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Abstract. In cloud computing, an automated SLA is an electronic con-
tract used to record the rights and obligations of service providers and
customers for their services. SLA negotiation can be a time-consuming
process, mainly due to the unpredictable rounds of negotiation and the
complicated possible dependencies among SLAs. The operation of ne-
gotiating SLAs can be facilitated when SLAs are translated into Re-
duced Ordered Binary Decision Diagrams (ROBDDs). Nevertheless, an
ROBDD may not be optimally structured upon production. In this pa-
per, we show how to reduce the number of 1-paths and nodes of ROBDDs
that model SLAs, using ROBDD optimization algorithms. In addition,
we demonstrate the reduction of 1-paths via the application of Term
Rewriting Systems with mutually exclusive features. Using the latter,
ROBDDs can be generated accurately without redundant 1-paths. We
apply the principles onto the negotiation of IaaS SLAs via simulation,
and show that negotiation is accelerated by assessing fewer SLA propos-
als (1-paths), while memory consumption is also reduced.

Keywords: Cloud computing, IaaS, SLA negotiation, Term rewriting,
ROBDD structural optimization.

1 Introduction

Recent years have witnessed wide adoption of utility computing for service pro-
visioning, in favor of more adaptive, flexible and simple access to computing
resources. Utility computing has enabled a pay-as-you-go consumption model
for computing similar to traditional utilities such as water, gas or electricity [1].
As a realization of utility computing [2], cloud computing provides computing
utilities that can be leased and released by the customers through the Internet
in an on-demand fashion. More recently, from the perspective of service type,
three service delivery models are commonly used, namely, Software-as-a-Service
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(SaaS), Platform-as-a-Service (PaaS) and Infrastructure-as-a-Service (IaaS) [5].
Automated negotiation may be used to accommodate a customer’s heteroge-
neous requirements against a service provider’s capabilities and acceptable usage
terms. The result of such a negotiation is a Service Level Agreement (SLA), an
electronic contract that establishes all relevant aspects of the service. SLA ne-
gotiation can be time-consuming, mainly due to the unpredictable rounds of ne-
gotiation and the possible complicated dependencies among SLAs. For instance,
an SaaS provider negotiates with one or more IaaS providers for computing re-
sources to host her applications. Thus, a SaaS SLA could have dependencies with
one or more IaaS SLAs. Establishing an SLA might need one or more rounds of
negotiation until both sides agree with the stipulation of the contract.

In our previous work [20], SLAs were canonically represented as Reduced
Ordered Binary Decision Diagrams (ROBDDs), aiming to facilitate SLA nego-
tiation. A BDD diagram includes some decision nodes and two terminal nodes
(0-terminal and 1-terminal). A path from the root node to the 1-terminal repre-
sents a variable assignment for which the Boolean function is true. Such a path
is called “1-path”. A 1-path can also be treated as an SLA proposal. Neverthe-
less, ROBDDs may be suboptimal in structure. Firstly, the ROBDDs should be
maintained throughout the whole life cycle of SLAs, so diagrams with too many
nodes may waste a lot of memory. Secondly, an ROBDD may have semantically
redundant 1-paths that improperly reflect a customer’s requirements; as a result,
SLA negotiation may slow down.

In this paper, we propose that by applying BDD node optimization algo-
rithms, the number of nodes for the ROBDDs can be decreased efficiently. Thus,
SLAs occupy less memory space. Additionally, the size and number of paths
(especially as regards 1-paths) can be reduced by eliminating those that are
semantically redundant via BDD path optimization algorithms. Consequently,
the SLA negotiation is accelerated by assessing fewer SLA proposals (1-paths).
Furthermore, a novel alternative solution for reducing semantically redundant
1-paths during construction is introduced. We argue that all the options of an
SLA term are mutually exclusive. Thus, customizing an SLA term is rewritten
as correctly selecting an option for this term. This process can be treated as an
implementation of an SLA Term Rewriting System.

The remainder of this paper is structured as follows. In Section 2, we discuss
related work. Section 3 describes how an SLA can be modeled as an ROBDD. In
Section 4, we present how the structure of an initial ROBDD can be optimized. In
order to validate our mechanisms, in Section 5, we simulate the SLA negotiation
by transforming IaaS SLAs into ROBDDs and optimizing the initial ROBDDs.
Finally, we conclude the paper in Section 6.

2 Related Work

In cloud computing, SLAs are used to ensure that service quality is kept at
acceptable levels [8]. An SLA management component may consist of several
components: discovery, (re-)negotiation, pricing, scheduling, risk analysis, moni-
toring, SLA enforcement and dispatching [7], where SLA negotiation determines
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the cardinality of parties involved, their roles, the visibility of the offers ex-
changed and so on [30]. Furthermore, Ron et al. in [9] define the SLA life cycle
in three phases: creation phase, operation phase and removal phase. Our focus
is on IaaS SLA negotiation during the SLA creation phase.

Based on [7], our framework [3] [4] [20] (developed in the SLA@SOI EU Inte-
grated Project [29]) covers the features for multi-round negotiation with coun-
teroffers customer and service provider. In general, apart from IaaS, the frame-
work can be easily extended to other scenarios (e.g., SaaS, PaaS) as well in which
automated SLA management is considered. In our scenario, virtual resources are
created and provisioned through Open Cloud Computing Interface (OCCI) [25]
and OpenNebula [26]. The VMs are compute instances, connected with OS im-
age and network instances. The storage pool is formed by several images, which
means that customers are able to uploade their own images.

The service provider can abstract the services in perspicuous terms, e.g., the
instances of Amazon EC2 [21]. Thus, non-technical customers can mainly focus
on the service as a whole rather than considering the service in too much detail.
However, the service provider would best allow customers with flexibility and
adaptability [22]. Chandra et al. [23] suggest that fine-grained temporal and
spatial resource allocation may lead to substantial improvements in capacity
utilization. Therefore, in IaaS, this means that customers are free to customize
the VM configuration. Namely, the granularity of customizing VMs evolves from
setting the number of predefined VM to the detailed specification of each term
in a VM. In this paper, the SLA terms that can be customized (see Table 1), the
ROBDD structural optimization in Section 4 and the simulation in Section 5 are
based on the cloud infrastructure provided by the GWDG for its customers and
scientific communities.

Service availability is one of the most important Quality of Service (QoS) met-
rics with respect to IaaS. In [24], authors outline that the service availability

Table 1. SLA terms and descriptions

SLA term Option Variable

Service name [service name] [x1]

Business hours [09:00-17:00] [x2]

VM number [1] [x3]

CPU core [1, 2, 4] [x4, x5, x6]

CPU speed [2.4 GHz, 3.0 GHz] [x7, x8]

Memory [1 GB, 2 GB] [x9, x10]

Network [Net-1, Net-2] [x11, x12]

Storage image [Private, OS-1, OS-2] [x13, x14, x15]

Service availability [99.99%, 99.9%] [x16, x17]
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guaranteedby three large cloud providers (Amazon, Google andRackspaceCloud)
is more than 99.9% in order to obtain good reputation in todays competitive mar-
ket. Therefore, we propose to provide a basic service availability of 99.9% and an
advanced availability of 99.99%.The later one implies that the service provider has
to pay special attention (e.g., extra resources) on the service during SLA monitor-
ing phase in order to avoid SLA violation.

At the moment, many representations of SLAs, e.g., WS-Agreement [16],
WSLA [17] and the SLA model in [19], focus on enabling interoperability be-
tween independent agents. However, our focus is on a system-internal represen-
tation that is able to efficiently support decision-making during SLA negotiation.
In [20], we presented a novel application of ROBDD, for representing, managing
and facilitating the construction of SLAs. During BDD construction, although
pushing all facts and conditions to the top of the diagram provides a possibil-
ity for optimizing the BDD, there could still be lots of semantically redundant
1-paths. Furthermore, this kind of ordering does not reduce the total number of
decision nodes, which waste memory space.

In order to optimize the structure of the ROBDD, we studied Term Rewrit-
ing Systems (TRS) for Boolean functions [14] [15] that could be applied in SLA
terms selection to reduce the number of redundant 1-paths of an ROBDD. In
mathematics, rewriting systems cover a wide range of methods of transforming
terms of a formula with other terms. In TRS, a term can be recursively defined
to a constant c, or a set of variables x1... xn, or a function f [15]. The terms
are composed of binary operators logical conjunction “∧”, logical disjunction
“∨” and unary operator “¬”. In IaaS, an SLA term contains one or more vari-
ables, namely the options. We make an effort to rewrite the set of SLA terms
while customizing SLA templates in a way that depicts the customer’s request
precisely.

Alternatively, the existing BDD optimization algorithms in [10] [12] [28] [31]
provide us with the theoretical foundation to reduce the size of ROBDD. Fur-
thermore, JavaBDD [13], a Java library for manipulating BDDs, is the tool we
chose for setting up the BDD handling and programming environment.

3 Modeling SLA with ROBDD

An SLA is essentially a set of facts and a set of rules. Facts are globally (with
respect to the contract) applicable truths, such as parties involved, monetary
unit, etc. Rules include:

– the conditions that must hold for a certain clause to be in effect;
– the clause, typically describing the expected result that the customer wishes

to receive and which is usually referred to as Service Level Objective (SLO);
– a fall-back clause in the case that the aforementioned clause is not honored.

As an example, for the condition “time of day is after 08:00”, the clause could be
“service availability ≥ 99.9%”, and the fall-back clause could be an applicable
penalty. This kind of format actually reflects real-life contracts and their if-then-
else structure.
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BDDs, based on Shannon’s decomposition theorem [6], are well-known in
the domain of Computer Aided Design (CAD) for Very Large Scale Integrated
(VLSI) circuits. They can represent Boolean functions as rooted, directed and
acyclic graphs, which consist of decision nodes and two terminal nodes called 0-
terminal and 1-terminal. Each decision node is labeled by a Boolean variable and
has two child nodes called low child and high child. A path from the root node to
the 1-terminal represents a variable assignment for which the Boolean function
is true. Such a path is also called “1-path”. Compared to other techniques to
represent Boolean functions, e.g., truth tables or Karnaugh maps, BDDs often
require less memory and offer faster algorithms for their manipulation [10].

A BDD, with all variables occurring in the same order on all paths from
the root, is said to be ordered (OBDD). Furthermore, if all identical nodes are
shared and all syntactically redundant paths are eliminated, the OBDD is said
to be reduced, shortly termed ROBDD [12]. For example, Eq. (1) is a disjunction
Boolean function with 3 variables. Its corresponding ROBDD is illustrated in
Fig. 1 (a), including 3 decision nodes (x1, x2, x3) and 3 1-paths (x1 = true, x2 =
false, x3 = false), (x1 = false, x2 = true, x3 = false) and (x1 = false, x2 = false,
x3 = true). As already mentioned, ROBDDs are useful for modeling SLAs due to
their capability to provide canonical representations generated on the grounds of
if-then-else rules. Especially, ROBDDs can express SLAs unambiguously. Equiv-
alent SLAs, which are structurally different, are eventually represented by the
same ROBDD. On the contrary, using formats developed for on-the-wire repre-
sentation such as WS-Agreement [16] does not guarantee this property. Hence,
ROBDDs can be used internally in systems that have to manage SLAs.

f(x1, x2, x3) = x1 ∨ x2 ∨ x3 (1)

An SLA could have dependencies with one or more sub-SLAs. The SLA manager
has to parse the SLA request into an ROBDD and analyze all of its 1-paths. A
1-path is a potential SLA proposal that satisfies the customer’s requirements.
Nevertheless, an ROBDD may have semantically redundant 1-paths that reflect
the customer’s requirements improperly and reduce the time efficiency of the
negotiation process. Moreover, the SLA manager should maintain the ROBDDs
throughout the whole life cycle of SLAs. Accordingly, the size of 1-path and node
of ROBDDs for SLAs ought to be simplified and controlled.

4 ROBDD Structural Optimization

4.1 SLA Term Rewriting System with Mutual Exclusiveness in
ROBDD

According to the canonicity Lemma in [12], by reducing all the syntactically
redundant paths, there is exactly one ROBDD with n basic variables in the order
of x1 < x1 < ... < xn. In this unique ROBDD, all variables of a disjunction
function are mutually exclusive. Based on the truth table, e.g., a disjunction
function is true when all its variables are true. However, such an assignment does
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not exist in ROBDD; as the ROBDD checks these variables one after another,
the first true variable already ensures this function to be true and that leaves the
rest of the variables not evaluated. For instance, as we explained in Section 3,
the ROBDD (Fig. 1 (a)) of Eq. (1) has 3 decision nodes and 3 1-paths and its
structure can’t be simplified anymore. Therefore, if the inputs of a disjunction
function are the basic variables, they are mutually exclusive and the ROBDD
contains no redundant nodes and 1-paths. In contrast, when the inputs are not
basic variables, despite the mutually exclusive feature among the inputs (only
one of the inputs will be selected), the ROBDD of this disjunction function
might have redundant nodes and 1-paths. Semantically, options of most SLA
terms are mutual exclusive, which means the customer can only choose one of
them and this term must be represented as a combination of all the options with
binary operators “logical conjunction” (∧), “logical disjunction” (∨) and unary
“negation” (¬). While constructing an ROBDD, using Table 1, a simple SLA (see
Eq. (2)) can be customized by specifying SLA term “Network” with 2 mutually
exclusive options “x11” and “x12” and SLA term “Service availability” with 2
mutually exclusive options “x16” and “x17”. This SLA indicates that inputs
“x11 ∧ x16” and “x12 ∧ x17” both are acceptable for the customer.

SLA = (x11 ∧ x16) ∨ (x12 ∧ x17) (2)

Its ROBDD (see Fig. 1 (b)) includes 6 decision nodes and 4 1-paths. However,
two of those paths, namely (x11 = true, x12 = true, x16 = false, x17 = true) and
(x11 = true, x12 = true, x16 = true), are not correct, since x11 and x12 cannot
be true concurrently. In IaaS, selecting both “Net-1” and “Net-2” as network
is an illogical clause. Therefore this inaccurate SLA representation creates two
unrealistic semantically redundant 1-paths and such paths should be eliminated
at the very beginning.

Consequently, we propose that specifying an SLA term (t) with 2 options (α1

and α2) can be rewritten as illustrated in Formula (3).

t → (α1 ∧ ¬α2) ∨ (¬α1 ∧ α2) → α1 ⊕ α2 (3)

Mutual exclusiveness cannot be simply represented as a combination of all the
options with the exclusive disjunction “⊕”, when there are more than 2 options
in an SLA term. Because the output is true when the number of “true” variables
is odd and the output is false when the number of “true” variables is even [27].
For example, all-true assignment makes the expression α1 ⊕α2 ⊕α3 true, which
is however not what we expect. Thus, when an SLA term (t) contains n (n ≥ 3)
options (α1,..., αn), we have the following assumptions:

N = {1, ..., n} (4)

A ∪B = N (5)

A ∩B = ∅ (6)
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Fig. 1. (a) The ROBDD of disjunction function, (b) Mutual exclusiveness of disjunction
function but with semantically redundant 1-path in ROBDD, (c) Mutual exclusiveness
of disjunction function without semantically redundant 1-path in TRS ROBDD, (d)
ROBDD after path optimization

A 
= ∅, B 
= N (7)

From Eq. (4) to (6), N is a set of sequential numbers of all options. N can be
further divided into 2 disjoint subsets. Options that concern a customer are put
into A and indifferent ones are in B. Eq. (7) means that the customer should
select at least one option. Thereby specifying an SLA term (t) with n (n ≥ 3)
options can be rewritten as Eq. (8).

t →
∨

l∈A

((
∧

k∈A

¬αk

)
∧ αl

)
∧
(

∧

m∈B

¬αm

)
, l 
= k 
= m (8)

For SLA term t,
⋃

l∈A al is a set of options that the customer is flexible with
and the rest of the options in A (

⋃
k∈A ak) should be denied explicitly with

“¬”. In the meanwhile, the unconcerned options in N , namely set B, should
also be negated with “¬” in order to not conflict with other SLA option(s) from
the same customer. Therefore, when n = 3, Eq. (8) can be specified as Eq. (9),
in this case the set B is empty, which means the customer is flexible with any
option of α1, α2, α3.

(α1 ∧ ¬α2 ∧ ¬α3) ∨ (¬α1 ∧ α2 ∧ ¬α3) ∨ (¬α1 ∧ ¬α2 ∧ α3) (9)

Based on above concepts, Eq. (2) can be written as Eq. (10) with 7 decision nodes
and 2 1-paths in its TRS ROBDD (see Fig. 1 (c)). The number of redundant
1-paths is reduced efficiently although the node size increases by 1.

(x11 ∧ x16 ∧ ¬x12 ∧ ¬x17) ∨ (x12 ∧ x17 ∧ ¬x11 ∧ ¬x16) (10)

In summary, the above term rewriting concepts can be set into a dictionary
and updated dynamically according to the use case, whereby the semantically
redundant 1-paths can be eliminated efficiently. This also reduces the complex-
ity of planning and optimization processes for SLA management. However, the
shortcoming is that perhaps this approach might introduce extra decision nodes.
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4.2 ROBDD Variable Swap and Sifting Algorithm

Alternatively, structural optimization algorithms can be applied to reduce the
size of ROBDD. Here, the size means the number of nodes or paths. The al-
gorithms make use of basic techniques such as variable swaps and the sifting
algorithm. As approved in [10], a swap of adjacent variables in a BDD only
affects the graph structure of the two levels involved in the swap, leaving the
semantic meaning of Boolean function unchanged.

Algorithm 1. Sifting algorithm [11]

sort level numbers by descending level sizes and store them in array sl;
for i = 1 → n do

if sl[i] = 1 then
sift down(i, n); // the BDD size is recorded in sift down();

else if sl[i] = n then
sift up(i, 1); // the BDD size is recorded in sift up();

else if (sl[i]− 1) > (n− sl[i]) then
sift down(i, n);
sift up(n, 1);

else
sift up(i, 1);
sift down(1, n);

end if
sift back();

end for

Based on the variable swap, the classical sifting algorithm is described in
Algorithm 1, where the levels are sorted by descending level sizes. The largest
level contains the most nodes and is considered first. Then, the variable is moved
downwards until the terminal nodes and upwards from the initial position to the
top. In the previous steps, the BDD size resulting from every variable swap is
recorded. In the end, the variable is moved back to the position, which led to a
minimal BDD size. Here, the size could be the number of nodes or the 1-paths.

4.3 Node Optimization

The sifting algorithm, based on the efficient exchange of adjacent variables, is
able to dynamically reorder the structure of BDD in a way to change the number
of decision nodes. While the sifting algorithm is executing, we record the BDD
node size for each variable swap. In the meanwhile, we also store all the <
node, 1 − path > pairs into a < node, 1 − path > array, which can further be
used in Section 4.5 for determining the optimal < node, 1− path > pair. In the
end, a BDD with minimum number of decision nodes is derived.

In Section 4.1, we strive to define the TRS ROBDD accurately enough so
that no semantically redundant 1-paths exist. Thereby, we say the quantity and
semantic meaning of 1-path of TRS ROBDD do not vary with the changes of
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variable ordering of TRS ROBDD. As we showed that a TRS ROBDD might
introduce extra decision nodes, we can further use node optimization to reduce
its node size. Clearly, in this case node optimization only improves the node size
and leaves the 1-path unchanged.

In-memory, each decision node requires an index and pointers to the succeed-
ing nodes [28]. Since each decision node in an ROBDD has two pointers, the
memory size required to represent an ROBDD is given by Eq. (11).

Memory(ROBDD) = (1 + 2)× nodes(ROBDD) (11)

4.4 Path Optimization

Apart from the BDD node optimization, another criterion –namely, the number
of 1-paths– for BDD optimality is also considered. As the variable ordering
heavily influences the number of nodes of a BDD, the sifting algorithm can be
modified to minimize the number of 1-paths instead of the node size of a given
BDD. After each swap of two adjacent variables, i.e. after processing all nodes
in the two levels, changes are only propagated from those two levels down to the
terminal nodes. During modified sifting no upper limit on the number of 1-paths
is used to stop the swapping operations [10].

Similarly, we record the 1-paths number of BDD for each variable swap. In
the meanwhile, we also store all the < 1 − path, node > pairs into a < 1 −
path, node > array, which can further be used in Section 4.5 for determining
the optimal < 1−path, node > pair. In the end, a BDD with minimum number
of 1-paths is derived.

Although for Eq. (2), the 1-paths number can be reduced from 4 to 3, path
(x11 = true, x12 = true, x16 = false, x17 = true) still exists (see Fig. 1 (d)),
where x11 and x12 are true at the same time. Path optimization relieves the
work of SLA management, but it does not eliminate the semantically redundant
1-paths completely. Thus, the SLA manager still needs to evaluate the validity
of each 1-path despite the partial reduction of 1-paths.

4.5 Multicriteria Optimization Problem

As it is demonstrated in [10], the number of paths can be significantly reduced for
some benchmarks. At the same time, the number of nodes does not necessarily
increase and may even be reduced.

The path optimization algorithm re-constructs an ROBDD with the mini-
mal number of 1-paths, but not necessarily the minimal number of decision
nodes. Similarly, node optimization algorithm re-constructs the ROBDD with
the minimal number of decision nodes, but not necessarily the minimal number
of 1-paths. As Lemma 5.5 in [10], for all Boolean functions of two or three vari-
ables there exists a BDD that is minimal both in size and the number of 1-paths.
This is however not true for functions of more than three variables. Therefore,
this becomes a multicriteria optimization (MCO) problem for gaining a minimal
number of decision nodes and 1-paths (see Algorithm 2).
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Algorithm 2. Calculate optimal (node, path) pair

store node and 1 path size of node minimization() into n nopti and p nopti;
store node and 1 path size of path minimization() into n popti and p popti;
if n nopti = n popti then

return (n popti, p popti);
else if p nopti = p popti then

return (n nopti, p nopti);
else

return node path pair selection();
end if

In Algorithm 2, if the node size of an ROBDD after executing the path op-
timization is equal to that after executing the node optimization, the result of
the path optimization will be taken. An analogous statement holds if the path
size of an ROBDD after executing the node optimization is equal to that after
executing the path optimization, thus we take the result of the node optimiza-
tion. These two situations mean we can get minimal size of paths and decision
nodes at the same time. Otherwise, we can’t have an optimized ROBDD in
both ways. A compromise between the two measures should be considered in
node path pair selection(). Here, end users have to specify it according with
their requirements. For example, the customer may only concern the number of
1-paths regardless of number of nodes or the other way around. A sample solu-
tion based on geometric distance [32] for this MCO problem could be resolved by
Eq. (12). Selection of a point that is closest to the Optimal Point (OP). A pref-
erence is given to the point with the smallest number of 1-paths, when multiple
points have the same distance to the OP.

Distance to OP =

√
(n opti)

2
+ (p opti)

2 (12)

5 Experimental Verification

Based on the SLA template (Table 1), we assume that a customer starts an SLA
negotiation for service “IaaS-1”, given that business hours are between 09:00 and
17:00. The customer needs one VM with 2 or 4 CPU cores, CPU speed is either
2.4 GHz or 3.0 GHz, memory size is 2 GB, network is 10 Gb/s Net-1, either OS-1
or OS-2 is selected and customer’s private image is uploaded, service availability
must be 99.99% or higher; Or a VM with 1 CPU core, CPU speed must be 2.4
GHz, memory size is 1 GB, network is 10 Gb/s either Net-1 or Net-2, either
OS-1 or OS-2 is selected, no private image is uploaded, service availability is at
least 99.9% or higher.

Table 2 illustrates the set of facts and clauses that we will use for this use
case scenario. It is straightforward to see that these facts and clauses can be
considered as Boolean variables, which evaluate to true or false. The SLA can
also be correctly evaluated if it is modeled according to the following equations.

f1 = x1 ∧ x2 (13)



278 K. Lu et al.

Table 2. Example clauses of an SLA template

Variable Proposition Proposition Type

x1 Service name = “IaaS-1” Fact

x2 Business hours = 09:00 - 17:00 Fact

x3 VM = “1” Clause

x5 ∨ x6 CPU core = “2” or “4” Clause

x7 ∨ x8 CPU speed = “2.4 or 3.0” GHz Clause

x10 Memory = “2 GB” Clause

x11 10 Gb/s Network = “Net-1” Clause

x13 Storage = “Private image” Clause

x14 ∨ x15 Storage = “OS-1 image” or “OS-2 image” Clause

x16 Service availability ≥ 99.99% Clause

x3 VM = “1” Clause

x4 CPU core = “1” Clause

x7 CPU speed = “2.4 GHz” Clause

x9 Memory = “1 GB” Clause

x11 ∨ x12 10 Gb/s Network = “Net-1” or “Net-2” Clause

¬x13 Storage != “Self image” Clause

x14 ∨ x15 Storage = “OS-1 image” or “OS-2 image” Clause

x17 Service availability ≥ 99.9% Clause

f2 = x3 ∧ (x5 ∨ x6) ∧ (x7 ∨ x8) ∧ x10 ∧ x11 (14)

f3 = x13 ∧ (x14 ∨ x15) ∧ x16 (15)

f4 = x3 ∧ x4 ∧ x7 ∧ x9 ∧ (x11 ∨ x12) (16)

f5 = ¬x13 ∧ (x14 ∨ x15) ∧ x17 (17)

SLA = f1 ∧ ((f2 ∧ f3) ∨ (f4 ∧ f5)) (18)

This SLA request is firstly transformed to an initial ROBDD with 29 decision
nodes and 40 1-paths. Memory requirement is 87 indices and pointers. By apply-
ing the term rewriting, the number of 1-paths of the initial ROBDD is reduced
to be 12, however, the decision nodes are increased by 2 (31 decision nodes).
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As already mentioned in Section 4.3, we can further optimize this ROBDD by
using the node optimization. There will be 30 decision nodes in this ROBDD
(see Fig. 2 (a)). Memory requirement is 90 indices and pointers. Alternatively,
by applying the path and node optimization, the initial ROBDD is optimized
to be with 21 decision nodes and 12 1-paths. Memory requirement is 63 in-
dices and pointers. (see Fig. 2 (b)). Eventually, we attempted to simulate the
similar SLA negotiation above for 1000 times to compare the performance of
three approaches. We reused our planning and optimization algorithms in [3]
to balance the price, profit and failure rate. Each time, the SLA template was
customized randomly by selecting different combinations of options for all the
SLA terms. Each SLA template was first transformed into an initial ROBDD
using the approach in [20]. Then we rewrote the same initial ROBDD using TRS,
and following that we used BDD node optimization to reduce the nodes of TRS
ROBDD by the greatest extent. Finally, we optimized the initial ROBDD by
using BDD optimization algorithms. All the decision nodes and 1-paths for each
approach were aggregated and compared with each other. Additionally, we as-
sumed that each round of negotiation starts when the customer submits the SLA
template to SLA manager and stops when the SLA manager sends an offer or a
counter-offer back to the customer. The total negotiation time of each approach
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Fig. 2. (a) The ROBDD with 30 decision nodes and 12 1-paths by applying term
rewriting and node optimization. (b) The ROBDD with 21 decision nodes and 12 1-
paths by applying path and node optimization
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Fig. 3. The number of nodes (a), 1-paths (b) and negotiation time (c) statistics of the
initial ROBDD (blue), the TRS ROBDD (red) and the ROBDD after running BDD
optimization algorithms (green)

was counted. Thus, the whole simulation took approximately 13521 seconds on
a 1.8 GHz processor. Initial ROBDDs had 22123 decision nodes (node I) and
47880 1-paths (path I) and the negotiation time (time I) was 1982 milliseconds
(ms). Fig. 3 (a) illustrates that the number of decision nodes increased pro-
portionally in all approaches. The TRS ROBDDs had the most decision nodes
(node TRS=26421), because the least number of 1-path (path TRS=16554) in
Fig. 3 (b) and the least negotiation time (time TRS=1432 ms) in Fig. 3 (c) were
realized at the cost of nodes. Eclectically, BDD optimization algorithms not only
reduced the number of decision nodes (node O=17838) and redundant 1-paths
(path O=19804) efficiently, but also showed their time saving (time O=1505
ms) feature. The TRS approach accurately represented the requirements of the
customer, therefore all its 1-paths were valid paths. By setting path TRS as a
benchmark, the differences between path TRS and the 1-path number of other
approaches were semantically redundant 1-paths. Thus, the time I and time O
were greater than the time TRS, since they had to use an extra algorithm to ver-
ify the invalid 1-paths during the SLA negotiation. Experimentally, it was proved
that after running 1-path verification, the rest 1-paths of the initial ROBDD and
the ROBDD by applying path and node optimization was exactly the same as
the one of the TRS ROBDD with respect to quantity and semantic meaning.

In summary, the TRS/node optimization led to the most reduction in num-
ber of 1-paths (65.43%) and negotiation time (27.75%), although the number
of decision nodes had an increase of 19.43%. Furthermore, BDD node/path op-
timizations led to the most reduction in number of decision nodes, which was
19.37%. Moreover, they had reduction in number of 1-paths (58.64%) and nego-
tiation time (24.07%), but it may still not completely eliminate all the seman-
tically redundant 1-paths, for which reason, the SLA manager requires more
time to verify 1-paths during the negotiation. However, it could be a good eclec-
tic approach. From another standpoint, for example, at 1000 ms of the SLA
negotiation, the respective SLA number of three approaches were SLAs I=397,
SLAs TRS=650 and SLAs O=605. Therefore, the TRS approach had the most
SLAs and potentially led to more profits and higher customer satisfaction.
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6 Conclusions and Future Work

The negotiation of SLAs in service computing overall, and cloud computing in
specific, can be supported by the modeling of SLAs as ROBDDs. Nevertheless,
ROBDDs may be suboptimal in structure. In this paper, we show that by apply-
ing the BDD node optimization, the number of nodes can be decreased efficiently.
Thus, SLAs occupy less memory space. Additionally, the size of semantically
redundant 1-paths can be eliminated through the BDD path optimization. Con-
sequently, the SLA negotiation is accelerated by assessing fewer SLA proposals
(1-paths). Furthermore, we build on the observation that the options of an SLA
term may be mutually exclusive. Thus, an SLA term is rewritten as correctly
selecting an option for this term. This process can be treated as an implementa-
tion of an SLA term rewriting system. Hence, the approach above can eliminate
the number of semantically redundant 1-paths at BDD creation phase. Finally,
we discuss the strengths and weaknesses of the approaches with an IaaS use case.

In the future, we wish to apply TRS to SLA translation. Furthermore, a
suitable representation and transformation would need to be defined to be able to
use term rewriting into our scenario. Besides, there is a gap in using the canonical
form of the structure for outsourcing and decision-making, related to matching
paths from different BDDs and finding out whether they are equivalent so that
the outsourced requirements match the available services from sub-contractors.
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