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What if this were 30 seconds? 
Would Google be as successful? 
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Google apologizes but its service is momentarily 
unavailable. 

Please check back later. 
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Google apologizes but its service is momentarily 
unavailable. 

Please check back later. 

Would Google be as successful if this really happened? 
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Computer System 

Two important design quesXons: 

QuesXon 1: What funcXons will the system accomplish? 

inputs  outputs 
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Computer System 

Two important design quesXons: 

QuesXon 1: What funcXons will the system accomplish? 

QuesXon 2: How well will the system accomplish these funcXons? 

  How fast? 
  How reliably? 
  With what level of security? 
  In general, with what Quality of Service (QoS)?   

inputs  outputs 

8 
© 2009 by D.A. Menascé. All Rights Reserved. 



PEOPLE CREATE AND USE MODELS 
OF COMPUTER SYSTEMS 

Part I   
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Create Model Validate 
Model 

Analyze 

Computer 
System 

Computer Modeling Methodology 

10 
© 2009 by D.A. Menascé. All Rights Reserved. 



Understand 

the System 

Characterize 
the Workload 

Create Model Validate 
Model 

Analyze 

Computer 
System 

Computer Modeling Methodology 

11 
© 2009 by D.A. Menascé. All Rights Reserved. 



ARTICLE  IN  PRESS
6 D.A. Menascé et al. / Performance Evaluation ( ) –

p3+4(x) =
! y=+!

y=0
p3(y)p4(x " y)dy

P3+4(x) =
! y=x

y=0
p3+4(y)dy.

Numerical integrationmethods can beused to solve the integrals above. In general,when a flowhas a branch that includes
a sequence of activities, it is necessary to determine the pdf and CDF of the sum of the random variables that represent the
execution times of the activities in this branch in order to apply Eq. (4). If random variables x1, . . . , xn are independently
distributed (a reasonable assumption in our case), with pdf’s px1(x), . . . , pxn(x), the Laplace transformL[px1+···+xn(x)] of the
pdf px1+···+xn(x) of the sum of these random variables is simply the product of the Laplace transforms of their pdf’s. In other
words,

L[px1+···+xn(x)] =
n"

i=1

L[pxi(x)]. (5)

The pdf px1+···+xn(x) can be obtained by inverting the Laplace transform of Eq. (5). In many cases of practical interest, the
Laplace transform of a sum of random variables can be written as the ratio P(s)/Q (s) between two polynomials of degrees
m and n, respectively, with n > m (ifm # n one can divide P(s) by Q (s) and write down the result as a polynomial in s plus
a ratio between two polynomials such that n > m). In the special case in which all zeros of Q (s) are distinct, one can invert
L[px1+···+xn(x)] using the Heaviside Expansion Theorem [24]: IfL[px1+···+xn(x)] = P(s)/Q (s) and (1) the degrees of P(s) and
Q (s) arem and n, respectively, with n > m, and (2) Q (s) has n distinct simple zeros located at the points s1, . . . , sn, then

px1+···+xn(x) = L"1[P(s)/Q (s)]

=
n#

k=1

P(sk)
Q $(sk)

eskx. (6)

An expression for L"1[P(s)/Q (s)] for the case in which Q (s) has zeros with multiplicity >1 can be found in [24].
For example, the pdf of a sum of n independently distributed exponential random variables with parameters !1, . . . , !n

with !i %= !j for i %= j is given by

px1+···+xn(x) =
n#

k=1

!1 . . . !n
n$

i=1

n%
j=1,j%=i

("!k + !j)

e"!kx (7)

since in this case P(s) = !1. . . . !n and Q (s) = (s + !1). . . . (s + !n).
The CDF Px1+···+xn(x) of x1 + · · · + xn is

& x
0 px1+···+xn(y)dy. Its Laplace transform can be computed using the property that

L[
& x
0 f (y)dy] = F(s)

s and Px1+···+xn(x) can be obtained by inverting the Laplace transform.
In the example of independently distributed exponential random variables, we get

Px1+···+xn(x) = 1 +
n#

k=1

!1 . . . !n

Q $("!k)
e"!kx (8)

where

Q $("!k) = "!k

'
n#

i=1

n"

j=1,j%=i

("!k + !j)

(

+
n"

j=1

("!k + !j). (9)

3.4. Dealing with business processes with nested flows

If the business process has nested flows like the one shown in Fig. 2, Algorithm 1 will produce an expression for R that
includes nestedmax operators. For example, applying Algorithm 1 to the example of Fig. 2 results in

R = R1 + max{R2, (R3 + max{R4, R5} + R6)} + R7. (10)

Dealing with Eq. (10) poses a problem because the computation of the expected value for the first max operator in this
equation would require the pdf and the CDF of the random variable R3 + max{R4, R5} + R6 according to Eq. (4). However,
Eq. (10) can be rewritten as

R = R1 + max{R2, (R3 + R4 + R6), (R3 + R5 + R6)} + R7 (11)

which solves the problem of having nestedmax operators for that equation.
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This equation accounts for all the CPU time used to service a
get request: The time spent at the ftp daemon, at the Name
Server, at the Disk Server, at the PDM and PVR servers, and
the time to transfer from the tape to the disk cache and from
the disk cache to the client. The actual values depend on the

file sizes for each of the classes, since tcpu,ftpb and tcpu,movr are
service demands per block. For put requests, the service de-

mand Dcpu pi,  at the CPU for class pi is computed using the

equation:
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+ +t tcpu ns cpu ds, , .             (2)

Since files stored into the Unitree are always placed in the
disk cache, the service demand equation for put requests is
simpler. The total service demand accounts for CPU time
spent at the ftp daemon, at the name server, at the disk
server, and for transferring the file. Again, the file transfer
time depends on the file size for the specific put class.

The service demand equations for the striped devices
also depend on the type of request. For both get and put
requests, the service demand for each striped device is a
function of the service demand of each disk comprising the
striped device. The notation used here is explained in detail

in Section 4.3. The service demand Di g
j

i,  of a get class gi job

at physical device j, which is a component of striped device
i, can be computed using the following equation:
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where seekj is the average seek time, latj is the average la-

tency, tratej is the transfer rate of device j, and f(r) is a
function that gives the number of seeks needed to sequen-

tially access a file of size filesizer. The Unitree file system
uses a varying block size allocation method. On the first
two requests for a block, a 64KB block is allocated. For
every subsequent request after that, the size of the block
allocated is doubled until it reaches a value of 4MB and
remains fixed after that. We assume that a seek and a rota-
tion are only needed for positioning the heads at the start of
each of the varying size blocks, while access to data within
the blocks is sequential. Using the size of the allocation

units for the Unitree file system, f(r) is given in Table 5. We
assume that the data is evenly distributed among the STR

striped devices. The service demand Di p
j

i,  of a put class pi

job at physical device j, which is a component of striped
device i, is computed as
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The reason why the multiplier is one for get classes and two
for put classes is explained in Section 4.3. Table 1 shows the
average seek, average latency, and transfer rate for each of
the disk types. Once the service demand of each physical
device has been computed, the service demand Di,gi on the
logical striped device i by class gi of get requests is com-
puted using the equation:

D H Di g i gi i, ,= *
5  , (5)

where H ik i

k
=

=Â 1
1

 and Di gi,
*  is the service demand of a

class gi request on any of the physical disks which comprise

striped device i. Hk is used to estimate the expected maxi-
mum of k independent exponentially distributed service

times [18]. The service demand Di pi,  by class pi of put re-

quests is computed using the equation:

D H Di p i pi i, ,= *
5 . (6)

Equations (5) and (6) are explained in detail in Section 4.3,
along with the notation used in the equations.

TABLE 5
AVERAGE NUMBER OF SEEKS PER CLASS

Class r f (r)

g1 6

g2 11

g3 26

g4 60

p1 6

p2 15

p3 25

p4 42

Disks 16 and 17 in Fig. 4 are used by the Name Server for
storing its database. We make the assumptions that pns = 0
and that, in order to resolve a filename, the name server
needs to make two visits to one of the two disks. In an ear-
lier study [8], it was found that this mass storage system is
used as an archive and files are retrieved after they have
resided in the mass storage system for a long period of
time. Also, once they are retrieved, they are not accessed
again for a long time. This prevents the Name Server’s
cache from reducing the number of disk accesses. After a
few hours of operation, the Name Server has in-cache en-
tries for the top level directories, but it still needs to make
one disk reference for the user’s home directory resource id,
plus another disk reference to get the user’s file resource id.
The equation for computing the service demand Di,r of class
r at device i, where i Œ {16, 17}, is:

D seek lat
blocksize

trate
pi r j j

d

j
ns, = + +

F
HG

I
KJ -2

1

2
1c h .        (7)

It is multiplied by two because two visits are required per
request and by 1/2 since we assume the entry is equally
likely to be in either one of the two disks.

Disks 18 and 19 are used by the Tape Server for storing
its search tables and disks 20, 21, and 22 are used by the
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(8) 
P 

7 S ( P )  = 

S( P )  = c 2 P log, P (9) 

We consider here the expression for ip given 

in ( lo) ,  which assumes that the total number of in- 

structions to be executed in parallel, Fp I ,  are broken 

up into P instruction streams, each stream being ex- 
ecuted by one of the P processors. The total time 

to  execute the P parallel streams is the time it takes 

to  process the longest one. The first and second 

moments of a random variable defined as the maxi- 

mum of P exponentially independent and identically 

distributed random variables can be found in [lG]. 

Hence, 

- 
t, = max{&, . . . , Zp} (10) 

where the Zi’s are independent and identically 

distributed r.v.’s, with distribution equal t,o the 

r.v. g. Thus, 

- 

(11) 
- I 
t ,  = F, y 

L 

Notice that the harmonic number H p  which ap- 
pears in expression (12) is reasonably close to the 

Finally, the average response time T can be given 

by 
- 

x t 2  
T=T+ 

2 ( 1 -  AS)  

3.3 Performance Models for the 
Heterogeneous Parallel C o mp u- 
tation Paradigm 

The results of section 3.2 may be modified in a 

straightforward manner in order to account for a het- 

erogeneous parallel architecture composed of a pro- 

cessor (generally more powerful than the remaining 

P - 1 processors) which will be assigned to execute 

the sequential part of the computation. 

Thus, the average processing time for the hetero- 

geneous architecture is 

and its second moment is given by 

natural logarithm of P [lS]. 

processing time is given by, 

Finally, the average response time T for the het- 

erogzeous case is given by equation (17) where ? 
a.nd t 2  are given by equations (18) and (19). 

From (3), (11) and (12) it follows that the avera.ge 

P - 
1 FpT 1 

f = F , -  + - (13) 4 Cost Considerations c c p  i = l  2 

Now, Issues of economies of scale in computing came to 

consideration after an intuitive statement made by 

Herbert Grosch and published in [4]. This state- 

C2 ( 1 4 )  ment, which became known as Grosch’s Law, was 

h e r  revisited [5] and re-revisited by Ein-Dor [l]. 

The essence of Grosch Law is that the average cost 

of a computer system is proportional to the capac- 

ity of the processor raised to the power 0.45. The 

proportionality constant depends on the family of 

small mainframes, minicomputers and microcom- 

puters. So, in general 

- F,” F 
t: = - 

- F 2 ( i ) 2  1 

= * (g i- (E f ) ’) (15 )  

Therefore the second moment of can be obtained 

i = l  

directly from (41, (‘‘)I (12), (14) and (15) as in’‘- 
the processor: supercomputers, large mainframes, 

cated below. 

- 

Cost ( f ,  C )  = Kf (20) 
t 2  = - 

P where Cos t ( f ,C)  is the average cost of a system 
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dent constant. Let D be the total system cost (in cf 
F, Fp (T)>” 

i = l  
c2 P 
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For the LOCC case, the response time is measured where G(k) is the normalization constant in the solution 

since the arrival instant of a transaction until all of the closed queueing network composed of the com- 

resources locked by it are free. puter system plus the restart loop. 

4. ANALYTIC MODEL OF T9E COCC MECEANISM 

This section presents the modeling technique used to 

obtain the average response time of transactions under 

the parameters given in the previous section. 

All proofs can be found in Appendix A. 

Result 2. The average execution time, E, of a trans- 

action in the computer system is given by: 

pJ5 CA’ 

A 

+x kAk 
(2) 

Yl . . . 
k-1 YI . . . yk 

Modeling technique 

The technique used here consists in building a two 

level model which is used in an iterative procedure to 

obtain the desired reults. 

where 

Let p be the probability that a transaction succeeds in 
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From the values of P(i, j) one can easily obtain R and 

P. 

State transition diagram (STD) 

The STD can be obtained by applying the following 

rules: I pq~~~~l) fork=O,l,...,c-1 

Yk = 

I PqG(c - ‘) 
G(c) 

for k 2 c 

QUEUE FOR 

MEMORY 

Fig. 5. COCC level 1 model. 

(1) 
Rule 1. For lcigmin(c-l,NMAX-l)and l<jsi 

draw the state transitions shown in Fig. 7, 

where q(i, k)/j is the probability that a departing 

transaction conflicts with exactly k transactions, out of a 

set of j running transactions that can still complete 

successfully. The expression for q(j, k) is given by 

(1 _ ,@,i-1-k (4) 

where NC is the probability that a given transaction does 
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A~~~onc~ency control rnec~~srns are necessary to preserve database inte~ty in a multi-user environ- 
ment. Two kinds of concurrency control mechanisms are considered in this paper, namely optimistic and 
pessimistic ones. Optimistic concurrency control is based on the idea of conflicts and transaction restart while 
pessimistic concurrency control uses locking as the basic serialization mechanism. Analytic and simulation models 
of both mechanisms were developed in order to compare them as far as transaction response time is 
concerned. These results take into consideration parameters such as transaction arrival rate, number of database 
resources accessed per transaction, size of the database, system processing rate and degree of multiprogramming. 

1. INTRODUCTION 

A database may be considered as a finite collection of 

resources, subject to concurrent access by several users 

of a computer system. Users of a database man~ment 

system interact with the database through ?rQ~sQcfions 

which are a set of read and write actions. A transaction, 

besides being the unit of user work, must also be con- 
sidered the unit of consistency, in the sense that it takes 

the database from a consistent state into another con- 

sistent state[l]. In a multi-user environment, concurrent 

operations may destroy the consistency, or semantic 

integrity, of the database. Therefore, concurrency con- 

trol mechanisms are necessary to preserve consistency in 

face of concurrent access. 

Several concurrency control mechanisms for database 

systems have appeared in the literature during the past 

few years. Some of them use locking as the basic synch- 
ron~tion mechanism~l, 21. The use of locking implies 

that every transaction must lock a resource in shared 

(exclusive) mode before reading (updating) it. A locking 

protocol is also needed to guarantee that a set of trans- 

actions which use locking can be run concurrently while 

preserving the database consistency. An example of such 

a protocol, called two-phase locking, appears in [ 11. 
Two transactions are said to conflict when their con- 

current execution may generate an inconsistent state for 

the database. Locking oriented mechanisms can be con- 
sidered pessimistic since database resources are locked 

even though transactions may not conflict with other 

executing transactions. In other words, they are pes- 
simistic because they may prevent transactions from 

executing concurrently, even though no sync~oni~tion 

anomaly occurs. These mechanisms will be referred to as 
Locking Oriented Concurrency Control (LOCC) ones. 

Another type of mechanism is based on the idea that 
conflicts are infrequent situations and, therefore, ap- 

propriate actions to preserve database integrity should 

only be taken when they occur. This approach can be 
considered optimistic since database resources are not 
locked hoping that they will not be modified by other 

transactions. Such mechanisms will be called Contlict 

Oriented Concurrency Control (COCC) ones. Examples 

of mechanisms along this line can be found in f3] for 

centraIized databases and in [4,5] for distributed ones. 
The execution of a transaction under an optimistic CC 

mechanism may be divided into three phases: read 

phase, validation phase and possibly an update phase. 
During the read phase the transaction is processed and a 

list of the required updates to the database, called the 
write set, is built. 

The list of resources read during this phase is called 

the read set. At the end of the read phase, the validation 

phase checks whether the updates, if applied to the 

database, preserve its semantic integrity. Besides the 

read and write sets, a special transaction numbering 

scheme is used to decide if the update phase may be 

allowed to proceed or if the tran~ction must be aborted. 
The v~idation phase is also needed for read-only trans- 

actions in order to guarantee that correct values will be 
retrieved from the database. Othez forms of validations, 

such as timestamps, may also be used as it will be 
demonstrated in Appendix B of this paper. 

There is still much to be done in the area of per- 

formance evaluation of concurrency control 

mechanisms. Some of the important published studies 
are 14-91 for centralized database and [lo, 111 for dis- 

tributed ones. 
This paper presents a contribution to the area of 

concurrency control in centralized databases. A quan- 

titative analysis of an optimistic t~es~mp-bask con- 

currency control mech~sm is presented. A two level 

modeling technique is emptoyed making use of the 
theory of queueing networks and Markov chains. The 
validity of the model and of the assumptions made are 
verified by a simulation model. 

The main performance measure used to evaluate 

optimistic and pessimistic concurrency control 

mechanisms in this paper is the average transaction 
response time. The results obtained are a function of 
database, transaction and computer system parameters, 
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of mechanisms along this line can be found in f3] for 

centraIized databases and in [4,5] for distributed ones. 
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mechanism may be divided into three phases: read 

phase, validation phase and possibly an update phase. 
During the read phase the transaction is processed and a 

list of the required updates to the database, called the 
write set, is built. 

The list of resources read during this phase is called 

the read set. At the end of the read phase, the validation 

phase checks whether the updates, if applied to the 

database, preserve its semantic integrity. Besides the 

read and write sets, a special transaction numbering 

scheme is used to decide if the update phase may be 

allowed to proceed or if the tran~ction must be aborted. 
The v~idation phase is also needed for read-only trans- 

actions in order to guarantee that correct values will be 
retrieved from the database. Othez forms of validations, 

such as timestamps, may also be used as it will be 
demonstrated in Appendix B of this paper. 

There is still much to be done in the area of per- 

formance evaluation of concurrency control 

mechanisms. Some of the important published studies 
are 14-91 for centralized database and [lo, 111 for dis- 

tributed ones. 
This paper presents a contribution to the area of 

concurrency control in centralized databases. A quan- 

titative analysis of an optimistic t~es~mp-bask con- 

currency control mech~sm is presented. A two level 

modeling technique is emptoyed making use of the 
theory of queueing networks and Markov chains. The 
validity of the model and of the assumptions made are 
verified by a simulation model. 
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cannot be analyzed separately but in conjunction. For 

small values of c (e.g. c = 2) the time spent by a trans- 

action in the external queue may be a significant portion 

of its response time. As c increases the waiting time in 

this queue decreases and the response time will decrease 

as long as this factor dominates the two other factors 

described above. When this trend is reversed, the res- 

ponse time will start to rise until a further increase in the 

value of c is not translated by a corresponding increase 

in the number of executing transactions. At this point, R 

will become constant with c for a given value of l/A. 

The effect described above can also be observed for 

the values of the asymptotes for COCC, as shown in 

Table 1. 

Let us now comment on the comparison between 

conflict oriented concurrency control and locking orien- 

ted concurrency control mechanisms. A simulation 

model was built to obtain results for the LOCC model 

described in Sections 2 and 3. Figure 17 shows the 

average response time for both COCC and LOCC 

mechanisms for two different sets of parameters. The 

dashed curves stand for the LOCC model. In both cases, 

LOCC has a better performance than COCC. This is true 

in all situations we analyzed. However, there are situa- 

tions in which COCC can be almost as good as LOCC as 

far as response time is concerned (see the two lowermost 

curves of Fig. 17). This occurs in situations where the 

degree of conflict between transactions is low and when 

the computer system is such that the extra load due to 

transaction restarts can be easily absorbed by the avail- 

able CPU and IO resources. This is the situation in Fig. 

17 for the case in which M = 200 and n = 3 and D = 8, 

i.e. the probability of conflict between two transactions is 

1 - NC=03445 and there are eight IO devices when 

C” 10. 

The analytic model for the COCC mechanism was 

validated by a simulation model. Let us remind the 

reader again that in the simulation model, unlike the 

analytic model, the total CPU time of a transaction is 

held constant throughout all of its restarts. Table 2 

Table 2. Comparison between analytic and simulation results for the COCC 

:PU 
=2.5;1/uIo-2.5 
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only be taken when they occur. This approach can be 
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of mechanisms along this line can be found in f3] for 
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The execution of a transaction under an optimistic CC 

mechanism may be divided into three phases: read 
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During the read phase the transaction is processed and a 

list of the required updates to the database, called the 
write set, is built. 

The list of resources read during this phase is called 

the read set. At the end of the read phase, the validation 

phase checks whether the updates, if applied to the 

database, preserve its semantic integrity. Besides the 

read and write sets, a special transaction numbering 

scheme is used to decide if the update phase may be 

allowed to proceed or if the tran~ction must be aborted. 
The v~idation phase is also needed for read-only trans- 

actions in order to guarantee that correct values will be 
retrieved from the database. Othez forms of validations, 

such as timestamps, may also be used as it will be 
demonstrated in Appendix B of this paper. 

There is still much to be done in the area of per- 

formance evaluation of concurrency control 

mechanisms. Some of the important published studies 
are 14-91 for centralized database and [lo, 111 for dis- 

tributed ones. 
This paper presents a contribution to the area of 

concurrency control in centralized databases. A quan- 

titative analysis of an optimistic t~es~mp-bask con- 

currency control mech~sm is presented. A two level 

modeling technique is emptoyed making use of the 
theory of queueing networks and Markov chains. The 
validity of the model and of the assumptions made are 
verified by a simulation model. 

The main performance measure used to evaluate 
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Analytic Methods

1.2
ln order to render the analysis more manageable, two

simplifying assumptions were made, namely that the

arrival process of any type of message at a given site is

Poisson and that the computation time at each node is

exponentially distributed. A simulation model was developed

to verify the validity of these assumptions. As one can see

from Table 1, the maximum observed error is of the order

p

Figure 6. Average response time, Ru, ogoinst complexity of
updote tronsoctions, p; N : 6, M : 500, n : 5, D : 3,

T : 0.1, RD : 0.5, 1 lttrpr: 0.005, 1 lltrc : 0.025, I l\
: 5.0; (a) 1l\u : 3.0, (b) 1 l\, : 5,0, (c) 1 l\,, : 20.0,
(d) R"r

d

Figure 7. Averoge response trme, Rr,ogainst number of
tronsoction resources, n; N :6, M - 2A0, D: j, T = 0,1,

RD : 0,5, p : 0.2, 1 lttcpu: 0.005, 1 lpio: 0.025, 1 l\
: 5.0; (o) I l)\u:3.0, (b) I l\, = 5.0, (c) 1 ll,,u: 20.0,

(d) R"

fq

20

V\,

Figure 5. Average response time, Ru, ogoinst overage inter-

arrivol time, 1 ll,r, of updote trznsoctions; N : 6, p : 0.2,

n : 5, D - 3, T: 0.1, RD :0.5, 
1 lltrou:0.005, 1/trtio

:0.025; for curves (a) ond (b): M :200, for curues (c) ond
(a): U :500; for curues (o) ond (c): 1f\.r:2.0, for curves

(b) and (d): 1l)t,: 7g.g

This effect is superimposed on that of the increased

contention for CPU and liO resources in the computer

system of each site. The isolation of these two effects can be

seen in Figures 6 andT discussed below.

Figure 6 shows the interesting effect of the complexity

of update transactions, p, on their average response time R,
(p is the probability that a transaction leaves the computer

system after being served by an l/O device). A decrease in

p represents an increase in the numbers of CPU l/O cycles

that will have to be performed by each transaction. ln

other words, for a given arrival rate of update transactions,

smaller values of p imply higher contention for computer-

system resources. As one can see, this increase in load has a

large impact on Rr. Also indicated in Figure 6 is the

average response time, Rue , of an update transaction which

finds the system empty. These values can be interpreted as

a lower bound on Rr, since no interference between

transactions is considered.

Each of the three curves in Figure 7 shows the variation

of R, as a function of the size of the transaction, n, for a
given value of 1 l)tr. As the.size of a transaction increases,

the probability of conflict between transactions also

increases. However, this effect can be better observed for
higher values of l,r. For instance, the curve for 1/tr, : 3.9

grows much faster than that for 1/tr, :20.0. lt is worth

noticing the dramatic effect that the number of database

resources referenced by a transaction has on performance.

Consider the curve for 1/\, : 3.0. For n :10, Ru is 59%

higher that its value for n:2, although the number of

resources referenced by a transaction grew from 1% to 5%

of the total database resources.

This can be explained by the fact that, for n = 2, the

probability of conflict, PC, is equal to 0.0199 while for
n:10, PC:0.4085.

Finally, Figure 8 shows the variation in the utilization

of the CPU and l/O devices with l' and l,r.

t
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Summary

Supercomputers run multiprogrammed time-sharing

operating systems, so their facilities can be shared by

many local and remote users. Therefore, it is important

to be able to assess the performance of supercomputers

in multiprogrammed environments. Analytic models

based on Oueueing Networks (ONs) and Stochastic Petri

Nets (SPNs) are used in this paper with two purposes:

to evaluate the performance of supercomputers in multi-
programmed environments, and to compare, perfor-

mance-wise, conventional supercomputer architectu res

with a novel architecture proposed here. lt is shown,

with the aid of the analytic models, that the proposed

architecture is preferable performance-wise over the

existing conventional supercomputer architectures. A
three-level workload characterization model for super-

computers is presented. lnput data for the numerical ex-

amples discussed here are e)dracted from the well-

known Los Alamos benchmark, and the results are vali-

dated by simulation.
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lntroduction
Vector computers are being widely used for applications

that require high-speed computing, such as weather

forecasling, spaceship and aircraft design and simula-

tion, and analysis of geological and seismic data. These

machines are also called supercomputers because they

are the fastest machines of their times.

Supercomputers are very expensive machines, and

they run multiprogrammed time-sharing operating

systems (e.g., UNICOS) (Cray, 19BB), so that their facili-

ties can be shared by many local and remote users.

Therefore, it is important to be able to assess the perfor-

mance of supercomputers in multiprogrammed envi-

ronments. Most studies of supercomputer performance

are concerned with the evaluation of the effective speed

of a program running in isolation on a particular super-

computer. The effective speed of the machine running

a specific program results from the combination of dif-

ferent speeds, such as the sequen ial speed, the vector or

synchronous speed, and the parallel or asynchronous

speed. These three factors may be combined by a rela-

tion which is an extension of Amdahl's law (Amdahl,

1967). Several studies based on actual measurements of
benchmarks have analyzed the effective speed of vector

computers in uniprogramming environments (Bucher,

l9B3; Bucher and Simmons, 1985; Lubeck, Moore, and

Mendez, l9B5; Dongarra, Martin, and Worlton, 1987).

Analytic models based on Queueing Networks
(QNs) and Stochastic Petri Nets (SPNO are used in this

paper with two purposes. The first is to evaluate the

performance of supercomputers in multiprogrammed

environments, and the second is to compare, perfor-

mance-wise, conventional supercomputer architectures

with a novel architecture proposed here. It is shown

here, with the aid of the analytic models, that the pro-

posed architecture is preferable performance-wise over

the conventional architectures.

Queueing network models having product form so-

lutions, which are amenable to efficient and general so-

lution techniques, cannot represent directly the perfor-

mance of vector and parallel computers (Almeida and

Dowdy, 1986; Lazowska et al., 1984). The reason stems

from the concurrency that exists between processors

working on the same job. In order to model this con-

currency, an SPN model (Molloy, l98l; Marsan, Balbo,

and Conte, 1986) of a job executing in isolation is used

at the lower level. An upper level model, that is, the QN
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time of a vector operation on vectors of average

length u for architectures of type T (Z : M-M or

R-R).

So, according to Bucher (1983),

$r-r(u) = T* -l u * 7,1"^, (2)

where

Tsr,il: slz;rt'up time for the vector operation, and

7"6^: I)me per result element in a pipelined

execution mode.

and

on-*(u): T,^* a*(T,bffinplv** T"r,-,t, (3)

where Tr*n and 7"1" vre as defined above and V* :
numkr of elements of the vector register, 7,2,,1"7,;p :
time to initiate a new suboperation, which is smaller than

l"r" because part of it can be overlapped with the pre-

vious suboperation.

For instance, Bucher (1983) shows that for the

Cyber 205 supercomputer (which is of the M-M type),

the following relationship holds

Ocr*.-zou (z) : l'000 * l0 * z.r' (4)

where the constants in the above equation are given in

nanoseconds.

3. ANALYTIC MODEL OF SUPERCOMPUTERS

In order to evaluate and compare the C-architecture

and the P-architecture we are going to use a two-level

modeling approach (Menasc6 and Nakanishi, l98l) in-

dicated by Figure 4.

A Queueing Network (QN) model is used to obtain

the desired performance measures-namely, average

response time and throughput in a multiprogrammed

environment. QN models require as input parameters

the set of average service demands for each server and

each class (see Appendix A). So, let

D," : avetage service demand of class r tasks at server i.

In other words, D;," is.the average total time spent by a

class r task at device z while being served at the device.

Notice that the queueing time is not considered in

D6,,butis computed when the QN model is solved, using

r- * ;;. ---l

t

'TJ:H:"'

Fig. 4 Tr ro-level
modeling approach
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Figure 1l shows the variation of the average re-

sponse time for the vector-bound workload BMK4A,

while Figure 12 shows the throughput as a function of
the multiprogramming level for the same workload. No-

tice that in this case, the proposed architecture exhibits

an asymptotic throughput 48% higher than rhe conven-

tional architecture.

We show, in Figure 13, a situation in which two

classes of workloads are considered simultaneously. Class

I is composed of jobs of workload type BMK4A and

class 2 is composed ofjobs of class BMK1lB. The multi-
programming level of class 1 is considered fixed and

equal to 15 jobs while the multiprogramming level of
class 2 is varied. The throughput for both architectures

and for each class is shown in Figure 13. As expecred,

the throughput of class I decreases as the throughput
of class 2 increases with the increase in the multipro-
gramming level of class 2. The total throughput of the

P-architecture is considerably larger than that of the

C-architecture.

Of course, one could think about a variation of the

proposed architecture such that the running process will
only lose control of the cPU if the vector instruction

requested will take relatively long time-that is, will
operate on a long vector. In order to evaluate this alter-

native let us define the threshold vector length WL(u) as

a simple linear function of the average vector length,

WL(v): sp.

Therefore, a job interrrrption will only occur if there

is no functional unit available and the vector size is

greater than or equal to WL(u). This kind of conrrol

could be implemented by appropriate code generared

by the compiler to this effect. Notice thar the P-architec-

ture as previously described is a special case of the pro-

posed variation (a : 0).

In this case, the expressions for D1, D2, and CS have

to be modified as follows:

New D1 : old Dr + ic 
q'P"* 

Pu* F^* G, (22)

where

G : PrlE < TVL(u)) (23)

and 6 is the random variable that indicates the length of
the vector operated by a vector instrucrion.

Mul trprogrammi ng Level

* Sw = 50 -+- Sw = 1OO -ji+ Sw = 160 + Sw = 2OO

+ Sw=2EO

Fig. 1() Response time
implovement for various
values of Sur

l/ultiprogramming Le\!l

- New Arch. --+- Conv, Arch,

BMK4A

Fig. 11 Response time
for workload BMK4A

Flesponse Tir! {seconds)

(%) of improvement ove. the C arch.

New CS : ic* F,* Fo* t, * (l - G) (24)
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Abstract 

Heterogeneity has appeared as a cost-effective ap- 

proach to design high performance computers. This 

paper analyzes cost-performance of heterogeneity in 

supercomputer architectures. Queueing models are 

used to study performance of homogeneous and liet- 

erogeneous supercomputer models. Grosch’s Law, 

which states that computer performance increases 

as the square of its cost, is used to analyze cost as- 

pects of the models. The results of this paper show 

that heterogeneity in supercomputer architectures is 

a quite promising design approach that deserves fur- 

ther investigation. 

1 Introduction 

Advances in VLSI technology have caused a dra- 

matic change in cost-performance trade-offs for de- 
signing high performance computer systems. Per- 

formance has been increased by architectural inno- 

vations and progress in semi-conductor technology. 

Currently, computer systems consisting of up to tens 

of hundreds of relatively inexpensive microprocessors 

can be built. A number of machine architectures 

with a large number of processors have been iin- 

plemented in an attempt to provide supercomputer 

power at a fraction of supercomputer cost (e.g., In- 

tel iPSC, Ncube, Connection Machine, etc [17]). 
On the other hand, a supercomputer such as the 

NEC SX2 [17], consisting of a single processor is con- 

sidered one of the most powerful machines available 

today. 

Both design approaches, parallel and sequential 

processing, present some limitations. Powerful se- 

quential processors are very expensive and their per- 

formance cannot be improved much further because 

‘This research was partially supported by a grant from 

IBM Brasil 

Universidade Federal de Minas Gerais 

30161, Belo Horizonte, Brazil 

VirgilioQBRLNCC.BITNET 

they are reaching the ultimate limit, represented by 

the speed of light. Parallel systems circumvent this 

limitation by harnessing many relatively inexpensive 

VLSI processors together. More important, there 

is no foreseeable limit to the computing power that 

may be achieved through parallel processing. How- 

ever, the sequential fraction of a computation places 

a rather significant constraint on the effectiveness 
with which any particular algorithm can make use 

of a large number of processors [9, 7, lo]. 

This paper analyzes heterogeneity in supercom- 

puter architecture as a cost-effective approach to 

combine the best features of sequential and par- 
allel processing: speed of sequential computation 

and unlimited growth of computing power in par- 

allel processing. In parallel processing, heterogene- 

ity concerns the use of different processors, that are 

dedicated to specific tasks and cooperate closely on 

the same job. Performance of heterogeneous paral- 

lel architectures is studied through the use of mod- 

els based on queueing theory. This paper also an- 

alyzes cost aspects of heterogeneous architectures. 

In evaluating cost of computer systems, we refer 

to Grosch’s Law [4, 1, lo], which states that com- 

puter performance increases as the square of its cost. 

This Law has been verified extensively with empiri- 

cal data over generations of computers. Ein-Dor [l] 

points out that Grosch’s Law is still valid if families 

of computers, such as supercomputers, mainframes, 

minicomputers and microcomputers are considered. 

There are economies of scale within any given com- 

puter category, but there are diseconomies in tran- 

sition from one family to another. This paper uses 

Grosch’s Law in order to construct heterogeneous 

models with the same cost of homogeneous parallel 

ones. 

Ercegovac [3] discusses some approaches to het- 

erogeneous architectures in order to achieve cost- 
effect ive performance and programmability. Wal- 

CH2916-5/90/0000/0169/$01 .OO Q IEEE 169 
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as the square of its cost, is used to analyze cost as- 

pects of the models. The results of this paper show 

that heterogeneity in supercomputer architectures is 

a quite promising design approach that deserves fur- 

ther investigation. 

1 Introduction 

Advances in VLSI technology have caused a dra- 

matic change in cost-performance trade-offs for de- 
signing high performance computer systems. Per- 

formance has been increased by architectural inno- 

vations and progress in semi-conductor technology. 

Currently, computer systems consisting of up to tens 

of hundreds of relatively inexpensive microprocessors 

can be built. A number of machine architectures 

with a large number of processors have been iin- 

plemented in an attempt to provide supercomputer 

power at a fraction of supercomputer cost (e.g., In- 

tel iPSC, Ncube, Connection Machine, etc [17]). 
On the other hand, a supercomputer such as the 

NEC SX2 [17], consisting of a single processor is con- 

sidered one of the most powerful machines available 

today. 

Both design approaches, parallel and sequential 

processing, present some limitations. Powerful se- 

quential processors are very expensive and their per- 

formance cannot be improved much further because 
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they are reaching the ultimate limit, represented by 

the speed of light. Parallel systems circumvent this 

limitation by harnessing many relatively inexpensive 

VLSI processors together. More important, there 

is no foreseeable limit to the computing power that 

may be achieved through parallel processing. How- 

ever, the sequential fraction of a computation places 

a rather significant constraint on the effectiveness 
with which any particular algorithm can make use 

of a large number of processors [9, 7, lo]. 

This paper analyzes heterogeneity in supercom- 

puter architecture as a cost-effective approach to 

combine the best features of sequential and par- 
allel processing: speed of sequential computation 

and unlimited growth of computing power in par- 

allel processing. In parallel processing, heterogene- 

ity concerns the use of different processors, that are 

dedicated to specific tasks and cooperate closely on 

the same job. Performance of heterogeneous paral- 

lel architectures is studied through the use of mod- 

els based on queueing theory. This paper also an- 

alyzes cost aspects of heterogeneous architectures. 

In evaluating cost of computer systems, we refer 

to Grosch’s Law [4, 1, lo], which states that com- 

puter performance increases as the square of its cost. 

This Law has been verified extensively with empiri- 

cal data over generations of computers. Ein-Dor [l] 

points out that Grosch’s Law is still valid if families 

of computers, such as supercomputers, mainframes, 

minicomputers and microcomputers are considered. 

There are economies of scale within any given com- 

puter category, but there are diseconomies in tran- 

sition from one family to another. This paper uses 

Grosch’s Law in order to construct heterogeneous 

models with the same cost of homogeneous parallel 

ones. 

Ercegovac [3] discusses some approaches to het- 

erogeneous architectures in order to achieve cost- 
effect ive performance and programmability. Wal- 
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tem when real programs, characterized by non-zero 

fraction of serial computing, are executed. As it can 

be noted in the figure there is a dramatic perfor- 

mance degradation in this case, which confirms the 
critical role of the sequential portion of the code on 

the overall performance of a system. This wa3 first 

stated by Amdahl[9]. Therefore, the mere use of sev- 

lated by the queueing models (sections 3.2 and 3.3) 

as a function of the processor power ratio (PPR).  
In this figure, the average arrival rate is 3600 trans- 

actions per hour and the average number of instruc- 
tions executed per transaction is one million. The 

homogeneous parallel architecture consists of 1106 

identical 0.8 MIPS processors. 
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5.1 Performance Comparisoiis 

The performance metric used in the comparisons is 

the architecture speedup, which is defined as the ra- 

tio of the response time when executing a transac- 

tion on a homogeneous parallel architecture to the 

response time when the transaction executes on the 

heterogeneous parallel architecture of the same cost. 

The Processor Power Ratio ( P P R )  represents the 

degree of heterogeneity of the architecture. It is the 

ratio of the capacity of the sequential processor over 

the capacity of each identical parallel processor (e). 
This ratio equals to one in the homogeneous case. 

Consider now a heterogeneous and a homogeneous 

parallel architecture of the same cost D ,  processing 

a workload defined by an average arrival rate X and a 
computing demand 7, which is the average number 

of instructions to be executed in each transaction. 

This section analyzes the relative performance of the 

two computation paradigms. 

Power Processor Ratio 

Figure 2: Heterogeneous versus Homogeneous 

Figure 2 plots the architecture speedup as  calcu- 

In order to specify the parameters of the hetero- 

geneous architecture model (i.e., number of paral- 

lel processing elements and capacity and family of 

the sequential processor), a fraction of the total cost 

of a homogeneous system is assigned to the sequen- 
tial processor of the selected family. Using Grosch's 

Law [l], we can determine the capacity of this pro- 

cessor, as well as the number of parallel processors to 

be removed. Varying the fraction of cost used to cal- 

culate the capacity of the sequential processor, sev- 

eral models of heterogeneous architecture are built 

and analyzed with the queueing models. Consider 

now a homogeneous parallel architecture and sev- 

eral configurations of heterogeneous parallel archi- 

tectures, all of them with the same cost. Workloads 

with different fractions of serial processing are used 
to compare the types of architecture. First, notice 

that for workloads with non-zero serial processing 

fraction the heterogeneous architecture outperforms 

the homogeneous architecture, no matter the pro- 

cessor power ratio. For these workloads the speedup 

always remains greater than one and increases with 

the fraction of serial computing. The bigger the se- 

quential fraction, the better the performance of the 

heterogeneous architecture. 

The analysis now focus on the performance of the 

heterogeneous architectures when compared to that 

of centralized systems. For this purpose, consider a 

heterogeneous and a centralized architectures of the 

same cost D ,  processing identical workloads, spec- 

ified by an average arrival rate X and a computing 

demand 7. Although the workload places the same 

computing demand on both architectures, an addi- 

tional parameter, the fraction of serial processing, is 

taken into consideration for the performance analy- 

sis of heterogeneous architectures. 

The centralized architecture consists of a powerful 

25 R4IPS single processor, whereas the heterogeneous 
parallel architecture has three different models, with 

440, 329, and 773 identical parallel processors re- 

spectively. The capacity of the sequential processor 

in each model is represented by the Processor Power 

Ratio ( P P R ) ,  which are 9.86, 13.9 and 7.06 respec- 

tively. 

Figure 3 plots the architecture speedup as calcu- 

lated by the performance models, as a function of the 

serial processing of the workload. For the centralized 
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proach to design high performance computers. This 

paper analyzes cost-performance of heterogeneity in 

supercomputer architectures. Queueing models are 

used to study performance of homogeneous and liet- 

erogeneous supercomputer models. Grosch’s Law, 

which states that computer performance increases 

as the square of its cost, is used to analyze cost as- 

pects of the models. The results of this paper show 

that heterogeneity in supercomputer architectures is 

a quite promising design approach that deserves fur- 

ther investigation. 

1 Introduction 

Advances in VLSI technology have caused a dra- 

matic change in cost-performance trade-offs for de- 
signing high performance computer systems. Per- 

formance has been increased by architectural inno- 

vations and progress in semi-conductor technology. 

Currently, computer systems consisting of up to tens 

of hundreds of relatively inexpensive microprocessors 

can be built. A number of machine architectures 

with a large number of processors have been iin- 

plemented in an attempt to provide supercomputer 

power at a fraction of supercomputer cost (e.g., In- 

tel iPSC, Ncube, Connection Machine, etc [17]). 
On the other hand, a supercomputer such as the 

NEC SX2 [17], consisting of a single processor is con- 

sidered one of the most powerful machines available 

today. 

Both design approaches, parallel and sequential 

processing, present some limitations. Powerful se- 

quential processors are very expensive and their per- 

formance cannot be improved much further because 
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they are reaching the ultimate limit, represented by 

the speed of light. Parallel systems circumvent this 

limitation by harnessing many relatively inexpensive 

VLSI processors together. More important, there 

is no foreseeable limit to the computing power that 

may be achieved through parallel processing. How- 

ever, the sequential fraction of a computation places 

a rather significant constraint on the effectiveness 
with which any particular algorithm can make use 

of a large number of processors [9, 7, lo]. 

This paper analyzes heterogeneity in supercom- 

puter architecture as a cost-effective approach to 

combine the best features of sequential and par- 
allel processing: speed of sequential computation 

and unlimited growth of computing power in par- 

allel processing. In parallel processing, heterogene- 

ity concerns the use of different processors, that are 

dedicated to specific tasks and cooperate closely on 

the same job. Performance of heterogeneous paral- 

lel architectures is studied through the use of mod- 

els based on queueing theory. This paper also an- 

alyzes cost aspects of heterogeneous architectures. 

In evaluating cost of computer systems, we refer 

to Grosch’s Law [4, 1, lo], which states that com- 

puter performance increases as the square of its cost. 

This Law has been verified extensively with empiri- 

cal data over generations of computers. Ein-Dor [l] 

points out that Grosch’s Law is still valid if families 

of computers, such as supercomputers, mainframes, 

minicomputers and microcomputers are considered. 

There are economies of scale within any given com- 

puter category, but there are diseconomies in tran- 

sition from one family to another. This paper uses 

Grosch’s Law in order to construct heterogeneous 

models with the same cost of homogeneous parallel 

ones. 

Ercegovac [3] discusses some approaches to het- 

erogeneous architectures in order to achieve cost- 
effect ive performance and programmability. Wal- 

CH2916-5/90/0000/0169/$01 .OO Q IEEE 169 

Authorized licensed use limited to: George Mason University. Downloaded on November 4, 2009 at 00:33 from IEEE Xplore.  Restrictions apply. 

tem when real programs, characterized by non-zero 

fraction of serial computing, are executed. As it can 

be noted in the figure there is a dramatic perfor- 

mance degradation in this case, which confirms the 
critical role of the sequential portion of the code on 

the overall performance of a system. This wa3 first 

stated by Amdahl[9]. Therefore, the mere use of sev- 

lated by the queueing models (sections 3.2 and 3.3) 

as a function of the processor power ratio (PPR).  
In this figure, the average arrival rate is 3600 trans- 

actions per hour and the average number of instruc- 
tions executed per transaction is one million. The 

homogeneous parallel architecture consists of 1106 

identical 0.8 MIPS processors. 
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5.1 Performance Comparisoiis 

The performance metric used in the comparisons is 

the architecture speedup, which is defined as the ra- 

tio of the response time when executing a transac- 

tion on a homogeneous parallel architecture to the 

response time when the transaction executes on the 

heterogeneous parallel architecture of the same cost. 

The Processor Power Ratio ( P P R )  represents the 

degree of heterogeneity of the architecture. It is the 

ratio of the capacity of the sequential processor over 

the capacity of each identical parallel processor (e). 
This ratio equals to one in the homogeneous case. 

Consider now a heterogeneous and a homogeneous 

parallel architecture of the same cost D ,  processing 

a workload defined by an average arrival rate X and a 
computing demand 7, which is the average number 

of instructions to be executed in each transaction. 

This section analyzes the relative performance of the 

two computation paradigms. 

Power Processor Ratio 

Figure 2: Heterogeneous versus Homogeneous 

Figure 2 plots the architecture speedup as  calcu- 

In order to specify the parameters of the hetero- 

geneous architecture model (i.e., number of paral- 

lel processing elements and capacity and family of 

the sequential processor), a fraction of the total cost 

of a homogeneous system is assigned to the sequen- 
tial processor of the selected family. Using Grosch's 

Law [l], we can determine the capacity of this pro- 

cessor, as well as the number of parallel processors to 

be removed. Varying the fraction of cost used to cal- 

culate the capacity of the sequential processor, sev- 

eral models of heterogeneous architecture are built 

and analyzed with the queueing models. Consider 

now a homogeneous parallel architecture and sev- 

eral configurations of heterogeneous parallel archi- 

tectures, all of them with the same cost. Workloads 

with different fractions of serial processing are used 
to compare the types of architecture. First, notice 

that for workloads with non-zero serial processing 

fraction the heterogeneous architecture outperforms 

the homogeneous architecture, no matter the pro- 

cessor power ratio. For these workloads the speedup 

always remains greater than one and increases with 

the fraction of serial computing. The bigger the se- 

quential fraction, the better the performance of the 

heterogeneous architecture. 

The analysis now focus on the performance of the 

heterogeneous architectures when compared to that 

of centralized systems. For this purpose, consider a 

heterogeneous and a centralized architectures of the 

same cost D ,  processing identical workloads, spec- 

ified by an average arrival rate X and a computing 

demand 7. Although the workload places the same 

computing demand on both architectures, an addi- 

tional parameter, the fraction of serial processing, is 

taken into consideration for the performance analy- 

sis of heterogeneous architectures. 

The centralized architecture consists of a powerful 

25 R4IPS single processor, whereas the heterogeneous 
parallel architecture has three different models, with 

440, 329, and 773 identical parallel processors re- 

spectively. The capacity of the sequential processor 

in each model is represented by the Processor Power 

Ratio ( P P R ) ,  which are 9.86, 13.9 and 7.06 respec- 

tively. 

Figure 3 plots the architecture speedup as calcu- 

lated by the performance models, as a function of the 

serial processing of the workload. For the centralized 
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Speedup = (ExecuXon Xme on homogenous  
                    architectures) / (ExecuXon Xme on 
                    cost equivalent heterogeneous  
                    architecture) 

•  Homogeneous architectures are beoer 
   for purely parallel applicaXons (Fs = 0). 
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which states that computer performance increases 

as the square of its cost, is used to analyze cost as- 

pects of the models. The results of this paper show 

that heterogeneity in supercomputer architectures is 

a quite promising design approach that deserves fur- 

ther investigation. 

1 Introduction 

Advances in VLSI technology have caused a dra- 

matic change in cost-performance trade-offs for de- 
signing high performance computer systems. Per- 

formance has been increased by architectural inno- 

vations and progress in semi-conductor technology. 

Currently, computer systems consisting of up to tens 

of hundreds of relatively inexpensive microprocessors 

can be built. A number of machine architectures 

with a large number of processors have been iin- 

plemented in an attempt to provide supercomputer 

power at a fraction of supercomputer cost (e.g., In- 

tel iPSC, Ncube, Connection Machine, etc [17]). 
On the other hand, a supercomputer such as the 

NEC SX2 [17], consisting of a single processor is con- 

sidered one of the most powerful machines available 

today. 

Both design approaches, parallel and sequential 

processing, present some limitations. Powerful se- 

quential processors are very expensive and their per- 
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they are reaching the ultimate limit, represented by 

the speed of light. Parallel systems circumvent this 

limitation by harnessing many relatively inexpensive 

VLSI processors together. More important, there 

is no foreseeable limit to the computing power that 

may be achieved through parallel processing. How- 

ever, the sequential fraction of a computation places 

a rather significant constraint on the effectiveness 
with which any particular algorithm can make use 

of a large number of processors [9, 7, lo]. 

This paper analyzes heterogeneity in supercom- 

puter architecture as a cost-effective approach to 

combine the best features of sequential and par- 
allel processing: speed of sequential computation 

and unlimited growth of computing power in par- 

allel processing. In parallel processing, heterogene- 

ity concerns the use of different processors, that are 

dedicated to specific tasks and cooperate closely on 

the same job. Performance of heterogeneous paral- 

lel architectures is studied through the use of mod- 

els based on queueing theory. This paper also an- 

alyzes cost aspects of heterogeneous architectures. 

In evaluating cost of computer systems, we refer 

to Grosch’s Law [4, 1, lo], which states that com- 

puter performance increases as the square of its cost. 

This Law has been verified extensively with empiri- 

cal data over generations of computers. Ein-Dor [l] 

points out that Grosch’s Law is still valid if families 

of computers, such as supercomputers, mainframes, 

minicomputers and microcomputers are considered. 

There are economies of scale within any given com- 

puter category, but there are diseconomies in tran- 

sition from one family to another. This paper uses 

Grosch’s Law in order to construct heterogeneous 

models with the same cost of homogeneous parallel 

ones. 

Ercegovac [3] discusses some approaches to het- 

erogeneous architectures in order to achieve cost- 
effect ive performance and programmability. Wal- 

CH2916-5/90/0000/0169/$01 .OO Q IEEE 169 

Authorized licensed use limited to: George Mason University. Downloaded on November 4, 2009 at 00:33 from IEEE Xplore.  Restrictions apply. 

tem when real programs, characterized by non-zero 

fraction of serial computing, are executed. As it can 

be noted in the figure there is a dramatic perfor- 

mance degradation in this case, which confirms the 
critical role of the sequential portion of the code on 

the overall performance of a system. This wa3 first 

stated by Amdahl[9]. Therefore, the mere use of sev- 

lated by the queueing models (sections 3.2 and 3.3) 

as a function of the processor power ratio (PPR).  
In this figure, the average arrival rate is 3600 trans- 

actions per hour and the average number of instruc- 
tions executed per transaction is one million. The 

homogeneous parallel architecture consists of 1106 

identical 0.8 MIPS processors. 
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5.1 Performance Comparisoiis 

The performance metric used in the comparisons is 

the architecture speedup, which is defined as the ra- 

tio of the response time when executing a transac- 

tion on a homogeneous parallel architecture to the 

response time when the transaction executes on the 

heterogeneous parallel architecture of the same cost. 

The Processor Power Ratio ( P P R )  represents the 

degree of heterogeneity of the architecture. It is the 

ratio of the capacity of the sequential processor over 

the capacity of each identical parallel processor (e). 
This ratio equals to one in the homogeneous case. 

Consider now a heterogeneous and a homogeneous 

parallel architecture of the same cost D ,  processing 

a workload defined by an average arrival rate X and a 
computing demand 7, which is the average number 

of instructions to be executed in each transaction. 

This section analyzes the relative performance of the 

two computation paradigms. 

Power Processor Ratio 

Figure 2: Heterogeneous versus Homogeneous 

Figure 2 plots the architecture speedup as  calcu- 

In order to specify the parameters of the hetero- 

geneous architecture model (i.e., number of paral- 

lel processing elements and capacity and family of 

the sequential processor), a fraction of the total cost 

of a homogeneous system is assigned to the sequen- 
tial processor of the selected family. Using Grosch's 

Law [l], we can determine the capacity of this pro- 

cessor, as well as the number of parallel processors to 

be removed. Varying the fraction of cost used to cal- 

culate the capacity of the sequential processor, sev- 

eral models of heterogeneous architecture are built 

and analyzed with the queueing models. Consider 

now a homogeneous parallel architecture and sev- 

eral configurations of heterogeneous parallel archi- 

tectures, all of them with the same cost. Workloads 

with different fractions of serial processing are used 
to compare the types of architecture. First, notice 

that for workloads with non-zero serial processing 

fraction the heterogeneous architecture outperforms 

the homogeneous architecture, no matter the pro- 

cessor power ratio. For these workloads the speedup 

always remains greater than one and increases with 

the fraction of serial computing. The bigger the se- 

quential fraction, the better the performance of the 

heterogeneous architecture. 

The analysis now focus on the performance of the 

heterogeneous architectures when compared to that 

of centralized systems. For this purpose, consider a 

heterogeneous and a centralized architectures of the 

same cost D ,  processing identical workloads, spec- 

ified by an average arrival rate X and a computing 

demand 7. Although the workload places the same 

computing demand on both architectures, an addi- 

tional parameter, the fraction of serial processing, is 

taken into consideration for the performance analy- 

sis of heterogeneous architectures. 

The centralized architecture consists of a powerful 

25 R4IPS single processor, whereas the heterogeneous 
parallel architecture has three different models, with 

440, 329, and 773 identical parallel processors re- 

spectively. The capacity of the sequential processor 

in each model is represented by the Processor Power 

Ratio ( P P R ) ,  which are 9.86, 13.9 and 7.06 respec- 

tively. 

Figure 3 plots the architecture speedup as calcu- 

lated by the performance models, as a function of the 

serial processing of the workload. For the centralized 
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Speedup = (ExecuXon Xme on homogenous  
                    architectures) / (ExecuXon Xme on 
                    cost equivalent heterogeneous  
                    architecture) 

•  Homogeneous architectures are beoer 
   for purely parallel applicaXons (Fs = 0). 
•  As the fracXon of sequenXal processing 
   increases, the heterogeneous architecture 
   outperforms the homogeneous one. 
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Abstract—Mass storage systems are finding greater use in scientific computing research environments for retrieving and archiving

the large volumes of data generated and manipulated by scientific computations. This paper presents a queuing network model that

can be used to carry out capacity planning studies of hierarchical mass storage systems. Measurements taken on a Unitree mass

storage system and a detailed workload characterization provided the workload intensity and resource demand parameters for the

various types of read and write requests. The performance model developed here is based on approximations to multiclass Mean

Value Analysis of queuing networks. The approximations were validated through the use of discrete event simulation and the

complete model was validated and calibrated through measurements. The resulting model was used to analyze three different

scenarios: effect of workload intensity increase, use of file compression at the server and client, and use of file abstractions.

Index Terms—Mass storage systems, queuing network modeling, mean-value analysis, Unitree central file manager, compression,

file abstraction.

——————————   !   ——————————

1 INTRODUCTION

ASS storage systems are finding greater use in scien-
tific computing research environments for retrieving

and archiving data generated by model simulations in vol-
umes on the order of terabytes. This demand on the mass
storage systems is increasing at rates faster than the cur-
rently operating mass storage systems can efficiently han-
dle [1], [2], [3]. To meet these demands, some computing
centers are procuring additional storage devices without
access to the tools for predicting the performance of the
expected workloads on existing and new mass storage sys-
tem configurations. Performance models are necessary to
carry out adequate capacity planning studies for mass stor-
age systems. Queuing network models are a viable alterna-
tive if accurate approximations can be found to deal with
the features of mass storage systems which cannot be dealt
with by exact models. Queuing network models can be
used to provide average file storage and retrieval times and
system throughput as a function of various parameters in-
cluding file sizes, workload intensity, performance charac-
teristics of the various physical storage devices that com-
pose the mass storage system, and the architecture of the
mass storage system hierarchy.

This paper describes the development of a queuing net-
work (QN) model to assess the performance of a hierarchical

mass storage system. The model was validated on the Uni-
tree Central File Manager, used at NASA’s Center for
Computational Sciences (NCCS). The system being mod-
eled consists of a large number of workstations connected
to a single storage server via an Ethernet network and a
Cray supercomputer connected to that same storage server
via a high speed Ultranet network. The storage server is a
UNIX based multiprocessor that manages the devices
which comprise the hierarchy of the mass storage system.
The Unitree Central File Manager (UCFM) is an application
which runs on top of UNIX and manages the file systems at
each level of the hierarchy, as well as the flow of files from
one level of the hierarchy to another. The granularity of
access to the data by Unitree is at the file level. At the par-
ticular installation where the modeling was performed,
users access the mass storage system through the ftp proto-
col connecting to the central server at a specific port. Thus,
requests for storing and retrieving files arrive in the form of
put and get commands, respectively. Even though the ex-
ample used in this paper is based on the UCFM, the tech-
niques presented here can be used to model other mass
storage systems that adhere to the IEEE Mass Storage Sys-
tem Reference Model [4].

Mass storage systems of this magnitude of storage ca-
pacity have not been available until recently, so little other
work has been done to evaluate their performance.
Ramakrishnan and Emer [5] developed a closed queuing
network model to evaluate service alternatives for distrib-
uted mass storage systems. The performance of providing
mass storage service at the level of a block versus a logical
file is compared using the queuing network model. The
definition of a mass storage system in [5] differs from the
one considered here, since they refer to a disk based storage
system without the additional complexity of traffic moving
between the various layers. Drakopoulos and Merges [6],
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[7] use a closed queuing network model to evaluate the
performance of a hierarchical mass storage system for vari-
ous file movement criteria, and to study the trade-offs be-
tween recalling a file and accessing it by a distributed file
system on various network architectures. In [6], [7] the
authors focus on the network interface of the mass storage
system and not on the internal interaction between the lay-
ers. We develop here an approximate closed queuing net-
work model of Unitree. Our focus is on the performance
evaluation of the interactive traffic arriving over the net-
work in the form of ftp get and put requests. In an earlier
study [8], the authors developed a trace-driven simulation
of the NCCS site and concluded that the disk cache hit ratio
is very small (30 percent-40 percent) and that users tend to
reference either files that were just created or those which
were created a long time ago (over three months). In fact,
the simulation showed that, even if the disk cache were
large enough to hold all references in the previous three
months, the hit ratio would still remain within the 30 per-
cent-40 percent range. Therefore, we are not including in
the model the effect of file migration policies.

The rest of this paper is organized as follows. Section 2
describes in more detail the Unitree Central File Manager
and its underlying hardware and software characteristics.
Section 3 describes the workload imposed on the system
which was used in our experiments. Section 4 describes the
analytic model used. Section 5 discusses the validation of
the model and several numerical results. Finally, Section 6
provides some concluding remarks.

2 OVERVIEW

In this section, we describe briefly the functionality of the
UCFM and present its main hardware and software char-
acteristics included in the model.

2.1 The Unitree Mass Storage System

The UCFM is a hierarchical distributed file system which
runs as an application on top of UNIX. UCFM is a mass
storage manager which provides a transparent uniform
UNIX-like file system to the user. The first layer of the hier-
archy consists of a pool of 75 striped magnetic disks with a
total capacity of 155 GB, which behaves as a file cache for
the overall system. Four robotic tape storage silos, with a
capacity of 4.8 TB each, comprise the second layer. The third
layer is comprised of free-standing tape storage.

The data stored on UCFM can be accessed from any local
machine using either the FTP protocol or the NFS protocol.
For performance reasons, only the FTP protocol method is
used at NCCS. When files are first transferred to UCFM they
are stored on the first layer of the hierarchy. Then, through a
process called migration, a copy of the file is made available
to a lower layer of the hierarchy. Based on certain configur-
able parameters, files from the highest layer are removed if
they have not been accessed for a certain period of time.
When the user tries to recall a file, UCFM retrieves the file
from the highest layer on which it is located.

UCFM is composed of a number of servers running on
the CONVEX machine that manages the storage hierarchy.
Following the IEEE MSSRM, each server is responsible for

one specific task. This distribution of responsibility and the
functional separation of the components allows for load
distribution, enhances the scalability of the storage system,
and provides for more fault tolerance. Fig. 1 shows a dia-
gram of the UCFM servers and their interrelation.

Fig. 1. UCFM system architecture.

A brief description of each of the servers in the figure
follows.

Name Server: Maintains the Unitree file system structure
and provides a transparent, UNIX-like interface to the
Mass Storage System. It resolves human-oriented names
to globally unique machine-oriented resource identifiers
(bitfile ids). The Name Server maintains an on-disk da-
tabase of name to bitfile id mappings, as well as an in-
memory cache of recently resolved mappings. The Name
Server also authenticates access rights of the requester.

Disk Server: Provides the logical means for storing and re-
trieving data from the disk cache. It maintains the infor-
mation necessary for mapping a bitfile id into the actual
file stored on the disk.

Disk Mover: Manages the transfer of file data to and from
the disk cache. All such requests originate from the Disk
Server. A response to each request is sent directly to the
recipient of the file rather than to the Disk Server.

Tape Server: Performs the equivalent service to tapes as the
Disk Server performs to the disk cache. Its objective is to
maximize the use of the storage media by archiving files.
It maintains all information needed to retrieve files from
tapes. It receives requests from the Disk Server and the
Migration Server for access to files.
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1 INTRODUCTION

ASS storage systems are finding greater use in scien-
tific computing research environments for retrieving

and archiving data generated by model simulations in vol-
umes on the order of terabytes. This demand on the mass
storage systems is increasing at rates faster than the cur-
rently operating mass storage systems can efficiently han-
dle [1], [2], [3]. To meet these demands, some computing
centers are procuring additional storage devices without
access to the tools for predicting the performance of the
expected workloads on existing and new mass storage sys-
tem configurations. Performance models are necessary to
carry out adequate capacity planning studies for mass stor-
age systems. Queuing network models are a viable alterna-
tive if accurate approximations can be found to deal with
the features of mass storage systems which cannot be dealt
with by exact models. Queuing network models can be
used to provide average file storage and retrieval times and
system throughput as a function of various parameters in-
cluding file sizes, workload intensity, performance charac-
teristics of the various physical storage devices that com-
pose the mass storage system, and the architecture of the
mass storage system hierarchy.

This paper describes the development of a queuing net-
work (QN) model to assess the performance of a hierarchical

mass storage system. The model was validated on the Uni-
tree Central File Manager, used at NASA’s Center for
Computational Sciences (NCCS). The system being mod-
eled consists of a large number of workstations connected
to a single storage server via an Ethernet network and a
Cray supercomputer connected to that same storage server
via a high speed Ultranet network. The storage server is a
UNIX based multiprocessor that manages the devices
which comprise the hierarchy of the mass storage system.
The Unitree Central File Manager (UCFM) is an application
which runs on top of UNIX and manages the file systems at
each level of the hierarchy, as well as the flow of files from
one level of the hierarchy to another. The granularity of
access to the data by Unitree is at the file level. At the par-
ticular installation where the modeling was performed,
users access the mass storage system through the ftp proto-
col connecting to the central server at a specific port. Thus,
requests for storing and retrieving files arrive in the form of
put and get commands, respectively. Even though the ex-
ample used in this paper is based on the UCFM, the tech-
niques presented here can be used to model other mass
storage systems that adhere to the IEEE Mass Storage Sys-
tem Reference Model [4].

Mass storage systems of this magnitude of storage ca-
pacity have not been available until recently, so little other
work has been done to evaluate their performance.
Ramakrishnan and Emer [5] developed a closed queuing
network model to evaluate service alternatives for distrib-
uted mass storage systems. The performance of providing
mass storage service at the level of a block versus a logical
file is compared using the queuing network model. The
definition of a mass storage system in [5] differs from the
one considered here, since they refer to a disk based storage
system without the additional complexity of traffic moving
between the various layers. Drakopoulos and Merges [6],
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[7] use a closed queuing network model to evaluate the
performance of a hierarchical mass storage system for vari-
ous file movement criteria, and to study the trade-offs be-
tween recalling a file and accessing it by a distributed file
system on various network architectures. In [6], [7] the
authors focus on the network interface of the mass storage
system and not on the internal interaction between the lay-
ers. We develop here an approximate closed queuing net-
work model of Unitree. Our focus is on the performance
evaluation of the interactive traffic arriving over the net-
work in the form of ftp get and put requests. In an earlier
study [8], the authors developed a trace-driven simulation
of the NCCS site and concluded that the disk cache hit ratio
is very small (30 percent-40 percent) and that users tend to
reference either files that were just created or those which
were created a long time ago (over three months). In fact,
the simulation showed that, even if the disk cache were
large enough to hold all references in the previous three
months, the hit ratio would still remain within the 30 per-
cent-40 percent range. Therefore, we are not including in
the model the effect of file migration policies.

The rest of this paper is organized as follows. Section 2
describes in more detail the Unitree Central File Manager
and its underlying hardware and software characteristics.
Section 3 describes the workload imposed on the system
which was used in our experiments. Section 4 describes the
analytic model used. Section 5 discusses the validation of
the model and several numerical results. Finally, Section 6
provides some concluding remarks.

2 OVERVIEW

In this section, we describe briefly the functionality of the
UCFM and present its main hardware and software char-
acteristics included in the model.

2.1 The Unitree Mass Storage System

The UCFM is a hierarchical distributed file system which
runs as an application on top of UNIX. UCFM is a mass
storage manager which provides a transparent uniform
UNIX-like file system to the user. The first layer of the hier-
archy consists of a pool of 75 striped magnetic disks with a
total capacity of 155 GB, which behaves as a file cache for
the overall system. Four robotic tape storage silos, with a
capacity of 4.8 TB each, comprise the second layer. The third
layer is comprised of free-standing tape storage.

The data stored on UCFM can be accessed from any local
machine using either the FTP protocol or the NFS protocol.
For performance reasons, only the FTP protocol method is
used at NCCS. When files are first transferred to UCFM they
are stored on the first layer of the hierarchy. Then, through a
process called migration, a copy of the file is made available
to a lower layer of the hierarchy. Based on certain configur-
able parameters, files from the highest layer are removed if
they have not been accessed for a certain period of time.
When the user tries to recall a file, UCFM retrieves the file
from the highest layer on which it is located.

UCFM is composed of a number of servers running on
the CONVEX machine that manages the storage hierarchy.
Following the IEEE MSSRM, each server is responsible for

one specific task. This distribution of responsibility and the
functional separation of the components allows for load
distribution, enhances the scalability of the storage system,
and provides for more fault tolerance. Fig. 1 shows a dia-
gram of the UCFM servers and their interrelation.

Fig. 1. UCFM system architecture.

A brief description of each of the servers in the figure
follows.

Name Server: Maintains the Unitree file system structure
and provides a transparent, UNIX-like interface to the
Mass Storage System. It resolves human-oriented names
to globally unique machine-oriented resource identifiers
(bitfile ids). The Name Server maintains an on-disk da-
tabase of name to bitfile id mappings, as well as an in-
memory cache of recently resolved mappings. The Name
Server also authenticates access rights of the requester.

Disk Server: Provides the logical means for storing and re-
trieving data from the disk cache. It maintains the infor-
mation necessary for mapping a bitfile id into the actual
file stored on the disk.

Disk Mover: Manages the transfer of file data to and from
the disk cache. All such requests originate from the Disk
Server. A response to each request is sent directly to the
recipient of the file rather than to the Disk Server.

Tape Server: Performs the equivalent service to tapes as the
Disk Server performs to the disk cache. Its objective is to
maximize the use of the storage media by archiving files.
It maintains all information needed to retrieve files from
tapes. It receives requests from the Disk Server and the
Migration Server for access to files.
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1 INTRODUCTION

ASS storage systems are finding greater use in scien-
tific computing research environments for retrieving

and archiving data generated by model simulations in vol-
umes on the order of terabytes. This demand on the mass
storage systems is increasing at rates faster than the cur-
rently operating mass storage systems can efficiently han-
dle [1], [2], [3]. To meet these demands, some computing
centers are procuring additional storage devices without
access to the tools for predicting the performance of the
expected workloads on existing and new mass storage sys-
tem configurations. Performance models are necessary to
carry out adequate capacity planning studies for mass stor-
age systems. Queuing network models are a viable alterna-
tive if accurate approximations can be found to deal with
the features of mass storage systems which cannot be dealt
with by exact models. Queuing network models can be
used to provide average file storage and retrieval times and
system throughput as a function of various parameters in-
cluding file sizes, workload intensity, performance charac-
teristics of the various physical storage devices that com-
pose the mass storage system, and the architecture of the
mass storage system hierarchy.

This paper describes the development of a queuing net-
work (QN) model to assess the performance of a hierarchical

mass storage system. The model was validated on the Uni-
tree Central File Manager, used at NASA’s Center for
Computational Sciences (NCCS). The system being mod-
eled consists of a large number of workstations connected
to a single storage server via an Ethernet network and a
Cray supercomputer connected to that same storage server
via a high speed Ultranet network. The storage server is a
UNIX based multiprocessor that manages the devices
which comprise the hierarchy of the mass storage system.
The Unitree Central File Manager (UCFM) is an application
which runs on top of UNIX and manages the file systems at
each level of the hierarchy, as well as the flow of files from
one level of the hierarchy to another. The granularity of
access to the data by Unitree is at the file level. At the par-
ticular installation where the modeling was performed,
users access the mass storage system through the ftp proto-
col connecting to the central server at a specific port. Thus,
requests for storing and retrieving files arrive in the form of
put and get commands, respectively. Even though the ex-
ample used in this paper is based on the UCFM, the tech-
niques presented here can be used to model other mass
storage systems that adhere to the IEEE Mass Storage Sys-
tem Reference Model [4].

Mass storage systems of this magnitude of storage ca-
pacity have not been available until recently, so little other
work has been done to evaluate their performance.
Ramakrishnan and Emer [5] developed a closed queuing
network model to evaluate service alternatives for distrib-
uted mass storage systems. The performance of providing
mass storage service at the level of a block versus a logical
file is compared using the queuing network model. The
definition of a mass storage system in [5] differs from the
one considered here, since they refer to a disk based storage
system without the additional complexity of traffic moving
between the various layers. Drakopoulos and Merges [6],
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[7] use a closed queuing network model to evaluate the
performance of a hierarchical mass storage system for vari-
ous file movement criteria, and to study the trade-offs be-
tween recalling a file and accessing it by a distributed file
system on various network architectures. In [6], [7] the
authors focus on the network interface of the mass storage
system and not on the internal interaction between the lay-
ers. We develop here an approximate closed queuing net-
work model of Unitree. Our focus is on the performance
evaluation of the interactive traffic arriving over the net-
work in the form of ftp get and put requests. In an earlier
study [8], the authors developed a trace-driven simulation
of the NCCS site and concluded that the disk cache hit ratio
is very small (30 percent-40 percent) and that users tend to
reference either files that were just created or those which
were created a long time ago (over three months). In fact,
the simulation showed that, even if the disk cache were
large enough to hold all references in the previous three
months, the hit ratio would still remain within the 30 per-
cent-40 percent range. Therefore, we are not including in
the model the effect of file migration policies.

The rest of this paper is organized as follows. Section 2
describes in more detail the Unitree Central File Manager
and its underlying hardware and software characteristics.
Section 3 describes the workload imposed on the system
which was used in our experiments. Section 4 describes the
analytic model used. Section 5 discusses the validation of
the model and several numerical results. Finally, Section 6
provides some concluding remarks.

2 OVERVIEW

In this section, we describe briefly the functionality of the
UCFM and present its main hardware and software char-
acteristics included in the model.

2.1 The Unitree Mass Storage System

The UCFM is a hierarchical distributed file system which
runs as an application on top of UNIX. UCFM is a mass
storage manager which provides a transparent uniform
UNIX-like file system to the user. The first layer of the hier-
archy consists of a pool of 75 striped magnetic disks with a
total capacity of 155 GB, which behaves as a file cache for
the overall system. Four robotic tape storage silos, with a
capacity of 4.8 TB each, comprise the second layer. The third
layer is comprised of free-standing tape storage.

The data stored on UCFM can be accessed from any local
machine using either the FTP protocol or the NFS protocol.
For performance reasons, only the FTP protocol method is
used at NCCS. When files are first transferred to UCFM they
are stored on the first layer of the hierarchy. Then, through a
process called migration, a copy of the file is made available
to a lower layer of the hierarchy. Based on certain configur-
able parameters, files from the highest layer are removed if
they have not been accessed for a certain period of time.
When the user tries to recall a file, UCFM retrieves the file
from the highest layer on which it is located.

UCFM is composed of a number of servers running on
the CONVEX machine that manages the storage hierarchy.
Following the IEEE MSSRM, each server is responsible for

one specific task. This distribution of responsibility and the
functional separation of the components allows for load
distribution, enhances the scalability of the storage system,
and provides for more fault tolerance. Fig. 1 shows a dia-
gram of the UCFM servers and their interrelation.

Fig. 1. UCFM system architecture.

A brief description of each of the servers in the figure
follows.

Name Server: Maintains the Unitree file system structure
and provides a transparent, UNIX-like interface to the
Mass Storage System. It resolves human-oriented names
to globally unique machine-oriented resource identifiers
(bitfile ids). The Name Server maintains an on-disk da-
tabase of name to bitfile id mappings, as well as an in-
memory cache of recently resolved mappings. The Name
Server also authenticates access rights of the requester.

Disk Server: Provides the logical means for storing and re-
trieving data from the disk cache. It maintains the infor-
mation necessary for mapping a bitfile id into the actual
file stored on the disk.

Disk Mover: Manages the transfer of file data to and from
the disk cache. All such requests originate from the Disk
Server. A response to each request is sent directly to the
recipient of the file rather than to the Disk Server.

Tape Server: Performs the equivalent service to tapes as the
Disk Server performs to the disk cache. Its objective is to
maximize the use of the storage media by archiving files.
It maintains all information needed to retrieve files from
tapes. It receives requests from the Disk Server and the
Migration Server for access to files.

Authorized licensed use limited to: George Mason University. Downloaded on November 3, 2009 at 16:05 from IEEE Xplore.  Restrictions apply. 

1114 IEEE TRANSACTIONS ON COMPUTERS,  VOL.  46,  NO.  10,  OCTOBER  1997

Fig. 9, which displays the variation of the service demand
for the disk cache and the tape system for class g4 as a func-
tion of the hit ratio ph. Also shown in the figure, is the sum
of the service demands for the disk cache and tape system.
As can be seen, as the hit ratio increases, the overall service
demand of the combined disk cache and tape system de-
creases. This explains why the transfer times decrease as a
function of the hit ratio. The same kind of behavior was
observed for all classes. The factor by which the transfer
time decreases is larger for the small file classes. For exam-
ple, for class g1, the transfer time at hit ratio one is 66 times
smaller than the same value at hit ratio zero, while, for class
g4, the reduction factor is 6.6. The explanation for this effect
stems from the fact that, for the larger files (classes g3 and
g4), the overhead of mounting a tape is amortized over a

larger number of blocks than for the small file classes. Tape
devices store data contiguously on tape and only exhibit a
seek delay initially, when positioning the heads at the be-
ginning of the file’s data. This causes the effective transfer
rates of tape drives to be comparable to those of disk de-
vices, since disks exhibit per block seek and latency over-
heads. Also, from this figure, we can infer that an increase
in the hit ratio from the current measured value of 30 per-
cent to 50 percent would decrease the transfer time of a
class g3 request by 25 percent and of a class g4 request by 23
percent. This provides incentive for research in prefetching
techniques for caching.

5.2 Analysis of File Compression

We analyze here the effects of using file compression in two
different manners:

1) Client Compression: In this scenario, files are com-
pressed and decompressed at the client [22]. Thus, be-
fore storing a file into the mass storage system, the file
is compressed at the client. Files are retrieved from
the mass storage system in compressed form and de-
compressed at the client. The model is modified as
follows, to account for this type of scheme: All service
demand equations that depend on file sizes have the
file size reduced by a file compression ratio fcr, which
now becomes a parameter of the model. The com-
pression and decompression times at the client are not
taken into account when computing the transfer time
under the client compression scenario. This was done
because files are usually retrieved from the mass stor-
age system in batch mode. Once retrieved by a client,
they are used many times. So, the decompression time
at the client is amortized over many uses of the file.
Besides, different clients would give different values
for the compression and decompression time. Use of
compression is mainly geared toward increasing the
effective storage capacity of the mass storage system
as opposed to improving its performance.

2) Server Compression: In this scenario, files are stored in
the mass storage system in uncompressed form (in the
disk cache). After the file has been unreferenced for a
certain amount of time, it is compressed and remains
in the disk cache (this is done during off-peak peri-
ods). The migration algorithm migrates the file in
compressed form to the tapes. A get request that finds
a file in the cache may find the file in compressed or
uncompressed form. If the file is compressed, it has to
be decompressed before it is transferred to the client.
Under this scenario, compression is not relevant, since
it is done during off-peak periods. Decompression,
however, has to be taken into account. To obtain the
parameters for the decompression time at the server,
we used the UNIX compress utility [23], which is
based on a variation of the Ziv-Lempel sliding win-
dow, directory-based, data compression algorithm
[24], and measured the decompression times for vari-
ous file sizes. Linear regression was applied to gener-
ate the following function that gives the decompres-
sion time at the server (Convex):

Fig. 6. Transfer time (in seconds) vs. load factor multiplier.

Fig. 7. Transfer time (in seconds) vs. load factor multiplier.
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Abstract 

The Earth Observing System (EOS) Data and In- 
formation System (EOSDIS) is perhaps one of the 
most important examples of a large-scale, geographically- 
distributed, and data-intensive systems. Designing such 
systems in a way that ensures that the resulting design 
will satisfy all functional and performance requirements 
is not a trivial task. This paper presents a performance- 
oriented methodology to design large-scale distnbuted 
data intensive information systems. The methodology is 
then applied to the design of the EOSDIS Core System 
(ECS). Performance results, based on queuing network 
models of ECS are also presented. 

1 Introduction 

One of the most important examples of information 
systems that are large-scale, geographically distributed, 
and handle very large volumes of data is the Earth Ob- 
serving System (EOS) Data and Information System 
(EOSDIS). EOS is a NASA program mission to study 
the planet Earth. A series of satellites with scientific 
instruments aboard will be launched starting in 1997. 
They will send an estimated terabytelday of raw data 
about the atmosphere, land, and ocean. George Ma- 
son University (GMU) was one of three (the others were 
UC Berkeley and North Dakota) selected universities to 
develop an independent architecture for EOSDIS Core 
System (ECS). GMU put together an interdisciplinary 
team composed of Earth scientists, computer, and infor- 
mation scientists. The Earth scientists of our team came 
from GMU’s Computational Science and Informatics In- 
stitute, from the University of Delaware, the University 
of New Hampshire, and from the Center for Ocean-Land- 
Atmosphere Studies (COLA) in Maryland. The authors 
of this paper were involved with the computer and infor- 
mation aspects of the architectural design. A methodol- 
ogy had to be developed to design such a complex system. 
This methodology is performance oriented to  ensure that 
the final design would satisfy the functional performance 
requirements of the system. The methodology is gen- 
eral and can be applied to the design of any large-scale 
distributed data intensive information system. After pre- 
senting the methodology, we discuss how it was applied 
to the design of ECS. 

2 Large-scale distributed data intensive 
information systems 

This section characterizes a lar e-scale distributed 
data intensive information system $SS), provides the 
principles to be used when designing an LSS, and gives 
the logical architecture of an LSS building block (the LSS 
Node). 

2.1 Characterization of an LSS 

Figure 1 depicts the various components of a LSS. 
Such systems can be characterized as follows: 

Large number of users: the number of potential 
users of an LSS can range from tens of thousands 
to millions of users. 

Diverse user population: users may include re- 

searchers studying a particular domain of science 
running complex simulation models, policy mak- 
ers at governmental agencies, international organiza- 
tions, private industries, and K-12 students. More- 
over, the users of an LSS are assumed to be spread 
over very large geographical areas. 

Diversity in user requirements: as a consequence of 
the diversity in user population one may also expect 
to have a wide variation in user requirements. While 
some users may pose very simple queries to the sys- 
tem, other users may submit complex requests that 
may involve evaluating very complex scientific mod- 
els or correlating several image files. User requests 
may also vary widely in terms of the amount of data 
requested (from a few bytes to hundreds of giga- 
bytes). Different types of users may have different 
performance requirements and different categories of 
users may be assigned different priorities to ensure 
that their performance requirements are met. 

High d a t a  intensity: raw data is expected to arrive 
at an LSS from one or more sources (e.g., instru- 
ments aboard Earth orbiting satellites, particle ac- 
celerators) at very high rates (e.g., from terabytes to 
petabytes bytes) per day). 

Diversity in data types stored: the holdings of an 
LSS are assumed to  include a large variety of data 
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that the results shown below do not represent actual ECS 
performance since, at the time of this study, we did not 
have enough data available. Some assumptions had to 
be made to compensate for missing values. These as- 
sumptions are likely to change. At any rate, the results 
presented here indicate the type of analyses that can be 
made with the performance models described in the pa- 
per. 

The following numerical data are considered in the 
baseline model: 

0 Local Area Network Bandwidth: 100 Mbps based on 
a 2-channel FDDI backbone. 

e ESN bandwidth: 45 Mbps assuming T3 lines be- 
tween the major DAACs. 

0 Processing capacity: 60 GFLOPS, based on the 
achieved performance for a CM-5 running the LA- 
PACK benchmark [l]. 

0 1/0 bandwidth: 70 MBytes/sec. 

For the purposes of this study we considered the fol- 

e El-Nino and Southern Oscillations (ENSO) [5]. 

e World Ocean Circulation Experiment and the Trop- 
ical Ocean Global Atmosphere (WOCE/TOGA) [SI. 

Global Ocean Observing System (GOOS) [SI. 

Terrestrial Scenario (Land-use) [7]. 

a Push scenario for Level 0 products (LO). This sce- 
nario represents the workload imposed on ECS by 
the continued arrival, processing, and storage of level 
0 products. The numerical data for this workload is 
derived from tables available in HAIS documents. 

e Push scenario for Level 1 and higher data  products 
( L l - L d ) .  This scenario represents the workload im- 
posed on ECS by the processing and storage of lev- 
els 1 through 4 data products. The numerical data 

lowing scenarios: 

for this workload is derived from tables available in 
HAIS documents. 

We show here two examples of the results obtained in 
our analysis. An extensive set of curves and tables can 
be found in [ll]. The value of the workload intensity for 
the user scenarios which are not varying were chosen so 
that they represent a light load. For the open scenarios 
(ENSO, WOCE/TOGA, GOOS, and Land-use) the ar- 
rival rate was fixed at 0.1 requests/sec except when this 
is the varying parameter. For the LO and Ll-L4 scenarios 
the number of jobs in the system was fixed at 10 except 
when this is the varying parameter. 

Figure 7 displays the impact of varying the arrival 
rate of ENSO requests on the response time of GOOS, 
Land-use, and Ll-L4 classes. As it can be seen, response 
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Figure 7: Impact of ENSO arrival rate on GOOS, Ll-L4, 
and Land-Use scenarios. 

times smaller than 4 sec for Land-Use and GOOS are 
supported for arrival rates of ENSO requests not exceed- 
ing 0.25 req/sec. After 0.4 req/sec for ENSO requests, 
the system saturates and the response times increases at 
a very fast rate. The Ll-L4 workload is rather insensi- 
tive to ENSO requests until the onset of saturation. Fig- 
ure 8 investigates the impact of consolidating some of the 
DAACs. In particular, the loads of DAACs MSFC, JPL, 
UAF, and CU are assumed to be assigned to LaRC. This 
reduces the number of DAACs from 8 to just 5. The ver- 
tical axis in the figure is the response time ratio S defined 
as 

Response Time Under the Consolidated Scenario 

Response Time Under the Original Scenario 
S =  

A value of S greater than 1 indicates that consolidating 
DAACs increases the response time. It should be noted 
that when DAACs are consolidated, there are two effects 
on performance: some servers will become more heavily 
utilized as a result of the additional load. This makes 
S to be greater than 1. On the other hand, for some 
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Abstract 

The Earth Observing System (EOS) Data and In- 
formation System (EOSDIS) is perhaps one of the 
most important examples of a large-scale, geographically- 
distributed, and data-intensive systems. Designing such 
systems in a way that ensures that the resulting design 
will satisfy all functional and performance requirements 
is not a trivial task. This paper presents a performance- 
oriented methodology to design large-scale distnbuted 
data intensive information systems. The methodology is 
then applied to the design of the EOSDIS Core System 
(ECS). Performance results, based on queuing network 
models of ECS are also presented. 

1 Introduction 

One of the most important examples of information 
systems that are large-scale, geographically distributed, 
and handle very large volumes of data is the Earth Ob- 
serving System (EOS) Data and Information System 
(EOSDIS). EOS is a NASA program mission to study 
the planet Earth. A series of satellites with scientific 
instruments aboard will be launched starting in 1997. 
They will send an estimated terabytelday of raw data 
about the atmosphere, land, and ocean. George Ma- 
son University (GMU) was one of three (the others were 
UC Berkeley and North Dakota) selected universities to 
develop an independent architecture for EOSDIS Core 
System (ECS). GMU put together an interdisciplinary 
team composed of Earth scientists, computer, and infor- 
mation scientists. The Earth scientists of our team came 
from GMU’s Computational Science and Informatics In- 
stitute, from the University of Delaware, the University 
of New Hampshire, and from the Center for Ocean-Land- 
Atmosphere Studies (COLA) in Maryland. The authors 
of this paper were involved with the computer and infor- 
mation aspects of the architectural design. A methodol- 
ogy had to be developed to design such a complex system. 
This methodology is performance oriented to  ensure that 
the final design would satisfy the functional performance 
requirements of the system. The methodology is gen- 
eral and can be applied to the design of any large-scale 
distributed data intensive information system. After pre- 
senting the methodology, we discuss how it was applied 
to the design of ECS. 

2 Large-scale distributed data intensive 
information systems 

This section characterizes a lar e-scale distributed 
data intensive information system $SS), provides the 
principles to be used when designing an LSS, and gives 
the logical architecture of an LSS building block (the LSS 
Node). 

2.1 Characterization of an LSS 

Figure 1 depicts the various components of a LSS. 
Such systems can be characterized as follows: 

Large number of users: the number of potential 
users of an LSS can range from tens of thousands 
to millions of users. 

Diverse user population: users may include re- 

searchers studying a particular domain of science 
running complex simulation models, policy mak- 
ers at governmental agencies, international organiza- 
tions, private industries, and K-12 students. More- 
over, the users of an LSS are assumed to be spread 
over very large geographical areas. 

Diversity in user requirements: as a consequence of 
the diversity in user population one may also expect 
to have a wide variation in user requirements. While 
some users may pose very simple queries to the sys- 
tem, other users may submit complex requests that 
may involve evaluating very complex scientific mod- 
els or correlating several image files. User requests 
may also vary widely in terms of the amount of data 
requested (from a few bytes to hundreds of giga- 
bytes). Different types of users may have different 
performance requirements and different categories of 
users may be assigned different priorities to ensure 
that their performance requirements are met. 

High d a t a  intensity: raw data is expected to arrive 
at an LSS from one or more sources (e.g., instru- 
ments aboard Earth orbiting satellites, particle ac- 
celerators) at very high rates (e.g., from terabytes to 
petabytes bytes) per day). 

Diversity in data types stored: the holdings of an 
LSS are assumed to  include a large variety of data 
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that the results shown below do not represent actual ECS 
performance since, at the time of this study, we did not 
have enough data available. Some assumptions had to 
be made to compensate for missing values. These as- 
sumptions are likely to change. At any rate, the results 
presented here indicate the type of analyses that can be 
made with the performance models described in the pa- 
per. 

The following numerical data are considered in the 
baseline model: 

0 Local Area Network Bandwidth: 100 Mbps based on 
a 2-channel FDDI backbone. 

e ESN bandwidth: 45 Mbps assuming T3 lines be- 
tween the major DAACs. 

0 Processing capacity: 60 GFLOPS, based on the 
achieved performance for a CM-5 running the LA- 
PACK benchmark [l]. 

0 1/0 bandwidth: 70 MBytes/sec. 

For the purposes of this study we considered the fol- 

e El-Nino and Southern Oscillations (ENSO) [5]. 

e World Ocean Circulation Experiment and the Trop- 
ical Ocean Global Atmosphere (WOCE/TOGA) [SI. 

Global Ocean Observing System (GOOS) [SI. 

Terrestrial Scenario (Land-use) [7]. 

a Push scenario for Level 0 products (LO). This sce- 
nario represents the workload imposed on ECS by 
the continued arrival, processing, and storage of level 
0 products. The numerical data for this workload is 
derived from tables available in HAIS documents. 

e Push scenario for Level 1 and higher data  products 
( L l - L d ) .  This scenario represents the workload im- 
posed on ECS by the processing and storage of lev- 
els 1 through 4 data products. The numerical data 

lowing scenarios: 

for this workload is derived from tables available in 
HAIS documents. 

We show here two examples of the results obtained in 
our analysis. An extensive set of curves and tables can 
be found in [ll]. The value of the workload intensity for 
the user scenarios which are not varying were chosen so 
that they represent a light load. For the open scenarios 
(ENSO, WOCE/TOGA, GOOS, and Land-use) the ar- 
rival rate was fixed at 0.1 requests/sec except when this 
is the varying parameter. For the LO and Ll-L4 scenarios 
the number of jobs in the system was fixed at 10 except 
when this is the varying parameter. 

Figure 7 displays the impact of varying the arrival 
rate of ENSO requests on the response time of GOOS, 
Land-use, and Ll-L4 classes. As it can be seen, response 
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Figure 7: Impact of ENSO arrival rate on GOOS, Ll-L4, 
and Land-Use scenarios. 

times smaller than 4 sec for Land-Use and GOOS are 
supported for arrival rates of ENSO requests not exceed- 
ing 0.25 req/sec. After 0.4 req/sec for ENSO requests, 
the system saturates and the response times increases at 
a very fast rate. The Ll-L4 workload is rather insensi- 
tive to ENSO requests until the onset of saturation. Fig- 
ure 8 investigates the impact of consolidating some of the 
DAACs. In particular, the loads of DAACs MSFC, JPL, 
UAF, and CU are assumed to be assigned to LaRC. This 
reduces the number of DAACs from 8 to just 5. The ver- 
tical axis in the figure is the response time ratio S defined 
as 

Response Time Under the Consolidated Scenario 

Response Time Under the Original Scenario 
S =  

A value of S greater than 1 indicates that consolidating 
DAACs increases the response time. It should be noted 
that when DAACs are consolidated, there are two effects 
on performance: some servers will become more heavily 
utilized as a result of the additional load. This makes 
S to be greater than 1. On the other hand, for some 
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Abstract 

The Earth Observing System (EOS) Data and In- 
formation System (EOSDIS) is perhaps one of the 
most important examples of a large-scale, geographically- 
distributed, and data-intensive systems. Designing such 
systems in a way that ensures that the resulting design 
will satisfy all functional and performance requirements 
is not a trivial task. This paper presents a performance- 
oriented methodology to design large-scale distnbuted 
data intensive information systems. The methodology is 
then applied to the design of the EOSDIS Core System 
(ECS). Performance results, based on queuing network 
models of ECS are also presented. 

1 Introduction 

One of the most important examples of information 
systems that are large-scale, geographically distributed, 
and handle very large volumes of data is the Earth Ob- 
serving System (EOS) Data and Information System 
(EOSDIS). EOS is a NASA program mission to study 
the planet Earth. A series of satellites with scientific 
instruments aboard will be launched starting in 1997. 
They will send an estimated terabytelday of raw data 
about the atmosphere, land, and ocean. George Ma- 
son University (GMU) was one of three (the others were 
UC Berkeley and North Dakota) selected universities to 
develop an independent architecture for EOSDIS Core 
System (ECS). GMU put together an interdisciplinary 
team composed of Earth scientists, computer, and infor- 
mation scientists. The Earth scientists of our team came 
from GMU’s Computational Science and Informatics In- 
stitute, from the University of Delaware, the University 
of New Hampshire, and from the Center for Ocean-Land- 
Atmosphere Studies (COLA) in Maryland. The authors 
of this paper were involved with the computer and infor- 
mation aspects of the architectural design. A methodol- 
ogy had to be developed to design such a complex system. 
This methodology is performance oriented to  ensure that 
the final design would satisfy the functional performance 
requirements of the system. The methodology is gen- 
eral and can be applied to the design of any large-scale 
distributed data intensive information system. After pre- 
senting the methodology, we discuss how it was applied 
to the design of ECS. 

2 Large-scale distributed data intensive 
information systems 

This section characterizes a lar e-scale distributed 
data intensive information system $SS), provides the 
principles to be used when designing an LSS, and gives 
the logical architecture of an LSS building block (the LSS 
Node). 

2.1 Characterization of an LSS 

Figure 1 depicts the various components of a LSS. 
Such systems can be characterized as follows: 

Large number of users: the number of potential 
users of an LSS can range from tens of thousands 
to millions of users. 

Diverse user population: users may include re- 

searchers studying a particular domain of science 
running complex simulation models, policy mak- 
ers at governmental agencies, international organiza- 
tions, private industries, and K-12 students. More- 
over, the users of an LSS are assumed to be spread 
over very large geographical areas. 

Diversity in user requirements: as a consequence of 
the diversity in user population one may also expect 
to have a wide variation in user requirements. While 
some users may pose very simple queries to the sys- 
tem, other users may submit complex requests that 
may involve evaluating very complex scientific mod- 
els or correlating several image files. User requests 
may also vary widely in terms of the amount of data 
requested (from a few bytes to hundreds of giga- 
bytes). Different types of users may have different 
performance requirements and different categories of 
users may be assigned different priorities to ensure 
that their performance requirements are met. 

High d a t a  intensity: raw data is expected to arrive 
at an LSS from one or more sources (e.g., instru- 
ments aboard Earth orbiting satellites, particle ac- 
celerators) at very high rates (e.g., from terabytes to 
petabytes bytes) per day). 

Diversity in data types stored: the holdings of an 
LSS are assumed to  include a large variety of data 
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that the results shown below do not represent actual ECS 
performance since, at the time of this study, we did not 
have enough data available. Some assumptions had to 
be made to compensate for missing values. These as- 
sumptions are likely to change. At any rate, the results 
presented here indicate the type of analyses that can be 
made with the performance models described in the pa- 
per. 

The following numerical data are considered in the 
baseline model: 

0 Local Area Network Bandwidth: 100 Mbps based on 
a 2-channel FDDI backbone. 

e ESN bandwidth: 45 Mbps assuming T3 lines be- 
tween the major DAACs. 

0 Processing capacity: 60 GFLOPS, based on the 
achieved performance for a CM-5 running the LA- 
PACK benchmark [l]. 

0 1/0 bandwidth: 70 MBytes/sec. 

For the purposes of this study we considered the fol- 

e El-Nino and Southern Oscillations (ENSO) [5]. 

e World Ocean Circulation Experiment and the Trop- 
ical Ocean Global Atmosphere (WOCE/TOGA) [SI. 

Global Ocean Observing System (GOOS) [SI. 

Terrestrial Scenario (Land-use) [7]. 

a Push scenario for Level 0 products (LO). This sce- 
nario represents the workload imposed on ECS by 
the continued arrival, processing, and storage of level 
0 products. The numerical data for this workload is 
derived from tables available in HAIS documents. 

e Push scenario for Level 1 and higher data  products 
( L l - L d ) .  This scenario represents the workload im- 
posed on ECS by the processing and storage of lev- 
els 1 through 4 data products. The numerical data 

lowing scenarios: 

for this workload is derived from tables available in 
HAIS documents. 

We show here two examples of the results obtained in 
our analysis. An extensive set of curves and tables can 
be found in [ll]. The value of the workload intensity for 
the user scenarios which are not varying were chosen so 
that they represent a light load. For the open scenarios 
(ENSO, WOCE/TOGA, GOOS, and Land-use) the ar- 
rival rate was fixed at 0.1 requests/sec except when this 
is the varying parameter. For the LO and Ll-L4 scenarios 
the number of jobs in the system was fixed at 10 except 
when this is the varying parameter. 

Figure 7 displays the impact of varying the arrival 
rate of ENSO requests on the response time of GOOS, 
Land-use, and Ll-L4 classes. As it can be seen, response 
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Figure 7: Impact of ENSO arrival rate on GOOS, Ll-L4, 
and Land-Use scenarios. 

times smaller than 4 sec for Land-Use and GOOS are 
supported for arrival rates of ENSO requests not exceed- 
ing 0.25 req/sec. After 0.4 req/sec for ENSO requests, 
the system saturates and the response times increases at 
a very fast rate. The Ll-L4 workload is rather insensi- 
tive to ENSO requests until the onset of saturation. Fig- 
ure 8 investigates the impact of consolidating some of the 
DAACs. In particular, the loads of DAACs MSFC, JPL, 
UAF, and CU are assumed to be assigned to LaRC. This 
reduces the number of DAACs from 8 to just 5. The ver- 
tical axis in the figure is the response time ratio S defined 
as 

Response Time Under the Consolidated Scenario 

Response Time Under the Original Scenario 
S =  

A value of S greater than 1 indicates that consolidating 
DAACs increases the response time. It should be noted 
that when DAACs are consolidated, there are two effects 
on performance: some servers will become more heavily 
utilized as a result of the additional load. This makes 
S to be greater than 1. On the other hand, for some 
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Abstract

Quality of service of e-commerce sites has been usuallymanaged by the allocation of resources such as processors, disks, and

network bandwidth, and by tracking conventional performance metrics such as response time, throughput, and availability.

However, the metrics that are of utmost importance to the management and shareholders of a Web store are revenue and
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e-commerce servers. Priorities change dynamically as a function of the state a customer is in and as a function of the amount

of money the customer has accumulated in his/her shopping cart. A detailed simulation model was developed to assess the

gain of these dynamic policies with respect to policies that are oblivious to economic considerations. Simulation results show

that the multilevel dynamic priority scheme suggested here can significantly improve the values of business-oriented metrics,
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1. Introduction

It has been recognized by many that congestion and poor performance can be the major impediments

for the success of e-commerce. Many e-commerce sites, especially those in the financial trading business,

have been facing serious problems and financial losses when customers are not allowed to trade in a

timely manner. Some disgruntled customers sue on-line trading services if they feel that they have been

short changed and others just move their business elsewhere.

IT managers of Web stores have been managing allocation of resources such as processors, disks,

and networks, by tracking conventional performance metrics such as response time, throughput, and
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Fig. 1. A CBMG.

second category is composed of customers who have a higher probability of buying if they see a product

that interest them at a suitable price. Fig. 1 shows a combined representation of the CBMGs for these

types of customer profiles. The transition probabilities are indicated as a pair x/y, where x represents the
transition probability for occasional buyers and y for heavy buyers.
Note that the CBMG of Fig. 1 is just an example. CBMGs can have many other states, depending on

the nature of the electronic business. The exit state is not explicitly represented in Fig. 1 to improve its

readability. Transitions to the exit state are represented as arrows leaving the states of the CBMG. The

transitions that indicate exit from the Web store, from states other than Pay, are indicative of spontaneous

exits, i.e., exits due to reasons such as unfriendly navigation scheme, poor contents, and unattractive

prices. Spontaneous exits are not due to poor performance. The resource management policies described

in this paper attempt to reduce the number of customers who leave theWeb store due to poor performance.

A CBMG can be more formally characterized by a pair (P, Z), where P = [pi,j ] is an n ! n matrix
of transition probabilities between the n states of the CBMG and Z = [zi,j ] is an n ! n matrix that
represents the average server-perceived think times between states of the CBMG, defined as the average

time elapsed since the server completed a request for a customer until it receives the next request from

the same customer within the same session. We adopt the convention that state 1 is always the entry (y)

state and state n is always the exit (e) state. Note that the elements of the first column and last rows of
matrix P are all zeroes since, by definition, there are no transitions back to the entry state from any state

nor any transitions out of the exit state.

The CBMG provides useful information regarding the average number of visits Vj to each state of the

CBMG for each visit to the site. The values ofVj can be obtained by solving the systemof linear equations:

V1 = 1, Vj =
n!

k=1
Vk ! pk,j for j = 2, . . . , n. (1)
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Fig. 3. Multilevel priority scheme for e-commerce sites.

The family of priorities discussed above can be generalized to a multilevel priority scheme in which

there are P priority levels with 1 being the highest priority and P the lowest as shown in Fig. 3. In this

case, there are P ! 1 thresholds m1, . . . , mP!1. Transitions to the highest priority can occur from any of
the other priority levels as soon as customers add items to their shopping carts.

5. A framework to compare the policies

Because no current system implements all the ideas and concepts proposed in this paper, we need to

build an experimental environment to simulate adaptive systems, customer behavior, and workloads that

conform to these systems.We built an e-commerce site simulator which is a hybrid between a trace-driven

simulator and a discrete event simulator. We use a realistic Web workload generation tool to generate

a stream of requests to start customer sessions and use the CBMGs and the simulator to generate the

individual requests that make up a session.

The workload of an e-commerce site is highly dependent on the interaction between customers and

the store site. For example, after deciding on which item to buy after a successful search in the store’s

database, a customer may leave the store instead of completing the purchase, if it takes too long to receive

a response from a request. In order to mimic this process and be able to evaluate changes in the user

behavior caused by the proposed adaptive schemes of the site, we use a hierarchical simulation model for

workload generation.

5.1. Hierarchical workload generation

Thehierarchical simulationmodel is constructed as follows. First, themodel creates service requests that

initiate customer sessions. Once a session starts, the HTTP requests of the session are generated according
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Fig. 7. Potential lost revenue per second vs. session arrival rate.

the lowest value of %A for very high loads. For ! = 30 sessions/s, 53% of the customers leave the site

due to poor performance in the no-priority case while for the priority case with m1 = 10 only 37% leave

the site for this reason.

Fig. 7 shows the potential lost revenue per second, X!, for all customers. This metric represents the
maximum amount of dollars per second that the store would be loosing due to customers that leave the

site because of poor response time. As the figure indicates, with the priority scheme and all values of

m1 used, there is no potential lost revenue. However, for the no priority case, as the load increases, the

potential loss in revenue increases. For !s = 30 sessions/s, the potential lost revenue per second is almost

50% of the combined revenue throughput brought to the Web store by heavy and occasional customers.

An analysis of Figs. 6 and 7 shows that angry customers lost by the priority scheme do not have anything

in their shopping carts and therefore do not contribute to X!.
Finally, Fig. 8 shows the average response time for all types of customers as a function of !s for the no

priority case and for the priority case and different values ofm1. It is interesting to note that as !s increases,
the average response time for the collection of all customers is higher for the priority case and values of

m1 = 8, 10, 14 and 18. Note that the improvements of the newmetrics sometimes occur at the expense of
the traditional performance metrics. Only them1 = 2 case presents a lower response time. The combined

revenue of the site is maximized form1 = 10 for !s = 30 sessions/s. However, for this value of !s andm1

the average response time is virtually the worst among all cases. This illustrates the fact that optimizing

conventional performance metrics may be detrimental to business-oriented goals and vice-versa.

7. Related work

A few mechanisms have been developed to support quality of service in Web servers. All of them

[1,3,10] aim at achieving good response time or high throughput. They are not adaptive to customer’s
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1. Introduction

As the Internet becomes increasingly ubiquitous, many
traditional auction businesses are moving into the online
auctions space joining winners in this market space, such
as eBay [9] and Yahoo!Auctions [24]. Businesses with fixed
price selling models are adopting online auctions to dis-
pense excess inventory in B2C auctions. Companies that
use the B2B model are using auctions to extract optimal
prices from their vendors. English auctions are one of the
popular categories of auctions in which bidders compete
by increasing the price of an auction until either the time
is over or no one else competes with a higher bid or a com-
bination of both. These auctions can be of di!erent types
such as fixed closing time, or by varying the closing time
until not enough activity on the auction is found. Some
auctions allow users to buy the auctioned item immediately
with a ‘‘buy it now’’ feature that allows users to buy the
item instead of waiting until the completion of the auction

and competing with other bidders. Most online auction
sites allow users to place automatic bids called proxy bids,
which allow a user to specify a maximum amount and
automatically place a bid if another user bids more than
the current bid but below the user’s maximum bid. Alert
services to indicate creation of a new auction or changes
in an existing auction, and watch lists to monitor the pro-
gress of an auction are common among many online auc-
tion sites.

Online auction sites have significantly di!erent work-
loads compared to other forms of e-commerce sites such
as e-tailers. The activity of an auction site spikes during
the closing minutes and drops immediately after the closing
of each auction [2]. Building websites that can scale well is
one of the challenges faced by architects of e-commerce
sites [21]. Benchmarks can be used to compare competing
architectures. One such available benchmark for e-com-
merce sites is the TPC-W benchmark [23], which mirrors
the activities of e-tailers such as online bookstores. An e-
commerce site developed for auctioning goods online, such
as eBay, exhibits significantly di!erent characteristics from
e-tailors. Thus, TPC-W is not well suited for auction-
related e-commerce sites. The analysis presented in this
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5.4. Arrival process of auctions and bids

This section presents the arrival process of auctions and
bids at the auction site. We first show the time between
consecutive arrivals (inter-arrival times) of auctions and
bids, and then model them into a standard distribution.
Identifying a trend for inter-arrival time for auctions and
bids is critical for accurate performance modeling and for
generating realistic loads for benchmarking purposes. For
example, exponential inter-arrival times allow us to use
several results from queuing theory for estimating queue
lengths and response times at the auction site [13].

5.4.1. Inter-arrival process of auctions
Fig. 19 shows the time between arrivals in seconds for

each new auction on the site during the days of January
20 and January 23, 2003. As explained in the multi-scale
analysis section, evenings are the busiest periods on an auc-
tion site with smaller inter-arrival times, and midnight to
early morning is a comparatively inactive period, with lar-
ger inter-arrival times. The figure shows that most of the
inter arrival periods are small, and there is a small number
of large inter-arrival times, especially during the inactive
hours. In order to better characterize the type of inter-arri-
val time distribution we look at periods of smaller inter-
arrival times (during the day) and periods of larger inter-
arrival times (during the night).

Fig. 20 shows the relative frequency of auction inter-
arrival time for inter-arrival times below 15 s (top) and
inter-arrival times of 15 s or more (bottom). As shown in
the graphs, there is an exponential relationship between
the inter-arrival time and the percentage of auctions with
that inter-arrival time. A large number of auctions have
very small inter-arrival times and a relatively few auctions
have large inter-arrival times.

5.4.2. Inter-arrival process of bids
The site processes a proxy bid automatically when a

manual bid is placed on an auction. Processing time for a
proxy bid can be combined with the processing time of a
manual bid. For this reason, we considered only manual
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of large inter-arrival times, especially during the inactive
hours. In order to better characterize the type of inter-arri-
val time distribution we look at periods of smaller inter-
arrival times (during the day) and periods of larger inter-
arrival times (during the night).

Fig. 20 shows the relative frequency of auction inter-
arrival time for inter-arrival times below 15 s (top) and
inter-arrival times of 15 s or more (bottom). As shown in
the graphs, there is an exponential relationship between
the inter-arrival time and the percentage of auctions with
that inter-arrival time. A large number of auctions have
very small inter-arrival times and a relatively few auctions
have large inter-arrival times.

5.4.2. Inter-arrival process of bids
The site processes a proxy bid automatically when a

manual bid is placed on an auction. Processing time for a
proxy bid can be combined with the processing time of a
manual bid. For this reason, we considered only manual
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ABSTRACT
This paper discusses why Software Engineering (SE) meth-
ods often fail to produce software systems that meet their
performance requirements. Five issues are raised: lack of
required scientific principles and models in SE, lack of ed-
ucation in performance, IT workforce shortage, single-user
and small database mindsets.

Categories and Subject Descriptors
H.4.m [Information Systems]: Miscellaneous; D.2 [Soft-
ware]: Software Engineering

Keywords
Software Performance Engineering, Software Engineering,
Performance models.

1. INTRODUCTION
Most software systems we care about are complex to de-
sign and to build. Their requirements are divided into func-
tional and non-functional requirements. The so-called non-
functional requirements include properties that systems are
supposed to exhibit with respect to security, availability, re-
liability, and performance (e.g., response time, throughput,
fraction of rejected requests).

The need to build software systems that function correctly,
adhere to non-functional requirements, and are cost-e!ective,
gave rise to a series of techniques and methods, patterned
on what engineers do, when they design systems. This dis-
cipline, called Software Engineering (SE), has been around
for over thirty five years and has had much success in de-
veloping methods for programming in the small and in the
large [7]. Most of the success of SE has been in taming the
complexity of the software development process through the
use of methods and tools to develop and manage designs,
requirements, tests cases, configurations, versions, and evo-
lution.

According to Carnegie Mellon’s Software Engineering In-
stitute (SEI), engineering is the systematic application of
scientific knowledge in creating and building cost-e!ective
solutions to practical problems in the service of mankind
and software engineering is that form of engineering that
applies the principles of computer science and mathematics
to achieving cost-e!ective solutions to software problems [2].
So, if SE is indeed a form of engineering, it should ap-
ply scientific principles to the design of software systems
in such a way that all of its requirements—functional and
non-functional—are met.

Unfortunately, with the exception of real-time applications,
performance requirements are rarely taken into account at
the design stage. This would never be allowed to happen in
any other form of engineering (e.g., civil, mechanical, aero-
nautical, etc.), which we refer to here as Conventional Engi-
neering (CE). Would a mechanical engineer design an engine
that is supposed to reach 4,000 RPM to find out when the
engine is built and tested that it does not go over 1,500
RPM? Or would a civil engineer design a bridge supposed
to withstand the load of sixty 3-ton vehicles at 60 mph only
to find out that it collapses when fifteen vehicles go over it?
Clearly not. The reason why one does not see this enormous
mismatch between requirements and results is that perfor-
mance, or e"ciency, is an integral part of the design process
in any CE modality. In other words, the mechanical engi-
neer does not just design an engine that spins, but one that
can reach a certain speed with a given fuel consumption.

The fact that performance requirements are called non-func-
tional requirements in SE is a symptom of this problem.
How can a software system function properly if some of its
requirements (e.g., performance requirements) are not met?
In other words, all requirements should be functional. Oth-
erwise, they should not be requirements.

The di!erence in approach between CE design and SE de-
sign is illustrated in Fig. 1. Conventional engineers (bottom
part of Fig. 1) design systems with workload and environ-
ment considerations in mind. For example a civil engineer
takes into account the bridge workload (i.e., how many cars
will cross the bridge) as well as assumptions about the envi-
ronment in which the bridge will have to operate (i.e., high
wind forces at the top section of the bridge). Most soft-
ware engineers (top part of Fig. 1) design systems that meet
some of the requirements (usually the functional ones) and
then try to match the resulting system to the workload and
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Figure 1: Conventional engineering approach vs. software engineering approach.

environment in which they are supposed to operate.

2. SOFTWAREPERFORMANCEENGINEE-

RING

Thirteen years after the term software engineering was in-
troduced [7], Connie Smith coined the term Software Per-
formance Engineering (SPE) in her seminal paper published
in 1981 [9]. That paper brought attention to the fact that
software development was carried out with the “fix-it-later”
attitude when it came to performance. In other words,
performance was never a design consideration, but an af-
terthought. Since 1981, many people contributed relevant
research ideas and some software systems were developed,
in industry and in academe, to support SPE processes.

A question that comes to mind is whether the term Perfor-
mance in Software Performance Engineering is redundant?
If SE is engineering, the design of software systems using en-
gineering methods should produce e!cient systems. Would
it make sense to talk about E!cient Mechanical Engineer-
ing? Clearly not. Mechanical engineers strive to design ef-
ficient engines and mechanisms. For them, it is not enough
to just do it; it has to be done e!ciently.

The reason why Performance in SPE is not yet redundant is
that twenty years after Smith’s introduction of the concepts
behind SPE, SPE has not been incorporated into the prac-
tices of Software Engineering. Therefore, it is still important
to talk about SPE until the P of SPE becomes redundant,
i.e., until it really blends into SE.

3. WHERE IS THE P IN SE?

This section presents some issues that may foster discussions
in both the performance and software engineering communi-
ties regarding the reasons why performance does not receive
proper attention during software design.

1. Lack of scientific principles and models. Conventional
engineers must use scientific principles and models based

on mathematics, physics, and computational science,
to support their design processes. This allows CE to
model the e"ects of the workload and the environment
on the systems being designed. Software engineers do
not need to rely on formal and quantitative models as
part of the software development life cycle. In other
words, software designers and developers can design
and write code without using any formalism.

There have been many developments in terms of for-
mal models to support the software life cycle. Most of
this work is centered around methodologies to manage
the complexity of the process of software development,
testing, maintenance, and evolution. Some of these
developments have made it to tools that gained some
widespread level of acceptance. However, there are no
universally agreed upon formalisms and quantitative
models that support the core of SE.

The SE community has devoted most of its energies to
the development of formalisms and methods that sup-
port the functional requirements aspects of SE. In fact,
over 80% of the papers published in the IEEE Trans-
actions on Software Engineering (TSE) since 1989 fall
into this category. The remaining papers are perfor-
mance-related. The vast majority of these deal with
the performance of algorithms (e.g., concurrency con-
trol methods in databases systems, resource schedulers
in operating systems and distributed systems), per-
formance of multiprocessor systems, and even papers
on performance evaluation techniques, including vari-
ous forms of Stochastic Petri Nets. The percentage of
papers that directly address performance problems in
software systems is much smaller.

The performance community, for the most part, has
addressed issues of system performance from a resource
demand point of view. For example, the input param-
eters of queuing network (QN) models fall into two
categories: workload intensity and resource demands
for each transaction type at each physical resource.
The resource demand is a function of the intrinsic per-
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Security
Performance 

T hreats can arise at many different points in
modern networked systems and compromise
one or more security dimensions, including

integrity, confidentiality, authentication, nonrepu-
diation, availability, and privacy. To better under-
stand the threats, we must examine what each of
these dimensions means. Integrity, for example, indi-
cates that data are protected from unauthorized
modification. Confidentiality ensures that only
authorized users can read data. Authentication
ensures that the other party in a dialogue is not an
impostor. Nonrepudiation prevents someone from
denying having sent a message. Availability ensures
that a system is immune to denial-of-service attacks,
which can prevent access by legitimate users. Final-
ly, privacy provides controls on how information
about individuals will be used and disseminated.

Several protocols and mechanisms aims to
enforce the various dimensions of security in
applications ranging from email to e-commerce
transactions. Most use encryption as a basic com-
ponent. Adding such mechanisms and procedures
to applications and systems does not come cheap-
ly, however. As Ravi Sandhu points out, security is
intrusive and increases the total cost of comput-
er-system ownership.1 He also indicates that secu-
rity is about trade-offs, rather than absolutes, and
that we should strive for good-enough security,
not for more security than necessary. This thought
underlies the following description of some secu-
rity trade-offs in the areas of performance and
scalability. My analysis is quantitative in nature
and aims to illustrate the effect of using a specif-
ic security protocol or set of cryptographic algo-
rithms on a computer system’s performance. 

Basic Security Operations
Security protocols use one or more basic security
operations, such as symmetric key cryptography,
public and private key cryptography, and secure
hash functions. As Figure 1 shows, in symmetric

encryption, both parties must use the same key to
encrypt and decrypt a message. This poses a chal-
lenge in key management and distribution because
the number of keys grows with the square of the
number of communicating parties. Examples of
symmetric key encryption algorithms include the
data encryption standard (DES), 3DES, RC4, RC5,
and the advanced encryption standard (AES).2

In public key encryption, each communicating
party must have a pair of keys: a private one, which
must be securely held, and a public one, which any-
one can have. If encryption is performed with some-
one’s public key, decryption must be done with the
corresponding private key. The reverse is also true:
if a message is encrypted with someone’s private key,
it must be decrypted with that person’s public key. 

Symmetric key encryption is orders of magnitude
faster than public key encryption. For example,
encrypting a 128-byte block using a public key of 512
bits takes 3.5 milliseconds on a Pentium-II 266 MHz3
whereas symmetric key encryption using AES takes
less than one microsecond on the same machine.4

Private key operations are generally slower than
those with public keys. As Figure 2 shows, private
key operations can be more than 38 times slower
than public key operations with a 2,048-bit key. The
ratio between private and public key operation times
grows almost linearly with the key length k. Howev-
er, the time to perform a public or private key opera-
tion increases with a power of the key length k. For
the data used in Figure 2, for example, the time
required to perform a private key operation on a 128-
byte block increases with k2.75; the time needed to
perform a public key operation on the same size
block increases with k1.87. Longer keys provide an
increased level of security but at a performance cost.

Another security-protocol operation involves
using a message digest obtained via a secure hash
function. A digest h(M) of a message M is a short
string of bits (for example, a 128-bit string) obtained
by applying a hash function h to the message M.
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longer public key than scenario E does for the
handshake, which makes scenario F more secure
and slower for the handshake than scenario E.

Final Recommendations
The examples described here underscore the impor-
tance of understanding the level of security required
for each application to fend off possible threats while
minimizing performance penalties. Bruce Schneier
indicates that by 2005, a public key of 1,280 bits
should be sufficient to protect against attacks from
individuals, but a 1,536-bit key will be needed to pro-
tect from attacks originated in large corporations. A
2,048-bit key would be the best protection against
attacks from the government. Each of these selections
carries a certain performance cost.2 Therefore, a care-
ful quantitative analysis of the performance impacts
of security protocols must be combined with an analy-
sis of potential threats so that good-enough security
mechanisms are deployed for each situation.
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Security Performance

Figure 4. Security–performance relationships
between Figure 3’s scenarios. The arrows go from
more-secure to less-secure options and from
scenarios of worse to better performance.

Figure 3.Maximum throughput of Secure Socket Layer for various combinations of cryptographic algorithms and
key lengths.For the scenarios in this figure,we use two symmetric key algorithms (RC4 and 3DES), two hash
functions (MD5 and SHA-1),and three key lengths (512,768,and 1,024 bits) for the public key operations.
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Performance, in terms of user response time and the consumption of processing and communica-
tions resources, is an important factor to be considered when designing authentication protocols.
The mix of public key and secret key encryption algorithms typically included in these protocols
makes it difficult to model performance using conventional analytical methods. In this article, we
develop a validated modeling methodology to be used for analyzing authentication protocol fea-
tures, and we use two examples to illustrate the methodology. In the first example, we analyze
the environmental parameters that favor one proposed public-key-enabled Kerberos variant over
another in the context of a large, multiple-realm network. In the second example, we propose a Ker-
beros variant for a mobile computing environment and analyze the performance benefits realized
by introducing a proxy to offload processing and communications workload.

Categories and Subject Descriptors: C.4 [Performance of Systems]: design studies, modeling
techniques; K.6.5 [Management of Computing and Information Systems]: Security and
Protection—authentication

General Terms: Design, Measurement, Performance, Security

Additional Key Words and Phrases: Authentication, Kerberos, mobile computing, performance
modeling, proxy servers, public key cryptography

1. INTRODUCTION

To meet the challenge of protecting information and computing systems against
unauthorized access, researchers and developers have focused attention on
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D. A. 2001b. The performance of public key-enabled Kerberos authentication in mobile computing
applications. In Proceedings of the 8th ACM Conference on Computer and Communications Security
(CCS-8) (Philadelphia, Pa., Nov.). ACM, New York, pp. 78–85.
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Abstract

The next generation of software systems will be highly distributed, component-based and service-oriented. They will need to
operate in unattended mode and possibly in hostile environments, will be composed of a large number of ‘replaceable’ components
discoverable at run-time, and will have to run on a multitude of unknown and heterogeneous hardware and network platforms. This
paper focuses on QoS management in service-oriented architectures in which service providers (SP) provide a set of interrelated
services to service consumers, and a QoS broker mediates QoS negotiations between SPs and consumers. The main contributions
of this paper are: (i) the description of an architecture that includes a QoS broker and service provider software components, (ii)
the specification of a secure protocol for QoS negotiation with the support of a QoS broker, (iii) the specification of an admission
control mechanism used by SPs, (iv) a report on the implementation of the QoS broker and SPs, and (v) the experimental validation
of the ideas presented in the paper.
c" 2007 Elsevier B.V. All rights reserved.

Keywords: QoS; Service oriented architectures; Performance; QoS broker

1. Introduction

The next generation of complex software systems will be highly distributed, component-based, service-oriented,
will need to operate in unattended mode and possibly in hostile environments, will be composed of a large number of
‘replaceable’ components discoverable at run-time, and will have to run on a multitude of unknown and heterogeneous
hardware and network platforms. Three major requirements for such systems are performance, availability and
security. Performance requirements imply that such systems must be adaptable and self-configurable to changes in
workload intensity. Availability and security requirements suggest that these systems have to adapt and reconfigure
themselves to withstand attacks and failures. In this paper, we concentrate on QoS requirements for performance (e.g.
response time and throughput) and some related security considerations.

Quality of service (QoS) is an important concern in dynamic service composition and selection given that many
service providers provide similar services with common functionality but different QoS and cost. It is necessary to
provide a negotiation mechanism between clients (or applications) and service providers to reach mutually-agreed
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Fig. 2. Architecture of a QoS broker and a SP.

is the expiration date and time of the session, and K C
pu is the public key of the requester which will be used by a SP

for authentication purposes. Typically, K c
pu is delivered as part of a digital certificate signed by a trusted certificate

authority.

4. QoS negotiation protocol

We now describe, with the help of Fig. 2, the architecture of a QoS broker component and of a SP component.
A SP component (see bottom part of Fig. 2), like any service-oriented component, has a registration module that
implements the interaction with the QoS broker for registering its service descriptions and the basic service demand
matrix, which holds the service demands of each service at each device of the hardware platform on which it runs. A
service dispatcher at the SP receives requests for service and sends the requests to an available thread to execute the
service. The service dispatcher implements admission control within an accepted session by not accepting additional
requests for that session if the number of concurrently executing requests for the session is equal to its negotiated
concurrency level. The dispatcher also has the ability to verify whether a request is legitimate by verifying the attached
digital signature of the requester.

A QoS broker (see top part of Fig. 2) consists of a QoS Request Handler, a QoS Negotiator, a QoS Evaluator,
and a QoS Performance Solver. The QoS Request Handler implements the QoS Negotiation Protocol with the help
of the QoS Negotiator, QoS Evaluator, and Performance Model Solver. A state transition diagram for the QoS
Negotiation Protocol as seen by the QoS broker is shown in Fig. 3. The figure shows five states for a session: no
session established, pending session, QoS request being evaluated, status of token for counter offer being evaluated,
and session established. The notation used to label state transitions is of the type event/action. Events are message
arrivals with optional conditions indicated in square brackets or the completion of an internal action. Actions consist
of sending messages or starting the execution of internal actions.

Three types of messages can be received from the client by the QoS Requests Handler:

• QoS request: this message is a request to start a session with certain QoS requirements. This request can be
accepted, rejected, or a counter offer with a different concurrency level, larger response time, or smaller throughput,
can be generated as a result of the request. The decision about accepting, rejecting, or providing a counter offer is
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Fig. 9. (top) Response time for service 0 in SP1 ( f = 0.2). (bottom) Response times for service 1 in SP1 ( f = 0.2).

order to generate the graphs. As indicated in the figures, in all sessions for both services, the average response time
was lower in the QB case when compared with the non-QB case.

As expected, the performance gain, i.e. decreased response time (16.7%) for SP1 in the QB case, was consistent
with the requested response time reduction of 20%. The overall performance of the QoS case relative to the non-
QoS case for each service with different f values is shown in Table 2. In the table, % RT Reduction stands for
the percentage of average response time reduction in the QB case, and % XPUT stands for the percentage of average
increase in throughput. The percentage of QoS requests accepted, rejected, and receiving counter offers are also shown
in the table.

As Table 2 shows, with a requested 35% response time reduction, there was a 35.2% and 35.0% total response
time reduction for SP1 and SP2, respectively; with a requested 20% response time reduction, there was a 16.7% and
21.2% response time reduction for SP1 and SP2, and with no response time reduction requested, there was 4.1%
and 4.9% response time reduction, respectively. In the latter case, the control mechanism seems to be overreacting
and may be rejecting more QoS requests than necessary. But, for the more stringent QoS goals, in the former case,
the control mechanism approximates very well to the requirements. As shown in the table, in all cases, the two SPs
always performed better in the QB case than in the non-QB case, at the cost of dropping some sessions. Since in our
experiments clients accept all counter offers, we are not expecting the results to exactly match our reduction goals.
However, the results shown here reasonably match the requirements.

It should be noted that the experiments reported in this section reflect the impact of the QoS broker on the
performance of the system since they include an actual implementation of the broker. It is important to realize as
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paper considers business processes composed of activities that are supported by service
providers. The structure of a business process may be expressed by languages such as
BPEL and allows for constructs such as sequence, switch, while, flow, and pick. This paper
considers the problem of finding the set of service providers that minimizes the total
execution time of the business process subject to cost and execution time constraints. The
problem is clearly NP-hard. However, the paper presents an optimized algorithm that finds
the optimal solution without having to explore the entire solution space. This algorithm
can be used to find the optimal solution in problems of moderate size. A heuristic solution
is also presented. Thorough experimental studies, based on random business processes,
demonstrate that the heuristic algorithm was able to produce service provider allocations
that result in execution times that are only a few percentage points (less than 2.5%) worse
than the allocations obtained by the optimal algorithm while examining a tiny fraction of
the solution space (tens of points versus millions of points).
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1. Introduction

There has been significant recent interest in Service Oriented Architectures (SOA) [1–6]. The SOA model enables a
multitude of service providers (SP) to provide loosely coupled and interoperable services at different Quality of Service
(QoS) and cost levels in a number of service domains. This provides a unique opportunity for businesses to dynamically
select services that better meet their business and QoS needs in a cost-effective manner. SOAs enable service composition
and facilitate enterprises to re-engineer their business processes (BP), commonly defined as ‘‘. . . a structured set of activities
designed to produce a specific output. . . ’’ [7–10]. An important consideration in service composition is the selection of service
providers in a way that meets the specific QoS requirements and cost constraints of the resulting business process.

The Business Process Execution Language (BPEL) [11] can be used to model business processes in a SOA. The execution
of a business process is coordinated by a service broker (or broker for short). The business activities that compose the BP
are implemented by services and executed by service providers, and invoked by service consumers using the Web Services
communication paradigm. BPEL has emerged as a standards-based service orchestration technology that provides an XML-
based grammar for describing the control logic required to orchestrate Web services participating in a process flow [11].
Business processes defined in BPEL are portable and can be executed in any BPEL-compliant process engine.

We consider a market of services in which SPs provide services at different QoS and cost levels. In this environment, it
makes sense to investigate mechanisms to properly select a set of services that when composed satisfy QoS needs and cost
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are implemented by services and executed by service providers, and invoked by service consumers using the Web Services
communication paradigm. BPEL has emerged as a standards-based service orchestration technology that provides an XML-
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Fig. 5. Average value of !R vs. nspa for the three values of the constraint tightness.
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Fig. 6. Average value of !R vs. nspa for simple, medium, and complex business processes.

imply in higher values for !R. But, for 4 and 5 SPs per activity, there is no significant difference at the 95% confidence level
between medium and complex processes.

7. Concluding remarks

The SOA model brings several new benefits to software design and architecture by enabling re-use and sharing of
components through dynamic discovery. Service composition enables complex applications to be put together in a variety
of ways. Each possible selection of services brings different levels of QoS and cost. Thus, there is a need to devise fast and
efficient mechanisms that can be used for dynamic service selection among a set of service providers.

This paper examined how service providers can be optimally allocated to support activities of business process with
topologies that can include any combination of sequences, flows, and switches. The optimization problem in this case deals
with finding an allocation that minimizes the average execution time of the business process subject to execution and cost
constraints. The paper presented an extremely efficient heuristic algorithm that can find an allocation of service providers
that is only a few percentage points worse than the optimal (less than 2.5% worse on average for the 735 cases examined)
while examining a very tiny fraction of the solution space (tens of points versus tens of millions of points).

The solution provided in this paper also covers the important case of execution constraints, i.e., a set of activities of
a business process has to be allocated to the same service provider due to the logic of the business process. The reader
will note that, even though the paper used BPEL constructs and examples, the approach and algorithms presented here
are independent of the language used to express a business process. The approach presented in this paper did not explicitly
consider communication times between activities of a business process. If these communication times are significant relative
to the execution time of the activities of a business process, they need to be taken into account. While this is beyond the
scope of this paper, we envision extensions of our approach in which communication activities are inserted between any
two business process activities.
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QoS in Grid Computing
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G rid computing is already a mainstream par-
adigm for resource-intensive scientific
applications, but it also promises to become

the future model for enterprise applications. The
grid enables resource sharing and dynamic allo-
cation of computational resources, thus increas-
ing access to distributed data, promoting opera-
tional flexibility and collaboration, and allowing
service providers to scale efficiently to meet vari-
able demands.1,2

Large-scale grids are complex systems com-
posed of thousands of components from disjoined
domains. Planning the capacity to guarantee qual-
ity of service (QoS) in such environments is a chal-
lenge because global service-level agreements
(SLAs) depend on local SLAs.3 In this column, we
provide a motivating example for grid computing
in an enterprise environment and then discuss the
how resource allocation affects SLAs.

The Enterprise Grid
For our example, let’s consider a large insurance
company (IC) that offers coverage for vehicles,
boats, homes, and businesses. The IC’s primary
goal is to increase its profit by minimizing risks
and attracting or retaining more customers. In the
insurance business, the premiums paid by cus-
tomers are a function of the risk posed by the
insurance policy. Traditionally, ICs use a combi-
nation of actuarial data with some minimal per-
sonal data to calculate the risk associated with a
policy and, thus, its premium. If the assessment
yields an excessive risk, premiums increase, which
means the IC could lose customers.

In an effort to increase its profits, our IC is mov-
ing toward a highly customized risk-assessment
model (RAM). Under this approach, the customized
RAM queries a much larger group of information
sources about a customer to get a richer set of
inputs. Our IC’s previous model uses large categories

(such as “all non-smoking straight-A male college
students under the age of 25”), but the new model
provides a risk assessment specific to a given cus-
tomer (besides being a “non-smoking straight-A
male college student under the age of 25,” John Doe
is 23, a student in the Computer Science Department
at George Mason University, a member of the IEEE,
and part of a programming team that won a region-
al prize in an ACM-sponsored programming contest.
He also has a very good credit record, undergoes a
physical exam every year and is in perfect health,
and has a clean record with federal, state, and local
law-enforcement agencies). Clearly, customized
RAMs are much more sophisticated and signifi-
cantly more compute- and data-intensive. Such
models are decomposed into many parallel tasks
that run at various grid nodes.

The IC plans to establish a Web portal through
which prospective customers can request three
types of insurance-policy quotes:

• Immediate requests use simple RAMs and can
return results in a few seconds. 

• Non-immediate requests use more complex
RAMs, but can still return results in a few
minutes.

• Delayed requests use fairly sophisticated RAMs
and can take hours to process.

In the latter case, users receive an email with a link
to the portal, where they can view details about their
quotes. Thus, customers might get potentially lower
premiums if they’re willing to wait longer for the
more sophisticated and complex RAMs to execute.

The IC doesn’t want to invest additional com-
puting resources for running new models, so it
uses a grid to harness the unused cycles of all the
computers connected to its worldwide network —
from desktops to mainframes. The grid that sup-
ports the IC risk-assessment application will

IEEE INTERNET COMPUTING 1089-7801/04/$20.00 © 2004 IEEE Published by the IEEE Computer Society JULY • AUGUST 2004 85

Proceedings of the The IEEE Computer Society’s 12th Annual International Symposium on Modeling, Analysis, and Simulation of Computer and 
Telecommunications Systems (MASCOTS’04) 

1526-7539/04 $20.00 © 2004 IEEE 

QoS Models in Grid CompuXng and 
 Cloud CompuXng 

Understanding Cloud Computing: Experimentation and Capacity Planning

Daniel A. Menascé Paul Ngo
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Abstract
Cloud computing is based on the notion of shared computational, storage, network, and
application resources provided by a third party. This paper explores in detail the concept
of cloud computing, its advantages and disadvantages and describes several existing cloud
computing platforms. It then discusses the results of quantitative experiments carried out
using PlanetLab, a cloud computing platform. The paper also discusses how the methods
of capacity planning are impacted by the advent of cloud computing from the point of view
of the cloud user and from the cloud provider.

1 Introduction

Cloud computing is a relatively new concept but has
its roots in many not so new technologies. One of the
main tenets of cloud computing is the sharing of comput-
ing resources among a community of users. A successful
predecessor of the idea is the Condor project that started
in 1988 at the University of Wisconsin-Madison [31]. This
project was motivated by the observation that a high per-
centage of the capacity of user’s workstations is idle while
their users are away of their o!ces or doing other tasks such
as reading or talking on the phone. These idle cycles can
be harvested by the Condor system and made available to
users who need more computing power than that available
to them at their local workstations.

Another technology related to cloud computing is grid
computing. The grid is defined as a hardware and software
infrastructure that provides dependable, consistent, perva-
sive, and inexpensive access to high-end computational ca-
pabilities [14]. It became the main computing paradigm
for resource-intensive scientific applications and more re-
cently for commercial applications [11]. Fred Douglis points
out that although grid computing and cloud computing are
closely related, they are indeed truly distinct [6]. Resource
allocation issues are crucial to the performance of applica-
tions on the grid. See [12] for a description of heuristic
techniques for optimal allocation of resources (i.e., com-
puting, network, service providers, and secondary storage)
in grid computing.

One of the technologies that has enabled cloud com-
puting is virtualization because it allows for easy isolation

of applications within the same hardware platform and easy
migration for purposes of load balancing. Isolation is impor-
tant for security concerns and load balancing is important
for performance considerations. Service oriented architec-
tures (SOA) and Web services are also an important devel-
opment for building clouds that provide services as opposed
to just computing resources.

This paper discusses the concepts of cloud computing
as well as its advantages and disadvantages. In order to
provide a more concrete example of the benefits of cloud
computing, the paper shows results of experiments con-
ducted on PlanetLab, a cloud infrastructure widely used
in academia. The paper then discusses how cloud users
can optimally select the values of Service Level Agreements
(SLAs) to be negotiated with cloud providers in order to
maximize their utility subject to cost constraints. A nu-
meric example is thoroughly discussed.

The rest of the paper is organized as follows. Section
2 discusses the definition of cloud computing as well as its
advantages and disadvantages. Section 3 briefly describes
some examples of cloud computing platforms. The next
section discusses the results of experiments carried out with
PlanetLab. Section 5 discusses capacity planning issues as
they apply to cloud computing. Section 6 presents some
concluding remarks.

2 What is Cloud Computing

Cloud computing has many di"erent meanings for di"er-
ent people. However, a basic definition that encompasses
virtually all definitions is the following: Cloud computing is
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ABSTRACT

The Quality of Service (QoS) of e-commerce sites plays a
crucial role in attracting and retaining customers. The work-
load experienced by these sites tends to vary in a very dy-
namic way. The complexity of the sites combined with the
large short-terms variations of the workload calls for au-
tomated methods for site configuration. This paper de-
scribes a method for dynamically monitoring and tuning
e-commerce sites so that desired QoS levels are attained.
Our approach uses hill climbing techniques combined with
analytic queuing models to guide the search for the best
combination of configuration parameters. We validate our
approach in an experimental setting by comparing the QoS
levels of a TPC-W e-commerce site with and without con-
trol. We showed that under increasing loads, the controlled
system meets its QoS goals, while the uncontrolled site fails
to do so.

Categories and Subject Descriptors

H.4.m [Information Systems]: Miscellaneous; D.2 [Soft-
ware]: Software Engineering; D.2.8 [Software Engineer-
ing]: Metrics—complexity measures, performance measures

Keywords

E-Business, QoS, QoS control, queuing networks, TPC-W

1. INTRODUCTION
The Quality of Service (QoS) of e-commerce sites plays

a crucial role in attracting and retaining customers. Frus-
trated customers leave these sites and do not return, caus-
ing revenue to be lost. The performance of an e-commerce
site is a function of a large number of parameters such as
the number of threads at each level, the maximum number
of connections accepted, the maximum number of requests

Permission to make digital or hard copies of all or part of this work for
personal or classroom use is granted without fee provided that copies are
not made or distributed for profit or commercial advantage and that copies
bear this notice and the full citation on the first page. To copy otherwise, to
republish, to post on servers or to redistribute to lists, requires prior specific
permission and/or a fee.
EC’01, October 14-17, 2001, Tampa, Florida, USA.
Copyright 2001 ACM 1-58113-387-1/01/0010 ...$5.00.

served by each thread, cache sizes, cache replacement poli-
cies and parameters, as well as load balancing policies and
parameters.

The workload of information providing web sites has been
extensively studied [6, 17]. An analysis of the workload seen
by e-commerce sites is presented in [12, 15] and it was shown
that these workloads tend to vary very dynamically and ex-
hibit short-term fluctuations. The challenge for e-commerce
sites is how to best use their existing resources to cope with
short-term fluctuations in the workload in a manner that
the desired QoS levels are met.

This problem has been addressed in many di!erent ways.
In [5], a session-admission control mechanism is proposed.
Requests may be classified into high, medium, or low prior-
ity based on the configured policy. Priority levels are used to
determine admission priority and performance-level. When
the site cannot provide the desired QoS, new sessions are
rejected so that the current ones can continue to experience
good performance. These techniques were later incorporated
in HP’s WebQoS product [7]. While this approach works
well for sessions in progress, it does not deal with an im-
portant QoS metric, namely the probability that a request
is rejected. Another approach to QoS control is the one
incorporated in Peakstone’s eAssurance, which uses statis-
tical models, including Bayesian and stochastic modeling to
model site behavior [16]. These statistical models are con-
stantly updated based on observations of changes in applica-
tions, infrastructure, or tra"c. The models used by eAssur-
ance are di!erent in nature from the ones we propose in our
work. Our models are based on predictive queuing models of
computer systems. Moreover, given that the methods used
by eAssurance are proprietary, it is di"cult to make a more
thorough comparison. In [13], the authors propose a fam-
ily of resource management policies that dynamically assign
priorities to customers. This approach is aimed at using the
site’s existing resources to optimize business metrics such
as revenue throughput but does not provides guarantees in
terms of QoS.

This paper addresses a method by which e-commerce sites
can track their workload and the value of QoS metrics to dy-
namically determine how di!erent configuration parameters
should be changed to meet QoS requirements. We consider
three basic QoS metrics, although others could easily be
incorporated into our framework: site response time, site
throughput, and probability that a request is rejected.
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7. CONCLUSIONS AND FUTUREWORK
This paper presented a novel framework to control the

QoS of e-commerce sites. This approach can be applied
to dynamically change the values of any configuration pa-
rameters that can be changed at run time. Examples in-
clude maximum number of connections, number of threads,
cache sizes, load balancing policies and parameters. The
technique uses a combination of heuristic optimization tech-
niques guided by predictive queuing network models.

With the aid of a very detailed prototype of a three-tiered
e-commerce site that follows the TPC-W specification guide-
lines, we have been able to demonstrate the usefulness of the
approach. In particular, we showed that as the arrival rate
increases and reaches its peak value, the QoS of the con-
trolled system manages to remain positive, thereby meeting
the QoS requirements, while that of the uncontrolled site
goes deeply into negative territory.

We plan to continue our work in several important di-
rections. First, it is worth exploring the space of config-
uration parameters to discover other controllable features
that can impact QoS and therefore can be subject to tun-
ing. Secondly, our current implementation is reactive. That
is, the system looks at the current workload and configura-
tion parameters, decides if a new operational point needs to
be found, and in that case proceeds to greedily find a bet-
ter one through hill-climbing. We plan to apply forecasting
techniques [1] in an attempt to anticipate workload varia-
tions in the near future and let the system adjust to those
estimated variations before they occur. One idea is to use
workload data (as generated by the workload generator) to
define clusters of workload points and track their movement
(using techniques as the one described in [2]) to come up
with models of how the workload evolves in time. These
models can then be used to predict the type of workload
that will be received by the site in the near future.

Hill-climbing was used in these experiments due to the
speed at which the solutions can be found. However, it is
well-known that hill-climbing can get stuck in a local opti-
mal point, rendering a sub-optimal solution. In our case,
this characteristic would pose a problem if this sub-optimal
solution happens to violate the QoS parameters (which did

CI ! QoSc ! QoSu 95% conf. zero in
(req/sec) interval interval

1 14.4 -0.0001 (-0.0171, 0.0168) Y
2 14.0 -0.0003 (-0.0133, 0.0128) Y
3 14.4 0.0000 (-0.0112, 0.0111) Y
4 41.3 -0.0073 (-0.0157, 0.0012) Y
5 38.1 -0.0070 (-0.0167, 0.0028) Y
6 36.6 -0.0018 (-0.0111, 0.0075) Y
7 62.2 -0.0013 (-0.0186, 0.0161) Y
8 61.5 0.0030 (-0.0169, 0.0229) Y
9 63.5 -0.0148 (-0.0342, 0.0046) Y
10 77.3 0.0487 (-0.0098, 0.1072) Y
11 80.4 0.0455 (-0.0086, 0.0996) Y
12 78.5 0.0847 (0.0044, 0.1650) N
13 83.8 0.1859 (0.1034, 0.2685) N
14 85.7 0.1841 (0.0702, 0.2980) N
15 85.9 0.2190 (0.0948, 0.3431) N
16 88.2 0.3714 (0.2273, 0.5156) N
17 88.3 0.4083 (0.2692, 0.5474) N
18 89.2 0.4046 (0.3261, 0.4832) N
19 90.0 0.6211 (0.4943, 0.7478) N
20 90.3 0.7667 (0.6106, 0.9228) N
21 89.5 0.6652 (0.5612, 0.7692) N
22 85.7 0.5984 (0.4401, 0.7567) N
23 81.4 0.6146 (0.3572, 0.8720) N
24 83.7 0.7561 (0.4674, 1.0447) N
25 79.0 0.8729 (0.5753, 1.1705) N
26 75.9 0.9116 (0.5992, 1.2241) N
27 73.5 0.8900 (0.5734, 1.2065) N
28 66.2 0.8582 (0.5413, 1.1751) N
29 64.1 0.7330 (0.3649, 1.1011) N
30 64.4 0.6406 (0.3288, 0.9524) N

Table 2: Di!erence Between QoS Values with and
Without the QoS Controller.

not occur in our experiments, but it is a distinct possibil-
ity). Alternative ways of searching for improved solutions
have to be tried and compared with hill-climbing. Among
them, we will try the classic depth first search, breadth first
search, and best first search techniques, which explore pos-
sible states using di!erent traversal algorithms. For that,
the search state has to be organized like a graph, in which
nodes represent states (parameter vectors) and edges con-
nect nodes that represent adjacent parameter assignments
(e.g., moving one unit for one of the parameter values, such
as number of threads).
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Abstract

Large data centers host several application environ-
ments (AEs) that are subject to workloads whose inten-
sity varies widely and unpredictably. Therefore, the servers
of the data center may need to be dynamically redeployed
among the various AEs in order to optimize some global
utility function. Previous approaches to solving this prob-
lem suffer from scalability limitations and cannot easily ad-
dress the fact that there may be multiple classes of work-
loads executing on the same AE. This paper presents a solu-
tion that addresses these limitations. This solution is based
on the use of analytic queuing network models combined
with combinatorial search techniques. The paper demon-
strates the effectiveness of the approach through simulation
experiments. Both online and batch workloads are consid-
ered.

1. Introduction

Autonomic computing systems, also known as self-*
systems, can regulate and maintain themselves without hu-
man intervention. Such systems are able to adapt to chang-
ing environments (such as changes in the workload or fail-
ures) in a way that preserves given operational goals (e.g.,
performance goals). There has been significant research and
attention to autonomic computing in the recent years [2, 3,
4, 5, 7, 8, 9, 10]. In our previous work [3, 8, 9, 10], we devel-
oped a technique to design self-organizing and self-tuning
computer systems. This technique is based on the combined
use of combinatorial search techniques and analytic queu-
ing network models. In that work we defined the cost func-
tion to be optimized as a weighted average of the devia-
tions of response time, throughput, and probability of re-
jection metrics relative to their Service Level Agreements

(SLAs). Others have used a control-theoretic approach to
design self-configuring systems [6].

In this paper, we show how these techniques can be em-
ployed to solve resource allocation problems. More specifi-
cally, we use as an example a data center similar to the ex-
ample used by Walsh et. al. in [13]. A data center hosts sev-
eral Application Environments (AEs) and has a fixed num-
ber of servers that are dynamically allocated to the various
AEs in a way that maximizes a certain utility function, as
defined in [13]. The utility functions used in [13] depend
in some cases on performance metrics (e.g., response time)
for different workload intensity levels and different num-
ber of servers allocated to an AE. The authors of [13] use a
table-driven approach that stores response time values ob-
tained from experiments for different values of the work-
load intensity and different number of servers. Interpolation
is used to obtain values not recorded in the table. As pointed
out in [13], this approach has some limitations: i) it is not
scalable with respect to the number of transaction classes
in an application environment, ii) it is not scalable with re-
spect to the number of AEs, and iii) it does not scale well
with the number of resources and resource types. Moreover,
building a table from experimental data is time consuming
and has to be repeated if resources are replaced within the
data center (e.g., servers are upgraded).

This paper proposes an alternative solution to the data
center resource allocation problem along the lines of our
previous work. We replace the table-driven approach with
predictive multiclass queuing network models [11]. We
show that the proposed solution does not suffer from the
limitations mentioned above.

The rest of this paper is organized as follows. Section
two formally defines the problem. Section three discusses
the approach used by a resource allocation controller. This
section also presents the analytic performance models used
by the controller. The next section describes the experimen-
tal setting used to evaluate the approach proposed in this pa-
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sity varies widely and unpredictably. Therefore, the servers
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with combinatorial search techniques. The paper demon-
strates the effectiveness of the approach through simulation
experiments. Both online and batch workloads are consid-
ered.
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Autonomic computing systems, also known as self-*
systems, can regulate and maintain themselves without hu-
man intervention. Such systems are able to adapt to chang-
ing environments (such as changes in the workload or fail-
ures) in a way that preserves given operational goals (e.g.,
performance goals). There has been significant research and
attention to autonomic computing in the recent years [2, 3,
4, 5, 7, 8, 9, 10]. In our previous work [3, 8, 9, 10], we devel-
oped a technique to design self-organizing and self-tuning
computer systems. This technique is based on the combined
use of combinatorial search techniques and analytic queu-
ing network models. In that work we defined the cost func-
tion to be optimized as a weighted average of the devia-
tions of response time, throughput, and probability of re-
jection metrics relative to their Service Level Agreements

(SLAs). Others have used a control-theoretic approach to
design self-configuring systems [6].

In this paper, we show how these techniques can be em-
ployed to solve resource allocation problems. More specifi-
cally, we use as an example a data center similar to the ex-
ample used by Walsh et. al. in [13]. A data center hosts sev-
eral Application Environments (AEs) and has a fixed num-
ber of servers that are dynamically allocated to the various
AEs in a way that maximizes a certain utility function, as
defined in [13]. The utility functions used in [13] depend
in some cases on performance metrics (e.g., response time)
for different workload intensity levels and different num-
ber of servers allocated to an AE. The authors of [13] use a
table-driven approach that stores response time values ob-
tained from experiments for different values of the work-
load intensity and different number of servers. Interpolation
is used to obtain values not recorded in the table. As pointed
out in [13], this approach has some limitations: i) it is not
scalable with respect to the number of transaction classes
in an application environment, ii) it is not scalable with re-
spect to the number of AEs, and iii) it does not scale well
with the number of resources and resource types. Moreover,
building a table from experimental data is time consuming
and has to be repeated if resources are replaced within the
data center (e.g., servers are upgraded).

This paper proposes an alternative solution to the data
center resource allocation problem along the lines of our
previous work. We replace the table-driven approach with
predictive multiclass queuing network models [11]. We
show that the proposed solution does not suffer from the
limitations mentioned above.

The rest of this paper is organized as follows. Section
two formally defines the problem. Section three discusses
the approach used by a resource allocation controller. This
section also presents the analytic performance models used
by the controller. The next section describes the experimen-
tal setting used to evaluate the approach proposed in this pa-
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Abstract—Autonomic computing systems are able to adapt
to changing environments (such as changes in the workload
intensity or component failures) in a way that preserves high-
level operational goals, such as service level objectives. This paper
focuses on autonomic computing systems that are self-optimizing
and self-configuring. More specifically, the paper presents the
detailed design of an autonomic load balancer (LB) for multi-
tiered Web sites. It is assumed that customers can be categorized
into distinct classes (gold, silver, and bronze) according to their
business value to the site. While the example used in the paper
is that of an auction site, the approach can be easily applied to
any other Web site. The autonomic LB is able to dynamically
change its request redirection policy as well as its resource
allocation policy, which determines the allocation of servers to
server clusters, in a way that maximizes a business-oriented
utility function. The autonomic LB was evaluated through very
detailed and comprehensive simulation experiments and was
compared against a round-robin LB and against a situation where
each customer category has a dedicated number of servers. The
results showed that the autonomic LB outperforms the other load
balancing approaches in terms of providing a higher utility for
highly dynamic workloads.

I. INTRODUCTION

In complex environments where the workload varies widely

and is hard to predict, there is a need to design and build

systems that can regulate themselves without human inter-

vention. Such systems, called autonomic computing systems

(also known as self-* systems), are able to adapt to changing

environments (such as changes in the workload intensity or

the failure of a component) in a way that preserves given

operational goals (e.g., service level objectives). There has

been significant research and attention to autonomic comput-

ing in recent years [1], [2], [3], [4]. Previous work presented a

technique to design self-optimizing and self-tuning computer

systems based on the combined use of heuristic search tech-

niques and analytic queuing network models [1], [4]. Other

approaches used to design self-configuring systems include

control theory [5], machine-learning [6], and fuzzy logic [7].

This paper shows how autonomic techniques for self-

optimization and self-configuration can be employed to op-

timize the utility of a multi-tiered Web site through an auto-

nomic two-level policy adaptation of the application layer load

balancer.

Load balancing refers to a number of widely used tech-

niques for distributing work among multiple resources ac-

cording to a given policy. In recent work, autonomic prin-

ciples have been applied to the development of dynamic

load balancing policies that allow system adaptation in the

face of an uncertain and changing environment [8], [9], [10].

Some dynamic load balancing policies seek to improve system

efficiency by dispatching a work request to a specific resource

where the effort required to process the request is minimized or

where service level objectives are most likely to be met [8],

[9], [10], [11], [12]. Other dynamic load balancing policies

seek to prioritize work requests that generate more utility [13].

Our paper uses some of the dynamic load balancing policies

first described in [14] that prioritize the requests most likely

to generate utility. Our autonomic controller extends our work

in [1], allows for greater precision in the development of these

load balancing policies, provides the capability to reallocate

cluster resources, and is well-suited for highly dynamic work-

loads.

The main contribution of this paper is a business-oriented

approach to dispatching incoming requests to servers and

allocating servers to server clusters according to customer

priority classes. We differ from our previous work and that

of others in that we 1) present a business-oriented utility

maximization and workload generation, 2) provide a two-

level autonomic policy adaptation, 3) develop an efficient hill-

climbing heuristic that can quickly search a 6-dimensional

policy space and, 4) demonstrate that our approach adapts and

reacts well to highly dynamic loads. The approach considered

in this paper is aimed at improving the revenue of an e-

commerce site, an auction site in our example, by providing

better performance to groups of customers that have higher

business value at the expense of other less important cus-

tomers. More specifically, the contributions of this paper are:

• the design of an autonomic controller that can search

for load dispatching and resource allocation policies

that maximize business-value, as specified by a utility

function,

• an evaluation and comparison of the autonomic con-

troller against commonly employed static load balancing

Other applicaXons of Autonomic CompuXng 
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ABSTRACT

The architecture of a software system has a significant im-
pact on its quality of service (QoS) as measured by sev-
eral performance metrics such as execution time, availabil-
ity, throughput, and security. This paper presents a frame-
work that is part of a large project called SASSY (Self-
Architecting Software Systems), whose goal is to allow do-
main experts to specify the system requirements using a
visual activity-based language. The SASSY framework au-
tomatically generates a base architecture that corresponds
to the requirements. Then SASSY generates a new archi-
tecture, derived from the base architecture, that optimizes
a utility function for the entire system. The utility function
is a multivariate function of several QoS metrics. The pa-
per shows a complete example and illustrates how SASSY
automatically adapts to changes in the environment’s QoS
features.

Categories and Subject Descriptors

C.4 [Modeling Techniques]: Experimentation; D.2.11 [Sof-
tware Architectures]: Patterns; D.4.8 [Performance]:
Stochastic analysis; G.1.6 [Optimization]: Global opti-
mization

General Terms

Performance, Experimentation

Keywords

Service Oriented Architecture, software architectures, au-
tonomic computing, utility functions, QoS, optimization,
heuristic

1. INTRODUCTION
The architecture of a software system has a significant

impact on its quality of service (QoS) as measured by sev-
eral performance metrics such as execution time, availabil-
ity, throughput, and security. Large and complex software
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systems are deployed on environments that may exhibit sig-
nificant variations at run-time due to changes in the work-
load intensity and failures. A service-oriented architecture
(SOA) is a software architecture that consists of multiple
distributed autonomous services. The same service type,
e.g., airline reservation, is capable of being o!ered by di!er-
ent service providers (SP), where services and their service
providers can be discovered at run time [4, 16, 17]. New SPs
may be brought into existence at any time and existing SPs
may fail or stop operating entirely. Di!erent functionally
equivalent SPs may exhibit di!erent QoS levels at di!erent
costs. In such environments, it is important for software
systems to self-architect so they can adapt to changes in the
environment in an autonomous way. Software adaptation
refers to software systems that change their behavior during
execution. Self-adaptive software systems monitor the envi-
ronment and adapt their behavior in response to changes in
the environment [10].

The framework presented in this paper is part of a large
project called SASSY (Self-Architecting Software Systems),
whose goal is to allow domain experts to specify the system
requirements using a visual activity-based language. The
SASSY framework automatically generates a base architec-
ture that corresponds to the requirements. Then, as de-
scribed here, SASSY generates a new architecture, derived
from the base architecture, that optimizes a utility function
for the entire system. The utility function is a multivariate
function of several QoS metrics.

The contributions of this paper are the following. First,
it presents SASSY and its main concepts. Second, it for-
malizes the optimal self-architecting problem for software
systems and presents a heuristic to find a near optimal so-
lution. Third, the paper discusses a complete example and
illustrates how SASSY adjusts the architecture automati-
cally in response to changes in the QoS characteristics of
the underlying environment.

The paper is organized as follows: Section 2 presents an
overview of the SASSY system. Section 3 describes how
SASSY’s activity-based language is mapped to a system ser-
vice architecture. The next section describes the optimiza-
tion problem, including the heuristic search technique used
to find a near optimal architecture. Section 5 presents a
complete numerical example. Concluding remarks are pre-
sented in Section 6.

2. OVERVIEW OF SASSY
SASSY (Self-Architecting Software Systems) is a model-

driven framework for run-time self-architecting and re-ar-
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chitecting of distributed software systems. SASSY provides
a uniform approach to automated composition, adaptation,
and evolution of software systems based on service-oriented
architectures (SOAs). This framework provides mechanisms
for self-architecting and re-architecting that determine the
near-optimal architecture for satisfying functional and QoS
requirements. The quality of a given architecture is ex-
pressed by a utility function provided by end-users and rep-
resents one or more desirable system objectives.

Figure 1 illustrates, at a very high level, how SASSY uses
run-time models for self adaptation of SOA-based software.
SASSY uses four types of run-time models: 1) service activ-
ity schemas with their corresponding service sequence sce-
narios, 2) system service architecture models, 3) QoS archi-
tectural pattern models, and 4) QoS analytical models.

Figure 1: High-level view of the SASSY framework.

A domain expert, as opposed to a software engineer, ex-
presses the system requirements in the form of a service ac-
tivity schema (SAS). Activities represent tasks that need to
be performed. The modeling constructs (e.g., activities, ser-
vice type, domain entities) are defined in a domain ontology
that unambiguously distinguishes di!erent concepts and el-
ements in order to facilitate service discovery and resources
in support of activities.

Figure 2 provides an example of an SAS for an emergency
response application and was obtained as a screenshot from
the tool we developed for the project. This tool supports do-
main experts performing SASSY-related development. The
dashed boxes on the left-hand side of Fig. 2 correspond to
service sequence scenarios (SSS) to be introduced later in
this section. The SAS shows five service types (see boxes
with rounded corners with a server icon inside): Road Map,
Weather, ID Possible Threats, Make Evac Plan, and Eval
Evac Plan. The application can be described as follows.
When there is an emergency, three service types are invoked
simultaneously (see fork gateway in the diagram specified by

a rhombus with a plus sign inside): Road Map, Weather, and
ID Possible Threats. The Road Map service type is used
to obtain machine readable maps of the roads in the region.
The Weather service type provides current and predicted
weather information about the region and the ID Possible
Threats service type identifies possible threats for the region
and assigns probabilities to each threat. After all three ac-
tivities complete, i.e., join, the Make Evac Plan service type
is invoked to generate an evacuation plan, which is passed
to the Eval Evac Plan service type for an analysis and eval-
uation of the evacuation plan. The result of the evaluation
is tested at the conditional gateway (see rhombus with an
“!” in the middle at the output of Eval Evac Plan). If the
plan is not approved, a new one will have to be produced.

Figure 2: Example of a service activity schema
(SAS) for an emergency response application.

Using a list of QoS metrics (e.g., performance, availability,
and security) defined in the domain ontology, the domain ex-
pert can specify desired QoS properties in an SAS through
one or more service sequence scenarios. Each SSS is associ-
ated to one of the QoS metrics. An SSS is a set of one or
more service types in an SAS connected by links in an SAS.

Figure 3 displays three SSSs: the Execution Time SSS,
the Availability SSS, and the Secure Comm SSS. The Exe-
cution Time SSS includes the fork-and-join of Road Map,
Weather, and ID Possible Threats followed by the exe-
cution of Make Eval Plan and Eval Evac Plan. The QoS
metric associated with this SSS is execution time. The
Availability SSS has the same structure as the Execu-
tion Time SSS except that its metric is availability. Thus,
two or more SSSs may have the same structure as long as
they have di!erent metrics associated with them.

The SecureComm SSS includes the connection between ID
Possible Threats, Make Eval Plan, and Eval Evac Plan.
The metric associated to this SSS is the security level of its
communication.

A utility function is associated with each SSS. Utility func-
tions are used in economics and autonomic computing to
assign a value to the usefulness of a system based on its at-
tributes [3]. The attribute associated with the utility func-
tion of each SSS is its QoS metric. Consider for example the
Availability SSS (top part of Fig. 3) and let a be the value
of its availability. Then, an example of the utility function,
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systems are deployed on environments that may exhibit sig-
nificant variations at run-time due to changes in the work-
load intensity and failures. A service-oriented architecture
(SOA) is a software architecture that consists of multiple
distributed autonomous services. The same service type,
e.g., airline reservation, is capable of being o!ered by di!er-
ent service providers (SP), where services and their service
providers can be discovered at run time [4, 16, 17]. New SPs
may be brought into existence at any time and existing SPs
may fail or stop operating entirely. Di!erent functionally
equivalent SPs may exhibit di!erent QoS levels at di!erent
costs. In such environments, it is important for software
systems to self-architect so they can adapt to changes in the
environment in an autonomous way. Software adaptation
refers to software systems that change their behavior during
execution. Self-adaptive software systems monitor the envi-
ronment and adapt their behavior in response to changes in
the environment [10].

The framework presented in this paper is part of a large
project called SASSY (Self-Architecting Software Systems),
whose goal is to allow domain experts to specify the system
requirements using a visual activity-based language. The
SASSY framework automatically generates a base architec-
ture that corresponds to the requirements. Then, as de-
scribed here, SASSY generates a new architecture, derived
from the base architecture, that optimizes a utility function
for the entire system. The utility function is a multivariate
function of several QoS metrics.

The contributions of this paper are the following. First,
it presents SASSY and its main concepts. Second, it for-
malizes the optimal self-architecting problem for software
systems and presents a heuristic to find a near optimal so-
lution. Third, the paper discusses a complete example and
illustrates how SASSY adjusts the architecture automati-
cally in response to changes in the QoS characteristics of
the underlying environment.

The paper is organized as follows: Section 2 presents an
overview of the SASSY system. Section 3 describes how
SASSY’s activity-based language is mapped to a system ser-
vice architecture. The next section describes the optimiza-
tion problem, including the heuristic search technique used
to find a near optimal architecture. Section 5 presents a
complete numerical example. Concluding remarks are pre-
sented in Section 6.

2. OVERVIEW OF SASSY
SASSY (Self-Architecting Software Systems) is a model-

driven framework for run-time self-architecting and re-ar-

SP i Capacity Ci (in tps) Ei (in sec) Availability (Ai) Cost (in US$)

Road Map Acme 15.0 0.2 0.900 50
Road Map Pinnacle 12.5 3.0 0.990 100
Road Map ServiceTron 7.5 0.3 0.985 150
Road Map Apex 17.5 1.0 0.975 250
Weather Acme 16.5 0.1 0.980 100
Weather Pinnacle 13.5 5.0 0.999 200
Weather ServiceTron 10.0 0.8 0.995 300
Weather Apex 18.0 0.6 0.990 250
ID Threat Intellifort 13.0 1.5 0.990 500
ID Threat InfoSafe 15.5 2.9 0.985 400
ID Threat CryptIT 17.0 1.8 0.995 550
Make Plan DataCrunch 15.0 48.5 0.940 1500
Make Plan OR Gurus 19.0 92.0 0.990 2000
Make Plan Master Plan 7.0 83.2 0.965 1600
Eval Plan DataCrunch 17.0 5.2 0.985 150
Eval Plan OR Gurus 14.5 9.8 0.995 200
Eval Plan Master Plan 7.5 3.9 0.990 250

Table 3: Service providers (SPs) and their characteristics.

• After 780 evaluations, all approaches converge to the
same architecture, described in what follows, that has
a global utility equal to 0.656.

• The k = 2 approach converges more rapidly than the
other approaches (after 54 evaluations). This is fol-
lowed by the k = 3 approach, which converges after
66 evaluations. The k = 1 approach converges after
530 evaluations. The unfiltered approach is the last to
converge and that happens after 780 evaluations. A
single-threaded C++ implementation of the k = 2 ap-
proach was able to evaluate 3,000 architectures in 2.25
seconds on a Linux system with two dualcore 2.6 GHz
Opteron CPUs. The other approaches executed in a
similar amount of time. This demonstrates that these
architecture search techniques can be used in near real-
time.

The final architecture obtained through this process is
shown in Fig. 7. Specific details about the SPs used by each
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Figure 6: Variation of the global utility during the
search.

service type, architectural patterns, number of instances of
each, and security levels are given in Table 4. The perfor-
mance characteristics of this architecture are as follows. The
numbers in parentheses indicate the corresponding QoS val-
ues for the base (starting architecture): execution time =
59.4 (56.7) sec, availability = 0.965 (0.889), and throughput
= 12.1 (12.4) tps. The cost of the near optimal architecture
is US$ 5,500, which is equal to the cost constraint. The cost
of the base architecture is US$2,350. It should be noted
from Table 2 that security accounts for 40% of the weight
of the global utility and availability for 20%. Table 4 indi-
cates that the near-optimal architecture uses secure commu-
nication and secure storage while the base architecture did
not. Also, the availability of the near optimal architecture is
higher than that of the base architecture. A di!erent utility
function would yield di!erent results.

One of the advantages of the approach presented here is
that it can be used for autonomous adaptation of an archi-

Figure 7: Optimal architecture.
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The Importance of Models? 

•  They allow us to devise and compare design 
alternaXves, answer what‐if quesXons 
regarding exisXng systems or systems being 
designed. 

•  They allow us to build controllers that 
automaXcally reconfigure and opXmize a 
computer system so that the best QoS is 
obtained at any load‐level.   

78 
© 2009 by D.A. Menascé. All Rights Reserved. 



Thanks to … 
•  Major co‐authors (not including students): 

–  Virgilio A.F. Almeida, Federal University of Minas Gerais, Brazil 
–  Daniel Barbará, GMU 
–  Emiliano Casalicchio, University of Rome “Tor Vergata”, Italy 
–  Larry Dowdy, Vanderbilt University 
–  Hassan Gomaa, GMU 
–  Larry Kerschberg, GMU 
–  Sam Malek, GMU  
–  Stella Porto, UMUC 
–  João P. Sousa, GMU 
–  SaXsh K. Tripathi, SUNY Buffalo 

79 
© 2009 by D.A. Menascé. All Rights Reserved. 



Thanks to … 
•  Former PhD students: 

–  Venkata BhamidipaX, 2008 (with R. Sandhu) 

–  Zhixiong “Jim” Zhang, 2008 (with R. Sandhu) 

–  Vasudeva Akula, 2007 

–  Mohamed N. Bennani, 2006 

–  Monchai Sopitkamol, 2004 

–  Ibrahim S. Abdullah, 2004 

–  Harry Foxwell, 2003 

–  Alan Harbioer, 2002 

–  Ronald Dodge, 2001 (with D. Barbará) 

–  Hai Le, 1997 

–  Odysseas Pentakalos, 1996 

–  Adelia C. G. Nunes, 1991 

–  Luis Carlos Trevelin, 1991 

–  Leonardo L.P. Leite, 1985 

–  Luis Fernando G. Soares, 1983 

–  Tatuo Nakanishi, 1981 

80 
© 2009 by D.A. Menascé. All Rights Reserved. 



Thanks to … 
•  Current PhD students: 
–  Vinod Dubey 
–  John Ewing 
–  Ghassan “Gus” Jabbour 
–  Ram Krishnan (with R. Sandhu) 
–  Rick Murphy 

–  David Wheeler (with R. Sandhu) 

81 
© 2009 by D.A. Menascé. All Rights Reserved. 



Special thanks to … 
•  George Mason University and my colleagues across 
the university 

•  The Volgenau School of IT & Engineering, its faculty, 
administrators, and staff 

•  My colleagues in the CS department 
•  All my current and former students 

•  Current and former sponsors: NSF, DARPA, NASA, 
NGA, CIT, TRW, OPNET, HAIS 

82 
© 2009 by D.A. Menascé. All Rights Reserved. 



Special thanks to … 
The following individuals: 
•  Virgilio A.F. Almeida, Federal University of Minas Gerais, Brazil 
•  Peter J. Denning, Naval Post Graduate School 
•  Larry Dowdy, Vanderbilt University 
•  Hassan Gomaa, GMU 

•  Lloyd J. Griffiths, GMU 
•  Larry Kerschberg, GMU 

•  Leonard Kleinrock, UCLA 
•  Dick Muntz, UCLA 
•  Jerry Popek, UCLA (in memoriam) 

•  Andy Sage, GMU 
•  SaXsh K. Tripathi, SUNY Buffalo 

83 
© 2009 by D.A. Menascé. All Rights Reserved. 



The End 

QuesXons? 

84 
© 2009 by D.A. Menascé. All Rights Reserved. 


