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DATA MGRATION FOR COMPOSITE 
NON-VOLATILESTORAGE DEVICE 

CROSS-REFERENCE 

0001. The present application claims the benefit of provi 
sional application Ser. No. 61/599,927, filedon Feb. 16, 2012, 
and this provisional application is hereby incorporated by 
reference. The present application is also related to co-pend 
ing application Ser. No. 61/599.930, which was also filed on 
Feb. 16, 2012, and which is hereby incorporated by reference. 

BACKGROUND OF THE INVENTION 

0002 The present invention relates to methods for man 
aging storage of data in a composite non-volatile memory that 
is a composite of a slow memory device and a fast memory 
device. In a composite disk system, a large, slow, and inex 
pensive magnetic hard drive can be combined with a small, 
fast but expensive storage device, such as a solid state drive to 
forma logical Volume. This can provide the advantage of fast 
access through the solid state drive (SSD) while providing the 
large capacity of the magnetic hard disk drive (HDD). Prior 
techniques for managing Such a composite disk have used 
algorithms such as a least recently used (LRU) algorithm or a 
CLOCK algorithm or the ClockPro algorithm described by 
Song Jiang. These prior techniques can improve the alloca 
tion of the data between the fast and the slow portions of the 
composite disk, but they tend to not be space efficient, in that 
they require large amounts of main memory, Such as large 
amounts of DRAM, in order to implement the data structures 
used in these techniques for allocating data between the two 
parts of the composite disk. Hence there is a need for an 
improved, space efficient technique, which does not require 
as much memory to store the data structures used in allocating 
or migrating data between the two or more components of the 
composite disk. 

SUMMARY OF THE DESCRIPTION 

0003. In one embodiment, a method for managing access 
to a fast non-volatile storage device. Such as a solid State 
device, and a slower non-volatile storage device, such as a 
magnetic hard drive, can include maintaining a first data 
structure which indicates a recency of access to each unit in a 
set of units in the fast non-volatile storage device, such as the 
SSD device and also maintaining a second data structure that 
indicates whether or not units or blocks in the slower storage 
device, such as the HDD device, have been referenced 
recently (such as the units or blocks that have been referenced 
only once recently). In one embodiment, the second data 
structure can be a probabilistic hash table, which is space 
efficient, and reduces the required memory overhead. The 
probabilistic hash table is correct most of the time with 
respect to whether a unit or block in the slower storage device 
has been referenced recently, but is not guaranteed to always 
provide a correct answer. 
0004. Other features of the present invention will be 
apparent from the accompanying drawings and from the 
detailed description, which follows. 
0005. The above summary does not include an exhaustive 

list of all aspects of the present invention. It is contemplated 
that the invention includes all systems and methods that can 
be practiced from all suitable combinations of the various 
aspects Summarized above, and also those disclosed in the 
Detailed Description below. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

0006. The present invention is illustrated by way of 
example, and not limitation, in the figures of the accompany 
ing drawings in which like references indicate similar ele 
mentS. 

0007 FIG. 1 shows an example of a data processing sys 
tem, which may be employed with an embodiment of the 
present invention. 
0008 FIG. 2 shows an example of a composite non-vola 

tile memory according to one embodiment of the present 
invention. 
0009 FIG. 3 shows an example of a data structure for an 
algorithm, which may be referred to as a clock algorithm. 
0010 FIG. 4 shows an example of a data structure, such as 
a ghost table, which can be used with one or more methods 
described herein according to one embodiment of the present 
invention. 
0011 FIG. 5 is a flowchart, which depicts a method 
according to at least one embodiment of the present invention. 
0012 FIG. 6 is a flowchart, which depicts a method 
according to at least one embodiment of the present invention. 
(0013 FIG. 7 is a flowchart, which depicts a method 
according to one embodiment of the present invention. 
0014 FIG. 8 shows an example of a Bloom filter data 
structure, which may be used with at least one embodiment of 
the present invention. 
0015 FIG.9 is a flowchart, which shows a method accord 
ing to one embodiment of the present invention. 
0016 FIG. 10 is a flowchart, which shows a method 
according to one embodiment of the preset invention. 

DETAILED DESCRIPTION 

0017 Approaches to improving the management of a 
composite, non-volatile data storage device are described. 
Various embodiments and aspects of the invention will be 
described with reference to details discussed below, and the 
accompanying drawings will illustrate the various embodi 
ments. The following description and drawings are illustra 
tive of the invention and are not to be construed as limiting the 
invention. Numerous specific details are described to provide 
a thorough understanding of various embodiments of the 
present invention. However, in certain instances, well-known 
or conventional details are not described in order to provide a 
concise discussion of embodiments of the present invention. 
0018 Reference in the specification to “one embodiment' 
or “an embodiment’ means that a particular feature, structure, 
or characteristic described in conjunction with the embodi 
ment can be included in at least one embodiment of the 
invention. The appearances of the phrase “in one embodi 
ment' in various places in the specification do not necessarily 
all refer to the same embodiment. The processes depicted in 
the figures that follow are performed by processing logic that 
comprises hardware (e.g. circuitry, dedicated logic, etc.), 
Software (as instructions on a non-transitory machine-read 
able storage medium), or a combination of both. Although the 
processes are described below in terms of Some sequential 
operations, it should be appreciated that some of the opera 
tions described may be performed in a different order. More 
over, some operations may be performed in parallel rather 
than sequentially. 
0019 FIG. 1 shows an example of a computing system 10, 
which is a form of a data processing system, which can be 
employed with one or more embodiments described herein. 
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The system 10 can be a desktop computer system or a laptop 
computer system or a Smartphone, or some other electronic 
devices or consumer electronic devices. The system 10 can 
include one or microprocessors or other logic units 12 
coupled to an optional cache 14 which in one embodiment can 
be SRAM, as known in the art. The one or more micropro 
cessors 12 are coupled to the rest of the system through one or 
more buses 18, which couple the one or more microproces 
sors 12 to main memory, which can be volatile RAM 16. In 
one embodiment, volatile RAM can be the conventional 
DRAM used in computer systems, where the DRAM is 
coupled through the bus to the rest of the components in the 
system 10. The system 10 can also include one or more 
input/output controllers 20, which couple one or more input/ 
output devices 22 to the rest of the system through the one or 
more buses 18. The system 10 also includes a non-volatile 
memory 19 which can be a composite disk, Such as a combi 
nation of flash memory, which is a form of a solid state, drive 
and a conventional magnetic hard drive. 
0020 FIG. 2 shows an example of a composite disk 
according to one embodiment. The non-volatile memory 19 
includes a solid state drive 51 and a magnetic hard drive 52 
which can be treated as a single logical Volume, or block 
device by a file system and an operating system and are 
controlled by one or more controllers, such as controller 53 
which includes a solid state drive controller, and controller 54 
which includes a hard disk drive controller. The one or more 
controllers couple the composite drive shown in FIG. 2 to the 
rest of the components in system 10 through the bus 18. It will 
be appreciated that flash memory is one form of a fast non 
Volatile storage device and that other fast storage devices can 
alternatively be used in conjunction with a slower storage 
device which can be a conventional magnetic hard drive or 
other non-volatile storage devices which are slower than the 
faster storage device. It will be understood that in this descrip 
tion a reference to SSD or HDD will be construed to mean the 
faster and the slower on-volatile storage devices and will not 
be construed as being limited to, or specific to any storage 
device technology. 
0021 FIG. 3 shows an example of a first data structure, 
which is used in conjunction with a clock algorithm accord 
ing to one embodiment of the present invention. The clock 
algorithm in one embodiment can be similar to the prior clock 
algorithms, which are used, in the prior art. The clock algo 
rithm can use the data structure 301 which can be a circular 
queue that includes a clock pointer 304, which points to a 
particular location in the queue based upon the clock algo 
rithm. Each location in the circular queue corresponds to a 
particular unit in the fast non-volatile memory device; such as 
the solid state drive implemented through a flash memory 
system. In a sense, the first data structure is similar to a block 
allocation bit map maintained by a file system which indi 
cates which blocks are free and which blocks are allocated 
(not free) on a hard drive. 
0022. For example, location 302 corresponds to unit Zero 
on the SSD and the next unit to the right corresponds to unit 
one on the SSD, and location 303 corresponds to another unit 
on the SSD. Each location stores a value indicating the state of 
the corresponding storage unit within the SSD. In one 
embodiment two-bit value can be used, such that a value of 
Zero can indicate that the one or more blocks or other com 
ponents in a particular unit on the SSD is free while the value 
of one in a location can indicate that a particular unit on the 
SSD has not been referenced recently and a value of two can 
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indicate that that unit in the SSD has been referenced recently. 
A value of three can indicate that a unit is pinned to the SSD, 
and cannot be demoted to the HDD. Alternatively, in one 
embodiment, a three-bit value can be used which can track the 
specific number of accesses to a unit. In this embodiment, a 
Zero value can also indicate that the unit is free; a value of one 
can indicate that the unit has not been referenced recently, and 
the maximum value of seven can indicate that the unit is 
pinned. Other values can indicate the number of times a unit 
has been recently referenced, such as a value of six, which 
would indicate five recent references. 

0023. In one embodiment, the first data structure 301 can 
be managed as follows. When the algorithm needs to find a 
candidate to demote from the SSD to the HDD, it will use the 
clock pointer 304. In one embodiment, the clock pointer 304 
will sweep from one unit to the next unit in a clockwise 
direction, until it finds a unit with value of one, which means 
the unit has not been referenced recently. In one embodiment, 
the clock pointer 304 can sweep in a counter-clockwise direc 
tion. If the value in the unit is the maximum value, then the 
unit is pinned to the SSD and cannot be demoted to the HDD. 
If the value is larger than one, but is not the maximum value, 
the value is decremented by one, downto a minimum value of 
one, before the clock pointer moves to the next unit. When a 
particular unit in the SSD is accessed, a counter in the location 
corresponding to that unit on the SSD will be incremented. 
Using this method, frequently accessed units on the SSD will 
attain increasingly higher counts in the unit of the data struc 
ture corresponding to that unit on the SSD, up to a preset 
count limit. However, as the clock pointer 304 sweeps from 
unit to unit each time a candidate for demotion is required, a 
count in each sequential unit (e.g. 302, 303) will decrement 
each time the clock pointer 304 passes that unit, down to a 
minimum value of one, which indicates that the unit has not 
been recently accessed. Further details in connection with the 
use of the clock algorithm relative to the second data struc 
ture, which will be next described, are provided in conjunc 
tion with FIGS. 5, 6, and 7. 
0024 FIG. 4 shows an example of a second data structure, 
which can be referred to as a ghost table, which is used to keep 
track of accesses of units on the slower non-volatile memory, 
such as the HDD, for accesses that exceed more than one 
recent access o more than a predetermined number of recent 
accesses. In one embodiment, the second data structure can 
be the same size interms of the number of locations in the data 
structure as the number of units in the SSD or it can be 
proportional to the size of the number of units in SSD. In one 
embodiment, a signature value for a particular unit number in 
the HDD can be stored in each location of the second data 
structure. The unit, in one embodiment, can be a logical block 
on the magnetic hard drive from the perspective of the file 
system. The second data structure 401 includes three loca 
tions 402,403, and 404 as well as other locations, and each of 
those locations can store a signature of a unit number in the 
HDD. Location 404 shows an example of a signature value 
for the unit X in the HDD indicating that data in that unit on 
the HDD has been recently accessed (through either a read or 
write) at least once or at least a predetermined number of 
times. 

0025 FIG. 5 shows an example of a method according to 
one embodiment of the present invention for utilizing the first 
data structure, such as the data structure 301 and the second 
data structure, such as the data structure 401 to control the 
migration of data between the fast storage device. Such as the 
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SSD and the slower storage device, such as the HDD. The 
method of FIG. 5 can begin in operation 501 in which the 
system receives a request for a read or write access to a 
non-volatile memory. In one embodiment, a file system con 
trols the composite disk and treats the composite disk as a 
single logical Volume. The file system or another component 
in the data processing system then proceeds to determine how 
to allocate the data between the two or more portions of the 
composite disk using the method shown in FIG.5. In response 
to the receipt of the request for a read or write access, the 
method proceeds to operation 503 in which it determines 
whether or not the requested data is in the faster storage 
device. If it is in the faster storage device then there is a hit in 
the SSD, in which case processing proceeds to operation 505 
in which the count in the circular queue. Such as the data 
structure 301, for the unit found on the SSD, is incremented 
by one. This is done without moving the clock pointer 304. In 
this manner, the clock algorithm, through the first data struc 
ture, keeps track of the number of accesses to the units in the 
SSD. If operation 503 determines there is a miss in the SSD, 
then the system proceeds to operation 507 in which it deter 
mines whether or not the data is in a second data structure, 
such as the ghost table 401 shown in FIG. 4, which is in the 
form of a probabilistic hash table. Finding data in the second 
data structure is illustrated in FIG. 7, which is discussed 
below. 

0026. If operation 507 determines that the unit is not 
already in the second data structure then it proceeds to opera 
tion 509 in which the unit number or a representation of the 
unit number is added to the second data structure which can 
be the ghost table 401. Further information concerning opera 
tion 509 is provided in connection with FIG. 6 which will be 
described below. If in operation 507 it is determined that the 
unit containing the requested data is already in the second 
data structure, then processing proceeds from operation 507 
to operation 511 in which it is determined whether or not the 
fast storage device is full. If it is not full, then operation 515 
follows. Various conventional algorithms can be used to 
determine whether or not the SDD is not full and they do not 
need to rely upon the use of the clock algorithm or the first 
data structure 301. 

0027. In operation 515, data in the unit of the HDD that is 
being accessed is migrated from the HDD to the SDD using 
techniques, which are known in the art. Further, the unit 
number for that unit of data that has been migrated or is to be 
migrated is removed from the second data structure. Such as 
the ghost table 401. If in operation 511 the system determines 
that the SSD is full, then operation 513 precedes operation 
515. It will be appreciated that the file system will still main 
tain conventional data structures indicating the locations of 
various data in response to the migration of the data in opera 
tion 515. In operation 513, the system creates space on the 
SSD using, in one embodiment, the clock algorithm. In this 
case, the clock algorithm uses the clock pointer 304 to move 
sequentially through the circular queue, starting with the 
current position of the clock pointer to a position which 
indicates a unit in the SSD that has not been recently refer 
enced; in one embodiment, this is indicated by the value of 
one stored in a location in the circular queue. As the clock 
pointer 304 is moved through the circular queue in a circular 
fashion, the value in each location is decremented by one. As 
the clock pointer 304 moves through the queue decrementing 
the values in each location, eventually one of the units will 
receive a value indicating it is an available unit. Once the 
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clock algorithm determines a next available unit location in 
the SSD, then the data in that unit of the SSD can be flushed 
to the HDD and the accessed data on the HDD can be 
migrated from the HDD to that location or unit in the SSD in 
operation 515 which can follow operation 513. The removal 
of a unit number from the second data structure is further 
described in conjunction with FIG. 7. 
0028 FIG. 6 shows an example of a method for adding 
data into the second data structure, where X can represent a 
unit number in the HDD, such as one or more logical blocks 
on a hard drive. It can be appreciated that the methods of 
FIGS. 6 and 7 allow for the creation of a probabilistic hash 
table, which can be the data structure 401 shown in FIG. 4. 
The probabilistic hash table may not be always correct with 
respect to the number of accesses of a unit on the HDD due to 
the fact that hashes and signatures are used in creating values 
stored in the second data structure, and that hashes and sig 
natures are also used to specify locations within that data 
structure. When hashes are used, it is possible for more than 
one input into the hash function to return the same hash value. 
This means that a unit sharing the same signature as a differ 
ent unit may be promoted to the SSD instead of the proper 
unit. However, the likelihood of that occurrence is small. 
Accordingly, though the hash table may not be always correct 
with respect to the number of access a unit on the HDD has 
received, the data structure is correct most of the time, and is 
space efficient in that it can store a large Volume of informa 
tion relative to the amount of memory consumed. 
0029. The method shown in FIG. 6 can be implemented in 
operation 509 of FIG. 5. In operation 601, the system calcu 
lates a set of hash values for the unit number in the HDD that 
is being accessed by either a read request or a write request. 
The set of hash values can be derived from a set of different 
hash functions. For example, in one embodiment, three dif 
ferent hash functions, h1, h2, and his can be used, though any 
number of hash functions greater than or equal to one can be 
used. In addition, operation 601 calculates a signature of X 
which can be represented as S(X) where S represents a sig 
nature of the value of X. The signature can be derived from a 
cryptographic algorithm or from other algorithms, which 
attempt to create a relatively unique value for a given input but 
are not guaranteed to create a unique value for each possible 
value of X. This lack of global uniqueness contributes to the 
probabilistic nature of the hash table. After the values are 
calculated in operation 601, the system proceeds to operation 
603 in which it determines whether any of the locations 
specified by the hash values are empty in the second data 
structure. In other words, each of those locations specified by 
the hash values is examined in the ghost table, in one embodi 
ment, to determine whether or not they are empty. If any one 
of them is empty, then operation 605 follows in which the 
signature, such as S(X) of the HDD's unit number is stored in 
one of those empty locations specified by one of the hash 
values. On the other hand, if operation 603 determines that 
none of those locations are empty, then operation 607 is 
performed in which a random location in the second data 
structure is randomly selected in operation 607 and in opera 
tion 609 the signature is stored in the selected random loca 
tion. The use of a random location can cause the overwriting 
of a prior signature stored in that location. 
0030 FIG. 7 shows an example of a method for either 
finding or removing data from the data structure. When the 
method of FIG. 7 is used for finding, operation 707 is not 
performed. The method shown in FIG. 7 for finding can be 
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performed in operation 507 of FIG. 5. When the method 
shown in FIG. 7 is used for removing data from the ghost 
table, then operation 707 is performed, and this method is 
used as part of operation 515 shown in FIG.5. The method of 
FIG. 7 can begin in operation 701 in which a set of hash values 
is calculated for X. This set of hash values should correspond 
to the same set of hash values with the same set of hash 
functions that was previously used in operation 601. Simi 
larly, a signature is calculated for the value of X, which is a 
similar signature to the signature, which was calculated in 
operation 601. Then in operation 703, the system looks for the 
signature value in the locations of the ghost table, which are 
specified by the set of hash values calculated in operation 701. 
If the signature is found in operation 705, then the signature of 
the unit number is removed from the second data structure in 
operation 707 as shown in FIG. 7. In one embodiment, the 
size of the data structure can be doubled or halved based on 
the performance of the data structure and the amount of 
memory available. 
0031. An alternative embodiment of the present invention 
can employ a Bloom filter rather than the probabilistic hash 
table, which can be implemented as a ghosttable. An example 
of a Bloom filter is shown in FIG. 8. A Bloom filter is a 
probabilistic data structure that can be used to test whether a 
unit on the second storage device has probably been recently 
accessed. The Bloom filter is probabilistic because it is pos 
sible that a false positive result is returned, meaning a unit is 
determined to be within the data structure when it actually is 
not. However, false negatives are not possible, so a query of 
the second data structure will return a result that the unit 
probably has been recently accessed, or that the unit definitely 
has not been recently accessed. The Bloom filter can have 
multiple locations corresponding to each unit of the SSD or a 
proportional number of the units of the SSD. Each location 
stores either a one or a Zero in one embodiment, which indi 
cates the status of the number of accesses of a particular unit 
on the HDD. Hash values of the unit numbers of the HDD are 
used as an address to access a particular location in the Bloom 
filter. As shown in FIG. 8, the Bloom filter 801 includes 
locations 802, 803, and 804. Location 803 is specified by a 
hash function hl of X, which specifies that location. The 
value one has been set in location 803 and has also been set in 
two other locations specified by two other addresses h2 of X 
and h3 of X. The Bloom filter shown in FIG. 8 can be used 
with the method of FIG. 5 by replacing the ghost table with 
the Bloom filter in operation 507 and by replacing the ghost 
table with the Bloom filter in operation 509. However, the unit 
number, in operation 515 is not removed from the Bloom 
filter when a Bloom filter is used in place of the ghost table 
because it is not possible to remove a unit from a Bloom filter 
and ensure that the Bloom filter will not produce false nega 
tive results. Accordingly, in one embodiment, as a Bloom 
filter in the second data structure fills, an additional Bloom 
filter may be added in a circular queue. 
0032 FIG. 9 shows an example of a method for adding a 
unit in the HDD to the Bloom filter. The operations shown in 
FIG.9 are performed in operation 509 when the Bloom filter 
is used in place of the ghost table. In one embodiment, a 
circular queue of Bloom filters can be used such that there are 
multiple Bloom filters maintained in the circular queue where 
the newest Bloom filter is used to store values and the older 
Bloom filters circulate through the circular queue as will be 
apparent from FIG.9. When operation 509 begins, in the case 
of a Bloom filter implementation of FIG. 5, operation 901 
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determines whether the newest Bloom filter is full. In one 
embodiment, a counter is used to track the number of times an 
addition has been made to the Bloom filter, and the filter is 
considered full after it exceeds some predetermined thresh 
old. If the Bloom filter it is not full, operation 905 follows in 
which data representing a currently accessed unit on the HDD 
is added to the newest Bloom filter by setting each location 
specified in a set of hash values to a predetermined value. Such 
as one. In one embodiment, a set of hash values is calculated 
as in operation 1001 and each of those hash values specifies a 
particular location or address within the Bloom filter and a 
value of one is written into each of those addresses or loca 
tions specified in the set of hash values. 
0033 FIG. 10 depicts a method for finding whether a 
particular unit number in the HDD is in the second data 
structure, which in this case is the Bloom filter. FIG.10 can be 
performed as part of operation 507 when the method of FIG. 
5 uses a Bloom filter instead of a ghost table. In operation 
1001, the system calculates a set of hash values for the unit 
number in the HDD. In one embodiment, three different hash 
functions can be used to calculate three hash values. Then, in 
operation 1003, the system checks whether a bit, in each 
location specified by the set of hash values, has been set to a 
predetermined value. Such as the value of one in at least one of 
the Bloom filters in the queue. In operation 1005, it is deter 
mined whether all the bits have been set to one in each of the 
locations specified by the hash values in the set of hash values. 
Ifat least one of the locations in each Bloom filter in the queue 
has not been set, then the system concludes that the unit has 
not been found and proceeds to operation 1007, which causes 
operation 509 to follow in FIG. 5. If on the other hand the 
system determines all bits have been set in the proper loca 
tions determined by the set of hash values, then processing 
proceeds to operation 1009 which causes operation 511 to 
following in FIG. 5. As with the Ghost Table in FIG. 4, 
embodiments of the invention can increase or decrease the 
size of the second data structure as needed. As Bloom filters 
in the circular queue fill, additional Bloom filters can be 
added to the circular queue. After the size of the circular 
queue of Bloom filters exceeds a defined value, the oldest 
Bloom filter can be removed from the list. 
0034. In the foregoing specification, the invention has 
been described with reference to specific embodiments 
thereof. It will, however, be evident that various modifica 
tions and changes can be made thereto without departing 
from the broader spirit and scope of the invention. The speci 
fication and drawings are, accordingly, to be regarded in an 
illustrative rather than a restrictive sense. 
What is claimed is: 
1. A method for managing access to a multi-device com 

posite data storage system, the method comprising: 
managing a first data structure indicating a recency of 

access to each unit in a set of units on a first data storage 
device; and 

managing a second data structure that probabilistically 
indicates whether a unit on a second data storage device 
has received at least one recent references, wherein the 
second data structure is a probabilistic hash table, or a 
counting Bloom filter, or another space efficient proba 
bilistic data structure. 

2. The method of claim 1 wherein managing the first data 
structure comprises: 

receiving a request to access a block of the composite data 
Storage System; 
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accessing the block from the first data storage device; and 
updating the first data structure to indicate that the block 
was recently accessed from the first data storage device. 

3. The method of claim 1 wherein managing the second 
data structure comprises: 

receiving a request to access a block of the data storage 
system; 

adding, to the second data structure, data representing a 
unit identifier on the second data storage device contain 
ing the block of the data storage system; and 

migrating the unit to the first data storage device. 
4. The method of claim3 wherein adding data representing 

a unit identifier on the second data storage device to the 
second data structure comprises: 

calculating a hash of the unit identifier of the data storage 
system; 

calculating a signature for the unit; and 
storing the signature for the unit into an index on the second 

data structure, wherein the index is defined by the hash 
of the unit. 

5. The method of claim 3 wherein grating the unit on the 
second data storage device from the second data storage 
device to the first data storage device comprises: 

searching the second data structure for the signature of a 
unit on the second data storage device, wherein the unit 
contains the block of the data storage system. moving 
the unit from the second storage device to the first stor 
age device; and 

removing, from the second data structure, the signature of 
the unit. 

6. The method of claim 5 wherein moving the unit from the 
second storage device to the first storage device comprises 
moving multiple data blocks as a single unit. 

7. A system for managing access to a composite data stor 
age device, the system comprising: 

a first data storage device, to store data in a set of units: 
a first data structure, to indicate a recency of access to each 

unit in the set of units on the first data storage device; 
a second data storage device, coupled to the first data 

storage device, to store data in a set of units; and 
a second data structure, to probabilistically indicates 

whether a unit in the set of units on the second data 
storage device has received at least one recent access, 
wherein the second data structure is a probabilistic hash 
table. 

8. The system of claim 7 wherein the first data storage 
device is a solid-state drive. 

9. The system of claim 7 wherein the second data storage 
device is a magnetic hard disk drive. 

10. The system of claim 7 wherein the second data structure 
contains an element corresponding to each of the units on the 
first storage device. 

11. The system of claim 7 wherein the second data structure 
contains a number of elements corresponding to a proportion 
of the units on the first storage device. 

12. The system of claim 7 wherein a signature for a unit on 
the second storage device is stored in the second data struc 
ture. 

13. The system of claim 7 wherein the first data structure is 
a circular queue maintained by use of a clock algorithm. 

14. The system of claim 13 wherein the first data structure 
contains an element for each unit on the first data storage 
device. 
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15. The system of claim 14 wherein an element of the first 
data structure indicates that a unit on the first data storage 
device is free. 

16. The system of claim 15 wherein the first data structure 
stores a value to indicate a count of recent accesses to a 
particular unit on the first data storage device. 

17. A non-transitory machine-readable storage medium 
having instructions stored therein, which when executed by a 
machine, cause a machine to perform operations for manag 
ing access to a multi-device composite data storage system, 
the operations comprising: 

initializing a first data structure, the first data structure to 
indicate if a unit in a set of units on a first data storage 
device is accessed, wherein the first data structure is 
managed via a clock algorithm; 

initializing a second data structure, the second data struc 
ture to probabilistically indicate that a unit on a second 
data storage device has received at least one recent 
access, wherein the second data structure is a probabi 
listic hash table; 

receiving a request to access a logical block of the com 
posite data storage system; 

accessing the logical block from a unit on the first storage 
device if the logical block is contained on the first data 
storage device, and updating the first data structure to 
indicate that a block of the composite data storage sys 
tem as recently accessed from a unit on the first data 
storage device; 

searching the second data structure for the logical block if 
the logical block is not found in a unit on the first data 
storage device; 

adding the logical block to the second data structure if the 
logical block is not found in the second data structure; 

migrating a unit from the second data storage device to the 
first data storage device if the logical block is found in 
the second data structure; and 

removing the logical block from the second data structure. 
18. The machine-readable storage medium of claim 17 

further comprising: 
halving the size of the second data structure after a number 

of signatures are not found within a period of time; and 
doubling the size of the second data structure after a num 

ber of signatures are found within a period of time. 
19. The machine-readable storage medium of claim 18, 

further comprising: 
calculating a set of hash values for an address of a requested 

unit on the second data storage device; 
calculating a signature for the address of the requested unit 

on the second data storage device; and 
storing the signature of the address of the requested unit in 

the second data structure by using a hash value from the 
calculated set of hash values as an index. 

20. The machine-readable storage medium of claim 19, 
wherein calculating a set of hash values uses a plurality of 
hash functions. 

21. The machine-readable storage medium of claim 9. 
wherein storing the signature of the address of the requested 
unit in the second data structure comprises: 

searching, for each hash function, an index of the second 
data structure addressed by the hash value calculated by 
that hash function. 

storing the signature of the address of the requested unit in 
an empty location indexed by hash the value; and 
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storing the signature of the address of the requested unit in 
a random location in the second data structure if no hash 
value in the set of hash values indexes an empty location. 

23. A non-transitory machine-readable storage medium 
having instructions, which when executed, cause a data pro 
cessing system to perform a method as in claim 1. 

24. A non-transitory machine-readable storage medium 
having instructions, which when executed, cause a data pro 
cessing system to perform a method as in claim 4. 
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