Dynamic Parameter Substitution for solution of Layered
Queueing Networks with Timeout Decisions

Lianhua Li
Department of Systems and Computer
Engineering
Carleton University
~ Ottawa, ON Canada
lianhua@sce.carleton.ca

ABSTRACT

Solving performance models using queueing networks poses
a challenge because parameters such as service times and
routing are fixed and must be known prior to solution. Mod-
els which involve decisions based on performance quantities
must therefore often be solved using a state-based model,
through simulation, or a hybrid combination of these ap-
proaches. However, state-based approaches suffer from state
space explosion for even moderately sized models, while sim-
ulation can be time consuming. This paper broadens Lay-
ered Queueing Networks (LQN) to handle a subset of models
with state-based behaviour, namely systems with timeouts
and aborts. The approach, called dynamic parameter sub-
stitution (DPS), updates the parameters of the underlying
queueing networks of a LQN model as the model is being
solved. This approach in this paper is both fast and highly
scalable, compared to simulations (LQSIM and CSIM) and
a hybrid solution.
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1. INTRODUCTION

In the field of Software Performance Analysis, analytic
performance modeling has many advantages. It can be done
at any stage of the development process, the time required
for the analysis is small, and it is of relative low cost com-
pared to other methods [9} [I8]. Analytic solutions to perfor-
mance models can be found using a wide variety of methods,
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though queuing models were found to be the preferred ap-
proach [2 §4.1.1]. Queueing models scale well, solve quickly
and have sufficient accuracy [I8], §3.2].

The downside of queueing models is their inability to model
arbitrary dynamic data-dependent behaviour. One impor-
tant form of behaviour that fits this category is exception
handling. Exceptions are defined as “Of the conditions de-
tected while attempting to perform some operation, exception
conditions are those brought to the attention of the opera-
tion’s invoker. The invoker is then permitted (or required)
to respond to the condition.” [§]. From the standpoint of a
performance model exceptions can be raised as a result of
trying to acquire a resource.

The exception pattern considered in this paper is the time-
out pattern, shown in the sequence diagram in Figure [l
This pattern arises when the response time for a service re-
quest exceeds some value, Tiimeout, then simply gives up.
Note that there may be some additional costs in giving up,
so this action can also affect the performance of the system.
The abort decision [20], is considered a special case of a time-
out decision when the threshold of timeout, Tiimeout = 0.

sd: timeout )

‘ ‘requester ‘ ‘ :aResource‘ ‘ :delay

T : :

| |

L__.__ Acquire_resource !

1 |

L’:] «rep|y» :

T | |

opt ) =< I 1 Abort_step 1
[timeout] ‘ <renlvs M

S L «reply»
L] i i

Figure 1: Timeout decision pattern.

The LQN Timeout decision pattern was defined in the
previous work [II], and combines both timeout and abort
decision logic. This generalized timeout decision was im-
plemented in the LQN simulation tool, LQSIM. The results
produced by LQSIM were verified by the results of the Petri
Net solver, GreatSPN [4} [1] using the equivalent Generalized
Stochastic Petri Nets (GSPN) [12] models. In this paper,
LQSIM is used to verified the results of the analytic solution
of DPS.

Queueing models are not suitable for modeling exceptions
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because the likelihood of an exception being raised must
be known prior to solving the model. However, exceptions
are often raised because of results the performance model
produces. For example, excessive response times can lead
to timeouts and excessive utilization can lead to lock re-
quest failures. One approach to solve this problem in a scal-
able and timely fashion is through hybrid modeling, where a
queueing model is used to solve the bulk of the model, and
another model is used to solve the decision, for example the
Hybrid Performance Modeling Methodology (HPMM) [20].
However, in general this approach suffers from the need for
two or more different models and the need for data inter-
change between them all.

This paper takes another approach: feed the output of the
performance model back as input. This approach is called
Dynamic Parameter Substitution (DPS). The advantage of
DPS is that iterations between disjoint solvers do not have
to be performed. The feasibility of this approach is demon-
strated by using the Layered Queueing network eXperiment
control language (LQX) [14] to perform the feedback and it-
eration using a LQN. DPS is developed using LQX to solve
a system with a timeout/abort. The results from this model
are compared to simulation.

The remainder of the paper is organized as follows. Sec-
tion [2 describes layered queueing networks, their solution
and the LQX language. Section Bl explains how to solv-
ing timeout decision using dynamic parameter substitutions
and compares the results of DPS to simulation. Section E
applies the DPS solution to solve a web-base database model
(from [20]) with a timeout and abort decision. Finally, Sec-
tion [Bl concludes the paper.

2. LQN MODELS

A layered queueing network is a type of extended queueing
network that is particularly suitable for solving performance
models of software using remote procedure calls. With this
type of software system, clients of servers block awaiting
replies to requests. These servers may in turn make requests
to other servers. Layering arises by following the call chain
from the top-most client all the way down to the lowest level
server.

Figure[2shows an example of a LQN. This model, adapted
from [20], represents client web-browsers making requests to
a web server, which in turn makes requests to a database.
The elements in the model are:

Processors: represented using circles in the figure. Pro-
cessors are used to consume time in the model. If the
processor is a multi-server, it is shown using a stacked
icon, and the number of copies, n, are shown using
a label with brackets ‘{n}’. The output result for a
processor is its utilization, U.

Tasks: shown using the large parallelograms in the figure.
Tasks are used to model actual tasks running on a
processor (e.g. dbWorker), customers to the model
(e.g. users), logical resources such as database locks
(e.g, dblock), and other physical resources which are
not processors such as disks. Tasks may be multi- or
infinitely-threaded, in which case they are shown using
a stacked icon and labelled accordingly. The primary
output result for a task is its throughput, A.

Entries: shown using small parallelograms within a task.
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abort
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dbabort {inf}
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Figure 2: LQN model of a Web Server adapted from
Figures 5-15 and 5-24 from [20] for the Abort Pat-
tern.

Entries are used to differentiate the service provided by
a task. Entries have service-time parameter, s, shown
using square brackets ‘[s]’ which is consumed on the
associated processor. The primary output result for an
entry is it’s residence time, x, which is the sum of the
response times (queuing plus service) to all the entries
it calls plus the response time at its processor.

Calls: shown using directed arcs (directed arcs from tasks
to processors represent the call for demand on a pro-
cessor). Calls have a rate parameter, y, shown using
parenthesis ‘(y)’, representing the average number of
times the source entry makes a request to its destina-
tion entry. The output result for a call is the queuing
time, ¢, at the destination task.

There are many more features of the model which are not
described here; refer to [5] for a more complete description
of the model. Additional explanations of the basic concepts
behind layered queueing can be found in [I7, [19].

2.1 Solving a LQN Model

To solve a LQN, the LQNS analytic solver, used here, cre-
ates a set of ordinary queueing network “layer submodels”,
each of which is solved using Mean Value Analysis (MVA) [16].
Other solvers for layered resources that use a similar ap-



proach include [5] [10] [13] [15] 17, 19]. The solution process
has six steps:

1. Load the model.
2. Construct LQN model objects with parameters.

3. Construct layer submodels by finding all clients mak-
ing calls to servers in layer 4,7 > 2. Note that a task
may be used as a server in one submodel, but may also
be used as a client in multiple submodels. Processors
are never clients and client tasks representing users are
never servers. Figure[3shows all of the submodels from
Figure 2] that involve the task dbcontrol.

4. Initialize layer submodels. Service times, visits and
populations for each of the queueing models are ini-
tialized based on the input values.

5. Iterate to solve layer submodels to convergence.

6. Write output file.
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(d) Submodel 5

Figure 3: Submodels containing task dbcontrol

2.2 Iterative Solution

LQNS uses four levels of iteration in step 5 to solve a
model:

1. The experiment control interpreter, LQX (described in

§2.3) calls solve().

2. Solve() calls Linearizer [3] over all queueing submod-
els until convergence.

3. Linearizer calls Bard-Schweitzer at populations N and
with one customer removed from each chain k, N — 1,
for a submodel.

4. Bard-Schweitzer calls core () to find the residence times
at the servers until the residence times converge. Re-
sponse times, w, are found at each server, m, using the
function wait (m).

After performing Step 4 above, response times w in a sub-
model are found from each client to its servers and are
stored in a vector, W;, indexed by submodel i. This vec-
tor is then used to set the demands for all of the processors

and tasks in the model, regardless of whether the object is
acting as a client or a server. When solving submodel ¢ when
an object m is acting as a client, all but item ¢ in W are
summed to find the service time demand, s:

Vi, #i
This result is the waiting time caused by calls to servers
not in the current submodel and is a surrogate delay in the
queueing model. When solving submodel ¢ when an object
is acting as a server, all of the items in W are totalled:

Sm = Z Winj (2)

After solving submodel i, update W at index ¢ for all clients
in the submodel and save the throughput, A, and utilization,
U, for all servers. For example, the waiting time of dbcontrol
are set each time queueing submodels 3, 4 and 5 have been
solved.

The think time for chain, k, when a task is being used as
a client is calculated using:

7. - (N —Un) )
Am
where Ny, is the population in the chain and U and A are the
utilization and throughput of the task when is was acting as
a server in a submodel. For dbcontrol, these values are set
after queueing submodel 2 has been solved.

Waiting times propagate up one level while think times
propagate down one level for each iteration of Step 2. Step
2 identified above terminates after the root mean square of
the differences in the utilizations reaches some small value.

23 LQX

Model solution and parameter iteration is controlled using

the Layering Queuing eXperiment control language (LQX) [14].

LQX can be written explicitly as part of XML model input
(e.g., Listings[I)). LQX is high-level, dynamically typed lan-
guage with a syntax that resembles C. The choice of syntax
was made because of pervasiveness of C and it’s derivatives;
as such it supports many of the language constructs of C.
LQX also brings in more modern concepts such as associa-
tive arrays and foreach loops for iterating over them. LQX
supports many common mathematical functions plus func-
tions for generating random variables with various distribu-
tions. Finally, it includes I/O operations for reading and
writing model data, and for reading LQX programs from
external sources.

LQX supports four types: numeric, boolean, string and
object. Types are automatically inferred. All numeric types
are represented internally as double-precision floating point
numbers. LQX is strongly typed so mixed type expressions
are not permitted without explicit type conversion. The
object type is used to access objects in the input model and
result attributes such as throughput and utilization, namely
processor, task, activity, entry, phase, and call.

Input values are set by using $-variables in the input spec-
ification and then writing to these variables using a LQX
program. A $-variable may occur more than once in the in-
put model, so one variable can be used to update multiple
parameters simultaneously. There is no support for chang-
ing the structure of a model through LQX. Rather, separate
model files must be created, though they can all share the



same LQX program through the use of the LQX import fa-
cility.

The LQX function solve() is used to solve the model
and can be invoked once all of the $-variables have been set.
If this function is omitted in an LQX program, solve() is
invoked implicitly after the program runs.

3. SOLUTION OF DYNAMIC PARAMETER
SUBSTITUTION

Dynamic parameter substitution extends the core idea
of layered queueing, that is, modifying the parameters of
one submodel based on results found from other submod-
els. Layered queueing typically modifies service and think
times of the underlying queueing models. Dynamic param-
eters extend this concept to allow any input parameter of
the underlying queueing network to be modified based on
one or more output parameters. For this work, updates to
parameters are done using user-defined LQX expressions at
the outermost iteration of the solver.

3.1 Dynamic Parameter Substitution

The principle idea behind dynamic parameter substitution
is to extend layered queueing networks to handle decisions.
The request rates, y, of the execution paths of a decision are
set using dynamic parameters, which change as the model is
being solved similar to the way the service times are changed
over time. A for loop is used to call solve() repeatedly
until the difference in input parameters becomes sufficiently
small. This is equivalent to hybrid performance modelling
since this approach solves the model to completion each time
solve() is invoked. However, there is no requirement to
solve a model to completion before changing parameters, as
this is the essence of layered queueing as described earlier.
In [6], all of the inner iterations (Steps 3 and 4 in §2.2)) were
removed leaving only the outer iteration to execute. For
fixed rate and infinite servers, this approach produced the
same results as the more expensive technique. Because of
this observation, subsequent versions of the solver will move
the update process into the inner iterations.

One other necessary step is to find suitable expressions
for mapping output parameters such as throughput and uti-
lization to input parameters. These expressions for timeout
patterns are found below. Because the DPS solution of time-
out decisions is using the DPS solution for abort decision, it
is necessary to introduce the DPS solution for abort decision
first.

3.2 Abort Decision

The decision on whether to take the success or abort path
is based on the probability of finding a customer queued for
resource. These probabilities are Pr{success} and Pr{abort}
respectively and are used to set the call rates $y1 and $y2
in Figure The probability of going to the abort path
Pr{abort} is the probability of finding requests in the queue,
but not in service, in the success path to dblock, i.e.:

Pr{abort} = fresource (4)

Sresource T Qresource

Pr{success} = 1— Pr{abort} (5)

where s is the residence time (including requests to lower-
level servers) at resource and gresource is the time a request
is waiting in the queue but not in service.

requestPage
5

Layer 1

t_decision timeout
[0] [Sabort] Layer2

imeoutDec}ﬁi&m {$ timeoutT {inf}

timeoutP Layer 3

fetchPage
[0.01] [0.015] Layer 4

DB WDisk
DBP* Layer 5

Figure 4: A web server system with timeout.

Increasing the value of $y2 removes requests that are
aborted and also reduces the traffic seen at a server which
in turn makes the likelihood of an abort smaller. The next
iteration of the solution will then add some traffic back until
convergence, then $y2 reaches the desired value of the abort
probability.

3.3 Solving Timeout Decisions

Modeling a timeout directly using feedback may have prob-
lems when the timeout probabilities are small. The solution
here is to construct an abort decision to solve a timeout de-
cision by adding the auxilliary pseudo task. Figure ll shows
an example of the use of this technique where requests from
Users to WebServer can timeout. After adding the auxilliary
pseudo task timeoutDecision into this model, the reference
task requestPage, the pseudo task timeoutDecision, and the
delay task timeoutT form an abort decision. The task time-
outDecision is a pseudo task added to the model to find the
response time (queueing plus service) at WebServer to de-
termine whether a request will or will not timeout. The
multiplicity of this task, m, is set to

Ttimeout
m = max (mWebServer + 1)7 ——— X MWebServer
T'WebServer
(6)

where z is the response time at the task WebServer (found
using (@), and mwebserver 18 the number of threads of the
task WebServer. Each copy of the multiserver timeoutDe-
cision which is busy (i.e., the utilization of the webserver)
represents requests which do not time out. Conversely, the
queue at timeoutDecision represents requests that do time-
out. Note that the multiserver parameter m may change
during solution due to delays propagating up to WebServer
as the model is solved. m has a minimum value of (MwebServer+
1), which ensures that some requests queue at the resource.

The second part of the solution is to find the probability



of a timeout, which is used to set $y1 and $y2 in Figure [
where $y2 is the probability of a timeout, represented using
y2 below. Two other variables are needed, the upper-bounds,
U, and lower-bounds, L, of y2 which are initialized to 1 and 0
respectively and converge towards each other as the solution
progresses.

L+ = max(yéi), Lm)

min(yy”, U®)

(7)

qf” >0
¢’ =0 (8)

UGt

where ¢; is the mean queue length at timeoutDecision and
i is the iteration number. The probability of a timeout is
calculated as the waiting time, g1, over the residence time
at timeoutDecision, .

(%)
Pr{timeout} = ()%7 9)
(hl + (@

Finally, the new value for $y2 is found using:

Pr{timeout} qp > 0, L < Pr{timeout} < U
(i+1) M qp > 0, Pr{timeout} < L
v - 7’:(”1);[](1) qii) > 0,U < Pr{timeout}
L(i>+g<i+1> ¢ =0

(10)

The LQX code for solving the models is in Listing [l
Line [I8] is used to find m, the number of copies at time-
outDecision, using (@). Lines and are used to find
the lower (@) and upper bounds (8) respectively. Finally,
lines 23] B5l and [0 are used to find the new value of $y2
using (I0).

The solution for timeout decisions can be easily extended
to handle abort decision by setting the dynamic parame-
ter m equal to Mwebserver, When Tiimeout = 0 at line [IH] in
Listing [

However, there is a special case needs to be considered.
The first condition of this case is the probability of timeout
is small, more precisely, when the mean queueing delay at
the resource is smaller than T;meout. The second condition
of this case is the dynamic parameter m is also small, for
example, less than five. In this case, Pr{timeout} may be
very sensitive to the mean response time at the resource at
some points. This problem can severely affect the results
of timeout probabilities and also may lead to the conver-
gence failure if this problem occurs during solution itera-
tions. The experiments show that small changes upon the
response time of a resource server may cause a large differ-
ence in the timeout probabilities. For example, the model
used in the case study, given Tiimeout is 0.6 seconds, when
the mean response time of the resource (the writer lock)
are 0.29 and 0.31 seconds (around 15 customers in the sys-
tem), the corresponding timeout probabilities are 0.22 and
0.4. The reason is that the value of m is changed from
three to two, which results the mean queueing time (g1) at
the decision is increased from 0.2 to 0.4. Consequently, the
corresponding timeout probabilities are significantly larger
than the simulation results. To address the problem of small
timeout probability, the Pr{timeout} in (@) is adjusted by
a ratio using the queueing time at the resource (g2), which

Listing 1: LQX program for solving timeout

lowerbound = 0.001;
upperbound = 0.999;
T_timeout = 1.0;
$abort = T_abort+T_timeout;
$m_res = 1;
for ($n = 100; $n <= 1000; $n += 100) {
$m = $n; i = 1;
upper = upperbound; $yl = upper;
lower = lowerbound; $y2 = lower;
for (delta = 2; delta > 0.000005 || i <= 2;
delta = (last_y2-$y2)*x2) {
last_y2 = $y2;
solve () ;
s_succ = phase(entry("retrievepage") ,1).

service_time;
w_succ = call(phase(entry("requestPage"),
1) ,"t_decision") .waiting;
if (T_timeout 0.)
$m = $m_res;
else
$m=max (($m_res+1) ,ceil (T_timeout/s_succ));
if (w_succ > 0.) {
lower = max($y2,lower);
if (lower <= $y2 && $y2 <= upper) {

prob = w_succ/(w_succ+phase (entry(
"t_decision"),1).service_time);
$y2 = ($y2+2.0*prob)/3.0;

if ($y2 <= lower ||
$y2 =

upper <= $y2)
(upper+lower)/2.0;

}
} else if (i > 1) {

upper = min($y2,upper);

if ($y2 > lowerbound)

$y2 = (upper+lower)/2.0;
}
$y1 = 1 - $y2;
i += 1;
}

is shown in ().
a;” a5”

(@) (7) (11)
Q1"+ 4o
The rationale for this adjustment is that when small values
of m result in larger values for g1, they also result in smaller
values for g2. Therefore, the smaller g2 can stop the increase
of Pr{timeout}. If a model has a larger probability of time-
out or a larger value of m, this problem can be eliminated.
This fact is demonstrated by the results in the next section,
by using the web server model in Figure (@l

3.4 Results

The model shown in Figuredlis a simple web server model
with timeouts that was used to evaluate DPS algorithm in
Listing [l Figures[Bal through [5dshow the results from solv-
ing this model using DPS and from simulation. Simulations
were run with confidence intervals of 95%. Simulation re-
sults were found using a version of lgsim [7] modified to
handle timeouts for requests directly in [II]. These results
show that DPS compares favourably to simulation in calcu-
lating the server throughput and the probability of a timeout
with an average error of under 1%. DPS is less accurate at
calculating the waiting time from requestPage to t_decision.

Figure [ shows the probabilities of timeouts when the

Pr{timeout} =
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Figure 5: Results from solving the model timeout
shown in Figure [ with lgsim and DPS.
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Figure 6: The probabilities of timeouts for the web
server model with one thread and two threads re-
source server.

web server has one and two threads, while Tiimeout 1S set
to 0.8 second. The results of DPS in both cases are compare
favourably to simulation. Lastly, Figure [Edl shows the exe-
cution time of DPS and simulation time when using a 3GHz
Intel Core 2 Duo processor. When the system has 1000 cus-
tomers, DPS only took 0.025 seconds to solve the model,
while the simulations took around 100 seconds on average
95% of the time. Therefore, DPS is significantly efficient
comparing to simulation.

4. CASE STUDY

The model used in this case study, shown in Figure 2 was
adapted from the model used by Wu [20] to develop a hybrid
solution for exception handling in the context of a web ap-
plication that accesses a database. This model emphasizes
the handling of decisions made at the write lock. Update re-
quests from users arrive at dbcontrol, at which point a lock
request is made to the underlying database dbWorker. If the
lock is available the request follows the call from dbcontrol
to dblock. Otherwise, this request will wait for the lock until
the specified period expires. This request may acquire the
lock or be rejected by routing it to dbabort.

To handle the timeout decision using DPS, the pseudo
task dblock was added to this model. The decision on whether
to take the success or timeout/abort path is based on the
probability of finding a customer queued for this task. These
probabilities, namely Pr{success} and Pr{abort}/Pr{timeout},
are used to set the call rates $y1 and $y2 respectively in Fig-
ure

4.1 Case 1: Abort Decision

When the timeout threshold Tiimeout is ZERO, this time-
out decision is an abort decision. In this case, the dynamic
parameter $m, the multiplicity of the pseudo (timeout) task,
is set to one, since the writer lock (dblock) only can have one
thread.

Figures [Tal through [T show the results from solving the
model using DPS and LQSIM. DPS has average relative
errors of less than 4% when compared to the simulation in
calculating the lock probability, the holding time for the lock
and the “useful” throughput (throughput at entry dblock).
Figure [T also shows the results from solving the model using
CSIM and HPMM from [20]. DPS is more accurate when
calculating the response time at the web server at high loads
when compared with the hybrid approach HPMM.

4.2 Case 2: Timeout Decision

Case 2 uses the database model with a timeout decision
shown in Figure 2] where Tiimeout is set to 0.6 and is an ex-
ample of the special case discussed in Section B3] which oc-
curs when the number of customers is less than 22. Figure[8
shows the results from the model when solved using DPS and
LQSIM. The results from DPS are quite accurate in solving
the probabilities of timeouts in the special case. However,
there is a discontinuity of the probability of lock acquisition
in Figure [Ral where the calculation of Pr{timeout} switches
from using () to @) because the mean queueing delays
of requests are close to Tiimeout- After this point, the er-
ror rates of the probabilities of lock acquisition are less than
8%. The results for the mean lock holding time, the mean re-
sponse time of web users, and the utilization of the disk (the
bottleneck device) are all quite accurate. The error rates of
the useful throughput, the throughput of the lock, are same
as the error rates of the probabilities of lock acquisition.

Finally, Figures [7fl and [Bfl show the execution time of DPS
and simulation for both cases. All the DPS executions are
less than 0.8 second, while simulation times are around 30 50
seconds. However, DPS usually requires a more iterations
when solving timeout decisions than solving abort decisions.

5. CONCLUSIONS

This paper has shown how the Layered Queueing Exper-
iment Language has been used to implement Dynamic Pa-
rameter Substitution to allow the solution of performance
models with state-based behaviour, which emphasizes on
timeout decisions here. Pure queueing-based solutions to
models of this type are not possible because all of the pa-
rameters to a queueing network must be known prior to so-
lution. Consequently, state-based solutions, simulation, or
combinations of these two techniques with a queueing model
have been employed in the past.

Dynamic Parameter substitution takes advantage of the
very method used to typically solve a layered queueing net-
work analytically: iterative solution among multiple sub-
models. With this approach, the results of the solution of a
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submodel are used as input to other submodels. Dynamic
parameter substitution extends this method to allow arbi-
trary output to be fed back as input for subsequent iterations
of the model. This method is implemented using the LQX
language here.

DPS was used to solve LQN models with generalized time-
outs, which cover both timeout (on queueing delays) and
abort decisions. The novelty of the solution here was the use
of a multi-server pseudo task to partition the queue where
customers could experience timeouts. Customers that can-
not timeout are represented by the copies of the multiserver
while customers that will timeout are represented by the
queue of the multiserver. This approach was very effective
in finding the timeout probabilities and throughput for the
system when compared to simulation. With DPS, the aver-
age relative error in throughput was less than 8%. DPS has
a higher accuracy in solving systems with large number of
customers.

The DPS solution is quite efficient. All the execution
times of DPS are much less than the simulation time. Since
all computation is performed within the context of a single
operating system process, no file input/output or process
switching is required. This could be of tremendous benefit
than the hybrid approach’s solution .

The only deficiency of the DPS approach is the require-
ment to find expressions for feedback. In the future, com-
mon decision-based performance scenarios will be integrated
into the LQN framework, thus relieving the modeller of this
requirement.
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