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Abstract—Service composition recently emerged as a cost- service composition exhibited by BPEL [4] and similar efforts,
effective way to quickly create new services within a network. the orchestration model to compose service components will
Some research has been done to support user perceived end-toy,q fairly complex. A general graph, probably cyclic in many

end QoS for service composition. However, not much work has A . . ; L
beenQdone to improve arl?etwork operatorsperformance when SC€narios, is required to describe complex service composition

deploying composite services. In this paper we develop a servicelogic among service components. This can not be handled by
composition architecture that optimizes the aggregate bandwidth existing solutions [2], [3], [5], [6], [7].

utilization within a operator's network; this metric is what To this end, this paper proposes a framework that uses
operators care about most. A general service composition graph is 5 generic service graph to capture loosely coupled complex

proposed to model the loosely coupled interaction among service . - L . o
components as well as the estimated traffic that flows among SE'Vice logic and optimizes the overall bandwidth usage within

them. Then an optimization problem is formalized and proved an operator's network to support a large number of service
to be NP-hard, even toapproximate Next, two polynomial-time users.
heuristic algorithms are developed together with several local  The paper is organized as follows. Section Il discusses the
e e o feaed work on Service composiion and its QOS support
both a?pproximation algorithms and show that they are suitable which puts our work in perspective. Section ”I_ prese_nts our
for service graphs with varying topologies. proposed system of QoS support for the generic service com-
position model based on web service technologies. Section IV
gives the formal definition of the “service mapping” problem
which maps a given arbitrary service graph to a physical

Service composition is a key enabling technology for fasietwork and minimizes the aggregate network bandwidth
and flexible service deployment. It can be iterated to prograssage. Section V proves the “service mapping” problem is
sively integrate service components of different granularity améP-hard to even approximate and Section VI correspondingly
manage the complexity of service development. Web servipeesents two heuristic algorithms. Section VII then presents
technologies such as WSDL [1] provide tools to unify théhe simulation results of the proposed algorithms with differ-
semantics and syntax of service definition and access. Tteeyt setup. Finally, section VIII gives some discussions and
allow service composition to be carried out at the applicatisection IX concludes the paper with our future works.
level and seamlessly integrated into enterprise business logic.

There has been recent interest in the service composition Il. RELATED WORK
field to guarantee Quality of Service (QoS) when distributed There is much work related to service overlay network,
service components are integrated to provide one compositgvice composition and QoS support. For brevity, we only
service. As discussed later, existing solutions only consid&sver work that is most relevant to our research.
QoS requirements of interest wsersof each service; the o ] » )
classic example of such a QoS metric is the delay experiendddEXisting Service Composition Related Technologies
by the user. To derive the end-to-end QoS bound, orchestratiomRecently, Business Process Execution Language (BPEL) [4]
models used by existing solutions in [2], [3] are the simplistinas been standardized; it can define the external behavior of a
chain (service path) model and its combination (multicast tregprvice as well as its internal implementation. BPEL assumes
Their goal is to determine the appropriate application servetmt the interfaces of the interacting web services are defined in
that form the given service chain and whose combined perfeerms of WSDL port types and interact by exchanging WSDL
mance also meets the overall QoS requirements of each indiessages. BPEL also defines five types of structure activities,
vidual user. Furthermore, because these solutions assume tiaately, sequence, switch, pick, whilend flow. With these
interactions between service components conforms to welise orchestration activities, BPEL can define very complex
defined logic, they are mainly suitable for low-level serviceveb service composition logic.
composition where behavior of each component is well de-Recently, there has been work on how to manage QoS
fined. Consequently, they cannot be used for application-leygbvisioning for composed services [2], [3], [5], [6], [7].
service composition where service components are loos&y [2] and Xu [5] use an application-level virtual link or-
coupled. chestration model that organizes service components into a

Little work has been done so far to improvenatwork chain architecture; i.e., a service path. As shown in Fig. 1,
operator’s performance when deploying composite servicesomposite service logic is implemented by composing the
One of the QoS metrics network operators care about mosbisic service components between a service entrance portal
the total aggregate bandwidth utilization within its networkand service exit portal. Each service component hssreice
This metric greatly influences the efficiency with which devel agreemen{SLA) specifying availability and response
network operator manages its network and the number tofie. Each link between adjacent service components is also
services that can be deployed simultaneously with a given netharacterized by its availability and transmission delay. The
work capacity. Furthermore, according to the current trend fihal goal of the work is to compose a service path among
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all service components that can best avoid QoS violations or link is deterministic. Such an assumption is suitable for

mitigate such a violation should one occur. services, such as streaming, which have well-defined
3 functional units that can be deployed at each node along
Somposite | the service path. But it is too restrictive for loosely
Service Service Service coupled services such as web services.
Service Component  Component Component Service
m; ! 2 ° S;‘,tt';”t Ill. SERVICE COMPOSITIONMODEL AND SYSTEM
¢ U U U ) ARCHITECTURE

o _ , o ‘ In previous section we have discussed the major limitations
Fig. 1. Service path model of service composition. of existing service composition models. In this section we

Jin et al. [3] extend the single service path orchestrati@t first present a new model that is more suitable for web-
model by providing service composition functionalities téechnology based service composition. We then propose a
multiple users with distributed location and heterogeneosgstem architecture that enables a network operator to improve
service requirements. Hence, a one-to-many multicast tieenetwork efficiency when composing distributed services.
orchestration model is used. Compared with the scheme of
building multiple one-to-one unicast service paths between the Generic Service Composition Model
source and each destination node, the one-to-many multicaslr__
orchestration model can save both computing power at inter-
mediate service nodes and bandwidth of intermediate IinksT%
combining common segments of unicast service paths.
final goal of the work is to build an optimal multicast servic
tree that meets bandwidth requirements and minimizes
aggregate delay and/or the total number of hops.

Jin et al. [6] also proposed an distributed and hierarchi
service composition architecture. In this work, the servi
overlay network is first organized into a cluster architectu
and then the service path finding algorithm is applied hier

igure 2 shows the service composition graph that a network
erator uses to support the business of a travel agent. The
rvice Proxy/Gateway is the data entrance point of the 3rd-
party service provider and its end users. All the entities shown
Figure 2 are service components that the service agent
requires from the network operator. 3rd-party service provider
&jyes its own web site and core value-added services to end
ers and redirects traffic to these supporting servers upon
er request. For the travel reservation, users can go to Flight
leservation, Hotel Reservation, or Car Rental Reservation

chically in a divide-and-conquer fashion. The main focus irectly. Users can also go to a Deal Search Service to find

this work is to identify the uniqueness of hierarchical service' best available deal and then make reservations. After
routing compared with hierarchical network routing. making the reservation, the billing is handled by Payment

Mea et al. [7] extended the service orchestration model frolﬁé'ocess'wgg atndktr:e Shlgpwgﬁ Servut:e _talkesTca(e of the ma|If|'rgg
a single service chain to a generic directed acyclic graph. Th nrzcg'p S,t ICKELS, an O’d er hma ena S.t Ot'n(.:trﬁassﬁ pront,
sFlow, a distributed service routing algorithm, was developed® °rd-party Service provider has a contract wi opping

to choose appropriate servers that satisfy the service lo fles and attracts users to these shopping sites to purchase
requirement and optimize the QoS metrics. avel-related merchandize such as sports gear, books, and

souvenirs. To increase the user base, the 3rd-party service
provider utilizes a Unified AAA Service to provide a single

B. Limitations of Existing Solutions sign-on experience to end users. Some of the auxiliary services
To motivate our work, we now describe limitations ofuseful for travel arrangements are the Weather Channel and
existing solutions. Local News. If some of the news or events are in the form

]_) Existing work on QoS support in service Compositioﬁf audio or video, a Media Streaming service could be used.
aims to guarantee QoS metrics that each serumer The graph of web service composition just shown has two
will experience (e.g., bandwidth and delay). They do [ ormmrmmrrrrrrmmmmmmmommrmrrmmm ooy
not account for QoS metrics that reetwork operator
cares about (e.g., aggregate bandwidth). Total aggre- |
gate bandwidth usage within a network influences the !
efficiency with which a network operator manages its |
network and the number of services that can be deployed |
simultaneously with a given network capacity. ‘

2) To derive end-to-end QoS bounds, existing solutions
[2], [3], [S], [6], except [7], use simple orchestration |
models such as single chains (service path) and com- |
binations of chains (multicast tree). According to the ocessing
current trend of service composition exhibited by BPEL v
and similar efforts, the orchestration model to compose | |
service components will be much more complex than = -------moemeooeeees e
a chain architecture. A general graph, probably cyclfd9- 2 Service Composition Graph of a Travel Agent.
in many scenarios, is required to describe complarajor differences compared to the service composition model
service composition logic among service componentdescribed in the related work.

This cannot be handled by existing solutions. Firstly, the topology of the web service composition graph

3) Existing work assumes a closely coupled relation bé& too complicated for existing models to readily handle. In
tween adjacent service components in the sense thany cases the composition model has to be expressed as
the behavior at each service node and interconnectiagdirected cyclic graph. As exemplified in Fig. 2, the proxy

Service Proxy /




,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

server, news, and streaming form a circle. The Proxy server, smvm;@wwn.;_.wmm Servios Composton Engine ‘

flight reservation, Payment processing and Shipping blocks: -

form a service chain while flight reservation, rental reservation | i i \

and hotel reservation form a parallel architecture. oy Senice | | o[ - N
Secondly, the functionality and QoS metric can not be | Lol ] Gy Registy | | Corfiguration | | Menegemen

accurately defined for the service nodes and service links ini *

the graph. This is because each service component might b Endus;éipmy_
another service provider with very complicated service logic.

For reasons such as security, most of the service logic will;
not be exposed and the service can only be accessed throuc!
a well-defined API. Fulfilling a service request might requir€ig. 3. System Topology of Service Composition.
multiple back and forth messages between neighboring nodes.

Hence, the functionalities of each service component cannotégiilable services within the network. With this information,
easily depicted (in many cases requiring run-time user inp@d-party service provider can then choose the set of service
and the QoS of each service component and accordingly #mponents that will be supported by the network operator.
end-to-end QoS is hard to defined at setup time. Once this decision is made, the service provider will sign a
As a result, the links defined in this graph are no long&ervice Level Agreement (SLA) with the network operator to
the logic interaction between two nodes. Instead, it showgcide the QoS metrics including the total number of users and
there is noticeable traffic flowing from the source node t@tal bandwidth. With this information, the 3rd-party service
destination nodes. The traffic includes all the messages of ghevider is able to produce the service composition graph
conversation and also is the aggregate message traffic ofa@lli specify the traffic on each link connecting two service
users using the services. components. Such a service composition graph is then sent to
the Service Composition Engirfer the optimal deployment.
After the service graph is optimally deployed, each end user
accessing the composite services will be redirected to appli-
Figure 3 shows the basic system architecture of the serviggion servers within the operator's network. Because each
composition within an operator's network. It includes bot@omposite service is uniquely identified by a tag, application
an operator's network and its interacting peers outside &érvers are able to distinguish user requests from different
its trusted domain. A network operator deploys ®ervice composite services and route the request to the subsequent
Composition Enginevithin its trusted domain to manage theapplication server. In Fig. 3, solid lines denote signaling flows
service composition process. TBervice Composition Engineduring the service deployment phase and dashed lines denote
obtains currently available services both within and outsidgita flow when end users request services.
the networks from thé&ervice RegistryThe Service Registry
stores the information of service type, characteristics,.access IV. SERVICE MAPPING PROBLEM DEFINITION
information, and other related details and supports different
kinds of queries. For example, one Service Registry technol-After presenting the framework to provide QoS support for
ogy, UDDI [8], can find registry entries that satisfy searcRomplex service composition, we formally define the “service
criteria such as a particular business entity, a particular servié@pping” problem (SMP) that is studied in detail in the rest
type, access information, and semantic details contained in ffethe paper.
model. Network managemernonitors the bandwidth usage Let service graptGs = (V;, E;) be a directed graph with
of each link and computation capacity of eaapplication vertex setV,(|V;| = N,) and edge seE(|Es| = N.). Each
servers/routerswithin the network. With all the information, Nodews € V; is a service component that is required by the
the service composition enginealculates the optimal server3rd-party service provider. Every edgg(v;, v;) € Es has an
assignment and sends the results to Service Configuratioragsociated cost(es), which is the estimated traffic from a
configure the involved application servers. The configurati&®urce nodey; to a destination node;.
includes a service identifier to uniquely identify a composite Let Ps = (V},, E,) be a directed graph that describes the
service and the addresses of adjacent application servergi@gvork topology of a network operator. Node $gtconsists
forward data traffic of users using this composite service. Of a set of application serverg, and intermediate routers
The service used for composition can be provided by-- Each service component € Vi in the service graph is
internal application servers owned and operated by the netw&tkoported by a set of application serveig) in the network
operator or by external application servers owned and opera@#@ph.S(vs) is a non-empty subset df,. For every pair of
by 3rd parties outside of the trusted space but accessiBRplication servers ii;,, a distance functionj(v,,1,va,2), is
through well-defined interfaces. To interact with 3rd-partglefined, which is the hop distance of the physical path in the
application server, an application proxy is used by the ndietwork graphP; from source nodey ; to destination node
work operator to take care of the message transformatii,2-
asynchronous and synchronous transformation, AAA and otherThe aggregate bandwidth utilizatia®(G,, Ps, V) is de-
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coordination functionalities. fined according to the following formula:

3rd-party service providers offer services to end users. To
build the services, the 3rd-party service provider decides which Z c(es) - d(f (va), f(v5)) (1)
parts of the service logic will be implemented locally and es(vi,vj)EES

what should be supported by the network operators. Beforben the goal of an optimization algorithm for SMP is to
making such a decision, 3rd-party service providers migtefine the mapping functiofi : Vi — V, that uniquely assigns
send inquiries to th&ervice Registrio ask for information of each service component to an application servef(vs) €



S(vs) that support®s while minimizing C(Gs, Ps, V,,) within - problem so that standard linear programming and integer
the network operator’s netwotR, to deploy the whole service programming techniques can be used to find the optimal
graphGs. solution.

In Eqn. 1, for each service link; (v;, v,), the product of the  In order to formulate the problem, we compose an overlay
traffic c(es) on this link and the hop distane f(v;), f(v;)) network of application servet®/; = (V,,, E,,) from the given
between corresponding application servers in the netwaskrvice graphGs and network graptP;. The node set,, of
graphP; is calculated. This product captures the effect that the, consists of all the application servers that support a service
traffic from service component; to v; will use the resource component ofGs. SoV,, is equal toV,. A link e, € E,, is
of multiple links in the underlying network that interconnectefined from nodes;(v;) to s;(v;) if and only if there is a
two supporting application servefgv;) and f(v;). service linke, in graphG, from service component; to v;.

Figure 4 shows an example of SMP that maps a serviEer each linke,,, from nodes;(v;) to s, (v;) we define a weight
graph to the underlying physical network and minimizefinction c(e,,) = c(es(vs,vj)) - d(s;, s;); i-e., the bandwidth-
agnrenata handwidth utilizatinn distance product ot,,. An example of composing overlay

Sarvice Composition network M, is also shown in Figure 4. Here we assume that

servers,, is chosen to support service componentand zero
otherwise. We define for each,,(s;(vi),s;(v;)) € En, a

Grapi(—;'s" ______ &Fmey‘ﬁz\ each application server supports only one service component.
S 0K 15Kbps Later we will describe the process to decompose a server
ot \Semoevés Applcation servers support!ng multiple servic.e components into multiple servers
. 100Kbps =gy T overlay  Network supporting only one service component each. So techniques

. Ms described here are still feasible. _ _

.': swvs2) = SAVs2) The integer programming formulation of the SMP is then

;: = sy based on the composed_ overlay ne'_(WMg. We define fo_r

:: ﬂ each serves,,(v;), a variabley,, which is equal to one if

I

fi

1

\, SIVEY _ ‘,il’%(vs’s) variablez., which is equal to one if edge,, is included in
b [ 7 the mapping, and zero otherwise.
pysea % s f We further consider three additional constraints imposed by
_____ i]—ilss s the service mapping problem. For eaghonly one application
ol : ﬂl server is chosen from the seét(v;), of all servers supporting
v;. SO we introduce the constraint
Z Ys =1, Vv; € G. (2)
sm€S(vs)

Fig. 4. Example of service mapping problem
There are three different service componebts,, V; o, and Let E(i, j) be the set of all the links inV/, that point from

V.3 required from the 3rd-party service provider. The servicgervers supporting servieg to servers supporting servies.

graph formed byV; 1, V; 2, andV; 5 is a circle. The weights Because there is only one link chosen i, 7) that goes

of links amongV; 1, Vs 2, andV; 3 show the estimated traffic from a server chosen to suppart to another server chosen

flowing among them. There are six application servers in tite supportv;, we introduce the constraint

physical network supporting these service components. Server

51 andsy support servicd/, 1; s3 ands, Support servicé’, o; Z Pem = 1, Vvi,v; € Vs, 03 # vj. 3)
s5 andsg support servicd; ;. These servers are distributed at em €E(i,5)

different physical network locations and connected with ea¢turthermore, if an application servey, is chosen to support
other through intermediate routers. For example, the link froen service component;, all traffic incident to the service
s1 to s3 has the shortest path of length 3. Then the optimizatimomponenty; must enter or leave the same serggy. So,
problem is to choose an application server ameng, for all the links incident to the chosen server are included in the
Vs,1, @ server amongs, s4 for Vi o, and a servess, sg for mapping and none of the links of other servers supporting
V5.3 such that the aggregate bandwidth-distance product for e included. LetD(v;) be the sum of the in-degree and out-
chosen set of application servers is minimized. If servgrs degree of a service componentin G, and E(s,,) be the set
s3, andsg are chosen, then the aggregate bandwidth-distarmfeall links in M, that enter or leave,,. We introduce the

product for this set of servers is 475kbps. constraint
Observe that the optimal set of servers can be found _ N,
by considering all possible combination of servers, but this D Tew = D) Yoy Ysm € Vin, )

approach has exponential time complexity. Given a generic em EB(sm)

service graph with arbitrary topology and traffic requirement Combining these constraints, we obtain the following inte-
and a network graph having a number of servers for eaghr programming formulation of the SMP:

service component, it is NP-hard to compute the optimal set,..... ... . cle

of servers, as we will show, and therefore unlikely to be 2ermem AEm)Ten

computable in polynomial time. Of course, for specific classegubject to 2smes(o) Ysm = 1y Vi € G

of graphs, one may be able to obtain more efficient solutions. DeneB(ig) Tem =1, Vi #Vj, Vi,v; €V

A. Integer programming formulations 2emen(sn) Tem = D0i)Ys,s Vsm € Vi
To develop exact algorithm for the SMP defined in Eqn. 1, z.,, €{0,1},

we formally formulate it as an integer programming (IP) Ys,, € {0,1}. (5)



After SMP is formulated as a standard integer programming Proof: It is easy to see that DSME NP. Given a instance
problem, techniques such as branch and bound [9] can be usédlecision problem< G,,G,,c > that has totall = |V,]
to derive the optimal value. Branch and bound divides originaérvers, it take$)(¢2) to sum the bandwidth-distance product
feasible solution set into many smaller feasible solution saif all links among these servers and decide whether the sum
and then solves subproblems on these smaller sets. Duringithbounded bye.
calculation, it uses bounds on the optimal cost to avoid ex-We now show NP-hardness of DSMP by reducing 3-CNF-
ploring certain subproblems. A popular method to obtain suGAT to it. Given the instance of 3-CNg= C; A...AC}, with
a bound is to use the optimal cost of the linear programmirigclause, we convert it to an application overlay netwbfk of
relaxation. SMP as follows. The graph/, hask sets of 3 vertices. Call
Typically techniques such as branch and bound have betieese setsS(v;),...,S(vg). Each S(v;) contains 3 vertices
performance than brute force search. However, there geerresponding to the literals it clause) where all 3 vertices
O(V2) variablesz., and O(V,) variablesy,  in Eqn. 5. in S(v;) support the same service component Now, we
So in worst case, branch and bound has to Ca|Clﬂ)g(@2) place a directed from each vertex in e&fv;) to each vertex
subproblems and the time complexity is still exponential. in S(v;), i # j. The weight of the directed edge dsif two
In the following section, we will prove that the SMP isvertices of the edgelo notcorrespond to literals that are the
indeed NP-hard. Accordingly we will propose two approxinegation of each other andjisotherwise (e.g., the edge weight
mation algorithms and prove their approximation ratio. IS 8 on the edge between vertices corresponding:itoand
—x1). Further, we picky < 3.
Hence, the generated; has three characteristics. First, the
V. NP-HARDNESS OFSERVICE MAPPING PROBLEM service graphG, is a clique. Second, the bandwidth-delay

The time required to solve the SMP depends on the topogy_oduct of each Iink is eithatw or (. Third, there_are exactly
gies of service graplt; and the network graptP, and the 3 Servers supporting each service componer¥in
number of application servers for each service componentNOW, we claim that the original formula is satisfiable
For some special cases, SMP can be solved efficiently. Fbrthe resulting SMP has an aggregate bandwidth-distance
example, if there is only one application server for each serviBgoduct ofn(n — 1)a. First, suppose the original formula is
component, then no matter how many service compor@nts satisfiable. Then, there is a satisfying assignment to the literals
has, the total number of server combination is one and SM®, - - -, Zn- FOr each clause, there must be one literal whose
is solved in constant time. Another example is the simp}@lue is true W|th|n.that cIause._Plck one such true literal from
chain topology which can be handled in polynomial time b?aCh clause. Consider the vertiagéu;) corresponding to the
modifying Dijkstra’s shortest path algorithm [3]. rue I.Iteral in cIause_Ci belon_glng in se_tS(vi) in M, f(_)r

However, a brute-force algorithm requires super polynomi%l_S i < k. Now, this collection of vertices forms a clique
time in general. For example, for a service graph witiervice (SINCe there is an.edge between every vertex in one clau_se
components and a physical network that has 3 servers for 294 €very vertex in another clause). Moreover, because in
service, the total number of server combinatiorss which WO clauses both the literals evaluate to true, they cannot be
is exponential ink. negations of each other. Therefore, each links has a bandwidth-

In this section, we will prove the NP-hardness of SMP bffistance product of. We haven(n —1) edges (since we have
reducing the well-known NP-complete problem 3-CNF-SA (n—1)/2 pairs and there IS one edge In each direction). The
to it (3-CNF-SAT was proved NP-hard by Cook [10]). WeUm of these values ig(n — 1)«. This provides a proof for

then show, the problem is hard, even to approximate, withffie direction.

a constant factor. Now, let us assume that/, has a service assignment of

The 3-CNF-SAT has following definition. A Boolean for-Weight n(n — 1)a. In this case, consider the vertices in the
mula ¢ is in 3-conjunctive normal form, or 3-CNF, i — cligue. The literals corresponding to these vertices can be set

Ci A ... A Cy, where each’; is the disjunction of exactly [0 ue. This gives a satisfying assignment to each clause.
three literals. A literal in the formula is an occurrence of Yloreover, we have no contradictions since the clique weight is
variable or its negation. Assume that there arevariables n(n—1)a, but the weight bgtween any literal and its negation
total; call theser,, . .. , ,,. For example, the Boolean formulal” 2nother clause would be; therefore the edge is not in the
clique since its inclusion would yield a weight greater than
= (z1 Vo Vas)A(zsVag Vag) A(-zaV -z V-ay) (6) n(n—1)/asinces > a.

¢ = (@ Vo Vas) e Vo Ve Moo ° 4) ©) Therefore, the algorithm for converting the formula X6,
is in 3-CNF. The 3-CNF-SAT problem is to find out whetheconstitutes a reduction. Finally, it is not hard to see that
a given Boolean formulap is satisfiable; i.e., there is anthis reduction can be computed in polynomial time. This
assignment of the variables for which the formula evaluatesfllows since the graphM, has 3k vertices. So we can
true. initialize the adjacency matrix in at mo$&? steps. Filling

We focus on the decision version G,,G,,c¢ > of the itis straightforward and can be done with a single scan of the
SMP, which is described as follows: can we choose ofi@mula. Thus the whole reduction is polynomial tinie.
server (among all servers i) for each service component The reduction is depicted in Fig. 5 using Egn. 6 as an
in G, such that the sum of bandwidth-distance product example.
all links among these chosen serversGh is at mostc. Now, let us examine what this reduction yields with respect
The NP-hardness of the optimization version of SMP follow® approximation ratios. Suppose that there is a polynomial-
immediately from the NP-completeness version of the decisiime algorithm that always performs within an approximation
version. factor of b. We claim that the existence of such an algorithm

Theorem 1:The Decision Service Mapping Problemwould imply P = NP. The reasoning is simple — if we
(DSMP) is NP-Complete. construct the graph used in the above reduction witkis



Service Graph

v Chin. The aggregate bandwidth-distance proddgi,,,,, of
v U 3-CNF-SAT Reduction any approximation algorithm’s solution is no bigger than
! imati iy = Cappro o Cmaz - 4
sy V) s Crmaz- SO the approximation ratio = =22~ < o = Q.
1 b .

V3

A. Minimum-weight Heuristic Approximation Algorithm

Si(V1) «—»X1

X‘. The Minimum-weight approximation algorithm
svr) «—xz @ o @ce> (V3 (MW)discussed in this section and the longest chain
approximation algorithm discussed in the following section
SVi) 4> ; ; g..x«_.&w are both greedy. They differ from each other in the order they
. . . : organize and search service componenté:in
Fig. 5. Reduction of 3-CNF-SAT in Equation 6 The search order of MW is based on the observation
that many service graphs have a parallel fan-out architecture.
especially computed to be sufficiently larger thanthen the One example of such a fan-out architecture is the service
gap between the optimal solution and any suboptimal solutignaph of a travel agent shown in Figure 2. Part of this
would be large. Therefore, any algorithm performing within figure shows traffic of the travel agent’s users flows through
given approximation bound would necessarily pick the optiméervice proxy/gateway” to services of “flight reservation”,
solution. However, the optimal solution results in a satisfyinthotel reservation”, and “car rental” in parallel. And then
assignment for the formula on which the graph is based.the billing traffic from these services flow to a “payment

Specifically, if we set processing” service in parallel as well.
1 /. To take advantage of such an inherent fan-out architecture
8> 3 (b (n(n —a) — (n? —n — 2)@) , (7) in many complex service graphs, MW first runs breadth-first

o o ’ ~search (BFS) in a service graph and uses the resulting BFS
then this is sufficient. Here's why. The optimal algorithmyee to arrange all service components. The root of the BFS
would yields a solution of weight(n—1)a. Any “suboptimal”  tree is the service proxy/gateway with depth 0. The leaf nodes
solution must have at least one edge (in each direction). wij| have the largest depth. Because the purpose of BFS is
Therefore, a suboptimal solution has weight at Iéasb—1)— {0 arrange service nodes according to their distance from the
2)a + 28. And the approximation ratio of such a suboptimalgot, BFS uses hop distance as the metric.
solution is: (n(n—1) — 2a + 28 Then MW begins its greedy procedure from the leaf nodes

- . to the root node in decreasing order of nodes’ depth. For
each service component;, each of its supporting servers
Now, if the above quantity is greater than then the sup- Sm(vi) € S(v;) calculates a local weight function(s.y, (v;)).
posed approximation algorithm must pick the optimal solutioh® Server with the lowest weight(s,,(v;)) is chosen to
(otherwise it failed to meet its claimed approximation ratioUPPOrt service component. This procedure is repeated until
Setting3 according to eqn. 7 is sufficient. Therefore, we havdl!_Sérvice components have been assigned to a server.

n(n — 1)a

proved: The local weight functionw(s,,(v;)) is calculated as fol-
Theorem 2:For any constarii. there is no polynomial-time lows. At the beginning of the iteration, MW initializes the
algorithm for SMP with approximatioh unlessP — N P. weight functionw(s,,) of each server to zero. Then, for a

chosen service component the local weight of its supporting

server is calculated using the formula:
V1. APPROXIMATION ALGORITHMS 9

In this section, we introduce two polynomial time “heuris- w(sm(vi)) = Z ces) - d(sm(vi), f(v;)).  (8)
tic” approximation algorithms that provide a feasible, but sub-
optimal, solutions to SMP. We also prove a generic (non-
constant factor) upper boundl on the approximation ratio In Equation 8,adje(v;) = {v;lv; € Vs, es(vi,vj) € Es}
of any algorithm that yields a feasible solution. We furtheis the set of neighboring nodes of in G;. We let ¢(es)
prove that in the worse case the approximation ratio of bottenote the estimated traffic on the service link and let
approximation algorithms are equaldo Our simulations later d(s,,(v;), f(v;)) denote the hop distance of the route from
show that both algorithm perform very well in reality. Fomapplication serves,,(v;) to the application servef(v;) sup-
example, in our simulation, whety is 12, both algorithm porting service component;. If f(v;) has not been assigned
has approximation ratio less than 2 for the types of grapket, the shortest distance fros, (v;) to any server supporting
encountered in practice. v; is chosen ad(s,, (v;), f(v;)). The pseudocode of the MW

Given a service graply,, a network graphP;, and a set is shown in Fig. 6.
of application server¥, in P, we form the overlay network Fig. 7 shows an example of using the MW to solve SMP.
of application serveM;. Let N, be the number of links in There are 5 service components in the service graph. For
G, Chmaz be the sum of theV, highest bandwidth-distanceeach service component, there are two application servers
product of all links inM,, and C,,;, be the sum of theV. supporting it; namely, server and j for V;;, servere and

vj€adje(v;)

lowest bandwidth-distance product of all links ;. f for Vo, serverg and h for Vi3, serverc and d for Vg,
Lemma 1:Any feasible SMP algorithm has an approximaand server andb for V5. All links between two application
tion ratio of at mosty = maz servers have length 2, except frammto a and frome to e,

Proof: The optimal value(, of SMP is bounded from below which we assume have distance 1. Fig. 7 shows the results of
by C,.., because any feasible solution of SMP is no less th&FS search and local weight calculation of each application



Minimum-weight Algorithm( Input: Gs, Ps, Va)
{ Run BFS search in Gs : Service Graph Gs Overlay Network Ms
Order nodes of Gs in the decreasing order of depth ;
Set weight w of each server smto O ; m-1 0
foreach (vi in Gs){ b(Ve) mic(Ve)
foreach (sm in S(vi) ) m-1 0
calculate weight w(sm) ; d(V<) e(Ve)
assign sm with minimum weight to support vi ; mei <
!
Fig. 6. Pseudocode of Minimum-weight algorithm Fig. 8. The worst case of minimum weight algorithm
well in most of the scenarios.
B. The longest chain heuristic approximation algorithm

The previous section discussed the MW which targets
service graphs with parallel fan-out architecture. In this sec-
tion we present another greedy algorithm, the longest chain

Breadth-first approximation algorithm (LC), that is geared towards service
Search Tree graphs yvith more seque_ntial architecture. '_I'he se.rvice chain
graph discussed earlier is an example of this architecture.

To find the inherent sequential architecture in a complex
service graph, LC first runs depth-first-search (DFS) in the
service graph. Because DFS can produce several disconnected

Application DFS trees, LC manipulates these DFS trees one at a time.
Server 31=3 0 For each DFS tree, the longest service path is from the root
") V) to the leaf with the largest depth. Then, the second longest
C chain in this DFS tree is found whose source node is on the
32+2:2=10 32=6—» 0 first service chain and whose destination node is another leaf.
/ b(Vs) This procedure continues until all service nodes in this DFS
2:9=4 1314 2:2=5 tree are covered by some service chain. After service chains
il ‘ il have been found in all DFS trees, they are ordered from the
\ (V) longest to the shortest. Ties are broken randomly.
3»2+2:2=10 —> Longest-Chain Algorithm( Input: Gs, Ps, Va)
) B
un search in Gs |
2>2=4 D2+2>2=6 foreach ( DFS tree)
. o . . find all service chains in the tree;
Fig. 7. Example of minimum-weight algorithm Order service chains SCk in the decreasing order of length ;

server. The chosen application server is marked with thicker

box. We break ties randomly.

Set weight w of each server smto O ;
foreach (SCk) {
form overlay network Ms(SCk) ;
foreach ( sm in Ms(SCk) )
calculate weight w(sm) ;

Since the BFS search i&; takesO(V; + E;) time and
the calculation of local weights of serversf takes at most
O(|V,|?) time, the time complexity of MW is polynomial. The
approximation ratio of MW is given in the following theorem.
Theorem 3:MW has an approximation ratio af. }
Proof: Lemma 1 shows thaf is an upper bound for any }
approximation ratio. So, we only need to prove tlfatis Fig. 9.

reachable for MW . o _ Then, beginning with the longest service chain, LC decides

~ Consider the instance shown in Fig.8. The service gGiph the mapping of service components on each service chain.

is a chain. There is one servex) (for v,;, two serversi{and For each service chai§Cy, LC first composes the overlay

¢) for vs,, two serversd ande) for vgs, and one serverf) for - network M, (SCy) of application servers usingC; as the

vs4. The composed overlay network; has the link weights service graph. Then each servey, uses Eqn.9 described

shown in the figure. It is easy to see that the optimal server @gsiow to calculate the local weight(s,, ). LC then runs the

signment is{a, ¢, e, f}, which has bandwidth-distance produckhortest path algorithm i/, (SC;,) from application servers

m. MW chooses{a, b,d, f}, which has bandwidth-distancesypporting root service component to application servers

product3(m — 1). The approximation ratio for this scenariosypporting the leaf service component. The path with the

is a = 21 and the upper bound i = 2"~V Asm  |owest weight is chosen and servers on this path are selected

goes toco, o approachesy. [ to support corresponding service components. Finally, LC
Notice that Theorem 3 provides a worst-case approximatidecides whether all service chains have been calculated; if

ratio. Our simulation results later show that MW performs verso, it terminates. The pseudocode of LC is shown in Fig. 9.

foreach (pair of root server and leaf server )
calculate the shortest path;

choose the path Pi with lowest weight ;

assign all sm(vi) on path Pi to support vi;

Pseudocode of the longest chain algorithm



The local weight calculation in LC is almost the same Consider the instance shown in Fig.11. Running DF&in
as the calculation in MW. The only difference is that th@roduces two chainsy;; — Vo — Vg andVy, — Vy —
bandwidth-distance product of the service link from a server i4s. There is one server) for v, two servers{ andc) for
its immediate child in the service chaliC}, is excluded from v, two serversq ande) for v,3, one server [) for v,4, and
the weight calculation. This is because the bandwidth-distanmee server ) for v,5. The composed overlay networkl,
product of this link has already been included in the calculatidras the link weights shown in the figure. It is easy to check
of the shortest path. Hence, the local weight calculation of LfBat optimal server assignment {s,c,e, f,g}, which has

is: bandwidth-distance productm. LC chooses{a,b,d, f, g},
which has bandwidth-distance produst — 2. The approx-
wism(vi)) = > cles) - d(sm(vi), f(v;)) (9 imation ratio for this scenario is — fm=2 and the upper
vj€adjesc(vi) bound isé = 4§ﬁ2. As m goes tooo, o approaches. [

and adjes.(vi) = {vj|lv; € Vs, es(vi,v;) € Es, es(vi,v;) ¢
SCy}. ] ] ) Service Graph Gs

The weight of a path of service chalC}, is calculated as
follows:

Yo eles) - d(f i), flo))+ Y w(f(v).

es(v;,v;)ESCh v, €SCl
(10)

Fig. 10 shows an example of using LC to solve SMIR,
P,, andV, are the same as those in Fig.7. The DFS produces
one DFS tree. In this tree, the longest chaiijs — Vi —
Vss of length 3. The second chain 18; — Vi3 — V. Fig. 11. The worst case of the longest chain algorithm
Since the root of the second chain is already included in the
first chain, the length of the second chain is 2. The weigt | ocal search algorithms
calculation of each application server is shown in the example.
Also shown is the calculation of shortest path according t .
Eqgn. 10. After application servers on the fFi)rst service cg hms that. further improve the performancg—: of M.W and LC.
are chosen, the application servers on the second service ¢ fi main idea of these local search algorithms is to start at

; N assignmenif(G) produced by MW and LC, and then
g;g gzgzteendlcwiueas:orﬂg t\;\gy’ The chosen application Ser\}ev%luate the aggregate bandwidth-distance pro@ucr some

other assignment’(G;), which is a “neighbor” off(G,). If
Service Graph 5 3 a neighborf’(G;) with lower C is found, selectf’(Gs) and
repeat the same process. If no such neighbor is found, the
process stops: Bcal optimumhas been found.
There is a generic tradeoff in such local search algorithms.
When we consider larger neighborhoods, there are few local
minima and a better solution is likely to be found when the

Overlay Network Ms

In this section, we will present several local search algo-

Depth-first Vs algorithm terminates. On the other hand, the algorithm is
Search Tree slower since more feasible solutions have to be compared.
The three local search algorithms presented here follow the

same logic and only differ in the way they define “neigh-

Overlay Network Ms borhood”. 10PT local search considers assignmerftss,)

j(va) | 2276, |Oe(V52] 31=3 |a(2\,§)| and f'(G,) neighbors if we can obtain one from the other by
0 6 0 0 changing the assignment of one service component. Similarly,
b(Vs)] 20PT and 30PT local search considerg(G;) and f'(Gy)
neighbors if we can obtain one from the other by concurrently
6 changing the assignment of two or three service components
respectively.

VIlI. PERFORMANCEEVALUATION

We evaluate the performance of MW and LC in this section.
Fig. 10. Example of the "longest service chain” approximation problem \We also present the results of how three local search algo-
rithms can improve the performance of MW and LC. Service
. I . X raphs with different characteristics are used to determine
in_polynomial time.The computation of LC is much mor hich approximation algorithm is more suitable for a given

complex than MW. However, its time complexity is greateréraph. The results are further compared with the optimal so-

than that of MW. In the following, we prove the approximatiory .. : L : .
ratio of LC, however, is the same as MW in the worst case.uuon to determine the approximation ratio of two algorithms.

Theorem 4:LC has approximation ratié. ) .
Proof: Lemma 1 has shown that is the upper bound for A- Simulation Setup
any approximation ratio. So, we only need to prove thas The simulations are conducted using the physical topology
reachable for LC. graph produced by the Georgia Tech Internet Topology Models

LC runs in polynomial time since each step of LC finishe



Aggregated BW of Minimum Weight

has more sequential characteristics while Fig. 12.b has m

parallel fan-out characteristics. As shown later in the resu M 1025 | 4= yin Diff
X . . 20 - 4 0. Rati
section, the topology of service graphs has great impact e e atio

(GT-ITM) [11]. The simulation results presented here use 160 f 70.9 e optinal

random physical grapl?, that has 100 nodes and 354 links 140 \ /@/@ 108 . Average

The largest hop distance between two serversPjnis 7. =z 120 e, ] 2; 2 | e average

Two service graphs(+,; and G2, shown in Fig. 12 are g Y~ . O:5§

considered. Both service graphs are complicated. Fig. 1. & 8 J0.48 |-+ Average
:g 60 ﬂ% 103 g Diff Ratio

the performance of both approximation algorithms. 0 L 2 s 4 5 6 7 8 o 0 —&- llax Diff
No. of Servers per Service Ratio
@
Aggregated BW of Longest Chain
160 7 0.5 —e—Optimal
140 '\\. /E/X] 4 0.45 Average
= 120 : g:gsé —=1C
5 100 ¢ 0.3 = Average
‘é 80 | 1 0.25 g —4—Min Diff
% 60 ¥ 202 3 Ratio
= 40 815 b —&- Average
20 W 1 oo Dff
Fig. 12. Service Grapli’s; and G2 0 : : : : : : ‘ 0 %ag?giff
3 . . 1 2 3 4 5 6 7 8 9 Ratio
For each service component g, there is at least one No. of Servrs per Service
application servers inP, supporting it. The simulation is ()
carried on as follows. At each round,application servers Fig. 13. Aggregate BW of MW and LC
are chosen randomly iR; to support each service componen* Conparison of Wi and LC
in Gs. Then, MW and LC are used respectively to assic o, o
each service component to one application server. To mz ——optimal
comparison, the optimal assignment is also calculated us wor \ @\@/E/E 10 Average
the exact algorithms described in section IV. For eacB0 _ 2 N 0-3 g |~ W Average
rounds are repeated and the average is calculated. This pro ; 100 W 0.5& | average
is repeated for eaclh between 1 and 9. Three local searc & so =02 8
algorithms,10PT, 20PT and30PT, are then used to improve & I \\q 0.5 & | MW Average
the results of MW and LC. S ya e L s Diff Ratio
W . —&-LC Average
20 0.05 Diff Ratio
B. Simulation Results 0 / ‘ 0
The first set of results, Fig. 13, shows the simulatio o2 8 4 5 6 7.8 9

It f . m in Fi 12 Wh h No. of Servers per Service
results or service grapiars; In FIg. .a. en eac ser-FiIg. 14. Comparison between MW and LC f6t,

vice component has only one supporting application server;
both MW and LC calculate the same result as the optimal
algorithm. As the number of supporting application serve® This is much better than the worse case upper boand,
for each service component increases, the difference betw#énch is approximately 12.
both approximation algorithms and the optimal algorithm also The third set of results shows the performance of local
increases. When the number of server per service is 9, Mswarch algorithms. In Fig. 16, algorithni©OPT, 20PTand
performs 35% on average (80% maximum and 5% minimurdPPT start from the result of MW. Service grapfi; is
worse than optimal algorithm and the LC performs 15% owsed. In Fig. 17, local search algorithms start start from
average (47% maximum and 0% minimum) worse than tfiee result of LC. Service grapli,, is used. Both figures
optimal algorithm. More clearly shown in Fig.14, LC performshow that1OPT does not improve the performance much.
better than the MW for service gragh,;. 10PT has similar performance to MW in Fig. 16 and to
The second set of results shows the performance of th& in Fig. 17. On the other hand, bot2OPT and 30PT
algorithms for service graply,». Fig. 15 presents the maincan improve the performance grea®OPT performs a little
simulation results of two algorithms. As the number of servepit worse than3OPT due to the smaller neighborhood size.
per service increases, two algorithms’ performance deterior@@PTs performance closely follows the optimal value and
also compared with optimal value. When the number of servdhe difference slightly increases as the number of servers per
per service is 9, MW behaves 22% on average worse th3grvice component increases. When the number of servers per
optimal value and LC behaves 25% worse than the optinggrvice component is BOPT behaves 4.75% worse than
value. Comparing the results of Fig.14 and Fig. 15, we c;gptimal value in Fig. 16 and 8.2% worse than optimal value
observe that the topology of the service graph has big impagtFig. 17.
on the performance the algorithms. Both algorithms perform
better for G, than Gy,. Furthermore, MW performs worse VIIl. DISCUSSIONS OFSMP
than LC in G, but better inGg. This shows that both  After discussing our main algorithms of the SMP, we briefly
algorithms are suitable for different service graphs. In allescribe some techniques here that extend these algorithms to
cases, the approximate ratio of both algorithms is better thatiher areas.
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Aggregated BW vs. No. of Servers per Service

« Server load and network load balancinBesides mini-

200 7 0.35
103 mizing the aggregate bandwidth utilization, our algorithm
& 150 1 0.25 5 |~ Optimal Average can also accommodate other QoS goals such as balancing
E ool 102 & o eraae the server load and network load. To achieve this, some
e Toasy | ol weight functions are defined to reflect current server load
8 ol 101 2 | | piff Ratio or network traffic load. Then such weight will be included
7 0.05 into the local weight calculation in Egn. 8 or Eqn. 9 to
0 0 select appropriate servers or links.
1 2 3 4 5 6 7 8 9
_ No. of Servers per Service IX. CONCLUSIONS AND FUTURE WORKS
Fi. 15 Comnarison between MW and | C for-» In this paper, we develop a service composition architec-
Average Bil of all algorithns ture that optimizes the aggregate bandwidth utilization when
170 deploying a general service composition graph required by a
150 3rd-party service provider. We formalize the service mapping
- ——oOptinal problem (SMP) as an integer programming problem and prove
g 130 ¢ = it to be NP-hard even to approximate within a constant factor.
5 110 L Next, two polynomial-time heuristic approximation algorithms
- M il are developed and their approximation ratios are proved.
o e 30pT Several local search algorithms are then developed to improve
70 the performance of two approximation algorithms. Finally, our
50 simulations demonstrate the effectiveness of our solution.
1 2 3 a4 5 & 7 8 9 The research on supporting QoS for service composition
No. of Servers per Service has just begun. Some of our future work in this area in-
Fig. 16. Performance of local search algorithms @y clude: a.develop technologies that can estimate traffic on

each service link and automatically produce service compo-
d sition map; b.study the server deployment problem of how

so far assumes that each server only support one seer(?e.deDloy servers into a network given a large number of

This is mainly for the convenience of discussion and ngf'ViC€ composition graphs; amd investigate the issues of
a limitation. Note that a server supporting multiple Ser(;omblnmg network oriented QoS optimization and end-to-end

vice components can be easily transformed into multipH&iSer oriented QoS optimization solutions.
servers supporting only one service component each. For

« Multiple services per serveXetwork graphP; discusse

each newly added server node, links of length 0 are added
to connect it to other new servers and links of length 1)
are added to connect it to all neighbor nodes of original?!
server. Then, servers in the resulting network grdtih

only support one service.

« Bandwidth limitation When forming the overlay network
of application serverM, , our algorithms select the
shortest distance path as the virtual link connecting two
servers. It is assumed that the available bandwidth of3!
this path is bigger than the estimated traffic on thqe]
corresponding service link itv;. If this is not the case,

a pre-processing procedure is required before formin
M;. In the process, physical links that do not meet th
bandwidth requirement are removed before the shortest
distance algorithm is used to find the shortest path amorl
two servers. Such path is referred to as a shortest-wid
path [12].

(3]

(20]
(11]

Comparison of all algorithms

(12]

= —+—Optimal

2 ——

£ ——LC

i',’ —&—10PT

§ &~ 20PT
—*—30PT

No. of Servers per Service

Fig. 17. Performance of local search algorithms &y,
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