in theS¥eipt ,
: M R for the service platform to process.
kernel. Service components (so-called “boxes”) in Ne{&cri
provide a container for cogle or hardware-based service Qoﬁ{!'Service Model
ponents, or other boxes in a recursive manner. NetScript's ] .
composition language cannot de ne control relations betwe 1) Service Model ComponentsOur service model de-
control service components, does not provide capabilttes Scribes services as graphs of edges and vertices with edges
extend previously deployed network services, and lacks tfPresenting chains of service components, and vertices de
of components. de ned by six fundamental concepts, such as name spaces,
Models for processing resources on network routers can $&fvice control buses, service components, service chains
classi ed into pool-extended node modedsd port-extended 9uards, and hooks, in the following way:
node modelsin the rst case, processing is provided by a  Name spacesare abstract constructions of our service
pool for shared processing elements that can be accessed by model that are used to avoid name collisions between
all ports. In the latter case, each individual router port is services by de ning a logical space. Within a name space,
extended by a processing system (e.g., smart port card on elements are identi ed by literals per service.
WUGS [3]). Recently developed network processor (NPs) are The service control bus(SCB) provides service-internal
typically placed on the ports of a port-extended model. NBsa  signal propagation among the elements of one network
embedded systems-on-a-chip that are optimized for hapdlin  service. The semantics of the signals on the SCB are
high-speed network traf c. Typical con gurations use tetos service speci c except for three signals labellTCEPT
hundreds of parallel processors, embedded memory, and high ABORT and CHAINEND that are used for control and
speed /0. Commercial examples are the Intel IXP family of management operations of the service infrastructure [14].

processors, the IBM PowerNP, and the Cisco Silicon Packet Service componentsprovide the service functionality.

Processor. Two types are de neddata path service components
In one of the rst pieces of work that address the problem (DSCs) andcontrol service componen{€SCs). DSCs
of nding an optimal solution to placing services in netwsrk provide the functionality residing in the data plane to

Choi et al. propose to use a single metric for processing process regular network traf c. CSCs provide service in-
and communication cost [5]. By transforming the network ternal control functions as well as control plane elements.
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In Fig. 2(a), the model of a DSC is visualized. A DSC Fig. 3. Control and Data Path Relations Among Service Corepisn
provides a function according to the plugin model [7]. It
extends the interfaces of the original plugins. In addition
to the data in- and output ports, our DSC de nes in- In Fig. 3, a service graph is presented that consists of four
and output ports for the SCB and provides a componesdrvice components namé&d, F2, F3 andFc embedded be-
control interface (CCP. Fig. 2(b) presents the model oftween four hooks as well as of a guard label@that controls
a CSC. CSCs are service components like DSCs. Hentleée packet acceptance for its service chain. It illustrabes
they offer the same component interfaces but expafhta path and control relations between service components
in addition multiplexed controlling interfaces (labelledvith Fc controllingF2. In Fig. 3, this controlling functionality
Ctrlin and Ctrlout in Fig. 2(b)). Controlling interfaces is represented by the lett& indicating control. Moreover, it
are required to control other service components via theiisualizes the SCB covering service chains.
CCls. Our model foresees that a CSC may be able t02) Dispatching SemanticsThe graph representation of
control multiple other service components. A logical mulservices raises the question which path is followed by ngtwo
tiplexing of the controlling interfaces is de ned for CSCsrafc as it is being processed. We de ne two different
implementing the controlling functionality for multiple dispatching semantics for this purpose: copy and rst-matc
service components. rst-consume.
Service chainsprovide an aggregation of one or more 3) Resource Constraints:Service component instances
DSCs that are strongly linked. A chain of strongly linkechave specic resource characteristics. Resource chaisicte
DSCs allows only for signal propagation along the SCBcs specify the amount and type of resources needed for
between service components, and between service cahe component instantiation and their execution. Resource
ponents and the service infrastructure. No demultiplexingharacteristics de ne part of the parameter space the cervi
of network traf ¢ is available between the elements of énfrastructure must be able to cope with. As an example,
service chain allowing for fast pipeline-style processingifferent instruction set architectures (ISAs) may be ladé
of network traf ¢ by subsequent service components. Then an NP.
signal on the SCB labelledBORT causes the service ) )
infrastructure to abort the current service chain. B. The Service Programming Language
Guards provide the demultiplexing functions that control The speci cation of network services on a platform for mul-
the acceptance of network traf ¢ to enter service chaingiport router devices requires a concise service progrargmi
Their de nition has been inspired by the concept ofnterface (SPI). The SPI is required to cope with the exi-
Dijkstra's guarded commands. In our service modehility of the service model introduced above. Since network
guards are represented by DSCs that signal the acceptag@&ices are modelled as a graph of interconnected service
(ACCEPY or rejection ABORJ of network traf ¢ by the chains, a method is required that provides the appropriate
mechanisms of its SCB output port. Visually depicted, gpeci cation. We de ne therefore our Service Programming
guard is the rst service component of a service chaipanguage (SPL).
that accepts a packet or rejects it. The SPL de nition provides a formal language to specify
A pair of hookscon nes a service chain. They initiate anchetwork services. Our service model is described by six
terminate a service chain. Multiple service chains may ey production? that allow the speci cation of the service
attached to hooks. Thus, hooks are key elements of thémponents described above.
respective name space. Within a name space, they arghese key productions followed by the production name
identi ed by their label. They are created as part of thgre: 1.) ServiceSERVICE 2.) Service Componen8ERV.COMP
service program on demand. If ingress hooks are creatgd, Service ChainsSERV.CHAIN 4.) Control ChainsCTRL-
they must be bound to a network interface. OtherwiseHAIN 5.) GuardsGUARDS.) Hooks:HOOKIN , HOOKOUT. The
they must refer to previously created ones. Egress hoaksB interfaces are mandatory for every service component.
may be dangling, implying the discard of packets. Theence, they do not need to be speci ed explicitly.
purpose of dangling outbound links is the provisioning Lst. 1 presents the key productidnsf the SPL de nition.
of a hook for later service additions to extend provideMote that the namespace is identi ed by ttie production.
functionality.
3Note that we refer to thkey= value pair by the termproduction[1], and
refer to the key by the terrproduction name
2In Fig. 2(a), interfaces are labelled S@® SCRout, CCLin, CCl.out, 4Self-explanatory productions like, for exampBy CYCLESor MEMare not
datain, and dataout respectively. provided here.



Listing 1. The Service Programming Language

'T?MED z :Zﬁ;qe(\{f.."'%é\‘&"ﬂ'_z' by attaching abstract demux conditions to the links between
BW_RES = "bwmin=" BW "bwmax="BW [ "pps=" NUMBER ]. hook1 and the respective service chain, no real demuliipdex
gm-ﬁig f::tcyppue”j!{‘:'l'DC,ﬁgn;'ﬁqﬁgﬂaﬁ;wcﬁgmax_" A is speci ed in the service program. However, demultiplexin
PROCTYPE = (fia32" j'ia64" j"npd" j'npd_pp" |"ip2400" | qond|t|ons are |nd|cated.|n the service program by the respe
CTRLINEG = "é?ért\log_pq}_l —J"""\)/Auo NAME tive comments. All service chains lead into hook2, which is
COMPSPEC = (( et 1D ] ] b ( PROC)'i'YPEj D) ) bound to the second NIR(F2). The second and third service
[ " CPURES ] [f " RAMRESg ]. chains follow the same principle. Their speci cation diffe
COMPIDENT = ( [ "(" COMPSPEC™" ] VALD NAME ID j ID ). ; ; - ;
SERVCOMP = COMBIDENT [ ™ 1D ] "¢ [ CTRLINFO ] ' from the rst service gha|n b_y that hooks are re used,_ i.e.
CTRLCOMP = [ TIMED ] SERV.COMP f "I" ID "@"NUMBER g. the newly de ned service chains are attached to the existing
CTRLCHAIN = "{" f CTRLCOMP g "}" . hooks.
COMP.STRING= "{" f SERV.COMP g "}" .
N - 'é[','D J[ iy f’g"’f?.ﬁoéy..[ S]ER“?S.’V'PINlTE'; : IV. MODELLING NETWORK NODES
HOOKOUT = (ID j ">" ID [ "copy" ] [ "?" INTF ]). Distributed computing platforms are complex systems, no
SERVCRAN = o I TIVED | [ GUARD | COMP_STRING "@" matter if they are designed for service-oriented computing
HOOK.OUT. network services on routers, or packet processing apjaicat
SERVICE ~ ="{" ID [ " CTRLCHAIN ] f SERVCHAIN g '}" . | on network processors. The heterogeneity of processing re-

sources and interconnects makes it dif cult to manage and
control these systems even on a theoretical level. In malcti
implementations, system- and vendor-speci ¢ device can g
ration issues complicate things further.

of arbitrary service graphs consisting of service and @bntry|gorithm needs to consider these system issues as well as be
chains. Based on the concept of hooks to which service chajjiyjicable to a broad range of different system designs.

are attached, graphs are created from the linear spe@mati

In this section, we introduce a hierarchical node model

Service chains may be added to hooks and removed thegeapstract from a variety of underlying hardware platforms

from at run-time. The language supports fast scanning@ArsThen, we introduce the corresponding node speci cation lan

to and from other notations and graphical user interfaces.

C. Service Model Example

A. Node Model
Multiport router devices with programmable network in-

As an example for the use of SPL, we briey describe gyfaces de ne the hardware architecture of network nodes
service program and its corresponding visualization Hexea \where the processing capacity scales with the number of

TABLE |

THREE PARALLEL SERVICE CHAINS

| Visual. | Chainl | Chain2 | Chain3 |

f #threeparall /| extend /
> #hookl /' extend / #hook1
> NIF1 #hook1

/)  HOOK / /)  HOOK /
?/ DEMUX1 / || @ HOOK / ?/ DEMUX3 / |
f 1 compsTr/| [/ DEMUX2 11 | ¢ ) compsTR /

ST f/ COMPSTR / L
( bin ia32) (bin ia32 ) (bin ia32)

componentl
#instancellD
(/ CTRLIO /)

g

@ HOOK /
> #hook2

? NIF2

component2
#instance2lD
(/ CTRLIO /)

9
@ HOOK /
#hook2

component3
#instance3lID
(/ CTRLIN /)

g

@ HOOK /
#hook2

g/ End /

installed “blades”. These network processor blades peovid
the communication, memory and processing resources to be
programmed at run-time with new and extended network
services. The network processors located on the bladebiexhi
an architecture that consists of multiple specialized pack
processor (PPs) cores for high-speed network traf ¢ hawgdli
and one or more control processor (CP) cores for managing
the PPs.

To model the potentially large sets of processor cores, we
de ne a threefold organization of processing elements.- Pro
cessing elements are categorized by the way they share mem-
ory and communication resources. Firgiresare grouped into
a processorif they share communication paths, memory re-
sources, or both. Second, processors that share suchaesour
are grouped intcclusters Third, clusters are organized into
tiers depending on their sharing of direct communication paths

Tab. | presents a simple exemplary service program tHle\ﬁth upper tiers. Thus, a clust_er consists of peer processor
de nes a network service with three parallel service chain&ith cores that communicate directly with upper tiers. A tie
The service program illustrates the linear speci cationaof CONSIsts of multiple peer clusters that share the same paren
service graph with parallel service chains. The service-ideClUster.

tier (#threeparalle) is followed by the creation of hook1.

Fig. 4 presents an illustration of our node model. It is bofilt

No copy method is specied. Hence, its packet dispatchirf@Ur €lements: the three types of processing elementsi¢ctys
semantics follow the rst-match- rst-consume method ireth Processors, and cores) and hardware interconnects. Weaefe
top-down order of speci ed service chains. Hook1 is boung@rdware interconnects as |Co-Bus foter-core bus IP-Bus

to one network interface (NIF) that is symbolized by th
term NIF1. The service chain that consists of componést
attached to hookl, rst. While the gure in Tab. | illustrate

for inter-processor buand IC-Bus forinter-cluster bus.

SWe label the hardware interconnects by the term bus, simdetype
ardware interconnects may be represented by a bus intercmg only

the demultiplexing of ows to the particular service chaing pair of cores, processors, or clusters.



already on-chip, @eterogeneous multicorarchitecture with
******* St D various memory typeand a speci ccommunicationinfras-

| tructure is given. Thus, a service mapping algorithm needs t
match speci ed service constraints of processing capacity
capability, memory capacity and types, communication capa
ity, and network interfaces with nite resources capasiti
router devices.

" Cluster
" -Processor

ICo-Bus 1

Tier N

IC-Bus - - “*Core

NIF
' A. Mapping Problem

Tier N+1

By the help of the service programming and the node
speci cation language (see Sec. Il and Sec. V), network
,,,,,,,,,,,,,,,,,,,,,,,,,,,,, services and realistic router devices can be described in a
5 concise way. For the mapping of network services to router de
= i i vices, pre-processed service programs and node speoinsati
) _ _ are needed that have the relevant dependencies resolved. We
Fig. 4. Hierarchical Node Model name the pre-processed service prograninatance graph
and the corresponding node speci cationcse graph The
o instance and core graph result from the scanning, parsidg an
B. The Node Speci cation Language compilation steps of the input data processing, and have all
Modelling of hierarchical network nodes demands for dependencies resolved similar to an abstract syntax tiee [1
speci cation language that provides the expressiveness toVe can de ne the mapping problem similarly as it is
specify a network node at the required abstraction level. Vde ned by the layered graph method of XNP [4]. However,
present here our Node Speci cation Language (NSL) deriveldat XNP con gures linear services with bandwidth capacity
from the aforementioned node model. constraints in extensible networks (cf. Sec. 11). Our magpi
The NSL consists of the following elements with theiproblem extends that problem space by the much larger set of
corresponding key-productions [1] (separated from theele constraints and the need to resolve the blocking-problem of
by a colon): 1.) Node GraplRAPH2.) Processors?ROCES- blind alleys.
SOR 3.) Network CommunicationCOMMA.) Communication
Speci er: COMMSPECS.) Interfacesl_NTF_ 6.) ClustersCLUS- B The SLESP Mapping Algorithm
TER 7.) Cores:CORE8.) Communication PathaCOMMPATH
9.) RAM: MEMORYLst. 2 presents the syntax of our NSL Since the graph embedding problem is known toNie

languagé. complete [9], [16] if more than one constraint must be consid
ered for the mapping, the use of an exhaustive search method

CPUFREQ = "freq=" CPU. that investigates every possible solution falls short fewices
CPUTYPE = Visa=' ALPHANUM. with multiple processing elements. Heuristics are regltce
MEMORY = f "type=" ID "mem="RAM g. d lution for th : bl houah i
COMMPATH = ( "tierrecvdown" j "tiersendup” nd a solution tor t.e mapping problem even though it may

i "tie;senddown" j "tie;reméup" be only near-to-optimal.

j intfrecv" j "intfsend" .

| "clusterrecv’ | "clustersend" We propose SLESP (Single Layer Extgnded Shortest_ Path),

j "procrecv’ j "procsend’ a novel algorithm that solves the mapping problem with all

hneighbour” ) I "coresend” | constraints and copes with the problem of blind alleys using
COMM_SPEC = BW DELAY [ “link" 1. back tracking mechanisms. Our algorithm takes an instance
NIF =" BN INTF g '} . graph, and nds the shortest or near-to-shortest path tirou
CORE ="(" [ MEMORY ] CPUFREQ CPUTYPE h

[ f COMMPATH g ] )" . a core grapn.
PROCESSOR ="(" [ CLUSTERSPEC ]f COREg [ NIF ] ")
CHILDREN ="[" COMMSPEC"" f CLUSTER g. A
CLUSTERSPEC ='[" [ MEMORY ] [ COMM_SPEC ]'I" . SLESP(Gc, ce, Gi, ie)
CLUSTER ="(" [ CLUSTERSPEC ]f PROCESSORg place(Gi[ie], Ge[ce]); o
[ CHILDREN ] ") . Ce=createcandidateset(Gc, ce, Gi, ie, ie++);
GRAPH = CLUSTER [ CHILDREN ]"" . while not empty Ce and not successtatus
cebest=pop(Ce);

successstatus=SLESP(Gc, cebest, Gi, ie++);
if successstatus

return success;
return not success;

Listing 2. The Node Speci cation Language

V. SERVICE MAPPING Listing 3. Pseudo Code of SLESP

The mapping of a network service onto a network node rep-

resents a particular instance of the graph embedding proble .
Modern router devices embed NPs at the network interfacelSt: 3 Presents the pseudo code of SLESP without the back

. . . . . fracking methods. SLESP works as follows. With the service,
level. This embedding complicates the mapping probler‘r&slnéIt starts at an ingress hook instance graph elemiep®(Gy).

6By analogy to the SPL syntax, self-explanatory productiame not Since this hook is bound to a speci ¢ network interface, and
provided here. network interfaces are assigned to processor cores, thimgta



processor corecg 2 Gc) is determined’. ieg is placed on B. Layered Graph Algorithm Complexity

this staring corecey. A spanning tree of candidate cores for |, xNp [4], the layered graph (LG) method with capacity
the next instance graph element is calculated by Dikstragcking calculates a spanning tree through a layered core
shortest path algorithm [8] that has been extended t0 CORgph and takes only bandwidth capacities into considerati
with all constraints. The spanning tree is rooteccey, and The pasis core graph plus identical copies (foN service

de nes an ordered sefe of suitable processor cores to hostomponents) de ne the layers of that graph. The LG with
the next instance graph element. Our algorithm selects & 1 |ayers is built by the insertion of virtual inter-layer
best candidate corecéest2 Ce), places the next instanceprocessing links between pairs of adjacent layers at catelid
graph element, and recurs to the same procedures. Thestholig,cessing cores. With a set Bf candidate processing cores

path for a given instance graph is retrieved, thus, from ﬂﬂfer service component, the authors de ne the complexity for
concatenation of the different inter-core communicatiathp  heir algorithm as follows:

for iex+ 1 andiex: 2 plus the processing delays.

V1. EVALUATION COMRg = O((N+ 1) (jVjlogjVj+ jEj+ & P)+(NjVj j Ej)
i

To evaluate the performance of the proposed service MaPThe complexity depends on the number of services and the
ping algorithm, we analyze its worst case time complexity. T piexity dep

put these results into context, we analyze and compare la t eéicé%ﬁ ?;;Qﬁa?]rgﬂ;s-;hf evl\{otrhsé gg:teoicnegtaég)né? dg;)i\r/]ve\;e”r
of three algorithms: (1) our proposed SLESP algorithm, lf2) t ssible r?na ina solutions 9
layered graph (LG) mapping algorithm that was developed l%? ppINg '

Choi et al. in the context of XNP [4], and (3) the randomized. Randomized Mapping Algorithm Complexity

mapping (RM) algorithm that was developed by Weng et al. for The randomized mapping (RM) method randomly places

mapping tasks on net_vvork processors [17] (seg sec. i forsgrvice elements on processor cores and evaluates thé&sresul
more detailed discussion of the latter two algorithms).

This process is repeated and the best overall mapping is

. . retained. After a certain number of repetitions, the aljoniis

A. SLESP Algorithm Complexity expected to converge. The complexity depends on the number
The time complexity, COMP, of our SLESP mapping of rounds,R, the number of service elements, and the cost

algorithm is heavily dominated by the requirement to resf analyzing a placemeng, and can be stated as

calculate the shortest path using an algorithm that extends

Dijkstra's shortest path calculation method. Dijkstra®gest _ )

path algorithm [8] provides a time-complexity GOMRys = COMPrm = O(R(N+ 0)):

O(jVjlogjVj + jEj) (if implemented with priority queues) [2].  while a possible mapping can be found quickly for very
In our current implementation, the extended shortest pahall R, nothing can be said of the quality of the solution.

algorithm is applied per instance graph element. In additioHigher quality solutions are more likely encounteredrais
we compare the capacities of each vertex and each edge dnggeased.

per recursion, which leads to a worst case complexity of )

COMPysexi= O(jVj(logiVj+ 1)+ 2jEj) per service component D. Comparison

placement. Thus, for a given service program witlinstance  To summarize the analytic performance of the three algo-
graph elements that are to be mapped onto a processor giifgns, Table Il shows the results of the above discussion.
graph withV vertices (cores) anll edges (hardware intercon-The run-time (RT) performance and quality of mapping (MQ)
nects), we derive the complexity for large as follows: results are indicated by+, * ', and * ' representing a
decreasing order. We can conclude, that our SLESP algorithm
has the highest worst case time complexity, however it can

COMPs_esp= COMPsext JV(COMPbsext handle all the given constraints and implements back tracki

+ JVJ(COMPRysext+ jVj::1)) mechanisms. The LG algorithm of XNP is less complex but
oo COMPyseViN*tt 1 it cannot handle all the constraints and it does not impleémen
= a JVjCOMPsex= 1 back tracking. The RM algorithm has the lowest complexity
i=0 vl level but it does not guarantee an optimal solution and it can
= O(COMPRbsexdVi™) be applied only in case of speci ¢ scenarios (see [17]).
_ 7 N+ 1 o gt 7N
= O(Vi™ “(logiVj+ 1)+ 2)Vj"jEj) TABLE I
The complexity is dominated by thjeyjN term, which is COMPARISON OFALGORITHMIC COMPLEXITY AND MAPPING QUALITY
a result of our algorithm potentially searching the entioeec OF THE THREEMAPPINGALGORITHMS
graph exhaustively due to the back tracking mechanisms-How :
ever, it still performs better than a straightforward exdtie ! gng,:'SP| ggcj%l?f?,ﬁgjvj,r D+ 2VIE) B TQ l
search algorithm, where each edge is handled individually a | Lc O((N+1) (jVjlogiVj+ jEj+ &; P)+(NjVj j E})
the complexity isO(jVjN 2NVi), RM O(R(N+ a)) *

"Note, in case multiple cores control one network interfames is selected  DeSpite this undesirable exponential complexity of SLESP,
at random. the practical usage scenarios show that the algorithmlisasti
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