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Abstract: A new category of system model, multiserver multiqueue network (MSMQN), is proposed for distributed systems such as the
geographically distributed Web-server clusters. A MSMQN comprises multiple multiserver multiqueue (MSMQ) nodes distributed over
the network. and every node consists of a number of servers that each contains multiple priority queues for waiting customers. An in-
coming request can be distributed to a waiting queue of any server in any node, according to the routing policy integrated by the node-
selection policy at network-level, request-dispatching policy at node-level, and request-scheduling policy at server-level. The model is
investigated using stochastic high-level Petri net (SHLPN) modeling and performance analysis techniques. The performance metrics con-
cerned includes the delay time of requests in the MSMQ node and the response time perceived by the users. The numerical example sho-
ws the efficiency of the performance analysis technique.
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As the scale of computer networks and distributed
systems grows larger and larger, and the structures be-
come more and more complicated, it is increasingly
difficult yet crucial to implement resource management
and task scheduling in those systems. In general, vari-
ous systems exhibit different behaviors, but they may
have similar structural models and employ similar stra-
tegies for resource management and task scheduling.

In this paper, a new category of system structural
model, multiserver multiqueue network (MSMQN), is
proposed for distributed systems based on the previous
work on multiserver multiqueue (MSMQ) system
[1.2]. A MSMON is composed of multiple MSMQ
nodes distributed over the network. Each node compri-
ses multiple server entities that each consists of several
priority queues for waiting customers. A typical exam-
ple of the MSMQN model is the geographically distrib-
uted Web-server clusters [3]: each mirrored Web-server
cluster [4,5] can be regarded as a MSMQ node, and
multiple Web-server clusters connected by the network
form a MSMQN. In this system, an incoming HTTP re-
quest can be assigned to a waiting queue of any server
in any cluster node, according to the routing policy in-
tegrated by the node-selection policy at network-level,
request-dispatching policy at node-level, and request-
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scheduling policy at server-level. A response is return-
ed to the end user after service. In general, a Web server
has a single processor that selects the requests from dif-
ferent priority queues for service according to the re-
quest-scheduling policy.

The modeling and performance analysis technique is
also proposed to analyze the performance of a
MSMON based on the Stochastic High-Level Petri Net
(SHLPN) [6]. The methods of model abstraction and
retinement are used to simplify the system model and
reduce the complexity of the model soluton. SHLPN is
chosen because it is a powerful graphical and mathe-
matical tool for handling prioritized, concurrent, as-
ynchronous, stochastic and nondeterministic events. In
addition, there exist a set of well-established perform-
ance analysis techniques for SHLPN. SHLPN has been
successfully applied to the performance analysis of
some ATM control mechanisms [7].

1 SHLPN modeling of MSMQN

SHLPNs [6] are high-level Petri nets (HLPN) [8]
augmented with exponentially distributed transition
firing times. A marking of the SHLPN model is a dis-
tribution of tokens in each place of the model. A transi-
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tion represents a class of possible changes of markings
and may be associated with an enabling predicate ex-
pressed in terms of the token variable or place marking
expressions. A transition is enabled whenever the
predicates associated with it are satisfied. The state
space of a model consists of the set of all markings rea-
chable from the initial marking through the occurrence
of transition firing.

The following general assumptions for the MSMQN
are made:

(1) Incoming task requests can be classified into n
categories and assigned n priority levels accordingly.
Priority i is higher than priority £, for 1<i<k<n. Re-
quests with priority i are denoted by r;

(2) The MSMQN is composed of ¥ MSMQ nodes,
and each node comprises m clustered servers (in fact,
different node can have different number of servers).
Each server contains n waiting queues of requests, and
one for each priority level. Requests in the same wait-
ing queue are scheduled in a first-come-first-served
(FCFS) manner. All the n waiting queues contest the
single processor of the server for service. A threshold
is set for each queue to restrict the maximum number of
waiting requests;

(3) The client requests are assumed to be generated
according to the Poisson distribution with mean arrival
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rate 4, for requests ». An incoming request can be dis-
tributed to any of the &4 nodes and further dispatched to
any of the m servers of a node. A server can not accept
any more requests of a priority level if the correspon-
ding waiting queue has reached its capacity;

(4) The service times of requests in different waiting
queues are assumed to be exponentially distributed
with different means.

In figure 1, a SHLPN model of the MSMON is pro-
posed. In the model, the rectangles denote timed transi-
tions and the black bars denote immediate transitions;
circles denote places, and they contain tokens that de-
noted by black dots. In this model, requests' arriving
and servicing are represented by timed transitions,
which are associated with exponentially distributed fir-
ing delay. Requests entering the waiting queues or
competing for mutual exclusive server resources are re-
presented by immediate transitions, which fire in zero
time and can be associated with firing probabilities. In
general, immediate transitions have higher firing pri-
orities than timed transitions. Tokens in this SHLPN
model represent either service requests or processors,
and different classes of requests can be represented by
tokens of different colors. In the model, the first sub-
script of the symbols represents the category of re-
quests, while the second subscript represents the desti-
nation server. The superscript of the symbols represen
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Figure 1 A SHLPN model of the MSMQN.
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ts the corresponding MSMQ node. If there is only one
subscript, it either indicates the category of requests or
differentiates the servers of a node.

The meanings of the transitions and places in figure
1 are described as follows, and for all the symbols be-
low, 1<i<n, 1<j<m, 1 <x<k.

Places: /| is the place that holds requests r, instanta-
neously and decides the destination node according to
the enabling predicates associated with u,. a,. is the
place that models the transmission link from the client
i to the node x. f. is the place that models the request
dispatcher of the node x, and it holds the incoming re-
questsr; instantaneously and decides the destination
server according to the enabling predicates associated
with d;. ¢; is the place that models the waiting queue
with priority 7 in the server j of the node x, and the ca-
pacity of ¢; is b}, that represents the thresholds of the
waiting queue. As well as the aggregate of all the wait-
ing queues in the server j of the node x is represented
by ¢;. w; is the place that models the running state of a
request of priority / at the server j of the node x, and its
capacity is '1' since only one service request at a time
can be in this state due to one processor. v; is the place
that models the processor resource of the server ; in the
node x, and the token in v, represents the single pro-
cessor of the server j. y; is the place that models the
transmission link from the server j in the node x to the
client i.

Transitions: ¢, is the timed transition modeling the
arrival of requests r, and its mean firing rate is at 4. u,,
is the immediate transition that models distributing re-
quests r, to the node x according to the node-selection
algorithm. e, is the timed transition that models the ac-
tions of probing the delay information from client i to
the node x for selecting the best cluster node. o is the
immediate transition that models dispatching requests
r. to the serverj of the node x. 7 is the immediate tran-
sition that models scheduling requests r, to be served by
the server j of the node x. s} is the timed transition that
models serving requests r, by the server j of the node x,
and its mean service rate is at 4. z; is the timed transi-
tion that models the transfer of response documents via
the link from the server ; of the node x to the client i.

In figure 1, the » waiting queues in a server are arran-
ged in the order of priority, i.e., the requests in ¢}, have
the highest priority for service and the requests in g, the
lowest.

2 Model refinement

A SHLPN is homomorphic to a continuous time
Markov Chain (MC), and there is one-to-one relation-

ship between marking in the SHLPN and states in the
MC. In general, to analyze the performance of the
SHLPN model in figure 1, the corresponding MC of the
model can be constructed. Based on the MC and state
transition rates, the state transition matrix can be con-
structed and all the steady-state probabilities can be ob-
tained to compute the performance metrics. Software
package SPNP (Stochastic Petri Net Package) [9] adop-
ted in this paper for performance analysis is developed
based on this idea. However, the MC of the model in
figure | is generally with mxnxk dimensions. The num-
ber of states of the MC grows exponentially with the in-
crease of b}, m, #n and k. The state space is so large that
solving the state equations is impossible for the practi-
cal computing systems.

In order to handle the problem of state-space explo-
sion, abstraction and refinement can be used before
analysis to simplify the system model and reduce the
complexity of the model solution. Model refinement
can develop compact models and also reveal the inde-
pendence and interdependence relations of the submo-
dels in the original model. The method of refinement is
to delete the immediate transitions and transfer the en-
abling predicates. In this way, the complicated structure
and relations among the original SHLPN model is sim-
plified, and the state space of the model is reduced.

Figure 2 shows the refined SHLPN mode! of the
MSMOQN. The model in figure 1 has been decomposed
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Figure 2 The refined SHLPN model of the MSMQN.
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into multiple submodels, and each submodel is an inde-
pendent part in structure containing one waiting queue.
The timed transitions of delay probing and response
transferring together with the relevant places and arcs
from the model in figure 1 have been removed, for the-
se delay can be considered directly in the programming
of SPNP without description in the model. The struc-
ture of the SHLPN model in figure 1 has been simpli-
fied by using transition enabling predicates and rate
functions. The enabling predicates and firing rates of
transition & and s; in figure 2 have been modified.
Whether the transition d; and s}, in figure 2 are enabled
or not, it depends not only on the marking of its waiting
queue ¢;, but also the markings of other queues in other
servers of the same node or even other nodes. In this
way, a complicated model is equivalently transformed
into a compact model.

3 Policy description and performance evalu-

ation

In this section, the routing strategies involved in the
MSMQON model is described, which is integrated by
the node-selection policy, request-dispatching policy,
and request-scheduling policy. The performance evalu-
ation method is also specified.

3.1 Policy description
(1) Request-scheduling policy.

Request-scheduling policies are implemented at the
server to select requests from different waiting queues
for service. The Weighted Priority Scheduling policy is
considered in this paper.

Weighted Priority Scheduling (WPS). This policy
schedules requests based on their weighted importance,
i. e., requests with higher priority have higher firing
probability to be scheduled. The priority value is used
to represent the weight of importance. The goal of this
policy is to provide differentiated quality of service
(QoS) to different classes of service requests. The pol-
icy can be described by the enabling predicate and fir-
ing probability of transition s} in the SHLPN model of
figure 1.

The enabling predicate of transition s, is Mq;)>0,
where M(g;) denotes the marking of g; that represents
the number of waiting requests in g;.

Assume the priority value of r, is ¢,. The firing prob-
ability of transition s; is:
1 if icWPS(M);
P(Mq}))= B, if iEWPS,(M); (1

0 otherwise.
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Where WPS, (M) = {{M(g;)>0 and M(q,) = 0, 3T,
1<t<n, for Vy, 1<y=+t<n}, WPS(M) = {f|M(g;)>0
and M(q;)> 0, for V¢, 1<t<n; Ay, 1 <y*t<n}, and
is:

B=alla+ %a},) 2)

(2) Request-dispatching policy.

Request-dispatching policies are used by the request
dispatcher in a cluster node to distribute an incoming
request to the best available server. The Minimum Ex-
pected Delay policy is concerned in this paper.

Minimum Expected Delay (MED). For a given
MSMQ node, this policy selects the server in which an
incoming request will experience the minimum ex-
pected delay as the destination. More specifically, the
expected delay of a request if assigned to a server is
measured by two elements: one is the number of pend-
ing requests in the waiting queues, the other is the mean
service time of the server for each class of requests. The
server with the minimum product of those two items is
selected as the best server. This policy is based on the
server conditions and requires a feedback mechanism
to dynamically report the status of server load and ca-
pacity.

Define the function ED(g;) below as the measure-
ment of the expected delay for an incoming request in
the server j of the node x:

“ Mg,
ED(q) - $M%) ()
= y
Where M(q;) represents the number of waiting requests
in ¢}, and 4} is the mean service rate of requests r, by the
server j in the node x. It is assumed that the dispatcher
can dynamically obtain these information to implement
load balancing.

The MED policy can be described by the enabling
predicate and firing probability of transition d; in figure
1.

The enabling predicate associated with d; is:

(M(@)<bIAED (q)<ED (q), V¢, 1<t<mand 1))V
(M(g})=b)).

The firing probability of d is:

o -
PAM(g))= | IMEDM)] if JEMED(M) w

0 otherwise

Where MED(M) = {{ED(g;) = min(ED (q}), ED (g3), -+,
ED (q;)) and M(g})<b}}.

(3) Node-selection policy.

Node-selection policies are used by the clients to se-
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lect the best MSMQ node for a given request. The
Minimum Predicted Response Time policy is consid-
ered in this paper.

Minimum Predicted Response Time (MPRT). Based
on the request-scheduling policy WPS and the request-
dispatching policy MED, this algorithm selects the
cluster node with the minimum predicted response time
experienced by the users as the best destination for re-
quest distribution. The clients are assumed to be able o
dynamically obtain the following information via pro-
bing approach for computing the predicted response
time (PRT): the current available network bandwidth,
the transmission latency (RTT), and the expected delay
at the server. Thus, the function of PRT can be given
by:

PRT=PpTT+ DoCument size , )
avail

Where B,.. is the available bandwidth measured by
probing, RTT is the round trip time in transmission, and
ED is the expected delay at the server described in (2).
The predicted response time of a given request is calcu-
lated for all candidate cluster nodes and the node with
the minimum value is chosen.

The MPRT policy can be described by the enabling
predicate and firing probability of transition u,, in figure
1.

The enabling predicate associated with u,, is:
(/%M(qjkéb;)/\((‘v’y, l<y<k and x#y, (PRT,)<
(PRT)V(EMg)=En) ©)
Where PRT. is the predicted response time of distribut-
ing request r,; to the node x, and it can be specified by:

PRT, = RTT, + Document size , < & Mgq,)

BanLH v=1l =l W

Where RTT, and B,... ..are respectively the round trip
time and available bandwidth from client i to the node
x, and it 1s assumed the same bandwidth in both direc-
tions, i.e. Buai o« = Buai «-

The firing probability of u,. is:

1 .
P.x)=1IMED(AM)|| if xEMED(M) (7)

0 otherwise
Where MED(M) = {y | PRT,= min (PRT,, PRT,, --
PRT,)) and 3 M(g;)<Sb,}.
I =1
Note that the enabling predicate associated with d; in
figure 2 is the intersection of the enabling predicates as-

sociated with & and u, in figure 1, and the firing prob-
ability of s} in figure 2 is the same as that of s} in figure

1.
3.2 Performance evaluation

In SHLPN models, the performance measurements
can be given based on the steady-state probabilities.
The steady-state probabilities of the marking M is de-
noted by P[M]. The metrics adopted in the performance
evaluation includes the delay time of requests spent at
the MSMQ node and the response time experienced by
the end users.

In SHLPN models, the mean value D(q) of the mark-
ings in a waiting queue g with capacity b in steady state
is:

Dig)=Sy<PLM(g)=)] ®)

The delay time DT; in the submodel 4; (formed by
trapsition d), s, and place ¢; in figure 2 ) is:

DT, =D{g))/T(s;) (8)

Where Tis;) is the throughput, i.e. the number of re-
quests that have been served, of submodel 4;, and it can
be obtained from the SPNP programs.

The delay time DT, of requests r, for all the MSMQ
nodes is:

m &
23.D(q;)
DT.=455%—— (10)
23T(sy)
=lx=1
The delay time DT for all classes of requests in all
the cluster nodes is:

3

Ms
M~

D(g;)

T(s))

)
3
Il

(1

M=
M=
1~

The response time RT, of requests r, perceived by the
users is:

k k
RT, = 2Pr(RTT,+1%-Tt,)+DT,+ X Pr,-Tt, (12)
=1 x=1

There are three items on the right of equation (12).
The first item represents the time that request r, spent
before it is assigned to a node, including round trip lat-
encies and probing time. Pr. is the probability of re-
quest r, being distributed to the node x, and it can be ex-
pressed based on throughput as follows:

m

XTisy)
Pr/r: k,:]m T (13)
S3T(s))

x

Tt,, is the transfer time of response documents from
the node x to the client i, and it is given by:

_ Document size

Tt B u

(14)
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1%Tt, represents the time cost in probing the net-
work and system states, for the overhead of lightweight
probes can be restricted to one percent of the time ne-
eded in transferring the response documents [10]. The
second item is the delay time of request r, spent at the
node as described in equation (3). The third item is the
time needed in transferring the response documents of
request r, from the node x back to client /.

The response time RT of all classes of requests per-
ceived by the users is:

SRT, T,
RT==—"—— (15)
2T,
=1
Where 7, is the throughput of request r, for all the nod-
es, and it is described as follows:
m k

T,=XXT(s)) (16)

==t

4 Numerical results .

The software package SPNP [9] is used to analyze
the SHLPN model of MSMQN in figure 2 under the
WPS, MED and MPRT policies. To avoid the problem
of state-space explosion and simplify the model sol-
ution, without loss of generality, a MSMON is only
considered to consist of two MSMQ nodes that each
comprises two servers. Requests are divided into two
categories. Class 1 requests are attached with a high
priority and class 2 requests are attached with a low pri-
ority. The priority values of the two classes of requests
are @, =4 and a. = 1. The available bandwidth and RTT
from the client / to the node x are defined in table 1.
The size of response document of request , is 500 kbit
and that of request ». is 1 Mbit. For the two servers in
each node, the thresholds of the waiting queues are

L=b.=bi,=bi= 06 and b}, =bL,=b3=b3= 2. It is as-
sumed that the servers in each cluster node are homo-
geneous but heterogeneous in different clusters. A ser-
ver can serve different classes of requests at different
service rates.  The mean service rates of transitions
sy are at ui, =m~60.0 times/s, u} =u,= 48.0 times/s,
and ui, =pi;=40.0 times/s, w5, = p3, = 32.0times/s. The
request arrival rates are 4, = ., and they monotonically
increase from 20.0times/s to 160.0times/s ranging
from underload to overload.
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Figure 3 shows the numerical results of delay time
in the MSMQ nodes for request #,, r, and all categories
of requests (i.e. DT,, DT, and DT respectively). It sho-
ws that DT, is always less than DT, with the increase of
the request rate, and the decrement is by 17.87% at
least and by 44.61% at most according to the numerical
results. This shows that at the server the high-priority
requests can experience less delay thus better QoS per-
formance than the low-priority requests.

Figure 4 shows the numerical results of the response
time of request r,, r, and all categories of requests (i.e.
RT,, RT, and RT respectively) perceived by the users.
In figure 4, the response time RT, of the high-priority
request r, is always much less than RT;, of the low-pri-
ority requests. This shows that high-priority requests
can experience much less response time thus achieve
better QoS performance than the low-priority requests.

0.14
/.—’.——.‘—.— ;
= o °
5012 r /." _‘_.‘_,_‘
2 . A S g w—
& /. J,A' -/I/
£0.10 Y A
b [ & u
E e
S 0.08 [ o A ya
2 /
= 7 A B
£0.06 [ ¢ o
g s —=— DT,
20.04F o at " —— Dl
ER Co S A DT
[5) : e
)
002 1 1 1 1 1 i
20 40 60 80 100 120 140 160

Request arrival rate of r, , (+,=r:)/(t1imes-s™")

Figure 3 Delay time in the cluster nodes.
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Table 1 Network parameters

Sending Client-receiving node  Bandwidth type  Available bandwidth/Mbps  RTT/ms
Client 1-node 1 Large ‘ 1.35 50
Client 1-node 2 Medium-large 0.9 130
Client 2-node 1 Medium-narrow 0.7 190
Client 2-node 2 Narrow 0.4 280
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5 Conclusions

In this paper, a new category of system model,
MSMQN, has been proposed for distributed systems
such as the geographically distributed Web-server clus-
ters. The routing policy for an incoming request to be
distributed to a waiting queue of any server in any node
ina MSMQN is integrated by the node-selection policy
MPRT at network-level, request-dispatching policy
MED at node-level, and request-scheduling policy
WPS at server-level. The policy is investigated using
SHLPN modeling and performance analysis techni-
ques. The numerical example shows the efficiency of
the performance analysis technique. Moreover, the
MSMOQN models, the integrated scheme of request rou-
ting and the performance analysis technique can be ap-
plied to performance evaluation of this class of various
complex systems.
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