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Abstract—We consider a set of computer resources used by subject to SLA constraints. Performance and price are the
a service provider to host enterprise applications subject to two most important components for a variety of SLAs for
service level agreements. We present an approach for resource business applications. Hence, in this paper, we consider the
optimization in such an environment that minimizes the total o ’ ' o
cost of computer resources used by a service provider for m|n|m|z_at|on of the overall cost of the service provider’s
an enterprise application while satisfying the QoS metric that computing resources allocated to the bussines customer so
the response time for executing service requests is statistically that v% of the time the response time, i.e., the time to
bounded. That is,~% of the time the response time is less than execute a service request, is less than a pre-defined value.
a pre-defined value. This QoS metric is more realistic than the Typically, in the literature the response time is taken into
mean response time typically used in the literature. Numerical ’ .
results show the applicability of the approach and validate its aqcount through its mear? (11, [91, [:_Ll] and [1‘_1]' However,
accuracy. this may not be a meaningful quality of service as far as
the customer is concerned, who may be more interested in a
statistical bound of the response time.

I. INTRODUCTION Resource optimization problems subject to performance

. . . - rgetrics such as response time, bandwidth, and link utilization
The increasing pervasiveness of network connectivity a b vel died. | died f ltiol
the proliferation of on demand e-business applications ang o oeen extensively studied. [t was studied for multiple
) ) . ) E{Jacket networks in [3], IP networks in [10], wireless net-
services in public domains, corporate networks, as well

S . ; L .
home environments give rise to the need for the design (\#orks in [2], grid computing in [11] and optical networks
appropriate service management solutions.

in [13]. The calculation of the response time often becomes
) : ) critical in solving the resource optimization problem. Martin
In this paper, we consider a collection of computer re
sources used by a service provider to host enterprise

and Nilsson [10] measured the average response time of a
et . . S€ Arvice request. A framework for service management in grid
plications for business customers. An enterprise appl'cat'gbmputing was defined in [11], but they did not provide
running n such a computing environment is assomate_:d WI method for calculating the probability distribution of the

a service level agreement (SLA) [8], [9] and [17]. That is, th(?esponse time

service provider is required to execute service requests fromIn order to c.ompute a percentile of the response time one

a F:ustqmer within negotlated Q,OS requirements -for a VLS to first find the probability distribution function (pdf) of
price. Figure 1 depicts a scenario for such an environment. & response time. This is not an easy task in a complex
customer represents a business that generates service req uting environment involving many computing nodes

at a given rate to be processed by the service prowder-i%e calculation of the pdf of the response time is relatively

resource stations according to QoS requirements and f&l’mple for overtake-free paths in Jackson and Gordon-Newell

a given fee. As shovv_n n F'Q“re 1 a service reque;t Networks. Walrand and Varaiya [18] showed that in any

transmitted to the service provider over a network prowdeB en Jackson network, the response times of a customer
After it is processed at the various resource stations of thg 4\ ~rious nodes 01: overtake-free path are all mutually
service provider the final result is sent back to the Cusmm%dependent. Daduna [5] further proved that the same result

For_ presentation purposes, we assume that e_ach reSOUYEGalid for overtake-free paths in Gordon-Newell networks.

station has only one type of server associated with ¢odt The pdf of the response time was derived for a closed

they have multiple types of servers, we can decompose ea[%i
!

Lo S i eueing network in [12], and the passing time distribution
resource station into several individual stations so that ea

. ; s calculated for large Markov chains in [7].
one only contains one type of server with the same cost. In this paper, we present an approach for the resource
Let N; be the number of servers at statign(j =

Bt - optimization that minimizes the total cost of computer re-
1,2,---,m). Thus, the resource allocation is quantifiedsoyrces required while preserving a given percentile of the
by solving forn; (n; = 1,2,---, Nj) in the following regponse time. We calculate the number of servers in each
optimization problem: resource station that minimize a cost function that reflects
) operational costs. We first analyze an overtake-free open

I= o (ncr e 4 nm cm) (1) tandem queueing network, and then we extend our work
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Fig. 1. Execution of Service Requests

to an open tandem queueing network with feedback. WEIFO. The steady-state probability of the system is
note that the proposed approach can be also applied to any
gueueing network consisting of nodes arbitrarily linked. To
the best of our knowledge, this is the first work that provideg/here p = % (see [15]). The response timE is expo-
an analytical solution of the resource optimization problementially distributed with the parametef(1 — p), i.e., its
subject to the constraints of a percentile response time apgbbability distribution is given by
a price. . . . - —u(1—p)t

The rest of the paper is organized as follows. In section fr(t) = p(1 = pe
Il we define the SLA performance metric considered in ysing the definition given in (2), we have that
this paper and formulate the resource optimization problem.

po=1—p, and pk:(l—p)pk, k>0,

In section Ill, we present two typical real-life models and Fr(t)|=pp = 1 — e #0=0T" > 49 3)
propose an approach for solving the optimization proble

In section IV, numerical simulations demonstrate the ap- —In(1—-~%)

plicability and validity of the proposed approach. Finally, = -~ 71D +A

the conclusions are given in section V. This means that in order to guarantee higher SLA service

levels, 1 has to increase whefi” decreases. Similarly, for
a given arrival ratex and service rate:;, we can use (3) to

. _find the percentile ofy.
A SLA is a contract between a customer and a service Then, the resource Optimization prob'em can be formu-

provider that defines all aspects of the service that is t@ted as the following optimization problem:

be provided. In this paper the SLA consists of service o

performance and a fee. We consider the percentile of tgesource Optimization Problem: _
response time as the performance metric. This is the time jt Find integersn; (1 < n; < Nj j = 1,2,---,m) in
takes for a service request to be executed on the servid mm-dimensional integer optimization problem (1) under
provider's multiple resource stations. L&t be a random the constraint of a perqennle response time as expressed
variable representing the response time, andfet) and PY (2), and the constraint < CP, where C* is a fee
Fr(t) be its probability and cumulative distributions respec€dotiated and agreed upon between a customer and the
tively. Also, letT be the desired target response time that S€Tvice provider.

customer requests and agrees with its service provider based
on a fee paid by the customer. The SLA performance metric

Il. THE SLA PERFORMANCEMETRIC AND THE
RESOURCEOPTIMIZATION PROBLEM

IIl. APPROACHES FORRESOURCEOPTIMIZATION

is as follows. In this section, we study two queueing network models
D that depict the path that service requests have to follow
Fr(t)|j—rp = / frt)dt >~% (2) through the service provider’s resource stations. These two

0

models are shown in Figures 2 and 3. We refer to these
That is,v% of the time a service request will be executedwo queueing models as service models since they depict
in less than'?. the resources used to provide a service to a customer.
As an example let us consider art/M/1 queue with an The first service model consists of a single infinite server
arrival rate\ and a service ratp. The service discipline is andm stations numbered sequentially framo m as shown
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Fig. 2. A Tandem-station Service Model

in Figure 2. Each statiofis modeled as a single FIFO queueproblem is anm-dimensional linear optimization problem

served byn; identical servers, each providing a service at theubject to nonlinear constraints. In general, it is not easy to
ratep;. Let A be the external arrival rate to the infinite serversolve this problem. However , the complexity of the problem
and letx and \; be the effective arrival rates to the infinite can be significantly reduced by requiring that the service
server and station (j = 1,2,---,m). We assume that all rates of the queues in the service model in Figure 2 are all

service times are exponentially distributed and the externafual. That is, we find the optimum value of,---,n,,
arrival to the infinite server occurs in a Poisson fashion. such that
The infinite server represents the total propagation delay Y(n)pr = = Y(nm) b

from the user to the service provider and back and also fro
station1 to m. Each station carries out a particular funct|on
For instance, it could be a database server, a file server,
web server, a group of CPUs and local disks, etc. We only
consider a single class of customer in this paper. A=) =A
In the following discussion each station is modeled as o
a single M/M/1 queue with arrival rate\; and service 1° J = 1,2,---,m, we have that the utilization of each
rate y(n;)p;, wherey(n;) is a known function ofn; and  Station A A
depends on the configuration of servers at each station. Pj = ()i = ()i
It is non-decreasing and can be inverted, ;! exists. ’ ’
For instance, suppose that a station represents a group /6\S We have
CPUs. Then(n) can be seen as a CPU scaling factor , _ N (1) — N,
for the number of CPUs from 1 ta. According to [4], G = Yol = pi) = wlng)ig(1 =
Y(n) = o8 where¢ is a basic scaling factor from 1 which impliesn; = ¢~ (a+A ) (i,j =1,2,---,m). Hence,

rV/Ve note that in production lines, it is commonly assumed
that the service stations are balanced.)
rom the traffic equations:

pj) = a;

HD

a,

CPU to 2. Sog~1(n) = ¢~ lo27, from (4) we have
Since the queueing network is overtake-free, the waiting [ am
time of a customer at a station is independent of its waiting fr(t) = {s ) m},

times at other stations (see [5] and [18]). Lébe the service

time at the infinite server and; be the time elapsed from 2nd subsequently obtain that

the moment a customer arriving at statiprio the moment 1 am

- - e Fp(t) = L™ ) @)

it departs from the station. Then, the total response time is (s + )\) (s+a)
T=X+X1+Xo+ -+ X, Consequently} _, njc; reduces to a function of variable

a+)\
and hence the LST (Laplace-Stielties transform) of thé due ton; = [~ (%=)]. Thus we have the following
response timd’ is algorithm for the resource optimization problem.

Algorithm 1:

Lr(s) = Dx(s)Lx, (s) -~ Lix, (5) “) 1) Find a in the one dimensional optimization problem:
where Lx (s) is the LST of the service time& given by 47— arg min Fy(1)|
—T7D
. B A . & T t=T
x(s) = s+ A ©) subject to the constrainkr(¢)|,—rp > % ata =

and Ly, (s) is the LST of the response timg; at the j-th a™", wherePr(t) is given by (7).

LXj (S) =

amin
i (1 = p;) I
and check ifl < n; < N; (j = 1,2,---,m) and
I < CP are satisfied. If yes, the obtained is the
number of servers required at each station. Otherwise,
Ly(s) = A T b(ng)us (1 — py) print “the problem cannot be solved.”
s+ A s+ P(nj)pi (1 — pj) In order to allow for a more complex execution path of a

We observe thatfr(t) and Fp(t) are usually nonlinear service request, we extended the above model to a service
functions of t and n;. Hence, the resource optimizationmodel with feedback, as shown in Figure 3. Infinite server

Y(n;)pi(1 = pj)
s+ ¢(nj)uj(1 —pj)’
wherep; = , m).

From (4), ((5)] and (6) we have that

(6) nj = [~




1 represents the total propagation delay within a netwonkhere L (s) is the LST of the service tim@® given by
provider and infinite server 2 represents the propagation
delay within the service provider, i.e. among statidn$o Lp(s) = L7
m. In this figure, a customer upon completion of its service s+ A
at them-th station, exits the system with probability, or 54 replacingL (s) and L. (s) (j = 1,2,---,m) by (5)
returns to the beginning of the system with probabilityc. 54 (6) in (8), we have thatJ

We note that the model shown in Figure 3 can be easily
extended to a network of queues arbitrarily connected. We [,;.(s) =
reuse the notation in the first model shown in Figuré\2as AT 4

the external arrival rate)s, A and \; as the effective arrival (s+A)[(s+A)H;":1(sjrdj)f(lfa)m;';ldj] ©)
rates to the second infinite server and statjprand 1,; as i ) o
the service rate at statiof) wherej = 1,2, ---,m. To find the response time distributiofy-(t), we are re-

The main difficulty of this resource optimization problemauired to invert the above LST using partial fraction decom-
is to find f7(t), the probability distribution function of”. ~ PoSition Of,"?‘ rational funcyon. Howeyer, the partlal fracnqn
We obtain this probability distribution function assuming thafl€composition of the rational function requires searching
the waiting time of a customer at a station is independef@! roots of a high-order polynomial. It is usually not an
of its waiting time at other stations, and each visit at th€asy task when the order of the polynomial is more than 5.
same stationj is independent of the others. (We note thathstead, in this paper the LST is inverted numerically.
this assumption of independence does not hold in queueingSimilarly, we want to findn,, - - -, n,, such that the best
networks with feedback. However, as will be discussed in thétilization of these stations is achieved, which implies that
validation section the solution obtained has a good accurac§dch station has the same maximal service capacity. That is,
We first have the traffic equations: o
G, =a;=a (i,7=1,---,m)

A=A A=A+(1—a)n, and \; =\, _ 1
which impliesA\; = A = 2, and the utilization of each ;:252' from equation (9) andir(t) = L Lr(s)/s} we
station is
A A _ Fr(t) =
Pj = = (]:1727"'7m) 2,m
T Wy o (nyg) LY oo —a=as )

Furthermore, the response time of theh pass at the Th h the followi lorithm for th
infinite station and thg-th station is considered as the sum us we have the following aigorithm for the resource
of m + 2 random variables optimization problem in the model shown in Figure 3.

Algorithm 2:
T(k)=D+X+ X1+ + Xp, Steps 1) and 2) are the same as Steps 1) and 2) in

where we assume that the waiting time of a customer atAélIgonthm L e_xceptFT(t) given by (10)'.
Note that if we cannot get a solution for the resource

station is independent of its waiting times in other visits to "% * . .
the same stationD and X are the service times at the first °Ptimization problem using Algorithm 1 (or 2), then the
and second infinite servers respectively, adis the time service provider cannot execute the service request for the

elapsed from the moment a customer arrives at statitm service model 1 (or 2) due to at least one of the following

(10)

the moment it departs from it. Then, the total response tinf&3SoNns:
is 1) The service provider has an insufficient resource (i.e.,
- N; is too small).
= Zp(k)T(k), 2) A pre-specific fee is too low (i.e] > CP).
F=0 3) A network connection is either too slow or has a
wherep(k) is the steady state probability that a request will problem so that (2) cannot be satisfied.

circulate k times at the infinite station and theth station

through the computing system(k) is determined by Using these information, we may detect and debug either

a network problem or a service provider's capacity problem,

p(k) = a(l — a)kfl or the SLA needs to be re-negotiated.
o In Algorithms 1 and 2, the run-time for Step 2)@&m).
Thus the LST of the response tinféis Thus, the run-time of either Algorithm 1 or 2 is a sum of
o0 O(m), the run-time for inverting the LST of the response
Lr(s) = Lp(s) > p(k) L ()L, (s) -+~ LK, (5), time, and the run-time for finding the maxima of the resulting
k=0 function (or F'(t)). While an efficient approach to finding the
which can be re-written as follows: maxima of F'(¢t) can be found in [16], inverting the LST of
aLp(s)Lx(s) =1 L, (s) the response time can be easily done by using the methods

(8) presented in [6].



A Infinite Infinite . . a
Server 1 Server 2 Stationl ——=—----- Station m =

1-a
Fig. 3. A Service Model With Feedback
TABLE | TABLE II
THE SERVICE RATES OF THE EIGHT STATIONS UNDER STUDY THE CUMULATIVE DISTRIBUTION OF THE RESPONSETIME
Service Rates|| pu1 | w2 | w3 | wa | pus | pe | w7 | ws Response Time|| Simul | Approx | R-Err %
Values 52 | 18 | 80 | 35 | 41 | 15 | 25 | 35 0.04 0.0213| 0.0214| 0.4393
0.06 0.1517 | 0.1528 | 0.7004
0.08 0.4070 | 0.4075| 0.1112
0.10 0.6681 | 0.6672| -0.1377
V. N Vv 0.12 0.8468 | 0.8450 | -0.2158
- NUMERICAL VALIDATIONS 0.14 0.9398 | 0.9379| -0.1974
In this section we demonstrate the accuracy and applica- 0.16 0.9785| 0.9780 -0.0498
. S 0.18 0.9931| 0.9929 | -0.0157
bility of our proposed approximation method. 0.20 0.9979 | 0.9979| 0.0000
Two types of errors are introduced in our proposed 0.22 0.9995 | 0.9994 | -0.0077
T ; 0.24 0.9999 | 0.9998 | -0.0051
approximation method. The first, hereafter referred to as 0.96 10000 | 1.0000| 0.0000

Class | error, comes from numerically inverting the Laplace
transform. The other, hereafter referred to as Class Il error, is
due to the assumptions that the waiting time of a customer at
each station is independent of the waiting times at the oth&fation has the same utilization, or balanced utilization, is
stations, and it is also independent of its waiting times i§onsistent with the ones shown in Table II. Thiisz 382 <
other visits to the same station. CP. We point out that the relative errors shown in Table Il
The relative error % is used to measure the accuracy of ti@e only due to the Class | error since the Class Il error is
approximate results compared to model simulation result80ot present for this service model.
and it is defined as follows

TABLE Il
Relative error% = THE OPTIMAL NUMBER OF SERVERS
Approxim R imulation Resul
pproximate ResultSimulation Resu tx 100 Station 1234567718

Simulation Result

We study the accuracy of our proposed approximation
method using two examples below. ) )
We first verify the accuracy of our approach for the first L€t us now consider an example of the service model 2
service model shown in Figure 2. Let = 8, A\ = 100, Shown in Figure 3. We choose o 8, A =100, Q= 0.67,
N; = 100, ¢; = 2, ¥(n;) = 1597 and €0 = 400 Nj = 250, ¢; = 1, ¢(n;) = 1.5%%", and O~ = 580
(j = 1,---,8). The service rates of these eight stations ar/ = L=~ -,8)- The service rates of these eight Sti‘t'ons are
listed in Table I. listed in Table IV. Thus it follows from equatioh = - that
We simulated the queueing network using Arena and = 149'25-_ . o
the analytical method was implemented in Mathematica, We obtained the cumulative distribution of the response

The simulation results are considered as “exact” since tHjiin€ by solving (10) using the package of the inverse
simulation model is an exact representation of the queuein@Place transforms in Graf [6]. Table V shows the number
network under study. of servers in the eight stations necessary to ensure the

5 :
Table Il shows the simulated and approximate cumulativi®” SLA guarantee fofl™™ < 0.6. We also simulated the

distribution of the response time. In the table, the columfRndem queueing network and validated using the brute-
labeled “Simul” gives the simulation result, the columnforce approach that these numbers of servers obtained by

labeled “Approx” gives the approximate result, and th@Y" approximate method are in fact optimal, provided that
column labeled “R-Err %" gives their relative errors. The€ach station has balanced utilization. The optimal number of

same abbreviations are also used in Table VI. It appears that

#Servers|| 11 | 62 | 5| 20 | 16 | 84 | 35| 20

the results obtained by Algorithm 1 are very accurate. The TABLE IV
optimal number of servers required fF.5% of the response THE SERVICE RATES OF THE EIGHT STATIONS UNDER STUDY
time to be less tha¥'® = 0.16 is shown in Table III. Sore TS

. . . M1 | p2 | p3 | pa | ps | pe | pr | M8
The exact_optlmal qumbe_r of servers, obtained by exhaustive—z1es T0 45 100 20 132 18 8 | &5
search using the simulation model, and assuming that eac




TABLE V
THE OPTIMAL NUMBER OF SERVERS

problem as an optimization subject to SLA constraints for a

service model with or without feedback. In the model without

Station 1 2 3] 4 5 6 7 8
#Servers|| 168 | 13 | 4 | 52 | 23 | 62 | 246 | 5

feedback, the obtained LST of a customer’s response time
is exact, and in the case of the model with feedback, it is

approximate. We also developed an efficient and accurate

TABLE VI
THE CUMULATIVE DISTRIBUTION OF THE RESPONSETIME

Response Time|| Simul | Approx | R-Err %
0.20 0.4865 | 0.4781| -1.7284
0.30 0.7418 | 0.7267 | -2.0336
0.40 0.8551 | 0.8541| -0.1201
0.50 0.9189 | 0.9226 | 0.4067
0.60 0.9538 | 0.9589 | 0.5327
0.70 0.9733| 0.9782| 0.5000
0.80 0.9845 | 0.9884 | 0.3967
0.90 0.9908 | 0.9938 | 0.3070

1.00 0.9946 | 0.9967 | 0.2136 (1]
1.10 0.9967 | 0.9983| 0.1563
1.20 0.9980 | 0.9991| 0.1079

1.30 0.9988 | 0.9995 | 0.0714 (2]
1.40 0.9997 | 0.9997 | 0.0000
1.60 0.9999 | 0.9999 | 0.0026
1.80 0.9999 | 1.0000| 0.0079

2.00 1.0000 | 1.0000| 0.0000 (3]

[4]

servers is given in Table V. It derives that= 560 < CP,  [g]

i.e., Step 2) in Algorithm 2 is met. Table VI gives the
cumulative distribution of the response time obtained usindﬁl
the approximate method and the simulation method, and thg)
relative error%. The relative error comes from both Classes

| and Il error. We note that our approximate method has g
very good accuracy.

In both two examples as above, the run-time for thel®
approximate method is less than 1 second when Algorithm
1 or 2 was implemented in Mathematica, and the run-time
for the simulation result is less than 1 minute when Arené0]
was used. [11]

Extensive numerical results (not reported here due to lack
of space) point to the fact that the independence assumption
has little impact on the accuracy of the results when the num-
ber of nodes is large. A contributing factor is that typicallyj12]
we are interested in values of the cumulative distribution of
the response time that correspond to very high percentil
for which the approximate results seem to have a very good
accuracy through a comparison with simulation results that
are considered as “exact.” [14]

Additionally, to the best of our knowledge, this is the first
work that provides an analytical solution of the resourcéls]
optimization problem subject to the constraints of a per[-16
centile response time and a price. Hence, we do not give
a comparison of our proposed method with other methods 7]
this paper. (18]
V. CONCLUSIONS

We proposed an approach for resource optimization in
a service provider's computing environment, whereby we
minimize the total cost of computer resources allocated
to a customer so that satisfies a given percentile of the
response time. We have formulated the resource optimization

numerical solution for inverting the LST of a customer’s
response time numerically. Validation testes showed that our
approach has a very good accuracy.

In this paper we assumed that service requests are served
in a queue in a FIFO manner. Priority service disciplines will
be discussed in another paper.
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