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Abstract: Service quality on computer and network systems has beawcnedisingly important as many conventional service
transactions are moved online. Service quality of compamer network services can be measured by the performance of th
service process in throughput, delay, and so on. On a comantenetwork system, competing service requests of users an
associated service activities change the state of limiystem resources which in turn affects the achieved serviedity
Modeling dynamic relations of service activities, systemitesand service quality is required to determine if useesvise
requests and requirements of service quality can be sdtisfiehe system with limited resources and how the system and
service configuration can be adapted to meet service quatityirements. This paper presents our empirical studytédoksh
activity-state-quality models for a voice communicati@mvice. We run experiments to collect system dynamics dadimu
various service conditions and use statistical techniguesalyze experimental data and build activity-statelijumodels.

The results reveal four major types of dynamic relations rmgneervice activity parameters, system resource statethend
network throughput — a measure of achieved service qualitthfe voice communication service. Although delay-relate
measures are also important for voice data communicatimy, @are not collected in this study. Five system state viasab
concerning the memory, CPU, process and IP resources avearad to be affected by service activity parameters siganifly

and be associated with the achieved service quality clod#y also obtain an insight about increasing the size of tfietbu
which holds voice data before transmission over the netwmikleviate the workload on system resources and mainiain t
network throughout when the number of client requests aadlibnt requirement in voice quality increase.

Keywords: Computer and network service, achieved service qualityjaeand system configuration, voice communication
service, statistical analysis and modeling

1. Introduction

Service quality has been essential for conventional,ioé-kervice transactions, and has become
increasingly important as many conventional service @atisns are moved online with computer and
network systems providing services. Service quality of potar and network services can be measured
by the performance of the service process in throughputydahd so on. Chen et al. [4] describe service
quality requirements of various network applications folime services, e.g., web browsing, email, file
transfer, audio and video broadcasting, audio and videoesnatid, audio and video conferencing,
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voice over IP, etc. Service quality requirements for thaséene services are specified using metrics on
timeliness (e.g., response time, delay and jitter), pi@cié.g., bandwidth and loss rate) and accuracy
of services (e.g., error rate).

When competing service requests with specific service fyuadiuirements come to a computer
network system providing services, the system must deterihits limited system resources can satisfy
these service requests at the required level of servicé&yjaa furthermore what service configuration,
resource configuration and service-resource binding shoeiused for the achieved service quality [8,
15,17,25,26,28,31]. The competing service requests agudtiry service activities change the state
of limited system resources which in turn affects the addeservice quality [27]. Service quality is
considered as a subset of service performance measuresxdraple, the increasing number of clients
for a voice communication service is expected to producesraervice activities which consume more
system resources such as CPU, memory and network bandwidithake these resources less available
to each client, consequently leading to a decrease in tloe daita throughput as a key measure of service
quality for each client. Such dynamic relations of servictvéies, system state and service quality
are the basis for determining and adapting service andmystafigurations to meet service quality
requirements.

However, models of such activity-state-quality relati@me not readily available from the design of
computer and network systems which provides mostly algoribased operational models. Activity-
state-performance dynamic models from existing studiesganostly on individual resources (e.g.,
router, CPU, memory, and hard disk) and limited aspects nahc models. For examples, there are
studies by

— Vazhkudai and Schopf [22] on regression models for relatioetween disk load variation and file
transfer time,

— Kapadia et al. [9] on resource usage models in a computatpicieenvironment,

— Ravindran and Hegazy [16] on regression models betweerintadiness performance of periodic
tasks and external and internal load parameters such as tRHtion,

— Shivam et al. [19] on regression models of relations betweegping assignments of computing,
network and storage resources and application completia) and

— Sun and Ifeachor [20] on models of relations between thegpilyuffer control and the quality of
voice over IP.

In literature we did not find models of activity-state-qtyaldynamics during realistic operations of
computer and network systems at a more comprehensivensgstde which account for a wide range
of hardware and software resources (including CPU, menpdrysical disk, caches, buffers, network
interface, IP, TCP, UDP, Terminal Service, etc.), theierattions, their state changes with service
activities, and their effects on the achieved service gualervice and system configuration for service
guality satisfaction should not simply consider the sanaffect on an individual resource or change
the configuration of an individual resource because cesggstem resources (e.g., CPU and memory)
often interact with and place constraints on one anothere dthieved service quality depends on
activity-state-quality dynamics at the system scale thieds into account effects of service activities on
all system resources and service quality of all competings® processes/threads.

Due to the lack of models for activity-state-quality dynamiat a more comprehensive, system
scale, existing studies on service and system configurédioservice quality often bypass the issue
of establishing models of activity-state-quality dynamadations. Those studies focus only on the
evaluation of service quality according to user-definedghts of service quality attributes without
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getting into models of realistic activity-state-qualityréhmics to account for how the performance level
of various service quality attributes change dynamicalthwompeting, dynamic service demands and
the varying state, constraints and interactions of lim#tgstem resources. For example, Sha et al. [18]
presents a quality-based web services selection modeddledts the best web service based on a set of
service quality attributes that are related to performapiee, availability and latency. The model first
selects a set of candidate web services that match funttemairements of user web service requests.
Each candidate web service then receives a utility scorervfce quality based on a weighted sum of
the normalized attribute values of service quality for te&estion of the best web service. However,
the study does not include information about how the atteilvalues of service quality on performance,
availability and latency are obtained in real time and hosvdltribute values of service quality change
dynamically with competing service requests and with satkconstraints of system resources. There
are other studies [2,3,5,7,10-12,21,23,24,29,30] onicgeand system configuration for meeting service
quality requirements, all without the specification of aityi-state-quality models of system dynamics
or the basis for determining if and how service requests easaltisfied with the given state of limited
system resources to achieve the required service quality.

The lack of models for realistic activity-state-qualityrdymic relations at the system scale produces a
significant gap in bringing existing work on service configtion and adaptation to real-world applica-
tions. This paper presents our study to establish modelstvits-state-quality dynamics models for a
voice communication service as an illustration of how suduets can be established empirically. We
collect system dynamics data of service activities, resoatate and achieved service quality with ser-
vices running on a real computer and network system underugservice conditions. We then analyze
experimental data to uncover activity-state-qualitytietss and build activity-state-quality models.

In Section 2, we define cause-effect dynamics of servicgities, resource state and service quality,
which provides a framework for establishing activity-stguality models. In Section 3, we describe the
experiment to collect system dynamics data under variowgcgeconditions and system configurations
for a voice communication service. In Section 4, we predentriethodology to analyze the experimental
data, uncover activity-state-quality relations, and duaittivity-state-quality models. In Section 5, we
discuss the analytical and modeling results. Section 6ludas the paper.

2. Cause-effect dynamics of service activities, resourctate and service quality

Figure 1 illustrates the cause-effect dynamics of servitiwities, resource state, and service quality
in a typical user-process-resource interaction on compune network systems [28]. A service request
from a user with service quality requirements calls for aviserprocess which utilizes certain system
resources and consequently changes the state of thesecesoGhanges of the resource state in turn
affect the achieved service quality of the service proc@ésrefer to models capturing such cause-effect
dynamics of service activities (A), resource state (S) artice quality (Q) as Activity-State-Quality
(ASQ) models.

3. An experiment to collect system dynamics data for a voiceoenmunication service

Computers with a Windows operating system are used in ouererpnt. In the experiment, a
voice communication service is set up in an online radio thcaating context in which multiple clients
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Fig. 1. The cause-effect dynamics of service activitiespuece state and service quality in the user-process@smieraction.
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Fig. 2. The computer and network setup for the experiment.

simultaneously request and receive the voice communitagovice from a server which sends out real-
time voice data streams of various quality levels contobg the data sampling rate. Multiple clients
run on their own computers with only one client on one compukggure 2 shows the computer and
network setup with one server and five clients. Each compated GB memory and Intel Pentium4 2.2
GHz. Both client and server computers are running WindowsniR SP2. The voice communication
service is running on Internet Information Service 6.0. Vhize communication service is developed
by converting an open-source Video Conferencing softwackage [1] into Web Services using C# in
.NET. The computer network system for the experiment stataige without connections with any other
computer and network system to avoid interferences.
Windows operating systems provide Windows performanceatbj(Microsoft, 2003) which cover

various aspects of process activities, resource stateeavides performance for many objects of resources
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Table 1
Service and system parameters and their levels in the expeti

Sampling rate (Sa) Number of clients (C)  Buffer size (B)

Level 1 44,100 Hz 1 16 Kbytes
Level 2 88,200 Hz 2 24 Kbytes
Level 3 132,300 Hz 3 32 Kbytes
Level 4 176,400 Hz 4 40 Kbytes
Level 5 220,500 Hz 5 48 Kbytes

and processes. Some examples of performance objects aseE#yisk, Memory, System, Process,
Processor, IP, UDP, and TCP. Each object has a number ofarsunhich reflect various aspects of
activity, state and performance of the object. For exanthleMemory object has a countéwailable
Bytes to show one aspect of the memory state. The IP object hasdeardtragmented Datagrams/sgec
to reflect the data transmission performance at the IP lee.use Windows performance objects to
collect system dynamics data of various resources and ggesavhich allow us to look into computer
and network resources, their interactions, and their &ffexc service quality at the system scale.

To collect system dynamics data reflecting varying actisityte-quality dynamics for the voice com-
munication service, we introduce various levels of serdctvities and system configurations in our
experiment. The voice communication service is a commuinicantensive application. Service quality
attributes for the voice communication service concermigahe throughput and delay of voice data
transmission. Hence, we want to select parameters of esaetosities and system configurations that are
expected to affect the achieved service quality of the vdata communication service. Two parameters
of service activities are selected for the experiment: & simpling rate (Sa) which is used to record the
voice data stream and thus determines the quality of voitae dad 2) the number of clients (C). These
two parameters are used to reflect various levels of serviakitg demands and service activities in this
voice communication service and to create competing sereiguests with service quality requirements
that are expected to affect the achieved service qualityeof’bice communication service. The param-
eter of system configuration, the size of the buffer (B) ongbever for storing the voice data before
transmitting the data to a client over the network, is selgétiecause the buffer size directly affects the
throughput and delay of voice data transmission.

As shown in Table 1, each parameter has five levels in the Empet such that we collect data with
sufficient granularity for data analysis to obtain ASQ rielas and models. Hence, we have 125«(5
x B) experimental conditions. The five levels of the samplitg lare denoted by Sal, Sa2, Sa3, Sa4,
and Sab. The five levels of the number of clients are denot&llh2, C3, C4, and C5. The five levels
of the buffer size are denoted by B1, B2, B3, B4, and B5.

ASQ models represent cause-effect relations among seawtodties (A), state of resources (S), and
service quality (Q) of service processes. The two parameibthe sampling rate and the number
of clients directly drive service activities and are coesatl as A variables in the ASQ models. The
parameter of the buffer size affects the state of the bufféth complex interactions of the buffer with
other system resources during the process of the voice coiation service, the parameter of the
buffer size is also expected to affect the state of othelegysesources. Hence, the parameter of the
buffer size is also considered as an A variable that is erpotaffect the state of system resources and
thus the achieved service quality.

System dynamics data of resource state and service quélitye ovoice communication service for
S and Q variables in ASQ models are collected using eight Wissdperformance objects, including
Physical Disk, Memory, System, Process, IP, UDP, TCP, anck&eThese objects are selected because
they are expected to be involved in the voice communicatuice. A number of variables collected
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through the eight Windows performance objects are relatdtd throughput and delay of voice data
transmission —the service quality attributes of interesstife voice communication service. For example,
Fragmented Datagrams/sé, Datagrams Sent/sel® andDatagrams Sent/sedDP are all related to
the throughput of voice data transmission from the servénecclients. The variable used to measure
the throughput of voice data transmission will be selecte8ection 5 based on the analytical results
on effects of the activity variables on the collected statd @0S variables. The delay of voice data
transmission includes 1) the time of generating and sendgiige data on the server which is closely
related to the throughput of voice data transmission onéees, and 2) the transmission time of voice
data over the network from the server to a client which is niadly measured and collected in our
experiment. Hence, the delay of voice data transmissiopti€onsidered in this study. In our future
research, we may also include additional parameters arables such as the size of the receiving buffer,
network delay and its variability, and a larger number ofcis.

The experimental run under each of the 125 experimentalitonslincludes one minute of the voice
communication service for a given level of the three serp@eameters. Sixty data observations under
each experimental condition are collected with the sargplite of 1 observation per second. The data
is recorded in log files. Experimental data are collectedhenserver since the server data reflects the
effect of multiple clients requesting the service. The gsialof the data is performed on the server data
to obtain ASQ relations and models.

Some variables from Windows performance objects give actated values of system state or per-
formance that increase over time, or change their valuesrikpg on the operation history. As a
result, those variables are affected by the time when varsauvice conditions are run. One example
of such variables is th8ystem Up Timeounter of the System object whose values increase over time
Hence, the time when a service condition is run has a confagredfect on those variables with various
service conditions in the experiment. Such variables ne®e removed from further data analysis that
determines the effect of service conditions. To identifg aamove such variables, we run a small-scale
experiment involving only 3 of the 125 experimental coradis. The three experimental conditions in
the small-scale experiment are the service condition with, £1 and B1, the service condition with
Sa3, C3 and B3, and the service condition with Sa5, C5 and B&. simall-scale experiment includes
two runs, each of which has three service conditions and tweemvice conditions, as follows:

— Run 1: 1) no service at the beginning, 2) SalC1B1, 3) Sa3C8B3a5C5B5, and 5) no service at
the end;

— Run 2 with the reversed order to thatin Run 1: 1) no servic8aB)C5B5, 3) Sa3C3B3,4) SalC1B1,
and 5) no service at the end.

The experimental data from these two runs with differenteosdf service conditions and no-service
conditions allow us to analyze and examine possible comfimgreffects of service conditions and times
when they are run on some variables and thus remove thosdblesi The remaining variables are kept
for further data analysis to determine the effect of varisessice conditions using the data from the
large-scale experiment with the full set of 125 service dtors.

4. Methodology of data analysis and modeling

In this section, we first describe the steps of analyzing tita fom the small-scale experiment to
identify and remove variables whose values depend on thewihen a service condition is run. Then
we present the methodology of analyzing the data from thgelacale experiment to obtain the ASQ
relations and models. The data modeling technique to bu@Anodels is also described.
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Table 2
The recording of the Mann-Whitney test results for dataestireg using the
data of the small-scale experiment

Service condition

Run In Comparison with SalCi1B1 Sa3C3B3 Sa5C5B5
1 No-service at the beginning

No-service at the end
2 No-service at the beginning

No-service at the end

Table 3

Tukey’s test results for the effect of the sampling raté&@@ommitted Bytes in Uslemory
The level of the  The average value%tommitted bytes Group
sampling rate in usememory 1 2 3 4 5
Sal 11.77 Hkk
Sa2 12.09 ok
Sa3 12.40 ok
Sa4 12.64 *kk
Sa5 12.91 ok

4.1. Data Screening Using the Data of the Small-Scale Erpant

The small-scale experiment includes two runs with differ@mlers of three service conditions and
two no-service conditions. For each run and each varialtlesofVindows performance objects data, we
perform a Mann-Whitney test on the experimental data to @mpach of the three service conditions
(SalC1B1, Sa3C3B3, and Sa5C5B5) with each of the two naegecenditions (at the beginning and
at the end). The Mann-Whitney test [13,28] is selected bex#ue test uses a nonparametric statistic
based on ranks and thus depends little on the probabilitgitjedistribution of the data. Generally
the Mann-Whitney test is as powerful as its typical paraimewunterpart, the two-sampidgest. The
statistical software, Statistica7, is used to perform trenMWhitney test. Each Mann-Whitney test
determines whether or not the effect of the service condigosignificantly different from that of the
no-service condition on a given variable. If there is a staially significant difference, the specific
difference (increase or decrease) of the service condition the no-service condition is noted. Table 2
shows how the Mann-Whitney test results for each varialleegorded. Each cell in Table 2 has one of
the three values: increase, decrease, or no significaptelifte.

For each variable, if two rows of values for each run as rezdid Table 3 are not the same, the
variable is removed. This is based on the consideratiorttieagffect of each service condition on the
variable should be the same when compared with the two ndeseronditions at the beginning and at
the end if the variable is not affected by the time and ordemnhing a service condition and a no-service
condition. If two rows of values for each run are the same bay tare different from two rows for
another run, the variable is also removed because thedtifferindicates that the variable is affected by
different orders of running service conditions or the tifheumning a given service condition. Only the
remaining variables after the data screening are consideréurther data analysis using the data of the
large-scale experiment with the full set of 125 service dimas. Hence, the state and quality variables
of the Windows performance objects in the next section ref@mly the remaining variables after the
data screening described in this section.
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4.2. Data analysis and modeling using the data of the lapdesexperiment

The data from the large-scale experiment with the full sét2% service conditions is used to uncover
the relations of the service activity parameters with theooece state variables and service quality
variables collected from the Windows performance objettse following statistical data analyses are
carried out.

1. A-SQ relation discovery and categorization. For eactesta quality variable, the Analysis of
Variance (ANOVA) in Statistica? is performed with the threetivity parameters of the sampling
rate, the number of clients, and the buffer size (A's) as titependent variables and the state
or quality variable (S or Q) as the dependent variable tordete the effects of As on S or Q.
For example, the increasing level of the sampling rate mage&an increase in the used memory.
If ANOVA results reveal a significant effect of one or more Ariedles on a S or Q variable,
the Tukey’s honest significant difference (HSD) test iniStaf7 is performed to determine how
different levels of one or more A variables affect the S or @alae. Then similar A-S or A-Q
relations are grouped together and categorized into aicdyfze of A-SQ relations.

2. Developmentof the ASQ relation map. The representati@rélations for each category of A-SQ
relations from Step 1 are selected to construct the ASQiselatap which includes the three A
variables, the selected S variables, and the Q variableurisgghe network throughput of the
voice communication service. In the ASQ relation map, each for Q variable is represented
as a node. There is a directed link between an A variable and/ari@ble to represent the A-S
relation between this A variable and this Q variable. Theral$o a directed link between each S
variable with the Q variable. For example, there may be acthcklink between the sampling rate
(an A variable) and the used memory (a S variable) and a dildttk between the used memory
(a S variable) and the network throughput variable (a Q ela

3. ASQ modeling. For each S variable in the ASQ relation mapgeession model is built to give the
guantitative relation of the S variable with one or more Aahles. A regression model is also built
to give the quantitative relation of the Q variable with tieéated S variables. We use the multiple
regression procedure in Statistica to build a linear regioesmodel if a linear regression model
fits the data well; otherwise, a nonlinear regression teghsisuch as the multivariate Adaptive
Regression Splines (MARS) technique [6] in tharth package of theR software (http://cran.r-
project.org/web/packages/earth/earth.pdf) to builddinear regression model.

5. Results and discussions

This section describes and discusses the results of daenéeg and further data analysis and modeling.
In the following text, a state or quality variable is denobydCounterNameObjectName

5.1. Data screening results

The data screening steps described in Section 4.1 prodei@é@@remaining state and quality variables
whose values are not affected by the time of running sendoglitions.
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Table 4
Five categories of A-SQ relations and the state and qualitialiles in each category
Category State and quality variables
1. Increase with Saand C and B % Committed Bytes In_Mgeenory, Committed Bytedemory
2. Increase with Saand C, decrease with Privileged TimeProcess, % Processor TinReocess, % User TimBrocess,
B Context Switches/se8ystem, Datagrams/sé¢DP, Datagrams/sel, Datagrams

Sent/sedJDP, Datagrams Sent/sé®, File Control Operations/se8ystem, File
Control Bytes/seSystem, Fragmented Datagrams/fiec Fragments Creat-
ed/seclP, 10 Other Operations/sderocess, 10 Other Bytes/s€gocess

3. Increase with C, stable with Sa excefithread Counfrocess, Page Faults/seiemory
at one end, inverse-U change with B
4. Decrease with Sa, C and B Available Bytdemory, Available KBytesMemory, Available MBytesMemory

5. Inconsistent change with Sa, C and® Registry Quota In Us&ystem, Avg. Disk sec/Transf@&hysical Disk, Data-
and sometimes strong interaction of Sgrams Received Delivered/s#e, Processor Queue Leng8ystem, Datagrams Re-
CandB ceived/sedP, Datagrams Received/s&tDP, Page Faults/seerocess

5.2. Results of A-SQ relations

ANOVA for each of the remaining state and QoS variables fromgti®n 5.1 reveal 28 S and Q
variables that have a significant effect (with th&alue less than 0.05) of one or more A variables. For
each significant effect on each S or Q variable, the Tukey’® &t is performed to determine how
different levels of one or more A variables affect the S or @alde. For example, all the three A
variables (the sampling rate, the number of clients, andbttiier size) have significant effects on the S
variable,%Committed Bytes in Usdlemory based on the ANOVA results. Table 3 gives the Tukey’s
test results for the effect of the sampling rat&@@ommitted Bytes in Uddlemory. Table 3 shows the
groups of levels in the sampling rate that are significaniffigient from each other in their effects on
%Committed Bytes in Usdemory If two levels marked by “***” fall into two different groupsthere is
a statistically significant difference between these twelle For example, the Sal level of the sampling
rate falls into group 1, whereas the Sa2 level of the sampétmgfalls into group 2, indicating that the
difference between Sal and Sa2 produces the statistiégiiifisant different effects ofCommitted
Bytes in UseMemory That is, the increase of the sampling rate from Sal to Safisigntly increases
%Committed Bytes in Usglemory Table 3 indicates th&Committed Bytes in Usglemoryincreases
asthe sampling rate increases. Tukey's test results fiveadiffects o0Committed Bytes in Uddemory
show that¥Committed Bytes in Usdlemoryincreases as the sampling rate, the number of clients and
the buffer size increase. Hen@&Committed Bytes in Usdlemoryis categorized into a group of the S
and Q variables with the A-SQ relations characterized agasing with Sa, C and B (see Category 1in
Table 4).

Based on the Tukey’s test results, the 28 S and Q variabldshwhow significant effects of one or
more A variables based on the ANOVA results, are groupedinéacategories of the A-SQ relations as
shown in Table 4.

Category 1 has 2 state variables from the Memory objgeCommitted Bytes In Uslemoryand
Committed Byteslemory These two state variables reflect the state of the memorgecnimg the
memory consumption. The values of each S variable in thegoay increase as the sampling rate, the
number of clients and the buffer size increase as shown in3gig Figure 3a plots the average values
of the state variabld)atagrams/sedP, for the five levels of the sampling rate. The A-S relationta t
state variables increasing with the three service paramftee A variables) in this category indicates
that the increasing level of the sampling rate, the numbedliehts and the buffer size in the voice
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Fig. 3. An illustration of relationships between activitgriables and state-quality variables in the five categories
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Fig. 3. continued.

communication service demands for more system memory. Af8srelation can be used to guide
the adaptation of service and system configuration for tiéesed service quality. When the higher
level of service quality (e.g., a larger sampling rate foe#tdr voice quality) is needed or more clients
need to be served, the memory resource can be adapted bgdimgyéhe reserved memory, allocating
more memory to the voice communication service, or througkraneans. The adaptation can be done
through APIs, such as tli&etProcessWorkingSetSizesetinformationJobObjeétinctions in Windows.
Category 2 includes 14 variables that reflect the state apefformance of the Process, System, and
network-related software objects concerning the use o€fAe and network interface resources at the
hardware level. Specifically, the two variables from the Udlffect Datagrams/sedJDP and Data-
grams Sent/set/DP) and four variables from IP objecDétagrams/sedP, Datagrams Sent/sel@,
Fragmented Datagrams/séP andFragments Created/sd®) reflect the amount of network commu-
nication generated mainly by the service process of voicenconication. Three variables from the
Process objectpPrivileged TimedP, %Processor TiméP, and%User TimelP) reflect the CPU con-
sumption by the service process of voice communication. dther two variables from the Process
object (O Other Operations/seProcessandlO Other Bytes/se®roces$reflect IO control operations
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by the service process of voice communication. The threiabias from the System objedEéntext
Switches/seSystemFile Control Operations/seSystenandFile Control Bytes/seSystemreflect the
operating system (OS) operations for process schedulichdjlarsystem.

The values of each S or Q variable in category 2 increase asafmpling rate and the number of
clients increase, but decrease as the buffer size incraas#sown in Fig. 3b. Hence, a higher level of
service quality (i.e., a higher level of the sampling rat&) enore user requests (i.e., a larger number of
clients) demand for more CPU, communication bandwidth,sstiem IO and file resources. However,
increasing the size of the communication buffer (B) canatiffely reduce the number of datagrams
sent by the voice communication service even with the simaitaount of network data being sent, and
subsequently reduce the workload on the CPU, system 10 a&sl/tem. Hence, this category of A-SQ
relations suggests a useful strategy for adapting servidesgstem configuration by increasing the size
of the communication buffer to maintain the workload level&PU, system IO and file system resources
and thus not to stress out these resources even when higBereQoirements with more user requests
(more clients) and better voice quality (higher samplirtg)are present.

Category 3 has two variables reflecting the state of the poaed the memoryhread CountProcess
andPage Faults/sedemory The values of each S variable in this category increaseeaaumber
of clients increases, show little change (stable) as theobagirate increases except for the lowest or
highest level (one end) of the sampling rate, and have amdevd change as the buffer size increases
with higher values in the middle range of the buffer sizet(ibahe values of each variable increase and
then decrease as the buffer size increases) as shown inckigh&ad CountProcesss determined by
two factors: the number of clients requesting voice datathachumber of buffers waiting to be sent.
As the number of clients increases, more threads need toelgedrto send voice data to the clients,
resulting in the increase of the thread count. As the buferisicreases, the number of buffers filled up
by the sampling threadNBF) during a period of time decreases due to the larger bufter. dlowever,
the number of buffers sent out by a sender thrégig during a period of time also decreases due to the
longer delay for sending the larger size of data. WN&iris larger tharNBS more sender threads need
to be created to send out the voice data. WKBIis smaller thatNBS only one sender thread is needed
for each client. Hence, as the buffer size increases, tferelifce betweeNBF andNBSfirst becomes
larger causing the increaseTfiread CountProcessand then becomes smaller causing the decrease of
Thread CountProcess For Page Faults/sedMemory the increase oPage Faults/sedemoryas the
number of clients increases indicates that the competitiothe system memaory resource by the voice
communication service and other applications/servicdisarsystem becomes more intensive when the
number of clients increases. As the buffer size increasese memory is consumed (as explained
earlier for Category 1), which also leads to more intensomjoetition on the system memory resource.
However, the number of memory accesses is reduced as ther Bi#é increases due to the reduced
workload on the CPU and system IO (as explained earlier faed@eay 2), which leads to a smaller
number of page faults. Hence, the valud’afje Faults/sedemoryfirst increases and then decreases as
the buffer size increases. Since page faults cause slowapmgeaccesses, it is always desirable to have
less page faults. The A-S relation Bifiread CountProcessandPage Faults/sedemoryindicates that
selecting a proper initial value of the buffer size is impaitfor tuning the system workload imposed by
the voice communication service.

Category 4 includes the three state variables from the Mgrobject measuring the same state
of the memory in different unitsAvailable BytesMemory Available Kbytesdviemory andAvailable
MbytesMemory The values of each variable in this category decrease asathpling rate, the number
of clients and the buffer size increase as shown in Figurer8d.variables in this category measure the



N. Ye et al. / Models of dynamic relations among service #ietsy system state and service quality 111

available memory, whereas the variables in Category 1 medse used memory consumption. Hence,
the A-SQ relation in Category 4 conveys similar informatiorthat in Category 1.

Category 5 has 7 state variables concerning the Systemicahiésk, IP, UDP, and Process objects.
These variables measure the state and performance of thsteensand network resources which are
not directly linked to the voice communication service. Erample, the voice communication service
generates mostly data sent out from the server rather tharreleeived by the server as measured by
Datagrams Received Delivered/sd; Datagrams Received/sd#, andDatagrams Received/sé&tDP
in Category 5. Each S variable in this category does not stammsistent change as the sampling rate, the
number of clients and the buffer size increase. For exantpiechange obDatagrams Received/séie
with the sampling rate is different for different numbersténts as shown in Figure 3e. The variables
in this category are likely affected by not only the voice coumication service but also system routine
activities which together produce the inconsistent chgmagéern of these variables with the service
activity parameters of the voice communication servicendge the variables in this category should
not be considered as accurate measures of system state Snue€@ormance that are directly or solely
linked to the voice communication service.

In summary, the 21 state and QoS variables in Categoriegé diractly related to the voice commu-
nication service, and show four major categories of the Ar§l&ions.

5.3. The ASQ relation map

Among the 21 state and quality variables from Section 52eseariables present similar information.
While summarizing the ASQ relations into an ASQ relation maéih each node representing a variable
and a link representing a relation between two variables;amekeep only one variable among a group
of variables that present similar information.

The two variables in Category 1 have the following relattips

% Committed Bytes In Uslemory= Committed Bytedemory/ Memory,:qi,
whereMemory,,,; is the total size of system memory. OrBommitted Byteslemoryis kept in the
ASQ relation map.

In category 2, Datagrams/sedP, Datagrams/sedJDP, Datagrams Sent/sel®, Datagrams
Sent/sedJDP, Fragmented Datagrams/sdP andFragments Created/sd® present similar informa-
tion about the amount of network traffic created and sent guhb voice communication service at
UDP and IP layers of the network protocols. Note that therlkttls incoming traffic to the voice
communication server in our experiment. Since the sizesat#gtams depend on the communication
buffer size used in our experime@atagrams Sent/sel® instead ofFragments Created/sd® closely
reflects network throughput. Hende&ragments Created/sd® is taken as the service quality measure
of the network throughput for the voice communication ssgyand is the only variable among the six
variables from the IP and UDP objects that is kept in the AS&timn map.

Also in category 2%Processor Timd’rocess %User TimeProcessand %Privileged TimeProcess
has the following relation:

%Processor Timd’rocess= %User TimeProcesst %Privileged TimeProcess

Only %Processor Timdrocesss kept in the ASQ relation map. In categoryl® Other Opera-
tions/secProcessand IO Other Bytes/sefrocessof the Process Object presents similar information
about the workload of 10 devices or how busy the 10 devices@rdy |0 Other Operations/seProcess
is kept in the ASQ relation map.

In category 2 File Control Operations/seSystenmandFile Control Bytes/seSystenof the System
Object measure the control operations of the file systenceSi@ devices are treated as special device
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A Variables: S Variables: Q Variables:

Committed Bytes_Memory

% Processor Time_Process

10 Other Operations/sec_Process Fragments Created_IP

Thread Count_Process

Page Faults/sec_Memory

Fig. 4. The ASQ relation map.

files in Windows in order to simplify the system desidiile Control Operations/seSystenincludes
both accesses to 10 devices (already measurelDb@ther Operations/se8ysteand regular files
(mainly the log files in our experiments). In other worBide Control Operations/seSystermandFile
Control Bytes/seSystenare affected not only by the voice communication servicwities by also the
monitoring activities. Hence, these two variables arewket! in the ASQ relation map.

In category 3, botfThreat CountProcessandPage FaultsMemoryare kept since they give the state
information for different system resources.

In category 4 Available BytedMemory Available KbytedMemoryandAvailable MbytesMemoryof
the Memory object present similar information to that ®gmmitted Byteslemoryof the Memory
object which is kept in the ASQ relation map. Hence, the tiva@bles in category 4 are excluded in
the ASQ relation map.

In summary, the following six state and Q variables:

— Committed Byteslemory

— % Processor Timé&’rocess

— 10 Other Operations/seProcess

— Thread CountProcess

— Page Faults/sedemory and the following QoS variable:
— Fragments Created/sd@

are kept in the ASQ relation map. The results in Section 5/2akthe relations of the three service
activity parameters, Sa, C and B, with these five state vimsali he A-S relations are directly represented
in the ASQ relation map as shown in Fig. 4. As described ini&e@, we consider that the service
activity parameters first act on the system resources ampettae state of the system resources which
in turn causes the change of process performance and thisethiee quality variable. The voice
communication service continuously samples voice data ffee sound card of the system and transmits
the sampled voice data to the clients. These operationgeeagcess to 10 devices (mainly sound card
and network interface) and creation of multiple threads, @ansume CPU time and system memory.
The states of CPU, memory, |0 devices, and operating sysém significant impact on the network
throughput of the voice communication service, which is soead byFragments Created/sd®. Hence,

in the ASQ relation map shown in Fig. 4, the relations of the &tate variables with the service quality
variable are represented.
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Table 5
Linear regression models for A-S and S-Q relations
S or Q variable Regression model R?
Committed Bytesemory(S; ) S1 = 429097992+ 11746708(Sa} 15190725(CH 426122(B)  0.9939
%Processor TimérocesyS;) S; = —2.30198+ 1.02864(Sa)} 0.87906(C)— 0.33787(B) 0.7569
IO Other Operations/sefrocesqSs) Sz = —19.7548+ 37.5533(Sa)+ 37.4458(C)-30.9270(B) 0.7986
Thread CountProcesqSs) Sy = 14.79020+ 0.84680(Sa)}- 4.20747(C)-0.12113(B) 0.9595
Page Faults/sedemory(Ss) Si5 = —119.014+ 24.065(Sap 199.893(CH 4.758(B) 0.5160
Fragments Created/sd® (Q) Q= —7544.65+ 0(S1) + 174.76(3) —7.86(S) —0.06(S) 0.9419

5.4. ASQ models

For each state variable in the ASQ relation map, we obtaineati regression model that represents
the quantitative A-S relation of the three service actiigrameters with the state variable. For the
variable of the achieved service quality, we build a linemression model to represent the quantitative
S-Q relation of the five state variables with the variableheféichieved service quality. These regression
models are presented in Table 5. In these regression models:

C=1, 2,3, 4,5 for one to five clients, respectively,

Sa=1, 2, 3, 4, or 5 for 44100, 88200, 132300, 176400, 220500 Hpeaetively,

B=1,2,3,4,or5for 16384, 24576, 32768, 40960, 49152 Kbyespectively.

Since the difference between two successive levels of §a 88200-44106- 132300-88200) and B
(24675-16384= 32768—-24576) is the same:S1, 2, 3,4or5and G 1, 2, 3, 4, or 5 in the regression
models is simply a scaled value for the original value of SBntihe R-square value for each regression
model gives the goodness-of-fit of the regression modelga#ta with a larger value indicating a better
fit. For Page Faults/sedMemory the linear regression model does not fit the data well. Hemeause
the MARS technique to build a nonlinear regression modeh wie R value of 0.8160. The MARS
model is not presented in the paper due to its complex form.

6. Conclusions

This paper presents our methodology of data collectiorg daalysis and data modeling to establish
activity-state-quality models which can be used to endieconfiguration and adaptation of services
and system resources for meeting service quality requenafie illustrate the methodology using the
voice communication service. For the voice communicatenvise, we uncover a number of state and
service quality variables that are significantly affectegdttioe three service activity parameters of the
sampling rate, the number of clients and the buffer sizéudiog Committed Byteslemory % Proces-
sor TimeProcesslO Other Operations/seProcess Thread CountProcessPage Faults/sedemory
Fragments Created/sd®, and others. We also reveal four major categories of the AS&ions: 1)

a state or quality variable increases its values as the #aegce parameters of the sampling rate, the
number of clients and the buffer size; 2) a state or qualitjalde increases its values as the sampling
rate and the number of clients increases but decreaseduits\as the buffer size increases; 3) a state or
quality variable increases its values as the number oftslimcreases with little effect of the sampling
rate except at one low or high level, and first increases aewl decreases its values as the buffer size
increases, and 4) a state or quality variable decreaseditss/as the three service parameters increase.
The ASQ relations provide us with insights into meeting leigthemands of service quality with a higher
sampling rate of voice data and more client requests by pisoinereasing the size of the buffer holding
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communication data before transmission over the netwahke. ASQ relations and the regression models
defining the quantitative ASQ relations can be useful in jotedy the change of the achieved service
guality when initially configuring and later adapting thewsee activity parameters, the resource capacity
and the service-resource binding to meet the service gualifuirements. Although this study focuses
on a communication-intensive voice communication senttoe experimental and analytical methodol-
ogy is applicable to investigating and developing dynamicslels of service activity, system state and
service quality cause-effect dynamics for other computerreetwork services. For a different service,
empirical data for that service needs to be collected anlyzato obtain ASQ relations and models. The
ASQ relations and models established in this study invoilg three service and system parameters of
the sampling rate, the number of clients, and the size oftlffeting holding the sampled voice data. In
our future research, we may work on developing more commsEhe ASQ models including additional
modeling parameters such as the size of the receiving bufédwork delay and its variability, and a
larger number of clients.
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