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B-trees, Shadowing, and Range-operations

Ohad Rodeh, IBM Research

Abstract

B-trees are used by many file-systems to represent files
and directories. They provide guarantied logarithmic
time key-search, insert, and remove. Shadowing, or
copy-on-write, is used by other file-systems to im-
plement snapshots, crash-recovery, write-batching and
RAID. Serious difficulties arise when trying to use b- ‘ ‘ ‘ ‘ ‘ ¢ ‘ ‘ ‘
trees and shadowing in a single system.

This paper is about a set of b-tree algorithms that re-
spect shadowing and achieve good concurrency. Thedagure 1: Modifying a leaf requires shadowing up to the
algorithms were used in an experimental object-disk. We0ot.
believe that this work is applicable not only to object-
disks but also to other file-systems.

In order to support snapshots the file-system allows
having more than a single root. Each root node points
1 Introduction to a tree that represents a valid image of the file-system.

For example, if we were to decide to perform a snapshot
B-trees [18] are used by several file-systems [3, 20, 10, 9prior to modifyingC thenA would have been preserved
to represent files and directories. Compared to traditionads the root of the snapshot. Only upon the deletion of
i-nodes [15] b-trees offer guaranteed logarithmic timethe snapshot would it be deallocated. The upshot is that
key-search, insert and remove. Furthermore, b-trees cgmages can be shared between many snapshots; indeed,
represent sparse files well. whole subtrees can be shared between snapshots.

Shadowing is a technique used by some file-systems This work was performed as part of research into
to ensure atomic update to persistent data-structures [Building an object-disk storage device (OSD) [21, 4].
6, 11, 16, 22]. It is a powerful mechanism that hasRoughly speaking, an OSD is a primitive file-system that
been used to implement snapshots, crash-recovery, writés exported through a network interface using a standard-
batching, and RAID. The basic scheme is to look at theized protocol. It was desirable to (1) use b-trees to imple-
file-system as a large tree made up of fixed-sized pagesnent the persistent OSD data-structures and (2) use shad-
Shadowing means that to update an on-disk page, the eowing for update and snapshots. This would combine
tire page is read into memory, modified, and later writtenthe good properties of both techniques: logarithmic ac-
to disk at an alternate location. When a page is shadowedess data-structures coupled with simple logging, crash-
its location on disk changes, this creates a need to updatecovery, and snapshots. However, we ran into serious
(and shadow) the immediate ancestor of the page witldifficulties when trying to use these techniques together.
the new address. Shadowing propagates up to the file- The classic persistent recoverable b-tree, as described
system root. Figure 1 shows an initial file system within the literature [5, 8], is updated using a bottom-up pro-
root A that contains seven nodes. After leaf nd@les  cedure. Modifications are applied to leaf nodes. Rarely,
modified a complete path to the root is shadowed creatleaf-nodes split or merge in which case changes propa-
ing a new tree rooted &’ . NodesA, B, andC become gate to the next level up. This can occur recursively and
unreachable and will later on be deallocated. changes can propagate high up into the tree. Leaves are



chained together to facilitate re-balancing operations and
range lookups. There are good concurrency schemes al-
lowing multiple threads to update a tree, the best one is
currently b-link trees [17].

The main issues when trying to apply shadowing to
the classic b-tree are:

Leaf chaining: In a b-tree that is updated using copy-
on-write leaves cannot be linked together. For ex-
ample, Figure 2 shows a tree whose right most leaf
node isC and where the leaves are linked from left Figure 3: Removing a key and effects of re-balancing
to right. If Cis updated the entire tree needs to be@nd shadowing.
shadowed. Without leaf-pointers on§; B, andA

require shadowing. this paper is organized as follows: Section 2 described

the experimental object-disk, Section 3 discusses recov-
erability, Section 4 is about related work, Section 5 de-
scribes the algorithms, Section 6 describes the run-time
system, Section 7 shows performance, and Section 8
summarizes.
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An object-disk, according to the SNIA/T10 specifica-
Figure 2: A tree whose leaves are chained together. Thgon [21, 4], is essentially a primitive file-system that is
right most leaf isC andB is its immediate ancestor. @  exported through a network interface using a standard-
is modified, the entire tree has to be shadowed. ized protocol. The OSD contains objects, which have
) , . 64-bit names, and an object-catalog that indexes them.
Without links between leaves much of the b-tree lit- 1 are are no directories in an OSD. Objects are much
erature becomes invalid. For example [5, 17] Us€jie files in a regular file-system except that they are
leaf chaining to perform node split and merge. FUr-jiq|y o be sparse. The important commands are: cre-
thermore, range operations become more difficult. g4e/gelete/readiwrite object, and truncate or clear a range
Concurrency: In a regular b-tree, in order to add a key in an object. Snapshots are also supported. There is a
to a leafL, in most cases, onlj needs to be locked command that creates a writeable snapshot of the OSD
and updated. When using shadowing, every chang€bject-system.
propagates up to the root. This requires exclu- Our group built an experimental object-disk. The two
sive locking of top-nodes making them contention main types of persistent data-structures in our OSD are
points. Shadowing also excludes b-link trees be-objects and the object-catalog. B-trees were a natural fit
cause b-link trees rely on in-place modification of for these two data structures.
nodes as a means to delay split operations. The design point for the OSD was that it would be
. ) part of a storage controller. Such systems typically have
Modifying a smgl_e-path_: Regular b-trees shuffle key_s severe limits on memory and CPU cycles. Therefore, It
between neighboring leaf nodes for re-balancing,,as important to try to maintain a small footprint. Using
purposes after a remove-key operation. When using, ¢eneric database with full fledged transactions was not
copy-on-write this habit could be expensive. Forpossible.
exgmple,_ in Figure 3 a tr_ee with leaf node_and Space is managed in 4KB blocks, also called pages.
neighboring node& andL is sho_v_vn. A key ISTE- " Disk addresses are represented by 64-bits to accommo-
moved from node\ af‘d the -mod|f|ed path includes date large disks. An object contains data-blocks that are
3 nodes (shadO\_/ved in the figure). .IT keys from nOdeaggregated using a b-tree. The b-tree maps offsets in the
L were moved intoA then an adgimonal tree-path object to data pages on disk. The object-catalog (OCAT)
would need to be shadowed. It is better to shufflemaps an object-id to the root-page of the b-tree for that
keys fromR. object; the OCAT is also a b-tree. Figure 4 shows an ex-
This work describes and evaluates a special b-tree corample where the catalog points to two objectsand B.
struction that can coexist with shadowing. The rest ofThe b-tree index nodes are laid out on 4KB meta-data



object catalog
OCAT-root
object A / \' object B
A-root B-root
SN
data data data data

Figure 4: An object-catalog that points to objedtsand
B.

pages.

A remove-rangeg, ofs, len command is implemented
by:

* B-root = Lookup-key(OCAT-root, B)
* if (B-root == 0)
- return obj-does-not-exist
else
- remove-range(B-root, ofs, len)

The expected workload is mostly read/write/ cre-
ate/delete commands, truncate/clear commands are less
frequent. In terms of b-tree operations this translates
into a high frequency of lookup-key/insert-key/lookup-
range/insert-range and a low frequency of remove-range.

The OSD handles multiple commands concurrently.
When a command arrives, the runtime system checks if
there are enough resources to execute it. If so, the re-
sources are reserved and the command is logged and ex-
ecuted; otherwise, the command is rejected. In order to
simplify the runtime system we chose not to abort nor
roll back commands. Therefore, it is crucial to com-
pute in advance a worst-case estimate on the command’s

The b-trees representing objects and the catalog botffSource-usage and to practice deadlock avoidance. _The
map 64-bit keys to 64-bit values. More generally, fixed- WO Important resources are memory-pages and disk-

sized keys to fixed-sized values.

ages. The amount of memory, depending on configu-

Section 5 describes the b-tree algorithms for cre-fation, can be very low, so memory-usage of each com-

ate, delete, lookup-key, remove-key, lookup-range, and"
remove-range. Here, we show how several object-dis

commands are mapped to these operations.
A create-objectB) command is implemented by:

* B-root = lookup-key(OCAT-root, B)
* jf (B-root != 0)
- return obj-already-exists
else
- B-root = create-tree()
- insert-key(OCAT, B, B-root)

A delete-objectB) command is implemented by:

* B-root = lookup-key(OCAT-root, B)
* jf (B-root == 0)
- return obj-does-not-exist
else
- remove-key(OCAT-root, B)
- delete-tree(B-root)

A read@, ofs, lef command is implemented by:

* B-root = lookup-key(OCAT-root, B)
* if (B-root == 0)

- return obj-does-not-exist

else
- Addr-list = lookup-range(
B-root, ofs, len)
- read data from Addr-list
- send data to client

and should be low.

k This design means that the b-tree implementation has
to:

1. Have good concurrency

2. Work well with shadowing
3. Use deadlock avoidance
4

. Have guarantied bounds on disk-space and number
of memory-pages required per each b-tree operation

Section 5 goes into how such a b-tree is constructed.

3 Recoverability

Shadowing file-systems ensure recoverability by tak-

ing periodic checkpoints, and logging commands in-

between. A checkpoint includes the entire file-system

tree; once a checkpoint is successfully written to disk the
previous one can be deleted. If a crash occurs the file-
system goes back to the last complete checkpoint and
replays the log.

For example, Figure 5(a) shows an initial tree. Fig-
ure 5(b) shows a set of modifications marked in gray.
Figure 5(c) shows the situation after the checkpoint has
been committed and unreferenced pages have been deal-
located.



4 Related work

There is an alternate style of copy-on-write used in some
‘ ‘ ‘ - ‘ databases [12] that is beyond the scope of this paper. The
only form of shadowing discussed here is the one de-
scribed in Section 1.
‘ ‘ ‘ ‘ ‘ ‘ ‘ c ‘ ‘ D ‘ There are few papers that discuss concurrency together
with recoverability of b-trees, see [5, 8]. The challenge
(a) Initial file-system tree in constructing an algorithm that achieves both goals is

that recoverability severely constrains concurrency. Fur-
thermore, we found no published papers on concurrency,
\ recoverability, and b-trees with the added constraint of

shadowing.
\\ / \\ This work makes use of top-down b-trees; these were
first described in [13], [25], and [23].
‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ Some file-systems use b-trees to represent directo-
ries [3, 20, 9]. One of the difficulties in handling direc-
(b) Modifications tory entries is that, unlike b-tree values in the OSD, they
are variable size. We believe that the b-trees described
here can be adapted to handle variable size values.
It is possible to use disk-extents instead of fixed-sized

blocks [3, 20, 9]. We have experimented with using ex-
tents in the OSD. The resulting algorithms are similar in

N EN

‘ ‘ ‘ ‘ ‘ ‘ ‘ o ‘ ‘ o ‘ flavor to those reported here and we do not describe them
for brevity.
(c) New checkpoint There are few papers describing a remove-range op-

eration on a b-tree. The algorithm described here is

based on the delete algorithm from [14]. The original
Figure 5: Checkpoints. paper does not handle shadowing and uses many more

memory-pages than the solution described here.

There is a long standing debate whether it is better to
shadow or to write-in-place. The wider discussion is be-
yond the scope of this paper. This work is about a b-tree

The process of writing a checkpoint is efficient be- technique that works well with shadowing.
cause modifications can be batched and written sequen-
tially to disk. If the system crashes while writing a check- .
point no harm is done, the previous checkpoint remains'3 Algorithms

intact. . . .
The variant of b-trees that is used here is know-as

trees In a b+-tree leaf nodes contain key-data pairs,
Command logging is attractive because it combinesndex nodes contain mappings between keys and child-
into a single log-entry a set of possibly complex modi- hodes, see Figure 6. The tree is composed of individual
fications to the file-system. nodes where a node takes up 4KB of disk-space. The in-
ternal structure of a node is based on [7]. There are no
This combination of checkpointing and logging allows links between leaves.
an important optimization for the shadow-page primitive. Shadowing a page can cause the allocation of a page
When a page belonging to a checkpoint is first shadowedn disk. When a leaf is modified all the nodes on the path
a cached copy of it is created and held in memory. Allto the root need to be shadowed. If trees are unbalanced
modifications to the page can be performed on the cachetthen the depth can vary depending on the leaf. One leaf
shadow copy. Assuming there is enough memory, thenight cause the modification of 10 nodes, another, only
dirty page can be held until the next checkpoint. Even2. Here, all tree operations maintain a perfectly balanced
if the page needs to be swapped out, it can be written téree; the distance from all leaves to the root is the same.
the shadow location and then paged to/from disk. This The b-trees use a minimum key rule. If node has
means that additional shadows need not be created. a child nodeN, then the key in/N; pointing to N is



is used. Lock couplingaf crabbing is locking children
before unlocking the parent. This ensures the validity of

a tree-path that a task is traversing without pre-locking

‘ ‘ the entire path. Crabbing is deadlock free.
l / \\ When performing modifying operations, such as in-

sert/remove key, each node on the path to the leaf is shad-
owed during the descent through the tree. This combines
locking, preparatory operations, and shadowing into one

downward traversal.

Figure 6: Three types of nodes in a treeis a root node,
B is an index node, an@' is a leaf node. Leaves are not 5.1 Create

linked together.
In order to create a new b-tree a root page is allocated

and formatted. The root page is special, it can contain
smaller or equal to the minimum @fV;). For example, zero to2b + 1 entries. All other nodes have to contain
figure 7 shows an example where integers are the keyst least entries. Figure 8 presents a tree that contains a
In this diagram and throughout this document data val+toot node with 2 entries.
ues that should appear at the leaf-nodes are omitted for

simplicity.
2 ]
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Figure 8: A b-tree containing only a root.

5

[ ]2]

5.2 Delete

Figure 7: A b-tree with two levels. In order to erase a tree it is traversed and all the nodes and
data are deallocated. A recursive post-order traversal is
B-trees are normally described as having between used.
and2b — 1 entries per node. Here, these constraints are  An example for the post-order delete pass is shown in
relaxed and nodes may contain betwéeand2b + 1 Figure 9. A tree with eight nodes is deleted.
entries wheré > 2. For performance reasons it is desir-
able to increase the upper bound3tg however, in this '
Section we limit ourselves to the ranfje . . 2b + 1].
A pro-active approach is used. When a node with

2b + 1 entries is encountered during an insert-key op- | ‘5 ‘ 0 ‘ 5 120
eration, it is split. When a node withentries is found

during a remove-key operation itfxed Fixing means r/ \« \
either moving keys into it or merging it with a neighbor ‘ ‘ 2 6 ‘7 ‘ ‘ 10 ‘ 1 ‘ 15 | 16 ‘ 20 |25

node so it will have more thankeys. Pro-active fix/split
simplifies tree-modification algorithms as well as locking (a) Tree to be deleted
protocols because it prevents modifications from prop- '
agating up the tree. However, care should be taken to
avoid excessive split/fix activity. If the tree constraints

wereb and2b — 1 then a node witl2b — 1 entries could ‘ . ‘5 ‘ 10 ‘ 15 |20

never be split into two legal nodes. Furthermore, even * B

if the constraints weré and 2b a node with2b entries :

would split into two nodes of sizewhich would imme- ‘ A ‘ a H 2% ‘7 H 4 ‘ - ‘ ol i H gl
diately need to be merged back together. Therefore, the (b) A post-order traversal

constrains are set further away enlarging the legal set of
values. In all the examples in this sectibra- 2 and the _ _
set of legal values i . .. 5]. Figure 9: Deleting a tree.

During the descent through the tieek-coupling[19]



5.3 Insert key

Insert-key is implemented with a pro-active split policy.
On the way down to a leaf each full index node is split.
This ensures that inserting into a leaf will, at most, split
the leaf. During the descent lock-coupling is used. Locks / .
are taken in exclusive mode. This ensures the validity of
a tree-path that a task is traversing.

Figure 10 shows an example where key 8 is added
to a tree. Nodd3,6,9,15,20] is split into [3,6,9] and
[15,20] on the way down to leg, 7]. Gray nodes have
been shadowed. 6 7 8

EGQIS 20

15 20 | 25

Iﬁ‘

m ‘

Figure 11: Removing key0 from a tree. Gray nodes
have been shadowed. The two children of the root were

‘3‘4 ‘6‘7“]0 II‘ 15 16‘ 20 |23
merged and the root node was replaced.
3 15
/ \ pairs in the range. This is problematic because:
369 15 20 e Leaves are not linked. With links, the algorithm
/ \ would be (1) find a leaf containinmin and (2) tra-
verse the tree to the right until findingax.

6 7 8 ‘IO‘II‘ 15 Iﬁ‘ 20 23‘

e We do not want to lock the whole tree during the
operation.

Figure 10: Inserting key into a tree. Gray nodes have

been shadowed. The root node has been split and a level The semantics requwe_d from the_ algorithm are not
very strong. Key-data pairs that are in the range for the
was added to the tree.

duration of the operation must be returned. Keys that are
concurrently added/removed may or may not be returned

in the result list. These semantics are sufficient for the
5.4 Lookup key 0SD.

Lookup for a key is performed by an iterative descent 1he basic algorithm is:
through the tree using lock-coupling. Locks are taken i
shared-mode.

* Start with cursor [min]
* On each iteration:

- Descend through the tree
5.5 Remove key - Read a leaf node

. . . - Set the cursor to the largest
Remove-key is implemented with a pro-active merge clement in the leaf+1

policy. On the way down to a leaf each node withamin-|  _ retyn the matching elements
imal amount of keys is fixed, making sure it will have in the leaf

at leasth + 1 keys. This guaranties that removing a key|* Perform iterations until reaching
from the leaf will, at worst, effect its immediate ances-| [max]

tor. During the descent in the tree lock-coupling is used.

Locks are taken in exclusive mode. Descending through the tree requires using two pages
For example, Figure 11 shows a remove-key operatio@nd lock-coupling in shared mode.

that fixes index-nod¢s, 6] by merging it with its sibling Figure 12 shows an example where lookup(6,120) is

[15,20]. performed on a tree which contains elements between

3 and 128. The path taken by each iteration is marked
in gray. The first iteration finds valug$,7,8}, the sec-
ond iteration finds value§10,11;. A problem occurs in

A lookup range operation takes minimum and maximumthe third iteration which looks for value 12. Value 12
key (min, max ) values and returns the list of key-data does not exist in the tree, how shall we proceed? Had

5.6 Lookup range



algorithm from the Exodus system [14]. The bound on

3 51
the number of modified pagesdXtree depth.
/ The removal phase traverses the part of the tree in the
3 6 10 100 | 120 rangeofs — endand removes all the key-data pairs. If
/ \ all the children of index nodé have been removed then
L4 I is also removed. The result is the removal of a com-
g ‘ o ‘ - ‘ ‘ | ne ‘ sl Bl R ‘ plete sub-tree while leaving damaged nodes at the edges.

Figure 13 shows an example where the rahgje- 31
is removed from a tree of 11 nodes. A subtree contain-
ing keys{15, 16, 20, 25} is completely removed and leaf

3 51
/ nodeg10, 11] and[31, 32] underflow (they have less than
3 6 10 100

b entries).
2 The set of nodes on the edge of the removed-area is
\ ' called thecut In Figure 13 the cut includes nodgs30],
nﬂ - ‘ 03 |2 ‘ 20 |15 | s ‘ [1,5,10], [31,37}, (10, _], and ][, 32]. Nodgs in the cut
have a potential underflow. Nodes outside the cut have
(b) lookup finds 10,11 not been touched and they are therefore legal. A node in
the cut can have zero, one, or two children that are also
in the cut.

A node isin-dangerif it is in the cut and it has an
underflow or, if it may underflow as a result of its chil-

leaves been chained together it would have been possiben being merged. For example, in Figure 13 node
to proceed from node [10,11] directly to [103,112]. The N = [31,37] is in-danger because if its child, 32] is
alternative chosen here is to identify that value 12 liesmerged with its sibling37, 40] thenN will underflow.

on the boundary of the branch that [3] points to and to To make it easy to decide whether a node is in-danger
lock in shared-mode node [100,120] while searching inthe criteria is relaxed. Nod# is said to be in-danger if
branch [3,6,10]. If entries are not found, then the searctit is in the cut and either (1) it has an underflow (2) or, it
continues from [100,120]. hasb entries and one child in the cut (3) or, it hias- 1

This idea of identifying corner branch cases can beentries and two children in the cut.
generalized, although we lack the space to fully describe The restoration pass traverses the cut in a top-down
the general solution here. In terms of resources threéashion. It fixes each in-danger node by merging it with
memory-pages and shared-mode locks are needed.  or moving entries from neighboring nodes. After fixing,
an in-danger node has enough entries so that even if it
loses all its in-cut children it will not underflow. In other
words, it is madesafe This allows the restoration pass
Remove range takes a rangts — endand removes all t0 never come back up. An example is shown in Fig-
the keys inside it from the tree. The whole tree is lockedure 14. The tree from Figure 13 is restored by making
during the operation. The justification is that removing @ top-down pass on the cut and fixing all the in-danger
an object range is assumed to be infrequent. nodes in it. Two steps are shown, in the first step nodes

It is important to modify a small, bounded, number [1,5,10] and[31,37] are merged. As a side effect, the
of tree pages. This improves sharing with old snapshot!d root is deleted and the height of the tree is reduced
and makes it possible to reserve sufficient resources iffom three to two. In the second step nod&s | and
advance. It is crucial to restore the b-tree invariants bel-, 32] are merged.
cause that is the foundation of the resource estimates.  Once all in-danger nodes have been fixed the tree con-

A trivial approach is to iterate on the range and removetains only legal nodes. Each node-fix step maintains the
the keys one by one. The problem is that many indexnvariant that all leaves have the same distance to the
nodes will be shadowed causing loss of sharing will withroot. Therefore, at the end of the restoration phase the
older snapshots and the allocation of many disk-pages. tree is valid.

The algorithm includes two phases. The first phase Fixing all in-danger nodes can be an overkill, some
deallocates keys and nodes in the range. This may, vergf the work may be unnecessary. However, the cut con-
likely, invalidate the b-tree invariants. The second phaseains, in the worst case, two separate paths from the root
reshapes the tree in a single downward traversal restote the leaves. This is bounded Byog,(N). Further-
ing the invariants. This algorithm is based on the deletemore, the probability of a node being in-danger is fairly

(a) lookup finds 6,7,8

Figure 12: Lookup range [6,120]

5.7 Remove-range



Tree with 11 nodes After removal phase

w

15

1|2 56‘?“]0‘]1‘ ]b“ZOZ:') ‘31 32“3?‘40‘ ‘]

Figure 13: A tree that undergoes a remove-range 11-31 operation.

Reshape step [ Reshape step 11
1 5 10 3 37 1 5 10 37
W 37 ‘ 40 ‘ ‘ 1 ‘ 2 ’V 7 ‘ 10 32 37

5 32

Figure 14: Restoring the tree after the remove phase.

low. By doing extra preparatory work on the way down

the algorithm never has to go back up; this simplifies the .
algorithm considerably.
Without having betweehand2b + 1 entries in a node -L .N -R
the restoration pass does not work. The pass relies on be-
ing able to make an in-danger node safe by moving keys

into it. For example, examine Figure 15 and assume that

the legal bounds arteand2b—1; like in a standard b-tree.

NodeNis on the edge, it hasentries, and is in-danger.

NodeNhas two neighbord, andR, that also havekeys.  Figure 15: Why (b, 2b-1) does not work. Nodes on the
To makeN safe 2 keys need to be moved into it. Node edge have rounded corners.

N cannot be merged with because merging them will
create a node wit2b entries which is illegal. For the
same reasoN cannot be merged witR. Moreover, keys
cannot be shuffled frorh or Rinto nodeN because the
number of keys il (or R) would be reduced to beloi

huge objects and object-catalogs.

For lookup-key two memory-pages are needed. For
5.8 Resource analysis lookup-range three memory-pages are needed.

This section analyzes the requirements of each operation For remove-rangég,(N) memory-pages are needed

in terms of memory and disk-pages. for the remove-phase and a maximum of three pages are
For insert/remove key three memory pages are needeaeeded for the restoration phase. The amount of disk-

in the worst case; this happens if a node needs to be splifages modified is bounded by >4 tree-depth. This is

or fixed during the downward traversal. The number ofbecause the worst case that can occur is that two separate

modified disk-pages can betree-depth. Since the tree paths in the tree, starting at the root, need to be fixed. In

is balanced the tree depth is, in the worst case, equal torder to fix a node its neighbor must be modified. This

logy(N); whereN is the number of keys in the tree. In means that four nodes need to be touched at each level of

practice, a tree of depth 6 is more than enough to covethe tree.



5.9 Comparison to standard b-tree eliminated; the upshot is that only the main-thread is ex-
. ] ecuted along with the 10 threads. This limits any b-tree
A top-down b-tree with bognd&, 2b + 1] is no worse e tg execute on a single CPU. While the b-tree algo-
than a bottom-up b-tree with boundfs + 1,2b]. The  jhms themselves are thread-safe for any threading pack-
intuition is that a more aggressive top—dow.n algorlthmage, they are limited here to execute on a single CPU.
would never allow nodes with or 2b + 1 entries; such  “thjg system does not contain any kernel code. It was

nodes would be immediately split or fixed. This meansy, i and'tested on a Linux operating system with an Intel
that each node would contain betwdes 1 and2b en- processor.

tries. This is, more or less, equivalent to a bottom-up
b-tree witht' = b + 1.

In practice, the bounds of the number of entries in a/  Performance
node are expanded f&a 3b]. This improves performance
because it means that there are few spurious cases
split/merge. The average capacity of a node is aroun
2b.

Epe OSD was built to be part of a storage-controller. It
Yas specified to be able to manage Terra-bytes of disk
space with Giga-bytes of memory. Most of the memory
was to be used for caching customer data, most of the
CPU cycles were to be spent on networking and 10. The
6 The run-time system b-tree was assumed to reside mostly on disk, with fre-
quently accessed pages in memory. The b-tree code was

A minimal run-time system was created for the b-tree.to use little CPU.

The rational is to focus on the tree algorithms themselves N order to achieve good performance the b-tree had
rather than any fancy footwork that can be performed byto:

a log-structured file-system.

The b-tree is split into 4KB pages that are paged
to/from disk. A page-cache is situated between the b- 2. Use little CPU
tree and the disk; it can cache clean and dirty pages. A
simple clock scheme is implemented, no attempt is made
to coalesce pages written to disk into large writes, no |n this section we show that the algorithms, indeed,
pre-fetching is performed. In order to shadow a page achieve these goals.
the page is first read from disk and put into the cache. |n [24] there was a prediction that top-down algo-
As long asP stays in cache it can be modified in mem- rithms will not work well. This is because every tree
ory. Once there is memory pressufeis written to disk.  modification has to exclusively lock the root and one of
If P belongs to the old checkpoint, it has to be writtenits children. This creates a serialization point. We found
to an alternate location; otherwise, it can be written inthat not to be a problem in practice. What happens is that
place. This way, the cache absorbs much of the overheaghe root and all of its children are almost always cached
of shadowing, especially for heavily modified pages.  in memory, therefore, the time it takes to pass the root

The free-space was implemented with a simple in-and its immediate children is very small.
memory bitmap. This was done to eliminate any noise |n the experiments reported in this section the entries
generated by the particulars of the OSD free-space comare of size 16bytes: 8bytes for a key and 8bytes for data.
ponent. A 4KB node can contain up to 235 such entries.

Alog was not used, itis assumed that the OSD protects The test-bed used in the experiments was a single ma-
all b-tree operations through logical logging of com- chine connected to a DS4400 disk controller through
mands. Fiber-Channel. The machine was a dual-CPU Xeon

A special threading package was used, it is similar(Pentium4) 2.4Ghz with 2GB of memory. It ran a Linux-
to [1]. The idea is to use a single operating-system2.6.9 operating system. The b-tree was laid out on a vir-
thread, themain-thread to run all the complex code: tual LUN taken from a DS4400 controller. The LUN is
caching, free-space, b-tree, command logic, etc. Sepa RAID5 in an 8+P pattern. Strip width is 64KB, this
rate operating-system threads perform the heavy liftingmeans that full stripe i8 x 64K B = 512K B. Read and
networking and 10. The main-thread executes multiplewrite caching is disabled.
light-weighttasks Tasks are much like regular threads The trees created in the experiments were spread
except that they are non-preemptive and they cannot peacross a 1GB area on disk. Table 1 shows the 10-
form regular system-calls. A task yields the CPU eitherperformance of the disk subsystem for such an area.
voluntarily or when it performs an 10. In the experimen- Three workloads were used (1) read a random page (2)
tal setup for this work most of the OSD code has beerwrite a random page (3) read and write a random page.

1. Work well when most of the tree is not in-memory

3. Get good concurrency from the disk subsystem



When using a single thread a 4KB write takes 18 mil- Leaf capacity average capacity: 75.00
liseconds, this is due to the RAID-5 penalty for short
writes. A short write requires 2 reads and 2 writes. A
4KB Read takes about 5 milliseconds. Reading arandom Ty, is representative of the OSD cataldQ is rep-
4KB page and then writing it back to disk takes 24 mil- resentative of a tree where the key-value pairs take up
liseconds. When using 10 threads throughput improveg0bytes instead of 16bytes. This is an approximation of
by a factor of six. a tree that holds disk-extents. Bdihss andT}5, have

an average occupancy of 50%. This is caused by the
| #threads| op. | time per op.(ms)| ops per second append-only workload used to create them. When using

10 read 1283 append, the right edge of the tree keeps splitting leaving
write 421 behind half-full nodes.
R+W 311 A set of experiments starts by creating a base-tree of
1 read | 4.8 207 a specific fanout and check-pointing it. Read-only work-
write | 18.3 68 loads are run directly on the base tree. For all other work-
R+W | 24.6 41 loads, a special procedure is used. A new generation

is initiated. The new generation is aged by performing
Table 1: Basic disk-subsystem capabilities. Three work-L000 random insert-key/remove-key operations. Then,
loads were used (1) read a random page (2) write a rarihe actual workload is applied. At the end, a special
dom page (3) read and write a random page. Using 10lebugging-API is used to throw away the new genera-
threads increases the number of operations per secorin and go back to the base tree. This procedure ensures
by a factor of six. that the base tree, which took a very long time to create,
isn’t damaged and can be used for the next experiment.
Each measurement is performed five times and results
Therefore, large trees with about 64,000 leaves werare averaged.
used to empirically assess performance. It turned out The number of cache-pages is fixed at initialization
that the only way to quickly build such large trees wastime to be five percent of the total number of tree
through an append only workload. The even numbersiodes. With 5% as the ratio, a good caching strategy can
{0,2,4, ..} were chosen as keys; they were inserted sekeep all the index nodes fdf,35 and Ti50 in memory.

quentially into the tree. This means that operations like lookup/remove/insert-

Two base-trees were us@dss andTi50. To35 has a  key should access, in most cases, one disk page. This
maximal fanout of 235 entries anhds equal to?32 = 78.  |ooked like an important operating point and was there-
Ti50 has a maximal fanout of 150 ahds equal to'3® = fore chosen for the experiments.

50. A node can hold more than 150 entries; therefore, CPU utilization throughout all the tests was about 1%,
this limit is artificially enforced by wasting some of the the tests were all 10 bound.
space in a page.

T35 7.1 Latency

Maximal fanout: 235 . . :
Legal #entries: 78 .. 235 There are six operations whose latency was measured:

Contains: 7520000 keys and 64827 nodes (64273°0Kup-key, insert-key, remove-key, append-key, lookup-
leaves, 554 index-nodes) range, and remove-range. In order to measure latency
Tree depth is: 4 of operationz an experiment was performed where
was executed 12000 times, and total elapsed time was
measured. The latency per operation was computed as
the average. Single-key operations (insert, remove, ap-
pend, lookup) were performed with randomly chosen
keys; range operations used a range of 100.

Root degree is: 4
Index node average fanout: 117
Leaf node average capacity: 117

T150 Table 2 shows the latency of the b-tree operations on
Maximal fanout: 150 the two trees. The cost of a lookup is close to the cost
Legal #entries: 50 .. 150 of a single disk read. An insert-key requires reading a
Contains: 4800000 keys and 64864 nodes (6399%af from disk and modifying it. The dirty-page is later
leaves, 865 index-nodes) Tree depth is: 4 flushed to disk. The average cost is therefore a disk-read
Root degree is: 11 and a disk-write, or, about 20ms. The performance of
Index node average fanout: 75 remove-key is about the same as an insert-key; the algo-
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rithms are very similar. Append always costs 20us be-compared running a workload using one task compared
cause the pages it operates on are always cached. with the same workload but executed concurrently with
Table 3 shows the latency of the range-operations. Aen tasks.
range of 100 keys is spread across, roughly, two leaf All the tasks were running on a single CPU, due to the
nodes. Therefore, looking up a range of 100 keys reuse of co-routines. Therefore, throughput gains could
quires, on average, two disk reads. A remove-range foonly occur as a result of disk parallelism. The disk used
the same range requires not only reading the leaves b the experimental setup could do 1283 4KB reads per
also modifying them and the path from the root. Thissecond and 311 4KB read+write per second. This was

makes it a very costly operation. six times more requests than could be performed by a
As a rule, the costs fdf 5o are higher thaffsss be-  single synchronous thread. The goal is to make good use
cause less of the tree fits in memory. of the disk and achieve disk parallelism.

Table 5 shows the results for a single task and for ten
| Tree | Lookup | Insert | Remove-key| Append|  tasks. The throughput gain in all cases is x6 or slightly
Thss | 4.657 22.080| 22.046 0.016 better.
Tis0 | 4923 | 23.728| 23.711 0.016 In the Search-100workload each lookup translates

. ) o into a disk-read for the leaf node. This means that the
Table 2: Latency for single-key operations in millisec- yaximal achievable throughput is 1231 requests per sec-
onds. ond. This is reached fdF;5, and is exceeded fdFass.
The reason it is exceeded is tHAf35 has less index
nodes thafT; 5o and some of the memory is used to cache

| Tree | Lookup-range] Remove-Range leaves; this improves performance in a small percent of
T35 | 8.686 37.052 the cases. . |
Tis0 | 11.761 41.274 In thelnsertworkload each insert-key request is trans-

lated, roughly, into a single disk-read and a single disk-
Table 3: Latency for range operations in milliseconds. Write of a leaf. This means that throughput is bounded
by 311 operations. This is achieved or exceeded for both
To3s5 andT150.
The Search-8Gand Modify workloads are somewhere
7.2 Throughput in betweenSearch-10GandInsert They perform more
than a single disk-read and less than a disk-read + disk-
Throughput was measured using four workloads takemyrite on average per operation.
from [24], Search-100 Search-80 Update andInsert

Each workload is a combination of single-key Opera-[Tree [ #tasks| Src-100] Src-80[ Modify | Insert]
tions. Search-100is the most read-intensive, it per-

forms 100% lookupSearch-8Gnixes some updates with Toss 10 2526 Igg 215 227
the lookup workload; it performs 80% lookups, 10%

. Tis0 | 10 1150 617 354 311
remove-key, and 10% add-keyUpdateis an update 1 173 80 42 36
mostly workload; it performs 20% lookup, 40% remove-

key, and 40% add-keylnsertis an update-only work-  Tapje 5: Throughput results, measured in operations per
load; it performs 100% insert-key. Table 4 summarizesggcond.

the workloads.

] | lookup [ insert | remove]

Search-100 100% | 0% 0% ) ]

Search-80 | 80% | 10% | 10% 7.3 Performance impact of checkpoints

Modify 20% 40% | 40% . . . , .
During a checkpoint all dirty pages must first be written

Insert 0% 100% | 0% . ; .
to disk before they are reused. It is not possible to con-

Table 4: The four different workloads. tinue modifying a dirty-page that is memory-resident, it
must be evicted to disk first in order to create a consistent
checkpoint.

Each operation was performed 12000 times and Interms of performance of an ongoing workload, the
throughput per second was calculated. Five such experinvorst-case occurs when all memory-resident pages are
ments were performed and averaged. The throughputtestirty at the beginning of a checkpoint. The best case
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occurs when all memory-resident pages are clean. Themeeds only the nodes at the right edge of the tree. If they
the checkpoint occurs immediately, at essentially no costare all in-memory then append can be performed at CPU
For example, when the in-memory percent isspeed. Once in a while, a split is needed which requires,
5% and all index nodes are in memory eachin most cases, one additional page. Overall, there are
lookup/insert/remove-key operation requires a singlevery few 10s needed to perform this workload.
free page. If all memory-resident pages are dirty then
gach _operation has t_o_ evict a page to disk before reusing_5 Different memory percentages
it. This adds an additional disk-write to the average op-
eration cost. It is interesting to look at performance when the in-
In order to assess performance the throughput testgemory percentage varies. To this end, several addi-
were run againsTyss. After 20% of the workload was tional measurements were taken. Thearch-100was
complete, that is, after 2400 operations, a checkpoint wagin against thelsss with the in-memory percentage
initiated. The checkpoint-code uses an additional task t@qual to 100%, 50%, 10%, 5% and 2%. Table 8 sum-
destage all dirty-pages belonging to the checkpoint. marizes the results.
For the Search-100wvorkload there was virtually no
degradation. This is because there are no dirty-pages

| Tree | % in-memory| 1task [ 10 tasks|

to destage. Other workloads suffer about 10% degra- To35 | 100 88626 | 88759

dation in performance when ten tasks are used. Some- 50 409 2460

what counter-intuitively, when only a single task is used 10 230 | 1408

performance is better than without checkpoints. This is 5 214 | 1296

because the additional checkpoint task increases paral- 2 174 | 1065

lelism and creates free-pages by destaging dirty pages to ) .

disk. Table 8: Throughput results, measured in operations per

second fofl»35 and theSearch-10@vorkload.

| Tree | #tasks| Src-100] Src-80 | Modify | Insert |

Thss | 10 1279 636 376 336
1 205 107 57 50

When the entire tree is in-memory there is no differ-
ence in performance between ten tasks and one. This
Table 6: Throughput results, when a checkpoint is per!S because all tasks share a single CPU, and it is 100%
formed during the workload. utilized. When memory percentages drop, the disk-
parallelism comes into play. For the other percentages:
50%, 10%, and 2% a speedup of about x6 is achieved.

7.4 Append 8 Summary

The performance of append has very different characB-trees are an important data-structure used in many file-
teristics than performance of other operations. It is in-systems. Shadowing is a powerful technique for updating
structive to examine a 100% append workload. The baséle-system data-structures.

trees,To35 andT}50, were built using a single task that ~ This paper has shown how to use shadowing to up-
appended to them. The time to create the trees and thdate b-trees and get the benefits of both algorithms:
throughput in append operations/second is shown in Tasnapshots, recoverability, concurrency, and logarithmic

ble 7. The in-memory percentage was 5% lookup and update. The algorithms are efficient and they
make good use of the disk subsystem.
| Tree | #keys | Total time (sec)| append ops/set Although our testbed was an object-disk we believe
Tyss | 7520000] 1565.1 4800 the ideas are applicable to other file-systems.
Tis0 | 4800000| 1564.8 3069

Table 7: Append throughput results when building trees
T535 andT150.

These throughput numbers are higher by two orders of
magnitude compared with other workloads with a single
task. This is because append has very good locality, it
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