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Abstract. A Service Level Agreement (SLA) is the electronic equivalent
of a real-life contract, which describes expectations from a service and
governs its consumption. Ideally, a SLA provides certainty as regards
customer experience and Quality of Service (QoS) received. For self-
contained, isolated services this type of certainty is relatively straight-
forward to achieve. However, for services that are composed by others,
or that rely on others to execute, such functional dependencies imply
similar non-functional ones. Therefore, SLAs offered by a service to its
customers are in turn depending on other SLAs, which the same service
establishes in its role as a customer of the services it relies upon. In this
paper we explore this dependency between different SLAs, and formal-
ize the problem of converting an agreement for a composed service into
individual agreements for the services from which it is composed.

1 Introduction

Service composition and re-use is the cornerstone of Service-Oriented Comput-
ing. Through service composition, it becomes possible to take advantage of the
expertise that each provider offers through its products. At the same time, the
provisioning, execution and access of a service may presume the existence of
infrastructural services, which are used explicitly or implicitly. In both cases,
there are dependencies between the composite (or higher-level) services, and the
composed (or infrastructural) services. In the text that follows, we will refer to
the former as dependents, and the latter as antecedents. Such dependencies may
directly affect the operation of a dependent if non-functional expectations of
its antecedents are not met. For instance, a company’s web server will not be
accessible to the outside world if the company’s network fails. If, however, such
a company is connecting to the internet through two different links and one of
them fails, then the web server will still be accessible to the rest of the world
through the second connection. Clearly, finding the dependencies and document-
ing them in detail is not always straight-forward, especially in complex systems
with a multitude of inter-dependent services.

Nevertheless, when a provider needs to augment its services with guarantees
towards its clients, this automatically means that guarantees must also be pro-
vided by the respective antecedents. The exact way that such guarantees are
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related is use-case specific and cannot be universally defined for an application
domain, as is also evident from the example of the previous paragraph. However,
a formalization of the problem is much needed as a first step for translating the
guarantees that a dependent service offers to guarantees that it requires from its
antecedents. This paper provides a means to address this open scientific problem,
using Service Level Agreements (SLAs) as an instrument. SLAs are electronic
contracts, that specify what a customer should expect from a service he/she
consumes. These expectations may concern both functional and non-functional
service properties, which are grouped in a single reference document (the SLA)
as it results from negotiation between the parties involved.

The scientific contribution of the present work is a generic definition of the
SLA translation problem, and an abstract description of how it needs to be ad-
dressed during negotiation time.

The paper is organized as follows: Section 2 provides information on prior
related work. Section 3 discusses the topic of service dependencies, followed by
Section 4 that elaborates on the dependencies of service properties and therefore
SLAs. Next, Section 5 discusses SLA translation. Finally, Section 6 concludes
the paper with a summary and outlook on future work.

2 Related Work

Although not directly related to SLAs, there is prior art that concerns relation-
ships between different services and/or resources. In [1], the authors describe a
Functional and a Structural dependency model, on which they base their work.
They provide a specific classification of dependencies, into a number of dimen-
sions such as locality, time, type, dependency strength and criticality, etc. Then,
building on the two models, they discuss a method for dependency analysis.
In [2] the same authors append the two models with an Operational one, and
further refine a proposed architecture for managing dependencies. The main dif-
ferences with our work is that they constrain theirs in the ICT domain where
they also provide an architecture to tackle the dependency discovery problem.
Additionally, they do not consider SLA management.

In [3] the author discusses the problem in a generic manner, much like our
paper. However, the work is tied to software services; more specifically, it pro-
poses a scheme where services declare their dependencies on other services based
on access patterns (how often are services accessed, in what sequence, etc) with
dynamic service selection in mind. Additionally, it looks specifically at functional
dependencies. Contrary to that, dependency management in the context of SLAs
requires a generic view that handles non-functional dependencies as well.

[4] is looking at the same problem as regards network services. The authors
describe a model called Inference Graph that represents the dependencies. Based
on that, they present an algorithm for inferring probabilistically the malfunc-
tioning components of the network, given real-world observations. The main dif-
ference with our work is that the Inference Graph describes dependencies based
on service states, and probabilities that the state of one depends on the state
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of another; additionally, the referenced work is explicitly addressing network
services.

In [5] the authors introduce an agent-based automated SLA negotiation archi-
tecture and discuss efficient search-based algorithms to determine an acceptable
Service Level Agreement in a multi-agent environment. The main difference to
our work is that we assume a complex and layered multi-tier services landscape
that requires additional analysis steps and related data-structures for SLA nego-
tiation. In addition, we consider SLA translation as an essential part of the SLA
negotiation process. Although some of the search-based algorithms analyzed in
[5] would be able to cope with multiple objectives that negotiation agents may
have, it is not the primary concern of the authors’ work.

In a purely IT context, there have been efforts to address similar problems for
modeling, analyzing and converting metrics and properties (e.g. response time
and throughput) into concrete system configuration descriptors (e.g. number
of servers or system policies). Performance engineering, capacity planning and
configuration management are IT areas concerned with this specific problem.
Layered queuing network (LQN) models [6,7] are, for example, an important
modeling and analysis concept in performance engineering. LQNs are used to
model layered client-server architectures, where a server can become a client to
other servers and servers are mapped onto resources, such as CPUs or storage.
Analytic solvers or simulations are used to estimate resource utilization. Other
approaches are probabilistic models, reinforcement learning [8] and Bayesian net-
works classifiers [9] to map system properties and metrics to system configura-
tions. The main difference to our work is that we address a formal specification
of SLA metric-to-metric translation problem in service oriented architectures,
and we do not target capacity planning or performance engineering specifically
for IT systems.

3 Service Dependencies

As already mentioned in Section 1, service dependencies may be explicit, or
implicit. Explicit dependencies play a central role in Service-Oriented Comput-
ing. The assumption here is that a service’s logic (the functionality it delivers)
depends on some other service by means of composition. If we assume that a
service implements an algorithm, and that an algorithm is represented by a se-
ries of atomic operations (instructions) as shown in Figure 1, then one or more
of those instructions are carried out by the services on which this former service
depends on. A typical example are business processes, usually modeled as work-
flows, that bind to external services and invoke them during execution. Complete
outsourcing of one’s work is also an example; in this case, a service provider who
cannot satisfy the demand of its customers, acts as a customer to another ser-
vice provider and delegates some of its work to this latter provider. A service
modeled as part of a composition may or may not be actually used, depending
on the composition’s logic. It is use-case-specific details which define if a service
is invoked or not. Still, dependencies exist in the form of candidate invocations.
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Figure 2 illustrates a composed service (“Composition”) that relies on four dif-
ferent services (“A”, “B”, “C” and “D”). The instructions that correspond to
the composite service are representing the glue code for the composition, which
performs invocations, data staging and similar tasks.

a1 a2 a3 a4 a5 a6 ... aN

Time

Fig. 1. A series of abstract instructions implementing an algorithm

Implicit dependencies are, typically, dependencies related to infrastructure
services (without which a higher-layer service cannot operate at all), and services
used for reasons of redundancy. For instance, any web server presumes that a
working DNS system is available so that clients can access it. Any software relies
on some (physical or virtual) hardware on which it can execute. When it comes to
redundancy, the standby services set up for this reason are normally not used,
but their existence affects the service that depends on them, in the case of a
failure. Figure 2 illustrates the concept, with two infrastructure services used
from the higher-level software services.

Time

Composition

Service A

Service B

Service C

Service D

Infrastructure 1

Infrastructure 2

Fig. 2. Example service dependencies: Compositions and infrastructure

Although we can perform this rough classification of explicit and implicit de-
pendencies, it is not possible to refine it further and try to identify in greater
granularity the relations between dependent services. Rather, the notion of de-
pendency itself is enough to construct a dependency graph [10,11] as a first step.
This dependency graph can then be elaborated in the context of SLAs, as we
will see in the upcoming sections, and function as a basis for the translation
process. Figure 3 illustrates an example service dependency graph, where each
vertex represents a dependency (direction is from dependent to antecedent).
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S4 S5 S6

S7

Fig. 3. Example service dependency graph

4 Service Properties Dependencies

We define a SLA as a set of guarantees over the consumption of a service.
Often, these guarantees may be some facts universal to the SLA, or may refer
to properties of the service that the SLA concerns. For instance, if we assume
a software service, its availability is one of its properties. A threshold for this
availability in the form of a guarantee towards customers, may constitute part
of a SLA.

Dependency of a service upon others, naturally means that its properties
are depending on properties of these other services. Assuming the availability
example for a depending service, it will be affected by the availability of its
antecedents. However, there might be a case where a dependent service’s prop-
erty may be related to a completely different property of its antecedents. For
instance, the cost of a service is typically affected by the quality of the services
that it uses for completing its tasks. Additionally, it is certainly possible to have
a SLA which does not refer to all properties of a service, and therefore we only
need to take into account a limited number of dependencies: only those which
affect the properties mentioned in the SLA.

It is becoming clear that there cannot be a universal classification of service
properties, and their dependencies. Certainly, facts that set the context of a
SLA cannot apply to all SLAs either, but we should rather assume distinct
facts for distinct SLAs. We can only define the problem generically based on the
abstraction of conditions that need to hold true, when aggregated according to
the SLA structure. Use-case-specific knowledge needs to be applied by domain
experts to instantiate these conditions, and associate them in the context of
different, dependent services.

Starting from the service dependency graph, we can make a next step towards
a service Properties Dependency Graph (PDG). Let us assume a service Si, with
properties PSi = (pSi

1 , pSi
2 , ..., pSi

m ), and a service Sj , with properties PSj =
(pSj

1 , p
Sj

2 , ..., p
Sj
n ). If Si depends on Sj , then we can formulate a dependency of

Si’s r-th property as a function fr of properties of Sj :
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p1 p2 p3

q1 q2 q3 r1 r2q4

Sp

Sq Sr

f f g
gh

h

Fig. 4. Example service Properties Dependency Graph

pSi
r = fr(p

Sj

1 , p
Sj

2 , ..., pSj
q ) (1)

where 1 ≥ r ≥ m, and 1 ≥ q ≥ n.
This definition can be extended for a service S that depends on more than one

services. Let us assume that S has properties pS
1 , pS

2 , ..., pS
N . Let us also call the

antecedents S1, S2, ..., Sm, with property sets PSi = (pSi
1 , pSi

2 , ..., pSi

Ni
), 1 ≤ i ≤

m. Then, each property pS
r of service S can be generically expressed as follows:

pS
r = fr(pS1

1 , ..., pS1
N1

, pS2
1 , ..., pS2

N2
, ..., pSm

1 , ..., pSm

Nm
) (2)

Figure 4 illustrates such an example. Here, service Sp depends on services Sq
and Sr. Domain experts can then create rules about the dependencies of Sp’s
properties p1-p3 on those of Sq (q1-q4 ) and Sr (r1-r2 ), based on modeling
techniques, simulation, or real-world observation. These rules are represented
by functions f , g and h that implement a mapping of each property on the
properties it depends.

5 SLA Translation

Operating under the abstractions from Sections 3 and 4, we can discuss about
the concept of SLA translation. In essence, SLA translation is the process of
analyzing a SLA in relation to the PDG, applying heuristics and pre-existing
knowledge, and coming up with one or more subsequent SLAs for antecedents.
These subsequent SLAs provide reasonable (but not complete) certainty that
the top-level SLA will not be violated, unless some of them are violated too.
We assume all SLAs to be negotiated using some well-specified language and
protocol, such as WS-Agreement [12] – probably with an extension that supports
counter-offers.

Starting from Equation 2, one can first define a complete set of such equations,
one for each property that the customer of the dependent service requires in the
negotiated SLA. Properties that the customer does not require guarantees for,
can be excluded. Then, this system must be solved, taking into account existing
constraints. For that, we presume that services expose SLA templates, which are
used exactly to guide the negotiation process with initial values, and indicate
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the constraints of negotiable parameters. For instance, a provider may be unable
(or unwilling, for business reasons) to accept a SLA request about a service
with the “availability” property set to 100%, although availability level is up
for negotiation. In this case, the provider would publish a template, where the
upper limit would be clearly stated, e.g. 99.5%. The limits as regards what can
be negotiated help customers to reduce the search space for their offers. This
search space may otherwise be so large that the problem becomes practically
infeasible from a computational point of view.

Optimization of subsequent SLAs is one more requirement for the translation
process. As a matter of fact, optimization is part of translation, as it affects the
final output. The system mentioned above will typically accept plenty of different
solutions, and it is up to optimization to select the best of all those candidates.
As we deal with many properties simultaneously, this becomes a multi-criteria
optimization problem [13,14].

Using the example from Figure 4, we have the following relations:

p1 = f(q1, q3)
p2 = g(q3, r1)

p3 = h(q4, r2))

If an incoming SLA for service Sp refers to all three properties, a SLA negoti-
ation mechanism which includes translation functions should first find out the
dependencies of these three properties based on the PDG. We assume, as also
mentioned earlier, that these dependencies are known as domain-specific exper-
tise encoded into our system. For instance, if the property is “availability”, it
will typically depend on the availability of all antecedents; this is fairly straight-
forward to assume. However, if we examine cost, it is not necessary that the cost
of invoking service Sp is related specifically to cost properties of services Sq and
Sr. On the contrary, it may be the case that there are no cost properties for
these two services, but rather that their providers only apply flat-rate pricing.
In this case, the cost of Sp may rely on properties such as Quality of Service
characteristics of Sq and Sr.

The next action should be to find acceptable value spaces for all of (q1, q3, q4,
r1, r2). By “acceptable”, we refer to values which remain within constraints set
inside the templates of the two lower-level services, and on the same time satisfy
the requested values in the offer for the higher-level SLA.

The last step during the translation process, would be to come up with an
optimal solution to the problem, according to a multi-criteria optimization al-
gorithm, which perhaps takes into account business objectives such as profit
maximization. It may well be the case that there exists no single optimal solu-
tion. In this case, one of the solutions on the Pareto front should be chosen. The
Pareto front is a set of all those solutions that are considered to be optimal in
multi-criteria optimization. More formally, they are solutions where none of the
included criteria can be improved (accept a better value), without some other
criteria in the same solution receiving a worse value.
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SLA Translation

Incoming SLA
offer

Extract properties 
and target values

Search PDG for 
properties in SLA

Find antecedent 
properties

Limit search 
space according 
to antecedents' 

templates

Search and 
select optimal 

value

Negotiate with 
antecedents

Success?

Accept
incoming SLA

offer

No

Yes

Timeout?

No

Yes

Reject
incoming SLA

offer

Counter-offer
preferrable?

Construct
counter-offer

Yes

No

Reply with 
counter-offer

Fig. 5. Generic flowchart for translation/negotiation of SLAs

Figure 5 shows how this translation process can be implemented according
to the previous discussion. We are assuming that counter-offers are possible, as
part of the negotiation protocol being used. The reason that we are interleaving
translation and negotiation in this flowchart, is exactly that they take place in
parallel and depend on each other. Negotiation feeds translation with confirma-
tions whether the translation’s results are acceptable; and translation provides
negotiation with input according to existing domain-specific knowledge, and any
further intelligence implemented within the system. It should be clarified, at this
point, that we are separating between the negotiation process and all kinds of de-
cision making; that is to say, we assume negotiation concerns only the exchange
of messages in such a way that implements correctly a specific protocol, while all
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planning functionality lives elsewhere and is, in this case, part of the translation
process. Regarding planning itself, we anticipate that coping with multiple ser-
vice level attributes and n-dimensional Pareto fronts might become difficult. We
assume that –in order to be able to implement an efficient and automated SLA
translation and negotiation framework– use-case dependent heuristic functions
will be required to narrow the search space down to a feasible size.

One last thing to mention here, is that in this case we are tackling the problem
of producing lower-level SLAs starting from a higher-level one, in a top-down
approach. A different scenario is that of a bottom-up approach, where the lower-
level SLAs are already established and used to decide whether an incoming
higher-level offer can be satisfied. Although this is a valid and realistic scenario
in the business world, in this paper we have set to define the process for a
completely dynamic setup of SLA hierarchies, which may help to avoid under-
and over-provisioning. Nevertheless, the essentials of our previous discussion on
producing and using PDGs for SLA translation can be applied just as well on
such a bottom-up process, as they are modeling service relationships without
being tied to a specific usage scenario.

6 Conclusions

In this paper we discussed the topic of service dependencies, and how they reflect
onto dependencies of respective SLAs. More specifically, we described service
dependencies in terms of Dependency Graphs, and extended this data structure
into Properties Dependency Graphs. Based on the latter, we defined what SLA
translation means, and illustrated its relation to SLA negotiation.

The process of translating SLAs for dependent services into SLAs for an-
tecedents requires domain-specific and use-case specific expertise, for producing
the conversion rules and for fine-tuning them. In some occasions, historical data
may provide insight, while in others this will be a modeling task.

As part of our continuing work within the SLA@SOI EU project, we are
researching structures and algorithms that can express these concepts and ease
the computational task of producing optimal SLA offers towards antecedents,
during negotiation. An architecture that takes into account these requirements
has already been produced, and is being currently implemented.
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