Queuing Networks for the Performance
Evaluation of Database Designs

Rasha Osman Irfan Awan Michael E. Woodwaed

Abstract

This paper proposes a novel approach to evaluaepénformance of
database designs using queuing networks. It difiens other methods of
database system performance evaluation in thgigtfermance assessment is
specifically targeted at the database design,trtbeadatabase system software
architecture. The value of the proposed methodthi®performance evaluation
of database designs is demonstrated through cosopari with the
implementations of the TPC-C benchmark.

1 Introduction

Research in the area of database (DB) system paafme evaluation has been
limited, primarily by the focus on database manag@msystem (DBMS) component
performance in the database field [1] and the cutnaBon of the performance
engineering community on software system architesttand design models [2].
Performance evaluation database designas described in this paper, to the best of
our knowledge, has not been previously addressed.

Conventional software testing methods do not aidbitabase design assessment as
software testing focuses on the functionality oé thystem [3] and how well it
conforms to its requirements. Performance requintsnare tested through software
performance engineering techniques [4], but thes@niques, again, focus on the
functionality of the whole system. No efforts arade towards the changes that occur
inside the database and their effect on overalesyperformance, as demonstrated in
[4] and [2].

Moreover, most of the research work in databastesyperformance evaluation
[5-10] assesses the performance of these systethe aftware architecture level
and is mostly concerned with physical capacity piag, not database design
troubleshooting [11]. Contrary to this trend, thaper proposes an original method to
evaluate the performance of database designs Iy davelopment phases using
gueuing networks.

The intention of this paper is to establish thadityl of our method in effectively
modelling database design performance as a fiegg 8t achieving a complete
framework for the performance evaluation of datebdesigns and database systems.
This work is an implementation of the ideas desatim [11]. The contributions of
this paper are as follows:

e We demonstrate the suitability of queuing netwoftes database design
performance modelling.
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¥ We propose a novel performance evaluation moddat#base designs using
queuing networks.
¥ We present an empirical evaluation of our techniyeapplying it to the
Transaction Processing Performance Council (TP@)-TRdatabase system
benchmark, demonstrating the merit of our approashwell as presenting
performance measures for the TPC-C benchmark queeitwork model.
The rest of this paper is organized as followsSSéction 2, the modelling technique
is described. Experimental results are in Sectidbddclusions and future work are in
Section 4.

2 The Proposed Approach

Database system performance is usually measureams of query and transaction
response time; the major indicator of a system aap@roblem. After a database
system exhibits a performance problem, the mairortefbf post-deployment
performance tuning is concentrated on the revisiothe design of the database and
the transactions running against the database lL2Hence, if the flaws of the
database design were discovered before system rnmaptation and deployment,
some of the post-deployment performance problemddvoave been avoided. The
database design artifacts are the main contributorsperformance problems;
therefore, an early evaluation of their performacwmepled with the knowledge of the
application design is a major factor in the redarctdf post-deployment database
tuning.

Now, consider a database design with tables anddctions that access these
tables. A valid assumption would be:

Total response time of a transaction =

total time toaccess the dataf tablg +

total time tareturn data to the clierfrom table) +
total time tgprocess procedural statemewts the client

n
Z (total time towait for accesso table +
i=1

where table 1,2, E, n are the tables accessedéyransaction.

But:

¥ total time to wait for access to the table = tofatet waiting for other
transactions to complete their access to the t#filecan be considered as the
gueuing time

¥ total time to access the data = total number ok aisesses (/O DB pages) to
fetch the data into main memogythe duration of ol disk access + total
time to complete the operations on the data; this loe considered as the
service demand

¥ total time to return data to the client dependsh@nrate the data oscillates
between the client and the server;

¥ total time to process procedural statements depamtise processing speed of
the client.

Therefore, the relationship between tables andga@ions can be represented as a
gueuing system and modelled using a queuing networthe queuing network the
tables will represent the shared resources, eesehvers, and the transactions that use
these resources are the customers. Total timetumrdata to the client and process
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procedural statements can be aggregated for each transaction as the client think time
or added as a delay resource in the queuing network.

Performance modelling of database designs is possible because transaction service
demands on their relevant tables can be estimated from the procedural structure of the
transaction design, i.e., from the SQL statements, the procedural statements and the
structure and relationships between tables by using database query optimization
techniques [13, 14, 16]. Disk I/O cost is the dominant factor [16, 17] in query
execution costs, especially for large databases; this is the cost criteria that is used to
calculate service demands for transactions on the relevant tables for our queuing
network models. Other performance evaluation inputs, e.g., frequencies and counts of
transactions, number of transaction invocations, user population, etc, are available or
can be calculated from the application design [4]. In our approach, we limit ourselves
to the query optimization techniques that are available to database designers in
commercial DBMS, see [13], [14], or [16].

2.1 Building the Queuing Network
The steps to build a queuing network model for a database design are described next.

The Input
A database design composed of:
e Tables:
e Structure, data types, attribute selectivity, etc.
¢ Expected number of rows and record length.
e Index types and structure.
e Transactions:
e Rate of occurrence or % of total transactions.
e Structure :
0 SQL statements:
I Tables accessed.
I Join/retained attributes: sequence, selectivity.
I Access path: can be calculated in I/O DB pages.
0 Procedural statements.

The Method
The servers in the queuing network model are classical M/M/1 queues with
parameters specified based on the database design.

1. Specify server parameters:

e Servers: each table in the database design is a server in the queuing
network; partitioned or replicated tables are represented as separate
servers.

e Customer classes: each transaction type is considered as a different
customer class: transaction types that access identical tables with equal
service demands may be considered as one class.

® Queuing discipline is FCFS: DBMS use queues to control access to
data objects; a new transaction is given access to a data object
depending on the state of the current transactions waiting to access or
currently accessing the data object. Depending on the concurrency
control mechanism implemented by the DBMS, access is either granted
immediately to the new transaction or it is forced to queue behind the
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current transactions [13]. FCFS abstracts this in forcing all transactions
to wait.

® Queue length is infinite: this is based on the assumption that aborts due
to deadlocks are rare in DBMS [13] and that system overload causes
long response times instead of transaction aborts.

2. Specify performance characteristics for the customer classes:

e Transaction service demands on each server: the total cost of executing
the SQL statements in terms of I/O DB pages (service demands are
assumed to be exponentially distributed with the mean being the
calculated I/O DB page cost x the duration of one disk page access).

e Transaction arrival rates (open queuing network) or number in system
(closed queuing network).

e Transaction think times.

3. Specify the routing table for the customer classes; i.e. the order in which the
transactions access their tables.
4. Solve the queuing network model.

The Output
Depending on the complexity of the queuing network model and the solution
method used, some possible outputs are:
® For each table
® Bottleneck resource
e Total access compared to other tables
e Mean queue length
e Mean waiting time to access the table
e For each transaction
® Mean response time
e Mean waiting time to access each table
e Response time distribution

3 Validation of the Approach

The Transaction Processing Performance Council (TPC) TPC-C benchmark revision
5.8.0 [18] is used as an example of a database system design. The TPC-C disclosed
implementations in [19-23] are used as examples of the implemented database
system. The TPC-C benchmark is a design specification of an order-entry system. The
specification is composed of [18]:

e 9 tables (WAREHOUSE, DISTRICT, CUSTOMER, HISTORY, ORDER,

NEW-ORDER, ORDER-LINE, STOCK, ITEM);

e 5 transactions (New-Order, Payment, Order-Status, Delivery, Stock-Level).

A brief description of the transactions is in Table 1. The details of the design of
the tables, the relationships between them, and the details of transaction functionality
can be found in [18].

The TPC-C benchmark also includes performance specifications related to the
implementation of the database system such as keying and think time distributions for
transactions and the probability of operations on the database and the probability of
choosing the values of the parameters for the transactions [18].
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Table 1. Summary of the TPC-C benchmark transactions.

Min. % of the

Transaction Description total number of
transactions
New-Order | Initiates a new order. No minimum

Updates the customer’s balance and reflects the
payment on the district and warehouse sales statistics.
Order-Status | Queries the status of a customer’s last order. 4
Processes a batch of 10 new orders, one for each 4
district for a given warehouse.

Counts the number of items in the last 20 orders in a

Stock-Level district that fall below the stock threshold. 4

Payment 43

Delivery!

3.1 Experimental Results

Using the transaction descriptions of the TPC-C benchmark in [18] and the order of
execution, index structures and SQL statements described in [19-23] in addition to the
assumptions detailed in the appendix, the service demands (number of I/O DB pages)
are calculated for the transactions on each table by using query optimization
techniques. Details of applying query optimization techniques to estimate query DB
page cost can be found in [13, 14, 16]. The cost model is described in [13].

Applying the steps described in Section 2 we get the service demands for all the
transactions (Table 2) and the multi-class queuing network of Fig. 1. The TPC-C
benchmark specifies that the transaction think times follow an exponential
distribution and we have assumed that the service demands for the transactions on the
tables are exponentially distributed with means as calculated in Table 2.

Table 2. Service demands for the TPC-C benchmarks.

Service Demands (in DB pages)?
| 11 111 1A% \Y4 VI VI VIII | IX

Transactions

New-Order 1.2 122] 12 022122 73 7.3 4
Payment 2222|1276 | 2 0 0 0 0 0
Order-Status | 0 0 [1551] 0 |345] O 4.63 0 0
Delivery 0 0 7.3 0 | 132197 ] 154 0 0
Stock-Level 0 |12 0 0 0 0 10.63 | 200.76 | O

I= WAREHOUSE, II= DISTRICT, Ill= CUSTOMER, IV= HISTORY, V= ORDER,
VI= NEW-ORDER, VII= ORDER-LINE, VIII= STOCK, IX= ITEM

Figure 1 is a multi-class queuing network, which was solved using simulation. The
queuing network was simulated with 9 servers (tables), 5 classes (transactions) and
1500 users (terminals) using QNAP2, a discrete-event simulator for queuing networks
[24], at 95% confidence interval. The small number of users (terminals) is due to the
limitations of the QNAP2 package. The implementation in [19] has 80,000 users
(terminals).

The TPC-C benchmark only specifies the disclosure of response times for each
transaction, which is what the simulation measured. Figures 2a — 2e show the
response time frequency distribution for the QNAP2 simulation and the disclosed

! The Delivery transaction is a deferred execution transaction with its response time calculated when it is
queued for service (deferred response time) and when it finishes service (interactive response time).

2 These values are multiplied by the duration of one disk page access to give the final service demands used
in the simulation (see the appendix).

UKPEW 2008 — http://ukpew.org/



177

R. Osman, I.U. Awan and M.E. Woodward

results in [19] for the transaction classes. In Fig. 2a - 2e and Fig. 3b, we have used
HP1 to reference [19].
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Fig. 1. Multi-class queuing network model for the TPC-C benchmark.

Due to the fact that actual data is not available for the TPC-C disclosed
implementations, the comparison between our simulated model and that of [19] is
conducted by using the graphs of these disclosed reports. The TPC-C specification
states: for the response time frequency distribution graphs, the x-axis represents the
transaction response time and must range from zero to four times the measured 90th
percentile of the measured response times for that transaction and that at least twenty
different intervals, of equal length, are to be reported [18]. The simulation graphs
were plotted in this way, therefore a comparison between the different response time
frequency distributions is possible.

From Fig. 2a - 2e, the response time frequency distributions for the simulated
queuing network model of the database design are similar to those disclosed in [19].
This is in spite of the fact that the scales on the graphs are different. In addition, the
implementations in [20-23] exhibit the same performance behavior as that of [19].
Hence, the simulated queuing network model of the database design exhibits the same
performance behavior as that of the actual implemented database systems in [19-23].
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Fig. 2a. The response time frequency distribution for the New-Order transaction.
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Fig. 2e. The response time frequency distribution forSkerk-Level transaction.

Figure 3a shows the average response time forraéinsactions of the simulated
queuing network model of the TPC-C benchmark. Eig8b, depicts the average
response times for the TPC-C benchmark transactidisslosed in [19-23]
(respectively HP1, HP2, IBM1, IBM2 and Bull) as Wwek the overall average of
these disclosed results. These disclosed resulligeuthe TPC-C benchmark
implementation for the Oracle DBMS. From Fig. 8¢ average response times of
the transactions have a certain pattern in relat@ach other in all implementations.
The New-Order, Payment and Order-Status transactiawve very similar average
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response times, while the Delivery (deferred) transaction has the least average
response time, the Stock-Level transaction has, on average, the longest average
response time and the Delivery (interactive) falls between the Delivery (deferred) and
the New-Order, Payment and Order-Status transactions.
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Fig. 3. (a) Simulation results for the average response time for the TPC-C benchmark
transactions. (b) Average response time for the TPC-C benchmark transactions in [19-23].

From Fig. 3a the average response times given by the simulated queuing network
model of the TPC-C benchmark design have this same pattern. There is a difference
in the Stock-Level and the Delivery (interactive) transactions, which show relatively
long average response times compared to the pattern shown in the implementations.
This is not surprising, since the Stock transaction is a heavy JOIN transaction; it
queries the DISTRICT, ORDER-LINE, and STOCK tables, with its largest service
demand on the STOCK table (see Table 2). This difference is due to the fact that the
implementations in [19-23] keep the STOCK table in the DBMS buffer at all times,
therefore the Stock-Level transaction is faster. Buffering is not considered in the
model at this stage, hence, the Stock-Level transaction runs faster in the
implementations than in the model. This result was to be expected.

The Delivery (interactive) transaction is implemented in [19-23] using the Oracle
PL/SQL FORALL construct which improves performance due to the elimination of
context switches that usually occur in the execution of SQL statements in PL/SQL
FOR LOOPs. There is no official measure of the expected performance gain that is
achieved when implementing the TPC-C benchmark using the Oracle PL/SQL
FORALL construct instead of the Oracle PL/SQL FOR LOOP (no TPC-C disclosed
reports are available for older versions of the Oracle DBMS). Therefore, we have
assumed a 66% performance gain when using the Oracle PL/SQL FORALL construct
over the use of the Oracle PL/SQL FOR LOOP, based on the average performance
gain described in the Oracle DBMS literature [25-27]. This gave the results in Fig 3a.

From the previous results, the queuing network model of the TPC-C benchmark
database design exhibits comparable performance behavior and a similar transaction
average response time pattern. The queuing network model was able to capture the
expected behavior of the database transactions, using the details of the database
design, the transaction DB I/O page costs, and the assumptions detailed in the
appendix without considering the level of detail of the TPC-C benchmark disclosed
implementations. This demonstrates the ability of the model to represent the database
system.
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3.2 Performance Measures

The simulation of the TPC-C benchmark queuing ndtweas run for 10, 100,
500, 1000 and 1500 clients to illustrate the modelbavior under different load
conditions. The TPC-C transaction mix is that obl€al. Figures 4 - 6 show the
throughput, mean response time, mean queuing timéné TPC-C queuing network
transactions. Figures 7 and 8 show the mean geegthl and mean queuing time for
the tables (servers) of the TPC-C queuing netwoddeh Figure 9 shows the
relationships of the mean queuing times on eadh fabeach TPC-C transaction.

As indicated by Fig. 4-6, throughput, mean respdimse and queuing time for the
transactions increase as the load on the modatisased. This holds for the mean
gueue length and mean queuing time for the tables fig 7 - 9. This result is
typical of any database system: the transactiah &ff@cts performance.

Using these figures, we will demonstrate how a luketa designer can deduce
performance indications from the database design.
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Fig. 4. Simulation results for the throughput Fig. 5. Simulation results for the mean
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From Fig. 5 and 6, the Stock-Level transactionthadongest mean response time
and mean queuing time, longer than the overallegsyshean response and queuing
times, even though the Stock-Level transactiondaghroughput (Fig. 4), 4% of the
total throughput (this is incorporated in the TP@€&hchmark specifications). This
indicates that this transaction is a candidatg@é&formance tuning, i.e. redesign.

In addition, from Fig. 7 and 8, the STOCK table tieslongest mean queue length
and the longest mean queuing time, longer thanottezall system mean queuing
time, even though the STOCK table is accessed lyytao transactions (New-Order
and Stock-Level), in contrast to the CUSTOMER tattlat is accessed by four
transactions (New-Order, Payment, Order-Statusiv&rg). Furthermore, from Fig.
9, the majority of the waiting time spent by thewN®rder and Stock-Level
transactions is queuing for the STOCK table. Giteat the TPC-C benchmark
specifies the New-Order transaction as the measfusgstem performance [18], the
STOCK table is a major bottleneck for the New-Ort@nsaction as well as the
Stock-Level transaction.

The data retrieved by the New-Order and Stock-Levahsactions from the
STOCK table cannot be changed due to the TPC-Cifigaions, i.e. these
transactions cannot be redesigned and hence tkeiics demands cannot be
changed. Therefore, a redesign of the STOCK tabits mccess methods (indexes)
would benefit the response time of both the Stoekell and New-Order transactions.
This conclusion is consistent with the TPC-C impatations that have kept the
STOCK table resident in the DBMS buffer [19-23]er#fore eliminating 1/0O disk
access, thus decreasing transaction response times.

3
]

©0.00008

©0.00006
0.00004
©0.00002

o

10 100 500 1000 1500
# of clients

O WAREHOUSE m DISTRICT 0O CUSTOMER O HISTORY = ORDER
O NEW-ORDER O ORDER-LINE [ STOCK O ITEM

Fig. 9. Simulation results showing the relationships betwmean queuing times on the tables
for the TPC-C transactions for different numbeclants.

4 Conclusions & Future Work

In this paper, we have proposed a novel modellechrique to evaluate the
performance of database designs using queuing riedwbhis original approach adds
the element of dynamic modelling of the databassigde giving the database
designer more visibility on the expected perforneanof the design before
implementation, thereby improving database desigmd preventing costly post-
deployment database tuning.

We have shown that our database design performauocke! has the ability to
evaluate expected database system performanceadfitahase designs. This has been
established through the modelling of the TPC-C berark design and comparing the
simulated results with the disclosed TPC-C benckrmaplementation results. The
gueuing network model for the TPC-C benchmark detebdesign was able to
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capture transaction performance behavior and toeopih database design artifacts for
performance redesign.

This work is an early step towards a performancaluation methodology for
database designs. Extensions to the current datatessgn performance model are
proposed by adding a more detailed representatioDBMS, namely a refined
representation of the DBMS storage subsystem anihtiorporation of temporary in-
memory SQL operations in the query 1/0O cost model.

With the emergence of 24x7 Web-based e-serviceicapipins with back-end
databases performance evaluation of database desigmo longer be ignored.
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Appendix: Modelling Assumptions

1. SQL Cost Estimation Assumptions

a. SQL statement DB pages cost was based on the cost model described in [13].

b. Temporary tables are completely held in main memory; therefore any
manipulation of intermediate results incurs no costs.

c. It is assumed that all data pages are flushed from memory after a SQL
statement completes its operations on the data; no caching is involved.

d. Relational algebra JOIN operations are modelled on the queuing network as
sequential access to the tables in the order that they are accessed by the query
optimizer (this information is available on the query tree).

2. TPC-C Benchmark Assumptions

a. No transaction rolls back;

b. The Payment and Order-Status transactions are invoked using the customer’s
last name only;

c. The effect of the growth of the tables due to the execution of the New-Order
transaction is not taken into account when calculating service demands for
transactions.

d. The average value for all parameters is used.

e. The average number of customers with the same last name and the average
number of repeated items in 20 orders for the Stock-Level transaction was
calculated through a simulation of the nonuniform random functions stated in
the benchmark with parameter C=1.

f. Time to return data to the client during the execution of the transaction is not
considered.

3. Miscellaneous Assumptions

a. Database block size=2048 bytes and DB pages are fully loaded.

b. Disk I/O access time is 0.00002 seconds per DB block/page.

c. Locking and locking delay is not considered.
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