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Abstract

A number of algorithms have been proposed for access-
ing B-trees concurrently, but the performance of these

algorithms is not yet well understood. In this paper, we

study the performance of various concurrency control

algorithms using a detailed simulation model of B-tree

operations in a centralized DBMS. Our study considers

a wide range of data contention situations and resource

conditions. Results from our experiments indicate that

algorithms in which updaters lock-couple using exclu-

sive locks perform poorly as compared to those that

permit more optimistic index descents. In particular,

the B-link algorithms provide the most concurrency and

the best overall performance.

1 Introduction

Database systems frequently use indices to access data.

These systems typically operate at a high level of con-

currency, and since any transaction has a high probabil-

ity of accessing an index, it is necessary to ensure that

concurrent access to an index is not a bottleneck in the

system. Since B-treesl are the most common dynamic

index structures in database systems, most earlier work

has concentrated on them and we will focus here on B-

tree concurrency control algorithms. However, many of

our results will lend insight into concurrency control for

other index structures also.

Concurrency control techniques that work well for

tecords or data pages, such as two-phase locking

“ This research was partially supported by the National Sci-

ence Foundation under grant IRI-865 7323 and by a University of

Lt’isconsin Vilas Fellowship.

1By B-tree we mean the variant in which all keys are stored at
the leaves, also called B+ -trees and sometilnes B*-trees [Come79].
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[Gray79], are overly restrictive when naively applied

to such items as index pages. Special techniques

must be employed to prevent inclices and system cat-

alogs from becoming concurrency bottlenecks. A num-

ber of algorithms have been proposed for accessing B-

trees concurrently [Sama76, Baye77, Mil178, Lehm81,

Kwon82, Good85, Mond85, Sagi85, Shas85, Lani86,

Bili87, Moha89, Weih90], but few performance analy-

ses exist that compare these algorithms. The earlier

studies [Baye77, Bili85, Shas85, Lani86, John90] each

compare only a few algorithms and have been based on

simplified assumptions about resource contention and

buffer management. Thus, the relative performance of

these algorithms in more realistic situations is still an

open question.

In this paper, we analyze the performance of various

B-tree concurrency control algorithms using a sinlula-

tion model of B-tree operations in a centralized DBMS.

Our study differs from earlier ones in several aspects:

1. We study a representative list of algorithms includ-

ing variations of the Bayer-Schkohlick, top-clown, and

B-link algorithms as well as a new algorithm that al-

lows deadlock detection at a single node. Based on our

analysis of these algorithms, we make further projec-

tions about the performance of other algorithms.

2. We use a closed queuing simulation model that is

quite detailed and consists of a B-tree in a centralized

database with a buffer manager, lock manager, CPUS

and disks.

3. In our experiments, we consider tree structures with

high and low fanout in a wide range of resource condi-

tions and workloads.

4. We measure a wide variety of performance measures

that help us to make precise statements about the per-

formance of searches, deletes and inserts in the different

algorithms.

Section 2 briefly reviews the set of B-tree concurrency
control algorithms that have been proposed in the lit-

erature, focusing on the ones that were chosen for our

study. The simulation model and performance metrics

that we use in our study are described in Section 3. Sec-

tion 4 presents details of our experiments and results.
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Figure 1: An example B-tree fragment
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2 B-trees in a DBMS

I\re assume that the reader is familiar with the basic B-

tree index structure [Come79]. An example B-tree frag-

ment is illustrated in Figure 1, and a B-tree page split is

illustrated in Figures 2a and 2b. B-trees in real database

systems usually perform page merges only when pages

becomes empty; nodes are not required to be at least

Ilalf-full, since in practical workloads, this is not found

to decrease occupancy by much [John89]. We assume

this approach to B-tree merges for this study. A node is

considered sufe for an insert if it is not full and safe for

a delete if it has more than one entry. A split or merge

of a leaf node propagates up the tree to the lowest safe

node in the path from the root to this leaf. If all nodes

frolm the root to the leaf are unsafe, the tree increases or

decreases in height. The set of pages that are modified

in an insert or delete operation is called the scope of the

update.

EDZl

Table 1: Lock compatibility table.

2.1 B-tree Concurrency Control

Most B-tree concurrency control algorithms make use of

the following relationship between a safe node and the

scope of an update. When an updater is at a safe node

in the tree, the only pages that can end up in the scope

of this update are nodes in the path from this node to

the leaf. Any locks held on nodes at higher levels can

be released. Several algorithms use a technique callecl

loc~-cozlplino in their descent from the root to the leaf,
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Figure 2: A B-tree page split.

releasing locks early using the above property. An op-

eration is said to lock-couple when it requests a lodi
on an index page while already holding a lock on the

page’s parent, releasing the parent lock if the new page

is found to be safe.

In a simple algorithm proposed in [Sanla76], all oper-

ations get an X 10C1{2 on the root and then locl<-couple

their way to the leaf using X locks, releasil~g locks at

higher levels whenever a safe node is encountered. A

class of algorithms that improves on the above idea was

proposed by Bayer and Schkolnick [Baye’17].

2.1.1 Bayer- Scllkolnick Algorithms

In all Bayer-Schkolnick algorithms, searches always fol-

low the following 10diillg protocol. A search gets an

S lock on the root and lock-couples to the leaf using

S locks. The various algorithms differ in the locking

strategy used by updaters. We shal 1 describe three rep-

resentative algorithms, B-X, B-SIX, and B-OPT.

In the first algorithm, called B-X, upclaters get an X

lock on the root and then lock-couple to the leaf LIS-

ing .X locks. The .X locks of updaters on the path from

the root to the leaf may temporarily shut off readers

from areas of the tree not in the actual scope of an up-

date. The above problem can be rectified if updaters

lock-couple using SIX locks in their descent to the leaf.

This algorithm, called B-SIX, allows readers to proceed

faster (since SIX lodis are compatible with S locks) but

updaters, on reaching the leaf, have to convert the SIX

locks in their scope to X locks. This top-cloll,ll cOnvc{-

sion drives away any readers in the updater’s scope.

2The lock modes discussed in this paper aI)d their conlpa(il>il-

ity relationships are given in Table 1.
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In both algorithms above, updaters that do not con-

flict in their scope may still interfere with each other

at higher level nodes. Moreover, in most B-trees, es-

pecially ones with large page capacities, page splits are

rare. The third algorithm, which we call B-OPT, makes

use of this fact, letting updaters make an optimistic de-

scent using IX locks. They take an IX lock on the root

and then lock-couple their way to the leaf with IX locks,

taking an X lock at the leaf. Here, regardless of safety,

the lock at each level of the tree is released as soon as

the appropriate child has been locked. If updaters find

the leaf to be safe, the operation succeeds. Otherwise,

the updater releases its X lock on the unsafe leaf and

lnakes a pessimistic descent using SIX locks, as in the

B-SIX algorithm. If very few updaters make a second

pass, this algorithm is expected to perform well.

Updaters in the Bayer-Schkolnick algorithms essen-

tially update the entire scope at one time, making it nec-

essary for them to hold several X locks at the same time.

Several algorithms have been proposed that instead split

the updating of the scope into several smaller, atomic

operations. JVe consider two of these next, the top-down

and B-link algorithms.

2.1.2 Top-clown Algoritl~ms

In top-clown algorithms [Guib78, Care84, Mond85,

Lani86], updaters perform what are known as prepara-

tory splits and merges. If an inserter encounters a full

node during its descent, it performs a preparatory page

split and inserts an appropriate index entry in the par-

ent of the newly split node. Similarly, a deleter merges

a node that contains one entry with its sibling, deleting

the appropriate entry from the parent. Leaf level inser-

tion or deletion is similar except that the preparatory

operations ensure that the parent will always be safe.

.&s always, a merge or a split of the root page leads to

an increase or decrease in tree height.

Based on the preparatory operations described above,

we consider three top-down algorithms that correspond

to the Bayer-Schkolnick algorithms in terms of the type

of locking that updaters do. In the first, algorithm, TD-

X, updaters get an X lock on the root and then locli-

couple using X locks to the leaf. At every level, before

releasing the lock on the parent, an appropriate merge

or split is made. The above algorithm can be improved

by using SIX locks and converting them to X locks only

if a split or merge is actually necessary. This variation

is called TD-SGX. In the optimistic top-down algorithm,

TD-OPT, updaters make an optimistic first pass, lock-

coupling from the root to the leaf using s locks and then

getting an X lock on the leaf. If the leaf is unsafe, the

updater releases all locks and then restarts the oper-

ation, making a second descent ~ la TD-SIX [Lani86].

Readers use the same locking strategy as in the Bayer-

Schkolnick algorithms.

The top-down algorithms break down the updating

of a scope into sub-operations that involve nodes at two

adjacent levels of the tree. The B-link algorithms go

one step further and limit each sub-operation to nodes

at a single level. They also differ from the top-down

algorithms in that they do their updates in a bottom-

up manner.

2.1.3 B-link Tree Algorithms

A B-link tree [Lehm81, Sagi85, Lani86] is a modification

of the B-tree that uses links to chain all nodes at each

level together. A page in a B-link tree contains a high

key (the highest key of the subtree rooted at this page)

and a link to the right sibling. The link enables a page

split to occur in two phases: a half-split, followed by the

insertion of an index entry into the appropriate parent.

A B-link tree node and an example page split are illus-

trated in Figure 3, Operations arriving at a newly split

node with a search key greater than the high key use

the right link to get to the appropriate page. Such a

sideways traversal is termed a lznk- chase. Merges can

also be done in two steps [Lani86], via a half-merge fol-

lowed by the entry deletion at the next higher level.

The B-link algorithms differ from the Bayer-Schkohlick

and top-down algorithms in that neither readers nor

updaters lock-couple on their way down to a leaf. We

describe two variations of the B-link algorithms, LY and

LY-LC.

In the LY algorithm (LY stands for Lehnlan-Yao), a

reader descends the tree from the root to the leaf using

S locks. At each page, the next page to be searched can

either be a child or the right sibling of the current page.

Here, readers release their lock on a page before getting

a lock on the next page. Updaters behave like readers

until they reach the appropriate leaf node. On reaching

the appropriate leaf node, updaters release their S lock

on the leaf and then try to get an X lock on the same

leaf. After the X lock on the leaf is grantecl, they may

either find that the leaf is the correct one to update

or that they have to perform one or more link-chases

to get to the correct leaf. Updaters use X locks while

performing all further link chases, releasing the X lock

on a page before asking for the next. If a page split

or merge is necessary, updaters perform a half-split or

half-merge. They then release the leaf lock before they

search for the parent node starting from the last node

(at the next higher level) that they used in their descent.

That is, updaters that are propagating splits and merges

use X locks at higher levels and do not lock-couple. In

the basic LY algorithm, operations locli a maximum of

one node at a time.

Due to the early lock releasing strategy in the basic

LY algorithm, updaters that propagate inclex entries af-

ter completing half-splits or half-merges can encounter

“inconsistent” situations; eg., a deleter at a higher level
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Figure 3: A B-link tree page split,

may find that the key to be deleted does not exist there

(yet), and an inserter at a higher level may find that

the key it is trying to insert already (still) exists. An

updater that encounters such inconsistencies may be re-

quired to restart repeatedly (see [Lani86] for details).

These inconsistent situations are avoided by the LY-LC

algorithm, in which updaters hold an S lock on a newly

split or merged node while acquiring an X lock on the

appropriate parent node (in essence, lock-coupling on

the way up). That is, the LY-LC algorithm differs from

the LY algorithm in that updaters release their lock on a

node that is half-split or half-merged only after getting

an X lock on its current parent.

2.1.4 A New Optimistic Descent Algoritl~m

Updaters in the optimistic descent algorithms described

earlier (TD-OPT and B-OPT) restart operations if they

encounter a full leaf node rather than restarting them

c1ue to actual conflicts with other updaters. In a new

optimistic algorithm that we designed, called OPT-

DLOCK, restarts depend solely on de:lcllocli-c}l~lsillg

lock conflicts. OPT-DLOCK detects such conflicts by

watching for circular waits of lock upgrade requests for

the same page. A comparison of the performance of

this algorithm with that of the other optinlistic algo-

rithms will provide interesting insights on the cflicacy

of the two restart strategies under variolls systeln and

workload conditions.

In the OPT-DLOCK algorithm, readers follow the

same locking strategy as in the Bayer-Schliolnicl< and

top down algorithms. Updaters descend using S locks,

keeping their scope locked until a safe node is reached,

like updaters in the algorithms B-X and TD-X; they

take an X lock on the leaf. In this algorithm, however,

a node is considered safe only if it is both insertion

safe and deletion safe. If the leaf is safe, the update

is performed and all locks are released. An updater

that reaches an unsafe leaf node will have at least all

of the nodes in its scope (and possibly more, due to

the new definition of safe node) locked with S locks, in

addition to having the leaf itself locked with an JX lock.

Updaters reaching an unsafe leaf node release the leaf

lock and then try to convert the S lock on the topmost

node of their scope to an X lock. If this lock is grantecl,

upaters proceed to drive away readers by getting .X locks

on the other nodes in their scope and then perform the

actual update.

The new definition of safe node used in the OPT-

DLOCK algorithm ensures that two upclaters whose

scopes intersect will always have the same top level safe

node. Thus, two updaters with the same top level safe

node will both try to convert their S IOdis on that node

to X locks and will create a local cleadlock at that node.

Only one of them will succeed, with the others being

restarted after releasing all locks associated with (he

failed B-tree operation. A restarted updater3 repeat-

edly tries the protocol until it succeeds; starvation is

avoided by assigning priorities to operations based on

their first start time.

3 Simulation Model

Our model is a closed queueing moclel with a. varying

number of terminals. Transactions in this study are

“tree transactions,” each performing a single B-tree op-

eration. Figure 4 shows the various possible states of a

tree transaction in the system.

The system on which tree transactions operate is

modeled using the DeNet simulation language [Livn’JO].

The system can have one or more CPUS and disks. Re-

quests for the CPUS are scheduled using a FCFS (first-

come first-served) discipline with no preemption. Each

of the disks has its own disk queue, and these queues

3Note that a restart just in~,ol~,es re-trying the B-tree operation

and is not a transaction abort.
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Figure 4: Transaction states.

are also managed in an 17cl?S fashion4. We assume uni-

form disk utilization. The buffer pool is managed in a

global LRU fashion, and the buffer manager performs

clemand-driven writes.

The worliload model consists of the number of termi-

nals in the system, referred to as the multi-programming

level (MPL) of the system, as well as the proportion of

searches, inserts, deletes and appends in the workload.

A given terminal can submit any one of four types of

B-tree operations (search, insert, delete, or append). A

terminal submits transactions one at a time. As soon

as a transaction completes, it returns to the terminal.

The terminal immediately generates another operation

whose type is randomly determined using the set of

probabilities given for the workload.

Keys for the search, insert, and delete operations are

randomly chosen from a key space that consists of inte-

ger values between 1 and 80,000. The keys for appends

are chosen sequentially from 80,001 onwards.

An important parameter of the B-tree is the maxi-

mum fanout of a B-tree page, the page capacity. This

gives the maximum number of <key, pointer> entries

in a page. In our model, the physical size of a B-tree

page is always the same (in bytes), so a variation in

fauout should be viewed as being due to different key

sizes. For simplicity, all keys are of the same size, and

no duplicates are allowed. Another parameter of the

B-tree model is the locking algorithm in use.

In our experiments three factors will be varied — the

workload (the percentage of searches, inserts, deletes,

and appends), the system resources (the number of

CPUS, disks, and buffers), and the structure of the B-

tree (the fan-out and the initial number of keys). The

simulation parameters for our experiments are listed in

Table 2.

A system configuration is defined by values for the

workload parameters, the number of CPUS, the number

of disks, the B-tree fanout, and the buffer pool size. In

each configuration, we varied the MPL and the concur-

4\Ve also ran experiments with an elevator disk scheduling al-
gorithnl and the results obtained were qualitatively similar to
those presented here [Sringl).

num-cpus

num-disks

seek-time

cpu-speed

Cc-cpu

buj CpU

search-cpu

modtfy-cpu

Copy-cpu

init-keys

max-fanout

cc-alg

num-bufs

num-operations

mp 1

search -prob

delefe-prob

insert -prob

append-p rob

Number of CPUS (1..cm)

Number of disks (1. co)

Min: O msec; Max: 27 msec

20 MIPS

Cost for lock/unlock (100 inst.)

Cost for buffer call (1000 inst.)

Cost for page search (50 inst.)

Cost for key ins/del (500 inst.)

Cost for page copy (1000 inst.)

Keys in initial tree (40,000)

Entries/page (200/page, 8/page)

CC algorithm (LY, B-X, etc.)

Size of the buffer pool (see text)

Ops per simulation run (10,000)

Multiprogramming level ( 1..300)

Proportion of searches (0.0 . . 1 .0)

Proportion of deletes (0.0 . . 1.0)

Proportion of inserts (0.0 . . 1.0)

Proportion of appends (0.0 . . 1.0)

Table 2: Simulation parameters

rency control algorithm. At the start of each experi-

ment, the buffer pool is initialized with as many B-tree

pages as will fit; higher level pages are given priority

in this initialization. Each simulation is stopped after

10,000 operations have completecl. Batch probes in the

DeNet simulation language are used with the response

time metric to generate confidence intervals. For the

results presented here, the 90% confidence interval is

within 2.5’%o (i. e., &2,5~o) of the mean.

4 Performance Results

The relative performance of the various B-tree algo-

rithms depends on characteristics like the worliload

composition, the system resources available, the B-tree

structure and the multiprogramming level. \Ve divide

the algorithms into four classes and analyze the per-

formance of these classes. The groupings of algorithms

into classes are indicated in Table 3. The classes SIX-LC

and X-LC are referred to collectively as pesstmzstic al-

gorithms in the following discussion. IVe discuss the re-

sults of our experiments organized by workload. Due to

space limitations, we shall only discuss the results of the

experiments for the high fanout tree (200 keyslpage);

the corresponding low fanout results may be found in

[Srin91].

4.1 Expt. 1: Low Contention

In our first set of experiments, we used a workload that

consists of 80% searches and 10VO each of inserts ancl

deletes. The use of au equal proportion of random in-

serts and deletes ensures that a negligible number of
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Class Algoriihrns

B-LINK {LY, LY-ABUF, LY-LC}

OPT {OPT-DLOCK, TD-OPT, B-OPT}

SIX-LC {B-SIX, TD-SIX}

X-LC {B-X, TD-X}

Table 3: Algorithm classification.

splits and merges take place. The presence of few up-

daters andasmall number of splits, therefore, creates a

low data contention situation, and we use this workload

as a filter to eliminate poor algorithms.

The buffer pool in this experiment has 200 pages, or

about 75’ZO of the tree size. For the case with a single

CPU and disk, all algorithms showed virtually identical

behavior and we omit the graphs due to lack of space.

We found that the throughputs for all algorithms sat-

urated at an MPL of 4 at a value that is only slightly

greater than the throughput value at an MPL of 1. This

is because, with only one CPU and disk, the disk rapidly

becomes a bottleneck. We found that for all algorithms,

at an MPL of 1, the disk is around 90~0 utilized, thus

making some 1/0 and CPU parallelism possible. The

left-over bandwidth is used up when the MPL is in-

creased, and the system saturates by an MPL of 4 for

all algorithms.

The throughput curves for the case with 1 CPU and 8

disks is given in Figure 5. Due to the additional system

resources, the throughput of all algorithms increases to

a higher level than in the single disk case before leveling

off. In this case, the SIX-LC and X-LC locli-coupling

algorithms only reach a maximum throughput of about

half that of the optimistic (OPT) and B-link (B-LINK)

algorithms. In trying to explain this, we found that the

pessimistic algorithms (SIX-LC and X-LC) have a peak

utilization of less than half of the available disk capac-

ity, while the optimistic algorithms utilize the disk com-

pletely at high MPLs. This suggests that the through-

put for the pessimistic algorithms level off due to data

contention, rather than due to resource contention. We

also found that the lock waiting time at the root is a

significant fraction of the insert operation response time

(Figure 6) for the X-LC and SIX-LC algorithms, indi-

cating that searching the root is the bottleneck. For the

OPT and B-link algorithms, the response time increases

at higher MPLs are due only to contention for the dislis.

The bottleneck that the X-LC and SIX-LC algorithms

form at the root can be understood intuitively by con-

sidering a system in which operations have to execute

in several stages with the restriction that no two opera-

tions can execute the first stage simultaneously (though

any number of operations can execute subsequent stages

in parallel). Assume that it takes exactly 1 second to

run through all stages, and that the first stage takes

a fraction k (O < k < 1) of the total time to execute.

Now, at an MPL of 1, the throughput will be 1 ope~a-

tion/second. At an MPL of 2, both operations may be

phase-shifted and may not collide at the first stage, In

that case, they will both have a response time equal to 1.

However, the worst case is when both operations arri~e

at the first stage simultaneously, and one of them has

a response time of 1 while the other has 1 + k. Assunl-

ing equal probability for the collision and non-collision

cases, we get an average response time of [1 + k/2) and

an average throughput of less than 2. At higher and

higher MPLs, more and more collisions will occur. In

fact, it can be shown that the asymptotic tlwoughput

at very high h!IPLs is l/k. Consequeut]y, a bo(tlenecli

will form at very high MPLs at the first stage.

Searching the root page in the X- aucl SIX-locliing al-

gorithms is analogous to the first stage in the example

system, and at high NIPLs a bottleneck forms at the

root. The bottlenecks are accelerated at higher fir[PLs

due to the lock-coupling overhead of waiting for the lock

at the next level. Notice that if k is very small, then bot-

tlenecks will form at much higher MPLs thau if 1: were

large. We indeed noticed that in tile lnell~ory-resiclellt

tree experiments, the bottlenecks formed earlier than in

the experiments where the response time includes 1/0

This is because the overhead of searching the root (and

waiting for a lock at the next level) in the nlenlory-

resident case is a significant proportion of the actual re-

sponse time, while in situations that require clisk 1/0s

for non-root nodes, it is a much smaller fraction of the

response time.

The bottleneck at the root can affect the response

time of operations symmetrically or asymmetrically. In

the X-LC algorithms the bottleneck affects all types of

operations equally; the search response times in Figure

7 are very close to the insert response timm in Figure

6. On the other hand, in the SIX-LC algorithlns, the

response time for searches increases only slightly with

MPL (Figure 7), while the response time for inserts in-

creases steeply with MPL (Figure 6). This is because,

in the SIX-locking algorithms, searches can overtake

updaters on their way to a leaf and hence escape the

bottleneck at the root. However, the system then gets

filled with slower updaters, and the contention levels

are much higher than in .X-locking, (where searches and

updaters take approximately equal times to complete).

In fact, the increase in response time for updaters is

so large that the throughput of the SI.X-locking algo-

rithm is only slightly better thau that of the .Y-locking

algorithms (Figure 5) in spite of the almost constant

search response times of the SIX algorithms. It should

be noted that the phenomenon of a bottleneck at the

root for pessimistic algorithms has been mentioned in

earlier papers [Bili85, John90]; our contribution is to the

understanding of how bottlenecks affect the response

times of different B-tree operation types,

,
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l?inally, to get an idea of the extent to which the

different algorithms can take advantage of the concur-

rency available in the workload and the high fanout B-

Lrce structure, we present their throughput curves for

the case of infinite resources in Figure 8. Note how the

pessimistic algorithms level off at the same maximum

throughput as in the 1 CPU and 8 disks case (Figure

5), while the optimistic and B-link algorithms make ex-

cellent gains in throughput with increasing MPL.

In addition to the above experiments, we also per-

formed experiments in which the entire tree is in mem-
ory. The only difference between the disk bound exper-

iments described above and the experiments with the

memory-resident tree was that the CPU resource be-

came the bottleneck at earlier MPLs than the disks did

in the disk-bound experiments, as would be expected.

IIowever, the qualitative results were similar to those

for the disk bound case. We omit these graphs due to

space limitations.

It should be noted that in the above experiments,

there was no significant performance difference between

the top-down algorithms and the corresponding Bayer-

Schkolnick algorithms. This is to be expected since the

tree has only three levels; the number of exclusive locks

held at one time on the scope of an update is hardly

clifferent in the two cases (due to the rarity of splits and

merges).

4,2 Expt. 2: Moderate Contention

The 100% insert workload used in this experiment dif-

fers from the one used in the first set of experiments

in that it creates higher data contention due to the sig-

nificant number of splits required to accommodate the

new keys being inserted. In particular, nodes one level

higher than the leaf are modified frequently under this

workload. Again, we will discuss only the high fanout

tree experiments here.

We first consider experiments that were conducted

with a buffer pool size of 200 pages, or about 75’ZO of the

initial B-tree size. In the single CPU and disk case, we

again found that there is not much difference between

the algorithms. Figure 9 contains the throughput curves

for the 1 CPU and 8 disks case. As in the earlier set of

experiments, the pessimistic algorithms again perform

much worse than the optimistic and B-link algorithms.

In addition, for the first time we see differences between

the B-link and optimistic algorithms. We shall comment

on three important aspects of these differences.

Firstly, the optimistic algorithms perform worse than

the B-link algorithms. The reason is that the optimistic

algorithms are only able to utilize a maximum of 80%

of the disk resources due to data contention, while the

B-linli algorithms are still able to saturate the disks at

high MPLs. As with the pessimistic algorithms in the

first set of experiments, the algorithms TD-OPT and

B-OPT lose their performance here due to lock waiting

at the root.

Secondly, we notice in Figure 9 that the algorithm

TD-OPT achieves a peak throughput higher than B-

OPT. This is because the lock waiting time for the B-

OPT algorithm increases faster than that of TD-OPT,

so TD-OPT performs better than B-OPT. Recall that,

in both algorithms, inserters make a second pass with

SIX locks if they encounter a full node, Since SIX locks

are incompatible with each other, two updaters in their

second phase interfere with each other if both try to lock

the root at the same time. Furthermore, in B-OPT, an

inserter in the second pass can also interfere with an in-

serter in the first pass5. This extra interference causes

the average waiting time at the root for B-OPT to be

greater than that of TD-OPT. Moreover, in the TD-

OPT algorithm, inserters in their first pass can over-

take those in their second pass. Such overtaking, while

leading to less waiting time at the root, could increase

the number of restarts; i.e., overtaking allows more than

one transaction to reach the same full node. A look at

the restart counts for the TD-OPT ancl B-OPT algo-

rithms (Figure 10) indeed shows that TDOPT at high

MPLs performs about 4 times as many restarts as B-

OPT. However, this is not very expensive in this disk

bound case, as all pages neecled after a restart are most

likely in memory.

Thirdly, we find that the throughput of OPT- DLOCK

increases quickly at low MPLs and then more slowly

at high MPLs. Unlike the other optimistic algorithms,

however, its throughput does not saturate. The rea-

son for this behavior is the difference in its handling of

restarts. Since the conflict level is high, OPT-DLOCK

performs many restarts (Figure 10). However, the

restarts in TD-OPT and B-OPT conflict at the root

node, while those in OPT-DLOCK conflict at the level

above the leaf. There are two nodes at this level in the

high fanout tree, so waiting is split between the two

non-leaf index nodes at this level. Thus, the waiting

times for OPT-DLOCK increase more slowly than those

for B-OPT and TD-OPT, and hence the throughput

of OPT-DLOCK increases slightly even at high hfPLs.

The presence of more nodes at the level of the tree above

the leaf would make this algorithm perform better due

to less waiting at this level.

Just to give a flavo~ of the in-memory tree results for

this workload, we reproduce the throughput curves for

the in-memory infinite resources case in Figure 11. We

find that TD-OPT performs worse than B-OPT here

due to the greater number of restarts, as the overhead

of a restart is now comparable to the response time of

the operation itself. The number of restarts here are

5The first pass in TD-OPT is done by lock-coupting with S
locks, while in B-OPT, the lock-coupling is done with IX locks.
IX locks are compatible with other IX locks but not SIX locks,

while S locks are compatible with both.
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essentially the same as in the earlier disk bound case

(Figure 10).

Just as the optimistic algorithms perform restarts,

the B-link algorithms also involve extra overhead in high

contention situations due to link-chases. We found that

unlike the optimistic algorithms, where the number of

restarts varied widely with the fanout of an index node,

the link-chases were not very different between trees

with high and low fanout. In the case of low fanout

trees, splits are more frequent, but the probability of an

operation visiting a leaf that is being split by an earlier

operation is very small due to the presence of thousands

of leaf nodes. In trees with high fanouts, even though

the probability of an operation visiting a leaf node while

it is being split is fairly high, splits are relatively infre-

quent, thus keeping link-chases down. These two effects

seem to balance each other and keep the number of link-

chases fairly independent of the fanout.

To summarize, with a 100% insert workload, the pes-

simistic algorithms performed worse than other algo-

rithms, as in experiment set 1. The optimistic algo-

rithms TD-OPT and B-OPT performed worse than the

B-link algorithms for all system conditions except the

single CPU and single disk case.

4.3 Expt. 3: High Contention

In our third and final set of experiments, we use a work-

load that consists of 50% appends and 50% searches.

The appends create extremely high contention for the

few right-most leaf nodes in the tree. The searches are

random, however, and do not interfere with the appends

that are taking place. Due to space limitations, we

present only a small subset of these results from [Srin91].

For experiments on a high fanout tree with a buffer

pool size of 200 pages, we found little or no difference in

throughput between the algorithms in the single CPU

and single disk case, or even in a system with 1 CPU

and 8 disks. In the infinite resource situation, we found

that the B-link algorithms performed better than all of

the other algorithms, and their throughputs continued

to increase at high hfPLs. JVe still found no significant

difference between the LY and LY-LC algorithms.

We now switch to experiments where the entire tree is

in memory. One of the few cases where a pessimistic al-

gorithm performs better than the B-link and optimistic

algorithms is the case of a 1 CPU and 1 disk system

with the entire tree in memory (Figure 12). The rea-

son is that very high contention between append opera-

tions causes the number of link-chases to increase enor-

mously at high N!IPLs for the B-link algorithms (Figure

13). Also, notice that the optimistic algorithms per-

form an increasing number of restarts. Due to the very

fast response time of operations on a memory-resident

tree, the overheads for a link-chase or a restart are of

the same order as the response time of an operation,

and the B-link and optimistic algorithms show thrash-

ing behavior at high MPLs. When more CPU resources

are available in the system, however, the B-link and op-

timistic algorithms once again perform better than the

pessimistic algorithms.

4.4 Summary of Results

We can broadly summarize the results of the perfor-

mance experiments as follows:

1. In a system with a single CPU and disk, there is no

significant performance difference between the various

algorithms.

2. Lock-coupling with exclusive locks is generally bad

for performance. Even for workloads clominated by

searches, algorithms in which updaters use sLlch a lock-

coupling strategy cannot take full advantage of CPU

and 1/0 parallelism, even in systems with only a few

CPUS and disks.

3. The extent to which an overhead like a restart or

a link-chase directly affects performance depends more

on the number of conflicts that it creates than on the

extra resources used,

Apart from the above experiments, we also ran several

other experiments with low fanout trees whose results

yielded interesting insights about the relative perfor-

mance of the various algorithms. We summarize some

of the results here6.

1. Tbe algorithms TD-OPT and B-OPT performed

close to their correspoucling pessimistic algorithms at

high MPLs.

2. The OPT-DLOCK algorithm performed close to (and

sometimes better than) the B-link algorithms.

Based on the results of the previous section, we can

also predict the performance of algorithms that have

not been explicitly simulated in our system relative to

the performance of B-link algorithms. The following are

some of the predictions from [Srin91].

1. The mU protocol [Bili87] is liliely to perform worse

than the B-link algorithms in certain conclitions, and

never better.

2. The ARIES/Ih! algorithm [Moha89], is likely to per-

form close to the B-link algorithm if more than one page

split at a time is allowed.

5 Related Work

Due to space limitations, we will compare our work only

with the most relevant performance study published

thus far [John90]. This study compared three algo-

rithms (B~X, B-O-PT and LY) assuming infinite resource

‘See [Srin91] for a detailed description of low fanout tree re-

sults as well as results for high fanout trees not mentioned here

due to space limitations.
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conditions and did not model buffer management. The

key results of [John90] are that the root is a bottle-

neck for the lock-coupling algorithms, and that, in sit-

uations with a negligible amount of link-chases, the B-

link algorithm performs much better than the other al-

gorithms. Our simulation model differs from their an-

alytical model in that we take into account resource

contention and buffer management. In addition to the

low contention situations analyzed in their model, we

have studied very high concurrency situations where a

large number of link-chases are performed by the B-link
algorithms. We have also analyzed differences between

variants of the B-link algorithm.

6 Conclusions

The most important conclusion of this study is that the

B-link algorithms perform the best among all of the al-

gorithms that we studied over a wide range of resource

conditions, B-tree structures, and workload parameters.

Even in a high contention workload of appends, the B-

link algorithms show gains in throughput under plenti-

ful resource conditions. Among the B-1ink algorithms,

we have further shown that a slightly conservative up-

date algorithm that locks a maximum of three nodes at

one time generally performs as well as one that locks a

maximum of only one node at a time. The former vari-

ation of the B-link algorithm is more suitable for use

in practice, as it avoids some rather complex situations

encountered in the latter.
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