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FIG. 1 
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FIG. 2 
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FIG. 4 
Drawing of Specialty DIMM using invention 
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FIG. 5 
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FIG. 6 
Operation as Cam 
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FIG. 7 
Block diagram of a Very wide 2 stage B-tree structure 
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FIG. 10 
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MEMORY DEVICE SEARCH SYSTEMAND 
METHOD 

BACKGROUND OF THE INVENTION 

0001. This invention relates generally to a system and 
method for performing rapid Searches in a memory and in 
particular to a Searching method and System for a content 
addressable memory device that permits rapid Searches to be 
performed for data contained in the memory. 
0002. A content addressable memory (CAM) device is a 
memory Storage device that accelerates any application that 
requires fast Searches of data Stored in the memory. For 
example, Searching a database, a list, or for a particular 
pattern in database machines, image or voice recognition or 
computer and communication networks may be particularly 
well Suited to using a CAM. A CAM operates by simulta 
neously comparing the desired information provided by the 
user against a list of pre-stored entries. The CAM gives an 
order of magnitude reduction in Search time as compared to 
a typical random access memory (RAM). 
0.003 A RAM is an integrated circuit that temporarily 
Stores data. The data is Stored in various different Storage 
locations (addresses) and the user may specify a particular 
memory location to retrieve a particular piece of data. In 
other words, the user Supplies the address and receives that 
data back from the RAM. In contrast, a traditional CAM 
Stores data in random memory locations wherein each 
memory location has logic associated with each bit which 
permits comparison to a datum being Searched for, com 
monly called a “KEY”. Each word of data also has a pair of 
Status bits associated with it. The Status bits keep track of 
whether the memory location has valid information or is 
empty and may be rewritten with new information. 
0004 Thus, the CAM stores a list of data in the memory 
locations. Once data is stored in the CAM, it is found by the 
user Specifying a desired piece of data. The desired piece of 
data is fed into a compare register and is compared, to each 
bit in each memory word location simultaneously. If there is 
a match with a memory location, the address of that memory 
location, commonly called the “ASSOCIATION', is 
returned to the user. In other words, with a CAM, the user 
may Supply a desired piece of data or pattern and the CAM 
may return an address or addresses if that pattern or piece of 
data was located in the CAM. Thus, the CAM may be used 
to rapidly compare the desired data to the list of data in the 
CAM since the comparisons are done in parallel. This 
feature makes the CAMS particularly Suited at performing 
different Searching operations. A CAM may be generated 
from any number of different typical memory device tech 
nologies including dynamic RAMs (DRAMs), static RAMs 
(SRAMs) or embedded DRAMs. 
0005. The key problems with typical CAMs is that com 
pare logic, that performs the comparison of the desired data 
to each memory location in the CAM, must be located at 
every memory cell location which significantly increases the 
number of transistors that must be dedicated to the compare 
logic and correspondingly decreases the amount of Storage 
the CAM (since fewer transistors may be used for storage) 
assuming a fixed number of transistors on an integrated 
circuit. (This ratio for traditional CAM to traditional SRAM 
may be calculated as at least a 3x ratio of area, due to the 
extra compare logic. And traditional SRAM has approxi 
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mately a density ratio of 7x-10x to DRAM. This leads to a 
21x to 30x advantage for DRAM compared to traditional 
CAM.) In addition, there is a large amount of power 
dissipation associated with every word having a dynamic 
match line that cycles during every compare operation. 
These problems severely limit the potential size of the CAM 
both in terms of the Silicon area and not being able to 
economically package the die due to the heat generated. 
0006 Thus, it is desirable to provide a novel search 
System and method for memory devices that overcomes the 
limitations and problems with typical CAM and it is to this 
end that the present invention is directed. 

SUMMARY OF THE INVENTION 

0007. A new tree search architecture in accordance with 
the invention is provided that is Suitable for accelerating 
asSociative Searches for data Stored in any memory. In a 
preferred embodiment, the Search architecture in accordance 
with the invention may be implemented as a new Content 
Addressable Memory (CAM) in accordance with the inven 
tion. The CAM in accordance with the invention may be 
produced using typical commodity dynamic random acceSS 
memory (DRAM) technology process or using a static 
random access memory (SRAM) technology process for 
Smaller, faster memory devices. In alternative embodiments 
of the device in accordance with the invention, a modified 
DRAM technology process with improved transistors in the 
branching logic for speed (typically known as Embedded 
Dram) may be used. Thus, the invention may be imple 
mented using various different memory technologies includ 
ing DRAM, SRAM or Embedded DRAM. 
0008. The search system and method in accordance with 
the invention permits a very large memory (Suitably 
arranged as described below) to be addressed as a random 
access memory (RAM) and then data stored in the device 
may be searched using a content addressable memory 
(CAM) technique. This arrangement in accordance with the 
invention will permit at least a twenty times (20x) density 
(size) increase compared to other typical CAM memory 
organizations. The size/density increase in accordance with 
the invention greatly increases the utility of the memory 
device in accordance with the invention for a broad class of 
applications ranging from pattern recognition, data Sorting 
& look-up and Internet traffic routing. When the memory 
device in accordance with the invention is used with Suitable 
Software, this architecture will greatly Speed up Internet 
Search engines and data base Servers. 
0009. The combination of a novel search method and 
commodity RAM in accordance with the invention consti 
tutes a new approach that permits the CAM to achieve a 
lower commodity cost similar to standard DRAM organi 
Zations by eliminating match logic completely in the 
memory cell. Thus, standard, typical well known RAM 
processing technology may be used for producing these 
memory devices in accordance with the invention. In accor 
dance with another aspect of the invention, portions of the 
RAM arrays may be configured as RAM only so that the 
density available as RAM when using the device in accor 
dance with the invention is doubled compared to its use as 
a CAM, which makes the device used as a RAM more 
flexible. 

0010. In more detail, the search system and method in 
accordance with the invention may add additional pointers 
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to a B-tree search algorithm/method so that the tree Struc 
ture looks like a conventional CAM, but may be accessed by 
typical RAM addressing. When the method in accordance 
with the invention is implemented in an efficient hardware 
Solution in a preferred embodiment, a commodity priced, 
DRAM-density CAM is produced. In more detail, the CAM 
in accordance with the invention may include a controller/ 
comparator and two RAM memory blocks. The controller 
may organize the two RAM memory blockS and accesses 
them accordingly to achieve the desired CAM operation. 
The functions in accordance with the invention as described 
below may be implemented on a single Silicon die or as 
Several Silicon die in a multi-chip package. 
0.011 Thus, in accordance with the invention, a memory 
device is provided, comprising a main data memory for 
Storing a plurality of entries in the memory device and an 
address map and overflow data memory for Storing an 
address map of the entries in the main data memory wherein 
the address map comprising an intended address location 
(IAL) and an actual physical location (APL) wherein the 
IAL indicates the external memory address of each entry and 
the APL indicates that actual memory locations for each 
entry within the memory device. The memory device further 
comprises a controller for controlling the operation of the 
main data memory and the address map and overflow data 
memory using the IAL and APL in order to operate the 
memory as one or more of a CAM and a RAM and a 
comparator that compares each bit of an incoming piece of 
data with each bit of each entry in the memory device. The 
controller of the memory device further comprises Search 
tree logic unit that Sorts through the entries in the memory 
device to reduce the number of bit-by-bit comparisons 
performed by the comparator. 

0012. In accordance with another aspect of the invention, 
a memory device is provided wherein the memory device 
comprises a main data memory for Storing a plurality of 
entries in the memory device and an address map and 
overflow data memory for Storing an address map of the 
entries in the main data memory wherein the address map 
comprising an intended address location (IAL) and an actual 
physical location (APL) wherein the IAL indicates the 
external memory address of each entry and the APL indi 
cates that actual memory locations for each entry within the 
memory device. The memory device further comprises a 
controller for controlling the operation of the main data 
memory and the address map and overflow data memory 
using the IAL and APL in order to store and retrieve data 
from the memory and a comparator that compares each bit 
of an incoming piece of data with each bit of each entry in 
the memory device. The memory device further comprises 
Search tree logic unit that Sorts through the entries in the 
memory device to reduce the number of bit-by-bit compari 
Sons performed by the comparator. 

0013 In accordance with another aspect of the invention, 
a memory device is provided wherein the memory device 
comprises a main data memory for Storing a plurality of 
entries in the memory device and an address map and 
overflow data memory for Storing an address map of the 
entries in the main data memory wherein the address map 
comprises an intended address location (IAL) and an actual 
physical location (APL) wherein the IAL indicates the 
external memory address of each entry and the APL indi 
cates that actual memory locations for each entry within the 
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memory device. The memory device further comprises a 
controller for controlling the operation of the main data 
memory and the address map and overflow data memory 
using the IAL and APL in order to store and retrieve data 
from the memory, the controller further comprising an 
organizer that organizes the memory into a plurality of bins 
wherein each bin comprises a plurality of Sub-bins and each 
Sub-bin comprises a plurality of entries in the memory 
device wherein the bins and Sub-bins having a least value 
and a most value associated with it that indicate a minimum 
value and a maximum value contained in the bin or Sub-bin. 
The controller further comprises Search tree logic unit that 
compares an incoming piece of data to the plurality of bins 
based on the least and most values to identify a bin in which 
the incoming piece of data is located and that compares the 
incoming piece of data to the Sub-bins within the identified 
bin to determine the Sub-bin that contains an entry matching 
the incoming piece of data. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0014 FIG. 1 is a block diagram illustrating a content 
addressable memory (CAM) in accordance with the inven 
tion; 
0015 FIG. 2 is a diagram illustrating more details of the 
Search architecture in accordance with the invention of the 
CAM in accordance with the invention; 
0016 FIG. 3 illustrates the silicon area advantage of the 
very wide tree lookup in accordance with the invention; 
0017 FIG. 4 shows a block diagram of a DIMM memory 
architecture in accordance with the invention; 
0018 FIG. 5 is a more detailed illustration of the use of 
the APL when the memory device in accordance with the 
invention is used in the RAM mode; 

0019 FIG. 6 is a more detailed illustration of the use of 
the IAL when the memory device in accordance with the 
invention is used in the CAM mode; 
0020 FIG. 7 is a diagram illustrating more details of the 
Search architecture in accordance with the invention of the 
CAM in accordance with the invention; 
0021 FIG. 8 is an alternate view of the TREE branching 
data Structure in accordance with the invention; 
0022 FIG. 9 is a diagram illustrating more details of the 
compare and control logic at each bin of the device in 
accordance with the invention; 
0023 FIG. 10 is a diagram illustrating the flexible mul 
tiplexing that allows use of the memory device in accor 
dance with the invention as a BINARY CAM or a TER 
NARY (MASKED) CAM; and 
0024 FIG. 11 is a diagram illustrating the insertion and 
Search method in accordance with the invention. 

DETAILED DESCRIPTION OF A PREFERRED 
EMBODIMENT 

0025 The invention is particularly applicable to a 64 
Mbit content addressable memory (CAM) device that uses 
128 Mb of DRAM and it is in this context that the invention 
will be described. It will be appreciated, however, that the 
System and method in accordance with the invention has 
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greater utility, Such as to other types of memory devices that 
may use other types of typical memory blockS Such as 
SRAM or Embedded DRAM. In addition, the invention may 
be implemented on a single Silicon die or as Several die in 
a multi-chip package. It will be appreciated that this archi 
tecture achieves the same advantages over traditional CAM 
in Subsequent memory density generations. Now, the pre 
ferred embodiment of the invention implemented as a CAM 
will be described. 

0.026 FIG. 1 is a block diagram illustrating a preferred 
embodiment of a single die content addressable memory 
(CAM) 20 in accordance with the invention that implements 
the Search architecture in accordance with the invention. The 
CAM 20 may include a semiconductor die 22 that interfaces 
to other external integrated circuits (ICs). The external ICs 
may, for example, Supply an external address and control 
Signals and other external data to the die 22 and may receive 
data from the die 22 that may include optional match port 
data indicating a match has occurred between a location in 
the CAM and the data in the compare register. 
0027. The semiconductor die 22 may include a control/ 
compare block 24, a main data RAM (MDR) 26 and an 
address map and overflow data RAM (AMR) 28. The MDR 
and AMR are each separate typical RAM memory devices in 
this embodiment. The control/compare block 24, that is 
described below in more detail with reference to FIGS. 2-11, 
may control the operation of the CAM including Storing data 
and performing the data comparison as described below. The 
control/compare block 24 may also include tree traversal 
logic in accordance with the invention that implements the 
Searching method and System in accordance with the inven 
tion. The MDR 26 may contain the main memory store for 
the CAM, may be controlled by the control/compare block 
using an address/control bus 30, and may communicate data 
with the control/compare block and receive data over a data 
bus 32. Similarly, the AMR 28 may contain an address map 
of the contents of the CAM and overflow data RAM, may be 
controlled by the control/compare block using an address/ 
control bus 34, and may communicate data with the control/ 
compare block and receive data over a data bus 36. 
0028. In operation, the control/compare block 24 may 
organize the 2 RAM memories (MDR and AMR) and access 
them appropriately to achieve the desired CAM operation. 
AS described above, these functions can be contained on a 
Single Silicon die or on Several dies in a multi-chip package. 
In the preferred embodiment shown, the MDR 26 may hold 
8 Mbytes of stored RAM/CAM data. The AMR 28 may 
contain both the intended address location (IAL) of the data 
Stored at a corresponding physical location in the MDR and 
the actual physical location (APL) of the stored data for 
RAM-style read queries. 
0029. In the preferred embodiment, the link structures for 
the data records of the AMR may look like: 
AMR DataL63 . . . 40, 39 . . . 20, 19 . . . 0 

0030 wherein bits 40-63 contain various flags and 
short links, APL data is stored in locations 20-39 and 
IAL data is stored in locations 0-19 as described in 
more detail in Table 1. The structure shown above is 
for a particular preferred embodiment with a par 
ticular implementation and the Structure may be 
changed for different implementations without 
departing from the Scope of the invention. 
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TABLE 1. 

Bit field meaning for AMR data for 1M64 CAM 

Field Bilt 
Name position Brief Description 

IAL: 19:0. This is the destination address indicated by the 
“Intended external address during a RAM write command to 
Address CAM area. This is returned as part (or all) of the 
Location association mapping during the CAM operation, 

once a data pattern match is completed. This field 
is stored in the AMR at the “same (or simply 
mapped) address as the Data in the MDR. 

APL: 39:20. During a RAM read to the CAM area, this is 
“Actual fetched first and used as the address for the MDR to 
Physical fetch data. This implies that RAM reads are 
Location generally Random Accesses to MDR. This is 

generally true for database management tasks, until 
an actual table is being fetched. This field is stored 
at the address pointed to by the IAL, that is, the 
location where the data would have been stored in a 
regular RAM. 
This is dependent on implementation details. LINKS/ 63:40 

flags: 

0031. In accordance with the invention, the 2 DRAM 
blocks (MDR and AMR) may also be available as very fast 
ordinary RAM in which case the Controller/Comparer 24 
may configure the CAM to allocate anywhere from 0-100% 
of the DRAM memory locations to the CAM and the 
remainder to the RAM operation. Even with the allocation 
of memory locations, the system still permits RAM-style 
accesses to the part being used (mapped) to the CAM 
operation. For the memory locations being used for Strictly 
RAM operations typical full Speed burst operations may be 
available. This allows the CAM to be used in DIMMSockets 
in Servers that permits an easy upgrade path for use in list 
processing and data manipulation tasks in Servers. Now, 
details of the Search architecture and method in accordance 
with the invention will be described. 

0032 FIG. 2 is a diagram illustrating the searching 
architecture 40 in accordance with the invention that permits 
a more rapid Searching of the contents of the CAM in 
accordance with the invention. In accordance with the 
invention, a very wide Search tree as described below may 
be used in order to converge on a data match in a tree 
Structure rapidly. A very wide Search tree is also more 
economical with branching between 64 and 1024 ways at 
each level, depending on the size of the ultimate DRAM that 
contains the leaves. In this preferred embodiment of a 
1M64 CAM architecture, there is a 2 level B-tree structure 
that finds an index into a final “bin' or "leaf which contains 
64 entries in a DRAM. The 64 entries may then be fetched 
by address (i.e., the index is retrieved from the b-tree 
Structure) and compared against the key So that the com 
parison occurs with only the 64 entries instead of all of the 
entries which Significantly reduces the comparison time of 
the CAM in accordance with the invention. In the architec 
ture, note that there is no “CAM-cell' memory structure in 
the large memory blocks, only SRAM and DRAM memory 
cells. 

0033 Returning to FIG. 2, the architecture 40 may 
receive input data (a “key') that may be 64 bits in the 
example of the preferred embodiment. In accordance with 
the invention, the key may be fed into a 256 way compare 
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and branch logic 42 that compares the key to each of 256 
groups of the memory to generate a Single pointer to the next 
branch level. The pointer generated by this logic 42 may be 
fed into a 64 way compare and branch logic 44 which also 
is fed the key. This logic 44 may again compare the key to 
each of 64 groups within the Selected group from the original 
256 to generate a single Selected memory pointer to a block 
of memory. In this manner, the number of full memory 
locations that are compared to the entire key is rapidly 
reduced so that the final comparison of the full key to 
memory locations may be completed rapidly. The Structure 
of the compare and branch logic 42, 44 is further illustrated 
in FIG 7. 

0034. The output of the second compare and branch logic 
44 (the address of a small group of memory in the CAM) is 
fed into multiplexer 46. The APL signal from the AMR 
(during random access reads to the CAM) and a read/write 
address (the memory address for non-CAM random access 
reads or writes) may also be input into the multiplexer So 
that the output of the multiplexer is the address of a bin so 
that the MDR may function like a CAM and return an 
address of a matching memory location or may function like 
a RAM. During CAM operation, the multiplexer may output 
the DRAM address for a matching entry (memory location) 
in the CAM from the tree. In more detail, the DRAM address 
may be 1 of over 1 million entries (256x64x64 in this 
example) wherein the entry is located in one of 16,384 
different memory bins as Selected by the two compare and 
branch logic circuits 42, 44 as shown in FIG. 2. The actual 
number of bins and entries varies with different embodi 
ments and depends on the actual branches performed by 
each circuit 42,44. In this example, each bin (selected by the 
two logic circuits 42,44) may contain up to 64 64-bit entries 
that may be examined for a match. Thus, in this preferred 
embodiment, instead of matching the key against over a 
million entries, the key may be matched against 64 entries 
which Significantly reduces the time required to perform the 
comparison compared to the time required for a Sequential 
search of the DRAM and significantly reduces the circuitry 
required to perform the match compared to the circuitry 
required in a traditional CAM (by a factor of a constant 
multiple of 16384 in this instance or, in general by a factor 
which is a constant multiple of the total memory/branch bin 
Size ). 
0035. The advantages of the wide tree structure are three 
fold. First, the ratio of storage in the tree is very low (in 
terms of number of bits) in relationship to the final data 
Storage Since the comparisons at each level can be per 
formed in parallel acroSS 4-64K bits of comparator logic for 
speed. This is illustrated by FIG. 3, which shows the 
leverage obtained by Viewing the relative area of the tree 
silicon resources. In particular, FIG. 3 illustrates that the 
memory device in accordance with the invention may be 
used 128 Mbits of DRAM, 64Mbits of binary CAM or 32 
Mbits of ternary CAM with 32 Mbits of associated data. In 
addition, the generated heat per bit examined is reduced as 
compared to the toggling of the match line for every word 
in a comparable size traditional CAM. This makes it poS 
sible to achieve a CAM with state of the art DRAM density 
at a small multiple of the cost of commodity DRAMs. 
0036) An example of a 64 Mbits binary/ternary CAM is 
shown. The CAM may include various elements that will be 
briefly described. The sizes of the boxes shown in FIG. 3 
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represent the actual size of the respective elements in Silicon 
area when incorporated into a memory device. The CAM 
may include a root element 200 that may be 48 Kbits of 
SRAM with compare logic per word. The CAM may also 
include an SRAM array 202 with 3Mbits of SRAM (it could 
also be DRAM and have a smaller size) that contains the 2" 
level memory bins in accordance with the invention. The 
CAM may also include compare logic 204 with 4. Kbits of 
compare, mask and routing logic. The CAM may also 
include leaf memory 206 that may be a DRAM array with 
128 Mbits of DRAM. Finally, the CAM may include a 
second logic layer 208 that may include 4. Kbits of compare, 
mask and routing logic. 

0037. This may result in a specialty DIMM module that 
may be configured as SD-100 DRAM or alternatively, a 
portion or all of the memory could be configured as CAM 
which would be about 2 the density as when configured as 
a DRAM only. These DIMMs could be used by a CPU to 
Speed up associative Searches and Sorting, but Still be useful 
when configured as ordinary DRAM. In addition, the portion 
configured as CAM memory could still be conveniently 
accessed as RAM. A vast array of data base tasks could be 
Sped up, effectively multiplying the value of a Server con 
taining the special DIMMs. 

0038 A physical block diagram of the arrangement of the 
DIMM 218 in accordance with the invention is shown in 
FIG. 4. The diagram shows a separate ASIC 220 that 
performs the interface to the memory bus, and also contains 
the tree logic from FIGS. 2 and 7. MDR DRAMs 222 and 
AMR DRAMs 224 are shown as separate DRAMS, which 
may be either standard DRAMS, in a slower version, or 
specially designed DRAMS that optimize the tree search. 
Preferably, the MDR and AMR may be low latency, wide 
interface specialty DRAMs in the multi-die module and may 
each contain the leaf nodes of the search tree. The DIMM 
may power up looking like a typical JDEC DRAM and then 
be configured as a CAM through software. Now, the opera 
tion of the memory device as RAM using the APL address 
and as CAM using the IAL address will be described in more 
detail. 

0039) Referring to FIG. 5, during operation as a RAM, 
each leaf entry 240 may also contain a pointer 242 to where 
the data that would have been stored in an ordinary RAM 
actually was stored in during the Sorting process (the APL as 
described above). Similarly, referring to FIG. 6, during 
operation as a CAM, each entry in the leaves of the tree 240 
may have associated with it an address 246 where the 
program “thought it was storing the data (the “association 
address' or "mapping address') when it wrote the data into 
the CAM area (the IAL described above performs this 
function). When reading the CAM area as a RAM, the input 
address will fetch this APL pointer to find the “RAM” data. 
That is, as data is written into the CAM area, it is Sorted into 
bins with data which is “close” in magnitude as described 
below, and a pointer to the actual physical location of the key 
data is Stored at the physical address that will be pointed to 
when attempting to retrieve data as a RAM. In many 
versions of the invention, the APL portion of the AMR will 
be able to be accessed separately in time (i.e. in a pipeline) 
from the access of the data portion (in the MDR) & IAL 
portion of the AMR. This will prevent accesses to the APL 
from blocking accesses to the MDR. FIGS. 5 and 6 there 
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fore show the logical grouping of the entries as a memory 
entry, but physically they are likely to be separate physical 
blocks. 

0040. Returning to FIG. 2, each branch in the tree has an 
asSociated Key value that defines the least bounding value 
for the Subsequent branches or leaves underneath that branch 
and the address pointer to the next node in the tree, or the 
final leaf or “bin' of data. The method for inserting the 
entries into the tree may attempt to keep the number of 
branches at each level to less than % the maximum until all 
Subsequent levels in the tree are similarly filled to at least/3 
capacity. This insertion method should leave plenty of room 
to insert data into each bin without excessive collisions until 
the memory is more than 6%4ths full (i.e., 64=the # of 
elements in a bin.). A description of the corner case where 
the memory is “almost full” is provided below in connection 
with an insertion and Smoothing method in accordance with 
the invention. 

0041. In operation, since SRAM access speeds of much 
less than 10 nS are now possible, each branch in the 2 level 
tree shown in FIG. 2 may be traversed in on the order of 
10-15 nS. With state-of-the-art DRAM storage and a single 
die implementation, the 64 entries per bin (in the embodi 
ment shown in FIG. 2) should be accessible in 20 nS as a 
64*64 or 4. Kbit entity. This speed implies that pipelined 
operation of the branches and lookup for DRAM versions 
should run at 50 Mhz (faster if different banks are accessed), 
or over 20 MHz in a non-pipelined mode. Now, the hardware 
that may be used to implement the Search tree architecture 
shown in FIG. 2 will be described in more detail. 

0.042 FIG. 7 is a diagram illustrating a preferred hard 
ware implementation of the search architecture 40 that 
includes the first branch logic 42, the Second branch logic 44 
and the comparator/DRAM address register 46. In more 
detail, the Search architecture may include a set of registers 
50 that store the AMR data and thus include two extra bits 
in the links that are the Status bits indicating an active branch 
or not. This register memory, combined with ALU 52 may 
be organized as a small special CAM, with SRAM cells for 
memory instead of registers. 
0.043 A comparison of the 64-bit key and the branch data 
from the register 50 is performed in 52. Each branch value 
from 50 is compared for greater than or equal to the key. The 
results of the comparison are priority encoded based on the 
possible 256 branches at this level of the tree (with larger 
branch number having higher priority). The status bits 
SuppreSS inactive branches from participating in the com 
parison. The output of the ALU may be fed into a multi 
plexer 54 that selects the 8 bits pointer corresponding to the 
highest branch that compared greater than or =. The output 
of the multiplexer is a selection of one of the 256 bins at this 
level and its associated address. The output of the multi 
plexer may be stored in a SRAM address register 56 that 
may be 8-bits in size in this embodiment. The address stored 
in the register may be used to retrieve data from an SRAM 
58. 

0044) The output from the SRAM may then be fed into 
the second branch logic 44 along with the key. The branch 
logic 44 may further include an ALU 60 that performs 
priority encoding based on the 64 branches at this level and 
outputs the resulting data. The resulting priority encoded 
data and the data from the SRAM may be then fed into a 
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multiplexer 62. The output of the multiplexer 62 is the 
address of the least entry of a 64 entry bin and the address 
may be stored in the DRAM address register 46 so that the 
DRAM address may be output. 
004.5 The above embodiment is merely an example of a 
device that may be implemented in accordance with the 
invention. For example, the “N” in each N-way branching 
logic is clearly flexible and can be tailored to fit the needs of 
the target DRAM memory and the ultimate size of the 
DRAM array. Thus, some implementations might make the 
branching number lower or higher than indicated here. 
0046. In some embodiments, the multiplexers & associ 
ated SRAM bits (8 & 20 respectively) will be replaced with 
Simpler and Smaller logic that Simply encodes the output of 
the priority encoder into an 8 or 20bit (16 bits plus 4 trailing 
0 bits to define a bin) value, eliminating a level of indirec 
tion. This may be acceptable in many cases, and will have 
Superior area efficiency. 
0047. In the embodiment shown above, a “Nearest 
Search' closeneSS based on 2-S compliment size is clearly 
very robust in this scheme. Once a key has found the best 
candidate bin, if an exact match was not present, the entries 
in that bin could be examined to find which was closest. This 
could either be accomplished by examining all entries in 
parallel, or in the case where the entries in a bin have linkS 
(6 bits in this case of a 64 entry bin) which indicate the 
ordering of the entries, performing a binary partition Search 
to find between which 2 entries the key falls. 
0.048. In accordance with the invention, it is possible to 
arrange the CAM circuitry in accordance with the invention 
to perform 128 bit CAM operations, or any other desired 
size, by additional pipeline Stages in the ALU operation or 
by running the branch Stages at a slower rate if that is 
required. This may also be configurable based on a status bit. 
In accordance with the invention, the efficiency of this 
Search architecture improves as the data match (key) gets 
bigger since the overhead of the AMR becomes a smaller 
percentage of the total memory Space. In addition, by using 
the association address (the address where data is stored 
the IML) as a further pointer to data stored in the portion 
configured as conventional DRAM, the efficiency of the 
architecture is improved even further. 
0049. The memory in the branches will be DRAM in 
many embodiments or the final “look up (leaves) bins' could 
conceivably also be SRAM. This disclosure is anticipated to 
be the preferred way. Also, the detailed memory architecture 
below is not required for the basic algorithm to work, albeit 
with less Speed or energy efficiency. 
0050. The invention may be used for a variety of appli 
cations where the Speed increases due to the Search System 
and method is particularly beneficial. For example, the 
invention may be used for image processing, pattern recog 
nition, data base mining applications, artificial learning, 
image recognition (satellites, etc), IP address routing and 
lookup, and routing Statistics for networking applications 
and Voice recognition both in mobile/desktop computers. In 
addition, DIMMs in accordance with the invention as 
described above may be used in Server farms and central 
office for international language translation uses and URL 
matching. Further, the invention may be used for disk/ 
database caching, multi-media applications(e.g., compres 
Sion algorithms) and Scientific simulations. 
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0051 FIG. 8 is a diagram illustrating an example of the 
basic data Structures in the branches and bins of the memory 
device in accordance with the invention. The diagram illus 
trates a first level of bins 250, a second level of bins 260 and 
a third level of bins 270. AS described above, the first level 
of bins defines 256 Super bins which each contain 64 bins 
themselves of 64 entries each. The second level of bins 260 
may be selected by a first level of bins and each second level 
bin may contain 16K bins of 64 entries each. The second 
level of bins 260 each point to a set of 64 entries that may 
then be compared to the key as described above. Thus, using 
the Search tree in accordance with the invention, the memory 
device rapidly Searches through 1 million 64 but entries. 
Now, the control for each bin in the CAM in accordance with 
the invention will be described in more detail. 

0.052 FIG. 9 is a diagram illustrating the control and 
compare logic 100 for the memory banks in accordance with 
the invention. The control and compare logic 100 may 
include global address and data bus 102 that provides 
communication between the Search architecture and the 
local control and compare logic, a local compare and match 
logic 104 for each bank of memory and one or more banks 
of memory 106 that each contain one or more bins of 
memory 108. As shown, the multiple local match and 
compare logic may be interconnected together by a buS 105 
and in fact a Single match and compare logic may be shared 
by one or more banks of memory for better layout efficient 
on the Semiconductor die, or each bank has its own local 
match and compare logic which may have an MDR Signal 
and an AMR signal that are connected to the memory bank 
controlled by that local match and compare logic. In the 
embodiment shown in FIG. 9, the MRD and AMR signals 
may be 4096 bits wide, each bank may be 16 Mbits with 
seven banks and the total number of 64 entry bins may be 
16383. 

0053. In operation, the final bins of data in the DRAM 
may be Stored in order of receipt, i.e. unsorted for size. Then, 
the final comparison/prioritizing operation may find the 
closest (or exact) match by comparing all 64 entries in a bin 
in parallel as shown in FIG. 9. This conserves most of the 
power and time to move data items into a Sorted order in the 
DRAM. When the bins get full and the most or least entry 
needs to be moved to the next bin over, extra Sorting 
processing and energy must be used. It is important to note 
that FIG. 9 is not a semiconductor floor plan, but a logic 
organization diagram for purposes of illustration and there 
may be many floor plans or organizations that are encom 
passed by the invention. Further, for a particular implemen 
tation, the actual bitline and wordline lengths will be dic 
tated by feasible multiplexing and Sensing ratioS in a 
particular DRAM technology generation. 

0054 Returning to the example shown in FIG. 9, the 
memory may be organized into two 64Mbit blocks of eight 
8 Mbit banks each. Each bank may include a very wide 
organization of (512 deep) bitlines, 16k wide wordlines 
(rows) multiplexed to produce 4k data out, giving a “col 
umn” address of 2 bits to differentiate the bin within a row 
of 4 bins. One block may be for the MDR and one for the 
AMR. In the example shown, these blocks are physically 
organized such that bank of MDR is next to bank of the 
AMR. The mapping of the 4 bin rows into the banks is 
flexible because the pointer from the level 2 branching can 
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reach any 64 bit memory location to define the bin in 
question. Now, Several different bin mapping techniques will 
be discussed. 

0055 One technique to map the memory bins is that the 
next row in a bank contains bins 4 away from the current 
ones. Thus, the same row in Separate banks represents bins 
4* bitline depth or 1K away. This lets the “bins' on “either 
side' of the bin addressed from the B-tree be accessed for 
quick Splitting of leaves in the tree. This mapping minimizes 
the energy used to “smooth' bin utilization out so that bins 
always have Storage available for quick insertion and also 
maximizes the chance that Smoothing can run as a back 
ground task. (In other words, a bank that is not being 
accessed can easily move data to neighboring bins as a 
background task to equalize the entries in each bin, without 
requiring use of a global bus to move data around except for 
connecting the ends of banks to each other. 
0056. As an alternative mapping technique, an organiza 
tion that would have contiguous groups of 4 bins may be 
located in neighboring banks. This would allow the “least” 
and/or “most entry in a bin to be reallocated to the 
neighboring bins without an additional memory cycle Since 
the neighbor could be opened Simultaneously since it would 
be in a separate bank. Neighboring banks may also share a 
local bus connection to facilitate this transfer that would not 
require and use the global bus resources, keeping energy 
dissipation down. 
0057 Another alternative mapping technique is to map 
the bins in a coarse “checker board' within each bank with 
gaps in each bank where the next bins are in a neighboring 
bank. This technique is shown in FIG. 9. With that check 
erboard organization, the CAM will be able to quickly “open 
up' large bin areas for totally new data patterns that don’t fit 
within the existing range of data branch values that are 
sorted. In other words, one “square” of the checker board 
could be used as a smaller version of the CAM so that any 
Systematic time variation in the data patterns won’t “Satu 
rate” the comparison values for the entire CAM into a small 
region of the possible 64 bit values. Since the gaps are 
coarse, the energy/time to “connect neighboring bins in 
different banks at the “borders of the checker board” is not 
dramatically increased. The most flexible Search architecture 
in accordance with the invention may have Several tree to 
bin "mapping algorithms resident for the user to choose 
based on expected usage, with the best "all around' algo 
rithm as a default. 

0058. In accordance with the invention, it should be 
noted that bulk “moves” of bins containing N data items 
implies touching up to NAPL links in the AMR since the 
data will have moved even though it is in the same "loca 
tion” (IML) to the outside user. When a CAM area is being 
used simply to do Sorting or merging of 2 files, the APL can 
be turned off for faster reorganization of bins. That is, the 
CAM areas can be only content addressable after written for 
Some uses. Now, more details of the local compare and 
control logic will be described. 
0059 FIG. 10 is a diagram illustrating more details of the 
compare portion of the logic 104 of FIG. 9, and illustrating 
the advantages this invention attains in flexible usage of the 
memory array compared to traditional CAM. A Single bit of 
2 entries in a bin are shown. Unlike the tree comparisons, the 
leaf comparison is a simple equality to find a match, Since 
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no further reduction of the Search Space is required. Also 
shown is circuitry to turn Entry X-1 into a mask for data 
entry X. If the Binary/Ternary signal is set to “binary', the 
AND gate is turned off, and both entry X & entry X-1 
participate in comparison against the key. If Binary/Ternary 
Signal is Set to “ternary', the and gate is turned on, and a 1 
bit in Data Entry X-1 forces a true comparison. This means 
the Data Entry X-1 is acting as a comparison mask for data 
entry X. During this operation, the comparison for entry 
X+1 is suppressed. Note that the IML & APL for the X+1 
entry become free to be part of the returned asSociation as 
well. 

0060. This comparison circuitry represents a small per 
centage of the total transistors in the invention, Since the 
comparison logic per bit is shared by all memory bits in a 
bitline of the memory, unlike a traditional CAM, in which 
this circuitry would be replicated at every bit. In compari 
Son, it can readily be appreciated by one skilled in the art, 
that adding the binary/ternary control & gating at every bit 
of a memory to achieve the ability to program a block to 
perform either binary or ternary compare operations would 
be an uneconomically large burden for the traditional CAM. 
In a traditional CAM capable of ternary comparisons, binary 
comparison is achieved by programming the mask Off, 
wasting that Storage for other uses. The invention allows that 
Storage to be economically recovered for use as Data in a 
binary compare operation. So, as a unique advantage of this 
architecture, it is possible to program all or portions of the 
CAM to perform binary OR ternary comparisons, with the 
binary areas being twice as large in number of data bits as 
the ternary memory areas. Now, the insertion method in 
accordance with the invention for inserting entries into the 
CAM will be described. 

0061 There are many candidate insertion algorithms 
ranging from greedy algorithms that use new bins whenever 
neighboring bins are /2 full to algorithms that reserve 1 of 
every 4 bins to accommodate data “clustering that changes 
in time and may burst many closely related new values that 
arent "close' to previous data. AS an example, IP addresses 
for the Internet may exhibit this behavior. However, any 
insertion algorithm needs to be robust for the corner case 
when the CAM configured area is operated with many bins 
full and there are only 1 or 2 openings left in remaining bins. 
While many uses for CAM require only “slow” insertion 
rates, excessive "re-arranging” of data can Still lead to 
unacceptable collisions with accesses during the matching 
operations. In addition, the energy inefficiency of a write 
(insertion) operation rises dramatically. 
0.062. Using the organization shown above in the figures, 
insertion rates should stay very high until each insertion is 
trying to overfill a bin with neighbors several n*4 away 
already full (e.g., for the case where the memory is more than 
6%4 full if the smoothing algorithm has successfully kept the 
distribution even.) In the case that the CAM is so close to 
full that smoothing would take excessive time, the CAM 
may preferably use the Storage in the AMR to Store one or 
more overflow entries for that bin. In the example shown in 
FIGS. 1 and 2, if 2 bits per AMR entry are reserved for this, 
then there is enough Storage for an overflow entry per bin 
(2*64). 
0.063 All of the preceding discussion about mapping are 
aimed at optimally avoiding the case where the entry forces 
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all bins between the target bin and a bin with an available 
location to re-organize their least & most entry pointers. If 
that occurs at the same time that a new entry write attempt 
to the same bin occurs, that will cause a Stall of the insertion 
process. This stall situation can not be avoided by any 
insertion algorithm if the CAM area is run continually in an 
"almost full” state. However, the “fullness” that causes the 
increase in the insertion times occurs at a much higher level 
than Software hashing algorithms in the literature due to the 
ability to use the local compare and match logic for each 
bank to “invisibly” move entries transparently to the match 
& insertion process. It is important to note that this problem 
may be avoided since the user of the CAM may simply not 
operate the CAM area in an “almost full” state, or if that is 
unacceptable, Sufficient “invisible memory” can be added to 
allow "buffer bins' to be mapped in to handle overflow 
Situations. This mapping is the intended use of the indirec 
tion in the tree. Instead of moving entries out of a bin in bulk, 
with the required updates of APL pointers, a new bin can be 
selected by the 20 bit 2" level SRAM pointer, and a bin of 
memory that has been held in reserve can be mapped "in 
between existing bins in an area of the tree that is con 
gested. This is a unique advantage of the invention, Since 
table management in traditional cams, especially ternary 
cams that use the cam address as a match priority, can be 
very onerous. The invention allows easy and flexible allo 
cation of leaf bins according to need. 
0064. The invention allows for an extension to find set 
interSection of Sets. If a datum belongs to Several larger 
databases, the same data (masked or not) may be stored in 
Several different addresses (i.e., with several different asso 
ciations), however all the entries will be grouped together in 
the same or contiguous bins. Then, when a CAM operation 
(data Search) takes place, all of the different data bases that 
contain that datum can be identified quickly, as they will all 
return match. This feature is a very important feature which 
can implement Set interSection calculations for data bases 
that are resident in the CAM. For example, say that the data 
base for “U.S. cities” and the data base for “animals” are 
both resident in the CAM. When the data record “buffalo’ is 
presented to the CAM, it will return the address (association) 
for both the U.S. city and the animal. Traditional CAM can 
also identify all the data items that match a key, and return 
them all, but traditional CAM is to Small to hold entire 
databases, and the time to page in and out of the CAM 
overwhelm the advantage of the fast comparison once data 
is in the CAM. The invention is LARGE enough so that 
multiple instances can hold a database and avoid the time to 
Swap the databases in and out. Further, traditional CAMs do 
not allow "almost the same' Set comparisons which can be 
performed by the invention (due to grouping of like entries), 
thus the invention allows “fuzzy” set intersection on a very 
large memory. 
0065. In addition, the CAM architecture may also per 
form functions like merging and Sorting lists just by writing 
data into the memory. This is very powerful again Since it 
occurs in a large enough memory to be meaningful for data 
base tasks. Sorting is a natural feature of the invention, and 
traditional CAMs CAN NOT sort data, since they only 
perform equality comparison and return yes/no match 
answers. After a database was entered into the invention, the 
memory could be Scanned out in bin order, and the database 
would automatically be Sorted. So this constitutes another 
unique advantage of the invention. 
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0.066 Asmoothing method may be used to move around 
the entries in the CAM so that each bin is approximately 
equally filled which reduces collisions. There are many 
possible Smoothing methods that may be used. A preferred 
method involves having the local compare and match circuit 
for each bank move items out of “too full” bins (as defined 
by a user defined variable) and into neighboring bins until 
the bins are filled to within Some delta variable (again as 
defined by the user). This Smoothing may be done as a 
background task as banks are Sitting idle. By allowing the 
local compare and match to move more than one item at a 
time from bin to bin, the Smoothing method is able to keep 
ahead of the insertion algorithm for all except the most 
extreme cases of an almost full memory (as discussed 
above). Any Smoothing method implies moving data that is 
already Stored and therefore, extra energy dissipation. Dis 
abling the movement of data until required to "split a leaf 
bin” (or move the extra items from full bins that are stored 
to) will minimize the energy consumption of the memory. 
Now, a method for identifying the entries in a bin with the 
least value and the most value will now be described. 

0067. In order to achieve the above system, it is desirable 
to provide an efficient method for determining the entries 
with the least value and the most value in each bin So that 
these values may be used by the Search tree during the tree 
search. In a preferred embodiment, either a 6-bit field can be 
reserved in the AMR entry to identify the ordering of 
elements (and hence the least value and the most value) or 
the information may be regenerated with each access to a 
bin. The determining method is implementation dependent 
based on possible sharing of the local compare and match 
circuitry amongst banks. 

0068. In accordance with the invention, it is also possible 
to combine one or more CAM in accordance with the 
invention together to produce a larger capacity CAM. In 
particular, there are many well know ways to assert a signal 
common to Several parts (e.g., open collector, or simply 
ORing and then polling for which is asserted). In accordance 
with the invention, the CAMs may either be treated as a 
common pool of memory with each part creating its own 
local tree, or a special ASIC could treat each part as a branch 
in a still larger tree that it creates. 

0069 FIG. 11 shows an example each of insertion & 
Search. The insertion Selects the largest branch which the 
new entry is larger than or equal to, and gets written to any 
empty entry location. In FIG. 11, 0386 is larger than 0314 
and less than 0476, so root branch 2 is taken for insertion. 
It is larger than 037E and less than 0410, so Bin 61 is chosen 
for insertion. Entry 61 is empty, So the insertion can occur 
there. If it is the new least entry, it gets tagged as Such and 
the (optional) 6 bit ordering pointer gets set to point to the 
previous least entry. Similarly, searches for 038F follow the 
branches down for the same comparison reasons, and the 
entry 3 is a match. Notice once again that the entries in the 
bin are not Sorted into physically ordered locations. 

0070 While the foregoing has been with reference to a 
particular embodiment of the invention, it will be appreci 
ated by those skilled in the art that changes in this embodi 
ment may be made without departing from the principles 
and spirit of the invention, the scope of which is defined by 
the appended claims. 

Sep. 19, 2002 

1. A memory device, comprising: 
a main data memory for Storing a plurality of entries in the 
memory device; 

an address map and overflow data memory for Storing an 
address map of the entries in the main data memory, the 
address map comprising an intended address location 
(IAL) and an actual physical location (APL) wherein 
the IAL indicates the external memory address of each 
entry and the APL indicates that actual memory loca 
tions for each entry within the memory device; 

a controller for controlling the operation of the main data 
memory and the address map and overflow data 
memory using the IAL and APL in order to operate the 
memory as one or more of a CAM and a RAM; 

a comparator that compares each bit of an incoming piece 
of data with each bit of each entry in the memory 
device; and 

the controller further comprising Search tree logic unit 
that Sorts through the entries in the memory device to 
reduce the number of bit-by-bit comparisons performed 
by the comparator: 

2. The device of claim 1, wherein the Search tree logic unit 
further comprises a first compare and branch logic unit that 
compares the incoming piece of data to one or more memory 
bins to determine the bin in which the key is located, each 
bin comprising a plurality of memory locations wherein the 
bin has a least value and a most value indicating the range 
of entry values in the memory locations encompassed by the 
bin So that the compare and branch logic unit compares the 
incoming piece of data to the least and most values for each 
bin Simultaneously to generate a Selected bin. 

3. The device of claim 2, wherein the search tree logic unit 
further comprises a Second compare and branch logic unit 
that compares the incoming piece of data to the entries in 
one or more sub-bins in the bin selected by the first branch 
and compare logic unit, each Sub-bin comprising a plurality 
of memory locations wherein the Sub-bin has a least value 
and a most value indicating the range of entry values in the 
memory locations encompassed by the Sub-bin So that the 
Second compare and branch logic unit compares the incom 
ing piece of data to the least and most values for each 
Sub-bin contained in the Selected bin Simultaneously to 
generate a Selected Sub-bin. 

4. The device of claim 3, wherein the comparator com 
pares each bit in the incoming piece of data with each bit in 
the entries contained in the Selected Sub-bin in order to 
determine if a match has occurred between the entries in the 
memory device and the incoming piece of data. 

5. A memory device, comprising: 
a main data memory for Storing a plurality of entries in the 
memory device; 

an address map and overflow data memory for Storing an 
address map of the entries in the main data memory, the 
address map comprising an intended address location 
(IAL) and an actual physical location (APL) wherein 
the IAL indicates the external memory address of each 
entry and the APL indicates that actual memory loca 
tions for each entry within the memory device; 

a controller for controlling the operation of the main data 
memory and the address map and overflow data 
memory using the IAL and APL in order to Store and 
retrieve data from the memory; 
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a comparator that compares each bit of an incoming piece 
of data with each bit of each entry in the memory 
device; and 

the controller further comprising Search tree logic unit 
that Sorts through the entries in the memory device to 
reduce the number of bit-by-bit comparisons performed 
by the comparator. 

6. The device of claim 5, wherein the search tree logic unit 
further comprises a first compare and branch logic unit that 
compares the incoming piece of data to one or more memory 
bins to determine the bin in which the key is located, each 
bin comprising a plurality of memory locations wherein the 
bin has a least value and a most value indicating the range 
of entry values in the memory locations encompassed by the 
bin So that the compare and branch logic unit compares the 
incoming piece of data to the least and most values for each 
bin Simultaneously to generate a Selected bin. 

7. The device of claim 6, wherein the search tree logic unit 
further comprises a Second compare and branch logic unit 
that compares the incoming piece of data to the entries in 
one or more sub-bins in the bin selected by the first branch 
and compare logic unit, each Sub-bin comprising a plurality 
of memory locations wherein the Sub-bin has a least value 
and a most value indicating the range of entry values in the 
memory locations encompassed by the Sub-bin So that the 
Second compare and branch logic unit compares the incom 
ing piece of data to the least and most values for each 
Sub-bin contained in the Selected bin Simultaneously to 
generate a Selected Sub-bin. 

8. The device of claim 7, wherein the comparator com 
pares each bit in the incoming piece of data with each bit in 
the entries contained in the Selected Sub-bin in order to 
determine if a match has occurred between the entries in the 
memory device and the incoming piece of data. 
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9. A memory device, comprising: 

a main data memory for Storing a plurality of entries in the 
memory device; 

an address map and overflow data memory for Storing an 
address map of the entries in the main data memory, the 
address map comprising an intended address location 
(IAL) and an actual physical location (APL) wherein 
the IAL indicates the external memory address of each 
entry and the APL indicates that actual memory loca 
tions for each entry within the memory device; and 

a controller for controlling the operation of the main data 
memory and the address map and overflow data 
memory using the IAL and APL in order to Store and 
retrieve data from the memory, the controller further 
comprising an organizer that organizes the memory 
into a plurality of bins wherein each bin comprises a 
plurality of Sub-bins and each Sub-bin comprises a 
plurality of entries in the memory device, the bins and 
Sub-bins having a least value and a most value associ 
ated with it that indicate a minimum value and a 
maximum value contained in the bin or Sub-bin; 

the controller further comprising a Search tree logic unit 
that compares an incoming piece of data to the plurality 
of bins based on the least and most values to identify a 
bin in which the incoming piece of data is located and 
that compares the incoming piece of data to the Sub 
bins within the identified bin to determine the Sub-bin 
that contains an entry matching the incoming piece of 
data. 


