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ABSTRACT

This thesis exam nes the potential for reduction in
software conplexity of applications devel oped under the
Singl e Address Space (Operating System Sonbrero versus those
devel oped under a conventional process-oriented operating
system W ndows 2000.

To test Sonbrero‘s inpact on devel opnment costs, a set
of sanpl e database applications with varying functionality
was devel oped under W ndows 2000 and Sonbrero. Using
accepted software engineering netrics, the software
conplexity of these systens was conpared.

The results obtained indicate a substantial reduction
of software devel opnent costs and defects in a single
address space environnent such as that provided by

Sonbr er o.



DEDI CATI ON
To my famly for all their support.

In menory of ny Mother, to whomthis day was so inportant.



ACKNOALEDGEMENTS
Many thanks for the effort and support of ny commttee
menbers Dr. Janes Collofello, and Dr. Susan Urban. Speci al

thanks to nmy commttee chair, Dr. Donald MIler.

In addition | would |ike to thank the nenbers of the 64-Bit
Operating System Group, particularly A an Skousen, for
their support and al so Power Software Limted for the

eval uation license of Krakatau Professional (C++) Metrics.



TABLE OF CONTENTS

Page

LI ST OF TABLES. . . . .. . e I X

LIST OF FIGURES. . . ... e e e e X
CHAPTER

1 - INTRODUCTI ON . ..o e e e e e e 1

2 - BACKGROUND . . ..o e 4

2.1 Sonbrero System Services ......... ..., 4

2.1.1 Single Virtual Address Space ................ 4

2.1.2 Persistent Storage ......... ... .. ... 5

2.1.3 Task Scheduling and Thread Mgration........ 6

2.1.4 Active and Passive Servers .................. 6

2.1.5 Distributed Applications .................... 8

2.1.6 Data Replication........... .. .. .. ... .. .. .... 8

2.1.7 Data Mgration ........... ... ..., 9

2.2 Sonbrero Conpared to Oher SASCS ................. 10

2.3 Software Conplexity Metrics ...................... 13

2.3.1 Halstead ....... ... ... . . . . 13

2.3.2 McCabe . ... .. 16

2.3.3 Lines of Code Metrics ........ ... ... 17

2.4 Project — Exanpl e Code Base to Support Metrics ... 20

2.4.1 Application Characteristics or “Way a DBS for
the Project” ... .. . . . . 21

2.4.2 Description of the Four Stages of
Functionality ...... ... ... . . . . . . . . .. 23

2.4.3 Criteria for Selecting Process Oriented
Operating System and Devel opnent Envi ronnent 28

Vi



CHAPTER Page

3 -

METHODS USED TO EVALUATE PROGRAM COMPLEXI TY .......... 30
3.1 Devel opnment Phases ........... .. .. ... 30
3.2 Conparison of Phased Developnent ................. 30
3.2.1 Measuring MCabe's Cyclomatic Conplexity ... 31
3.2.2 Measuring Hal stead’s Software Science ...... 31
3.2.3 Measuring LOC....... .. .. ... 32
3.2.4 Measuring COCOMD . .. ..ttt e 32
3.2.5 ASSUNMPLtiONS .. .. . 32
| MPLEMENTATI ON OF EXAMPLE DATABASE APPLI CATION....... 34
4.1 Design Overview of the Wndows Application ....... 35
4.1.1 Database Cient ......... .. ... .. ... .. .. .. ... 36
4.1.2 Wndows 2000 Dat abase Server ............... 37
4.2 Services Used in the Wndows 2000 Application .... 39
4.2.1 Wndows 2000 WN32 APl Services ............ 40

4.2.2 Services Devel oped on Top of Wndows 2000. . 43

4.3 Wndows 2000 Design and Inplenmentation Details ... 48
4.3.1 Menory Mapping and Menory Map Managenent ... 48
4.3.2 Message Passing ............ .. .., 50
4.3.3 Cdient/Server Comunications ............... 51
4.3.4 Load Balancing .............. ..., 51
4.3.5 Data Replication.......... ... .. ... .. ....... 52
4.3.6 Threads and Synchronization................ 52
4.3.7 lInpacts of Using Distributed Shared Menory . 54

4.4 H gh Level Design of the Sonbrero Application .... 55

4.5 Services Used in the Sonbrero Application ........ 57
4.5.1 Native Sonbrero Services ................... 58
4.5.2 Sonbrero Services Conpared to Wndows ...... 62

Vi i



CHAPTER Page

4.6 Sonbrero Design and | nplenentation Details ....... 66

4.6.1 Virtual Menory Allocation.................. 68

4.6.2 Threads and Synchronization................ 71

5 - RESULTS . 72

5.1 Results of Sonbrero and W ndows 2000 Metrics ..... 72

5.1.1 LOC MetriC ..ottt e e e 75

5.1.2 Halstead’s MetricCs ....... ... ... 77

5.1.3 COCOMD . . ..t e e 79

5.1.4 McCabe’'s Cyclomatic Conmplexity ............. 79

6 - CONCLUSI ON AND VALUE OF RESEARCH . .. ....... ... ... ..... 82

6.1 I npacts of Sonbrero on Software Life Cycle ....... 82

6.1.1 Oher Factors ........ ... .. . .. ... 84

6.1.2 Trends in Mddern Conputing ................. 85

6.1.3 Conclusion ........ ... .. . . . . . i, 86

REFERENCES . . . . . . . . 87

ADDI TI ONAL READI NG. . . . . o e e e 93
APPENDI X

A DATABASE CLASS USAGE . . ... .. e 96

B  WNDOAS DATABASE CLIENT DESIGN NOTES .. .............. 102

C WNDOAS DATABASE SERVER DESIGN NOTES . ............... 107

D SOVBRERO DATABASE DESIGN NOTES .. .................... 112

E  DEVELOPMENT AND TEST ENVIRONVENT .................... 115

F WNDOAS 2000 TEST AND MEASUREMENT CONFI GURATIONS . ... 117

G  SEPARATELY BOUND APPENDICES ... ... ... ... .. ..., 124

Viili



Tabl e

1

3

LI ST OF TABLES

Effort For Three Mddes of Basic COCOMO
Metrics Captured from Sanpl e Dat abase.

Factors Used for Basic COCOVOD.........



LI ST OF FI GURES

Fi gure Page
1. Wndows Functionality Stage 1 ...................... 24
2. Wndows 2000 Functionality Stage 2 ................. 25
3. Stage 3 - Wndows 2000 Developnent ................. 26
4. Wndows 2000 Load Balancing ........................ 27
5. Wndows 2000 Replication .......... ... .. .. .. ... ..... 28
6. Sinple Cient/Server Relationship .................. 36
7. Clients Accessing Replicated Databases ............. 37
8. Virtual Menory Moving Wndow for Large Files ....... 44
9. Data Replication ......... ... . . . .. 46
10. Sonbrero Database Cl ass Acting on Persistent Data in

11.

12.

13.

14.

15.

16.

17.

Virtual Menory. . ....... ... 57
Hardware Used In Testbed ........... ... .. .. ... ...... 116
Metrics Generation Process .......... ... .. ... ...... 118
W ndows 2000 Phase 1 Database ..................... 120
Client / Server Relationship ...................... 121
1 DBS Server, 3 Datasets, 4 DBS Cients ........... 121
Mul tithreaded Database Server ..................... 122
2 DBS Servers, 2 Datasets, 4 DBS Cients .......... 123



1 - Introduction

The prem se of this thesis is that the architecture of
Sonbrero, a 64-bit single address space operating system
[17],[18],[19],[21], reduces the conplexity of application
sof tware and hence the cost of software devel opnent.

This thesis conpares and di scusses the devel opnent of
a sanpl e application under Sonbrero, a single address space
operating system and W ndows 2000, an industrial grade
process-oriented operating system Conparisons are nade
usi ng wel | -known software engineering netrics. These
metrics quantify the inpacts of devel opi ng software under
Sonbrero and Wndows 2000 in terns of software conplexity,
quality, devel opnent effort, and costs.

A Singl e Address Space Qperating System (SASOS) can be
t hought of as a system where all data and threads of
execution, user and/or system operate in the sanme virtual
address space. A SASCS renpbves the address space boundaries
t hat nake data sharing between processes difficult and
expensive, as in traditional process oriented nmultiple
address space operating system (MASOS), |ike Wndows 2000
or UNI X.

The Sonbrero operating system bei ng devel oped at ASU,

extends the concept of a single virtual address space to



include all code and data residing on a node’'s backing
store and al so enconpasses all levels of the storage

hi erarchy of peer nodes in a distributed system These
characteristics support distributed conputing, a | ess
conpl ex progranm ng environnent and potentially higher
performance [ 23] than what is avail able from conventi onal
operati ng systens.

Sonbrero’ s use of hardware-supported object-grained
protection offers the potential of significant performance
advant ages.

This thesis does not explore the potential performance
gains to be realized by Sonbrero. W believe that, given
the continually decreasing price/performance ratios for
conputer systens, it will require nore than an increase in
operating system performance to justify changing to a new
operating system and new conputing paradigmin order to
devel op applications under Sonbrero.

This thesis explores the inpacts of Sonmbrero on
decreasing the conplexity of applications, thus decreasing
the total cost of devel oping software. The positive inpacts

on the software |ifecycle include the overall quality of



software applications in terns of potential defects and

mai nt enance costs.



2 - Background

2.1 Sonbrero System Servi ces
The underlying Sonbrero architecture provides several
power ful abstractions that are enbodied in transparent or
near-transparent system services provided to a software
systens engi neer, architect, or devel oper. These services
are explained in detail in [3]. A brief summary of Sonbrero

hi ghl i ghts foll ows.

2.1.1 Single Virtual Address Space

A Singl e Address Space Qperating system (SASCS) uses a
singl e address space for all data and threads of execution,
user and/or system For the renoval of the address space
boundary found in traditional MASOS to be practical, a
SASCS is generally expected to be deployed on 64-bit or
greater processors.

The renoval of the process boundary allows the sane
virtual address to be bound to data and code across
multiple protection domains. This allows inter-domain
communi cation typically limted to expensive and/ or cl unsy
message passing or shared nenory mnmechani snms, to have the

addi tional resource of a native and transparent distributed



shared nmenory abstraction that is integrated into the
underlyi ng operating system

In Sonbrero, virtual addresses are pernmanently and
uni quely bound to all code and data objects. Thus, a
virtual address can serve as a unique identifier and a
virtual address space can serve as the only nanespace.
Thi s binding persists across nmultiple replications of an
application and/or data set and is consistent across
mul tiple nodes in a distributed system It is also
consistent across all levels of the nenory hierarchy. Thus,
unl i ke MASCS distributed shared nenory inpl enentations,
applications can al ways depend on a virtual address having
t he sane neani ng regardl ess of where the application is run

on the network.

2.1.2 Per si stent Storage

In Sonbrero, the virtual address space is extended to
backi ng stores, which are viewed as just additional |evels
in the cache hierarchy. Data becones persistent w thout the
use of a separate file system Thus, the traditional
concept of a file system with a separate nanespace,

becones opti onal



In a distributed system the sanme concept of
persistent storage holds true as the virtual address
namespace spans all |evels of the storage hierarchy on
every node.

Since virtual nenory has native persistence, there is
no need to devel op pre-processor conpiler directives to

sinmul ate persistence in a Sonbrero system [4].

2.1.3 Task Scheduling and Thread M gration

In Sonbrero, thread mgration is straightforward.
Since objects exist at the sane virtual addresses on al
nodes, threads may travel throughout the Sonbrero network
w t hout an address space switch or a change in thread
cont ext .

Since thread mgration is transparent to the
application, the scheduler has greater flexibility in the
way it integrates other nodes in its hardware and software

resource pool .

2.1.4 Active and Passive Servers
Servers can be active or passive. An active server is

anal ogous to that found in a normal process oriented



operating system ( MASOS) where each service nust be
ani mated by a | ocal thread.

A passive server is an instantiation of a program
class that creates an object that provides a service, but
with no | ocal thread of execution. The object is created
but not ani mated by an associ ated process or thread of
execution.

A client accesses a passive server by calling the
server object’s nethods, and in the process supplies the
thread of execution. A client accesses a passive server’s
met hods by instantiating a special C++ class object in the
client program designed to represent the server, which
then acts as a proxy. Calling the proxy’ s nethods
automatically exports the calls to the server by
transparently resolving synbolic references added to the
client by the conpiler into pointers to the server nethods
that are then stored in the proxy. This allows a server
call to appear to the client programas a | ocal class
reference. This inplenentation enables the client to
access the server via an ordinary subroutine call.

The server may or may not reside on the sanme node as

the client. Any required mgration of service or thread



across nodes is transparent to the devel oper and the

appl i cation.

2.1.5 Di stributed Applications

By default, all applications are distributed in
Sonbrero. The Sonbrero scheduler will, unless instructed
to do otherw se, consider all resources in the network when
determ ning where a thread of execution should run. The
concept is anal ogous to how a process-oriented schedul er
manages symmetric multiprocessing (SMP) on a

mul ti processor.

2.1.6 Data Replication

As discussed in the previous section, distributing
t hreads of execution in Sonbrero is anal ogous to SMP. The
thread of execution will tend to mgrate to the node
cl osest to the required resources.

If the required resource is data in virtual nenory,
the Sonbrero scheduler nay determine that it is cheaper to
mgrate (replicate) the data to the node running the thread

than it is to mgrate the thread to the node with the data.



In addition, Sonbrero nenory allocation primtives
allow an application to specify to which node(s) data is
al l ocated. The server can request that the data be
all ocated on a specific node or replicated across a set of

nodes on the Sombrero network.

2.1.7 Data Mgration
Recal | that objects exist at the sane virtual
addresses on all nodes thus, Sonmbrero can copy data from
one node to another as needed, simlar to the way cache
menory can be used in a symetric nulti-processor system
Addi tionally, the Sonbrero scheduling and | oad
bal anci ng al gorithnms may, instead of copying data to a
| ocal node, mgrate the thread of execution to a renote
node where the data resides.
In either case, the mgration is done transparently to

t he application.



10

2.2 Sonbrero Conpared to O her SASOS

SASCS can be classified into two categori es:

Har dwar e supported SASCS ( Sonbrero and AS/ 400)

Sof tware supported SASCS (Opal and Mingi)

Har dwar e supported SASCS can take fuller advantage of
si ngl e address space characteristics. In the case of the
devel opnment al version being constructed at ASU, Sonbrero
uses the DEC Al pha’'s re-programabl e PAL code, which all ows
flexibility in loading the translation | ook-aside buffer
(TLB), to sinmulate an interimobject-grained hardware-based
virtual menory protection nechanism In Sonbrero, address
translation is no |longer needed in a TLB onboard the CPU as
all threads of execution share the sanme virtual address
space and therefore all onboard cache can be virtually
i ndexed and tagged, thus CPU protection hardware is used to
provi de object-level protection services for the operating
system and address translation can be noved to a device on
the nmenory bus.

In general it can be said that a hardware-supported

SASCS is potentially nuch faster than a software-supported
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systemand, nore to the point of this thesis, the software-

supported architecture retains nuch of the architectural

| egacy of traditional MASOS. A summary of the architecture

of hardware and software supported SASCS fol |l ow

«  Sof tware SASCS

Obt ai ni ng system services requires a domain
crossing and entry into privileged supervisor
node

Layered system structure: operating system
kernel, executive services and user-|evel servers
| ayered on top of each ot her

Direct support for Object Oiented Data (O0OD) and
hject Oiented Programmng (OOP) is difficult:
preprocessors and run-time systens are needed
Copy set replication and consi stency nanagenent
is usually page based and requires broadcasts
reduci ng scalability

Net wor k-wi de fault tol erance can require
addi ti onal mechani sns

Page- based object granularity
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-« Access authorization, resource accounting and
name services typically require kernel services
or intervention

« OS support for protection policy and protection
i npl enentation are intertw ned

« Hardware SASCS:

- Obtaining operating system services are
orthogonal to entry into privileged supervisor
node

« System architecture can be flat and nodular: CS
services, environnment servers and user-|eve
prograns accessible to each other via ordinary
procedure calls.

« OOD and OOP can be directly supported: An object
cl ass can be inplemented directly as a protection
domain and a server as an instantiation of the
cl ass; base cl asses can be extended via user
overrides

« The common VA space enabl es sinple scal eabl e per-
obj ect copy set replication and consi stency
managenent naturally provides a | owest |evel

cache for fault tol erance
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« bject granularity can be i ndependent of page
granul arity.

-« Access authorization, resource accounting and
name services can be done in user prograns.

« Clean separation of OS support for protection
i npl enmentation and user definition of protection

policy is sinple.

2.3 Sof tware Conplexity Metrics

Sof t war e engi neering concerns regardi ng software
quality and conplexity are magnified by the conti nual
increase in application size and conplexity [8]. To achieve
t he goal of inproved software nethodol ogies that can reduce
costs incurred throughout the software lifecycle, software
engi neers and netricians have, over several decades,
devel oped netrics that quantify the conplexity of a
sof tware desi gn and predict devel opnent costs and project

quality (in ternms of defects).

2.3.1 Hal st ead
Hal stead’ s Software Science measures a programs

vocabul ary, volune, length, difficulty, and | anguage |evel.
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From these neasurenents it estimtes a progranmer’s
productivity.
Hal stead’ s Software Science netrics estimte
programm ng effort by nmeasuring the foll ow ng properties
[ 7] :
hl = nunber of unique or distinct operators
appearing in that inplenentation
h2 = nunber of unique or distinct operands appearing
in that inplenmentation
N1 = total usage of all of the operators appearing
in that inplenmentation
N2 = total usage of all of the operands appearing in

t hat inplenentation

From these netrics Hal stead al so defines:
Program Vocabul ary: as h as hl + h2
Program Vol une: V as Nlog h
Potential operator count: h*1
Potenti al operand count: h*2

Potential Vocabulary: h* as h*1l + h*2
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Potential Volunme: V* as h* log h
| npl enmentation: N as N = N1L + N2
Program Effort: E as V2/V*

Bug Prediction: E**(2/3) / 3000

The foll ow ng text expands on a few of the nore

interesting Hal stead netrics [5].

Programm ng Effort: The programm ng effort is
restricted to the nental activity required to
convert an existing algorithmto an actual

i npl ementation in a programm ng | anguage.
Program Vol une: This netric is for the size of any

i npl enentation of any al gorithm

Coding Tinme: Using the work of psychol ogi st John
Stroud [5], Halstead estinmates that Coding Tinme (T)
= Program Effort (E) / Stroud nunber (S). Per Stroud
5 <= S<=25. In Halstead Software Science,

typically S = 18.

! Hal stead defines additional formulas not described in this
t ext
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2.3.2 McCabe
McCabe’s Cyclomatic Conplexity is a graph-theoretic
conpl exity measurenment that is independent of physical size
(varying anounts of functional statenments |eaves conplexity
unchanged). To McCabe, conplexity is a neasure of the
deci sion structure of a program and MCabe' s Cyclomatic
Complexity is a neasurenent of the nunber of paths through
a program Cyclomatic Conplexity can be used to neasure,
| ocate, and control conplexity in software applications.
Cyclomatic Conplexity is derived froma flow graph
mat hematically conputed using graph theory, to determ ne
t he nunber of decision statenents in a program
McCabe’ s Cycl omatic Conplexity v(G neasures program
conplexity by counting the program s decision statenents,
cal l ed predi cates. However, a decision statenent can

contai n conpound conditions, for exanple:

| F A==B AND C==D THEN

If only the predicates are counted, v(G is equal to 2

(1 IF statenment + 1). This does not account for the
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conpound condi tions. The exanpl e above coul d be al so be

represented as:

| F A==B and | F C==D THEN

In this case, v(G would be 3. Cyclomatic conplexity
recogni zes that conpound conditions increase a progran s

conplexity and so it also counts individual conditions.

2.3.3 Li nes of Code Metrics

There are many accepted netrics that are based on a
project’s source lines of code, as size is a primary cost
factor in many nodels. The lines of code nmetrics used in

this project are discussed in the follow ng sections.

2.3.3.1 Li nes of code (LQOC).

Lines of code is a shear volunme netric. Mich study
[ 14] has been done on LOC netrics and variants based on LOC
estimates such as SLI M and COCOMO.

There are several factors to a LOC estimate. The
nunbers of non-comrent ed sourced |ines of code (NCLOC) and

the commented |ines of code (CLOC) .
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Comrented |ines of code (CLOC) are also a valid
measurenent. Total |ength of a project can be represented

as:

LOC = NCLOC + CLCC

2.3.3.2 Constructive cost nodel (COCOMO) .

COCOMO is a public domain nmetric and is generally
acceptabl e as a software devel opnent cost estinmation tool,
produci ng cost estimates within 20% of actual requirenents,
70% of the time [1].

COCOMO is a relatively straightforward nodel based on
inputs relating to the size of the system and a nunber of
cost drivers that affect productivity.

The original COCOMO [2] is a collection of three
nodel s: a Basic nodel that is applied early in the project,
an Internediate nodel that is applied after requirenents
are specified, and an advanced nodel that is applied after

design is conplete. Al three nodels take the form

E =a x S*b x EAF
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Where E is effort in person nonths, S is size neasured
in thousands of |ines of code (KLOC), and EAF is an effort
adjustnment factor (equal to 1 in the Basic nodel) [2]. The

factors a and b depend on one of 3 devel opnent nobdes:

Organic node — relatively sinple projects in which
smal|l teams work to a set of informal requirenents
Sem - det ached node — an internmedi ate project in

whi ch m xed teans nust work to a set of rigid and

| ess than rigid requirenents.

Enbedded node — a project that nust operate within a

tight set of constraints.

The Basi ¢ COCOMO nodel conputes effort as a function

of program size [14]. The Basic COCOMO equation is:

E =a x KLOC'*Db

The factors a and b for the Basi ¢ COCOMO nodel are

shown in on the next page (Table 1).
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Table 1

Effort For Three Mddes of Basi c COCOVO

Mode a b

Organic 2.4 1.05
Sem - det ached 3.0 1.12
Enbedded 3.6 1.20

2.4 Proj ect — Exanpl e Code Base to Support Metrics

The purpose of the sanple application devel oped to
support this thesis is to provide exanples of the
programm ng effort and constructs that would be required
when devel oping real -worl d applications of the class that
benefits fromthe environnent provided by the Sonbrero
architecture.

The prem se of this thesis is that the progranm ng
environnent resulting fromthe underlying Sonbrero
architecture has significant advantages over a traditional
envi ronment for devel oping applications that rely on: data
persi stence, nessage passi ng between processes,

mani pul ati ng data (especially a large file like a
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dat abase), distribution and/or replication across a LAN for

| oad bal ance, performance or fault tolerance.

2.4.1 Application Characteristics or “Wiwy a DBS for the
Proj ect”

The sanple application for this thesis should enbody
significant and conpl ex system servi ces and process
interactions. These include: managenent of |arge anmounts
of data, data persistence, nessage passi ng between
processes, distributed processing and | oad bal anci ng.

Metrics coul d have been gathered using a collection of
toy and synthetic benchmarks. Instead, a sinple database
application is selected as it enbodies the requisite
features nentioned above and can be identified as an
application that parallels what is considered to be
comercially viable. Database nanagenent systens are good
exanpl es because, typically, they are distributed
applications that rely on many system services incl uding:
menory mapping of large files, nessage passing, data
persistence [13] and nmultithreading. A comrercial database
al so requires process distribution [15], replication and

| oad bal anci ng.
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The application devel oped for this thesis is not a
comercial grade application. The lines of code required to
produce a commercial quality product could potentially be
in the tens to hundreds of thousands of |ines of code, or
greater. Size (nmeasured in source |lines of code) woul d
al so be an issue in attenpting to port an existing public
domai n application to Sonbrero.

This application, consisting of several thousand |ines
of C++, can manage very large datasets (limted only by
di sk size, not available virtual nmenory) and provides the

followng primtive functionality:

« Open
« Create new database. Database is configured by
nmet adat a provided to the database cl ass
constructor.
« Open existing database
- Close
- Preserve database state and netadata
- Search
«  Key

- QD
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Iterate
| nsert
Del et e

Repl ace

Details on design, inplenentation and usage of the
dat abase class are provided in Section 4 - and the
appendi ces.

The sanpl e dat abase is devel oped in four phases, with
each stage of devel opnent addi ng additional features, such
as client-server architecture, or nulti-threading, to the
base set of database primtives outlined above. For
W ndows 2000, a fifth version of the database is devel oped
t hat expl ores how addi ng di stributed shared nenory woul d
ef fect devel opnent in a MASOS environnment. The distributed
shared nenory version of the code is sinulated, but

meani ngful metrics were captured.

2.4.2 Description of the Four Stages of Functionality
The four levels of functionality describe
architectural characteristics of the database (i.e. data

di stribution or |oad bal ancing) that are inplenented in
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addition to the basic database primtives described in
Section 2.4.1 and detailed in Appendi x A

The devel opnent effort under each operating system has
a one-to-one mapping to the 4 stages of functionality that

are described in the follow ng sections.

2.4.2.1 Stage 1 - base application.

The base application is a database class, whose
met hods act on a |local dataset and are called directly by a
driver application, as depicted in Figure 1

The dat abase class and the driver application run in
the sanme thread of execution. The cl ass does not support
mul tiple instantiations of the database class accessing the

sane dat aset.

Driver Application

Loca DataOn
Disk

Figure 1 Wndows Functionality Stage 1



2.4.2.2 Stage 2 - nultiple clients, single threaded
server
Stage 2 of the application requirenents adds a
mul tiple client-server paradigmto the Phase 1 devel opnent

as shown in Figure 2.

Figure 2 Wndows 2000 Functionality Stage 2

The stage-2 dat abase server class has the ability to
handl e requests fromnmultiple clients directed to the sane

dat abase or different databases.

25
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This inplies that multiple clients can access the sane

dat abase, requiring that:

- State information is maintained per client.
« Open and close may be effected if multiple clients

can open and cl ose the sane dataset.

2.4.2.3 Stage 3 — nultithreaded server.
This iteration of devel opnment, as shown in Figure 3,
adds a multithreading capability to the server class,

requiring that the server nmanage critical sections.

Loop congtruct waits for
DBS request from client

exec aworker threa
for the DBS method

Locd Datasets

Close()
Insert()
Search()
Delete()

Replace()

Figure 3 Stage 3 - Wndows 2000 Devel opnent

The al gorithm sel ected to nmanage critical sections

permts either sinultaneous readers or a single witer. A
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thread w shing to update (wite) the database nust wait for
all the readers to exit before proceeding. To acconplish
this, no readers can enter a critical section lock if a

witer is pending.

2.4.2.4 Stage 4 — distribution, replication and | oad
bal anci ng.
Stage 4, seen in Figure 4 and Figure 5 adds the
follow ng functionality:
« A load-balancing algorithmfor read operations.
- Data distribution
« Qperations that nodify the dataset must ensure data

consi stency.

Search requests are sent round-robin to available servers
Client Client Client
database-1 database-4 database-5

/ |

| 4 |/
Server Server

Figure 4 Wndows 2000 Load Bal anci ng
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Client always snds write requests to the same srver

Client Client
database-1 database-4

_ Databas=-4 write operation
Database-1 write operation

’ .
Duplicate Duplicate
q a? erver 1 |oBawite Server DB-1 Write
abase- p| database-1

database-2 database-2 Duplicate
databa%_:g databa%'4 DB-4 Write

Figure 5 Wndows 2000 Replication

2.4.3 Criteria for Selecting Process Oriented Operating
System and Devel opnent Envir onnent
The criteria for selecting the operating system and
devel opnent environnent for this project is that they be
representative of a typical commercially accepted operating

system and devel opnent environnent.

2.4.3.1 MASCS operating system

The traditional operating systemchosen for the
devel opnent systemis Wndows 2000. Wndows 2000 is a
common commercially viabl e operati ng system whose basi c
system servi ces are anal ogous to those found in other

avai | abl e operating systens such as UN X
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2.4.3.2 W ndows 2000 and Sonbrero devel opnent
envi ronment .
The application is devel oped using Mcrosoft’s Visual
C++ Version 6.0, a commercially accepted and w dely used
devel opnent environnent. Visual C++ is the common

devel opnment environnment for both Wndows 2000 and Sonbrero.



3 - Methods used to eval uate program conplexity

3.1 Devel opment Phases

As discussed in Section 2.4.2, there are four stages
of required database functionality, with each stage addi ng
additional functionality to the previous version. These
stages of functionality have one-to-one mapping to
devel opnment phases. In addition, a fifth Wndows 2000
devel opment effort sinulates the effect of adding
di stributed shared nenory to the MASCS devel opnent

envi ronnent .

3.2 Conpari son of Phased Devel opnent

Phased devel opnent provides the opportunity to conpare
conpl exity between the Wndows 2000 and Sonbrero code base
and to conpare phases of devel opnent to a previous phase
(under the sane operating systenm). This provides a view
into how the added functionality requirenents inpact
sof tware conpl exity.

At each devel opnent phase, netrics are captured for
the code base required to provide its specified

functionality.
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All of the raw netrics were captured using Power
Sof t war e Krakatau Professional (C++) Metrics. The raw

metrics data captured are summari zed as descri bed bel ow.

3.2.1 Measuring McCabe’ s Cyclomatic Conplexity

McCabe’'s raw netrics are captured using the eval uation
version of the netric tool provided by Power Software. The
raw data, which captures the McCabe count of decision
statenents per nethod, is too extensive for the delta
conparisons required by this thesis for each phase of
application devel opnent. Therefore a summary of the raw
McCabe data for each phase is produced and put into table

formusing Mcrosoft Excel

3.2.2 Measuring Hal stead’ s Software Science

The eval uation version of the Power Soft netric tool
produces Hal stead’ s Software Science Program Effort and Bug
Prediction netrics per source code file. Like MCabe’s
Cyclomatic Conplexity, nmultiple Hal stead netrics for a
singl e phase of devel opnent is not conducive to the

conpari sons on a project basis.
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Producing a single netric for each phase of
devel opnent is acconplished by concatenating all the source
files in the project for that phase into a single file. The
concatenated file is then used to generate the Hal stead

metrics for the specific devel opnent phase.

3.2.3 Measuring LOC
Total Lines of Code neasurenents (LOC) are gathered on

t he concatenated project files used for Hal stead.

3.2. 4 Measuri ng COCOMO
COCOMO estimates were based on the LOC netric using
the organic nodel. Only basic COCOMO, as described in

Section 2.3.3.2, is cal cul at ed.

3.2.5 Assunpti ons
The foll owm ng assunptions were made:
The code base is representative of the types of
codi ng constructs present in conmerci al
appl i cations.
At this time, there is no running Sonbrero operating

system [19]. The Sonbrero code base has to use a



systens services interface that contains a “best
guess” of the semantics and syntax of a running
Sonbrero; thus the application is not testable.
The W ndows 2000 distributed shared nmenory version
is conpiled but not run, as distributed shared

menory software was not avail abl e.
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4 - Inplenentation of exanpl e database application

Thi s chapter provides an overview of the Sonbrero and
W ndows 2000 design and inplenentation that is required to
produce an exanpl e database with stage 4 functionality as
defined Section 2.4.

Only stage 4 functionality is explored as that version
of the sanple application contains the full feature set
defined in Section 2.4. Discussion of phases 1, 2, and 3
woul d not provide additional information.

The W ndows 2000 and Sonbrero design overvi ews,
contained in Sections 4.1 and 4.4, provide insight into the
architectural considerations required when devel oping the
sane application under each operating system

The W ndows 2000 and Sonbrero inplenentation
overviews, contained in Sections 4.2 and 4.5, describe the
servi ces needed to support devel opnent of each version of
t he experinental application.

The W ndows 2000 i npl enent ati on overvi ew Section
4.2.2, describes “added val ue” services. These are nore
conpl ex services devel oped on top of the WN32 Application

Programm ng I nterface (APIl).



The inpl enmentati on overview Section 4.5.2, describes
how W ndows 2000 services that are described in Section
4.2.2 are provided in Sonbrero.

Lastly Sections 4.3 and 4.6 provide exanples of the
i npl enentation details for services described in other
sections.

In addition, a detailed overview of the database
cl ass usage and additional design issues for each nethod

| ocated in the appendi ces.

4.1 Desi gn Overview of the Wndows Application
Thi s subsection describes the high | evel design used
to devel op Phase 4 of the project in Wndows 2000.

When devel oped under W ndows 2000, it is necessary to

35
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devel op a separate client and server, as shown in Figure 6.

The client is |linked to a database class that provides
access to a database server via nessage passing over

TCP/ | P.
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Database Operation requests
TCPIP >

Operationresults
TCPITP

<

Figure 6 Sinple dient/Server Relationship

The dat abase server is a standal one, nultithreaded
process that |listens for requests froma client, then

creates a worker thread to performthe required operation.

4.1.1 Dat abase C i ent
The W ndows 2000 dat abase client provides the

foll ow ng basic services:

Access to dat abase services via nmessage passing
(Figure 6).

Publ i ¢ nmet hods provi di ng nessagi ng services specific
to each database primtive.

Dat abase read requests are | oad bal anced by sending
themround robin to a list of avail able servers

(Figure 7).
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Search requests are sent round-robin to available servers

dient dient Client
database-1 database-4 database-5

Figure 7 Cients Accessing Replicated Databases

To provide the services descri bed above, the database

client nust al so:

- Maintain client’s private state information that

i ncl udes:

« Internal database ID. The |ID associ ates an open
dat abase with a specific client and is passed to
the server with each request.

« List of servers. Alist of all the servers that

are hosting the open database.

4.1.2 W ndows 2000 Dat abase Server
The dat abase server nust inplenent sorting algorithns

pl us define and nmanage certain data constructs such as the
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dat abase file, index files, and netadata. These design and
code considerations are the sane in Sonbrero and W ndows
2000. This thesis does not focus on database design or

i npl emrentati on. A database design and inplenentation is

i ncl uded because it is needed to denonstrate application
functionality that requires system services whose interface
semantics are very different in a MASOS and a SASCS.

The itens of interest to this thesis are the operating
system services required to support the application. For
exanple, to inplenment an efficient sorting algorithmthe
data nust be accessible via pointers to virtual nenory.
Details of the sorting algorithmare not of interest; but
how to map data into virtual nenory is of great interest.

The W ndows 2000 dat abase server provides the

foll owm ng basic services:

» Access to database services via nessage passing.

« Map and nmanages databases in virtual nenory.

- A database “wi ndow’ into virtual nmenory for
accessing parts of |arge datasets that exceed the

avai | abl e virtual address space.
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« Constructs for sinultaneous access by multiple
clients to the sane dat abase.
« Worker threads for each database operation.
« Managenent of critical sections.
- Maintenance of private state information per each
dat abase client. This information includes:
« Unique database ID. The IDis returned to the
client when the database is opened.
« The unique I D associ ates an open database with
a specific client.
- Most recent search information that includes:
« Search type.
- Pointer or O D of object returned.
- Database replication and distribution by forwarding
dat abase create, open, wite or delete operations to

“next-in-line” server?.

4.2 Services Used in the Wndows 2000 Application
The services required by the application include

atom ¢ Wndows 2000 WN32 application programm ng interface

2 This service is not required if distributed shared menory
i's present.
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(API') services and services built by the application on top

of the discrete WN32 servi ces.

4.2.1 W ndows 2000 W N32 APl services

This section describes the basic system services
required by the sanple application. These basic services
may be used as buil ding bl ocks for nore conpl ex services
that are described in Section 4.2.2 “Services Devel oped on

Top of W ndows 2000.”

4.2.1.1 Menory mapped dat a.

Current databases do not access data by stream ng
t hrough di sk-based file data. Instead | arge portions of the
files thensel ves are “mapped” into the process’s virtual
address space. This allows an application to use nenory
pointers to quickly and efficiently access data (randoniy).
Virtual nenory access to data based on disk requires that
either the entire file, or at least |large sections of the
file, be explicitly mapped into virtual nenory.

An issue for a MASCS is that for very | arge databases
the size of the database and acconpanyi ng i ndexes nmay

exceed limted virtual address space allocated to a
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process. Thus, an application will have to develop a
service that nenory maps only a section of the large file.
This provides a “view,” or window, into a subset of the
data. This service nust be able to nove the view around,
all ow ng access to the entire file as required. This
“view’ nechanismis described in greater detail in Section
4.2.2.1 Menory managenent for large files.

The mapping of files to virtual nenory in a process-
oriented operating systemis a formof nanespace
translation. Each tine data is mapped, it may be mapped to
a different virtual address space; pointers have no neani ng
across process boundaries. Thus, how would an application
create persistent data pointers in a MASOS?

A solution is for a persistent pointer to be stored as
an offset to the object’s base address. At run-tine, a
pointer is fornmed by adding the offset to the base virtual
menory address to which the object is mapped. This nethod
is comonly called “pointer swizzling” [4]. Each tine the
object is mapped to virtual nenory, the base address may

change.



42

4.2.1.2 Native | PC.

Unl ess the application is constrained to a single
process it is usually necessary for cooperating processes
to pass nessages. For exanple, a database client woul d
pass a request to the database server for database
services. The server would then reply with the results.

TCP/IP is one solution for inter-process
communi cation, as it is reasonably fast, efficient and is
| ocation independent. It works the same for processes that
reside on the sane or differing platforns.

Using TCP/I P or other nmessaging protocols typically
requires the application to deal with issues such as
conposi ng and sendi ng nessages, and readi ng and
interpreting nessages. This inplies an agreed-to nessagi ng

prot ocol between the client and server.

4.2.1.3 Mul ti processi ng/threads.

For a database to be viable, the server nust be able
to handle nultiple requests in parallel. Thus, the
application will have to devel op nethods for creating and

managi ng multiple threads of execution.
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4.2.1. 4 Synchroni zati on.

The introduction of nmultiple threads of execution
requires that the application have sone nethod of managi ng
critical sections to insure data integrity.

Typical mniml service required would include nutex

and semaphores.

4.2.2 Servi ces Devel oped on Top of Wndows 2000.
The sanpl e dat abase application required additional
servi ces beyond those provided by the operating system

WN32 API. The follow ng sections describe those services.

4.2.2.1 Menory managenent for large files.

Mapping a file into nenory is a comon nethod for
managi ng | arge data sets. An issue arises if the amount of
data being manipulated is |larger than the avail able virtual
addr ess space.

For large datasets this can easily be the case with
I ntel 80x86 W ndows 2000. Wen the dataset exceeds the
avai l abl e virtual nenory space, a view or a subset of the

dataset is mapped to virtual nenory. Since the viewis



smal l er than the dataset there nust be nechanisns to nove
the viewif the entire dataset is to be accessible.

Figure 8 shows the address inplications of multiple
name spaces.

To resolve this issue, a Menory Mappi ng Page Handl er
i s devel oped to ensure the proper pages fromdi sk are
mapped into virtual nmenory. Not unlike a classic nenory
managenent unit, the page handl er exam nes the target

address and maps the required pages in from di sk.

Addressesin VM's Addressesin the object’s
namespace namespace

Ox1FFFFFFFFFFF

OXFFFFFFFF OXFFFFFFFF

0x115000 ( ‘| | 0x116000

0x5000

0x1000
0x000000000000
semsmsmmmmnmn  DiSK based file (over 32 bitsin size)

32 bit Virtual address space
- 196KB view mapped into virtual memory

Figure 8 Virtual Menory Moving Wndow for Large Files
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Unfortunately, this page handler is not transparent to
t he devel oper |ike a nmenory managenent unit. The
application nust call the routine prior to using any
poi nter into mapped nenory.

The handl er exam nes the requested address, nakes sure
t he proper page of the data object is napped, and returns
an offset the application uses for swizzling pointers into

t hat mappi ng of nenory [4].

4.2.2.2 Data Replication / Distribution

The sanpl e dat abase has the capability to scale and
replicate data across nultiple servers. In the
inplementation in this thesis, this is acconplished by the
client passing to a server the list of additional servers
to which it wants the data replicated.

The server then replicates any open, close, or wite
operation requests to one of the peer servers. That server
in turn, passes the operation to the next server, etc., as
shown in Figure 9. Each server sends the nessage required
for replication prior to executing the database operation,
so the operations happen, nore or less in parallel, |ess

the | atency of sending the nessages.
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Client always snds write requests to the same srver

Client Client
database-1 database-4

_ Databas=-4 write operation
Database-1 write operation

’ .
Duplicate Duplicate
q a? erver 1 |oBawite Server DB-1 Write
abase- p| database-1

database-2 database-2 Duplicate
databa%_:g databa%'4 DB-4 Write

Figure 9 Data Replication

This mechanismrequires that the client be aware of
the network topology. Certainly in a commercial systema
nore el egant method woul d be used. This would invariably

require a significant effort to devel op.

4.2.2.3 Load Bal anci ng

The sanpl e application acconplishes | oad bal anci ng by
incorporating into the database client a sinple round-robin
al gorithm for read operations.

Wite operations are always sent to the database
server that was used for the initial database open

operation. The server replicates the request to its peers
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as described in Section 4.2.2.2. Al database servers in
the sanple application nust receive the same wite request
to mai ntai n data coherency.

Wite operations can be | oad-bal anced by clients using
a different server for the initial open operation. In the
sanpl e application database, the gain would be slight as
subsequent write operations are propagated to each server.

Addi ng distributed shared nenory to Wndows 2000, as
di scussed in Section 4.3.7, resolves many of the issues of
distributing data. It also inproves the |oad bal ance
algorithm as it enables wite operation to be nade to any
dat abase server. Wth DSM that server does not need to

replicate the wite operation to its peer servers.

4.2.2. 4 Message passing

To support communi cation between processes, the sanple
dat abase nust pass nessages. This required the creation of
a comuni cation class to handle creating TCP/IP client and
server ports, establishing inter-process conmmunicati on,
nmessage read, nessage wite and cl ose connecti on.

In addition, the read and wite processes require the

calling and sending applications to agree on a nessage
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format, including a header that nmay require an enbedded
| ength, for which one side of the connection is responsible
for packagi ng and sending; while the peer nust receive and
interpret the nessage.

As TCP/IP is a streanms protocol, the read nethod nust
make sure it gets all the bytes before it returns to the
calling routine. This requires reading incomng data in a

| oopi ng construct and buil ding a nessage buffer.

4.3 W ndows 2000 Design and Inplenentation Details
This section describes the design and devel opnment
process of key features of the sanpl e database devel oped

under W ndows 2000.

4.3.1 Menory Mappi nhg and Menory Map Managenent
Mani pul ati ng datasets |i ke an array of objects

(dat abase) or sorted arrays of key/indices pairs requires

direct, random access to the data. Wrking with streans

primtives (i.e. fopen(), fseek(), fread(), fwite()) would

be very inefficient. Thus, the sanple database maps the

user database and associated indices into the process’s

virtual address space.



The logic to acconplish this in Wndows 2000 is

illustrated bel ow

/!l Create a file of a specified size (you can’'t map
/1 pages that don't exist on disk). Fileseek() wll
/1 allocate file space even if there is no data

[l witten.

if (the database does not exist)
FID = fil eopen(“dat abase nane”);
Fil eSeek (FID, requested size of database);
File close (FID)

/!l Create a file mapping and nmap pages to VM
/1 MapFil e paraneters:

/! base address you would prefer,
/1 the first page of the file you want mapped to VM
/1 the nunmber of pages to map to VM

HANDLE = create file mappi ng (database nane)

BaseAddress = MapFi | e(HANDLE, address, page#, # of pages).
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The virtual address space available to the application

is often I ess than the virtual address space provi ded by
the CPU (typically one-half to three-fourths) due to the
desi gn of the MASCS. To accommpbdate very | arge data sets,

W ndows 2000 nust provide a routine to page into virtua

menory, not unlike a typical nmenory nmanagenent unit.

/1 Cal cul ate which page of the file the pointer points
Page = Ofset / PageSi ze
If (that page is al ready mapped) // Do we have that view?
t hen

return
el se

map the required page into nmenory

save the current page for |later use

return (the view offset used for sw zzling)
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4.3.2 Message Passi ng

There is no | PC style nessage passing in the base
application, as the entire process operates in the sane
data space. The database class is linked to the driver
application; thus, nessage passing is limted to passing
paraneters to a subroutine (see Figure 1 W ndows
Functionality Stage 1).

Subsequent phases of devel opnent do require nessage
passing fromthe database client to database server and, in
the case of phase 4, between dat abase servers.

In the sanple application, nessage passing uses TCP/IP
primtives. Since TCP is a streans protocol, there is no
guarantee that, if the client wites 50 bytes, that all 50
will be returned to the read in a single invocation of
read(). Thus, the application nust inplenent read() in a
| oopi ng construct to ensure all bytes are received. The

code to performthis function foll ows:

/1 read until all expected bytes are processed
/1 allocate a buffer for the incom ng data
char *buffer = new char[buffer size]

total bytes read = O;
while (total bytes read <= expected bytes)
{
bytes read = read(&buffer[total bytes read])
if bytes read < 0
return -1

total bytes read += bytes read,



51

4.3.3 Client/ Server Conmunications

The client/server relationship in the sanple
application is typical of what is found in many
applications. The server opens a well-known port and waits
for a connection froma client

The client opens an epheneral port, to be used for
connection and comruni cations, and initiates a connection
to the well-known port of its server. The server accepts
connection requests fromclients and creates a new port for
the data transfer.

This inplies that the client nust either have sone
pre-existing know edge of avail able resources or a nethod

of | earning what resources are avail abl e.

4.3. 4 Load Bal anci ng

Load bal ancing in the Wndows 2000 sanple
application is inplenented in the client. It distributes
its read requests, round-robin, to a predefined pool of

avail abl e servers.
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4.3.5 Data Replication
Data replication is inplenmented in the DBS

server. Each server forwards open, close, and wite
requests received froma database client to a single peer
server, which, in turn, forwards the request to its peer,
etc.; thus operations that nodify the state of the database
are executed on all copies of the database. Wen the
dat abase is created, the client passed the |ist of peer
servers to the database constructor

The i npact of adding distributed shared nenory to
W ndows 2000 is discussed in Section 4.3.7., DSM can
sinplify data distribution and allow a better |oad-

bal anci ng al gorithm

4.3.6 Threads and Synchroni zati on

The W ndows 2000 dat abase inplenents a
mul tithreaded server (first introduced in phase 3). A
master thread waits for nessages for a database client
request, and then creates a worker thread to performthe
request ed task.

Since it is acceptable for nmultiple clients to

access the same dat abase, the worker threads need to



53

i npl ement a | ocking construct to protect database
integrity, yet still allow parallelism

A nmultiple reader, single witer algorithm|[16] has
been chosen to acconplish this task. The logic is as

foll ows:

/! Reader | ocking algorithm

/1 Allow multiple reads, exclusive witer

/1 Get the read | ock before accessing read counter

/1l Prevent witers by getting the wite | ock.

/1 Only the first reader needs to get/release the wite | ock

wait (read | ock)
readers += 1,
if (readers == 1)
wait (wite |ock)
rel ease(read | ock)

performread operation

wait (read | ock)
readers -= 1,
if (readers == 0)
rel ease (wite | ock)
rel ease (read | ock)

[l witer
/[l can’t wite if there are any readers or witers
wait (wite |ock)

performwite operation

rel ease (wite | ock)
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4.3.7 | npacts of Using Distributed Shared Menory

The effect of distributed shared nmenory supplied by
application | evel m ddl eware commonly used in process-
oriented operating systens on the sanple database is
studied in order to conpare the effects on software
conplexity with those fromdistributed shared nenory
obt ai ned fromthe comon virtual address space in a SASCS.

A careful analysis will show that the only benefit of
distributed shared nenory in a MASOS is to the phase-4
dat abase server. Distributed shared nenory renoves the
need for the server to replicate wite operations to peer
servers as described in Section 4.3.5. Wth DSM updates by
any server to the database are visible to all servers. This
enables the client to use the read operation round robin
| oad- bal ancing algorithm described in 4.3.4, for wite
operations. Again, this is true because with DSM
nodi fi cati ons made by any server to distributed shared
menory are available to all peer servers.

DSM provi des the stage 4 server the ability to
mai ntai n data coherency with no inpact to the DBS
application devel oper. This positive inpact is evident in

the netrics shown in Section 5. 1. However, it should be



55

noted that although we did not capture it in this thesis, a
MASOS m ddl eware DSM i npl ementation is quite conplex. This
is not true in a SASCS — so increased software devel opnent
costs really occur but in a different |evel of user
application programmng in a MASCS.

Phases of devel opnent 1 though 3 realize no benefit
fromdistributed shared nenory. Distributed shared nenory
does not solve any other issue, such as nultiple virtual
address spaces, data persistence or nessage passing between
client and server.

Initially, one mght believe, incorrectly, that
client-server conmuni cation would benefit fromdistributed
shared nenory. A client would still be required to conpose
a nessage, in a shared nenory |ocation, and signal the
server of the incom ng nessage. This effort is analogous to

passi ng nessages via TCP/IP

4.4 Hi gh Level Design of the Sonbrero Application
The Sonbrero version of the application provides the
sane functionality in each phase as the Wndows 2000

appl i cation.
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Due to the native abstractions inherent in Sonbrero,
t he design and devel opnent of the Sonmbrero application with
stage 4 functionality, is a sinplification of the Wndows
2000 application with stage 1 functionality; with the
si ngul ar exception of having to add nutex to the Sonbrero
application to protect critical sections. The Sonbrero
passi ve server appears as a database class acting on a
| ocal dataset (Figure 10). The Sonbrero server expends
little or no effort dealing wth architectural issues such
as: persistence, distribution or |oad bal anci ng. Mj or

desi gn changes in Sonbrero include:

- Passive server instead of a traditional client and
server. This inplies that there is no higher |evel?
message passing or | PC

- Native persistence vs. nenory nmappi ng/ menory
managenent. I n Sonbrero, there is no need for the
application to:

- Map or manage virtual nenory.

- Swizzle pointers.

® Inter-machi ne messaging at |ower |ayers, via TCP/IP is,
still avail able in Sonbrero.



57

Load bal anci ng. Sonbrero threads of execution can
transparently mgrate to different nodes to access a
resource, or the resource mght mgrate to the

t hr ead.

Data replication. A Sonbrero application can request
that the operating systemreplicate nenory objects.
By default they are replicated as a side effect of

t he | oad- bal anci ng nechani sm

Driver Application

Daain Sombrero
VM

Figure 10 Sonbrero Database C ass Acting on Persistent Data

in Virtual Menory

4.5 Services Used in the Sonbrero Application
Thi s section explores new services provi ded by
Sonbrero and how Sonbrero, by its very architecture,

provi des many of the W ndows 2000 services required for the
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dat abase application with little or no inpact on the

appl i cation devel oper.

4.5.1 Nati ve Sonbrero Services

As wll be illustrated in |ater sections, a Sonbrero
application does not typically need to deal with issues
such as nessage passing, data mgration, replication, and
distribution. In many cases even multithreading is
abstracted to the point where the application nust protect
critical sections but not deal wth the semantics of
creating and managi ng wor ker threads.

NOTE: The native Sonbrero services are currently being
devel oped. The basic set of system services are described
in [22], but the syntax and semantics for each command is
not finalized. For the purpose of this thesis it is
sufficient to approximate the inplenentation, as this wll

not significantly effect the netrics.

4.5.1.1 Menory allocation primtives.
Creating persistent storage in Sonbrero is simlar to
allocating virtual nmenory fromthe heap in a MASOS. Because

the menory allocated is persistent, the allocation
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operation nust allow for additional semantics that parall el
fopen() .
These semantics i ncl ude:
Nanme: A text-based alias for identifying the base
address of the persistent virtual nenory. This is
anal ogous to a filenane in a process-oriented
system
Sharing: Protection and sharing attributes
SHARE
NOSHARE
SHAREW THGROUP GROUPNANMES
Mode: Open/ Create semantics
Attach to previously allocated virtual nmenory
Create new virtual nenory
Repl : Replication semantics
No replication
Default replication
Replicate data on all nodes
Replicate on ‘n’ nodes
Sonbrero picks the nodes
Replicate on a specific set of nodes

Application provides the list of nodes



« Mgr: Mgration semantics

The

char *all ocate(nane, size, sharing, node, repl

4. 5.

The

application with a directory of all

No migration

M grate data on all nodes

Mgrate on ‘n’ nodes

« Sonbrero picks the nodes

M grate on a specific set of nodes

« Application provides the list of nodes.

syntax of the system service is:

1.2 Root nenory object control bl ock.

root nmenory object control block provides an

mgr)

resources avail abl e on

the Sonbrero network. In addition, the application can

access root nenory control
scheduler to run a thread of execution on a specified

subset (working set) of the avail abl e resources.

met hods to direct the Sonmbrero

This is

60

simlar to nodifying the scheduling policies of a symmetric

mul ti processing system
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A calling application can nodify the scheduler to
force a thread to execute on the |local node by passing the

#define TH S for the |ist of servers:

err = rncb(schedule, <thread id> TH S);

The list of servers specifies to the scheduler to
whi ch server it can mgrate the thread. The default is
that the scheduler can mgrate the thread to any server in

t he Sonbrero network.

4.5.1.3 new) .
This famliar C function is also used to create new
objects in Sonbrero. |In Sonbrero, a variant of “new can

be called froma command |ine. For exanple:

“new (dat abase, student)”

creates an instantiation of an object named “student” from
the class “database.” Note: this class is not ani mated, as
it has no thread of execution. This is how Sonbrero creates

passi ve servers.
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4.5.2 Sonbrero Services Conpared to W ndows

When devel oped on Sonbrero, nmuch of the functionality
requi red by the sanple application required little or no
effort on the part of the developer. The follow ng
descri bes how the W ndows 2000 services described in

Section 4.2 are provided in Sonbrero.

4.5.2.1 Menory mapped dat a.

The nmenmory hierarchy of the Sonbrero architecture
i ncl udes the backing store of the | ocal node and that of
peer nodes in the | ocal network. Thus, in Sonbrero, al
data on disk is nmapped to the 64-bit address space that can
support objects on the order of 18 quintillion bytes.

In Sonbrero, data is persistent for the life of the
object. Recall that in Sonbrero, a passive server is a
class instantiation wthout a process or thread of
execution. Thus, all data associated with the passive

server wll persist until the object is destroyed.
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4.5.2.2 Native | PC.

Al l processes in Sonbrero share the sane virtua
address space. There is no need in Sonbrero to pass
messages. Either one application signals the other that
data is ready, or, in the case of a passive server, the
client accesses the server’s nethods, not unlike a | ocal

subrouti ne call

4.5.2.3 Mul ti processi ng and t hreads.

Sonbrero mai ntains the standard concept of threads.
However, in Sonbrero, a thread can mgrate transparently to
a node anywhere on the Sonbrero network. There are powerful
inplications of this feature, such as application
transparent | oad bal anci ng and, data and execution
di stribution.

Anot her exanpl e invol ves nul tiprocessing. Recall the
concept of passive servers from Section 2.1.4; now assune
there are nultiple instances of a client programrunning on
the LAN. When a server nethod is called, the client thread
ani mates the passive server. |If there are nultiple
clients, the passive server becones nultithreaded by no

action of its own. This is why a passive server, although
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witten as a single-threaded application, nust inplenment

code to protect critical sections.

4.5.2. 4 Synchroni zati on.

As in a MASCS, nultiple threads of execution require
that the application have sone nethod to nanage critica
sections to ensure integrity.

Typi cal services required include mutex and

semaphor es.

4.5.2.5 Menory managenent for large files.

As described in Section 4.5.2.1, all data on backing
store is mapped into Sonbrero’s 64-bit virtual address
space. Thus, no additional page routines are required.
Neither is pointer swizzling as the virtual addresses are
bound to objects across all threads of execution,

processes, and nodes in the Sonbrero LAN.

4.5.2.6 Data Replication and Distribution.
Sonbrero can provide transparent process distribution
and data replication or allow the application to exercise

control over the algorithm
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Sonbrero will replicate data to the node that requires
the information or mgrate the thread of execution to the
node with the data. Scheduling and data consistency are
transparent to the application and devel oper.

|f required, an application can force a thread to
execute on a specific node; data required by the thread
will also mgrate. |If the application wi shes the entire
dat abase to be replicated to a node, it can request a
thread to execute on a node that touches all the pages of

data thus, forcing the transfer.

4.5.2.7 Load bal anci ng.

As discussed in the prior section Sonbrero |oad
bal ances across a LAN in the sane transparent manner that
the Wndows 2000 woul d | oad bal ance across symetric nmulti-
processors. |If the application requires, it can force its

own scheduling algorithmas discussed in Section 4.5.1.2.

4.5.2.8 Message passi ng.
As discussed in Section 4.5.2.2 there is no need for
tradi tional nessaging between processes in Sonbrero.

Shari ng data between processes in Sonbrero is anal ogous to
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sharing data between threads (of the sanme process) in a
MASCS.

4.6 Sonbrero Design and I nplenentation Details

Usi ng the services described in the Section 4.5,
devel opi ng the database application is far sinpler in
Sonbrero than it is in the Wndows 2000 environment.

The design criteria for the Sonbrero database cl ass

i ncl uded the foll ow ng:

Passive server: Instead of a traditional client and
server. This inplies that there is no traditiona
message passing or | PC

Mul tithreading: This requires protection for
critical sections, same as Wndows 2000. However,
since the thread execution is supplied by the
client, neither the client nor the server required
mul tithreading primtives. This is explained in
detail in Section 4.6. 2.

Nati ve persistence: No nmenory nmapping or nenory
managenent / poi nter swizzling required. There is no
separate file system nanespace to be translated to

and from
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- Load bal anci ng: Does not require devel opnent effort,
as Sonbrero threads of execution can transparently
mgrate to different nodes.

- Data replication: Does not require devel opnment
effort, as a single Sonbrero service request can
request that the operating systemreplicate nmenory

obj ect s.

Ironically with Sonbrero, sone of the design issues
per phase revolved around how to restrict, the native
abstractions and functionality, provided to the application
by Sonbrero. For exanple, Sonbrero supports sharing of its
passi ve servers; but phase 1 functionality (see Section
2.4.2.1) requires that the database not be shared. Thus,
the design had to consider howto restrict the capability
of Sonbrero to neet the phase 1 requirenent.

Hence, a sinple application can actually take nore

devel opment effort than a conplex application in Sonbrero.
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The design inplications for Sonbrero, per phase of

functionality (defined in Section 2.4.2), are as foll ows:

- Phase 1: Single-threaded, single-client database
« Restrict the database class to serve only one
client at a tine.
- Phase 2: Single-threaded, Milti-client database
- Allow nultiple database clients, but serialize
dat abase access.
- Phase 3: Miulti-threaded, Milti-client database
- Protect critical section.
- Request that Sonbrero does not replicate or
m grate the database.
- Phase 4: Miulti-threaded, Multi-client, distributed
dat abase w th | oad- bal anci ng.
- Protect critical sections.

- Request Sonbrero distribute the database.

4.6.1 Virtual Menory Allocation
In Sonbrero, all data on disk is viewed as persistent
menory that natively maps to virtual nenory. Di sk storage

is sinply a larger, slower, nonvolatile cache of the
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virtual address space. Al the application needs to do is
allocate the nenory via Sonbrero nenory allocation
operators.

As discussed in Section 4.5.1.1, when virtual nenory
is allocated, or an object is created, the creator can
optionally provide attributes that direct Sonbrero to
replicate the allocated object or restrict access by other
t hreads of execution.

The Sonbrero database class will not share any of its
data with other applications, other than via its public
met hods. Thus, when the database is allocated, it is
creat ed, NOTSHARED.

Dependi ng on the phase of functionality (Section
2.4.2) the data mgration and replication for allocated
virtual menory may be restricted per the design
considerations detailed in Section 4.6. For exanple, the
Sonbrero phase 1 inplenentation requires a single set of
| ocal data. Thus, the VMallocation primtive nust direct
Sonbrero to not replicate or mgrate the database on other
nodes.

Anot her exanple is that the only difference between

phase 3 and 4 in Sonbrero are the mgration and replication



paraneters passed to the virtual nmenory allocation service
(described in Section 4.5.1.1).

In phase 3 (no distribution), when virtual nmenory for
the database is allocated, the database cl ass passes
al l ocation paraneters that request Sonbrero to not mgrate
or replicate the data to other nodes. This inplies that
all threads that act on the data will have to mgrate to a
single instance of the database. Thus, |oad bal anci ng and
distribution are prevented, satisfying the design
considerations called out for phase 3 in Section 4.6.

In phase 4, virtual nmenory for a database is again
al l ocated, but the server class passes allocation
paraneters that allow data m gration and forces data
distribution. The distribution of the database, conbi ned
with the ability for threads to mgrate, allows the
operating systemto provide | oad balancing for the
application. Again satisfying the design considerations

call ed out for phase 4 at the end of Section 4.6.

70



71

4.6.2 Threads and Synchroni zati on

As previously discussed, Sonbrero supports the
standard concept of threads, but also allows threads to
mgrate. Mitex is used in the Sonbrero application to

provide the follow ng functionality:

- Phase 1: a client | ocks the passive server for
exclusive use with a nutex, thus enforcing exclusive
access to a dataset by a single client.

- Phase 2: nutex is used to serialize access of
passi ve server nethods by nmultiple client threads.

- Phases 3 and 4: Mutex is used to protect critical

sections but allow parallelism



5 - Results

This section provides the netrics captured at each
phase of W ndows and Sonbrero devel opnent (see Table 2 on
t he next page). The neasurenents captured are discussed for
each netric.

Conpari sons are nade between the Wndows and Sonbrero
devel opnment efforts. This provides an opportunity to
conpare the projects phase by phase as they supplied
increasing functionality from phase 1 to phase 4. Phase 4
of Sonbrero is conpared to both the phase 4 and the
distributed shared nenory (DSM version of the Wndows
proj ect.

Conparisons are al so made between phases of
devel opment in the sane operating system The goal is to
exam ne how nuch effort is required to supply simlar

functionality in Sonbrero, conpared to Wndows 2000.

5.1 Results of Sonbrero and W ndows 2000 Metrics

As can be observed in Table 2, the results, across al
metrics, for each phase of devel opnent, show that
appl i cations devel oped under Sonbrero conpared to

appl i cations devel oped under W ndows 2000 are:
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Less conpl ex (M Cabe’ s)
Require less effort to devel op (Hal stead, LOCC,
COCOVD)

Less likely to have defects (Hal stead)

The advant age of Sonbrero over W ndows 2000 increases
as the application feature set requirenents increase,
approaching that which mght be required in a comerci al
appl i cation.

This general result was expected; the anmpount of the
advant age of Sonbrero over Wndows (2:1 to 3:1 depending on
metric) was not expected.

A reason for the large delta between the Sonbrero and
Wndows is that the code in the Sonbrero application
focused al nost exclusively on the pure database constructs
such as inplenenting the required sorting algorithnms and

data structures.
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Metrics Captured From Sanpl e Dat abase Application
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Hal st ead Hal st ead McCabe | LOC Basi c
Program Bug COCOMO
Effort Predi ction
W ndows
Phase 1 2,637,658 6. 36 85 852 2.03
Phase 2 4,287, 457 8. 80 121 1348 3.28
Phase 3 4,420, 421 8.98 127 1420 3. 46
Phase 4 6, 204, 183 11. 26 145 1612 3. 96
DSM' 4,987, 458 9.73 132 1481 3.62
Sonbrero
Phase 1 1, 025, 712 3.39 67 639 1.50
Phase 2 1, 084, 757 3.52 65 647 1.52
Phase 3 1,135, 836 3.63 68 719 1.70
Phase 4 1,135, 836 3.63 68 719 1.70

* This is the sanple application

di stributed shared nenory.

under W ndows 2000 with
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The W ndows 2000 application had to devel op the sane
dat abase constructs as Sonbrero, plus add code to include
t he needed W ndows 2000 W N32 services (Section 4.2) such
as mapped nenory and reading and witing state information
to the file system The Wndows 2000 application al so had
to include code to devel op the added val ue services such as
virtual nmenory managenent and data persistence (Section
4. 3).

There is little or no effort in the Sonmbrero
devel opnent (Section 4.5.2) required to provide simlar
servi ces.

The rest of this chapter discusses the significance of
each netric and explores the results (Table 2) in terns of
t he neasurenents nmade on each phase of devel opnent under

t he sane operating system

5.1.1 LOC Metric

One m ght expect as a feature set grows so would the
lines of code. In Wndows 2000, this assunption hol ds
true. As features are added, the size of the application
grows, as reflected in the LOC netric for each phase of

W ndows devel opnent .
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In Wndows 2000 each additional feature has associ ated
lines of code. In other words, one can trace feature
requirenents to specific code in the application. For
exanpl e, phase 2 requires (Section 2.4.2.2) a client —
server paradigm In that phase, a Wndows 2000 class is
created to provide I PC nethods for: creating a client,
creating a server, reading and witing nessages. The
design and inplenentation details for the conmunication
class are located in Sections 4.2.2.4, 4.3.2 and 4. 3. 3.

Under Sonbrero, there is an increase in LOC for phases
1 through 3 but the change is only mnor. There is no
change in LOC between phases 3 and 4.

The reason for this is because in nost cases, the
feature requirenments that napped to code devel oped by a
W ndows 2000 programmer, under Sonbrero are a natural
extension of the operating system Thus, many of the
feature requirenents trace to Sonbrero not the application,

so no sanple application code is required (Section 4.5.2).



For exanple the only difference between Sonbrero

Phases 1, 2, and 3 are how | ocks are managed.

- Phase 1: a single lock is used to grant exclusive
access to the passive server.

- Phase 2: locks are used to serialize access to
passi ve server nethods.

«» Phase 3: |locks are used to protect critical

secti ons.

The Sonbrero operating systemsatisfies the other
requi renents. For exanple, in essence, Phase 3 and 4 are
t he exact sanme code base. The only difference is how the
dat abase virtual nenory is allocated. As described in
detail in Section 4.6.1, the feature requi renents between
phases 3 and 4 are inplenented w thout addi ng additi onal
code, but rather by passing different paranmeters to the

Sonbrero nmenory allocation primtive.

5.1.2 Hal stead’' s Metrics
Hal stead’ s Software Science netrics track the LOC
measurenents. Halstead nmetrics are derived from program

si ze and vocabulary [10]. Thus, as additional features are

77
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added in each phase of wi ndows devel opnent, the total
nunber of operators, operands and uni que operators and
oper ands i ncreases.

The effect of this, per Hal stead netrics, is increased
devel opment effort and an increase in the software defects.

The formula for Hal stead’s Bug Prediction is
Effort**(2/3)/3000, as defined by Power Software. The
aut hor could not |ocate updated papers or journals to
justify this new netric. It is included as an additi onal
interesting data point.

Anot her interesting data point is Halstead s
estimation of the time required to devel op an application
based on the cal cul ated Program Effort netric (see Table
2). Per Hal stead, devel opnent tine in seconds is defined
as:

Time = Effort (E) / Stroud Monents (S) [5], where S =
nunber of psychol ogi cal nonments per second. A constant of
18 is used for S. However, because of the linear
relationship to Program Effort this netric adds no
additional information to that already contained in Table

2.
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5.1.3 COCOMO

As discussed in Section 2.3.3.2, the COCOMO netric is a
tuned LOC netric that is a function of KLOC (thousands of
lines of code), an Effort Adjustnent Factor (EAF) and
devel opment node factors a and b. As expected the COCOVO

results also parallel the basic LOC count.

5.1.3.1 Basi ¢ COCOMO Factors

To cal cul ate Basic COCOMO, the follow ng factors were
used. The EAF for basic COCOMO is always 1. Organic node is
sel ected as the node, as the sanple application is a

relatively sinple, one-man project.

Tabl e 3

Factors Used for Basi c COCOVO

a b EAF
2.4 1.05 1
5.1.4 McCabe’ s Cycl omatic Conplexity

Recal |l McCabe’ s Cyclonatic Conplexity metric uses

graph theory to neasure conplexity by counting the nunber
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of paths though an application. Thus, LOC count doesn’t
af fect McCabe’s.

However, the net effect of adding features in Wndows
2000 is an increase in MCabe's conplexity, not unlike the
LOC netri cs.

As functionality increased, so did the McCabe’'s
metrics for Wndows 2000. This inplies that the code
required to inplenment the functionality per phase is not
“straight line,” but rather the devel oper inpl enented
addi tional paths through the application, thus increasing
conplexity and the level of effort required for test and
val i dati on

In Sonbrero, this is not the case. Additional
features did affect McCabe's, but the effect is subtle. For
exanple, restricting the application to run on a single
node, distribute data to all nodes, or distribute data to a
set of nodes either did not require any additional | ogical
pat hs through the application or required few additional
| ogi cal paths.

For exanple, the Sonbrero devel oper passes different
paraneters to a Sonbrero nenory allocation primtive to

effect replication and distribution (detailed in Section
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4.6.1). This does not affect McCabe’'s Cyclomatic
Conpl exity; thus Phase 3 and 4 are identical.

As described in Section 5.1.1, the difference between
Phases 1, 2, and 3 is locking. The Sonbrero database class
added Cet Lock() and Rel easeLock() nethods, which affected
the McCabe’'s netrics. However, adding these private
met hods to the entry and exit points of the public database
met hods does not affect McCabe's, as it is straight-1line

code. For instance consider the follow ng pseudo code:

//protect crucial section
Get Wite Lock()
Updat e Dat abase

Rel ease Wite Lock()

The addition or renoval of the | ocking nethods above

woul d not affect McCabe' s netric.



6 - Concl usion and Val ue of Research

6.1 | npacts of Sonbrero on Software Life Cycle

As is discussed in Section 5 -, in all aspects of
devel opment and design, the software engineering netrics
conputed for the Sonbrero project, showed a significant
i nprovenent over those conputed for Wndows 2000. Thus, it
is asserted that for certain classes of applications;
Sonbrero sinplifies the software devel opnent process.
Hence, reducing costs over the software lifecycle [1].
Applications that can benefit from Sonbrero require sone,

or all of the follow ng characteristics:

- Data persistence

- Data distribution

- Fault tol erance

- Data sharing between processes

» Message passi ng between processes
- Milti-threading

- Load bal anci ng

- Distributed conputing

« Location independence
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It should be noted, that not all applications benefit
from Sonbrero in terns of devel opnent effort. However, as
di scussed in Section 2.2, in all probability there wll
still be a performance inprovenent from using Sonbrero.

An exanpl e of an application that woul d not benefit
from Sonbrero, would be “conputational intensive”
applications |ike a single threaded math package or perhaps
a graphic package. Characteristics of applications that are

not likely see inprovenents wth Sonbrero are:

« Single threads of execution

« No dependence on data persistence

- Datasets that fit into the available virtual address
space

« Mnimal data sharing or nessage passi ng between

processes

At first glance, it may appear that many applications
fall into this category, but consider sinple applications
like a local time service or network time protocol (NTP)
In a MASCS a tine service requires that the user actively

access the node’'s tinme function via a systemcall that
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requires a context switch. The context switch generally

i ncludes both a thread and nenory context switch. The
menory context switch can be quite conplex and tine
consum ng especially in segnented architectures such as the
80x86 famlies.

In Sonbrero, the tine service is in the applications’
address space and is directly accessible, thus elimnating
the need to make a systemcall (and avoi ding a context
switch). The resulting reduction in application conplexity
fromthis exanple is mnimal. However, in |large
applications, with many such systemcalls the cumul ative

savings are significant.

6.1.1 O her Factors

One cannot al ways quantify devel opnent effort via
metrics, as other factors can influence the Iife cycle, for
exanpl e, factors that inpact the devel oper’s psychol ogy.

In “The Subjective Nature of Programm ng Conplexity”
[12] McNicholl asserts that perception of conplexity
i nfl uences devel opers and their devel opnent. Because of the

tendency for developers to relate conplexity to the size of
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an application, it nay be advantageous to control the
vol une of a given project.
In his paper, “Programm ng on an Already Full Brain,”
Fry [3], while touting the benefits of devel opi ng software
usi ng Emacs, proposes that, because of the limts to our
bi ol ogi cal menory, a sinplified progranm ng environnent
produces an i nproved devel opnent environnent. W believe
these factors add to the benefits of Sonbrero progranm ng.
An additional issue, that would have added to the
conplexity of the Wndows 2000 netrics, is |anguage support
for persistent data. To provide this service, the Wndows
2000 version of the sanpl e database would have had to
i ncluded a C++ pre-processor [4]. This is not the case
with Sonbrero. In fact, the current version of the sanple
dat abase application devel oped for this thesis included
persistence, as it is provided by the Sonbrero operating

system not the database application.

6.1.2 Trends in Moddern Conputing
The trend in application devel opnent is toward
distribution and fault tol erant conputing. Consider the X-

W ndow System where even sinple applications are placed in
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a client/server setting to run. Leveraging off experiences
with the sanpl e applications devel oped for this thesis, it
is easily asserted that the Sonmbrero environnment is better
suited to devel oping these sorts of applications than is a

typi cal process-oriented operating system

6.1.3 Concl usi on
Over the | ast decade software applications have becone
much |l arger and nore conplex as a result of the
avai lability of higher performance processors, higher
capacity RAM and di sk drives, faster and nore reliable
net wor ki ng hardware, and advances in distributed conputing.
In this environnent we believe that a Single Address
Space (Operating system such as Sonbrero provides a major
advant age over traditional nultiple address space process
oriented operating systens for software devel opnent. This
i s because in such an environnent applications devel oped
are less conplex, thus resulting in | ower software

devel opnent costs and a reduction in defects.
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The foll ow ng sections provide details of a

programmatic interface for the sanpl e database cl ass.

A. 1 Dat abase C ass Constructor

The constructor creates or opens an existing database.

Usage: Database(int CreateType, |long NunOf Qbj, int
NunmOf Keys, DBSInfo *MetaData, Serverlnfo

*Li st of Servers)

| nput paraneters
Create type
Creat e new dat abase
Open exi sting dat abase
Nunmber of database object. Initially allocate
storage for ‘n’ nunmber of objects.
Nunmber of sort keys in the database object
Met adat a descri bing the database. Metadata is an
array of class of type KeyData. C ass KeyData
has the follow ng public nenber vari abl es.
Dat abase nanme

Si ze of object to store in the database
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- Provide the type, size and offset into the
dat abase object of each sort key
« Sort keys nust be sinple types: integer, |ong,
float, string and character.
- List of database servers
-« List of servers that will host the database. |f
the list has nore than one server the database is
replicated across all the servers.
« Return val ue

» None
A. 2 Dat abase C ass Destructor
The destructor perforns the foll ow ng functions:
- Rel ease resources

« Preserve dat abase state

A. 3 I nsert

I nsert an object into the database.

Usage: int Insert(char *Qbject)

« | nput paraneters
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Poi nter to a database object
Ret urn val ue

Success code

A. 4 Search
Thi s net hod searches the database for an object.

Search’s can be by O D, search key or iterative.

Usage: int Search(SEARCHTYPE SearchType, int Key, void

*(bj ect, void *SearchKey)

| nput paraneters

Search Type
Next: lterative search
Key: Searches by the value of the search key.
Mat ches the key, or if not matches the object
identified by the next higher key.
O D Return the object with the specified QD

Key
The index to the KeyData class in the netadata
array.

Search Key

(bject OD for an O D search
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Data that matches of the type key being

sear ched
Return paraneters

(bj ect fromthe database

Ret urn val ue

Success code

A.5 Del ete

Del ete del etes the object with the specified ODor if

ODis NULL deletes the object that is returned by the |ast

sear ch.

Usage: int Del et e( DAORD oi d);

| nput paraneters

ab
Ret urn val ue

Success code

A. 6 Repl ace

Repl ace replaces with the specified AD, if ADis

NULL repl aces the | ast object searched.



Usage: int Replace(DWORD G d, char *Qbject)

| nput paraneters

ab

(bj ect to replace specified object
Ret urn val ue

Success code
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B. 1 Dat abase C ass Constructor
The constructor creates or opens an existing database.
« Client Operation
» Client sends to server the operation type
« Client sends to server all input paranmeters to
the first server on the list of database servers.
« Server returns a unique ID used to associate an
instantiation of a client class to an open
dat abase
« Private data maintained by the client
- Uni que database ID returned by server

« List of servers that are hosting the database

B. 2 Dat abase O ass Destructor
This nethod inforns the server the client object has been
del et ed
« Client Operation
« Cient sends, to the first server on its list of
servers:
« QOperation type

« Uni que database ID
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B.3 Insert
I nsert an object into the database.
« Client Operation
» Cient sends, to the first server on its list of
servers:
- Operation type
« Uni que database ID
« Object to be inserted
- Cient reads:

« Success code from server

B. 4 Search
Thi s nethod searches the database for an object.
« Client Operation
- Cient sends, to the next server (round-robin) on
its list of servers:
« Operation type
« Uni que database ID
« Al input paraneters
- Cient reads:
- Success code from server

« Dat abase object if search is successful
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B.5 Delete
Del ete del etes the object with the specified ODor if
ODis NULL deletes the object that is returned by the |ast
sear ch.
Client Operation
Client sends, to the first server on its list of
servers:
QOperation type
Uni que dat abase ID
ab
Client reads:

Success code from server

B. 6 Repl ace
Repl ace replaces with the specified ODor if ODis
NULL repl aces the | ast object searched.
Client Operation
Client sends, to the first server on its list of
servers:
Operation type
Uni que dat abase ID
ab

(bject to be inserted
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-« Cient reads

« Success code from server
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The W ndows 2000 database server is a standal one
application that is conprised of a driver application
linked to a database server cl ass.

The driver application is a sinple nessage | oop that
waits for incom ng requests from database clients via
TCP/ 1 P. When a request is received a worker thread is
creat ed.

The data sent by the client is retrieved by reading
the fixed I ength request type (sent by the client). Once
the request type is known, the server knows the format of
the rest of the client data. The data is read and then
passed to the appropriate database net hod

The driver application is responsible for maintaining
t he one-to-one rel ationship between the database client and

an instantiati on of a database server cl ass.
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The met hods provided by the stage 4 database cl ass

server are described in the foll ow ng sections

C. 1 Dat abase C ass Constructor

Open dat abase requires the driver application provide
a dat abase nane and for a new database the netadata
descri bing the database object and its search keys. For an
exi sting database only the nane is required.

The netadata describing the database and current state
are preserved on a database close, thus are avail abl e when

t he database is re-opened.

C. 2 Dat abase C ass Destructor
This nethod rel ease dat abase resources and preserves
nmet adat a and dat abase state such as the pointers into the

free list (list of reusable space in the database).

C.3 Insert
Insert takes a single paraneter that is a pointer to
an object to be stored in the database. Insert inserts the

object and its associ ated search keys.
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C. 4 Search

Search requires the user pass a pointer to a structure
of the type stored in the database, search type and a
search key for search types: KEY and O D. Search types

i ncl ude:

Key
ab

Iterate (Next)

Search returns the requested object and sets the
“current object pointer”. This pointer may be used in

subsequent del ete and repl ace operations.

C.5 Delete
Del ete takes a single paraneter, OD. If OD = NULL
the object pointer to by the “current object pointer” is

del eted, else the object with the specified AODis deleted.

C. 6 Repl ace
Repl ace takes an O D and a pointer to an object to be

stored in the database. If ODis NULL the current object
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(“current object pointer”) is replaced. Else the object

that nmatches the O D is replaced.



APPENDI X D

SOVBRERO DATABASE DESI GN NOTES



113

| ssues when designing the Sonbrero version of the
sanpl e application include the use of the passive server,
persistent nmenory and allowi ng the scheduler to replicate
and distribute data. The foll owm ng paragraphs present sonme
hi ghl i ghts of these consi derations.

Basically, wth the exception of adding nmutex to | ock
the object, serialize access or protect critical sections
Sonbrero is straightforward. For exanple, there is no
effort in ternms of design or devel opnent for the foll ow ng

itens:

« Al data that is allocated in the passive server is
persistent. There is no need to save state to disk.
Data that is allocated on the stack does not persist
outside of the subroutine call. malloc(), new),
static data or gl obal data persists.

« No pointer swizzling, nmenory mappi ng, mapped nenory
managenent

« No nessage passing. The server’s nethods are called
directly by the client.

« No | oad balancing or replication issues. The

operating system nmanages both. The server m ght
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want to provide the operating systemwth

information (i.e. list of servers) at initialization

via system cal | s.

The client supplies threads to the passive server,

thus the server is multithreaded unl ess steps are

taken to serialize execution.

- Either add nutex to serialize execution or add
mutex for critical sections

The instantiation of the passive server object and

dat abase are “tied together”. Thus the nanme of the

dat abase and the nane of the passive server object
are the sane.

- To use a passive server the client gets the
pointer to the passive server object. The
Sonbrero “ol d” operator with the object’s nane
returns a pointer to an existing object, simlar
to how the “new’ operator returns a pointer to a

new y created object.
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E. 1 Devel opnent Environnent

As nmentioned in Section 2.4.3, all phases of the
sanpl e dat abase, for both Wndows 2000 and Sonbrero, were
devel oped using Mcrosoft Visual C++ version 6.0.

The devel opnent platformwas an Intel based, 2-Way

SWMP, 550Mhz Pentiumllls, running Wndows 2000.

E. 2 Test Environnent

The sanpl e application was tested on a network
consi sting of the devel opnent platform and anot her |ntel
based Pentium 11l platformrunning Wndows 2000 (Figure

11).

Figure 11 Hardware Used In Test bed
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The foll owm ng appendi x describes the run tine
execution environnents used to test each phase of W ndows
2000 devel opnent and the details on how netrics were
generated for each devel opnent phase.

For each of the devel opnent phases descri bed bel ow,

correct execution was obtained in all cases.

F.1 Metrics
Cenerating the netric data (described in Section 5 -)
is a two-step process repeated for each phase of

devel opnent :

« For each phase of the project, create a single file
for all of the code in that phase.
« Use the netrics tool on the single project file to

generate nmetrics for the given phase (Figure 12).

Figure 12: Metrics Generation Process
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The test or driver application is not considered part
of the database devel opnent, thus it is not included in the
set of project files used to generate netrics per phase.

The files included for netrics generation are those
that provide code to satisfy the specific functiona

requi renents described in Section 2.4.2.

F.2 Phase 1 Test Configuration
Phase 1 of the application, as defined in Section
2.4.2.1, is designed to run on a single platform The
software and hardware configuration is depicted bel ow
(Figure 13).
Dat abase class is linked directly into the single
t hreaded driver application.
There is a one-to-one relationship between the

client/driver application and the dataset.
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Driver Application

Phase-1 Database]
Class:

Database()
Insert()
Search()
Delete()
Replace()
~Database()

Figure 13: Wndows 2000 Phase 1 Dat abase

F. 3 Phase 2

Phase 2 of the application as defined in Section
2.4.2.2, provides a single threaded dat abase server that
can accommodate nultiple database clients.

The software and hardware configuration for phase 2 is

descri bed bel ow.

Dat abase client class is linked to a single threaded
driver application (Figure 14)
Client class provides access to the database
server via its public nethods.
Dat abase server is a stand-al one single threaded
application (Figure 15).
Li stens for request fromnultiple clients

Allows multiple clients to access sane data



Driver Application

Phase-1 Database
Client Class;

Database()

Insert()
Search()
Delete()
Repl ace()
~Database()

Figure 14: Cdient

PC-1

Database Server

Phase-1 Database
Server Class:

TCPIP Databese()
™ | Insert()
Search()
Delete()
Replace()
~Database()

/ Server Rel ationship

PC-2

Database Client for DataSet-A

Database Client for DataSet-A

Database Client for DataSet-B

Databese Client forDataSat-C

W,

DataSet-A

DataSet-B

DataSet-C

Figure 15: 1 DBS Server, 3 Datasets, 4 DBS Cients

F. 4 Phase 3

The configuration for testing phase 3 is identical

phase 2. Phase 3, as defined in Section 2.4.2.3, adds

121

to
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multithreading to the database server (Figure 16). There

are no changes to the database client.

Loop congruct waits for
DBS request from client

exec aworker threat)
for the DBS method

Closx)
Insert()
Search()
Delete()
Replace()

Figure 16 Miultithreaded Dat abase Server

F.5 Phase 4

Phase 4, as defined in Section 2.4.2.4, adds data
distribution to the phase 3 database server (Figure 5) and
| oad bal ancing (Figure 4) to the phase 3 database client
cl ass. The test configuration for phase 4 is shown in

Figure 17.on the next page
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PC-1 PC-2

Database Client for DataSet-A - Database Client for DataSet-A

Database Client for DataSet-B N| Database Client forDataSet-B
|

v J A/ I |

Figure 17: 2 DBS Servers, 2 Datasets, 4 DBS Cients
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G 1 Code Base
A separately bound appendi x contai ns the source code
listings used for each phase of devel opnent. The source

code is organi zed as foll ows:

1. Wndows 2000 Phase 1
2. Wndows 2000 Phase 2
3. Wndows 2000 Phase 3
4. Wndows 2000 Phase 4
5. Wndows 2000 Phase 5
6. Sonbrero 2000 Phase 1
7. Sonbrero 2000 Phase 2
8. Sonmbrero 2000 Phase 3

9. Sonmbrero 2000 Phase 4
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G 2 Raw Metrics

The eval uation version of Karatuku Profession Metrics
from Power Software did not include the ability to output
the data to a printer. |In addition the evaluation version
woul d only cal culate McCabe’s netrics per class and
Hal stead netrics were produced per file.

The raw out put fromthe tool, for each phase of
devel opnment was entered into an Excel spreadsheet. Exce
was used to cal cul ate COCOMO and sum the McCabe’s netrics
for the entire project.

A separately bound appendi x contains the printed
version of the Excel spreadsheet containing all of the
di screte neasurenents nade per each phase of devel opnent.
These neasurenents where summari zed and organi zed into

Tabl e 2.



