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The Existing Store

The Mulgara XA1 Statement Store has held up well, scaling comfortably to hundreds of
millions of statements before bogging down. The primary limits on its scalability are its
resolution, and its spatial locality. As an AVL tree it resolves lookups down to a single block
via a binary tree walk. This means that well before our target of 1e11 triples, significant
portions of the index cannot be held in memory and must be loaded from disk. As a binary
tree it also has many more layers than something like a B+tree which increases the likely
number of seeks required to traverse the tree when it isn’t in memory.

The store has two lookup operations critical to mulgara’s query performance. Not surpris-
ingly the first is an efficient “indexed find”. Mulgara gains most of its query performance
from the extensive use of merge-joins, so the other critical operation is slice-iteration. In
practical terms this means that the statement-store is a type of Random-Access-List; and
both the iterative list-behaviour and the random-access is critical.

Evolution of Design
David Makepeace proposed a skiplist structure for XA2. This structure is excep- LLLI

tionally fast to write, and also extremely fast to merge. When acting as a list, it JGH
exhibits good spatial locality, however when indexing the interleaving interferes =
with the caching of the higher order skip-nodes, and consequently increases the | yy5H

number of seeks required. We can reduce this by collecting the skip-nodes into

four subindices, one per node in the quad. This can potentially oy
increase the number of seeks required, but compensates for this

by first, substantially reducing the amount of duplication in each index; and
second, allowing each sequential array to be stored as a list of deltas,
which drastically reduces the amount of data that needs to be stored on
disk. Just as important is the significant increase in the number of index
blocks that can be cached in memory, which will go a long way to alleviat-
ing the memory scalability constraints of XA1.
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The final optimisation is to increase the Quad-1 Quad-2 Quad-3 Quad-4
size of each block indexed by the tree.
Due to disk-caches, OS read-ahead, and
various memory cache sizes, it is almost

pointless to only request a single disk \
page at a time. The precise block size L,

may need to be a tunable parameter,
however for initial development 32KB
should provide a good starting point.

Data Compression
Each entry in a sorted-array contains
three fields: the nodes delta from the

previous entry; a count of the number of
nodes represented by the entry; and a
file and/or offset for the children of the
node. As the array is sorted, the deltas
are likely to be small — a property that
will only improve as the number of
statements increases. It is also likely that
the number of statements under a given
tree-node will normally require only 3-4
bytes to represent; indeed, with a maxi-
mum of 237 statements in the store, we
can never require more than 5 bytes to J L J )
represent a count. Fina”y, even un- The final proposed structure, including separating each node of the quad into its own

tree; storing each subsequent node as a delta from the previous one; and using a larger
com pressed the Oﬁset can Only ral‘e|y page size, shown here 4 nodes per page, the proposed structure uses 32KB.
require more than 6 bytes. With 8-bytes

The performance can be further improved by compressing the data being written to disk.

Two techniques are being considered, the first uses a header byte to encode the width of
the various fields of each quad-node record; the second uses the flag-bit to provide vari-

able width words.

Detailed Disk Layout

Uncompressed each index contains a sorted array of 3 fields. The delta is the difference
between the 64-bit node-id represented by this entry, and the previous node-id in the array.
As each block is referenced separately, we as-
Node-Id Delta Stmt Count Offset sume the previous node-id is 0 when calculat-
ing the first node-id in every block. To avoid the
need to traverse an index slice to obtain the number of statements spanned, we also in-
clude a statement count field within the index. Naturally this can be excluded in the final
index of the 4th quad as in this case the count is always 1. Finally we require an offset to
the next level of index; or to the head of the appropriate tree for the next quad.

10 Capacity Calculations

In practice we can expect most deltas fall into one of three classes: Common URI’s, in-
cluding popular and standardised predicates such as RDF, RDFS, Dublin Core, FOAF, etc
— as many of these are likely to be included in data loaded early in the lifetime of a store-
instance, these are likely to be clustered amongst the low node-ids; Application specific
UR/I’s and Literals, which again are likely to be used early and clustered, but possibly clus-




tered apart from the more common standardised predicates; and Document specific URI’s,
Literals, and all Blank-Nodes, which are unlikely to have been loaded previously (guaran-
teed in the case of Blank-NNodes) and therefore will be allocated incrementally. This sug-
gests that the delta between any two adjacent node-ids is likely to be < 64,000, and will
therefore require only 2 bytes.

With a total statement count of 237 a branching factor of over 25 will ensure most statement
counts at each node are at most 232. Consequently it is expected that the count field will
require between 2-4 bytes. Likewise with a block size of 32KB, and given that offsets ref-
erence blocks not individual statements, the offset field should also fit comfortably within 4
bytes.

This means that the expected size of a field, allowing 1-2 bytes for compression overhead,
is 9-12 bytes. With a block size of 32KB this means we can expect to store 3K nodes per
block. Similarly with a single index level, we can store 9 million nodes in 90MB; with a sec-
ond index level, 27 billion nodes in 270GB; and 100 billion nodes in 1TB using three index
levels. Given 4 nodes per index, and 6 indices per store this suggests that ~24TB will be
required for the statement-store.

With three index levels plus the node array per node, and four nodes per statement, an
index can guarantee access in 16 seeks. This can be reduced by 2 because the first two
levels of index are almost guaranteed to be held in memory, reducing this to 14. Once the
appropriate offset has been found for each node, all iteration is via sequential walk through
the array, resulting in only inter-track seeks required during iteration.

Modifications for Pair Based Index

Elsewhere Paul Gearon has proposed a pair-based indexing scheme for RDF based on
reified statements that shows promise in significantly improving write performance without
seriously impacting reads. Using this approach, instead of 4 indices we use a single index
with each leaf being 4 ordered lists of statement-ids. Consequently if desired it is possible
to use the ISAM tree to implement the index, and to add a payload pointer that points to
the lists.
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