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Abstract— In a service-oriented IT infrastructure, functional
capabilities of a computing component are externalized via one or
more service interfaces. Driven by the demand for business agility
and return-on-investment optimization, various dynamic service
discovery and composition technologies have been proposed and
developed with a common goal of enabling business-aligned
fulfillment of customer requests. However, from the viewpoint
of capacity planning and IT optimization, much work is still
needed in helping an enterprise decide the “optimal” IT resources
necessary for deploying the atomic services in support of those
composite ones. The service deployment decision must be inte-
grated with the request fulfillment policy so that the differentiated
quality-of-service (QoS) requirements of service requests can be
met, for instance, with minimum hardware/software cost.

In this paper, we propose an approach for QoS-aware op-
timization of composite-service fulfillment policy. Without loss
of generality, we assume that the optimization goal is to min-
imize the number of machines subject to response time and
throughput requirements. After presenting our approach to the
optimization problem using the assumption, we show that an
NP-hard throughput optimization problem must be attacked.
We then illustrate how we attack the problem via an efficient
heuristic algorithm. The algorithm decomposes the end-to-end
response time requirement for each type of composite service
into atomic-service level response time assurance, and co-locate
atomic services with similar response time assurance on machines
with similar utilization characteristics. The algorithm exemplifies
an integrated approach to optimizing service deployment and
service composition. We demonstrate that the algorithm achieves
a substantially higher throughput than a common baseline
algorithm.

I. INTRODUCTION

In an IT infrastructure built according to Service Oriented
Architecture (SOA) principles [1], functional capabilities of
a computing component are externalized via one or more
“service” interfaces such as WSDL-specified Web Services.
Driven by the demand for business agility and return-on-
investment optimization, various dynamic service discovery
and composition technologies have been proposed with a
common goal of enabling business-aligned fulfillment of cus-
tomer service requests [2]–[7]. Workflow technologies, for
example, can dynamically build a composite service from
atomic services through the use of control flows such as
sequential, branch, parallel and loop.

However, from the viewpoint of capacity planning and IT
optimization, much work is still needed in helping an enter-
prise decide the “optimal” number of machines needed to de-
ploy the necessary atomic services in support of those compos-
ite ones. The service deployment decision must be integrated
with the end-to-end customer-request fulfillment policy so that
the differentiated quality-of-service (QoS) requirements for

composite service requests can be met, for example, with the
minimum infrastructure/hardware/software/management cost.

As IT resources are limited, it is important to allocate them
wisely in order to maximize business values. Ultimately, the
attained business performance depends upon both the volume
(i.e., throughput) of completed customer requests and the
satisfaction of the customers in terms of request response time.
The balance between throughput and response time needs be
considered not only at the atomic-service level (as common
practice in capacity planning and IT optimization), but also
at the composite-service level. After all, what matters is the
customer-perceived end-to-end QoS.

In this paper, we propose an approach to QoS-aware op-
timization of composite-service fulfillment policies. Without
loss of generality, we assume that the optimization goal is
to minimize the number of machines subject to customer
response time and throughput requirements. We will show that
one key step to achieve this goal is to maximize throughput
while observing IT resources and service response time con-
straints. The challenge of the throughput-maximization prob-
lem mainly stems from the difficulty in decomposing the end-
to-end composite-service level response time requirement into
atomic-service level ones. Based on our insight into the round-
robin CPU scheduling policy [8] that most systems use, we
propose an efficient algorithm that decomposes the composite-
service level response time requirements into atomic-service
level response time requirements that are proportional to the
CPU consumption of the atomic services. To satisfy the
derived response time requirements at the atomic-service level,
the algorithm further groups together atomic services with
similar QoS requirements and co-locates them on machines
with similar utilization characteristics.

Studies on fulfillment policy to deliver composite-service
level QoS guarantee are quite limited. Recently, [9] considered
the problem with the assumption that the CPU execution
time of an atomic service instance is inversely proportional to
the number of allocated machines. However, this assumption
requires perfect parallel speed up in case of multiple allocated
machines — which may be difficult to achieve due to nonel-
igible parallel overhead [10]. In this paper, we consider the
problem with alternative assumption that there is no parallel
speed up in case of multiple allocated machines.

The remainder of this paper is organized as follows. Section
II introduces our SOA system model and related key concepts
of service deployment and service composition. In Section III,
we formulate an integrated service deployment and service
composition optimization problem to satisfy customer requests
with QoS requirements. In Section IV, we prove the formu-



lated problem is NP-hard, and propose a heuristic algorithm.
Section V evaluates the proposed heuristic algorithm. In Sec-
tion VI, we conclude this paper with a summary and some
discussion of this work.
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Fig. 1. Our system model.

II. SOLUTION OVERVIEW

This section presents our system model, and some basic
concepts of service deployment and service composition.

A. System Model

Figure 1 depicts our system model. Our integrated opti-
mizer intelligently computes the request fulfillment policy.
This policy guides the infrastructure provisioner to allocate IT
resources and deploy atomic services with certain functional
and QoS properties. When a customer request arrives, the
atomic service invocation choreographer effectively generates
the request fulfillment plan according to a request fulfillment
policy and then executes it by invoking the underlying atomic
services. Note that the request fulfillment policy created by
our integrated optimizer determines both service deployment
and service composition. These concepts are explained below.

B. Concepts of Atomic Service Deployment

An abstract atomic service implements certain functional
requirements, e.g., credit card authorization or warehouse
catalog searching. After an atomic service is deployed to a
machine with certain IT resources allocated to it, this deployed
atomic service possesses certain QoS characteristics, e.g., the
number of customer requests that it can process per second
(throughput) and the average response time to complete the
request. Note that the same abstract atomic service can be
deployed to different machines, and these deployed atomic
services may exist concurrently and provide different QoS
characteristics.

Figure 2 shows an example of five atomic services s1—s5.
Atomic service s3 runs on two machines m3 and m5, but the
two deployments provide different QoS guarantees, i.e., (t =
2.5/s, r = 0.1s) and (t = 2.5/s, r = 1s), where t = 2.5/s
means processing 2.5 requests per second, and r = 0.1s means
the average response time is 0.1 seconds.

We allow different atomic services to share a single ma-
chine (see atomic services s3 and s5 on machine m5 in
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Fig. 2. An example of five atomic services.

Figure 2), and assume that machines use the standard round-
robin scheduling policy [11], as shown in Figure 3. A newly
arriving request joins a single, shared queue regardless of the
atomic service it targets. A request waits in the queue in a
first-come-first-service (FCFS) fashion, and is allocated an
infinitesimal quantum δ → 0 of CPU time when it reaches
the head of the queue. When that quantum expires and if
processing this request needs more time, the request is added
back to the tail of the queue. (δ → 0 is an ideal case where
the CPU resource is evenly consumed by all queued requests
at any time).

CPUSingle queue

new 
arrivals departures

cycled arrivals

Fig. 3. The round-robin scheduling policy.

C. Concepts of Service Composition

Customer requests are of different types. For a given type,
a composite-service template specifies the abstract atomic
services involved in processing requests of this type and the
composition rules that connect the atomic services into a
complete end-to-end service. A composite-service template
can be represented as a Directed Acyclic Graph (DAG) of
atomic services, where a high-level composite service is built
from low-level atomic services using sequential, parallel, and
branch compositions. An example of a composite-service
template is shown in Figure 4.
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Fig. 4. The trip-planning composite-service template.

In addition to the composite-service template, customer
requests of a given type also come with certain QoS re-
quirements such as throughput and average response time.
Our algorithm recursively decomposes these end-to-end QoS
requirements into the requirements at the atomic-service level.
The details will be explained later. Internally, our algorithm
builds one or more execution plans for processing customer
requests of a given type. When a request of this type arrives,
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Fig. 5. Two execution plans of the trip-planning service. See Figure 2 for
the QoS characteristics of the deployed atomic services.

the system chooses one of the plans with certain probability
to execute the request.

An execution plan concretely maps the abstract atomic ser-
vices in a composite-service template to the deployed atomic
services with certain QoS guarantees so that the end-to-end
QoS requirements of the customer requests are satisfied. Figure
5 shows two execution plans of the trip-planning composite-
service. For customer requests with QoS requirements (t =
5/s,R = 3s), each of the two execution plans is chosen with
probability 0.5.

D. Our Approach

Below, we outline the high-level steps of our approach
to QoS-aware optimization of a composite-service fulfillment
policy. Without loss of generality, we assume that the opti-
mization goal is to minimize the number of machines subject
to response time and throughput requirements.

1) Infer the arrival rates of various customer requests.
This requires historical workload data collected from a
running IT system.

2) Infer the average CPU cycles needed to process one
request for a given atomic service, which can be done
by applying the data regression method [12] to histor-
ical data about machine CPU utilization and customer
request arrival rate.

3) Determine composite-service templates and their inter-
nal parameters such as the branch-taken ratio for branch
composition. This requires historical data on invocations
of atomic services by composite services, which can be
collected from a running system by monitoring tools.

4) Collect from service contracts the QoS requirements for
each type of customer request.

5) Determine the minimum number of machines needed
to meet the customer requirements by doing a binary
search on the number of configured machines. Given a
fixed number of available machines, they are sufficient
for the need if the maximum throughput they can support
subject to response time constraints is higher than or
equal to the throughput specified in the service contract.

The last step, solving the throughput maximization problem,
is key to our approach. As known solutions exist for the other
steps, this paper focuses on this last step. We will prove that
the throughput maximization problem is NP-hard, and show
an effective heuristic solution.

III. THROUGHPUT MAXIMIZATION PROBLEM

FORMULATION

In this section, we formulate the integrated service deploy-
ment and service composition problem. We first introduce
the notations (see Table I), and then formulate the problem.
Finally, we discuss the difference between our integrated
approach and the alternative that treats service deployment
and service composition separately.

TABLE I

NOTATIONS

β total system throughput
ω(yl) probability of type yl customer request
Γ mapping assured to deployed atomic services
Φ(yl) type yl customer atomic service visit ratio
A QoS-assured atomic service set
B(yl) type yl customer branch fraction set
C machine CPU capacity
D QoS-assured atomic service capabilities
h(p) = (t(p), r(p)) QoS of execution plan p
M machine set
N atomic service CPU consumption
P (yl) type yl customer request execution plan set
p′(yl) type yl QoS assured execution plan
Q deployed atomic service capabilities
r,R average response time and its QoS requirement
S atomic service set
t,T throughput and its QoS requirement
U machine CPU load
V atomic service deployment set
W (yl) = (S(yl), E(yl)) type y customer composite-service template
Y customer type set

A. Notations for Service Deployment

Atomic service: S = {s1, s2, . . . , s|S|}, where si denotes
the i-th atomic service.

Atomic service required CPU: N = {ns1 , ns2 , . . . , ns|S|},
where nsi

denotes the CPU cycles needed to process one
request for atomic service si ∈ S.

Machine: M = {m1,m2, . . . ,m|M |}, where mk denotes
the k-th machine. Each machine could be a physical machine,
or a virtual machine implemented by VMware [13].

Machine CPU capacity: C. We assume that each machine’s
CPU capacity is C, measured in cycles per second.

Atomic service deployment: V = {(si,mk)}, si ∈ S,
mk ∈ M , where (si,mk) denotes the deployment of atomic
service si on machine mk, simplified as vi,k.

Atomic service deployment QoS: Q = [q(vi,k)], si ∈
S, mk ∈ M , where q(vi,k) = (t(vi,k), r(vi,k)) denotes
the throughput t(vi,k) and average response time r(vi,k) of
deployed atomic service vi,k.

Machine CPU load: U = {um1 , um2 , . . . , um|M|}, where
umk

denotes the CPU load of machine mk. We have

umk
=

∑

vi,k∈V

nsi
t(vi,k) ≤ C. (1)

Suppose machines use the round-robin scheduling policy,
and the arrival of requests for an atomic service running on
one machine is a Poisson process. It has been shown [8]



that, for M/G/1 queue using the round robin policy, the
average response time is a convex and increasing function of
the machine CPU load, i.e.,

r(vi,k) =
nsi

C − umk

=
nsi

C(1 − ρmk
)
, (2)

where ρmk
= umk

/C denotes the utilization of machine mk.

B. Notations for Service Composition

Customer request type: Y = {y1, y2, . . . , y|Y |}, where yl

denote the l-th customer request type. S(yl) denotes the set of
atomic services used in processing type yl customer requests.

Customer request type probability: Ω =
{ω(y1), ω(y2), . . . , ω(y|Y |)}, where ω(yl) denotes the
probability that a request is of type yl.

Customer request response time requirement: R =
{R(y1), R(y2), . . . , R(y|Y |)}, where R(yl) denotes the re-
sponse time requirement of type yl ∈ Y customer requests.

Customer request throughput: t =
{t(y1), t(y2), . . . , t(y|Y |)}, where t(yl) denotes the throughput
of type yl ∈ Y customer requests. We have

∀yl, ym ∈ Y,
t(yl)
t(ym)

=
ω(yl)
ω(ym)

. (3)

Total system throughput β:

β =
∑

yl∈Y

t(yl). (4)

Composite-service template: W =
{W (y1),W (y2), . . . ,W (y|Y |)}, where W (yl) =
{S(yl), E(yl)}, S(yl) ⊆ S, is a directed acyclic graph
representation of the composite-service template for type
yl ∈ Y customer requests. The links in E(yl) are denoted by
(si, sj) ∈ S × S.

Branch fraction: B = {b(y1), b(y2), . . . , b(y|Y |)}, where
b(yl) = {bsi,sj

(yl)}, (si, sj) ∈ E(yl). bsi,sj
(yl) ∈ b(yl)

denotes the branch fraction from atomic service si to sj . For
sequential and parallel composition between atomic services
si and sj , we always have bsi,sj

(y) = 1.
Visit ratio: Φ = {φ(y1), φ(y2), . . . , φ(y|Y |)}, where

φ(yl) = {φsi
(yl)}, si ∈ S(yl) denotes the average number of

visits to si per type yl customer request. If si is the starting
state, we have φsi

(yl) = 1. Otherwise, we have

φsi
(yl) =

∑
(sj ,si)∈E(yl)

φsj
(yl)bsj ,si

(yl)

zsi
(yl)

, (5)

where zsi
(yl) is the number of parallel branches merged at

atomic service si in composite-service template W (yl), yl ∈
Y . zsi

(yl) = 1 if si is not a merging point of parallel paths
in composite-service template yl ∈ Y .

Execution plan: P = {P (y1), P (y2), . . . , P (y|Y |)}, where
P (yl) denotes the set of execution plans for type yl customer
request. An execution plan p ∈ P (yl) is a vector of mappings
p = [p(si)], si ∈ S(yl), where p(si) maps an abstract atomic
service si ∈ S(yl) to one of its deployed atomic services
vi,k ∈ V running on machine k.

Execution plan QoS: h(p) = (t(p), r(p)), p ∈ P (yl), yl ∈
Y , where t(p) and r(p) are throughput and average response
time of the execution plan p, respectively.

The average response time r(p) of execution plan p ∈
P (yl) is calculated from the response time of the building-
block atomic services in a bottom-up fashion, based on the
compositions (i.e., sequential, branch, and parallel) specified
in the service template W (yl). Suppose a higher-level block
is composed from a set of low-level sub-blocks. Let ř be the
block average response time, and ri the i-th sub-block average
response time. For sequential composition, we have

ř =
∑

i

ri, (sequential composition). (6)

For parallel composition, we have

ř = max
i

ri, (parallel composition). (7)

For branch composition, the block average response time is the
weighted sum of sub-block average response time. We have

ř =
∑

i

biri, (branch composition), (8)

where bi is the branch ratio of sub-block i.
The total throughput of the execution plans for type yl

customer requests is
∑

p∈P (yl)
t(p).

t(yl) =
∑

p∈P (yl)

t(p). (9)

The throughput of execution plan, t(p), p ∈ P (y) is set to
0 if its average response time does not meet the customer
requirement, i.e.,

t(p) = 0 if r(p) > R(yl), p ∈ P (yl). (10)

The throughput of a deployed atomic service vi,k is the total
throughput of all execution plans using it,

t(vi,k) =
∑

yl∈Y

∑

p∈P (yl)

1(p(si) = vi,k)t(p)φsi
(yl). (11)

Here 1(X)=1 if the predicate X is true; otherwise, 1(X)=0.

C. Problem Formulation for Integrated Service Deployment
and Service Composition

The integrated service deployment and service composition
problem is formulated as follows.

Integrated problem for service deployment and service
composition.
Inputs: (1) atomic services S with per-request CPU
consumption N ; (2) machines M with CPU capacity C;
(3) customer request type Y with probability Ω, template
W , and average response time requirement R.
Maximize: the total system throughput β
Subject to: Equations (1)-(11). That is, there exist
deployed atomic services V and execution plans P that
can satisfy customer QoS requirements R.

Let β∗ denote the maximum system throughput derived by
solving above formulated problem.



D. Difference between integrated and decoupled approaches

Unlike our integrated solution, an alternative approach may
treat service deployment and service composition separately.
With this decoupled approach, the service composition opti-
mizer first decomposes the end-to-end QoS requirements of
customer requests into atomic-service level requirements, and
then the service deployment optimizer allocates CPU resources
to meet these atomic-service level QoS requirements.

We use the example in Figure 6 to demonstrate the dif-
ference between the integrated and decoupled approaches. In
this example, the composite service consists of two sequential
atomic services. Figure 6(a) shows the decoupled approach,
where the end-to-end customer QoS requirements are R = 1s
which means the average response time should be no longer
than 1 second.

s1 s2

1/S

0.1 S

throughput

response time

(a) Decoupled approach

10 cpu 90 cpu

machine m1
200 cpu/s

s1 s2

1/S

0.1 S

throughput

response time

(b) Integrated approach

Fig. 6. An example to illustrate the difference between decoupled and
integrated service deployment and service composition.

In order to meet the response time requirement, we have

∀p ∈ P, t(p) > 0, r(p(s1)) + r(p(s2)) = 1s. (12)

However, from the service composition point of view, it is un-
clear how to decide r(p(s1)) and r(p(s2)). For instance, both
(r(p(s1)), r(p(s2)) = (0.5s, 0.5s) and (r(p(s2)), r(p(s2)) =
(0.1s, 0.9s) satisfy equation (12).

Our integrated approach solves this problem by leveraging
extra information such as CPU scheduling policy, the CPU
consumption of atomic services, the number of machines, and
the CPU capacity of machines. In Figure 6(b), the first atomic
service s1 consumes 10 CPU cycles in order to process one
request, while s2 consumes 90 CPU cycles per request. All
atomic services are deployed on a single machine with CPU
capacity 200 using the round-robin scheduling policy. With
these information, we know from eq. (2) that the integrated ap-
proach picks (r(p(s1)), r(p(s2)))=(0.1s, 0.9s) since all other
combinations can not be satisfied by service deployment.

IV. INTEGRATED SERVICE DEPLOYMENT AND SERVICE

COMPOSITION HEURISTIC ALGORITHM

In this section, we first prove that the integrated problem
formulated in Section III is NP-hard, and then propose a
heuristic algorithm.

A. NP-hardness

Theorem 1: The integrated service deployment and service
composition problem is NP-hard.

Proof: We prove it by a reduction from the well-known
PARTITION [14] problem.

We therefore propose a heuristic algorithm. The NP-
hardness mainly arises from the difficulty in decomposing
the end-to-end response time requirement into the deployed
atomic-service level. Based on the observation from Equa-
tion (2), which shows that the average response time is
proportional to the CPU consumption, we propose a heuristic
algorithm. The key idea of our algorithm is to first decompose
the end-to-end average response time requirement to so-called
QoS-assured atomic services in proportion to atomic-service
CPU consumption, and then use deployed atomic-services
to implement the QoS capabilities of QoS-assured atomic
services. We start with additional notations related to QoS-
assured atomic services.

B. Additional Notations Used in Our Algorithm

QoS-assured atomic services: A = {(si, yl)}, si ∈ S, yl ∈
Y , where (si, yl) denotes the QoS-assured atomic services for
type y customer request, simplified as ai,l.

QoS-assured atomic-service capabilities: D = [d(ai,l)],
ai,l ∈ A, where d(ai,l) = (t(ai,l), r(ai,l)) denotes the
throughput t(ai,l) and average response time r(ai,l) QoS
capabilities of ai,l.

QoS-assured atomic-service based execution plan: p′ =
{p′(y1), p′(y2), . . . , p′(y|Y |)}, where p′(yl) denotes the QoS-
assured atomic-service based execution plan for type yl cus-
tomer. Specifically, p′(yl) = [p′(si)], si ∈ S(yl) is a vector of
mappings, where p′(si) = ai,l maps atomic service si ∈ S(yl)
to its unique QoS-assured atomic service ai,l.

Mapping from QoS-assured atomic services to deployed
atomic services: Γ = {γ(ai,l, vi,k)}, ai,l ∈ A, vi,k ∈ V ,
where γ(ai,l, vi,k) ≥ 0 refers to the throughput of (si, j)
supported by deployment vi,k. We have

γ(ai,l, vi,k) = 0 if r(vi,k) > r(ai,l), (13)

∑

vi,k∈V

γ(ai,l, vi,k) = t(ai,l), (14)

∑

ai,l∈A

γ(ai,l, vi,k) ≤ t(vi,k). (15)

C. Our Heuristic Algorithm

Our algorithm uses binary search to identify the maximum
total throughput β∗ that can be supported by a set of machines.
It maintains two throughput variables β0 and β1. Here β0

is an already-known feasible total throughput, and β1 is a
throughput whose feasibility is yet to be examined. If β1

passes the feasibility test, we set β0 := β1 and β1 := 2β1;
otherwise, we set β1 := (β1 + β0)/2. Our algorithm stops
when the difference between β0 and β1 is sufficiently small.



Binary Search for Maximizing Throughput:

Init: β0 = 0 and β1 = 1.

while (β1 − β0 > ε) {
if (β1 is feasible) { β0 = β1 and β1 = 2β1 }
else { β1 = (β1 + β0)/2 }

}

Output: β0.

D. Feasibility Test

Given throughput β, the feasibility test algorithm attempts
to come up with a solution that can meet this throughput
requirement. The feasibility test consists of two steps: QoS
decomposition and service deployment. The first step decom-
poses the end-to-end QoS requirement into requirements at the
atomic-service level. The second step allocates CPU resources
to satisfy the QoS requirements of atomic services.

1) QoS Decomposition: For each type of composite-service
template yl ∈ Y , we create a set of QoS-assured atomic ser-
vices (si, yl). The end-to-end QoS requirements (throughput
and response time) are decomposed into QoS-assured atomic
services as follows.

For throughput, we exactly calculate the throughput of each
QoS-assured atomic service. Given type yl ∈ Y customer with
throughput requirement t(yl), the throughput of QoS-assured
atomic service t(si, yl) is

t(si, yl) = t(yl)φsi
(yl). (16)

For response time, as a heuristic, we decompose the end-
to-end response time requirement into atomic-service level
response time requirements proportional to the CPU con-
sumption of the atomic services. This heuristic is the only
approximation step of our overall algorithm.

The bottleneck CPU requirement is calculated for each
composition block (i.e., sequential, branch, and parallel) of
service template W (yl) in a bottom-up fashion. Let ň and ni

be the bottleneck CPU requirement of a high-level block and
its i-th sub-block, respectively. For sequential composition, we
simply have

ň =
∑

i

ni (sequential composition). (17)

For parallel composition, we have

ň = max
i

ni (parallel composition). (18)

For branch composition, the high-level block requirement is
the average of the sub-block requirements. We have

ň =
∑

i

bini (branch composition), (19)

where bi the branch ratio of sub-block i.
Unlike the calculation of the CPU requirement, the end-

to-end average response time is decomposed into the require-
ments for QoS-assured atomic services in a top-down fashion.
Let ř and ri be the response time requirements of a high-
level block and its i-th sub-block, respectively. For parallel

composition, the sub-block response time is equal to the block
response time, because the block response time is achieved
only if all sub-block response times are achieved, i.e.,

ri = ř (parallel composition). (20)

For sequential and branch compositions, the sub-block re-
sponse time is proportional to its CPU consumption:

ri =
ni

ň
ř (sequential and branch composition). (21)

2) Service Deployment: The QoS decomposition step gen-
erates QoS-assured atomic-service set A = {(si, yl)}, si ∈ S,
yl ∈ Y with throughput and response time QoS requirements
D. The service deployment step allocates CPU resources to
satisfy these requirements.

We know from equation (2) that (si, yl) must be deployed
on machines with a CPU utilization ρmi

less than or equal
to 1 − nsi

/C/r(si, yl). Let ρ̌(si, yl) denote the machine
utilization threshold for (si, yl), we have

ρ̌(si, yl) = 1 − nsi
/C/r(si, yl). (22)

We present a greedy algorithm that optimally allocates CPU
resources to QoS-assured atomic services A = {(si, yl)},
si ∈ S, yl ∈ Y with throughput and response time guarantees
D. The algorithm first considers the allocation for QoS-aware
atomic services with lower CPU utilization threshold, then
those with higher CPU utilization threshold.

Greedy Algorithm for Service Deployment:

Sort the QoS-assured atomic-service set A in ascending order
of utilization ρ̌, and set the index of A to j = 1.

Initialize machine id k=1 and available CPU capacity
X=C.

while (true) {
if (j > |A|) { Output “feasible” and quit. }
if (k > |M |) { Output “infeasible” and quit. }
Let (si, yl) be the j-th element of A.
Set X = min{X, Cρ̌(si, yl)}.
if (t(si, yl)ωsi < X) { j++; X− = t(si, yl)ωsi }
else if (t(si, yl)ωsi = X) { j++; k++; X = C }
else { k++; t(si, yl)− = X/ωsi ; X = C }

}

E. Optimality of Our Algorithm

Due to NP-hardness of the throughput optimization prob-
lem, our heuristic algorithm can not always find optimal
solution. Next, we show that for a narrower problem setting
(composite-service templates that only use sequential and/or
branch compositions), the solution found by our heuristic algo-
rithm β̄∗ approaches the optimal solution β∗ as the number of
machines approaches infinity. We demonstrate this by proving
Theorem 2,3,4,5.

Theorem 2 states that for composite-service templates that
only use sequential and/or branch compositions, the machine
utilization threshold for all constituent atomic services are
same.



Theorem 2: Considering composite-service template sets Y
that only use sequential and/or branch compositions,

∀yl ∈ Y,∀si ∈ S(yl), ρ̌(si, yl) = 1 − n(yl)
R(yl)C

. (23)

where n(yl) and R(yl) are the average CPU requirement and
response time requirements of composite-service template yl ∈
Y , respectively.

Proof: From equation (21), we have

nsi
/r(si, yl) = n(yl)/R(yl). (24)

Combined with equation (22), we have

∀yl ∈ Y,∀si ∈ S(yl), ρ̌(si, yl) = 1 − n(yl)
R(yl)C

. (25)

Theorem 2 allows to define the machine utilization threshold
at composite-service template level. Define ρ̌(yl), yl ∈ Y the
machine threshold for composite-service template yl ∈ Y with
only sequential and branch compostions. We have

ρ̌(yl) = 1 − n(yl)
R(yl)C

. (26)

Theorem 3 further expresses the throughput upper bound
β̌∗ using above defined ρ̌(yl).

Theorem 3: Consider composite-service templates that only
use sequential and/or branch compositions. The throughput
upper bound, β̌∗, is

β̌∗ = 1/
∑

yl∈Y

ω(yl)n(yl)
C|M |ρ̂(yl)

. (27)

Proof: See Appendix A.
Theorem 4 states the condition that upper bound β̌∗ can be

achieved by our heuristic algorithm.
Theorem 4: Consider composite-service templates that only

use sequential and/or branch compositions. If ∀yl ∈ Y ,
ω(yl)n(yl)

Cρ̂(yl)
/
∑

yl∈Y
ω(yl)n(yl)
C|M |ρ̂(yl)

is integer, then the maximum
throughput achieved by the heuristic algorithm β̄∗ is equal
to optimal solution β∗.

β̌∗ = β∗ = β̄∗. (28)
Proof: The upper bound of the throughput β̌∗ can

be achieved by assigning ω(yl)n(yl)
Cρ̂(yl)

/
∑

yl∈Y
ω(yl)n(yl)
C|M |ρ̂(yl)

ma-
chines to atomic services belonging to composite-service
template yl. For each template yl, the throughput is
ω(yl)/

∑
yl∈Y

ω(yl)n(yl)
C|M |ρ̂(yl)

. The total throughput β̄∗ satisfies
equation (28).

The asymptotic optimum property of our heuristic algorithm
is given by Theorem 5.

Theorem 5: Considering composite-service templates that
only use sequential and/or branch compositions, let β̄∗ be opti-
mal throughput found by our algorithm, and β∗ the maximum
throughput. We have

lim
|M |→∞

β̄∗/β∗ = 1. (29)

Proof: Let M be the smallest integer such that ∀yl ∈ Y ,
ω(yl)n(yl)

Cρ̂(yl)
/
∑

yl∈Y
ω(yl)n(yl)
CMρ̂(yl)

is integer. From Theorem 4, for
integer k > 0,

β̄∗(kM) = β∗(kM) = kβ∗(M). (30)

For (k + 1)M ≥ |M | > kM, we have

β̄∗(|M |) ≥ β̄∗(kM) = kβ∗(M), (31)

β∗(|M |) ≤ β∗((k + 1)M) = (k + 1)β∗(M). (32)

Dividing equation (31) by (32), we get

β̄∗(|M |)
β∗(|M |) ≥ k

k + 1
, lim

|M |→∞
β̄∗(|M |)
β∗(|M |) = 1. (33)

F. Complexity Analysis

Our algorithm is fast. The loop in Section IV-C runs for
up to log β∗ iterations, where β∗ is the maximum possible
throughput of customer requests. The complexities of the QoS
decomposition step and the service deployment step are 2|S|
and O(|M | + |Y ||S|), respectively. Hence, the complexity of
the algorithm is O(log β∗(|M | + |Y ||S| + 2|S|)).

V. PERFORMANCE RESULTS

In this section, we evaluate the performance of our algo-
rithm by comparing it with a baseline algorithm that considers
only throughput during service deployment.

A. Baseline Algorithm for Comparison

The baseline algorithm attempts to maximize the throughput
of customer requests without considering the response time re-
quirements. It assumes that any machine can process requests
for any atomic service si. Upon receiving a request for si,
the baseline algorithm picks uniformly at random a machine
from the machine set to process the request. Let β∗ denote the
optimal maximum throughput and β̂∗ denote the maximum
throughput of the baseline algorithm.

Theorem 6: If all processed requests are counted in
throughput regardless of their response times (i.e., ∀yl ∈ Y ,
R(yl) = ∞), the baseline algorithm achieves the optimal
maximum throughput, i.e., β̂∗ = β∗.

Proof: The proof directly follows from the fact that the
baseline algorithm evenly distributes load to all machines.

However, if we count in throughput only those processed
requests whose response times are satisfied, we have β̂∗ ≤ β∗.

Let β̄∗ be the maximum throughput of our algorithm.
Because our algorithm takes into account both throughput and
response time, its throughput is always better than or equal to
that of the baseline algorithm.

Theorem 7: β̄∗ ≥ β̂∗.
Proof: See Appendix B.
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Fig. 7. Comparing the algorithms when ω(y1) = ω(y2) = 50%.

B. Performance Comparison with the Baseline Algorithm

We use the following setup in the comparison. The system
processes only two types of customer requests. The composite-
service template of the first customer request type, W (y1),
consists of a single atomic service s1 that needs ns1 CPU
cycles to process one request. Similarly, the composite-service
template of the second customer type W (y2) is composed of
a single atomic service s2 with CPU requirement ns2 . The
response time requirements are R(y1) = 1s and R(y2) = Rs,
respectively. In the comparison, we vary R from 1 to 1.99.
We assume that a received request belongs to one of the two
customer types with equal probability, i.e., ω(y1)=ω(y2)=50%.

Figure 7 shows the system throughput when ns1 = ns2 =
0.8G CPU cycles. When R = 1, the baseline algorithm and
our algorithm have identical performance, because the QoS
requirements of the two customer types are identical. As R
increases, the QoS requirement of one customer type relaxes
and one would expect the throughput to improve as well.
However, the throughput of the baseline algorithm remains
unchanged because it treats all customers equally regardless
of their QoS requirements. In contrast, our algorithm delivers a
higher throughput as expected, because it uses low-utilization
machines for customer requests with high QoS requirements.
Compared with the baseline algorithm, when R = 1.99, our
algorithm satisfies 50% more customer requests.

Parameters ω(y1) and ω(y2) represent the relative arrival
rates of customer requests of different types. Figure 8 shows
the throughput when (ω(y1), ω(y2)) = (10%, 90%) and
(ω(y1), ω(y2)) = (90%, 10%), respectively. Compared with
the baseline algorithm, our algorithm delivers 148% higher
throughput when (ω(y1), ω(y2))=(10%, 90%) and R=1.99,
i.e., when the customer requests with low-QoS requirements
dominate. In this case, our algorithm allocates a small number
of machines to serve customer requests that require fast
response, while the majority of the machines are used to serve
customer requests that are not stringent on response time.

VI. CONCLUSION

This paper studies the problem of QoS-aware optimization
of composite-service fulfillment policy. We demonstrate that
utilizing the cross-layer relationship data in optimization (i.e.,
the relationship between composite services, atomic services,
and machines) help achieve a better performance. Without
loss of generality, we assume that the optimization goal is to
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minimize the number of machines subject to response time and
throughput requirements. As a key step toward this goal, we
formalized and solved the throughput maximization problem.

We proved that this problem is NP-hard, and proposed
an efficient algorithm that maximizes the end-to-end service
throughput while observing response time constraints. We fur-
ther proved that the solution of our algorithm is always better
than or equal to that of a baseline algorithm that considers
only throughput during service deployment. Empirically, we
demonstrated that under the same response time requirements,
our algorithm achieves a substantially higher throughput than
the baseline algorithm. This outstanding performance is due
to our novel optimization techniques. First, we decompose
the end-to-end service response time requirement into atomic-
service level response time requirements that are proportional
to the CPU consumption of the atomic services. Second,
during service deployment, we group together atomic services
with similar QoS requirements and co-locate them on ma-
chines with similar utilization characteristics.
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VII. APPENDIX A

Proof of Theorem 3:
Let start with additional notations.
Required CPU cycle rates by template yl: f(yl), yl ∈ Y .

We have
f(yl) = t(yl)n(yl). (34)

Required CPU cycle rates of machine mk by template
yl: f(yl,mk), yl ∈ Y , mk ∈ M . We have

f(yl,mk) =
∑

si∈S(yl)

1(p(si) = vi,j)t(p)φsi
(yl)nsi

. (35)

Note that f(yl) =
∑

mk∈M f(yl,mk).
Utilized fraction of machine mk by template yl:

x(yl,mk) = f(yl,mk)/umk
.

Total utilized machine fraction by template yl: X(yl) =∑
mk∈M x(yl,mk). We have

∑

yl∈Y

X(yl) = |M |. (36)

Utilization over total utilized machine fraction by tem-
plate yl: g(yl) = f(yl)/X(yl).

We prove Theorem 3 through two lemmas.
Lemma 1: Consider composite-service templates that use

only sequential and/or branch compositions, we have,

∀yl ∈ Y, R(yl) ≥ n(yl)
C − g(yl)

. (37)

Proof: From equations (2)(11) and definition of f(yl,mk)
(see equation (35)), for composite-service templates that use
only sequential and/or branch compositions, we have

R(yl) =
1

t(yl)

∑

mk∈M

f(yl,mk)
C − umk

. (38)

From the properties [15] of the convex function u/(c− u),
we have ∀θk > 0 and

∑
k θk = 1,

∑

k

θk
umk

C − umk

≥ θkumk

C − θkumk

. (39)

Substitute θk with
f(yl,mk)/umk∑

mk∈M f(yl,mk)/umk
,

1
∑

mk∈M
f(yl,mk)

umk

∑

mk∈M

f(yl, mk)

C − umk

≥
∑

mk∈M f(yl, mk)
∑

mk∈M
f(yl,mk)

umk
C − ∑

mk∈M f(yl, mk)
, (40)

we have
∑

mk∈M

f(yl,mk)
C − umk

≥ f(yl)
C − g(yl)

(41)

Combined with equations (35)(39), we have

R(yl) ≥ n(yl)
C − g(yl)

. (42)

Lemma 2: Consider composite-service templates that only
use sequential and/or branch compositions. We have

∀yl ∈ Y, g(yl) ≤ Cρ̌(yl). (43)
Proof: We prove it by contraction. Assuming that ∃yl ∈ Y ,

g(yl) > Cρ̌(yl). Combine equations (26)(38), we get R(yl) >
R(yl). Contradiction. Therefore, we have proved Lemma 2.

Theorem 3 is proved as follows. We have

|M | =
∑

yl∈Y

f(yl)

g(yl)
≥ 1

C

∑

yl∈Y

f(yl)

ρ̌(yl)
=

β

C

∑

yl∈Y

ω(yl)n(yl)

ρ̌(yl)
, (44)

where the inequality is derived using result of Lemma 2,
Therefore,

β ≤ 1/
∑

yl∈Y

ω(yl)n(yl)
C|M |ρ̂(yl)

. (45)

VIII. APPENDIX B

Proof of Theorem 7:
Recall that, in our algorithm, the deployment procedure

itself is optimal for given decomposed response time require-
ment of atomic services. Therefore, it is sufficient to prove

∀(si, yl) ∈ A, ρ̌b(si, yl) ≤ ρ̌h(si, yl), (46)

where ρ̌b(si, yl) and ρ̌h(si, yl) are the machine utilization
thresholds under the baseline and our algorithm, respectively.

Let u be the utilization of all machines when throughput β
is achieved under baseline algorithm. From equation (2), we
have

r(vi,k) =
nsi

C − u
. (47)

The baseline algorithm does not have a response time
decomposition step, but we can imagine a “pseudo-
decomposition” step as follows. Let ň and ni be the CPU
consumption of a high-level block and its i-th sub-block, and
ř and ri be the response time of a high-level block and its i-th
sub-block, respectively. We observe from equation (47) that,
for parallel composition, the sub-block response time is equal
to the high-level block response time scaled by the maximum
CPU consumption of all parallel branches, i.e.,

ri =
ni

maxi ni
ř (parallel composition). (48)

For sequential and branch compositions, the sub-block re-
sponse time is proportional to its CPU consumption:

ri =
ni

ň
ř (sequential and branch composition). (49)

Comparing the decomposition methods in baseline algo-
rithm (equations (48)(49)) with those in heuristic algorithm
(equations (20)(21)), we see that the baseline algorithm and
our heuristic algorithm have the same decomposition ratio
(ni/ň) for sequential and branch composition blocks. How-
ever, for parallel composition, the baseline algorithm may
generate lower response time for each sub-block than our
algorithm does. Combining the above two arguments, we have
proved equation (46), and thus completed the proof.


