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TECHNIQUES FOR MAINTAINING COLUMN VECTORS OF RELATIONAL DATA WITHIN
VOLATILEMEMORY

CROSS-REFERENCE TO RELATED APPLICATIONS; BENEFIT CLAIM

[0001] This application claims the benefit of Provisional Appln. 61/709,142, filed
October 2, 2012, and of Provisional Appln. 61/568,644, filed December 8, 2011, the entire
contents of both of which are hereby incorporated by reference asif fully set forth herein,
under 35 U.S.C. §119(e).

[0002] This application isaso related to U.S. Patent Application No. (attorney
docket number 50277-3876), entitled "TECHNIQUES FOR MORE EFFICIENT USAGE OF
MEMORY-TO-CPU BANDWIDTH", filed on same day herewith, the content of which is
hereby incorporated by reference asif fully set forth herein.

FIELD OF THE INVENTION

[0003] The present invention relates to relational database systems and, more specifically,
to techniques for storing data, that logically resides inrelational structures, in volatile
memory in amanner that increases the efficiency of database operations.

BACKGROUND

[0004] Relational database systems store data in relational structures, such astables and
indexes. However, the actual format in which the data is stored, retrieved, and manipulated,
often bears little relationship to the logical structure of atable.

[0005] For example, FIG. lisablock diagram of a conventional relational table 100.
Relational table 100 includes rows rl to r8, and columns cl to ¢5. Each row typically
corresponds to alogical entity, and each column corresponds to an attribute of that entity.
For example, in an employee table, each row may correspond to an employee, and each
column may correspond to adistinct employee attribute (name, age, salary, phone number,
etc.).

[0006] The intersection of arow and column defines acell. The value stored in agiven
cell isthe value, for the attribute associated with the column, for the entity associated with the
row. For example, assume that row r2 is associated with an employee named "Mary", and
that column c2 is for the attribute "age". Under these circumstances, the value (illustrated as
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r2c2) stored in the cell formed by row r2 and column c2 may be 17, to indicate that Mary is

17 years old.

[0007] Various database languages have been developed to easily access datathat is
managed by relational database systems. One common database language is SQL. Such
languages allow users to form queries that reference the data asif the data were actually
stored inrelational structures. However, the actual structures in which the relational datais
stored and accessed is often significantly more complicated than simple two-dimensional
tables.

[0008] For example, FIG. 2 illustrates how the data from table 100 may actually be stored
on adisk 200 by arelational database system. Asillustrated in FIG. 2, the data for the table
is spread among severa disk blocks 202, 212 and 222. Within a disk block, the data for any
given row istypically stored contiguously. A storage format in which data for each row is
stored contiguously isreferred to asa"row-major format". For example, the values for the
various columns of row rl are stored contiguously within disk block 202.

[0009] However, values for certain rows, such asrows r3 and r5, may actualy span two
disk blocks. For example, the values for columns cl and c2 of row r3 are in disk block 202,
while the values for columns ¢3, c4 and c5 of row r3 are in disk block 212.

[0010] The disk blocks that store data for any given table may be spread throughout a
disk, in no particular order. Each disk block typically has a section that stores the actual
values that logically populate the table (the "relational data'), and aheader that stores
metadata about the relational data. For example, disk blocks 202, 212 and 222 respectively
have headers 204, 214 and 224, and relational data portions 206, 216, and 226. An example
of how relational data may be organized within disk blocks isillustrated in U.S. Patent No.
5,870,758 entitled "Method and Apparatus for Providing Isolation Levels in a Database
System", filed on March 11, 1996.

[0011] FIG. 3isablock diagram of atypical database system 300 that may manage
access to table 100. Referring to FIG. 3, atypical database system 300 includes a storage
subsystem 320 on which the data managed by the database system 300 is durably stored. In
the database system 300 illustrated in FIG. 3, the storage subsystem 320 includes the disk 200
that contains the disk blocks 202, 212 and 222 that store the relational data of table 100.
[0012] In addition to storage subsystem 320, database system 300 includes volatile
memory 330 and a CPU 340. Typicaly, the size of the persistent storage used to store
relational data is significantly greater than the size of the volatile memory 330 into which that
data must be loaded when the data is the target of a database command. Consequently,
relational database servers typically employ abuffer cache 332 in which a database server
334 temporarily store copies of the disk blocks that contain the data that is the target of a
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database operation. Asillustrated in FIG. 3, acopy of disk block 202 has been loaded into

buffer cache 332 in response to some data within disk block 202 being the target of an
operation.

[0013] As database server 334 performs operations that target data stored in different disk
blocks, the buffer cache 332 fills up with copies of those disk blocks. Once buffer cache 332
isfull, loading a copy of anot-yet-loaded disk block into volatile memory involves replacing
acopy of adisk block that was previously loaded into volatile memory. If the copy of the
disk block that is being replaced has been changed, then the data from the disk block copy
typically needs to be flushed back to disk.

[0014] Because moving data between volatile memory 330 and disk over I/O path 360 is
orders of magnitude slower than moving data between volatile memory 330 and CPU 340
over 1/0O path 350, relational database systems have focused on minimizing the amount of 1/0
that occurs between storage subsystem 320 and volatile memory 330. For example, various
techniques for intelligently caching relational data are described in U.S. Patent Application
No. 12/691,146, entitled "Selectively Reading Data From Cache And Primary Storage’. As
another example, various techniques for compressing the relational data on disk 200, so that
the same amount of 1/0 traffic path 360 can move more data, are described in U.S. Patent
Application No. 12/617,669, entitled "Structure Of Hierarchical Compressed Data Structure
For Tabular Data’.

[0015] Unfortunately, techniques that minimize the traffic on I/O path 360 can lead to
less-than-optimal use of 1/0 path 350. For example, because the copies of disk blocks that
are stored in buffer cache 332 have substantially the same size, content, and organization as
the disk blocks on disk 200, relational data can be transferred between volatile memory 330
and disk 200 with minimal conversion. However, once in volatile memory 330, that same
disk-block format can be an obstacle to efficient processing of database operations.

[0016] For example, the query "select cl from emp where c2 > 30" requests retrieval of
values from column cl for al rows that have avalue in c2 that is greater than 30. The only
data that is actually required to execute this query isthe data from columns cl and c2 of the
emp table. In other words, to perform the requested operation, the values from columns cl
and c2 are the only values that CPU 340 needs to see. However, because the relational datais
stored as disk block copies within buffer cache 332, and within those disk block copies the
datais stored in row-major format, alarge amount of irrelevant data will flow through 1/0
path 350 for the CPU 340 to obtain the data required to perform the operation perform the
operation. In some situations, the values for potentially hundreds of columns may have to
flow through 1/0 path 350 simply to enable CPU 340 to perform an operation that involves

values from only one or two of those columns.

-3-
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[0017] The approaches described in this section are approaches that could be pursued, but

not necessarily approaches that have been previously conceived or pursued. Therefore,
unless otherwise indicated, it should not be assumed that any of the approaches described in
this section qualify asprior art merely by virtue of their inclusion in this section.

BRIEF DESCRIPTION OF THE DRAWINGS

[0018] In the drawings:

[0019] FIG. lisablock diagram that illustrates how arelational table islogicaly
organized;

[0020] FIG. 2isablock diagram that illustrates atypical on-disk organization of
relational data for arelational table;

[0021] FIG. 3isablock diagram that illustrates atypical relational database system;
[0022] FIG. 4isablock diagram that illustrates storing relational data in column vectors
within volatile memory, according to an embodiment of the invention;

[0023] FIG. 5isablock diagram illustrating a comparison between two byte-comparable
values;

[0024] FIG. 6isablock diagram illustrating a CPU that includes conversion logic for
performing on-chip padding of variable-length column values to produce fixed-length values
that may be used in vector processing operations, according to an embodiment of the
invention;

[0025] FIG. 7 isablock diagram illustrating a CPU configured to perform vector
processing operations directly on variable-length values, according to an embodiment of the
invention;

[0026] FIG. 8isablock diagram illustrating alength vector that indicates lengths of
individual column values of a column vector that store variable-length values;

[0027] FIG. 9isablock diagram of acomputer system upon which embodiments of the
invention may be implemented;

[0028] FIG. 10 isaflowchart illustrating steps for performing on-chip decompression in a
CPU that does not have specialized hardware for performing the on-chip decompression,
according to an embodiment of the invention;

[0029] FIG. 11isaflowchart illustrating steps for performing vector processing
operations directly on compressed values, according to an embodiment of the invention; and
[0030] FIG. 12 isaflowchart illustrating steps for performing on-chip padding in a CPU
that does not specialized hardware for performing the on-chip padding, according to an
embodiment of the invention.
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DETAILED DESCRIPTION

[0031] In the following description, for the purposes of explanation, numerous specific
details are set forth in order to provide athorough understanding of the present invention. It
will be apparent, however, that the present invention may be practiced without these specific
details. In other instances, well-known structures and devices are shown in block diagram

form in order to avoid unnecessarily obscuring the present invention.

GENERAL OVERVIEW

[0032] Techniques are provided for more efficiently using the bandwidth of the 1/0O path
between a CPU and volatile memory during the performance of database operation. For
example, techniques are provided for organizing relational data in volatile memory in a
manner that decreases the amount of data that must be transferred between the CPU and the
volatile memory to perform a database operation.

[0033] In one embodiment, the relational data from arelational table is stored in volatile
memory as column vectors, where each column vector contains values for a particular
column of the table. The individual values within a column vector may be represented in a
variety of formats. In one embodiment, abinary-comparable format isused to represent each
value within a column vector, regardless of the data type associated with the column.

[0034] The column vectors may be compressed and/or encoded while in volatile memory,
and decompressed/decoded on-the-fly within the CPU. Alternatively, the CPU may be
designed to perform operations directly on the compressed and/or encoded column vector
data. In addition, techniques are described that enable the CPU to perform the same
operation, on multiple values from the same column, in a single instruction using vector
processing. Using vector processing to simultaneously perform the same operation on
multiple values from agiven column, the CPU has a greater capacity to handle the increased
rate at which the CPU is fed the column values on which the CPU must operate.

COLUMN VECTORS
[0035] FIG. 4 isablock diagram that illustrates how relational data may be stored in
volatile memory, according to an embodiment of the invention. Asillustrated in FIG. 4,
within volatile memory 330, the relational data is organized in column vectors, where each
column vector contiguously stores the values that logically populate a corresponding column
of table 100.
[0036] Specifically, in the example illustrated in FIG. 4, volatile memory stores column
vectors 402, 404, 406, 408 and 410 that respectively correspond to columns cl, ¢2, c3, ¢4 and
c5 of table 100 illustrated in FIG. 1. Unlike the block-based organization of relational data
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illustrated in volatile memory 330 in FIG. 3, the column vector organization of relational data

illustrated in volatile memory 330 in FIG. 4 bears little resemblance to how relational datais
conventionally organized on disk.

[0037] Because of the differences between how relational datais conventionally stored
on disk, and a column vector organization of the relational data, a significant amount of
overhead may be expended at system boot-up to load and organize the relational data within
volatile memory 330 into column vectors. However, any such overhead may be more than
offset by the more efficient use of 1/O path 350, during the performance of database
operations, that results from maintaining the relational data in the column vector format. In
addition, that overhead may be reduced by storing the relational data in column-mgjor format
on disk, so that creating the column vectors within volatile memory 330 requires minimal re-
arrangement of the data.

[0038] The column vector organization of relational datais particularly useful in
situations where the relational data will rarely if ever need to be swapped out of volatile
memory 330 to make room to load additional relational data from disk. For example, the
column vector organization of relational dataisparticularly useful in systems where the
amount of volatile memory is sufficient to hold the entire table columns that are targeted by
an operation. Further, if the amount of volatile memory is sufficient to hold the entire
database that is managed by database server 334, the volatile memory 330 may be treated as
the primary storage of the relational data (as opposed to a cache), where disk storageis
merely used for the initial loading and for backups. Even in situations where the entire table
does not fit in memory, part of table fits into volatile memory, and the techniques described
herein may be applied to apart that does fit in memory.

[0039] Because data is organized in the column vector format, similar data items are next
to each other, which allows using certain compressed formats (e.g. RLE) and will typically
produce better compression. These compressed formats allow more datato be held in
memory, and also may enable queries on the in-memory data to run faster

EFFICIENT USAGE OF THE I/O PATH BETWEEN THE CPU AND VOLATILE
MEMORY
[0040] Storing relational data in column vector format within volatile memory results in
more efficient use of 1/0 path 350 during performance of database operations. The improved
efficiency is achieved by increasing the speed at which CPU 340 is fed the actual values that
arerequired for aparticular database operation. The faster CPU 340 is fed the values
required by a database operation, the faster the database operation is performed.
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[0041] The amount of data that a CPU can fetch over 1/0 path 350 in aclock cycleis

referred to asacache line. Because both the size of the cache line and the clock rate of CPU
340 are dictated by hardware, the bandwidth available on 1/O path 350 typically remains
constant.

[0042] Consequently, increasing the rate a which CPU 340 receives data required for a
database operation involves increasing the percentage of that fixed bandwidth that isused to
transfer information that is needed for the operation being performed. The percentage of the
bandwidth of I/O path 350 that isused to transfer relevant information isreferred to herein as
the "relevance percentage”.

[0043] When relational data is stored in volatile memory 330 in ablock based format, as
illustrated in FIG. 3, the relevance percentage may be very low. For example, assume that
volatile memory 330 stores the data for table 100 in ablock based format, and that database
server 334 is executing the query "select ¢l from emp where c2 > 30".

[0044] To perform this operation, the CPU 340 must compare all values in column c2 to
the number 30. Assume that all values in table 100 are the same size, and that the cache line
of CPU 340 is sufficient to accommodate five values from table 100. Under these
circumstances, fetching the values of c2 from ablock-based format would require eight clock
cycles. During each of the eight clock cycles, CPU 340 would fetch one row of values. For
example, during the first clock cycle, CPU 340 would fetchricl, rlc2, rlc3, rlc4 andrlc5.
During the second clock cycle, CPU 340 would fetch r2cl, r2c2, r2c3, r2c4 and r2c5, etc.
During each of the eight clock cycles, the relevance ratio would be 20%, because only the
value from column c2 isrelevant to the operation being performed, and the value from
column c2 only uses 15 of the cache line. The remaining 4/5 of the cache line are used to
transfer values from the other columns, which are not relevant to the operation being
performed.

[0045] In contrast, fetching the values of c2 from the column vector format illustrated in
FIG. 4 would take only two clock cycles. During the first clock cycle, the first five values
(rlc2, r2c2, r3c2, r4c2, and r5c2) from column vector 404 would be fetched into CPU 340.
During the second clock cycle, the remaining three values (réc2, r7c2, r8c2) would be
fetched. In this example, the relevance ratio during the first clock cycle is 100%, and during
the second clock cycle is 60%. Further, the required data was provided to CPU 340 in ¥4 the
time required when the relational data is stored in ablock based format.

BYTE-COMPARABLE VALUE FORMAT
[0046] Asillustrated above, storing relational data in column vector format within
volatile memory 330 alows the data required by an operation to be fed to CPU 340 much

-
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faster than is possible when the relational data is organized in row-major block-based

formats. However, if CPU 340 is not able to process the relevant values at the rate at which
the relevant values are provided, much of the efficiency gained by organizing the relational
data in column vector format may be lost.

[0047] Therefore, according to one embodiment, techniques are provided for representing
relational data in aformat that can be more efficiently processed by CPU 340. Specifically,
in one embodiment, relational data is stored, within each column vector, in abyte-comparable
format. A byte-comparable format isaformat that alows two values to be compared on a
byte-by-byte basis, where the first non-identical byte between two values accurately indicates
which of the two values is greater than the other.

[0048] Referring to FIG. 5, it isablock diagram illustrating a comparison between atwo
values 502 and 504 that are represented in byte-comparable format. Initially, the left-most
bytes of the two values (vlibl and v2bl) are compared. If the bytes are not identical, then the
comparison operation is finished and the value whose first byte was greater than the other is
determined to be the greater value. For example, if vlbl isgreater than v2bl, then byte-
comparable value 502 is greater than byte-comparable value 504, regardless of the remaining
bytes of both values.

[0049] On the other hand, if the first bytes vibl and v2bl areidentical, then a
comparison is made of the next two bytes vib2 and v2b2. Similar to the comparison of the
first bytes, if the second bytes are not identical, then the outcome of the comparison of the
bytes determines the outcome of the comparison of the two values 502 and 504.

[0050] If the second bytes vib2 and v2b2 are identical, a comparison is performed
between the third bytes vIb3 and v2b3. The comparison operation proceeds in this fashion
until either (a) non-identical bytes are encountered, or (b) one or both of the values runs out
of bytes. Inthe case where one byte-comparable value runs out of bytes, the byte-
comparable value that has not run out of bytes is determined to be greater than the byte-
comparable value that ran out of bytes. For example, if vibl, vIb2 and vib3 areidentical to
v2bl, v2b2 and v2b3, then byte-comparable value 504 is determined to be larger than byte-
comparable value 502.

[0051] If both byte-comparable values run out of bytes at the same time, and all
compared bytes were identical, then the byte-comparable values are determined to be
identical. Thus, if byte-comparable value 504 were only three bytes long, and those three
bytes were identical to the three bytes of byte-comparable value 502, then byte-comparable
values 502 and 504 would be determined to be identical.

[0052] While the byte-to-byte comparison illustrated in FIG. 5 has been described as a
sequentia operation, the byte-to-byte comparison can also be performed in parallel. For
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example, each of the bytes of byte-comparable value 502 may be compared to the

corresponding bytes of byte-comparable value 504 at the same time. After the comparisons
have been performed, the leftmost comparison that was not a match determines the outcome
of the comparison between the two byte-comparable values. For example, bytes vibl, vib2
and vIb3 can be compared respectively to bytes v2bl, v2b2 and v2b3 at the same time.
Under these circumstances, if the results are vibl=v2bl, vIb2>v2b2 and vib3<v2b3, then
the vib2>v2b2 comparison determines the outcome, and byte-comparable value 502 is
determined to be greater than byte-comparable value 504.

[0053] Byte-comparable format isnot limited to any particular data-type. For example,
integers, dates, binary large objects (BLOBS), character large objects (CLOBS), floating
point numbers, and strings can be stored in byte-comparable format. While the byte-to-byte
comparison of integers indicates which integer is numerically greater, the byte-to-byte
comparison of other types of values indicates different types of relationships. For example, a
byte-to-byte comparison of dates that are in abyte-comparable format indicates which date is
chronologically later than the other. Similarly, abyte-to-byte comparison of strings that are
in abyte-comparable format indicates which string follows the other in aphabetical order.
[0054] The specific manner in which values from the various data types are represented
in byte-comparable format may vary from implementation to implementation, and the
techniques described here are not necessarily limited to any particular implementation. A
detailed description of formats that may be used to represent values, with column vectors, in
one embodiment of the invention is located at www.orafag.com/wiki/Data type, the entire
contents of which are incorporated herein. In the formats described thereat, dates are
represented, for example, in a 7-byte structure where the seven bytes are, respectively:
century + 100, year in the century + 100, month, day, hour + 1, minute + 1, and second + 1.
[0055] Asillustrated in FIG. 5, byte-comparable values need not have the same number
of bytes to be compared. However, as shall be described hereafter, there may be
circumstances where it is desirable to force byte-comparable values to be aparticular size.
Under those circumstances, any padding bytes needed to increase the size of abyte-
comparable value are added to the right of the existing bytes. For example, to increase the
size of byte-comparable value 502 to five bytes, two padding bytes would be added after byte
vib3.

[0056] The padding of zeros to the right does not change the result of byte-comparisons
for data types that do not permit trailing zeros because, even though the lengths become the
same, the zeros will be always the smallest number. The NUMBER and DATE formats
described at www.orafag.com/wiki/Data _type are examples of formats that do not allow
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trailing zeros in their values. Consequently, those formats are examples of comparison-

preserving and lossless byte padded formats.

TREATING OTHER DATA TYPES AS BINARY NUMBERS
[0057] Asmentioned above, the byte-comparable format can be used to represent data
types, other than binary numbers, as a series of bytes. When data types that are not binary
numbers are represented in abyte-comparable format, the CPU can perform comparisons on
values of that datatype using arithmetic logic by treating the byte-comparable values as
binary numbers. For example, assume that CPU 340 has logic for performing arithmetic
comparisons between eight-byte binary numbers. That same logic may be used to perform
string-to-string comparisons between two strings that are represented in byte-comparable
format. Specifically, the bytes of the two strings involved in the comparison operation would
be padded, as needed, to form two eight-byte values. The eight-byte values would be |oaded
asif the values were eight-byte binary values into the appropriate registers within CPU 340,
and CPU 340 would execute the instruction to perform abinary number comparison. The
results of that comparison would then be used as the results of the comparison of the two
strings represented by the values.

ON-CHIP VECTOR PROCESSING OPERATIONS
[0058] Instead of, or in addition to, storing relational datain abyte-comparable format,
the rate a which CPU 340 processes the values involved in a database operation may be
increased by increasing the parallelism within CPU 340. In one embodiment, CPU 340
employs a SIMD (single instruction multiple data) architecture that allows the same operation
to be performed on multiple data values at the same time. For example, during the
performance of "select cl from emp where c2 > 30", CPU 340 may simultaneously compare
the value "30" to the values for c2 from multiple rows.
[0059] While embodiments are described herein in which SIMD instructions are used to
increase the rate at which operations are performed on column values, in aternative
embodiments performance may be increased without using SIMD instructions by performing
tight iterations over the padded data using non-SIMD instructions. Thus, the techniques
described herein are not limited to the use of SIMD instructions.
[0060] FIG. 6isablock diagram that illustrates CPU 340 in greater detail, according to
an embodiment that employs on-chip vector processing. Inthe embodiment illustrated in
FIG. 6, aregister 346, within CPU 340, includes storage for storing values involved in
operations. Register 346 may be, for example, a 256 bit register. For the purposes of SIMD
operations, register 346 may be treated as an array of storage locations 604, 606, 608, and
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610, each of which holds a fixed width data e ement. The number of fixed-width data

elements that can be concurrently stored within register 346 vary based on the size of the data
elements and the size of register 346. For example, if register 346 is a 256 bit register,
register 346 may concurrently store four 8-byte wide fixed-width data elements, or eight 4-
byte wide fixed-width data elements. The techniques described herein are not limited to any
particular register size, nor any particular fixed width size of data elements.
[0061] Values from a column vector are loaded into each of storage locations 604-610,
and the same operation (specified in an instruction from instruction pool 620) is performed on
all of the values at the same time. For example, during a single step (which may take one or
more clock cycles depending on the CPU implementation), values in each of storage
locations 604-610 may be compared against aparticular value.
[0062] A contiguous series of values from a column vector isreferred to herein asa
"segment” of the column vector. A segment that isthe target of a vector processing operation
isreferred to herein asa"target segment”. During avector processing operation, all values
within atarget segment are processed within the CPU in parallel. The number of values that
aCPU isableto process in parallel may vary based on avariety of factors, such asthe
number of registers available, whether the column vector is compressed or encoded, and
whether the CPU is configured to handle variable-length values.
[0063] Asmentioned above, to evaluate the predicate "c2 > 30", CPU 340 must compare
all values in column c2 to the number 30. An embodiment that employs on-chip vector
processing may perform the predicate evaluation by:

» copying values from the column vector 404 into CPU 340 and,

» during each vector processing operation, comparing multiple values from the column

vector 404 to the number 30.

[0064] For example, during the first vector processing operation performed to evaluate
the predicate "c2 > 30", the valuesrlc2, r2c2, r3c2, and r4c2 may be loaded into storage
locations 604, 606, 608 and 610, respectively, and compared to 30. During the second vector
processing operation performed to evaluate predicate "c2 > 30", the values r5¢2, réc2, r7c2,
and r8c2, may be loaded into storage locations 604, 606, 608 and 610, respectively, and
compared to 30. Thus, using vector processing operations, the predicate "c2>30" may be
evaluated in two vector processing operations, each of which takes a single step (which may
eguate to a single clock cycle of CPU 340, depending on the hardware).

FIXED-LENGTH IN-MEMORY REPRESENTATION
[0065] Conventional SIMD architectures perform SIMD operations on fixed-width data
elements. The fixed-width size that a CPU expects for the individual data elements that are
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targeted by SIMD operations isreferred to herein asthe "expected size". To facilitate SIMD

operations in CPUs that have a specific expected size, an embodiment may store the
relational data, within volatile memory 330, in afixed-sized representation that corresponds
to the expected size. For example, if CPU 340 is configured to perform SIMD operations on
values that are 6 bytes wide, then 6 bytes are used to store each of the values in each of the
column vectors 402, 404, 406, 408 and 410.

[0066] In an embodiment where fixed-sized values are required for the CPU 340 to
perform SIMD operations, storing the relational data in a fixed- size format that matches the
expected size avoids the need to reformat the relational data asthe data moves between
volatile memory 330 and the register 346 used to perform the vector processing operations.
[0067] However, not al relational values require the same amount of memory.
Therefore, in one embodiment, padding is applied to the relational values prior to storing the
relational values in volatile memory 330. The amount of padding added to arelational value
isbased on the difference between the inherent size of the relational value and the expected
size used by CPU 340. For example, if CPU 340 is designed to perform SIMD operations on
values that are 6 bytes wide, then arelational value that is already 6 bytes would not be
padded at al, but arelational value that is 1 byte would be padded with 5 bytes.

[0068] Unfortunately, padding the values that are maintained within the column vectors
within volatile memory 330 consumes more volatile memory 330 than is necessary to
represent those values. In addition, because the padded values are larger than non-padded
values, fewer padded values can be transferred over 1/O path 350 in any given clock cycle.
Therefore, in alternative embodiments that are described in greater detail hereafter, padding is
performed after the values have been transferred to CPU 340, or not at all.

COLUMN VECTOR CHUNKS
[0069] In the example given above, it was assumed that the CPU supported SIMD
operations on values of aparticular fixed size, and padding was used to ensure that all values,
within each column vector, were stored in volatile memory in that particular fixed size.
However, some CPUs may support multiple expected sizes. For example, a CPU may be
able to perform a SIMD operation on four 8-byte values in a 256 bit register, or eight 4-byte
values in the 256 bit register. In such a system, different data items may be padded to
different fixed-length sizes.
[0070Q] In one embodiment, acolumn vector isbroken into "chunks®, where al values
within achunk are padded to the same fixed width, but the fixed width may vary from chunk
to chunk. For example, al values within one chunk may be represented by four bytes, while
all values in the next chunk may be represented in eight bytes.
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[0071] According to one embodiment, when multiple expected sizes are supported, the

fixed size used to represent values in any given chunk is selected to be the smallest expected
size in which al of the values in the chunk may be represented. For example, for achunk in
which all values can be represented by 4-bytes, all values would be padded, as needed, to be
4-bytes wide. On the other hand, for achunk that has at least one value that requires more
than four bytes, all values would be padded, as needed to be 8-bytes wide.

[0072] When the values from achunk are loaded into aregister for a SIMD operation, the
CPU determines whether to treat the chunk as a series of 4-byte values, or a series of 8-byte
values, based on the expected size to which the chunk was padded. The boundaries between
the chunks of a column vector, aswell asthe expected size to which the values in each chunk
were padded, may be maintained as metadata within the column vector itself, or may be
maintained separate from the column vector.

EXCEPTION MARKERS
[0073] There may be situations where arelatively small percentage of column values are
very large. Padding all values to achieve afixed size that accommodates even such very
large values may be wasteful. For example, if acolumn contains athousand values that fit
into one byte, and one value that requires eight bytes, it would be wasteful to pad the
thousand values so that each consumes eight bytes. Using column vector chunks, the
memory would be wasted only for those values that fell into the same chunk asthe very large
value.
[0074] Instead of, or in addition to, using column vector chunks as described above, the
amount of wasted memory can be further reduced by removing, from acolumn vector, al
exceptionally large values. These exceptionally large values may be stored elsewhere, and
may be replaced within the column vector with a"marker" value. The marker value indicates
that the actual value is so large that it is stored elsewhere. The marker value, aswell asthe
other values in the column vector, may be padded as necessary to achieve arelatively small
fixed size.
[0075] Asthe values from the column vector are processed within a CPU, the CPU
detects when amarker value is present, and performs additional steps to retrieve and process
the actual value that corresponds to the marker value. Thus, at the expense of the overhead
required for separately retrieving and handling exceptionally large values, the overall
memory consumption of a column vector of padded, fixed-size values, may be significantly
reduced.
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VARIABLE-LENGTH IN-MEMORY REPRESENTATION

[0076] While storing relational values within volatile memory 330 with padding to match
the expected size facilitates the performance of vector processing operations, it also
consumes more memory and decreases the rate a which CPU 340 is able to fetch useful data.
Therefore, embodiments are provided in which the values within the column vectors within
volatile memory 330 are stored in avariable-length format. The variable-length format may
involve variable byte width and/or variable bit width. The various types of variable-length
formats shall be described in greater detail hereinafter.

[0077] In embodiments that store values in variable-length format, the length of the
individual values within each column vector may either be stored interspersed with the data,
within the column vector, or in a"length vector" that is maintained separate from the column
vector itself. FIG. 6illustrates an embodiment in which a separate length vector 618 is
maintained in association with column vector 404. Length vector 618 includes information
from which the boundaries, between the individual values within column vector 404, may be
derived.

[0078] In an embodiment that uses separate length vectors, the length vectors may
themselves be further compressed using run length encoding and bit packing. This type of
compact storage avoids waste of volatile memory 330 that would otherwise occur if variable-
length column values were padded and stored, within volatile memory 330, in afixed length
format that is wide enough to accommodate the widest column value.

[0079] Within in-memory column vectors, the variable-length format may be compressed
or uncompressed. Using an uncompressed variable-length format may allow the values to be
transferred to the CPU and operated on without the additional overhead of decompression.
On the other hand, a compressed variable-length format allows values to be transferred to a
CPU at afaster rate. Further, depending on the compression format and the type of operation
involved, the overhead associated with decompression may be avoided because performing
the operations on the compressed variable-length values will till yield the correct results.
[0080] In embodiments that employ column vectors that contain variable-length column
values, queries are run such that the column vectors are brought from volatile memory 330
into the CPU 340 as a stream of bytes (or two streams - one stream for the variable-length
value stream and a second stream for the length), instead of avector of fixed length values.
For example, assume that the values (rlc2, r2c2, r3c2, rdc2, r5¢2, r6¢2, r7c2, r8c2) of column
vector 404 are respectively 10, 7, FFF, 8A, 3, F100, 45, 4 (in hexadecimal), asillustrated in
FIG. 8. Based onthese values, the length vector 618 would be 2, 1, 3,2, 1, 4, 2, 1.
Specifically, asillustrated in FIG. 8, the first value (i.e. "2") within the length vector 618
indicates the two-byte length of the first value (i.e. "10") in column vector 404, the second
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length vector value (i.e. "1") indicates the one-byte length of the second value (i.e. "7") in

column vector 404, etc.

VARIABLE-WIDTH DICTIONARY ENCODING
[0081] The techniques described herein are not limited to any particular variable-width
format. However, for the purpose of explanation, an encoding technique is described
hereafter that may be applied to a column when, for example, all values in the column are 4
bytes or less. The technigue produces avector that encodes the combination of lengths for
each set of 4 values, and apacked vector of the actual values themselves. To do predicate
evaluation, the values are dynamically unpacked into registers in the CPU. The same basic
approach can apply to avariable-width dictionary format, either bit-aligned or byte-aligned.
[0082] Specifically, consider the case where a skewed dictionary has only two possible
lengths of codes, n and m. The most common values are assigned to codes that are n bits
wide, while the less common values are assigned to codes that are m bits. In this example,
the dictionary can be said to have two levels, where the first level contains the mapping
between common values and n-bit codes, and the second level contains the mapping between
less-common values and m-bit codes.
[0083] In adictionary that employs codes of two lengths n and m, there may be any
combination of two lengths, such as n=6 and m=| 1. However, for the purpose of
explanation, it shall be assumed that n=8 and m=16. Having the code lengths byte aligned
simplifies matters because there isless complicated shifting and masking.
[0084] Torepresent agreat number of values in fewer bytes, the vector of values contains
the codes from the dictionary, rather than the values actually represented by the codes.
Consequently, in the present example, the vector of values would include a series of 8 and 16
bit dictionary codes. For example, assume that value X is mapped to code nl (an n-bit
code), value Y is mapped to code n2 (an n-bit code), and value z is mapped to code ml (an
m-bit code). If the valuesin acolumn are X, X, Z, Y, then the vector of values for that
column would contain nl, nl, ml, n2.
[0085] In this scenario, the vector encoding the lengths may have one byte per 8 values
from the value vector. The one byte would encode the length combination, of the 256
possible length combinations, represented by the corresponding 8 values in the value vector.
For example, each bit within the byte may correspond to arespective one of the eight values,
where the bit isa"1" if the corresponding value is an n-bit code, and a"0" if the
corresponding value is an m-bit code. Consequently, the byte within the length vector for the
eight values nl, nl, ml, n2, n2, m2, m3, n3 would be "11011001".
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[0086] According to one embodiment, the codes used by the dictionary are assigned such

that, within each level of the dictionary, codes have the same relationship astheir
corresponding values. That is, for any two n-width codes, if nl > n2, then the value mapped
to nl isgreater than the value that is mapped to n2. Similarly, for any two m-width codes, if
mi>m2, then the value mapped to ml isgreater than the value mapped to m2.

[0087] Torun asimple (in)equality predicate (e.g. cl > X) on the dictionary, the constant
value X isfirst trandated to the corresponding thresholds for each of the two levels of the
dictionary. For the purpose of explanation, it shall be assumed that X translates to n7 in the
n-bit-wide level of the dictionary, and translates to m9 in the m-bit-wide level of the
dictionary. After trandating the constant, the first value in the encoded length vector isread.
That value isused to look up the correct shuffle and mask to put the first 8 values into a 16
byte register, similar to what is done for afixed-width dictionary. Based on the encoded
lengths, the two constant threshold values must be shuffled appropriately, so that the one byte
threshold aligns with the one byte codes and the two byte threshold aligns with the two byte
codes.

[0088] For example, assume that the first value in the encoded length vector is
"11011001". Based on this value, it is determined that the first 8 values in the value vector
should be compared against thresholds n7, n7 m9, n7, n7, m9, m9 and n7, respectively. After
this transformation has been performed, a SIMD compare is performed between the values
and the corresponding thresholds. A shift isthen performed, and the process isrepeated for
the next 8 values.

[0089] While this encoding technique is similar to Huffman style encoding, it is not
prefix-free. The encoding need not be prefix-free because the lengths are encoded in a
separate vector. Thus, the encoding may be considered to be a prefix-free code with (n+1)
bits and (m+1) bits, but with the first bit of every code stored in a separate vector.

[0090] In one embodiment, this encoding technique is extended to more than two
possible lengths. With three possible Iengths, the most useful combination would typically
be 1, 2, and 4 bytes. Under those conditions, the lengths of 4 values could be encoded and
processed at atime. For four possible lengths, any combination of 1-4 bytes could be
encoded. Two bits would be used to encode each length.

[0091] The encoding technique described in this section could be combined with other
encoding and/or compression techniques, such asrun-length encoding ("RLE"). When
combined with RLE, increments are only performed once per run, rather than once per value,
when calculating the frequencies of each value in order to decide which value to assign to

which length.
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ON-CHIP PADDING

[0092] Unfortunately, CPUs may not be capable of performing vector processing
operations directly on the variable-length values. Consequently, in systems that only support
performing vector processing operations on fixed length values, additional processing must
occur on the CPU to enable arithmetic operations (e.g. comparison, addition, etc.) to be
performed directly on the individual elements efficiently.
[0093] According to one embodiment, any padding required to conform individual values
to the size of vector-processing registers used by CPU 340 isperformed after the values have
been transferred to CPU 340 over |/O path 350. Specificaly, on one embodiment, CPU 340
is designed to sequentially process portions of the value stream in atwo-phase process. Inthe
first phase, conversion logic 630 on the CPU 340 converts a sequence of variable-length
values into aform that can be placed in register 346 for vector processing. In the second
phase, the appropriate vector processing operation isperformed, in paralel, on the values
within the register 346. The two phases are performed either in separate cycles, or together.
[0094] For example, assume that the value stream 107FFF8A3F100454 for column
vector 404 has been fed from volatile memory 330 into CPU 340 for avector processing
operation. Assume further that storage locations 604-610 are designed to operate on fixed-
length four-byte values. Based on the sizes indicated in length vector 618, which have aso
been provided to CPU 340 over 1/0 path 350, CPU 340 knows that the lengths of the values
inthe value stream are 2, 1, 3,2, 1,4, 2, 1.
[0095] Based on the length information contained in length vector 618, conversion logic
630 performs the following steps during the first phase of the vector processing operation:
» determines that the first two bytes of the value stream are for rlc2, and adds two
additional bytes of padding to rlc2 to produce 1000
» determines that the next one byte of the value stream isfor r2c2, and adds three
additional bytes of padding to r2c2 to produce 7000
» determines that the next three bytes of the value stream are for r3c2, and adds one
additional byte of padding to r3c2 to produce FFFO
» determines that the next two bytes of the value stream are for r4c2, and adds two
additional bytes of padding to r4c2 to produce 8A00
» determines that the next one byte of the value stream are for r5¢2, and adds three
additional bytes of padding to r5c2 to produce 3000
[0096] In the embodiment illustrated in FIG. 6, only four storage locations 604-610 are
available for performing the vector processing operation. Consequently, the remainder of the
values within the value stream of column vector 404 (i.e. r5¢2, r6¢c2, r7c2 and r8c2) are

padded in a subsequent iteration of the first phase.
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[0097] Once the values have been padded and placed in the appropriate storage locations

604-610, the second phase of the vector processing operation isperformed. In the second
phase of the vector processing operation, CPU 340 issues a second instruction from
instruction pool 620 to execute an arithmetic operation on the values within storage locations
604-610, in paralel. The arithmetic operation may be, for example, a comparison between
each of those values and a byte-comparable version of the value "30".

[0098] On-chip padding is aso useful in situations that do not involve vector processing
operations. For example, variable width data may be read in and padded on chip, but
processed only one element at atime (i.e. not SIMD). One element at atime processing may
be required, for example, when the width of the data elements is so large that multiple data
elements will not fit within a single register. On-chip padding isuseful even in these
situations because the variable-width storage saves space in volatile memory, and the fixed-
width elements that result from the on-chip padding enable the native binary ALU
comparisons to be performed on the stream of values with minimal processing overhead per

comparison.

VECTOR PROCESSING OPERATIONS ON VARIABLE-LENGTH DATA
[0099] In the embodiment described above, column values are passed to the CPU in
variable-length format, and the first phase of each vector processing operation involves
padding the column values to produce avector of fixed-length values. While transferring
column values from volatile memory 330 to CPU 340 in variable-length format alows CPU
340 to be fed column values at afaster rate over the fixed bandwidth of I/O path 350, the
overhead associated with converting the variable-length values into fixed-length values,
within CPU 340, decreases the rate at which CPU 340 can process those column values.
Further, increasing the size of the values (by adding padding) prior to performing the vector
processing operation reduces the number of values that can fit within register 346 during any
given iteration of the vector processing operation.
[0100] Accordingly, in an aternative embodiment, the need to perform variable-length to
fixed-length value conversions on CPU 340 is avoided by designing CPU 340 to perform
vector operations directly on unaligned bit streams by utilizing information contained in the
length vector 618. FIG. 7 isablock diagram of an embodiment in which CPU 340 is
configured to perform vector processing operations directly on variable-length values.
[0101] Referring to FIG. 7, conversion logic 630 has been replaced with size indicator
logic 710, within the controller 342 of CPU 340. Size indicator logic 710 generally
represents logic that indicates to the vector processing elements within CPU 340 the
respective lengths of the values currently stored in register 346 (the "target values'). In
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addition, fixed-length storage locations 604-610 illustrated in FIG. 6 have been removed from

FIG. 7. Rather than having any fixed boundaries between the individual target values, the
boundaries between the target values vary from operation to operation based on the lengths of
the target values. Thus, register 346 may be implemented as a single physical register that
represents multiple virtual registers, where the size of the virtual registers within the physical
register are dictated by the lengths of the current target values.

[0102] A portion of 1/0 path 350 isused to feed portions of length vector 618 into a
length cache 712 within the on-chip cache 602, and to feed portion of column vector 404 into
avalue cache 714 within the on-chip cache 602. The contents of value cache 714 are fed into
register 346 asthe target values of vector processing operations, while the contents of length
cache 712 are used by size indicator logic 710 to determine the lengths of the target values
involved in the vector processing operations. Those lengths are communicated by the size
indicator logic 710 to the ALU 344 to enable the vector processing elements within CPU 340
to operate on the individual target values within register 346.

[0103] According to one embodiment, not only does the size of the virtual registers vary
from operation to operation, but so does the number of virtual registers. Specifically, because
the length of the target values vary, the number of target values that fit within register 346
during any given vector processing operation may also vary.

[0104] For example, assume that register 346 holds eight bytes of the value stream.
Assume further that rlc2 and r2c2 are three-byte values, r3c2 and r4c2 are two-byte values,
and r5c2, rée2, r7c2, and r8c2 are one-byte values. Under these circumstances, during the
first iteration of the vector processing operation, register 346 would hold only three values
(e.g. rlc2, r2c2 and r3c2), whereas during the second iteration of the vector processing
operation, register 346 would hold five values (rdc2, r5c2, ré6c2, r7c2, r8c2). In such an
embodiment, the size of the target values dictates not only how quickly CPU 340 is fed
values from volatile memory 330, but also the degree of parallelism that is achieved during
the vector processing operations.

COMPRESSING AND ENCODING THE COLUMN VECTOR VALUES
[0105] The less memory required to represent column vector values, the faster the
column vector values can be fed to CPU 340 over 1/0 path 350. Asmentioned above, one
way to reduce the amount of memory used to represent column vector values isto store those
values in avariable-length format. In alternative embodiments, other value-size-reducing
techniques may be used on the column vector values, instead of or in addition to representing

the values in variable-length format.
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[0106] For example, according to one embodiment, a"run length vector" isused to

indicate the number of sequential repetitions of avalue. For example, a sequence of values -
33, 33, 33, 3,4, 8, 8, 9isrepresented by value vector 333489, alength vector in bytes of 2, 1,
1, 1and arun length vector of 3, 1, 1, 2, 1. The length vector and the run length vector may
be represented in a compact form asvalue, length pairs to save space.

[0107] As another example, any one of anumber of data compression techniques may be
used to compress the column vector 404. The column vector values are transferred over 1/0
path 350 in their compressed format, and decompressed within CPU 340 as necessary to
produce values in the form required for the vector processing operation. To enable on-chip
decompression of the data values, certain additional information may need to be
communicated from volatile memory 330 to CPU 340. For example, certain compression
techniques involve the creation of atoken-to-value mapping. When such techniques are used
to compress the column vector values, atoken-to-value mapping istransferred to CPU 340
over /O path 350 to enable on-chip decompression of the values.

[0108] In one embodiment, the tokens used in atoken value mapping are pointers into a
dictionary. In such an embodiment, the dictionary istransferred to CPU 340 over 1/O path
350 to enable on-chip decompression of the values. Tokenization of column vector values
may be performed instead of or in addition to run length encoding. Specifically, techniques
like run length encoding or tokenization can be used stand-alone, or together. An example of
using run length encoding and tokenization together may involve replacing values with codes
based on a dictionary, and then applying run length encoding and the codes thus produced.
[0109] In one embodiment, information that is needed to enable on-chip decompression
of the column vector values is pinned within the on-chip cache 602 of CPU 340, at least for
the duration of the vector processing operation that targets the values to which that
information corresponds.

[0110] Run length encoding and dictionary encoding are merely two of many types of
encoding/compression techniques that may be used alone, or in combination, to reduce the
amount of memory consumed by column vectors. The techniques described herein are not
limited to any particular encoding/compression techniques. For example, aternative
embodiments may apply one or more heavy compression techniques (e.g. LZO, ZLIB), either
directly to the column values or to the results produced by applying one or more light
compression techniques (e.g. packed variable width encoding, tokenization, run length
encoding) to the column vectors.
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VECTOR PROCESSING DIRECTLY ON COMPRESSED/ENCODED DATA

[0111] Transferring column vector values between volatile memory 330 and CPU 340 in
acompressed and/or encoded format increases the rate at which CPU 340 may be fed the
column values required to perform a database operation. However, decompressing and/or
decoding the values within CPU 340 incurs additional overhead that may increase the
pipeline within CPU 340 and/or increase the number of instructions that must be executed to
perform avector processing operation. Therefore, according to one embodiment, the
increased throughput across /O path 350 is achieved without on-chip decompression
overhead by employing a compression/encoding technique that produces values upon which
the vector processing operation may be directly performed. For example, let c() represent the
compression function used to compress the column vector values. |If ¢(x) > c(y) is guaranteed
to produce the same results as x >y, then the vector processing operation may be performed
directly on the compressed column values. In particular, to evaluate the predicate c2 > 30,
the compressed values of c2 would be directly compared to the value produced by
compressing "30".

[0112] A variety of techniques may be used to ensure that comparisons of compressed
representations of values yield the same result as comparisons of the uncompressed values.
The specific technique may vary based on the compression technique employed. For
example, in an embodiment that compresses values by replacing longer values with smaller
tokens, the tokens that are used to replace the longer values may be selected so that the tokens
used to replace lower values are lower than the tokens used to replace higher values. Ina
specific embodiment that employs such atechnique, values may be replaced by pointers into
adictionary that contains the values. Within the dictionary, the values may be ordered in a
manner to ensure that the pointers to lower values will themselves be lower than the pointers
to higher values.

[0113] As another example, assume that run length encoding is used to reduce the size of
column vector 404. The vector processing operation can be performed directly on the values
in the run-length-encoded column vector. However, each value in the run-length-encoded
column vector can represent values from multiple rows. The number of rows represented by
any single value in the run-length-encoded column vector isindicated by the run length
vector. Conseguently, when avector processing operation is performed directly on avalue in
arun-length-encoded column vector, the run length vector isused to determine the number of
rows to which the result applies.

[0114] For example, if column c2 has the value "3" for four consecutive rows, the
column vector 404 would contain a single value "3" for the four rows, and the run length
vector would indicate "4", meaning that four consecutive rows have the value "3". During
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the vector processing operation, the single instance of the value "3" from the column vector

404 would be compared to "30". The predicate 3 > 30 evaluates to "false". However, rather
than have the resulting "false" apply to asingle row, the number of rows to which the "false"
appliesis dictated by the corresponding value in the run length vector. In the present
example, the "false" produced by evaluating 3>30 would apply to four rows.

[0115] When operations performed on compressed data are not guaranteed to produce the
same results as operations on uncompressed data, the compressed/encoded data may need to
be decompressed/decoded prior to evaluating a predicate that references the data. For
example, if zlib isused for compression, then the compressed data may need to be
decompressed on the fly, in the CPU. Once decompressed, the decompressed output may be
fed to the vector processing, as described in above.

COMPRESSING DECODING DATA
[0116] Many of the various techniques described above for increasing the rate at which
column values can be transferred from volatile memory 330 to CPU 340 require information,
other than the column values themselves, to be communicated from volatile memory 330 to
CPU 340. Theinformation required by CPU 340 to decompress, interpret and/or decode the
column vector isreferred to herein generally as "decoding data’. The type of decoding data
required by CPU 340 may vary from implementation to implementation, based on the
encoding and/or compression techniques used to generate an encoded/compressed column
vector.
[0117] For example, when the column values are transferred to CPU 340 in avariable-
length format, the decoding data may include alength vector 618. In particular, length vector
618 isprovided to CPU 340 to enable CPU 340 to determine where each individual column
value starts and ends within the column vector 404.
[0118] Asanother example, when column values are transferred to CPU 340 in arun-
length-encoded format, the decoding data may include arun-length vector. In particular, a
run length vector is provided to CPU 340 to enable CPU 340 to determine how many rows
each value in column vector 404 corresponds to.
[0119] Asyet another example, when column vector 404 is compressed, the decoding
data may include certain information (such as atoken-to-value mapping) required by CPU
340 to enable CPU 340 to perform on-chip decompression of the individual column vector
values.
[0120] Unfortunately, passing the decoding datato CPU 340 consumes bandwidth of 1/0
path 350 that may otherwise be used to transfer column values. Consequently, the smaller
the size of the decoding data, the greater the amount of 1/0 path 350 that is available for
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transferring column values. Therefore, according to one embodiment, the decoding data

itself isencoded and/or compressed. The encoding and/or compression used to reduce the
size of the decoding information may be the same or different than that used to reduce the
size of the column vector.

[0121] For example, assume that column vector 404 has variable length values that are
run length encoded. Under these circumstances, the decoding information for column vector
404 would include a length vector and arun length vector. To reduce the size of the
decoding information, both the length vector and the run length vector may be stored in run
length encoded format. Under these circumstances, the decoding information may include an
addition run length vector, which would be used by CPU 340 to decode the length vector and
the original run length vector, which in turn would be used to decode the column vector 404.

VECTOR PROCESSING OPERATION EXAMPLES
[0122] In the examples given above, the vector processing operation involves comparing
values from one column vector against a constant. However, vector processing operations,
and the techniques described herein, are not so limited. Rather, vector processing operations
may involve operations on multiple column vectors.
[0123] For example, vector processing operations may be used to evaluate a query
predicate that involves a column to column comparison. The columns may be from the same
table (e.g. Tl. income > Tl. expenses), or from different tables (Tl.age > T2.age). Under
these circumstances, segments from the column vectors of both columns would be loaded
into the CPU, and processed in parallel during the vector processing operation.
[0124] In addition, vector processing operations may involve more than simple value-to-
value comparisons. For example, vector processing operations may involve set membership
operations and aggregation.
[0125] Further, when a compressed format is used, the compressed format could itself
consist of multiple vectors, each of which could be processed separately, and then the results
combined. For example, in addition to an RLE vector, a separate bit vector may be used to
indicate which values in acolumn are NULL. Under these conditions, the run-lengths may
be processed after the value vector is processed.

SOFTWARE IMPLEMENTATION
[0126] Some embodiments described herein involve special hardware components on the
CPU for on-chip operations, such as padding, decompression, and vector processing
operations, However, in situations where a CPU does not include such hardware
components, the techniques described here may still be implemented by employing software
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instructions which, when executed by the CPU, perform the work that would otherwise be

performed by the special hardware components the CPU does not have.

[0127] For example, in the absence of specialized hardware for on-chip padding and/or
decompression, the on-chip padding and/or decompression can be performed by causing the
CPU to execute instructions which pad and/or decompress the values obtained, in column
vector format, from volatile memory vial/O path 350. The instructions may cause the values
thus obtained to be padded and/or decompressed on-chip seriadly, or in paralel. After being
padded and/or decompressed on-chip in response to execution of software instructions, a
vector processing operation isperformed on the resulting values without having to first
transfer the values back out to dynamic memory. Thus, even when decompression and/or
padding is performed on-chip without specialized hardware, the values need only be
transferred to the CPU over 1/0 path 350 once. Further, during that one transfer, the values
are in variable-width and/or compressed formats, thereby efficiently using the limited
bandwidth available on I/O path 350.

[0128] The techniques described herein may even be implemented on a CPU that does
not have hardware support for vector processing operations. In the absence of vector
processing registers, the CPU may simply execute instructions to perform serially what
would otherwise have been done in parallel using vector processing registers. For example,
when the predicate of the query is "where c2 > 30", the values from the column vector c2 can
be iteratively compared to 30 in response to executing instructions on the CPU. While it is
generaly less efficient to employ serial execution of what would otherwise be performed in
parallel using specialized hardware, the overall query execution may still be improved by the
maximizing the use of 1/0 path 350.

[0129] When designed for aparticular hardware environment, emulators of specialized
hardware may be hard-coded to take advantage of the specific hardware that is present in that
hardware environment. Further, when designed for hardware- independent use, emulation
software may be designed to first detect what hardware is present in the environment in
which the emulation software is executing, and then make use of the detected hardware
capabilities when emulating vector processing, padding and/or decompression hardware.

SOFTWARE IMPLEMENTATION EXAMPLE: ON-CHIP DECOMPRESSION

[0230] As mentioned above, in the absence of specialized hardware for generating a
result vector for a specific operation called for in the predicate, programming may be used to
cause the CPU to perform the operations that would otherwise be performed by the
specialized hardware. For example, assume that the operation specified in apredicate is a
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"coll <7, requiring all values from the column coll to be compared with a constant value

“T.

[0131] Performing an operation that compares the values from coll to "7" produces an

output bit vector, where each bit in the output bit vector indicates whether a corresponding

value from coll islessthan "7". For example, assume that the valuesin coll are"5, 9, 8, 6,

3, ..." Based onthese values, the output bit vector produced by the comparison would be

"10011..."

[0132] For the purpose of this example, assume that the processor does not have

specialized hardware for performing on-chip decompression of an RLE compressed column

vector. Assume further that the column values have afixed data-width of 8.

[0133] Under these conditions, the result vector of the less-than operation may be

generated by calling a software-implemented less-than function (comp_lt). For example, the

application that requests the less-than operation (the "caller") may make use of the less-than
function by performing the following:

1. Define aresult column vector (res) with an allocated bit vector. The bit vector thus
allocated is fully expanded (i.e. not the size of the RLE encoded data stream, but
rather that of the number of rows in the column vector).

2. Define a source column vector (src) with encoding type (FIXEDIRLE).
3. Define aconstant source column vector (constant) with encoding type (FIXED).
4. Call the less-than comparison function comp_lt (res, src, constant, NULL).
[0134] The NULL operand of the comparison function comp_lt is a vector that indicates
the positions of rows having aNULL value, as shall be described in greater detail hereafter.
According to one embodiment, the software-implemented less-than function (comp_It)
performs the steps illustrated in FIG. 10 to generate the result vector of the less-than
operation. Referring to FIG. 10, a step 1002 the CPU loads the constant source operand (e.g.
"7") into each of N partitions of some SIMD register X.
[0135] At step 1004, the CPU performs on-chip RLE decompression to obtain N fixed-
width column values from the compressed input vector. The on-chip RLE decompression
may be performed, for example, by executing a function RLEdec() described in detail
hereafter.
[0136] At step 1006, the CPU loads the N decompressed column values into some SIMD
register Y. Inthe present example, the column values need not be padded prior to being
loaded into the SIMD register Y, because the values are already fixed width. Assuming that
the column has the values "5, 9, 8, 6, 3, ...”, during step 1006 the value "5" would be loaded
into the first partition of the SIMD register Y, the value "9" would be loaded into the second
partition of the SIMD register Y, etc.
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[0137] At step 1008, the CPU executes a SIMD instruction to compare X with Y, and

storeS the result in SIMD register z. After this comparison is performed, the first partition of
the register Z would have avalue produced by the comparison between "7" from the first
partition of register X and "5" from the first partition of register Y. Similarly, the second
partition of the register Z would have a value produced by the comparison between "7" from
the second partition of register X and "9" from the second partition of register Y.

[0138] Because the partitions used to perform the SIMD comparison are 8-bits wide, the
result value produced may be 8-bits wide, with only one of the bits reflecting the results of
the corresponding comparison. For example, the comparison of "7" from the first partition of
register X with "5" from the first partition of register Y may produce an 8-bit value in register
Z in the form IXXXXXXX, where the "1" in the first bit position indicates that "5" isless
than "7", and the other seven bit positions are all zeros, or garbage. Under these conditions,
the bit values that need to be placed in the result bit vector are separated, within register Z, by
seven meaningless hits.

[0139] Thus, to produce the result bit vector in one embodiment, at step 1010, amask is
applied to the content of register Z to properly set the output bits of the result vector.

[0140] At step 1012, a determination is made asto whether all of the values from the
column vector have been processed. Thus, if N is 8, and the column vector has 24 values,
then control would pass from step 1012 back to step 1004 twice, so that all 24 values from
the input column vector would be processed.

[0141] At step 1014, when al values from the input vector have been processed, the
result bits are stored in the output vector (res).

[0142] In some situations, the input vector may contain null values. In such situations,
the result bit produced by the SIMD operation for a comparison involving anull value may
be "1". However, the comparison of anull value with any other value should be false (e.g.
"0")- Therefore, according to one embodiment, a"null vector” is created that includes a"1"
at each position that corresponds to anon-null value in the input column, and a"0" a each
position that corresponds to anull value in the input column vector. This null vector may be
used to "fix" the result vector by performing an AND operation between the result vector and
the null bit vector, effectively forcing to "0" any bit in the result bit vector that corresponds to

anull value in the input column vector.

ON-CHIP RLE DECOMPRESSION
[0143] In the example given above, step 1004 involves on-chip RLE decompression,
which may be performed by calling afunction RLEdec(). According to one embodiment, the
RLEdecQ function assumes that the column vector is compressed with RLE, and has a fixed
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data-width of 8 bits. In this example, the column vector will have alength vector (and length

width) which may be ignored, since the data elements have a constant length. The result
column vector produced by the RLEdec() function isthe decompressed values from the
column vector.

[0144] An RLE encoded column vector typically has a number followed by a column
value. The number indicates how many times the column value should be repeated in the
output vector. For example, assume that a column holds values "B" and "W", and the
uncompressed content of the columnis: B, B, B,W,W, B, B, B, B, B,W, W, B. Under these
circumstances, the compressed column vector would be 3B2W5B2W1B. In this compressed
column vector, the first value "3" isarun length value that indicates that the second value B
repesats three times in the uncompressed column vector, the third value "2" isarun length
value that indicates that the fourth value "W" repeats twice in the uncompressed column
vector, etc.

[0145] According to one embodiment, the RLEdec() function operates as follows:
[0146] 1. Load the first run length value from the RLE compressed column vector into
some SIMD register A.

[0147] 2. Load the first column value (with padding, if needed) into some SIMD register
B.

[0148] 3. Repeatedly copy the column value in register B into some register C, where
the number of copies to make is dictated by the run length value in register A.

[0149] 4. Repeat 1-3 for the next run length value/column value combination in the
compressed column vector.

[0150] 5. Repeat 4 until all column values have been processed.

[0151] 6. Generate the final output (the uncompressed column vector) based on the
contents of register C.

[0152] Depending on the size of register C, the content of register C may have to be
flushed to other on-chip storage (e.g. other registers, on-chip cache 602, etc.) one or more
times during the decompression process.

[0153] When used in conjunction with the process illustrated in FIG. 10, only N
uncompressed column values are needed in each iteration of step 1004. The number of times
steps 1-3 are repeated to obtain N uncompressed column values will vary based on the run
length values within the compressed column vector. For example, if N is 10 and the first run
length value is 10 or more, then steps 1-3 must be performed only once to obtain N
uncompressed column values. On the other hand, if N isgreater than the first run length
encoding value, steps 1-3 will have to be repeated until the sum of the run length encoding
values processed isequal to or greater than N.
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SOFTWARE IMPLEMENTATION EXAMPLE: COMPARISON WITHOUT
DECOMPRESSION

[0154] According to one embodiment, SIMD operations may be used to evaluate a
predicate without decompressing the column vector of the column involved in the predicate.
For example, assume again that the operation specified in apredicate isa"coll < 7",
requiring all values from the column coll to be compared with a constant value "7". Assume
further that coll isconstrained to four possible values "5, 7, 13 and 20". Because coll is
constrained to four possible values, each of the values may be uniquely represented by
replacement codes that are two bits wide. Specifically, "5, 7, 13 and 20" may be respectively
replaced with the two-bit codes "00", "01", "10" and "11". Significantly, these replacement
codes have been selected in a manner that ensures that if valuel> value2, then code(valuel)
> code(value?).

[0155] Based on the replacement code mapping described above, the values "5, 7, 13, 20,
13, ..." from column coll may be represented as"0001 101 110...", where the first two bits
"00" indicate that the first column value is"5", the third and fourth bits "01" indicate that the
second column value is"7", etc.

[0156] Under these circumstances, the evaluation of the "coll < 7" predicate may
proceed asillustrated in FIG. 11. Referring to FIG. 11, at step 1102 the CPU loads the code
of the constant source operand (e.g. the code for "7") into each of N partitions of some SIMD
register x . Inthe present example, the code value loaded into each of the N partitions of
register X would be "01". The CPU may obtain the code for the constant source operand as
an input parameter to the less_than function, or by looking up the code for the constant
source operand in the dictionary by which the coll was encoded.

[0157] At step 1104, the CPU reads N code values from the compressed input vector.

For the purpose of explanation. In the present example, the code values are fixed width.
Thus, step 1104 involves reading N x FW bits from the compressed input vector, where FV
isthe fixed width of the codes.

[0158] At step 1106, the CPU loads the N code values into some SIMD register v. Inthe
present example, the code values need not be padded prior to being loaded into the SIMD
register Y, because the code values are already fixed width. Assuming that the compressed
column coll has the values "0001101110...", during step 1006 the code "00" for "5" would
be loaded into the first partition of the SIMD register Y, the code "01" for "7" would be
loaded into the second partition of the SIMD register Y, etc.

[0159] At step 1108, the CPU executes a SIMD instruction to compare X with v, and
store the result in SIMD register z. After this comparison isperformed, the first partition of
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the register Z would have avalue produced by the comparison between the code "01" of "7"

from the first partition of register X and the code "00" of "5" from the first partition of
register Y. Similarly, the second partition of the register Z would have a value produced by
the comparison between the code "01" of "7" from the second partition of register X and the
code "01" of "7" from the second partition of register Y .

[0160] At step 1110, amask is applied to the content of register Z to properly set the
output bits of the result vector.

[0161] At step 1112, adetermination is made asto whether all of the values from the
compressed column vector have been processed. Thus, if N is 8, and the column vector has
24 values, then control would pass from step 1112 back to step 1104 twice, so that all 24
values from the input column vector would be processed.

[0162] At step 1114, when al values from the input vector have been processed, the
result bits are stored in the output vector (res). For the reasons given above, anull vector may
then be used to "fix" the result vector by performing an AND operation between the result
vector and the null bit vector, effectively forcing to "0" any bit in the result bit vector that
corresponds to anull value in the input column vector.

SOFTWARE IMPLEMENTATION EXAMPLE: ON-CHIP PADDING

[0163] As another example, assume that the column coll involved in aless than operation
stores variable-width values which have a maximum data width of 4 bytes. In this case, the
column vector will have a non-null length vector and length width. For purpose of
illustration, assume that there are no null values in coll, and that the length is encoded using
two bits. For example, if the first four values in coll are "<ab><axbxabcd>", then the first
four values in the length vector would be "<01><00x00x! 1>", indicating that the first four
values have two bytes, one byte, one byte, and four bytes, respectively. For the purpose of
illustration, further assume that the column does not have any trailing zeros.

[0164] According to one embodiment, the caler that isrequesting performance of the
predicate evaluation performs the following:

1. Define aresult column vector (res) with an allocated bit vector.

2. Define a source column vector (src) with encoding type (DYN_PAD).

3. Define aconstant source column vector (constant_cv) with encoding type
(CONSTANT). The "num_of_rows" should be 1, and the "is_constant_value" flag in the
encoding context should be set. Store the constant in the data stream with the same width

(i.e. 32 bits, in this example).

4. Cal comp_ _less than (res, src, constant_cv, NULL).
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[0165] According to one embodiment, the specialized function comp_ less than performs

the steps illustrated in FIG. 12 to evaluate the comparison. Referring to FIG. 12, at step 1202
the CPU loads the constant source operand (e.g. "7") into each of N partitions of some SIMD
register X. At step 1204, apointer isinitialized to read from the start of

padded _encoded lens.

[0166] At step 1206, the CPU reads the appropriate (fixed) number of bits from padded
encoded _lens. In the present example, the lengths are encoded in two bits. Consequently, in
step 1206, the first two bits of padded _encoded lens are read.

[0167] In step 1208, L bytes are read from the column vector src, where L is the number
of bytes indicated by the length value that was read in step 1206. For example, if the length
value read in step 1206 was "01", then 2 bytes would be read from the column vector srcin
step 1208. On the other hand, if the length value read in step 1206 was " 11", then 4 bytes
would be read from the column vector src in step 1208.

[0168] At step 1210, the bytes read from src are padded to create afixed-width value.
The amount of padding isbased on the number of bytes read and the size of the partitions in
SIMD register Y. For the purpose of illustration, it shall be assumed that the partitions of
register Y are 4-bytes wide. Thus, when a one-byte value isread from the column vector src,
the value is padded with three bytes in step 1210. Similarly, when athree-byte value isread
from the column vector src in step 1208, the value is padded with one byte in step 1210 prior
to being loaded in a partition of register Y.

[0169] Step 1212 defines a loop, causing steps 1206, 1208 and 1210 to be repeated until
N values have been dynamically padded and loaded into partitions of register Y.

[0170Q] At step 1214, a SIMD instruction is executed to compare the values in register X
with the values in register Y, and store the result in SIMD register Z.

[0171] At step 1216, amask is applied to the content of register Z to properly set the
output bits of the result vector.

[0172] At step 1218, a determination is made asto whether al of the values from the
compressed column vector have been processed. Thus, if N is 8, and the column vector has
24 values, then control would pass from step 1218 back to step 1206 twice, so that all 24
values from the input column vector would be processed.

[0173] At step 1220, when all values from the input vector have been processed, the
result bits are stored in the output vector (res). For the reasons given above, anull vector may
then be used to "fix" the result vector by performing an AND operation between the result
vector and the null bit vector, effectively forcing to "0" any bit in the result bit vector that
corresponds to anull value in the input column vector.
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MODIFICATIONS AND VARIATIONS
[0174] The techniques described herein may be implemented in a variety of ways. For
example, the column vectors may include only byte packed values or only bit packed values.
Asanother example, the CPU processing may be done on a CPU that is NUMA-affine to the
memory where the data is stored. In addition, in an embodiment where the CPU hardware
does not support unpacking variable-length data streams into fixed length or byte aligned
vectors, the unpacking operations can be implemented with multiple instructions. Similarly, if
the CPU does not support vector instructions, the individual values can be processed using

multiple instructions.

HARDWARE OVERVIEW

[0175] According to one embodiment, the techniques described herein are implemented
by one or more special-purpose computing devices. The special-purpose computing devices
may be hard-wired to perform the techniques, or may include digital electronic devices such
as one or more application- specific integrated circuits (ASICs) or field programmable gate
arrays (FPGAYS) that are persistently programmed to perform the techniques, or may include
one or more general purpose hardware processors programmed to perform the techniques
pursuant to program instructions in firmware, memory, other storage, or acombination. Such
Special-purpose computing devices may also combine custom hard-wired logic, ASICs, or
FPGAs with custom programming to accomplish the techniques. The special-purpose
computing devices may be desktop computer systems, portable computer systems, handheld
devices, networking devices or any other device that incorporates hard-wired and/or program
logic to implement the techniques.

[0176] For example, FIG. 9isablock diagram that illustrates a computer system 900
upon which an embodiment of the invention may be implemented. Computer system 900
includes abus 902 or other communication mechanism for communicating information, and a
hardware processor 904 coupled with bus 902 for processing information. Hardware
processor 904 may be, for example, ageneral purpose microprocessor.

[0177] Computer system 900 also includes a main memory 906, such as arandom access
memory (RAM) or other dynamic storage device, coupled to bus 902 for storing information
and instructions to be executed by processor 904. Main memory 906 also may be used for
storing temporary variables or other intermediate information during execution of instructions
to be executed by processor 904. Such instructions, when stored in non-transitory storage
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media accessible to processor 904, render computer system 900 into a special-purpose

machine that is customized to perform the operations specified in the instructions.

[0178] Computer system 900 further includes aread only memory (ROM) 908 or other
static storage device coupled to bus 902 for storing static information and instructions for
processor 904. A storage device 910, such as a magnetic disk or optical disk, isprovided and
coupled to bus 902 for storing information and instructions.

[0179] Computer system 900 may be coupled via bus 902 to adisplay 912, such asa
cathode ray tube (CRT), for displaying information to a computer user. An input device 914,
including aphanumeric and other keys, is coupled to bus 902 for communicating information
and command selections to processor 904. Another type of user input device is cursor control
916, such asamouse, atrackball, or cursor direction keys for communicating direction
information and command selections to processor 904 and for controlling cursor movement
on display 912. Thisinput device typically has two degrees of freedom in two axes, afirst
axis (e.g., x) and a second axis (e.g., y), that allows the device to specify positions in aplane.
[0180] For the purpose of explanation, computer system 900 has been described as
several distinct functional units. However, computer system 900 may actually be
implemented as a system-on-chip. For example, amemory controller and a network interface
may be on chip, thereby enabling processor 904 to talk directly to main memory and the local
network without going through abus or another interface.

[0181] Computer system 900 may implement the techniques described herein using
customized hard-wired logic, one or more ASICs or FPGAS, firmware and/or program logic
which in combination with the computer system causes or programs computer system 900 to
be a specia-purpose machine. According to one embodiment, the techniques herein are
performed by computer system 900 in response to processor 904 executing one or more
sequences of one or more instructions contained in main memory 906. Such instructions may
be read into main memory 906 from another storage medium, such as storage device 910.
Execution of the sequences of instructions contained in main memory 906 causes processor
904 to perform the process steps described herein. In alternative embodiments, hard-wired
circuitry may be used in place of or in combination with software instructions.

[0182] The term "storage media’ asused herein refers to any non-transitory media that
store data and/or instructions that cause a machine to operation in a specific fashion. Such
storage media may comprise non-volatile media and/or volatile media. Non-volatile media
includes, for example, optical or magnetic disks, such as storage device 910. Volatile media
includes dynamic memory, such as main memory 906. Common forms of storage media
include, for example, afloppy disk, aflexible disk, hard disk, solid state drive, magnetic tape,
or any other magnetic data storage medium, a CD-ROM, any other optical data storage
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medium, any physical medium with patterns of holes, aRAM, a PROM, and EPROM, a

FLASH-EPROM, NVRAM, any other memory chip or cartridge.

[0183] Storage mediais distinct from but may be used in conjunction with transmission
media. Transmission media participates in transferring information between storage media.
For example, transmission media includes coaxial cables, copper wire and fiber optics,
including the wires that comprise bus 902. Transmission media can aso take the form of
acoustic or light waves, such asthose generated during radio-wave and infra-red data
communications.

[0184] Various forms of media may be involved in carrying one or more sequences of
one or more instructions to processor 904 for execution. For example, the instructions may
initially be carried on a magnetic disk or solid state drive of aremote computer. The remote
computer can load the instructions into its dynamic memory and send the instructions over a
telephone line using amodem. A modem local to computer system 900 can receive the data
on the telephone line and use an infra-red transmitter to convert the datato an infra-red
signa. Aninfrared detector can receive the data carried in the infra-red signal and
appropriate circuitry can place the data on bus 902. Bus 902 carries the data to main memory
906, from which processor 904 retrieves and executes the instructions. The instructions
received by main memory 906 may optionally be stored on storage device 910 either before
or after execution by processor 904.

[0185] Computer system 900 also includes a communication interface 918 coupled to bus
902. Communication interface 918 provides atwo-way data communication coupling to a
network link 920 that is connected to alocal network 922. For example, communication
interface 918 may be an integrated services digital network (ISDN) card, cable modem,
satellite modem, or amodem to provide a data communication connection to acorresponding
type of telephone line. Asanother example, communication interface 918 may be alocal
area network (LAN) card to provide a data communication connection to acompatible LAN.
Wireless links may also be implemented. In any such implementation, communication
interface 918 sends and receives electrical, electromagnetic or optical signals that carry
digital data streams representing various types of information.

[0186] Network link 920 typically provides data communication through one or more
networks to other data devices. For example, network link 920 may provide a connection
through local network 922 to ahost computer 924 or to data equipment operated by an
Internet Service Provider (1SP) 926. ISP 926 in turn provides data communication services
through the world wide packet data communication network now commonly referred to as
the "Internet" 928. Local network 922 and Internet 928 both use electrical, electromagnetic
or optical signalsthat carry digital data streams. The signals through the various networks
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and the signals on network link 920 and through communication interface 918, which carry

the digital datato and from computer system 900, are example forms of transmission media.
[0187] Computer system 900 can send messages and receive data, including program
code, through the network(s), network link 920 and communication interface 918. In the
Internet example, a server 930 might transmit arequested code for an application program
through Internet 928, ISP 926, local network 922 and communication interface 918.

[0188] The received code may be executed by processor 904 asit isreceived, and/or
stored in storage device 910, or other non-volatile storage for later execution.

[0189] In the foregoing specification, embodiments of the invention have been described
with reference to numerous specific details that may vary from implementation to
implementation. The specification and drawings are, accordingly, to be regarded in an
illustrative rather than arestrictive sense. The sole and exclusive indicator of the scope of the
invention, and what is intended by the applicants to be the scope of the invention, isthe litera
and equivalent scope of the set of claims that issue from this application, in the specific form
in which such claims issue, including any subsequent correction.
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CLAIMS
What isclaimed is;

1. A method comprising:

maintaining, within volatile memory, aplurality of column vectors for arelational
table of arelational database;

wherein each column vector, of the plurality of column vectors, corresponds to a
distinct column of the relational table;

wherein each column vector, of the plurality of column vectors, is a contiguous array
of values,

wherein, within a particular column vector of the plurality of column vectors, values
for the corresponding column are represented in abyte-comparable format;

during execution of a database command, transferring a contiguous series of values in
the byte-comparable format from the particular column vector to a CPU; and

concurrently performing at least one operation on each value in the contiguous series
of values,

wherein the method is performed by one or more computing devices.

2. The method of Claim 1wherein the step of concurrently performing is performed in
response to asingle instruction.

3. The method of Claim 1wherein:

the values in the particular column vector are of a data type that is not binary numeric;

the step of concurrently performing the at least one operation comprises comparing a
first value from the particular column vector to a second value;

the second value is of the data type;

the first value is compared to the second value by executing a binary number
comparison operation that compares bytes that represent the first value in the
byte-comparable format with bytes that represent the second value in the byte-
comparable format.

4. The method of Claim 3 wherein the values in the particular column vector are strings.

5. The method of Claim 3 wherein the values in the particular column vector are dates.
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The method of Claim 1wherein the at |east one operation includes a comparison

operation specified in a predicate of the database command.

8.

A method comprising:

maintaining, within volatile memory, aplurality of column vectors for arelational
table of arelational database;

wherein each column vector, of the plurality of column vectors, corresponds to a
distinct column of the relational table;

wherein each column vector, of the plurality of column vectors, is a contiguous array
of values;

wherein the plurality of column vectors includes aparticular column vector that has
uncompressed variable-length values of aparticular column of the relational
table;

wherein the method i s performed by one or more computing devices.

The method of Claim 7 wherein, within the particular column vector of the plurality

of column vectors, values for the particular column are represented in abyte-comparable

format.

10.

11

The method of Claim 7 further comprising:

during execution of a database command, transferring data from the particular column
vector to a CPU without converting the values to afixed length format; and

converting the uncompressed variable-length values to the fixed length format on the
CPU.

The method of Claim 7 further comprising:

during execution of a database command, transferring data from the particular column
vector to a CPU without converting the values to afixed length format; and

on the CPU, performing a comparison operation required by the database command
on the uncompressed variable-length values without converting the valuesto a
fixed length format.

The method of Claim 9 wherein execution of the database command involves

executing, within the CPU, an SIMD instruction that performs an operation on multiple

values, from the particular column vector, in parallel.
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12. The method of Claim 10 wherein execution of the database command involves
executing, within the CPU, a SIMD instruction that performs an operation on multiple values,
from the particular column vector, in paralel.

13. A non-transitory computer-readable medium storing instructions which, when
executed by one or more processors, cause performance of the method recited in any one of

Claims 1-12.

14. A computing device configured to perform the method recited in any one of Claims 1-
12.
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AMENDED CLAIMS
received by the International Bureau
on 02 May 2013 (02.05.2013)

What is claimed is;

1 A method comprising:

maintaining, within volatile memory of aparticular computing device, aplurality of
column vectors for arelational table of arelational database;

wherein each column vector, of the plurality of column vectors, corresponds to a distinct
column of the relationa table;

wherein each column vector, of the plurality of column vectors, is a contiguous array of
values,

wherein, within aparticular column vector of the plurality of column vectors, values for
the corresponding column are represented in a byte-comparable format;

wherein the values in the particular column vector are of a data type that is not binary

nUMEric;

during execution of a database command, transferring, from the volatile memory of the
particular computing device, a contiguous series of values in the byte-comparable
format from the particular column vector to a CPU of the particular computing
device; and

within the CPU of the particular computing device, concurrently performing at least one
operation on each value in the contiguous series of values;

wherein the method is performed by one or more computing devices.

2. The method of Claim 1wherein the step of concurrently performing is performed by the

CPU in response to a single instruction sent to the CPU.

3. The method of Claim 1wherein:
the database command specifies a comparison operation;
the step of concurrently performing the at least one operation comprises performing the

comparison operation specified in the database command,;
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wherein performing the comparison operation specified in the database command
comprises comparing afirst value from the particular column vector to a second
value;

the second value is of the data type;

the first value is compared to the second value by executing abinary number comparison
operation that compares bytes that represent the first value in the byte-comparable

format with bytes that represent the second value in the byte-comparable format.
The method of Claim 3 wherein the values in the particular column vector are strings.

The method of Claim 3 wherein the values in the particular column vector are dates.

The method of Claim 1wherein the at least one operation includes a

comparison operation specified in apredicate of the database command.

A method comprising:

maintaining, within volatile memory, aplurality of column vectors for arelational table
of arelational database;

wherein each column vector, of the plurality of column vectors, corresponds to adistinct
column of the relational table;

wherein each column vector, of the plurality of column vectors, is acontiguous array of
values,

wherein the plurality of column vectors includes a particular column vector that has
uncompressed variable-length values of aparticular column of the relational table;

during execution of adatabase command, transferring data from the particular column
vector to a CPU without converting the values to afixed length format;

wherein execution of the database command involves executing, within the CPU, an
SIMD instruction that performs an operation on multiple values, from the
particular column vector, in paralldl;

wherein the method is performed by one or more computing devices.
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8. The method of Claim 7 wherein, within the particular column vector of the plurality of

column vectors, values for the particular column are represented in abyte-comparable format.

9. The method of Claim 7 further comprising:
converting the uncompressed variable-length values to the fixed length format on the
CPU.
10. The method of Claim 7 further comprising:
on the CPU, performing a comparison operation required by the database command on
the uncompressed variable-length values without converting the values to a fixed
length format.
11. A non-transitory computer-readable medium storing instructions which, when executed
by one or more processors, cause performance of the method recited in any one of Claims 1-10.

12. A computing device configured to perform the method recited in any one of Claims 1-10.
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