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PROCESSINGELEMENTS OF A HARDWARE 
ACCELERATED RECONFIGURABLE 
PROCESSORFOR ACCELERATING 

DATABASE OPERATIONS AND QUERIES 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

0001. This application claims priority to U.S. Provisional 
Patent Application No. 60/823,579, filed on Aug. 25, 2006, 
entitled “Methods, Devices and Systems for Accelerating 
Databases.” by Joseph I. Chamdani, which is incorporated 
herein by reference in its entirety. 
0002 This application is related to the following U.S. 
patent applications and patents, which are herein incorpo 
rated by reference in their entirety: U.S. patent application 
Ser. No. , filed on Aug. 27, 2007, entitled “METH 
ODS AND SYSTEMS FOR HARDWARE ACCELERA 
TION OF DATABASE OPERATIONS AND QUERIES” by 
Joseph I. Chamdani et al.; and U.S. patent application Ser. No. 

, filed on Aug. 27, 2007, entitled “HARDWARE 
ACCELERATED RECONFIGURABLE PROCESSOR 
FOR ACCELERATING DATABASE OPERATIONS AND 
QUERIES.” by Jeremy Branscome et al. 

DESCRIPTION OF THE INVENTION 

0003 1. Field of the Invention 
0004. This invention relates generally to database sys 
tems. More particularly, it relates hardware acceleration pro 
cessing elements that can perform database operations. 
0005 2. Background 
0006. Despite their different uses, applications, and work 
load characteristics, most systems run on a common Database 
Management System (DBMS) using a standard database pro 
gramming language. Such as Structured Query Language 
(SQL). Most modern DBMS implementations (Oracle, IBM 
DB2, Microsoft SQL, Sybase, MySQL, PostgreSQL, 
Ingress, etc.) are implemented on relational databases, which 
are well known to those skilled in the art. 

0007 Typically, a DBMS has a client side where applica 
tions or users Submit their queries and a server side that 
executes the queries. On the server side, most enterprises 
employ one or more general purpose servers. However, 
although these platforms are flexible, general purpose servers 
are not optimized for many enterprise database applications. 
In a general purpose database server, all SQL queries and 
transactions are eventually mapped to low level Software 
instructions called assembly instructions, which are then 
executed on a general purpose microprocessor (CPU). The 
CPU executes the instructions, and its logic is busy as long as 
the operand data are available, either in the register file or 
on-chip cache. To extract more parallelism from the assembly 
code and keep the CPU pipeline busy, known CPUs attempt to 
predictahead the outcome of branch instructions and execute 
down the SQL code path speculatively. Execution time is 
reduced if the speculation is correct; the Success of this specu 
lation, however, is data dependent. Other state-of-the-art 
CPUs attempt to increase performance by employing simul 
taneous multithreading (SMT) and/or multi-core chip multi 
processing (CMP). To take advantage of these, changes have 
to be made at the application or DBMS source code to manu 
ally create the process/thread parallelism for the SMT or 
CMP CPUs. This is generally considered highly undesirable. 
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0008 Unfortunately, general purpose CPUs are not effi 
cient for database applications. Branch prediction is gener 
ally not accurate because database processing involves tree 
traversing and link list or pointer chasing that is very data 
dependent. Known CPUs employ the well known code-flow 
(or Von Neumann) architecture, which uses a highly pipelined 
instruction flow (rather than a data-flow where operand data is 
pipelined) to operate on data stored in the CPUs tiny register 
files. Real database workloads, however, typically require 
processing Gigabytes to Terabytes of data, which over 
whelms these tiny registers with loads and reloads. On-chip 
cache of a general purpose CPU is not effective since it’s 
relatively too small for real database workloads. This requires 
that the database server frequently retrieve data from its small 
memory or disk. Accordingly, known database servers rely 
heavily on Squeezing the utilization of their small system 
memory size and disk input/output (I/O) bandwidth. Those 
skilled in the art recognize that these bottlenecks between 
storage I/O, the CPU, and memory are very significant per 
formance factors. 

0009. However, overcoming these bottlenecks is a com 
plex task because typical database systems consist of several 
layers of hardware, software, etc., that influence the overall 
performance of the system. These layers comprise, for 
example, the application software, the DBMS software, oper 
ating system (OS), server processor systems, such as its CPU, 
memory, and disk I/O and infrastructure. Traditionally, per 
formance has been optimized in a database system "horizon 
tally, i.e., within a particular layer. For example, many solu 
tions attempt to optimize various solutions for the DBMS 
query processing, caching, the disk I/O, etc. These solutions 
employ a generic, narrow approach that still fails to truly 
optimize the large performance potentials of the database 
system, especially for relational database systems having 
complex read-intensive applications. 
0010. Accordingly, it would be very desirable to provide a 
more complete Solution for database systems than what is 
currently available. As will be described herein, the present 
invention provides a relatively complete solution that utilizes 
hardware acceleration for query processing and a “vertical 
Solution approach. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0011. The accompanying drawings, which are incorpo 
rated in and constitute a part of this specification, illustrate 
embodiments of the invention and together with the descrip 
tion, serve to explain the principles of the invention. In the 
figures: 
0012 FIG. 1 illustrates an exemplary system that is con 
sistent with the principles of the present invention; 
0013 FIG. 2 illustrates exemplary system topologies that 
are consistent with the principles of the present invention; 
0014 FIG. 3A illustrates a prior art database system and 
FIG. 3B illustrates some of the optimizations of the present 
invention over the prior art; 
0015 FIG. 4 illustrates a functional architecture of the 
custom computing (C2) software of the present invention; 
0016 FIG. 5 illustrates a protocol stack employed by the 
C2 software and a Hardware accelerated reconfigurable Pro 
cessor (HARP) of the present invention; 
0017 
HARP; 

FIG. 6 illustrates an exemplary architecture of a 



US 2008/O 1892.51 A1 

0.018 FIG. 7 illustrates a column store database and asso 
ciated data structures employed by Some embodiments of the 
present invention; 
0019 FIG. 8 illustrates a table column layout and associ 
ated data structures employed by some embodiments of the 
present invention; 
0020 FIG. 9 illustrates an exemplary machine code data 
base instruction flow for a SQL query that is consistent with 
the principles of the present invention; 
0021 FIG. 10 illustrates an exemplary dataflow for a SQL 
query through processing elements in the HARP in accor 
dance with the principles of the present invention; 
0022 FIG. 11 illustrates an overall logical flow of machine 
code database instructions through a system of the present 
invention; 
0023 FIG. 12 illustrates a general architecture of a HARP 
processing element and dataflow for a Macro-Op machine 
code database instruction; 
0024 FIG. 13 illustrates a general architecture of a HARP 
processing element and dataflow for a Micro-Op machine 
code database instruction; 
0025 FIG. 14 illustrates an exemplary architecture and 
dataflow of a Scanning processing element; 
0026 FIG. 15 illustrates an exemplary architecture and 
dataflow of an Indexing processing element; and 
0027 FIG. 16 illustrates an exemplary architecture and 
dataflow of a XCAM Associative processing element. 

DESCRIPTION OF THE EMBODIMENTS 

0028. As mentioned previously, a general purpose data 
base system consists of many layers that influence the overall 
application performance. Traditionally performance has been 
optimized horizontally within a single layer, but based on 
general purpose requirements that are not focused on data 
base applications or a class of database applications. Instead 
of optimizing independently at each layer in a generic way, 
the present invention applies optimizations more directly and 
efficiently in a “vertical approach across these layers. For 
example, the present invention may apply various optimiza 
tions suitable for decision support system (DSS) applications 
and web-based search applications. These applications are 
generally known to be read-intensive applications and ulti 
lized on relational DBMSs. In the present invention, optimi 
Zations are strategically applied where they can gain orders of 
magnitude of performance but are still efficient in cost, imple 
mentation, etc. 
0029. The present invention employs a custom computing 
(C2) solution that provides a significant gain in performance 
for enterprise database applications. In the C2 solution, a 
node or appliance may comprise the host (or base) system that 
is combined with hardware accelerated reconfigurable pro 
cessors (HARP). These HARPs are specially designed to 
optimize the performance of database systems and its appli 
cations, especially relational database systems and read-in 
tensive applications. 
0030. A host system may be any standard or pre-existing 
DBMS system. In general, such systems will comprise a 
standard general purpose CPU, a system memory, I/O inter 
faces, etc. 
0031. The HARPs are coupled to the host system and are 
designed to offload repetitive database operations from the 
DBMS running on the host system. The HARPs utilize data 
flow architecture processing elements that execute machine 
code instructions that are defined for various database opera 
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tions. The C2 solution may employ a node that is scalable to 
include one HARP, or multiple HARPs. In addition, the C2 
Solution may use a federated architecture comprising mul 
tiple nodes, i.e., multiple DBMS servers that are enhanced 
with the C2 solution. 
0032. In some embodiments, the C2 solution employs an 
open architecture and co-processor approach so that the C2 
hardware can be easily integrated into existing database sys 
tems. Of note, the hardware acceleration of the C2 solution 
utilizes novel machine code database instructions to execute 
certain fragments of a query in a dataflow and using parallel, 
pipelined execution. 
0033. In the present invention, the C2 solution also com 
prises software that orchestrates the operations of the DBMS 
running on the host system and the HARPs. The C2 software 
is configured with a flexible, layered architecture to make it 
hardware and database system agnostic. Thus, the C2 soft 
ware is capable of seamlessly working with existing DBMSs 
based on this open architecture. 
0034. In general, the C2 software receives the query from 
the DBMS and breaks the query down into query fragments. 
The C2 software then decides which of these query fragments 
can be appropriately handled in software (in the C2 software 
itself or back in the originating DBMS) or, ideally, with 
hardware acceleration in the HARPs. All or part of the query 
may be processed by the C2 software and HARPs. 
0035. In addition, in order to maximize the efficiency of 
the hardware acceleration, the C2 solution stores its databases 
in compressed, column-store format and utilizes various 
hardware-friendly data structures. The C2 solution may 
employ various compression techniques to minimize or 
reduce the storage footprint of its databases. The column 
store format and hardware-friendly data structures allow the 
HARPs or C2 software to operate directly on the compressed 
data in the column-store database. The column-store database 
may employ columns and column groups that are arranged 
based on an implicit row identifier (RID) scheme and RID to 
primary column to allow for easy processing by the HARPs. 
The hardware-friendly data structures also allow for efficient 
indexing, data manipulation, etc. by the HARPs. 
0036. For example, the C2 solution utilizes a global virtual 
address space for the entire database to greatly simplify and 
maximize efficiency of create, read, update, and delete opera 
tions of data in a database. In some embodiments, the col 
umns and column groups are configured with a fixed width to 
allow forarithmetic memory addressing and translation from 
a virtual address to a physical memory address. On-demand 
and speculative prefetching may also be utilized by the C2 
solution to hide I/O latency and maximize HARP utilization. 
Various indexing structures that are optimized for hardware 
execution of query fragments are also employed in the C2 
Software 110. 
0037. Due to the comprehensive nature of the present 
inventions in the C2 solution, the figures are presented gen 
erally from a high level of detail and progress to a low level of 
detail. For example, FIGS. 1-3 illustrate exemplary systems 
and topologies enabled by the present invention. FIG. 4-5 
illustrate the architecture of the C2 software. FIG. 6 illustrates 
the architecture of a HARP module. FIGS. 7-8 illustrate the 
database format and data structures employed by the C2 
solution of the present invention. And FIGS. 9-10 illustrates 
an example execution of a SQL query by the C2 solution of 
the present invention. Reference will now be made in detail to 
the exemplary embodiments of the invention, which are illus 
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trated in the accompanying drawings. Wherever possible, the 
same reference numbers will be used throughout the draw 
ings to refer to the same or like parts. 

FIG. 1 

An Exemplary C2 System 

0038 FIG. 1 illustrates an exemplary system 100 of the C2 
Solution. As shown, system 100 may comprise an application 
102 that is running on a client 104. Such as a personal com 
puter or other system. Application 102 interfaces a DBMS 
106 across a network 108, such as the Internet, local area 
network, etc. DBMS 106 may further interface one or more 
databases stored in storage infrastructure 112. For purposes 
of explanation, DBMS 106 and its components may be col 
lectively referred to in this disclosure as a node of system 100. 
Although FIG. 1 shows a single node, system 100 may of 
course comprise multiple nodes. The various components of 
FIG. 1 will now be further described. 
0039. Application 102 may be any computer software that 
requests the services of DBMS 106. Such applications are 
well known to those skilled in the art. For example, applica 
tion 102 may be a web browser in which a user is submitting 
various search requests. Of course, application 102 may be 
another system or software that is consuming the services of 
DBMS 106 and submitting queries to DBMS 106. 
0040 Client 104 represents the hardware and software 
that supports the execution of application 102. Such clients 
are well known to those skilled in the art. For example, client 
104 may be a personal computer or another server. 
0041 DBMS 106 is any computer software that manages 
databases. In general, DBMS 106 controls the organization, 
storage, management, retrieval of data in a database. As is 
well known, these types of systems are common for Support 
ing various SQL queries on relational databases (and thus 
may also be known as a RDBMS). Due to its open architec 
ture, various DBMS systems may be employed by the present 
invention. Typical examples of DBMSs include Oracle, DB2, 
Microsoft Access, Microsoft SQL Server, PostgreSQL, and 
MySQL. 
0042. In some embodiments, and for purposes of explana 

tion, DBMS 106 is shown comprising C2 software 110 inter 
facing MySQL software 114 via an API 116. MySQL soft 
ware 114 is open source Software that is sponsored and 
provided by MySQL AB and is well known to those skilled in 
the art. Of course, any DBMS software, such as those noted 
above, may be employed in the present invention. 
0.043 C2 software 110 orchestrates the execution of a 
query forwarded from DBMS 106, and thus, operates in con 
junction with MySQL software 114. For example, in the C2 
software 110, SQL queries are broken down into query frag 
ments and then routed to the most appropriate resource. A 
query fragment may be handled in C2 hardware, i.e., HARP 
module 204. (HARP module 204 is further described with 
reference to FIG. 2.) The query fragment may also be pro 
cessed in the C2 software itself, or returned for handling by 
MySQL software 114. 
0044. In general, C2 software 110 utilizes a flexible, lay 
ered architecture to make it hardware and database system 
agnostic. For example, C2 software 110 may operate as a 
storage engine of MySQL software 114. As is well known, 
MySQL software 114 may provide an API 116 for storage 
engines, which C2 software 110 may plug in to. API 116 
comprises the software that specifies how the C2 software 
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110 and MySQL software 114 will interact, how they will 
request services from each other, such as SQL queries and 
results. 
0045. As a storage engine, C2 software 110 may employ 
the MySQL API 116 to provide various storage mechanisms, 
indexing facilities, locking levels, and ultimately provide a 
range of different functions and capabilities that are transpar 
ent to MySQL software 114. As noted above, this is one 
aspect of how the present invention overcomes the generic 
approach in known solutions without having to sacrifice per 
formance for functionality, or fine tune the database. Of note, 
although FIG. 1 shows a single storage engine, MySQL Soft 
ware 114 may be coupled to multiple storage engines (not 
shown) in addition to C2 software 110. C2 software 110 is 
also described in further detail with reference to FIGS. 4-5. 
0046 Network 108 represents the communication infra 
structure that couples application 102 and DBMS 106. For 
example, network 108 may be the Internet. Of course, any 
network, Such as a local area network, wide area network, 
etc., may be employed by the present invention. 
0047 Storage infrastructure 112 comprises the computer 
storage devices, such as disk arrays, tape libraries, and optical 
drives that serve as the storage for the databases of system 
100. Storage infrastructure 112 may employ various architec 
tures, such as a storage area network, network attached Stor 
age, etc., which are known to those skilled in the art. 
0048. In some embodiments, the C2 solution stores its 
databases in storage infrastructure 112 in column-store for 
mat. Column-store format is where data is stored in columns 
or groups of columns. Column-store format is advantageous 
for data fetching, Scanning, searching, and data compression. 
The column-store format may employ fixed width columns 
and column groups with implicit RIDs and a RID to primary 
key column to allow for arithmetic memory addressing and 
translation. This allows HARPs 204 to utilize hardware pro 
cessing for database processing, such as column hopping, and 
to operate directly on the compressed data in the columns. 
0049. In contrast, in typical DBMS environments, data is 
stored in row-store format. Row-store format is sometimes 
considered by those skilled in the art for having better perfor 
mance in data updates and record retrieval; thus, it is some 
times considered to have better functionality over column 
store databases in most applications with a high ratio of 
updates over reads. In the present invention, however, the C2 
Solution achieves better performance by using hardware 
acceleration with a column-store database, yet it still delivers 
the functionality and benefits of row-store databases. The 
column store format used by the C2 solution of the present 
invention is further described with reference to FIGS. 7-8. 

FIG 2 

System Topologies 

0050 FIG. 2 illustrates exemplary system topologies that 
are consistent with the principles of the present invention. As 
shown, FIG. 2 illustrates a basic C2 node topology, a scale up 
C2 node topology, and a scale out topology. These various 
topologies may be utilized to customize the C2 solution for 
various sizes of databases and desired performance. In addi 
tion, these topologies are provided to illustrate that the C2 
Solution can be easily scaled up to virtually any size of data 
base or performance. 
0051 First, the basic C2 node will be explained, which 
comprises a single host system 202 and a single HARP mod 
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ule 204. Variations of this basic node will then be explained to 
show how the basic node can be scaled up and how multiple 
nodes can be employed in a federated architecture. 
0052. The basic C2 node topology may comprise a host 
system 202 and a hardware accelerated reconfigurable pro 
cessor (HARP) module 204. Collectively, host 202 and 
HARP module 204 may be referred to as a node or appliance. 
In some embodiments, host system 202 and HARP module 
204 are coupled together over a known communications 
interface, such as a PCIe or HyperTransport (HT) interface. In 
terms of packaging, host system 202 and HARP module 204 
may be built on one or more cards or blades that are bundled 
together in a common chassis or merely wired together. In the 
C2 solution, host system 202 and HARP module 204 may be 
flexibly packaged using a modular form factor for ease of 
installation and Scaling. 
0053. The host system 202 may comprise a general pur 
pose CPU, such as a Xeon x86 processor by the Intel Corpo 
ration, and a memory, such as a dynamic random access 
memory. Such types of host systems are well known to those 
skilled in the art. In general, in the C2 solution, host system 
202 will be used to process parts of a query that are less time 
consuming (i.e., slow path portion). Such as server-client 
connection, authentication, SQL parsing, logging, etc. How 
ever, in order to optimize performance, the bulk of query 
execution (i.e., the fast path portion) is offloaded to the HARP 
module 204. 

0054 Host system 202 may run MySQL software 114 and 
also run C2 software 110 that orchestrates query processing 
between MySQL 114 and HARP 204. In particular, C2 soft 
ware 110 will decompose a query into a set of query frag 
ments. Each fragment comprises various tasks, which may 
have certain dependencies. C2 software 110 will determine 
which fragments and tasks are part of the fast path portion and 
offload them to the HARP module 204. Appropriate tasks for 
the selected query fragments are sent to HARP module 204 
with information on the database operation dependency 
graph. Within the HARP module 204, tasks are further broken 
down into parallel/pipelined machine code operations 
(known as MOPs) and executed in hardware. 
0055 HARP module 204 comprises processing logic 
(HARP logic 302) and a relatively large memory (HARP 
memory 304) for hardware accelerating database operations 
of the node. In some embodiments, HARP module 204 is 
configured to handle various repetitive database tasks, such as 
table scanning, indexing, etc. In the C2 solution, HARP mod 
ule 204 can receive high-level database query tasks (not just 
low-level read/write or primitive computation tasks as is typi 
cally for a general purpose processor) in the form of machine 
code database instructions. 

0056. HARP logic 302 is the hardware that executes 
machine code database instructions for the database tasks 
being handled by HARP module 204. To adapt to application 
requirement changes, the HARP logic 302 is designed to have 
hardware re-configurability. Accordingly, in Some embodi 
ments, HARP logic 302 is implemented using field program 
mable gate arrays (FPGAs). However, any type of custom 
integrated circuit, such as application specific integrated cir 
cuits (ASICs), may be implemented as HARP logic 302. 
0057 When it is implemented as a rigid ASIC, it is also 
possible to keep the reconfigurability of HARP module 204 
by embedding FPGA cores in the ASIC (i.e., a mixed imple 
mentation). The reconfigurability of HARP module 204 may 
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have significance in allowing the C2 hardware platform to be 
"re-programmed to adapt to changing application needs. 
0.058 For example, a software patch or release may 
include a new FPGA image(s) that upgrade HARP module 
204, in a manner similar to the way software or firmware can 
be upgraded. These new FPGA images may be downloaded 
by offlining the target HARP module to: fix functional bugs: 
add new features for functionality or better performance; or 
any other application/customer specific adaptation. 
0059 Multiple FPGA images could be stored in an Elec 
trically Erasable Programmable Read Only Memory (EE 
PROM) or flash memory of the FPGA. Each FPGA image 
may then have its own unique functionality. One image could 
be used to speed up a fast loader (bulk) operation, which is 
normally done when there are no queries in the system (either 
parsed or offloaded). Another image could be used or loaded 
if an application requires a lot of text processing (structured, 
unstructured, or semi structured) and needs additional accel 
eration specific to text search, regular expressions, and other 
work/text related operations. Yet another image could be 
loaded for pattern matching queries related to DNA or protein 
search in bio-informatics applications. These FPGA images 
may be activated one at a time depending on customer appli 
cation setup or dynamically loaded based on current active 
application workload. 
0060 A more fine-grained FPGA image loading/unload 
ing could be employed in the present invention. In these 
embodiments, the FPGAs could support very fast program 
ming, i.e., on the order or sub-microseconds, similar to the 
effect of context/process/thread Switching in operating sys 
tems. Based on the type of query submitted to HARP module 
204, a corresponding FPGA image may be pre-loaded 
together with its appropriate query state in HARP memory 
304. 

0061 HARP memory 304 serves as the memory of HARP 
module 204. In order to maximize the efficiency of the HARP 
logic 302, the HARP memory 304 may be implemented using 
relatively large amounts of memory. For example, in some 
embodiments, the HARP memory 304 in a HARP module 
204 may comprise 256 Giga-Bytes or more of RAM or 
DRAM. Of course, even larger amounts of memory may be 
installed in HARP module 204. HARP logic 302 and HARP 
memory 304 are further described with reference to FIG. 6. 
0062. In addition to the basic C2 node, a scale up C2 node 
topology may be used as an extension of the basic C2 node. As 
shown, host system 202 may now be coupled to a plurality or 
array of 1-N HARP modules 204. In this type of node, a PCIe 
switch or other suitable switching fabric may couple these 
components together with storage infrastructure 112. Of 
course, other internal arrangements for a scale up C2 node 
may be utilized in the present invention. 
0063 Going further, a scale out topology can be used for 
multiple C2 nodes. As shown, the scale out topology may 
comprise various combinations of either the basic or scale up 
C2 nodes. For example, as shown, the scale out topology may 
comprise a federation of Nodes 1-M, where each node may 
have its own storage infrastructure 112, or multiple nodes 
may share common storage infrastructure (e.g., a SAN 
attached storage array). In FIG. 2, Node 1 is shown as a basic 
C2 node, while Node M is shown as a scale up node. A control 
node 206 is also shown and manages the operations of Nodes 
1-M. Control node 206 is shown as a separate node; however, 
those skilled in the art will recognize the role of control node 
206 by any of Nodes 1-M. Other variations in node hierarchy 
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and management are within the scope of the present inven 
tion. Of course, this topology may also comprise a variety of 
combinations of nodes. 

FIGS 3A and 3B 

Some Advantages of the Present Invention 
0064 FIG. 3A illustrates a prior art database system and 
FIG. 3B illustrates an exemplary implementation of the C2 
solution for the present invention. In FIG. 3A, a typical prior 
art database system is shown. An SQL query is Submitted to a 
DBMS (e.g., MySQL), which runs on top of a typical oper 
ating system. The CPU attempts to then execute the SQL 
query. However, because the CPU is a general purpose CPU 
it executes this query based on Software, which has several 
limitations. 
0065. In contrast, as shown in FIG.3B, the SQL query may 
submitted to a C2 system having a DBMS that comprises a 
top layer DBMS software (i.e., MySQL) 114 and C2 software 
110. C2 software 110 interfaces with the DBMS Software 114 
to orchestrate and optimize processing of the SQL query. 
0066. In particular, C2 software 110 may identify portions 
of the query, i.e., the “fast path’ portion, which is better 
handled in hardware, such as HARP module 204. Such por 
tions may be those fragments of the query that are repetitive 
in nature. Such as Scanning, indexing, etc. In the prior art 
system, the DBMS is limited by its own programming, the 
operating system, and the general purpose CPU. The present 
invention avoids these bottlenecks by offloading fast path 
portions of a query to HARP module 204. 
0067. As shown, HARP module 204 comprises HARP 
logic 302 and a HARP memory 304 to accelerate the process 
ing of SQL queries. In order maximize the use of HARP 
module 204, the present invention may also utilize column 
store databases. Whereas the prior art system is hindered by 
the limitations of a standard row store database. These fea 
tures also allow the present invention to maximize the perfor 
mance of the I/O between the operating system and storage. 
0068 For ease of implementation, C2 software 110 may 
be implemented on well known operating systems. The oper 
ating system will continue to be used to perform basic tasks 
Such as controlling and allocating memory, prioritizing sys 
tem requests, controlling input and output devices, facilitat 
ing networking, and managing files and data in storage infra 
structure 112. In some embodiments, various operating 
systems, such as Linux, UNIX, and Microsoft Windows, may 
be implemented. 
0069. Those skilled in the art will also recognize that other 
advantages and benefits may beachieved by the embodiments 
of the present invention. For purposes of explanation, the 
present disclosure will now describe the C2 software, hard 
ware, data structures, and some operations in further detail. 

FIG. 4 

C2 Software Architecture 

0070. As noted, C2 software 110 orchestrates the process 
ing a query between MySQL software 114 and HARP module 
204. In some embodiments, C2 software 110 runs as an appli 
cation on host system 202 and as a storage engine of MySQL 
software 114. FIG. 4 illustrates an architecture of the C2 
software 110. As shown, C2 software 110 comprises a query 
and plan manager 402, a query reduction/rewrite module 404. 
an optimizer 406, a post optimizer rewrite module 408, a 
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query plan generator 410, an execution engine 412, a buffer 
manager 414, a task manager 416, a memory manager 418, a 
storage manager 420, an answer manager 422, an update 
manager 424, shared utilities 426, and a HARP manager 428. 
Each of these components will now be briefly described. 
0071 Query and plan manager 402 analyzes and repre 
sents the parsed query received from the MySQL software 
114, annotates the query, and provides an annotation graph 
representation of the query plan. Query reduction/rewrite 
module 404 breaks the query into query fragments and 
rewrites the query fragments into tasks. Rewrites may be 
needed for compressed domain rewrites and machine code 
database instruction operator rewrites. Optimizer 406 per 
forms cost-based optimization to be done using cost model of 
resources available to C2 software 110, i.e., HARP module 
204, resources of C2 software 110 itselfusing software opera 
tions, or MySQL software 114. 
0072 These modules interact with each other to determine 
how to execute a query, such as a SQL query from MySQL 
software 114. The data structures output by the query plan 
generator 410 will be the same data structure that the opti 
mizer 406 and the rewrite module 404 will operate on. Once 
aparsed SQL query has been represented in this data structure 
(converted, for example, from MySQL), query and plan man 
ager 402 rewrites the query such that each fragment of the 
query can be done entirely in MySQL software 114, in C2 
software 110, or in HARP module 204. Once the final query 
representation is available, the rewrite module 404 goes 
through and breaks the graph into query fragments. 
0073 Post optimizer module 408 is an optional compo 
nent that rewrites after the optimizer 406 for coalescing 
improvements found by optimizer 406. Query plan generator 
410 generates an annotations-based, template-driven plan 
generation for the query tasks. Execution engine 412 executes 
the query fragments that are to be handled by software or 
supervises the query execution in HARP module 204 via 
HARP manager 428. 
0074 Buffer manager 414 manages the buffers of data 
held in the memory of host 202 and for the software execution 
tasks handled by host 202. Task manager 416 orchestrates the 
execution of all the tasks in HARP module 204 and C2 soft 
ware execution engine 412. 
0075 Memory manager 416 manages the virtual address 
and physical address space employed by C2 software 110 and 
HARP module 204 in HARP memory 304. In some embodi 
ments, memory manager 416 utilizes a 50 bit VA addressing 
(i.e., in excess of 1 petabyte). This allows C2 software 110 to 
globally address an entire database and optimize hardware 
execution of the query tasks. 
0076 Storage manager 420 is responsible for managing 
transfers of data from HARP memory 304 to/from storage 
infrastructure 112. Answer manager 422 is responsible for 
compiling the results of the query fragments and providing 
the result to MySQL software 114 via the API 116. 
0077 Update manager 424 is responsible for updating any 
data in the database stored in storage infrastructure 112. 
Shared utilities 426 provide various utilities for the compo 
nents of C2 software 110. For example, these shared utilities 
may include a performance monitor, a metadata manager, an 
exception handler, a compression library, a logging and 
recovery manager, and a bulk/incremental loader. 
0078 HARP manager 428 controls execution of the tasks 
in HARP module 204 by setting up the machine code data 
base instructions and handles all interrupts from any of the 
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hardware in HARP module 204. In some embodiments, 
HARP manager 428 employs a function library known as a 
Hardware Acceleration Function Library (HAFL) in order to 
make its function calls to HARP module 204. 

FIG.S 

System Software Stack of C2 Software and Hard 
Ware 

0079. As shown, a SQL query is received in the RDBMS 
layer, i.e., MySQL software 114. MySQL software 114 then 
passes the SQL query via API 116 to C2 software 110. In C2 
software 110, the SQL query is processed. At this layer, C2 
Software 110 also manages retrieving data for the SQL query, 
if necessary, from Storage infrastructure 112 or from host 
system 202. 
0080. In order to communicate with HARP module 204, 
HARP manager 428 employs the HAFL layer in order to 
make its function calls to HARP module 204. In order to 
allow for variances in hardware that may exist in HARP 
module 204, the system software stack may also comprise a 
hardware abstraction layer (HAL). Information is then passed 
from C2 software 110 to HARP module 204 in the form of 
machine code database instructions via an interconnect layer. 
As noted, this interconnect layer may be in accordance with 
the well known PCIe or HT standards. 
0081. Within HARP module 204, the machine code data 
base instructions are parsed and forwarded to HARP logic 
302. These instructions may relate to a variety of tasks and 
operations. For example, as shown, the system software stack 
provides for systems management, task coordination, and 
direct memory access to HARP memory 304. In HARP logic 
302, machine code database instructions are interpreted for 
the various types of processing elements (PE). HARP logic 
302 may interface with HARP memory 304, i.e., direct 
memory access by utilizing the memory management layer. 

FIG. 6 

HARP Logic 

0082 FIG. 6 illustrates an exemplary architecture of the 
HARP logic 302. As shown, HARP logic 302 may comprise 
a set of processing cores 602, 604, 606, and 608, and switch 
ing fabric 610. Processing core 602 (as well as cores 604,606, 
and 608) may comprise a set of processing elements (PEs) 
620. In the embodiment shown, processing cores 602, 604, 
606, and 608 each comprise two PEs; of course, each pro 
cessing core may comprise any number of PES. 
0083. In addition to its PEs, processing core 602 may 
comprise a task processor 612, a memory manager 614, a 
buffer cache 616, and an interconnect 618. One or more these 
components may be duplicated or removed from the other 
processing cores 604, 606, and 608. For example, as shown, 
core 602 may be the sole core that includes task processor 612 
and an interconnect 618. This architecture may be employed 
because cores 602, 604, 606, and 608 are connected via 
Switching fabric 610 and may operate logically as a single 
processor or processor core. Of course, one skilled in the art 
will recognize that various redundancies may be employed in 
these processing cores as desired. 
0084 Task processor 612 is the hardware that supervises 
the operations of the processing cores 602,604, 606, and 608. 
Task Processor 612 is a master scheduling and control pro 
cessing element, disconnected from the direct dataflow of the 
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execution process for a query. Task processor 612 maintains a 
running schedule of machine code database instructions 
which have completed, are in progress, or are yet to execute, 
and their accompanying dependencies, the Task Processor 
612 may also dispatch machine code database instructions for 
execution and monitor their progress. Dependencies can be 
implicit, or explicit interms of strong intra- or inter-processor 
release criteria. Machine code database instructions stalled 
for software-assist can be context-switched by the Task Pro 
cessor 612, which can begin or continue execution of other 
independent query tasks, to optimize utilization of execution 
resources in HARP logic 3.02. 
I0085 Memory manager 614 is the hardware that inter 
faces HARP memory 304. For example, memory manager 
614 may employ well known memory addressing techniques, 
Such as translation look-aside buffers to map the global data 
base virtual address space to a physical address in HARP 
memory 304 to access data stored in HARP memory 304. 
I0086 Buffer cache 616 serves as a small cache for a pro 
cessing core. For example, temporary results or other meta 
data may be held in buffer cache 616. 
0087 PCIe interconnect 618 is the hardware that inter 
faces with host system 202. As noted, interconnect 618 may 
be a PCIe or HT interconnect. 
I0088 PEs 620 represent units of the hardware and cir 
cuitry of HARP logic 302. As noted, PEs 620 utilize a novel 
dataflow architecture to accomplish the query processing 
requested of HARP logic 302. In particular, PEs 620 imple 
ment execution of an assortment of machine code database 
instructions that are known as Macro Ops (MOPs) and Micro 
Ops (UOPs). MOPs and UOPs are programmed and executed 
by the PEs 620 to realize some distinct phase of data process 
ing needed to complete a query. MOPs and UOPs are just 
example embodiments of machine code database instruc 
tions; other types of instruction sets for high level database 
operations of course may be used by the C2 solution. 
I0089 PEs 620 pass logical intermediate MOP results 
among one another through a variable-length dataflow of 
dataflow tokens, carried across an interconnect data structure 
(which is a physical data structure and not a Software data 
structure) termed an “Inter-Macro Op Communication” 
(IMC) path. Of note, the IMC paths and self routing fabric 
610 allow HARP module 204 to utilize a minimal amount of 
reads/writes to HARP memory 304 by keeping most interme 
diate results flowing through the IMCs in a pipelined, parallel 
fashion. IMC may be temporarily stored in buffer caches 616 
and interconnect fabric 610; however, IMCs can also be dis 
patched out through interconnect 618 to other PEs 620 on 
another HARP module. 
0090. In the dataflow concept, each execution step, as 
implemented by a MOP and its accompanying UOP program, 
can apply symmetrically and independently to a prescribed 
tuple of input data to produce some tuple of result. Given the 
independence and symmetry, any number of these tuples may 
then be combined into a list, matrix, or more Sophisticated 
structure to be propagated and executed in pipelined fashion, 
for optimal execution system throughput. These lists of 
tuples, comprised fundamentally of dataflow tokens, are the 
intermediate and final results passed dynamically among the 
MOPS Via IMC. 
0091 Although the dataflow travels over physical links of 
potentially fixed dimension, the logical structure of the con 
tents can be multi-dimensional, produced and interpreted in 
one of two different ways: either with or without inherent, 
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internal formatting information. Carrying explicit internal 
formatting information allows compression of otherwise 
extensive join relationships into nested Sub list structures 
which can require less link bandwidth from fabric 610 and 
intermediate storage in buffer cache 616, at the cost of the 
extra formatting delimiters, increased interpretation com 
plexity and the restriction offixing the interpretation globally 
among all consumers. Without inherent formatting, a logical 
dataflow may be interpreted by the consumeras any n-dimen 
sional structure having an arbitrary but consistent number of 
columns of arbitrary but consistent length and width. It 
should be noted that the non-formatted form can be beneficial 
not only in its structural simplicity, but in the freedom with 
which consumer MOPS may interpret, or reinterpret, its con 
tents depending upon the purpose of the execution step a 
consumer is implementing. 
0092. The dataflow used in realizing a given query execu 
tion can be described by a directed acyclic graph (DAG) with 
one intervening MOP at each point of flow convergence and 
bifurcation, one MOP at each starting and ending point, as 
well as any point necessary in between (i.e. single input & 
output MOP). The DAG must have at least one starting and 
one ending point, although any larger number may be neces 
sary to realize a query. MOPs which serve as the starting point 
are designed to begin the dataflow by consuming and process 
ing large amounts of data from local storage. Ending point 
MOPs may terminate the dataflow back into local storage, or 
to a link which deposits the collected dataflow (result table/ 
list) into host CPU memory. An example of a DAG for a well 
known TPC-H query is shown in FIG. 9. 
0093. As mentioned above, MOP DAGs can physically 
and logically converge or bifurcate, programmatically. The 
physical convergence is accomplished with a multi-input 
MOPs which relate inputs in some logical fashion to produce 
an output comprised of all inputs (e.g. composition, merge, 
etc.). The physical bifurcation is accomplished by means of 
multicast technology in the IMC fabric, which dynamically 
copies an intermediate result list to multiple consumer MOPs. 
These mechanisms work together to allow realization of any 
desired DAG of MOP execution flow. 
0094. In the present invention, each MOP is configured to 
operate directly on the compressed data in the column-store 
database and realizes some fundamental step in query pro 
cessing. MOPs are physically implemented and executed by 
PEs 620 which, depending on specific type, will realize a 
distinct subset of all MOP types. MOPs work systematically 
on individual tuples extracted either from local database stor 
age in HARP memory 304 or the IMC dataflow, producing 
output tuples which may be interpreted by one or more MOP 
processes downstream. 
0095 UOPs are the low-level data manipulators which 
may be combined into a MOP-specific UOP program accom 
panying a MOP, to perform analysis and/or transformation of 
each tuple the MOP extracts. MOPs which utilize UOP pro 
grams are aware of the dependency, distributing selected por 
tions of each tuple to the underlying UOP engine, extant 
within all PEs 620 supporting such MOPs. For each set of 
inputs from each tuple, the UOP program produces a set of 
outputs, which the MOP may use in various ways to realize its 
function. 

0096. For example, one manner a MOP may use UOP 
output is to evaluate each tuple of a list of tuples for a set of 
predicating conditions, where the MOP decides either to 
retain or to drop each tuple based on the UOP result. Another 
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manner is for the UOP to perform an arithmetic transforma 
tion of each input tuple, where the MOP either appends the 
UOP result to form a larger logical tuple, or replaces some 
portion of the input tuple to form the output tuple. 
0097. Given a finite number of execution resources in PEs 
620, the full MOP dataflow DAG needed to execute a query 
may be partitioned into segments of connected MOPs called 
“tasks.” These tasks are then scheduled by task processor 612 
for execution in a sequential fashion, as MOP execution 
resources become available in PEs 620. Significant in this 
process is the propagation of the execution dataflow among 
these tasks, such that the entire query result is accurately and 
consistently computed, regardless of how each task is appor 
tioned and regardless of the latency between scheduling each 
task. 

(0098. One method that may be employed in HARP logic 
302 is to treat each task atomically and independently, termi 
nating the dataflow back into local storage in HARP memory 
304 at the end of each task and restarting that dataflow at the 
beginning of the subsequent task by reloading it from HARP 
memory 304. In some embodiments, a more efficient method 
may be employed to pipeline tasks at their finer, constituent 
MOP granularity, where at least one MOP of a new task may 
begin execution before all MOPs of the previous task have 
finished. This fine-grained method is referred to as “Task 
Pipelining. 
0099 Keeping the dataflow "alive' over task boundaries is 
a key to realizing the extra efficiency of Task Pipelining. To 
accomplish this in the C2 solution, IMCs may include the 
ability to dynamically "spill.” or send their dataflow to an 
elastic buffer backed by HARP memory 304, pending the 
awakening of a consumer MOP which will continue the data 
flow. On scheduling the consumer MOP, IMCs are able to 
“fill dynamically, reading from the elastic buffer in HARP 
memory 304 as necessary to continue execution, pulling out 
any slack that may have built up in the dataflow while waiting 
for the scheduling opportunity. Task Pipelining with these 
mechanisms then may provide a more efficient use of execu 
tion resources, down to the MOP granularity, such that a 
query may be processed as quickly as possible. 
0100 High-latency, low-bandwidth, non-volatile storage 
in storage infrastructure 112 often holds the contents of a 
query workset, due to the sheer volume of data involved. 
Because execution rates can outstrip the bandwidth available 
to read from Such storage, tasks requiring latent data can 
shorten execution time by starting and progressing their data 
flow execution at the rate the data arrives, instead of waiting 
for an entire prefetch to complete before beginning execution. 
This shortcut is referred to as Prefetch Pipelining. The C2 
Solution may employ both on-demand prefetching and specu 
lative prefetching. On-demand prefetching is where data is 
prefetched based on the progress of the dataflow. Speculative 
prefetching is where data is prefetched based on an algorithm 
or heuristic that estimates the data is likely to be requested as 
part of a dataflow. 
0101. In the present invention, realizing Prefetch Pipelin 
ing is accomplished by having one or more MOPs beginning 
a task's dataflow are capable of accepting data progressively 
as it is read from slow storage in storage infrastructure 112. 
IMCs are capable of filling progressively as data arrives, as 
are all MOPs already designed to read from local storage in 
HARP memory 304. Given that support, MOPs can satisfy 
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the requirement of executing progressively at the rate of the 
inbound dataflow and accomplish efficient Prefetch Pipelin 
1ng. 
0102 As shown, processing core 602 may comprise scan 
ning/indexing PE 622 and XCAM PE 624 as its set of PEs 
620. As noted, PEs 620 are the physical entities responsible 
for executing MOPs, with their underlying UOPs, and for 
realizing other Sophisticated control mechanisms. Various 
incarnations of processing elements are described herein, 
where each incarnation supports a distinct subset of the MOP 
and control space, providing different and distinct function 
ality from the perspective of query execution. Each of the 
different PE forms is now addressed where those which Sup 
port MOPs employing UOP programs implicitly contain a 
UOP processing engine. 
(0103 Scanning/Indexing PE 622 implements MOPs 
which analyze database column groups stored in local 
memory, performing parallel field extraction and compari 
son, to generate row pointers (row ids or RIDs) referencing 
those rows whose value(s) satisfy the applied predicate. For 
some MOP forms, a metadata Value List (which is an abstract 
term for a logical tuple list flowing through an IMC) contain 
ing a column of potentially sparse row pointers may be given 
as input, in which case the scan occurs over a sparse Subset of 
the database. For other forms, Scanning occurs sequentially 
over a selected range of rows. 
0104. The selection predicate is stipulated through a 
micro-op (UOP) program offinite length and complexity. For 
conjunctive predicates which span columns in different col 
umn groups, scanning may be done eitheriteratively or con 
currently in dataflow progression through multiple MOPs to 
produce the final, fully selected row pointer list. 
0105 Inasmuch as the Scanning/Indexing PE 622 opti 
mizes scanning parallelism and is capable of constructing and 
interpreting compacted what are known as “bitmap bundles' 
of row pointers (which are a compressed representation of 
row pointers, sparse or dense, that can be packed into logical 
tuples flowing through an IMC), it operates most efficiently 
for highly selective predicates, amplifying the benefits 
thereof. Regardless, its MOP support locates specific data 
base content. 
0106 Scanning/Indexing PE 622 also implements MOPs 
which project database column groups from HARP memory 
304, search and join index structures, and manipulate in-flight 
metadata flows, composing, merging, reducing, and modify 
ing multi-dimensional lists of intermediate and final results. 
Depending on the MOP, input is one or more Value Lists 
whose content may be interpreted in a one- or two-dimen 
sional manner, where two-dimensional lists may have an 
arbitrary number of columns (which may have arbitrary logi 
cal width). 
0107. In the context of list reduction, a UOP program of 

finite length and complexity is stipulated as a predicate func 
tion, to qualify one or more components of the input Value 
List elements, eliminating tuples which do not qualify. List 
composition involves the combining of related lists into a 
single output format which explicitly relates the input ele 
ments by list locality, while list merging involves intermin 
gling input tuples of like size in an unrelated order. Modifi 
cation of lists involves a UOP which can generate data 
dependent computations, to replace component(s) of each 
input tuple. 
0108. The Scanning/Indexing PE622 may also be used for 

joins with indexes, like a Group Index, which involves the 
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association of each input tuple with potentially many related 
data components, in a one-to-many mapping, as given by 
referencing the index via a row pointer component contained 
in each input tuple. MOPs implemented by the Scanning/ 
Indexing PE 622 may thus relate elements of a relational 
database in by query-specific criteria, which is useful for any 
query of moderate to advanced complexity. 
0109 XCAM PE 624 implements MOPs which perform 
associative operations, like accumulation and aggregation, 
sieving, Sorting and associative joins. Input is in the form of a 
two-dimensional metadata Value List which can be inter 
preted as containing at least two columns related by list local 
ity: key and associated value. 
0110. Accumulation occurs over all data of like keys (as 
Sociatively), applying one of several possible aggregation 
functions, like Summation or an atomic compare and 
exchange of the current accumulator value with the input 
value component. A "direct map' mode exists which maps the 
keys directly into HARP memory 304, employing a small 
cache (not shown) to minimize memory access penalties. A 
“local mode of accumulation exists, as well, to realize Zero 
memory access penalties by opportunistically employing the 
cache, at the risk of incomplete aggregation. 
0111 Sieving involves the progressive capture of keys 
qualifying as "most extreme according to a programmable 
sieving function, generating a result list of the original input 
keys and values such that the last Ntuples' keys are the most 
extreme of all keys in the original input. Iterative application 
of Sieve can converge on a sorted output, overgroups of some 
Small granularity. 
0112 Sorting can also be accomplished through construc 
tion and traversal of either hashes or B-Trees, which are 
constructed to relate each input key to its associated value 
with a structure that is efficient to search and join with. 
0113. Within each of PEs 620 thus may be a UOP Process 
ing Engine (not shown). Whereas PEs 620 execute MOPs in 
a dataflow fashion at the higher levels, embedded UOP Pro 
cessing Engines in PEs 620 realize the execution of UOPs, 
which embed within their logical MOP parent to serve its 
low-level data manipulation and analysis needs. In some 
embodiments, the UOP processing engine is “code-flow” 
logic, where a UOP program is executed repetitively by a 
parent Processing Element at MOP-imposed boundaries, 
given MOP-extracted input data, to produce results inter 
preted by the parent MOP. 
0114 Considering the code-flow nature, each UOP engine 
has its own program storage, persistent register set and execu 
tion resources. It is capable, through appropriate UOP 
instructions, to accept data selected from the parent MOP and 
to simultaneously execute specified data manipulation or 
analysis thereon, in combination with some stored register 
state. In this manner, this tiny code-flow processor is able to fit 
seamlessly “into the dataflow as a variable-latency element 
which, at the cost of increased latency, is capable of perform 
ing any of the most complex low-level data manipulation and 
analysis functions on the dataflow pouring through. The capa 
bility of the MOP to select and present only those data 
required for UOP processing, at a fine granularity, minimizes 
the latency imposed by the UOP code flow, maximizing over 
all dataflow throughput. 

FIG. 7 

C2 Data Structures 

0115 The C2 solution utilizes various hardware-friendly 
data structures to assist in hardware accelerating database 
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operations by HARP modules 204. In general, “hot” columns 
(i.e., columns having active or frequent access) stay in the 
HARP memory 304 so that they can be accessed randomly 
fast. “Warm Columns (i.e., columns having less active 
access) also stay in the HARP memory 304; but occasionally, 
they may be evicted to a disk in storage infrastructure 112. 
Cold columns usually be held in storage infrastructure 112, 
but may be partially brought into HARP memory 304, e.g., 
for one time usage. In some embodiments, date columns in 
the Sorted-Compressed format will be held in the memory of 
host system 202 and accessed by the Software running on host 
202. 
0116. In general, there is a single entry point for HARP 
module 204 to identify all the database columns. In particular, 
as shown in FIG. 7, a root table 702 points to all the available 
table descriptors 704. The table descriptors 704 in turn point 
to their respective table columns 706. Each table stores mul 
tiple columns in the VA memory space. Each of these tables 
will now be further described. 
0117. As noted, root table 702 identifies all the tables 
accessed by HARP module 204. In some embodiments, each 
entry in the table takes 8 bytes. When needed, multiple Root 
Table blocks can be chained by a next pointer. The Descriptor 
Pointers in the root table 702 points to the individual table 
descriptors. The indices of the Descriptor Pointers also serve 
as the table ID. To simplify the hardware design, a CSR 
(Control Status Register) may be employed to store the Root 
Table information as long as the hardware accessible Table 
IDs and Descriptors information is retained in HARP mod 
ule 204. 
0118. Each database defined table has a table descriptor 
704. All the table descriptors 704 may reside in the HARP 
memory 304. A table descriptor 704 may comprise different 
groups of data. A group may contain one or more columns. 
Within a group, the data is organized as rows. A group of data 
resides in a memory plane which is allocated to it. A data 
element in a particular plane has direct reference to its corre 
sponding element in another plane. The relationship of the 
addresses among all the element pairs is the same arithmetical 
computation. The table descriptor is portable because the 
present invention utilizes a global virtual address space. In 
other words, when copying the table descriptor from one 
virtual memory location to another, all the information in the 
table is still valid. 
0119. In the C2 solution, the data structures of the database 
are architected to optimize database data processing in HARP 
hardware. All table columns/column groups, indices and 
meta-data are defined in a global database virtual address 
space (DBVA). A reserved DBVA section is allocated for 
table descriptors 704 as part of the meta-data. Table descrip 
tors 704 include information about a table, such as the table 
name, number of rows, number of columns/column groups, 
column names, width(s) within a column group, etc. In addi 
tion to the information of data layout and access information 
in the VA space, the table descriptors 704 also have informa 
tion about the compression types/algorithms used for each 
individual column. In the present invention, hardware can 
directly use this information to accomplish database queries 
and table element insertion, update, and deletion. 

FIG.8 

Table Column Layout 
0120 FIG. 8 is now provided to provide further detail on 
the structure of a table in column-store format as employed by 
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the C2 solution of the present invention. As shown, each 
database table is broken into multiple columns or column 
groups having a fixed width. Variable width columns are also 
Supported by extending the basic columns to a column heap 
structure with linked lists. In the C2 solution, a column group 
can have one or more columns packed together. Because of 
the simple arithmetic mapping or the single indirection in the 
companion column, the hardware and Software of the present 
invention can easily access rows across the columns without 
any degradation in performance; thus, the C2 solution can 
provide the same functionality and benefits as known row 
store databases. Table and column descriptors may also be 
embedded in the MOPs and query tasks. 
I0121 Of note, in the present invention, the columns or 
column groups possess an implicit row id (RID). A RID is 
considered implicit because it is not materialized as a part of 
a column or column group. Instead, each column and column 
group is designated a starting RID, which corresponds to an 
address in the global database virtual address space, which is 
then mapped to a physical address in HARP memory 304. 
Since each column and column group is a fixed width, the 
RID can provide the basis for arithmetically calculating the 
memory address of any data in the column or column group. 
I0122. In some embodiments, all columns are packed 
together in the single DBVA. In addition, a meta-data struc 
ture may be employed to facilitate certain column accesses. 
For example, as shown, a row pointerprimary key index may 
comprise a sortedlist of primary keys and their associated row 
id (RID) in a column or column group. Of course, a B-tree 
index may be used as an alternative to this type of index. 
I0123. In the present invention, two active sets of database 
regions are maintained, i.e., a main database region and an 
augment region for newly added data. Query processing oper 
ates on both regions and is accelerated by the HARP module 
204. The augment region is utilized to hold new inserted 
items. Optionally, the augment region may be rolled into the 
main region. For example, as shown in FIG. 8, RIDs 1-n are 
the main region, while RIDS n+1, etc. comprise the augment 
region. 
0.124 Deletion updates may be committed into the main 
region right away. To alleviate the drastic changes across all 
the columns in a table, the present invention may allocate a 
valid or invalid bit. A row deletion in a table, therefore, 
becomes a trivial task of setting the appropriate bit in every 
column group in the table. 

FIG.9 

Example of a SQL Query 

(0.125 FIG. 9 shows one of the 22 TPC-H queries, query 
#3, and how it would be executed using the machine code 
database instructions. TPC-H queries are published by the 
Transaction Processing Performance Council (TPC), which 
is a non-profit organization to define benchmarks and to dis 
seminate objective, verifiable TPC performance data to the 
industry. TPC benchmarks are widely used today in evaluat 
ing the performance of computer systems. This particular 
query is a shipping priority query to find the potential revenue 
and shipping priority of the orders having the largest revenue 
among those that had not been shipped of a given date. The 
market segment and date are randomly generated from the 
prescribed range, and “BUILDING” and Mar. 15, 1995 are 



US 2008/O 1892.51 A1 

the example here. This query is a complex multiple table join 
of three tables, CUSTOMER, ORDERS, and LINEITEM 
tables. 

0126 C2 Software 110 will decompose this query into 24 
MOPs to send to HARP module 204, along with their depen 
dency information, which establishes the topology of the 
dataflow from MOP to MOP. All MOPS are started and hard 
ware processing begins in pipelined fashion, with each 
MOP's results being fed to one or more downstream consum 
ers over one or more dedicated logical IMC connections. 
0127. The responsibility of the first MOP, ScanCol(0), is 
to reference HARP memory 304 to find all the customers in 
the CUSTOMER table who belong to the BUILDING.' mar 
ket segment, producing into IMCO all matching CUSTOMER 
references in the form of one RID per qualified row. Rev Index 
(1) then traverses a reverse index residing in 304, pre-built to 
relate customers to their one or more orders residing in the 
ORDERS table, outputting references to all orders made by 
the given customers. Because the CUSTOMER references 
are no longer necessary and to boost performance by reducing 
utilization of IMC transmission resources over IMC2, the 
ListProject(2) removes the original customer references after 
the reverse index join, leaving only the ORDER references. 
The ScanRPL(3) MOP then scans these orders O ORDER 
DATE column, retaining ORDER references only to those 
orders whose order date occurs before the date 1995 Mar. 
15. 

0128 Progressing onward through IMC3, the dataflow 
entering Revlindex(4) consists of ORDER table references 
(RIDs) which have satisfied all criteria mentioned thus far: 
each order was placed by a customer in the BUILDING” 
market segment before the date Mar. 15, 1995. To finish 
evaluating the “WHERE clause of the illustrated SQL query 
statement, these orders must be qualified in terms of certain 
properties of their related line items. 
0129. The purpose of the Rev.Index(4) MOP is then to 
associate each of the qualifying orders to its one or more 
constituent line items from the LINEITEM table, returning 
appropriate references thereto. At this point, the flow contains 
a two-column tuple list relating ORDER references (RIDs) to 
LINEITEM RIDs, multicasting identical copies of these 
tuples into IMC4 and IMC5. ListProject(5) extracts only the 
LINEITEMRID column from the dataflow in preparation for 
ProjRpl(6), which extracts each line item's L. SHIPDATE 
column value, feeding these ship dates to IMC7. ListCom 
pose(7) consumes IMC7 along with IMC5, executing a com 
position of the input lists to create a three-column tuple list 
where each tuple contains an ORDER RID, an associated 
LINEITEMRID and its ship date. ListSelect(8) consumes the 
composed list from IMC 8 and selects only those tuples 
having ship date older than 1995 Mar. 15”, thus completing 
the “WHERE clause requirements. 
0130. Again, at the output of ListSelect(8), the dataflow 

still logically appears as a three-column tuple list where each 
tuple relates an ORDER RID to one of its associated 
LINEITEM RIDs and that line item's ship date. It should be 
noted in this flow that multiple distinct LINEITEMRIDs may 
appear (in different tuples) with an identical ORDER RID, a 
definite possibility here since a single order may be com 
prised of an arbitrary number of line items in the target data 
base and this query specifically requests only those line items 
satisfying the ship date criteria. The redundancy of ORDER 
RIDS in the list Suggests an aggregation step will be needed to 
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realize the SUM of the SQL select statement, but before that, 
Some more data must be gathered and calculations done. 
I0131 IMC9 and IMC10 both carry the output of ListSe 
lect(8), identically. ListProject(9) extracts only the 
LINEITEM RID column from IMC9, passing that on to both 
ProjRpl(12) and ProjRpl(11), which fetch each referenced 
LINEITEM's L_EXTENDEDPRICE and L DISCOUNT, 
respectively. Those procured extended price and discount 
data are then composed together by ListCompose(13) to form 
a two-column tuple to be carried via IMC17. ListTupleArith 
(14) implements the arithmetic process of computing (L EX 
TENDEDPRICE*(1-L DISCOUNT)) on a per-tuple basis 
before sending this arithmetic result to ListCompose(15). In 
the meantime, ListProject(10) extracts the ORDER RID col 
umn from the output of ListSelect(8), such that ListCompose 
(15) can make a two-column composition relating, within 
each tuple, an ORDERRID to its line items arithmetic prod 
uct. 

0.132. The final hardware step to complete the query 
involves fully evaluating the SELECT clause, including its 
SUM aggregation function. The remainder of the MOP flow 
of FIG. 9, beginning with the output of ListCompose(15), is 
dedicated to this process. 
(0.133 AssocAccumSum(16) receives from IMC19 with 
each of the two-column tuples relating an ORDERRID to one 
of its line item's (L EXTENDEDPRICE*(1-L DIS 
COUNT)) product, computing a summation of these values 
independently for each distinct ORDERRID. For example, a 
given ORDER RID may appear twice in IMC19 (once in two 
different tuples), having two distinct LINEITEMs which sat 
isfied all criteria thus far. Each of these LINEITEMS would 
have generated its own product in ListTupleArith.(14), such 
that the aggregation process of AssocAccumSum(16) must 
Sum them together. The result is a distinct sum of products 
over each distinct ORDER RID, realizing the SQL SUM 
aggregation function, here named REVENUE within the 
query. 
0.134. Once the aggregation has completed for a given 
ORDER RID, ListProject(17) extracts the ORDER RID 
itself, passing it to ProjRpl(18), ProjRpl(19) and ProjRpl(20). 
These MOPs gather in parallel the referenced orders O OR 
DERDATE, O SHIPPRIORITY, and O ORDERKEY, 
respectively, while ListCompose(21) forms a two-column 
tuple consisting of O SHIPPRIORITY and O ORDERKEY. 
ListCompose(22) meanwhile forms a two-column tuple com 
prised of O ORDERKEY and REVENUE. The final MOP, 
ListCompose(23), composes the two two-column tuple lists 
into a final four-column tuple list which satisfies the SQL 
query and its SELECT statement. 
I0135) It should be noted in this example that the SQL 
query SELECT actually stipulates L. ORDERKEY. But an 
optimization may be applied here, knowing that O ORDER 
KEY is functionally equivalent when used in this manner, 
thus avoiding the need to carry any LINEITEMRIDs beyond 
IMC11 or IMC12. 

FIG 10 

Example of a Dataflow Through the HARP 

I0136. In FIG.9 we have described how an SQL statement 
gets mapped into a logical MOP DAG (directed acyclic 
graph) which gets executed in a dataflow fashion with IMC 
chaining between MOPs. FIG. 10 illustrates an exemplary 
dataflow through PEs 620 in HARP logic 302 for the same 
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TPC-HSQL #3 query shown in FIG.9. As noted, C2Software 
110 will decompose this query task into 10 PE stages to send 
to HARP module 204, along with their MOP and UOP 
instructions and dependency information. 
0137 Stage 1 is performed by Scanning PE 1002 is to find 
all the customers in CUSTOMER table that is in “BUILD 
ING” market segment and passes the results (C RIDs of 
matching customer records) in an IMC to Indexing PE 1004. 
0138 Stage 2 is a join operation of C CUSTKEY=O 
CUSTKEY performed by Indexing PE 1004 using a reverse 
index method. Each C RID of Stage 1's matching customer 
records corresponds to an O RID hitlist of ORDER table 
records, given a customer may place multiple orders. The 
results (O RIDs) are passed in an IMC to Scanning PE 1006. 
0139 Stage 3 is performed by Scanning PE 1006 to read 
the O ORDERDATE field of all the matching orders 
(O RIDs) that Stage 2 outputs, compare for “C 1995 Mar. 
15, and passes the results (O RIDs) in an IMC to Indexing 
PE 1008. 
0140 Stage 4 is a join operation of O ORDERKEY=L 
ORDERKEY performed by Indexing PE 1008 using a reverse 
index method. Each O RID of Stage 3’s matching order 
records corresponds to an L RID hitlist of LINEITEM table 
records, given an order may have multiple line items. The 
results (L RIDs) are passed in an IMC to Scanning PE 1010. 
0141 Stage 5 is performed by Scanning PE 1010 to read 
the L. SHIPDATE field of all matching line items (L RIDs) 
that Stage 4 outputs, compare for "> 1995 Mar. 15”, and 
passes the results (L RIDs) in 3 IMCs to Indexing PE 1012, 
1014, and 1016. 
0142 Stage 6 is a column extraction/projection operation 
done by Indexing PE 1012, 1014, and 1016 to get L ORDER 
KEY, L_EXTENDEDPRICE, and L DISCOUNT column. 
0143 Stage 7 is a list merge operation of 2 columns 
(L EXTENDEDPRICE and L DISCOUNT) done by Index 
ing PE 1018. 
0144 Stage 8 is an aggregation operation of REVENUE 
of each L ORDERKEY group, done by XCAM PE 1020 
based on outputs of Indexing PE 1012 and 1018. As the SQL 
statement defines, REVENUE is calculated as the sum of 
(L EXTENDEDPRICE*(1-L DISCOUNT)). Note that 
even though the GROUP BY defines the group key as con 
catenation of L ORDERKEY, O ORDERDATE, O SHIPP 
RIORITY, the group key is simplified to L ORDERKEY 
since it is already a unique identifier. The output of XCAMPE 
1020 is a pair list of group key (LORDERKEY) with its 
REVENUE 
(0145 Stage 9, done by Indexing PE 1022 and 1024, is a 
column extraction of O ORDERDATE based on L ORDER 
KEY output of XCAM PE 1020. 
0146 Stage 10, done by XCAM PE 1026, is a sieve (OR 
DER BY) operation of REVENUE, O ORDERDATE to out 
put top N groups with largest REVENUEs. These outputs are 
placed at a “result” buffer area in HARP memory 304, ready 
to be retrieved by DBMS software 114. 

FIG 11 

Review of Overall Logical Flow 
0147 Now that an example of how PEs 620 may process a 
query, various aspects of types of PES 620 (e.g., Scanning, 
Indexing, and XCAM) will now be described. However, 
before describing specific types of PEs 620, it may be useful 
to review the overall query processing through system 100. 
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As shown, FIG. 11 illustrates an overall logical flow of 
machine code database instructions through C2 system 100. 
0.148. In general, DBMS software 114 submits queries to 
C2 software 110. C2 software 110 then orchestrates how this 
query is executed by breaking it down into query fragments 
and routing these fragments to an appropriate resource. All or 
some of the query fragments may be offloaded for hardware 
execution in HARP module 204. Thus, C2 software 110 
passes database machine code instructions (MOPs and 
UOPs) to HARP module 204. 
0149. Within HARP module 204, HARP logic 302 
executes the MOPs and UOPs in its hardware, without the use 
of software. Data flows in and out of HARP module 204 using 
HARP memory 304. Results of the query fragments executed 
by HARP module 204 are then passed back to C2 software 
110. C2 software 110 assembles these results and provides 
them back to DBMS Software 114. 

FIGS. 12 and 13 

Processing of a MOP and UOP by a PE 

(O150 FIG. 12 illustrates a general architecture of a PE 620 
and dataflow for a MOP machine code database instruction. 
As shown, dataflow and the machine code database instruc 
tions are input to PE 620. PE 620 is also coupled to HARP 
memory 304 in order to retrieve data as needed. Within PE 
620, a MOP storage & control logic and embedded UOP 
processing elements are provided. These sub-elements of PE 
620 may be implemented using well known configurable 
hardware, such as FPGAs or ASICs. During operation, data 
literally “flows through PE 620 and is processed without 
interruption or software to produce an output dataflow or 
IMC. 
0151 FIG. 13 illustrates a general architecture of a HARP 
PE 620 and dataflow for UOP machine code database instruc 
tion. As noted, UOPs are lower level data manipulation 
instructions used by a superseding MOP, and thus, PE 620 
will execute these in a conventional code-flow manner. In 
particular, dataflow and the UOPs are input to PE 620. In 
order to execute the UOPs, PE 620 employs buffer cache 616 
as a local register and storage. Within PE 620, a UOP storage 
& control logic and embedded UOP processing elements are 
provided. These sub-elements of PE 620 may also be imple 
mented using well known configurable hardware, such as 
FPGAs or ASICs. During operation, PE 620 operates on 
portions of the input dataflow by filling its local register and 
executing the UOPs. Of note, although UOPs execute in a 
manner similar to software, a UOP is processed without inter 
ruption and is itself a hardware instruction (not software). PE 
620 then produces an output dataflow for the MOP of the 
UOPS. 

FIGS 14-16 

Examples of Scanning, Indexing, and XCAMPEs 

0152. As noted, in some embodiments, HARP logic 302 
may implement specific types of PEs. For example, as will be 
described below, HARP logic 302 may employ a Scanning 
PE, an Indexing PE, and aXCAMPE. These types of PEs will 
now be explained in conjunction with their own figure. 
0153 FIG. 14 illustrates an exemplary architecture and 
dataflow of a Scanning PE. As shown, a Scanning PE may 
comprise a sequential row pointer (ROWPtri) generator and 
one or more UOP processing elements. These sub-elements 
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may be implemented using well known configurable hard 
ware, such as FPGAs or ASICs. As shown, a Scanning PE is 
designed to execute scan MOPs and optionally receives a row 
pointer list as its input. Scanning PE will also read database 
columns from data held in HARP memory 304 either by given 
RIDs or an internally generated sequence of RIDs. During 
operation, the row pointer list will thus flow through and 
scanning PE will produce a list of selected row pointers as its 
output. 
0154 FIG. 15 illustrates an exemplary architecture and 
dataflow of an Indexing PE. As shown, an Indexing PE may 
comprise a list, index cross join control and one or more UOP 
processing elements. These Sub-elements may be imple 
mented using well known configurable hardware, such as 
FPGAs or ASICs. As shown, Indexing PE is designed to 
execute list, group index, and cross join MOPS and receives a 
value list (data from at least one column) as its input. Indexing 
PE will read database columns and indexes from data held in 
HARP memory 304. During operation, the column data in the 
value list will thus flow through and indexing PE will produce 
a list as its output. Of note, due to the similarity of operations 
between indexing and Scanning PES, in some embodiments, 
these PEs may be combined into a common PE. 
0155 FIG. 16 illustrates an exemplary architecture and 
dataflow of a XCAM Associative PE. As shown, aXCAMPE 
may comprise accumulation, tree management, and sieve 
logic. This logic may be implemented using well known 
configurable hardware, such as FPGAs or ASICs. As shown, 
Indexing PE is designed to execute associative MOPs and 
receives a value list (data from at least one column) as its 
input. XCAM PE will also update accumulators and trees 
from data held in HARP memory 304. During operation, the 
column data in the value list will thus flow through and 
XCAM PE will perform various associative database opera 
tions to produce a list as its output. 
0156. Other embodiments of the invention will be appar 
ent to those skilled in the art from consideration of the speci 
fication and practice of the invention disclosed herein. It is 
intended that the specification and examples be considered as 
exemplary only, with a true scope and spirit of the invention 
being indicated by the following claims. 

1. A scanning processing element configured to Scan a 
dataflow of data from a column of a database, based on a set 
of machine code database instructions, said processing ele 
ment comprising: 

an interface to a memory holding at least a portion of the 
database; 

an interface configured to receive machine code database 
instructions; 

logic, configured to process a dataflow based on the 
machine code database instructions, for Scanning and 
extracting data, determining whether data satisfies a 
given predicate, and emitting a result, and 

logic for emitting the result to a communication data struc 
ture. 

2. (canceled) 
3. A processing element configured to index a dataflow of 

data from a column of a database, based on a set of machine 
code database instructions, said processing element compris 
ing: 

an interface to a memory holding at least a portion of the 
database; 

an interface configured to receive machine code database 
instructions; and 
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logic, configured by the machine code database instruc 
tions, for composing tuples from a set of columns in the 
database, projection data into columns, selection of one 
or more tuples for row reduction, list selection of vari 
ables over a column pair, and for emitting a result to a 
communication data structure. 

4. An associative processing element comprising: 
an interface to a memory holding at least a portion of the 

database; 
an interface configured to receive machine code database 

instructions; and 
logic, configured by the machine code database instruc 

tions, for concatenating key fragments into a group key 
and associating keys with a result, aggregating informa 
tion in the database based on accessing the memory, 
aggregating and Sorting results, gathering sieved results, 
for providing results to a communication data structure. 

5. A scanning processing element comprising: 
an interface to a memory holding at least a portion of a 

database; 
an input for receiving a dataflow of values retrieved from 

the memory; and 
an output, coupled to the input, for emitting a dataflow of 

results for a scan comparing the values to a predicate 
based on a program having at least one machine code 
database instruction. 

6. The Scanning processing element of claim 5, further 
comprising reconfigurable logic coupled to the input and the 
output and configured to scan a set of pointers and data from 
the portion of the database in memory against a predicate 
specified in the program. 

7. The scanning processing element of claim 6, wherein the 
reconfigurable logic comprises a cache for holding a series of 
machine code database instructions that are executed in 
multi-threaded fashion. 

8. The scanning processing element of claim 6, wherein the 
reconfigurable logic comprises a plurality of distinct stages 
for a database operation. 

9. The scanning processing element of claim 8, wherein the 
reconfigurable logic comprises a stage for a fetch database 
operation. 

10. The scanning processing element of claim 8, wherein 
the reconfigurable logic comprises a stage for a format data 
base operation. 

11. The scanning processing element of claim 8, wherein 
the reconfigurable logic comprises a stage for a join database 
operation. 

12. The scanning processing element of claim 8, wherein 
the reconfigurable logic comprises a stage for executing 
machine code instructions that process tuples in the dataflow. 

13. The scanning processing element of claim 8, wherein 
the reconfigurable logic comprises a stage for providing a 
result. 

14. The scanning processing element of claim 5, wherein 
the output is configured to emit a dataflow of a scan of con 
tiguous rows in the portion of the database in the memory 
based on the program. 

15. The scanning processing element of claim 5, wherein 
the output is configured to emit a dataflow of a nested-loop 
cross-product join of two columns in the portion of the data 
base based on the program. 
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16. The scanning processing element of claim 5, wherein 
the output is configured to emit a dataflow of an index-based 
nested join of columns in the portion of the database based on 
the program. 

17. The scanning processing element of claim 5, wherein 
the output is configured to emit a dataflow of scans of a 
dispersed subset of rows in a column of the portion of the 
database based on the program. 

18. The scanning processing element of claim 5, wherein 
the memory is configured to hold a column of the database in 
column-store format. 

19. The scanning processing element of claim 5, wherein 
the memory is configured to hold a group of columns of the 
database in column-store format. 

20. The scanning processing element of claim 5, wherein 
the memory is configured to hold a set of rows of the database 
in column-store format and wherein each row is identified by 
a unique pointer. 

21. The scanning processing element of claim 5, wherein 
the input is configured to receive the dataflow in a numbered 
communications channel. 

22. The scanning processing element of claim 5, wherein 
the output is configured to emit the dataflow to a numbered 
communications channel. 

23. An indexing processing element comprising: 
an interface to a memory holding at least a portion of a 

database; 
an input for receiving a dataflow of values retrieved from 

the memory; and 
an output, coupled to the input, for emitting a dataflow of 

results for database index operations based on a program 
having at least one machine code database instruction. 

24. The indexing processing element of claim 23, further 
comprising reconfigurable logic coupled to the input and the 
output and configured to traverse an index of data from the 
portion of the database in memory against a set of predicates 
specified in the program. 

25. The indexing processing element of claim 24, wherein 
the reconfigurable logic comprises a cache for holding a 
series of machine code database instructions that are executed 
in multi-threaded fashion. 

26. The indexing processing element of claim 24, wherein 
the processing element is configured to scan a group index 
Source column and emita dataflow of pointers to a target table 
that have been joined through the index. 

27. The indexing processing element of claim 23, wherein 
the memory is configured to hold a column of the database in 
column-store format. 

28. The indexing processing element of claim 23, wherein 
the memory is configured to hold a group of columns of the 
database in column-store format. 

29. The indexing processing element of claim 23, wherein 
the memory is configured to hold a set of rows of the database 
in column-store format and wherein each row is identified by 
a unique pointer. 

30. The indexing processing element of claim 23, wherein 
the input is configured to receive the dataflow in at least one 
numbered communications channel. 

31. The indexing processing element of claim 23, wherein 
the output is configured to emit the dataflow to a numbered 
communications channel. 

32. An indexing processing element comprising: 
an interface to a memory; 
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an input for receiving a dataflow of values retrieved from 
the memory; and 

an output, coupled to the input, for emitting a dataflow of 
results for database list operations based on a program of 
at least one machine code database instruction. 

33. The indexing processing element of claim 32, further 
comprising reconfigurable logic coupled to the input and the 
output and configured to collect items from the dataflow of 
data from the portion of the database in memory against at 
least one predicate specified in the program. 

34. The indexing processing element of claim 33, wherein 
the reconfigurable logic comprises a cache for holding a 
series of machine code database instructions that are executed 
in multi-threaded fashion. 

35. The indexing processing element of claim 32, wherein 
the output is configured to emit a two dimensional list com 
posed of a set of input lists that are horizontally correlated 
based on the program. 

36. The indexing processing element of claim 32, wherein 
the output is configured to emit an inner-loop cross-product 
nested join of lists against a predicate specifying one or more 
columns based on the program. 

37. The indexing processing element of claim 32, wherein 
the output is configured to emit a vertical merger of two lists 
from the portion of the database based on the program. 

38. The indexing processing element of claim 32, wherein 
the output is configured to emit a dataflow of tuples from the 
portion of the database selected against at least one column 
predicate based on the program. 

39. The indexing processing element of claim 32, wherein 
the output is configured to emit a dataflow of arithmetic 
results performed on at least one list based on the program. 

40. The indexing processing element of claim 32, wherein 
the memory is configured to hold a column of the database in 
column-store format. 

41. The indexing processing element of claim 32, wherein 
the memory is configured to hold a group of columns of the 
database in column-store format. 

42. The indexing processing element of claim 32, wherein 
the memory is configured to hold a set of rows of the database 
in column-store format and wherein each row is identified by 
a unique pointer. 

43. The indexing processing element of claim 32, wherein 
the input is configured to receive the dataflow in at least one 
numbered communications channel. 

44. The indexing processing element of claim 32, wherein 
the output is configured to emit the dataflow to a numbered 
communications channel. 

45. An associative processing element comprising: 
an read/write interface to a memory holding at least a 

portion of a database; 
an input for receiving a dataflow of values retrieved from 

the memory; and 
an output, coupled to the input, for emitting a dataflow of 

results for operations that are based on an associative key 
based on a program of at least one machine code data 
base instruction. 

46. The associative processing element of claim 45, further 
comprising reconfigurable logic coupled to the input and the 
output and configured to perform value-based database 
operations on the dataflow of data from the portion of the 
database in memory specified in the program. 

47. The associative processing element of claim 45. 
wherein the reconfigurable logic comprises a cache for hold 
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ing a series of machine code database instructions that are 
executed in multi-threaded fashion. 

48. The associative processing element of claim 45. 
wherein the input is configured to receive the dataflow in at 
least one numbered communications channel. 

49. The associative processing element of claim 45. 
wherein the output is configured to emit the dataflow to a 
numbered communications channel. 

50. The associative processing element of claim 45. 
wherein the output is configured to emit the dataflow to loca 
tions in the memory based on the associative key. 

51. The associative processing element of claim 45. 
wherein the output is configured to emit a dataflow a histo 
gram of like keys found in an input list of the dataflow using 
a specified mapping from the program. 

52. The associative processing element of claim 45. 
wherein the output is configured to emit a dataflow of reor 
dered tuples in a 2-dimensional input list of two columns from 
the dataflow such that extreme Nkeys occur in the final N 
tuple rows, contiguously based on the program. 

53. The associative processing element of claim 45. 
wherein the output is configured to emit a dataflow of an 
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aggregation function performed on the dataflow based on the 
program. 

54. The associative processing element of claim 45. 
wherein the output is configured to emit results to locations of 
a memory based on the associative key for an aggregation 
function performed on the dataflow based on the program. 

55. The associative processing element of claim 45. 
wherein the memory is configured to hold a column of the 
database in column-store format. 

56. The associative processing element of claim 45. 
wherein the memory is configured to hold a group of columns 
of the database in column-store format. 

57. The associative processing element of claim 45. 
wherein the memory is configured to hold a set of rows of the 
database in column-store format and wherein each row is 
identified by a unique pointer. 

58. The associative processing element of claim 45. 
wherein the output is configured to distribute results to loca 
tions of a memory based on the associate key for a write 
function performed on the dataflow based on the program. 
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