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Multiuser tranaaotion prooeaalng and database systems oommonly use nell-formad, 
two-phase looking to maintain data oonsiatenoy. Tbe preliminary results presented here 
represent them &&Q of an experimental investigation of the impaot of different 
looking sobemea on tranaaotlon performance. Teats were perfomed using a aimplifiad but 
funotionally oomplete *teat&da system. The tranaaotion tbrmput ratea -for three 
different looking polioiea (file level looking, page level looking, and mixed level 
looking) are oompared as a f’unction of the look mode (exclusive or share) and the file 
size for a amall oentralized database applloation. The experimental results for tbla 
enviroment abaw that tbe oboioe of locking polioy and look mode aan have a 8ignifloaot 
impact 00 transaction throughput performanoe. Tbe teats Uao damooatrate the 
aenaitlvity of tbe conclusions to tbe choice of workload and ayatem obaraoteriatioa. 
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1.0 INTRODGCTION 

Mul tiuaer transaction prooeaalng and database 
systems commonly use well-formed, two-phase looking 
to maintain data oonaiatency CGRAY79, KOHL811. An 
important oonaideration in the design of a looking 
protoool is the cboioe of tbe look granularity. 
For exapzple, some database systems look individual 
areas, files, pages, or reoorda. (IBM18 IMs/VS and 
System P and UNIVACLC’s DMS 1100 are examples.) 
Simulation studies by Riea and Stonebraker [RIRS77, 
RIES’fg] and queueing studies by Irani and Lln 
[IRAN791 have lndloated tbat. the size of the 
lookable unit oan have a significant impact on the 
performance of tbe database ayate0. Their work 
suggests that the lookeble unit should be small 
eoougb so that when it is looked it does not 
critically restrict acoeaa to unwanted data items 
it also contains, but large enough to avoid the 
overhead of setting many Individual looks. 
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In the prelimlna~ experiments presented here, no 
have chosen to oompare two levels, .file and pa8e 
looking. IO all oases the dat&mae la aaaumad to 
be oentralized and oooaiat of a single Sile of 
fixed size pages. If a tranaaotlon only oeeda a 
few page8 in the file, It abould look oo a p8ge bp 
page basis ,(page level looking) inatead of looking 
the whole file. The unwanted pages ramin 
available to other tranaaotiona. Ye will oall this 
type of tranaaotioo a m traaaaotioo. On the 
otber band, if tbe tranaaotkoo aotually needa a 
large number or aignifloant percentage of all tbe 
pegea within a file, tben it abould be able to look 
the whole file with ooe look. TbSa will eliminate 
the overhead that would be introduoed by looking 
eaob page individually., Ye will oall tbia a lrrra 
tranaaotion. Our diatiootioo between ,a1 and 
large transactions is not preoiae, but it will be 
useful to olaaaify tranaaotiona into different 
olaaaea depeoding on their bebavior. 

Hierarobioal looking provides a meabania by tiiob 
tranaaotiopa can opthiae- system parfomaooa by 
looking objects OS different granularity. By 
explioitly looking a large data item, all conpooeot 
data itma contained within are implioitly looked. 
For example, a large tranaaotioo could explioitly 
look the entire file (large granule) with a single 
look, and tbua implioitly lock all tbe pages (amall 
granules). (See the work of Gray et al. ior 
additional information on look modes and 
granularity of looks [GRAY763 .I 
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The objective of hierarchical locking is to enable 
traneactions to use the lockable unit which 
maxislses system performance. For example, in an 
envlrornent that contains only small transaatlons, 
small lockable units (pages) should probably be 
used to enable many transactions to run 
oonourrently and thus overlap CPU and input/output 
activity. Looking overhead ~111 be small beoause 
only a few data Items are desired. In an 
environment t4at aontains only large transaatione, 
large lookable units (whole files) may be necessary 
to avoid excessive looking overhead. Conaurrenoy 
will be low in any aase because many common data 
Items will be aocessed by transactions. When a mix 
of large and small transaotiolis are present, it may 
be desirable for each type of transaction to use a 
different lock granularity. 

The results presented here are the first step of an 
s B of the impact of 
different looking policies and system 
characteristics on tran&otlon performance. The 
experlments were run on a prototype transaction 
processing system known as the Gonourrency md 
Beoovery Algorithm Xeetbed (CARAT) [QARC831. In 
order to oompare different policies, ue implemented 
a general purpose lock manager which -supports 
multiple lock modes (exaluslve and share) and 
hierarohlcal looking. Transaction throughput data 
was then gathered for variations of three basic 
locking polloies. (file level looking, page level 
locking, and mixed level looking) as a function of 
the look mode and, the file siae. The transaction 
workload oonsisted of a mix of small and.large 
transactions. 

The potential advantage of our &q&&d Sppc~S& as 
opposed to slmulatlon, Is that the experiments are 
performsd~using a sreals systr. The goal of. a 
testbed systes Is to be elmpl8~and flexible enough 
to permit a variety of algorlt4m8~ and design 
strategies to be implemented, measured, and 
understood, but r’ealistic enough to behave, with 
proper sealing, like an authentlo system. Since it 
is neoeessry to build a testbed to see if this 
bslenoe osn be aahieved, we built CARAT. The 
initial experiments were ohosen to explore the 
behavior of the ,testbsd syeta and to Identify 
deflolenoles in the design. As a result of these 
tests, the CARAT archJt.ecture and ~lmplementatlon 
will be lmprwed before ~additional experimentation 
is undertaken. 

Seotion 2 prwides an wervieu of the experimental 
environment. We present the transaotion prooeesing 
model that CARAT follows and briefly describe haw 
this model was implemented as a oolleotlos of 
cooperating processes. We also desoribe the 
locking policies which will be oompareti. Section 3 
presents the experiments that wsre aonducted in 
order to explore the behavior of CARAT and 
different leaking poliaiee in a oentralised 
envlrolrment . Erperiment.8 on a distributed system 
will be undertaken af%er ahangee in CANAT heve been 
oompleted. FinsUy, Section 4 aontains our 
oonoluslons . 

2.0 EXPBRIMENTAL ENVIRONMgNT 

The most important performanae measure for a 
transaotion proaesslng system Is transaotion 
throughput, i.e., the number of suoQeeefully 
completed transuctions per unit .time. There tie 
basioally tbrse methods by irhioh we aan obtain t4ie 
peribrhance Information [CH*Tg: 
models and statl8tioal anslysis; 

(,I) _ bhu~ing 
(2) sfmulatlon 

models; and (3) monitoring the real system. &oh 
of these methods are suitable under oertaln 
circumstances, depenqlng on the type and acourauy 
of the information desired and the else o? the 
investment in time and ‘equipment. whioh oan be 
justified. Our approach is to ionltor a teetbed 
system, CARAT, under aontMlledtsst. oondltioae. 
Monitoring may be oarried out at the’ maoroeoopio 
level, e.g., by measurements of t4roug4put ratoe, 
response times, queue lengths and utlllsatloss, or 
at the microsooplo level, e.g., by snalysis of 
machine Instruction traces. For. ; the initial 
experiments presented her% the maaroeoopio 
approach uas ohosen. The l&g term goal is to use 
experimental studies to dwelop and vslidate 
queueing and slmulatloa models which oan then be 
more confidently used to oampare other variations 
of the algorithms and arohiteoture. 

.I. ‘. 

2.1 Logical Structure And Transaction Model 

For a centralized database where all treneeotiwe 
run at the sffte of the ‘-database, tire lo&l 
structure of CARIT .oan‘be lllustrgted .bPMure ‘1 i 
T418 Is derived fra the bernste&~and~ioo(Wn 
distributed database qqageaent system arobiteo&e 
model [BERN81 ] ; ‘There’sre ‘i&u- Iogiosl. oapi)arhts: 
transactions, a transaaZx* ‘m8nsgor (TM), a’ diti 
managers KM), and Mored data. Transaatlone 
ocmmunioate with the TM, and .TH,. ccausi~tee. with 
the DPi. The IN4 weti data pd fbaqt;ionci ‘&I+& 
to a ,.baak-end datsbssc~proseesor. ,.‘I 

: :I’ 

Transaction 
. 
i 
. 

Transaction 

Figure 1. Ceatralised ~transautioa $Woes8@g $8tcr 
ardhiteoture. i / 
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In the CARAT system, transaatioae ooaslet of a 
sequeke of loyal acq~SaIt&ehi~, 9 t.erm$tW- 
Input/output; ana det&sse ‘Wte braoketed by‘ 
TSBlDIN and TNN@ op@8t~ohs. ai* &hi ~ bf i 
transaction’ is shown xn Figure 2’; Tbe datakee’ 
requests are performed by l etepe* .whisti are ‘-aI@ 
to subroutines. Hodier, the’ 8CyI, is exea@d b( 
another oohort prooeee, tith p&meter and return 
values passed iM medlwgis. . %tipe. srG ur&*tba ia, 
PORTRAN and make data’ ~ghiatidit’ cw) &l$s t& 8 
simple net-Work detabsse ‘*eta -: oiiied N,ANB+ 
[OERk761. For,, example, if the. &t&e& +t& 
supported a partUaveatory databalre,: -steps w0Qlh 
exist to add a p&t, delete a part, Iook up a part, 
modify a part, etoc _, 



A oomplete traneaatioa Is aomposed of a sequenae of 
step executiops. A typical traaaaotion mig4t want 
to execute a step to look up a part, and then 
execute a step to modify eopDe of .tbe pert data. A 
tuo-phase commit protoool is used to guarantee that 
the effects of a traneaotioa’e steps are ataoic 
with reepeot, to the stored database LQEAX79]. The 
TRND operation signels the end of a traneeotion ahd 
iaitietes the two-phase commit protocol. 

TSRGIN 

loaal,aomputation and i/o 
call step 1 
looal caaputatlon and i/o 
0di step 2 

l : 

. 

loaal oomputetloa and i/o 
oall step n 
looal oomputetlon and i/o 

Figure 2. CARAT traneaotlon model. 

2.2 CARAT Implementation 

CARAT.is lmplaeated as e oolleatloa of cooperating 
prooessee. that :oaraunloate via mee+ges. The CARAT 
prooeeses be+g to oae of fouy types: wer 
tr#eaction p~ooess (TR), datahaee 8erver prooess 
(DB) , .@ND server proc$qe (HS)) and file server 
prooess (FS) . The pooesses at one node and their 
oanmunlaation paths are shown in Figure 3. 

This four prooev model .wae 04osea for ease of 
implementation and gqaera$ixation to .other 
enviroments. For example, a simple back-end 
database system could he implemented hy putting the 
PS and US prooesses with tbe data on a separate 
dedioated ha&t-end oomputer. However , ue have 
learned fraa thm @itial experisepts that this four 
lid1 prooess struoture severely limits the 
performanoe of the system. 

Each process type has a few speolfied funotlons and 
may oommuniaate with other prooees types using a 
well-defined set of m-e types. Add.ltionel 
d&ails ban‘he found in [GARC83]. The Motions of 
eaoh prooess type are disouesed below. 

M h LTR]. TR 18 a riser prooess 
whiih performa ‘looal caputafion and input/output, 
and r’e&ests oobort p&eeeses to exioute warn, 
steps. (In our ‘model, the WAND server (MS) 
prooe&es deeorlbed ,belou serve a8 trensllction 
qohorts; ) In F$gure 2 the step requests were 
indioat?~. hy w. ._ The calls are aotuelly 
impl?ment?d hy a message aead/rewive meobaniam. 
An arbpqry number of TRls aan &et at a node. 
ho4 TR sends its TMGIN, TEND, aad step requests 
to the datqhaee server (DB) &oh funotions as the 
t&aisaotioa knager (looal ooatr.olfer) for the 
transeotioa. Upon reimivtng. a IgRGIN meeeage, the 
DR prooess’gen~rates end returns 8 unique tlmeetamp 
nbioh is then used to identify the transaction. 

Key: 

- Prooese~to Prooess 
Ccmmunioatlon 

0 
Proaess 

a Pile 

Figure 3. CARAT proorsws at oae node. 

&f&tgm &2iffc m 1par. The database server 
ooordinates tbe exeoutioa of the.traneaotion. It 
aocepta requests to exeoute steps from user 
traneaotiona and monitors their oompletion. The 
requests are forweeded to the- f13e server (FS) 
wbiob @$signs e WAWD server (WS) to exeouCa~#e 
step. When a TEND mereage Is reoeived from a ‘fli 
prooeee, the datahaee server proaees uleuaee the 
role of ooordinator in the two-phase cammit 
protqool . 

YIIIp m Prooaas m. WAND server prooeeees 
funotlon ae traneaoti;oa oohorts. Eaob YAUD server 
exeoutes its OYP oopy of the step and WAMD detaba6e 
OOdO. Neo4 WAND server is a serially mumbEe 
reeouroe ~4104 gets .aemlgned bo exeoute a speatiio 
step for a epeoifio trenamotion. It is releeaed 
when the step is ,doae. To ellow for iaoreeead 
oonourrenoy among tran68otioae, ‘there are usually 
multiple WAND servers. If there are feuer WBD 
servers than traneaotions, aonourreney oontrol rust 
be performed to aynobronixe t4eir aaaignment. The 
file server (FS) performs thie teak. 

When a WAND dnta menipuloUon oo&hd Is exeouted 
by ir step within a YAND server, the hig4-level 
reoord request is, aonverted into a request to look 
aad thea read or write pages of tb8 WAMD dat8b8w 
file. (Unlook requeate are sent by the database 
server beoawe it doo~netw the tuclip&ee 
oamitl. In the present irplaenktlon, requests 
for looks aad database p&gee am serislieed by tbe 
file server prooess (FS), whia4 Implements looklag 
and Is the only prooees allowed to read SF&~ or 
write into the stored database. Uhea there are 
many oonourrent traneaotlons which are input/output 
intensive, the throughput of the file server will 
limit the werall performance. The number of pages 
in the database file and the size of a page ere 
parameters whioh are set when the file is oreated. 
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Tbe file server will rejeot a read or write request 
if the page has not heen laclked on behalf of the 
tranaaotlon. 

Durllrg the ueoution of a step, the HAND server 
maintains a local bu?fer (workepaoe) of the four 
moat reaeatly wed pages. When a page is reoeived 
(read) from the -?lle server, It beawes the most 
reoeatly used, and the least reoently used page is 
mapped out if the buffer is full. If the anapped 
out page has been modified, it is sent Wok to the 
file server u4iob aotually does the write to the 
stored drtabwe. Himwer, before t.4~~4~ done the 
file server writes the original page on a. hefore 
image journal haiateined on disk (stable) storage. 
At the end of a step, any tified pages still in 
the buffer are also Written out and journaled. The 
jouraal is used by tbe oonourreaw control and 
reQovery meo4anlama to roll back the obangee made 
hy aborted transactions. 

available, the request is put’on a wait queue and 
the wait-for-graph is construoted to see If a opals 
has been generated. If a ayole exists, the 
youngest transaction (one with the largest 
timestamp) Is aborted. Sinoe multiple oyoles may 
have been created, this prooess Is repeated until 
all oycles have been removed. 

The t&ee looking polioies that are tbe ha&Is for 
our experlmentatlon and analysis will be called 
fLLBmLuloaWnP,~~lOhLillltt aad ux%l 
m m. We will investigate tire variations: 
the looka may be set in exolusive (RX) or 84are (S) 
mode. The polioies are now defined. 

EiLgLNllBLLookinnPoliov. 

The ehoioe of four pages for eaoh WAND server 
bu??ar wred reasonable as a startfng point, since 
met of tbe teat&i traneeotions require five pages 
oa the overage aad the test datahaw Is aall. 
Other elzee will be used in later expertients. 

In the file level policy, an entire dathaee file 
is treated as a single granule, nhioh is looked hy 
one look. TM8 poliay la eaotmp1ished tiy hwing a 
tranaaotion set an exoluaiSS CKX) or ahare (S) look 
on the file. This sets an bplioit RX or S lodk otl 
each page. 

pilp m m 1ps1. In addition to managing 
the datahaee and jownal files as described above, 
t4e file server malatalns the look tables and 
e?teoutee the looking’ and aonourrency oontrol 
pollolee. lb18 pzWoes8 wrvioes all Queued message 
rquests in FIFO order. 

We eall this the file level ‘loaklng polioy to 
denote the fact that the latest lwel data item 
that is explicftly looked is tbe’ file. No looks 
are explicitly sef’ oa the pages. From a 
performance point of view, this pollg has the 
edvantage of mitU.mal looking wprbead, but the 
disadvantage of minimal aonaurrenoy ii, the look is 
exclusive. Wit4 ‘file level exoluaive locking, 
tranaaotioas that whnt to l oo?ee any part of .tbe 
file will exeoute squeatially. ~ 

l4easuraents taken on CARAT, but not presented here 
due to spaoe l%mitatlone, 64~ that for’ our 
workload FS Is the bottleneck in the system. This 
limits mueh of the potential eoncurrenoy and helps 
to uplala some of the experlmental results we have 
obtaiaed. lie have also o4eerved CANAT to 4e CPU 
bound. A very large n\aber of prooees-to-prooees 
mearges are rquired per transaction and message 
processing is CPU latenaive. We hellwe that an 
unreasonably large part of the CPU tine Is spent on 
mesaage passing werhead. Further experiments are 
needed to quantfiy our swpiaton. Non tart We 
better under&tend the limitations of the. ourrent 
CARAT dealgn, we Intend to modify the arabiteoture 
end Implementation to enable CARAT to perform more 
llks ocamerolal systema. 

P[rPa~ldAlkUK~. 

In the page lwel policy, tAnfiaot.ions oontend for 
aoceea to pages‘ hy setting “individual lo&a oa 
pages. Transactiona are allowed to look the file 
ooaourrently, but must wait or’ a46rt if they try to 
look a page granted’ t6 another transaction ‘in tin 
inoospatlble mode. Tbie pollay is aao~pllebed by 
having eat& updak tranaaotioa set. an intention 
uoluelve (110 look on the ?f%e, and an exol+Ve 
(NX$ look on pages: Read-only t~aneaotloae set an 
intention ahare’ look oa ibe file and share (8) 
look8 on the pages. , See [GRAY76, GRAY791 kor nor6 
information on these an&other look modes. 

2.3 Looking Policies And Conourrenoy Control 

WAND supports a simple twblwel data ., unlt 
hierarchy ooasisting of a single database file 
whloh ooataine many pegee. This allaws for two 
looking granularities; a single large granule (the 
whole ?&le) aad many amall granules, (ladividual 
twee) l WAND oonvetis .rqueete for datehase 
reoords to rqueste ?OF pages hy a hee4iag 
algorithm. Before ‘a file or page is eooeeeed, the 
proper look must he granted 4y FS. 

We aall this the page lwel locking polioy to 
denote the faot that etillait lo&a are set oa tbe 
pages. This policy has--the advantye of hig4er 
conourrency sinae multiple traneaotions may use the 
database concurrently. But there is higher looki& 
overhead becauee a’transactida must obtain a look 
on I each me tbat it iie4es to aooesi. 
Furthermore, a tranaaotlon oan he aborted due to 
deadlook. 

lUWLNUh?SkU~. 
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Ubea looklng is used as the ooaourreaoy oontrol 
eoheme, ewe meohenlem must be uebd to avoid, 
prweat, or deteot deadlook among traneections. 
For the oxpepMeats presented here, the 
wait-for-graph method ia used for deadlook 
deteotlon [RYPK79]. If a look is available, the 
rquest is granted immediately. If the look is not 

The mlxed lwel polloy takes advantage 6? 
bleirerobioal looking.. Tho8e trinriaotioae that wish 
to-aodess meny pages (large Crr&Uetiene) loek at 
the file lwel t6 mininire t&e l&king overhtid. 
Tranaaotions that only meed il ‘far pagds 6al.l 
treneaotions) look at the page lwel to mini&e 
00a?110t. Thi# is aooapllabe& by bwing Ierg 
update tranaaotions set an exolusive (KX) look 08 
the datahaee file, While cmall~updafe tranaaot%ons 
set ‘an Intention exolusivs (IX) look on the Pile 



and exolusive (Ex) lo&~ on individual pages. 
Similarly, large read-only treaeaotlons set a share 
(S) lock oa the date4ase file,, while emell 
read-only treaeaotlons set an intention share (IS) 
look on the file aad share (S) looks on lndividuel 
pages. 

Ye oell this the mixed lwel lonklag polioy $foause 
it is a mixture of the other two polioies. Hit4 
this polig only tbe amall traaeaotloas oaa be 
aborted due to dMdlo&. Sin00 the large 
traaaaotione uee the file lwel looking policy, 
thy reQu?st a eiagle 1-k end w&l1 awer he 
aborted. 

2.4 Experimental Setup 

The Teethed Performeaoe Monitor (FM) wee used to 
ooatrol the experimeate and oompute treaeaotion 
thylnrgbput rates [CIIUN811. One of the ?unotloae of 
TBPH Is to aot as a termlaal emulator or 
tre@eaotion driver. It oversees the exeoutlon of 
multiple oonourrent traaeaotlon prooesees. Baob 
treneaotioa prooeee reed8 input frca 8 aorlpt file 
and performe output to a log file. CARAT oaaaot 
disWguish batueea l otual terainel users and wer 
traneaotioa prooeeeeB oontrolled hy TBPM. 

The first step in pbrformiag aa Sxpbrlmeat is to 
daftie and oreate a centralized CARAT 
coafiguratloa. For example, the number of YAND 
servers, the datahase files, eta. auet be 
speoif ied. The seooad step Is to define a workload 
end oreate the soript filea. The workload is 
defined hy paremeters which laolude the number of 
oonourreat tranpeat~oae, t4e type of traaeaotlons, 
tbe data to be iaoluded in the script, eto. 

In QUC iaplemeatation,. wo4 traneeation proaeee is 
exeouted qolioally by tbe treneaotioa drXvw. New 
oari.pt d8k, ~4104 18 randaly generated eoaordlag 
to ‘a known distribution, is ueed for eaa4 oyole. 
The treneeotion prowar $8 reeponeible for keeping 
traak of Its oua elapsed time. Upon oompletion, 
the elapsed time Is sent back to the traaeaotlon 
driver in a meeqe. T4e neseege ooatains the 
stetus of the oompletion, .l.e., ouapleted 
euoeeeefully, shorted due to ooniliot with another 
traaaaotion, or abortbd due to %ieer~ error. The 
trwotion driver stores this la?ormatioa for 
latrr statlstioal proceeeiag. 

For the uperiaeate presented here, eisht 
traaeeotlon proaes~e were used. Blob treaaeotlon 
waip for scme sstaml i&ink Um, -8, 
oapletee, aad then waits agSia hefore restarting. 
The external think time is a rSadcm spnple frcm in 
expoaentiel distribution whose mean Is specified as 
part of the workload oharaoterlxation. The purpose 
of the external t4ink time is to model the 4ehavior 
of 8 teminal user who %hinken for ecme period of 
me aftw oqpletiag oae trmaaotion befOF9 
euimltting anothu, rqueet. It rep~beents the time 
hetveen tbe caplotion of oae traneeotloa aad 
iaitiatioa of tbe next from the came termiael. For 
the workload and looking polioies used ia our 
tests, tQe amel treaeeotion reepoaee times mere 
meuured to be approximately twAoe tbe exteraal 
tplak time end t&e large treaeeotion response times 
varied fra oae to eight times its external tbiak 

tine. This means that eeoh transaction is In the 
systa approximately two-thirds of the time and the 
degree of multIprogramming is about five. 

The treaeeotions enter the system by requesting a 
TBNMN. When a step oaputatioa is rquestedd, one 
of eight HAND servers is eeeigned to prooeee tbe 
rqueet. (!&me the eyeta bee e%gbt WAWD eezWr8 
aad eight traneaotione, a WAND server IS eluays 
aveilable to prooess a step.) The WAND serve 
exeoutes the HAND step end retune tba results:. 
This Is repeated uati$ the traaeiaotlon issues a 
TNND to te@aate t4e trrn@eotloa and oaplt 6ay 
updates. Tbe traaeaotloa tbea oyales erouad, pad 
waits again. Tbe duration OS the ,exper%meat is 
defined 4j a llypaovpt permeter, where run count 
is the total aumber OS tseaeeotions wbiab muat ,be 
oampleted before the experiment ‘$8 stopped.-.. Aa 
dieoussed ia Seotioa 3.1 helou, s run wunt of 300 
was found to be adquate for our tests, 

The trensrotioas ueed for t4.e experiments exeoutr, 
one WAND step. Ue ohoib to derdgn tba tmumaetion 
this way so that 111 averbee& not ralSt8d te 
10-4, ualooking, aad l coesaing pages is kept to 
a mintam aad is held oonstant for el.1 
traneaotioas. $a& treneeotion performs the acme 
?uaotioa. It eimply. rqueste that Qw:WA@D z server 
read a random set of r-W iam the dntabaee 
file. The database was ooaetruote& ad that eao4 
database page oontcrined one database rector& Pages 
were 256 bytes loag. Rum were aade nit4 tbe 
database file oontaiaiag up to,1024 pSges. 

SiaSe practioal detabaee system contain masaY 
orders of magnitude aore pageeb we realire that, 
for this and other maeeas, tbm Preliminrly tSSt8 
presented bere era inadqnate fe dPWin0 
oonoluionr about preotioel syeteme Additloarl 
tests oa larger databases are rquired to dbtermiae 
how these results will stole up. HcSiwer,, tests 0B 
a sllall datahSse- are aore mSnSgeablb as a first 
step in exploring the teetbedls behavior. 

Swen of the eight treaeaotioas ere eoneidered 
m. Tlmy acoesg on the averege five reeorde (or 
.5$ of the 1024 pegB datebow). sad have an-exterracl 
think tlmb of 5 seoondr . The eighth treaeactlo#8 is 
ooaeidered lprnn end eooeeeee aa avbmge of. 102 
reoords (or 101 of the 1024,,pege &tab-). Tme - 
large tra&saotioh hea an external think time of 10 
seoonds . The number of records accessed by a 
partiouler amall or large treneeotion Is a random 
sample fra a geometrio dietributdoa with a mean of 
5 or 102 respeotlvely. Beoause of the way the 
treaeaotions are defined and the detehase is 
~oonet~ueted, the Sotucrl reSot!dS eele&ed 4y a 
trenaaotioa are chosen uniformly with replaoemeat 
frtu rpong ill t&o&S in the d&&See. AlLboa& 
aooess patterns of real syetcro.bave been observed 
tQ.be hlg4ly noa-uaiform, uniform aCoee$ wee ohoeea 
for the iaitial tests sinoe tt would 4e easier to 
understand and model ,statistlorllg. 

The experlments were performed on a DigItal 
Luiaeat Corporation VAX lt/7&0 running under the 
Vk bperating system with four megabytes of aain 
maorv end two RHO3 diek drives. No other nueerew 
were in the eyeta when the experhents were ma. 
Table 1 summarixes the teat envlroment. 
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Table 1. Summary of test enviroment. 

Bunl-&uuk SLENQf-~ 

0 300 transactions o 16 to 1024 pages 

0 average of 102 reoords o average of 5 reoords 
o 10 seoond average o 5 second average 

external think time external think time 

3.0 XPERIkEliTAL RESULTS 

Tbe four experlaents presented in this seation were 
performed to iwestigate the impaot o? different 
looklng polloies and syrtem obaracterlstics on 
throughput and response time. The test system is 
oaposed of one performanae nonitor (TRPM), eight 
transactions (TR’s), one database 8erver (DB), one 
file server (PS), eight WARD 8ervers (one WS ?or 
eaob transaction), and one database file. 

Shoe the large and Mlall transaotlons are 
contending for the same reaouroe8, aome looking 
policies &. favor one ola88 over the other. 
Consequently, we present the werall tbrougbput, 
the tbrougbput of the large transaotions, and the 
total throughput of tbe aeven small transaotions. 
By definition, the aua of the large throughput plus 
the small throughput equals the werall tbrougbput. 

Experiment 1 shows that the results are repeatable 
given identioal controllable test oondltlons. 
aperiments 2 and 3 identliy condition8 for which 
eaob of the file lwel, mixed level, and page lwel 
looking is best. Bxperlment 4 attsatits to quantify 
the Impact of two different factors on tbrougbput. 

3.1 Experiment 1: Confidence Interval8 On 
Tbrougbput 

Tbe purpose of this experiment was to obtain an 
estimate of the variability o? our measured results 
on repeated sidentiaal’ test runs. The variability 
oan be attributed to two iactors: random went8 
that are part of tbe underlying VAX/VMS system on 
which CARAT is running and random went8 that’ are 
part of the CARAT workload. 

We selected a few cases from the experiments to be 
prewnted later, ran eaob oa8e several tines to 
colleot independent data, and then computed the 
conildence interval8 on tbrougbput and response 
tine. Tbe signifioaaoe of the stati8tias 
tbsaselvea are treated in the later w&ions. Here 
ye simply lwestigate the varlablllty o? the 
results. The length of the run was another faotor 
ne bad to oonsider. Tbrougb experimentation ue 
found that increasing the rw count beyind 300 did 
not aiguifioantly deorease the measured varianoe, 
80 all experlments wed a run oount -of 300. 

Table 2 shot18 the results for three typioal oa8e8. 
Raoh aase Is identified by the number of page8 in 
the file and the lo&ing polioy that iras used. For 

the first ease, the mixed level exoluslve looking 
policy was used with a file of 1024 pages. In the 
seoond ease the mixed level exalusive looking 
polioy wa8 uaed again, but this time the file 
oontained only 64 pages. For tbe third ease, the 
page level exoluslve looking polioy wa8 used and 
the file oontalned 1024 page8. All tbrougbput 
values are measured in transaotlon8 per seoond. 
Response time8 are measurdd iq 8eeohds. Tbe sample 
mean and 90% coniidenoe Interval were oomputed and 
are shown ben*tb the data. Nven heed on three 
ruu8 per oaae, the computed oonildenoe lntervhls 
are. very amll. Beoausb o? the&e obaerrations an& 
the ?a& that ue are only loolcing ?or trend8 in our 
initial tests, we deoided that it would be adequate 
to oollect just one datum value for eadb workload 
and looking policy to reduoe tbe time required to 
perform the tests. 

Table 2. 90% Confidenoe Intervals for 
Several Input Cases 

Axed Lwel Exalurlve Locking Policy 
No. of pages = 1.024 

Throughput Response Time 
(trans.Jseo.3 (seoonds) 

RunlOverall I Large I Smell IOverallI Large I Small 
+---+-------c----------c--- --+----S-+-S---* 
I 1 I ,468 I ,050 I .418 I 11.25 I 12.47 I 11.10 I 
I 2 I .466 I .046 I .418 I 11.22 I 12.8@ I 11.04 I 
I 3 I .470 I .049 I .421 I 11.19 I 12.65 I 11.10 I 

+---+-----+--------c------c------c 
Uean .468 ,049 .419 11.22 12.64 11.05 

+/- (.002) (.OOl) (.002) t.031 t.16) t.041 

Mlxed Level Rxoluslve Looking Poliay 
No. of pages = 64 

Tbrougbput 
(trans./sea.) 

Response Time 
(seoonds) 

RunlOverallI Large1 SmalllOVeralll L&ge I Small 
+---+------c-----c-----+---------~------+------+ 
I I .444 I .050 I ,393 I 11.24 I 12.04 I 11.13 I 
I 2 I .42U I .049 I .380 I 11.67 I 12.63 I 11.54 I 
I 3 I ,458 I .051 I ,407 I 10.92 I 12.43 I 10674 I 

+---*-------c----+---------+---------------+ 
Mean .443 .050 .393 11.28 12.39 11.14 

+/- t.025) t.001) (.d24) t.36)' t.31) t.38) 

Page Level Rxolusive Look& Polloy 
No. of pages = l'O24 

Throughput Response Time 
(tran8./860.) (seaonda) 

RunIOverall I mgel SmalllOverall I 'Large I Small 
+m--+B---e-+-r-- -+-i--+----~--we+-Mww.+ 
1 1 I .444 1 .021 I .423 I 11.16 I 38.91 I 9.92 I 
1 2 I .480 I'.020 I .46o I 10.21 I 42.61 I 8.96 I 
1 3 I .467 I .020 I .447 I 10.48 I ,39.60 I 9.21 I 

+---+------+---I-c-----c-u--+--------~------+ 
Mean .464 .020 .443 

+/- t.017) (.OOl) (.018) 
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3.2 Experiment 2: Baseline Caaparisone 

The purpose of this experiment was to compare the 
three looking policies: file level, page level, 
and mixed level locking under oondltlons prevalent 
in the teatbed a8 desaribed in Section 2. For this 
experiment, we ran eaob policy with exoluslve look8 
(BX or. IX) wbiLe! varying the number o? pages St-an 
16 to 1024. Figure8 4, 5, and 6 8baw the werell 
tran8aotion t.hrougbput ( the large tranaaetion 
throughput, end the small transaction tbrougbput 
re8peMvely , for eaob of the three looking 
pOl$oieS. m18 in?omPtiOn 18 elS0 shown in Table 
3 along wltb read OOunt8 and,peroentage of abort 
Stei,$StiOS . All data Is b686d on a single run for 
eaob oon?lguraUon. 

3.2.1 Throughput Vs. File Size - 

We will first aonsider bar the file size (number of 
pages) affects the throughput’ for each polioy. 
Simulation studies have oonsidered the aituatlon in 

which a fixed she database is partitioned into a 
variable number of uniform Si8ed e, where 
the granule Is the lookable unit [RIES77, RIES79]. 
In our uperiments, ,paged are tbe &oa+ble unit and 
deareasing the number of pages in the, database file 
18 similar (but not identioal) to deoree8lng the 
number of granules. In our setup the pages are of 
fixed size for all experlments and transaatlons 
aaoeaa .?6uer pages a8 the file siee is deoreaaed. 
This ha8 the e??eat o? increasing oontention for 
loch and mung the transaction le88 I/O 
intensive. 

Figure 4 8bous that when using file level locking 
the Over&l throughput inoreases Slightly (lea8 
than 9%) a8 the number of pages in the Nle la 
decreased frce 1024 to 16. Mixed level luaking and 
page level looking 8bau a different trend. As the 
file sire is reduced frau 1024 to 16 pages, 
throughput gOe8 down, over 12% for mixed level 
lmklng and over 31% for page lwel looking. 

This pbencmctl)on can be explained a8 fO11OUS. 
Although the probablllty of a transaotion 
requesting a page already ,ln tbe bu??er goes up, 
the probability o? a aoniliot wer a page, and 
there?ore the probability of an abort (due to 
deadlouk) also goes up. For the mixed level 
looking policy, it is the slnall transactions that 
are contending for the pages, and they are the ones 
that get aborted. The large transaotion onnnot be 
aborted because It only sets an explicit exclusive 
(BX) lock on the file. For page level looking, 
both the large traneaction and the mall 
transaction8 explloitly look pages, and both can be 
aborted I? deadlook ocoura. It appears that the 
advantage of aooesaing a page already in the .bu??er. 
is outweighed by the disadvantage of aborting. 

Tbe peroent of transactions aborted a8 a ?unction 
of the number of pages in the database file for 
mixed End page looking pollolea is 8bawn in Table 
3. (The percent o? transections aborted* Abort 
($), was oomputed as the total number of aborted 
transactions divided by the sum of the suoceaaful 
and aborted transeotions.) As expeoted with mixed 
level looking, the large transaotions are nwer 
aborted. The 8mall transaotlons are not aborted 

either until the file size is reduced to 256 pages, 
at which time 2.52 get aborted. The percentage 
stays fairly low until the file size is reduoed 
below 64 pages and then it increases rapidly 88 the 
page size 1s further reduoed to 16 pages. With 
page level looking, large and 8mall tran8aotions 
oan be aborted. Table 3 ahars that, as the file 
size is decreased, the trend is for both types to 
get aborted much more frequently than with the 
mixed l&e1 looking policy. 
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Figure 4. Baseline: Overall traneaotlon throughput. 
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FigUr6 6. Baseline: small transaction throughput. 

Table 3. Baseline Data. 

File Level Bxclusive Looking Policy 

Throughput (trans./aen.) Read 
Pages Overall Large iSmall Count 

I 1024 I .498 
I 512 I .512 
I 256 I .494 
I 128 I .486 

.048 I .450 I 3767 1 

.o48 I .464 I 3761 I 

.049 I .445 I 3788 I 

.049 I .437 I 3744 I 

.053 I ,463 I 3663 l 

.052 I ,469 1 3440 1 

.053 I .489 I 3059 I 
.----~-----------------+ 

Mixed Level %olusiv6 Locking Polloy 

Throughput (tranS./ScKI.) Abort ($1 
Pages Overall Large small Large Sal1 

+-w---m 
I 1024 
1 512 
I 256 
I 128 
I 64 
I 32 
I 16 
+-W-B-- 

.468 I .050 I .418 

.467 I .048 I .418 

.449 I .049 I .400 

.468 I .050 I .418 

.444 I .050 I .393 

.436 I .049, I .386 

.408 I .050 I .358 
.-----------+------- 

0.0 I 2.9 I 
0.0 I 6.3 I 

.---B-+--S..--+ 

Page Level Eraluslve Looking Policy 

Pages 
+-B---S 
I 1024 

1 2 

I 'E 

ThrOUghpUt (tr6Il8./86C.) Abort ($1 
Overall Large small Large seal1 

,C------+------+-------*-W--+------+ 
I .444 I .021 1 ,423 I 0.0 I 3.4 I 
I .452 1 .020 t .432 I 7.1 I 8.0 1 
I .421 1 .024 1 -397 I 0.0 I 13.2 1 
I .385 1 .023 1 .362 I 35.7 1 21.5 1 
I .379 1 .027 1 .352 I 38.2 I 27.7 1 
I .334 I .022 1 .312 I 62.3 I 39.7 1 
I .302 1 .023 1 .279 1 63.5 1 49.7 1 

3.2.2 Throughput Vs. Looking Policy - 

we llOW diSOU88 the relative p6r?OX'MnO6 Of the- 
three looking polioies for a fixed 8i6e Silo of 
1024 pages. (Similar oceparlaona 0811 be ude for 
other file al668 studied here.) Table. 3 and Fime 
4 show that for our b666lla6 86mple workloed, ii14 
1W61 looking ~a8 the best in t6M Of over4ll 
throughput. The nextbe6twa6mired1w4lloeking~ 
End then finally page lev61 looking. For tbe P6rg4 
tr6n8actions, Figure 5 shaua that Silo lwel 
looking, aadmix6dlwaLlopkingw~e*Iwtrqurl. 
Pag6.lwel looking ~a8 by ?ar tb4 worst. ..Por the. 
small transsctions 8bhcwn in SQure 6,, ill6 level 
looking wa8 the beat, tbWl. mixed love1 ilaOkU& 
?OllOUOd by w lWe1 bQ&iIl& bb 8tB’eSS tbrt 
the86 results are true for tba baadine workload .: 
and 8ySttllr ob6raoteriatios but will not be truer- 
und6r other clroum8tanoea. 

In Order to unaerstand wby one pollay is better 
than another for our 8ample workload, one rUBt 
understand the ba8io difisrenoea &¶&. bar the. 
exeoute. WO wl3.1 Skrt. by Oomm!'Lng: tbe hro~ 
performance extraear file -1wel and page.'level .: 
l-king. File lwel looking has the advantage of 
minimal looking werbead, buttbe dl66dsantage.,& 
mhlmal oonourrenoy. otrtheet&wband,~~pa@kmml 
looking has the advmtage o? maxwm . . ooll~~: 
(wbloh is 1~61 In our o68e be~~64tb4.DAJtAT kathed. 
i8 CPU bound), but the ,dlsadvankg o? v. 
looking werbud. Th6 bO8t m&Qy ?Ol’ 8, $U%&QU&&l’ 

SitUatioll d6penda on wb6thel' the %8prev~'..$n 
per?oman0e du6 to inorwsed mnaurrenoy 1. A-e 

outwelgb6d by the loss due to inoreaaed fc#k&n& 
overhead. For the particular workload and bysta 
Obaraot6riatlos u86d here, the. b6nefitS Q? 
oonourrenay (minimal) 61-6 outu6kgbed by the 
werb66d of setting look8 (d?JWeMlve). -Other 
experim6nt8, ubiob ne pre8ent ‘in .Smtion’ 3.3, 
demonstrate that file lwel lmling Is. not.. b4st.. 
Ulld6l’ til OiPOUWt6llO68. , 

Figur6 4 8btW8 en imprwcr6nt in tbrougbput 
perforaanoe with the mixed IeveS loh@n&poL&y 
oceparedwitb pa8e lev4l Making, so tbre ie a13 
advahtage to reduoi4 the .loaklng mrerbmd, 
hIWW, file 1evelloakhgstrZU pemwmed betteE 
than the mlxed lwel b4aau84 the petity Q? fooking. 
was greater than tb6 ben4flt fra oenourreney, m. 
for tbe 8mall transaotioru. Tim ml tren8aQt;tQas. 
run 80 quickly that they are b6tt6r off IWnz&n&; 
sequentl8lly by setting one look on tbe entirs 
database file than running in parall61 and 86ttitIg 
multiple looks on Individual pages. We baliwe 
this i8 a result o? the ourrent struoture o? CUAT 
ubiob is both CPU bound and baa a bottl6neok in the 
file server (FS) pr06668. HoPif@ati@w to .CAl?AT 
to lnarease oonourrwoy and .Ir*Quoe asok arrc9ud 
6r4 ntm be14 ma&t. FWilly, aot4 that tb6 Large. 
tran8aotion throughput ,iS a~oxiu&t4ly t&e -4 
for fllelwel lo&Ang and @ixed+level 10&&a&: 
because in both C48e8 Wly.6 BinglO .&W& i8 4& &,. 
contention from 6mell. treR8aotion8 I8 a#wt,.,th4' 
same. 

3.3 Experiment 3: Transaotion Duration Vs. Look 
Overhead 

In the prwloua experiment, where the throughput 
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with file level loaklng wa6 8bown to be better than 
both. Pa@ level and mixed level locking, 
traMaCtiOn wer6 Short aad the 8yStm was CPU 
bound due to me88age traffio. The pUPpQ8e Of 
Experim6Qt 3 wa6 to~investig6te tbe sensitivity of 
tb~&maelim r68ultSto otb6rworkload and slyStem 
obaraQt6ri8t.i~ l&l partiaular, we obese to 
inVaUlpt4 bar tb4 duration oi a tran6aotion and 
the tin6 required to set a look oan a??eot 
perfatwme .( 

Weddedan -' w m to oontrol tbe 
duration of 0 tren88otion~ wlthorit obanging the 
8mount of work tbat it performed. After the 
treneeotion ha8 been grented all requested looks. 
and ba6 Oaplet6d p-n& it hibernates for an 
additltmal :~tblnk Mae beforo 0dttinS and 
rel4aSiQg ih8 1OOkS. TM6 internal think time is 
chosen as a randum 8ample fra 'an exponential 
distribution with a sp4ol?led mean. During the 
lntern6l think time, the tran86Qtion is not using 
Up m 0~0168.. It AS just holding it8 ~look8. It 
oao be thou&t o? a8 approrimating I trunsllotion 
wblob Wait8 for tb6 U8er t0 deoide if the Updat.68 
ar6 to be mtted or rolled baok. 

we al8Q add&o QQnSt6nt 'u j&g w to tb6 
prooassi~ of a tr6n6aotion's logk request hy the 
look 8Mag6r. within tb6 Nle 8erv4r PrQbeSil. Th6 

look timew6Atinore6668 thetime r6quir6dto sate 
1oQk 6nd oan be u6ed'to approXim8te the effect 'of 
inoreaabd lookillg averhead that might exist in 
Other llya-, for -.Oxaaple, due to- p6ging look 
tabhS*~ 6lId/Or due t0 Waiting inOUrr6d beOaU86 Of a 
very busy system< 

Tbe InterIial think time and the extra lock time 
w&t 6re input paramdtera to the 6xperlment. The 
r68ult.a showa in Tab16 4 ar6 for an av6r8ge 
intarnal' tbinlt time o? 3.0 SeCWndS, and a oonstant 
look timeWait Of 0.3 66Oonds. Yhi;l6 other %aitS" 
were t6sted, this extremely b&gh look time la 
pr6sented bore to demonstrate an extreme condition. 
Tbt’W OatiS ,ware run for 6aoh Of the tbr66 
eXol.tive modi ltikfng poliolea of 'Experiment 2. 
Foa+ all the runs, the ihtaha6e file contained 1024 
pageai C686 rl 6dded Internal prooesslng tiw only, 
Case. 2,addd look time wait-only, pnd Caw, 3 added 
both, The results, wblcb wfu be di8ou8sed bslow, 
giv6 8a4 lnaight into the lmpaot o? transaction 
duration end laoking overhead on throughput 
perforaanoe. 

3.3.1 Intermel Tblnk Time overbead - 
-, 

In C6pse 1, wB*r4 an av6rage int6rnal think time o? 
3 84ObWs W68 add&t, pa@3 bW61 1UOkillg prQduced 
the beat w6r6ll tbrougllput, followed by rix6d 
lev4&, end then' file 1~61 loaklng. Tbo werall 
tbPQ@pUtS w4tie d387, .328, and .202 
tE&9aot~OnS/SeQ., " re8peQtLvely. TbiS i6 tb6 
m:ai the ba8elim:aa@e, %p6rlmont 2, where 

ii16 locking wa8 the best. The Experiment 3. 
results oan be explained a8 fO11OUS. Sinoe 
transaction duration ha8 been Increased, the 
ben6fit of oonourrenoy is higher. For the amall 
tran8aotions the penalty of looking is relatiirely 
Small 8illC6 they Only aQQe88 a f6w FW-. 
Tbereforo, for the slrall tr6n8actions the best 
polloy is for all tran8aotionr to loak at the peg6 

level. Th6 second best polioy for the 8mall 
tr6n8actions 18 mixed level locking, where the 
El&1 tran8aCtiOnS Still look 8t the pag6 1W61 but 

the large transactions lock at the file lW61. Th6 

small tr8Naotions do not perform as well with this 

POliOy because they now mu8t uoit for the large 
transaction. to exeoute. Tbe worst polioy for thi 
small transaations is the file level poliay~beoa& 
the duration of transactions la long and alL 
prOC688illg i8 effectively sequential. " 

Table 4. Effect of Additional Overhead. 

Case 1: Avg. Internal Think Time = 3.0 Seoomds 
Leak Time Wait = 0.0 geCOnd8 
Number O? pages = 1024 

LoOkins Throughput (tran8aotlons/sec.) 
Polioy Overall LSWg6 Small 

c---------c--------*---------+---------+ 
I File 1 .202 1 .023 
I. Mixed 1 .32tl .I .035 f l :;; I 
I PPge 1 .387 I .019 I :368 I 
+----------+-------+ ---s----+-------..+ 

Case 2: Avg. Internal Think Time = 0.0 Seoonaa 
Look Time Wait = 0.3 Seoonda 
Number of pages = 1024 

LOCkillg Throughput (tran8aatlons/sec.) 
Polioy overall &Wit6 hall 

+----------+--------Cr--------+--------+ 
I File I .448 1 .045 I .403 I 
1 Mix6d I .285 
1 p-6 I 229 

1 A;; I 1 .253 I 
.221 I 

+-------------------------C-----r--+ 

Case 3: Avg. Internal Tbll\)r Time = 3.0 Seoongs 
LookTIme Wait = 0.3 g6Oond8 
Number of pages = 1024 

LoQking Throughput (tran8aotions/sec:) 
Polioy Overall Large Small 

+"""T--'c"-'--'~--c--------+ 
I File 
1 Mlxed 

1 3; 

1 :205 

1 '802 

I :007 
I l :xt t 

I Page I :198 I 
c---------+---------+---------------* 

For the large tran8aotion8, it i8 better to run 
sequentially with r68p6Ot t0 the 8mall 
transections, and thus reduoPlooking overhead for 
itself. This is shown by the fast that the beat 
pol-ioy for the large tranmotion was the tied 
level locking polioy with a tbrougbput of .035 
transactlons/6ec. ?hiS 18 ?~hWOd by the fil6 

level locking polioy with a throughput of .023 
trall8aOtiOn6/860. Th4 largta tran8motiona did not 
perform a8 well far the file level looking palloy 
beoause th6 18rge transaction8 W8t ti6o W6it ?Qr 
the mall transaatibns to b6 4X6QUted sequentially. 
Th6 Worst pOlfCy for tb6 larg6 transpirtiQn8 18 pag6 
level looking where tb6 16rg6 tranMOtiOIU3 have t0 
COlDp6t6 with the saall tran6aOtiOllS in Setting 
looka on 6aOb page. 

Tbe polioy producing th6 b&heat over&l1 throughput 
(larga plus spall transaotlona) was page lw61 
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loOkIng. Tbe throughput of the 8mall tr8nsaOtlons 
wa8 high enough to make up for the 1~61 throughput 
Of tb6 1Org6 tranMOtiOn8. This case points out 
the lnterraotion between the tW0 Ol68868 Of 
traMaOtiOM and &bars that the heat polioy for one 
aa88 may not be the beat for anotber. 

3.3.2 Look Time Walt - 

In Case 2, a large (0.3 seoond/1ook) look time wait 
we8 add6d. &I expe&6d und6r this OOnditiOn, the 
file level looking polity supported the highest 
overall throughput, .448 transllotions/sec., 

\ followed hy the mlxed lwel with a throughput of 
.28!5 tl'6MaOtiOn8/88&, and then page level with a 
tbrmgbput of .229 tr6nMotlons/seo. Since the 
total looking ov6rbead is now extremely large, 
performanoe is best wb6re the number Of look8 
r6quired per truzsaotion la mInimal. This oOcurs 
for tb6 file looking policy where eaob trensaotion 
8etr a 8ingle lock on the file. 

gv6n tbo arall transactions performed heat with 
file lwel looking. Performanoe dropped 
signifioantly for the mized lwel and page 1~61 
polioi where the 8mall tran8aotions set looks on 
W6l7 pI6e they COQ688. The large transacltlon 
throughput also went down sharply (Iram ,045 
tranMotions/seo. to .008 transaations/s~.) for 
page level 100klng due to the lmpaot oflooking 
overhead and oontentlon for pages. 

3.3.3 InternaX Think Tim6 And Look Time Walt - 

In Cas6 3, both tbe look time wait and Internal 
think time wer6 lnolud6d. The effeot. we8 a 
reduotion in overall tbraughput for eaob looking 
PolW. File lWe1 lOOking and page lW61 looking 

8bo6 tb6 lareat wer6ll throughput with v6lues of 

.199 and .205 tran8aotiQns/aeO., respectively. We 
oonjeeture that tbe throughput for the file level 
polioy is low for the 8ame reason8 as in Case 1, 
but tb6 diff6reno6 wb6n oapared with the other 
polioie8 is not a8 pronounoed. Aa in Case 2, page 
lwel looking thrOUghpUt i8 al80 1aU b6CaUSe the 
penalty of 100king Is very blgh. Finally, mixed 
lwel looking is the best overall with a throughput 
of .227 tranMotiondseo. It 18 bO8t amOQ&( the 
thrw polioiea for this partioular workload beoause 
it reduoes the penelty of looking for the large 
tran8aotlon, but -68 the benefit of 
contIurremy for the srall trMMatiOn8. 

3.4 Exp6rlment 4: Conourrenoy And L-king 

%periment 4 qu6ntifles two thing8 for the CARAT 
.&yStm: one, the dlfferenoe between maximum 
throughput potential and aatual throughput as 
llmited by the look poliolea, and two, the 
tbrougbput Werbwd of asking for and setting 
loOk6. To do this five variations of the lookIng 
polioy are Oap6red for tb6 ba86lin6 workload 
deaorlbed in Table 1. Tbrw of the polioles are 
ones studied above; file, mlxed and page lwel 
leaking. The two new poliol6a ar6: 

JQ l&&a - With this polioy no lock8 are requested 
Or 86t. While this oould leave the database in an 
inoonsiatant state if update8 were performed, It ia 
use?ul for aomparison purposes. Shoe no look8 are 
requebted, w6 have eliminated the overhead of 
waiting for and setting looka. Sinoe throughput is 
not being limited by conourrenay oontrol or locking 
overhead, we are m6aSLWing the m6XimUn tbrQUgbpUt 
potential. Of course, actual throughput and 
ooncurrenay is still limited by the 8yatePl and the 
workload. Conaurrent transactions must timeshare 8 
single PhySiCal CPU and tb,e rd.16 86PV6t' 
86quent5Alizes access to the stored database file. 

N && u - Th18 i8 the mixed lW61 loCkirl&( 

polioy with all lock8 set in intention share (IS) 
or share (S) mode 68 approporate. ThiS POliCy 
inours the same looking w6rbead a8 the mixed lWe1 

exolusive looking poliay, but tran8aotlons nw6r 
wait due to oonourrenoy central sinoe al1 looks are 
86t in 8ba!'6 mode. There is maxlmum ooncurr6ncy 
but the penalty Of mixed lW61 hC&ing Still 
6XiSt8. 

Figure 7 sbowq the overall throughput. The 
individual thrOUghpUt for the large and slnall 
transaotions ar6 not 8bOwn due to apace 
.limltatlons. The re6ults pr486nt6d for file level, 
mixed 1W61, and page 1W61 WolU8iV6 locking are 
taken frcr tb6 baseline oapariaon8 (gxperiment 2). 

3.4.1 Internal Think Time Cverb6ad - 

In Case 1, wheti an average ln&433al think time of 
3 ssconds wai added, page lW61 looking produced 
the b68t overall throughput, fol1awed hy mixed 
level, and then file lwel 10ckAng. The werall 
tbrQUghpUt8' w6re .387, .328, and .202 
transactions/sea., resp6atively. Tb18 i8 the 
a Of the baS61ine Oa86, Ihp6rim6nt 2, Wb6r6 
file looking‘ we8 tb6 best. Tbe Bxperlment 3 
results oan be explalnti 68 fO11OUS. Since 
tran8aotion duration ha8 be6n irM.WMSed, the. 
ben6fit O? OonOUrrenQy is high6r. For the 8m8lL 
transaotlonr the pen6lty of looking Is relptively 
8mall Sin06 they Only aooe88 a ?(N pages. 
Tberefor6, for the small traMaction th6 heat 
policy Is for all tran8aotions-to loak at tb6 page 
lwel. The 86Oond be& POliOy for tb6 8mell 
tran8aotlons is mixbd lwel looking, where th6 
8mall transactions still look at the page level but 
tb6 18rg6 tranMotiOn8~look at the ii16 lW61. Tb6 
8mall transactlons dC, ,not perrorm a8 well with this 
policy beoause they naw must wait for the large 
transaotion to. execute. The worst polioy ?OP th6 
snail transactions Is the file level pol10y beoauae 
tb6 duration of tranMotion8 is long and all 
prO~688i~ i6 e??WtiV*ly SwUential. 

Figure 7 baa two different line StyleE. The da8b6d 
lines ere for the no lo0k8 ana mix6d lwel read 
policies. These polloiea. are Oelled pp mgl$&g 
pnlioies because -the look request will alWay be 
granted lredlately, oven if another tran8aotion 18 
aooeaaing the page. Th6re ia maxlmm aonourr6my 
Witti th68e pO1iOl6S. The other three pollOles, 
file level exoluslve, mir6d level exOlu8lve, and 
page lwel exoluslve ar6 plotted with solid lin48 
to denote that look r6que8%8 may have to wait. 
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Figure 7. Factors - Werall transaotion throughput. 

For tbe no wa$tlng poliolea, no transaotions oan be 
aborted because no traneaotions wait. This is also 
true for the file level exclusive locking policy. 
In that case, deadlock oannot ooour because 
traneaotlone are only oontending for a 8lae file 
and look mode ooonvereion is not allowed. 

We will first consider tbe general trends of the 
ourvee a8 a function of tbe size of the file. For 

overall throughput in Figure 7, there are two 
dletinot alaeeee of aurvee. Tbe top three ourvee 
abow a8 inoreose in throughput as tbe number of 
pages deoreaeee. Tbe bottom two ourvee show a 
decrease. These result6 oan be explained a8 
follcWe. Tbe top three ourvee Include the no 
malting polioiee plus tbe file level exclusive 
looking polloy. The three policies have one thing 
in oommon, there is no contention (or waiting) for 
pages. Shoe there is no oontention for pages, the 
domlaant performanoe faator is the number of 
meeee+gee sent and ney pages read. As the the 
number of pages in the file deareases, the 
probability of having the desired page already in 
the UAHD eerver buffer inorearree., Therefore, fewer 
messages are sent to look and read pages. These 
meaqsagee are oostly i8 CPU time. By reduolng the 
number of message8 and file server page I/O, 
throughput is increased. 

Tbe bottom two aurvee lnalude page level exclwive, 
and mixed level exoluelve policie8. Both of tbeee 
are waiting policies, .i.e., transactions contend 
for exolueive aaoeee to the database file or its 
pasee. A8 explained in the baseline experiment 
(Experiment 21, the tbrougbput deoreaeee as the 
number of pages dewea8ee bea8we there Is a 
ei(plifioant incre88o in the percent of tran8aotione 
aborted. This outweigbe the benefit of aending a 
reduoed number of me88agee and reading fewer p8gee. 

Comparing the no look8 ourve to eaob of the 
%ml tag ourvee provides an approximate 
quantlfioatioo (in term8 of throughput) of the 

difference between maximum potential ooocurreooy 
and actual conaurreooy. Actual concurrency in the 
~waitiog” poliaiee is limitti, by bigb leak 
overhead, by the PS aequeotialielng acoeee to the 
disk, and by cooaurrenay oontrol itself. For 
example, from Figure 7 it oao be 8eeo that for 1024 
page8 there is a 15s 1088 in tbrougbput between the 
no locks poliay and file level looking, a 21% 1088 
for mixed level looking and a 25% lose for page 
level locking. 

Next, oomparing the mixed level read ourve to tbe 
mixed level exolusive WliOY provides 
quaotification of tbe effect oo throughput &, lo$ 
COtIfll.at. itself. A&o, from Figure 7 it is eeen 
that at 1024 pages the effeot is a 1% reduction in 
tbrougbput. A8 expeoted, the ourvee &ho 8bou tbat 
the 1088 Is greater for 8maller file ei8e8. 

Finally, aompering the no locks aod mixed level 
read -curve8 quantifies the dlfferenue in tbrougbput 
as a result of looking overbead. This effect is 
approximately a 122 1088 in throughput. 

4.0 CONCLUSIONS 

Tbe experimental .data we have presented for our 
teetbed eyetem indioatee that the nbeetn looking 
pollay depend8 on the traasootioo and system 
cbarao~erietlce. For example, in the boseline 
tests file level leaking Is be8t; wbeo inter* 
think time is added page level loekIng is beet; 
when lock wait time Is added file level locking Is 
beet ; and uben both internal tbir& time and look 
wait time are added mlxed level looking is beet. 
We have aleo presented data that attempts to 
quantie the efifeot on throughput of both look 
conflicts and locking overhead. We have not run 
eoougb different workload8 and databaeee to be able- 
to say what will happen under other airoumetaneee. 
Our system reeults may 8&fso be eenaitive to ;otber 
unaontrolled parameters and coaling. However, by 
c-paring different looking po2iaiee for epeeifia 
workloads on a epeoiflc implement8tioo of ,a 
teetbed, we have a’ better understanding of tbe 
faotors wbiab misbt lnflueooe traneeotion 
throughput performanae when well-formed, tnppbese 
looklng is used for oooourrenay. oootrol in .a 
centraltied database system. 

Finally, 8Qme of the prellmlnary result8 have 81eo 
identified needed modificatisne to .tbe testbeg 
itself. CARAT will be modified to r-we the file 
eerver bottleneok and a8 mpob of .tbe mseeage 
overhead a8 possible. Tbe four. process structure 
mill be reduced to three by incorporating the file 
server functions into the WAND eervere. This 
ebould help make the teetbed more realietio and yet 
still retain its flexibility. 

-* Ye would like to thank the- 
reviewers for their aonstruotive orltial8m8 and, 
suggestions, wbiab have helped to revise the 
presentation and imprwe the 4ouree of our future 
research. Tbe CARAT. projeat WM started by Frank 
Germano, now at APOLLO Caaputer, and has been 
supported for the past ho year8 by the Corpor8te 
Reeearob Group and the RAD oummittee of Mgital 
Equipment Corporation. It Is oow being supported 
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