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For a given application, increasing the size of a cache is
beneficial up to a certain point and the number of hits does
not increase significantly with a greater cache size. This
disclosure provides a method to determine a miss ratio
curve, for a cache having data blocks with a time-to-live. A
hashed value of a data block’s key address can be used to
generate a 2D HLL counter for storing expiry times of the
data blocks. The 2D HLL counter can be converted to a 1D
array, from which a stack distance can be calculated. A
frequency distribution of stack distances can then be con-
verted into a miss ratio curve, from which an appropriate
cache size can be selected.
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SYSTEMS AND METHODS TO GENERATE A
CACHE MISS RATIO CURVE WHERE
CACHE DATA HAS A TIME-TO-LIVE

CROSS-REFERENCE TO RELATED
APPLICATIONS

This is the first application filed for the present invention.

TECHNICAL FIELD OF THE INVENTION

This invention pertains generally to cache management,
and in particular, to methods and systems to obtain a cache
miss ratio curve where data blocks have a time-to-live.

BACKGROUND

The miss ratio of a cache, also referred to as “miss rate”,
can be defined as the number of misses, when requests are
made for memory blocks in a cache, divided by the total
number of requests, over a given time interval:

[number of cache misses]

miss ratio =
[number of cache requests]

Similarly, a miss ratio curve (MRC) for a cache presents
a miss ratio as a function of a cache’s size. In the prior art,
one approach to generate a miss ratio curve is to first,
calculate a stack distance for data blocks (sequences of bits
or bytes) in the cache; second, present a frequency distri-
bution of stack distances (i.e. a histogram); and third, plot
the histogram results into a scatter plot, as presented in
Mattson et al. (R. L. Mattson, J. Gecsei, D. R. Slutz and 1.
L. Traiger, “Evaluation techniques for storage hierarchies,”
IBM Systems Journal, vol. 9, no. 2, pp. 78-117, 1970). That
particular method introduces the concept of a “stack dis-
tance” which refers to the position, in a stack of data blocks,
of the most recently referenced data block. Although a basic
stack distance computation method can be somewhat inef-
ficient, other MRC methods based on stack distance can
include further techniques to enhance its efficiency.

While MRC techniques were revolutionary when they
first appeared over fifty years ago, the available computa-
tional power at the time was insufficient for them to be used
productively for many applications. Recent technical
advancements have brought attention back to MRC tech-
niques; however, certain fundamental limitations have yet to
be overcome.

One limitation of MRC techniques of the prior art is their
inability to support cache data having a life span, also known
as a time-to-live (TTL). The general interest of having data
with a TTL is to prevent it from remaining in storage
indefinitely in case it doesn’t get accessed or becomes
inaccessible. An MRC technique that takes into account
memory blocks with TTL would reduce the occurrence of
certain errors in MRC results.

Therefore, there is a need for MRC techniques having the
ability to support cache data having a time-to-live, as well as
systems to implement such methods, and such methods and
systems would obviate or mitigate limitations of the prior
art.

This background information is provided to reveal infor-
mation believed by the applicant to be of possible relevance
to the present invention. No admission is necessarily
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2

intended, nor should be construed, that any of the preceding
information constitutes prior art against the present inven-
tion.

SUMMARY

Miss Ratio Curves (MRC) allow a cache size to be
selected efficiently, which is important for an auto scaling
feature in a caching service. Existing MRC methods, how-
ever, do not support recent caching system features such as
cache data with time-to-live.

Methods and systems disclosed herein introduce MRC
calculation methods that cover cache data with time-to-live,
reduced memory use and improved performance.

Technical benefits include a method to determine an MRC
that is compatible with applications using data blocks having
(or associated with) a time to live (TTL). Applications using
data blocks with TTLs have become widespread, and the
ability to obtain an MRC for them could allow a system on
which they are executed to run more efficiently (e.g. faster),
by allocating just enough cache, while preserving more
cache space for other uses.

Embodiments include a method to allocate a cache size
comprising receiving a plurality of requests, each request for
accessing a data block of a cache, and having a TTL
indicator; generating a stack of 2D hyperloglog (HLL)
counters; determining a stack distance for each request with
a 2D HLL counter, each position in the 2D HLL counter
identifying an expiry time based on the TTL indicator;
generating a miss ratio curve, using a frequency distribution
of the stack distances; determining the cache size according
to the miss ratio curve; and allocating a cache of the
determined cache size to satisfy a given performance
requirement.

An embodiment can further comprise converting the 2D
HLL counter into a 1D array, based on the expiry times.

An embodiment can further comprise determining a num-
ber of rows and a number of columns for the 2D HLL
counter using a precision parameter.

An embodiment can further comprise determining a stack
distance for each request with a 2D HLL counter comprises:
hashing a string of bits with a hashing method, the length of
which string is determined by the hashing method; deter-
mining a number of leading bits in the string of bits
according to the precision parameter, which leading bits
when converted to a decimal number determine a row of the
2D HLL counter; and determining a number of leading
zeroes (NLZ), after the leading bits, which NLZ determines
a column of the 2D HLL counter.

In an embodiment, wherein converting the 2D HLL
counter into a 1D array, based on expiry times, comprises:
scanning each row of the 2D HLL counter from the lowest
indexed column to the highest indexed column; selecting for
each row the index of the lowest indexed column; storing an
expiry time that is non-expired and greater than O; and
storing in a 1D array each index of a lowest indexed column.

An embodiment can further comprise determining a plu-
rality of parameters for an approximation of cardinality
calculation from the 1D HLL array.

In an embodiment, each 2D HLL counter is for counting
unique accesses to data blocks between two time steps.

In an embodiment, each expiry time is a storage time of
a data block plus the TTL indicator of a request for that data
block.

Embodiments include a system for allocating a cache
comprising: at least one processor, at least one cache, and
machine readable memory storing machine readable instruc-
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tions which when executed by the at least one processor,
configures the at least one processor to: receive a plurality of
requests, each request for accessing a data block of a cache,
and having a TTL indicator; generate a stack of 2D hyper-
loglog (HLL) counters; determine a stack distance for each
request with a 2D HLL counter, each position in the 2D HLL
counter identifying an expiry time based on the TTL indi-
cator; generate a miss ratio curve, using a frequency distri-
bution of the stack distances; determine the cache size
according to the miss ratio curve; and allocate a cache of the
determined cache size to satisfy a given performance
requirement.

In an embodiment, the machine readable memory storing
machine readable instructions can further configure the at
least one processor to convert the 2D HLL counter into a 1D
array, based on the expiry times.

In an embodiment, the machine readable memory storing
machine readable instructions further configures the at least
one processor to determine a number of rows and a number
of columns for the 2D HLL counter.

In an embodiment, the machine readable memory storing
machine readable instructions further configures the at least
one processor to hash a string of bits with a hashing method,
the length of which string is determined by the hashing
method; determine a number of leading bits in the string of
bits according to the precision parameter, which leading bits
when converted to a decimal number determine a row of the
2D HLL counter; and determine a number of leading zeroes
(NLZ), after the leading bits, which NLZ determines a
column of the 2D HLL counter.

In an embodiment, the machine readable memory storing
machine readable instructions which when executed by the
at least one processor further configures the at least one
processor to convert the 2D HLL counter into a 1D array,
based on expiry times, comprises: machine readable
memory storing machine readable instructions which when
executed by the at least one processor configures the at least
one processor to scan each row of the 2D HLL counter from
the lowest indexed column to the highest indexed column;
select for each row the index of the lowest indexed column;
store an expiry time that is non-expired and greater than 0;
and store in a 1D array each index of a lowest indexed
column.

In an embodiment, the machine readable memory storing
machine readable instructions further configures the at least
one processor to determine a plurality of parameters for an
approximation of cardinality calculation from the 1D HLL
array.

In an embodiment, each 2D HLL counter is for counting
unique accesses to data blocks between two time steps.

In an embodiment, each expiry time is a storage time of
a data block plus the TTL indicator of a request for that data
block.

Embodiments have been described above in conjunction
with aspects of the present invention upon which they can be
implemented. Those skilled in the art will appreciate that
embodiments may be implemented in conjunction with the
aspect with which they are described but may also be
implemented with other embodiments of that aspect. When
embodiments are mutually exclusive, or are incompatible
with each other, it will be apparent to those skilled in the art.
Some embodiments may be described in relation to one
aspect, but may also be applicable to other aspects, as will
be apparent to those of skill in the art.
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BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1a illustrates a stack of counters.

FIG. 15 illustrates the stack of counters of FIG. 1a, with
emphasis on the latest state, which can be used to determine
a stack distance.

FIG. 2a illustrates a 1-dimensional (1D) hyperloglog
(HLL) data structure, that can be used to calculate a cardi-
nality of a data set, according to prior art.

FIG. 2b illustrates a 2-dimensional (2D) hyperloglog
(HLL) data structure, according to an embodiment.

FIG. 3 illustrates a conversion from a 2D HLL with
time-to-live (HLL-TLL) data structure to a 1D HLL-TTL
data structure, according to an embodiment

FIG. 4 illustrates a process to update a stack distance
histogram, according to an embodiment.

FIG. 5 is a flowchart illustrating steps to process an HLL
counter with a stack of HLL counters, according to an
embodiment.

FIG. 6 is a flowchart illustrating a process for processing
a batch of request for cached memory blocks, according to
an embodiment.

FIG. 7 is a block diagram of an electronic device illus-
trated within a computing and communications environment
that may be used for implementing the devices and methods
disclosed herein, such as determining an MRC.

It will be noted that throughout the appended drawings,
like features are identified by like reference numerals.

DETAILED DESCRIPTION

Embodiments include methods to obtain a miss ratio
curve (MRC), that support data blocks having a time-to-live
(TTL). Methods according to embodiments can also require
less memory, and have a better performance than those of
the prior art.

To improve cache utilization, a method according to
embodiments can be implemented by a caching system
provided by a cloud-based platform, and the cache size of a
workload can be adjusted based on MRC results obtained. A
customer can then return unused cached resources and
therefore pay less for a service, while the cloud-based
platform can resell the unused resources for more revenue.

A method according to embodiments can be used for a
cache storing data with a TTL, by using a data structure
based on a stack of counters (i.e. “counter stacks” in
general), in which the counters are HyperLogl.og counters
as described hereunder.

In embodiments, a stack of counters refers to a data
structure for which a stack distance can be calculated. Each
counter can be for counting how many different data blocks
are accessed during a certain time interval.

A stack distance calculation based on stacks of counters is
part of an efficient way to generate an MRC, and it can allow
further performance improvement techniques such as
“streaming traces”, “pruning”, “down sampling”, and in
particular, it can allow the use of a “HyperLogl.og” (HLL)
method, including the data structure of HLL counters, as
described hereunder.

FIG. 1a illustrates a stack of counters. A stack of counters
is a matrix 105 having a number of elements 110 organized
in rows and columns. Each row 115 corresponds to a counter
and each column represents the state 120 of a stack of
counters at a certain time step 125, such that each element
110 represents the state (i.e. the count or the value) of a
counter at that time step. As time increases incrementally
125, the state of a stack of counters is represented by a new
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column. An element 110 lies at the intersection of a row and
a column. At each time increment, a new counter is added to
the stack of counters. A top row above the matrix illustrates
a trace of accesses to data blocks including data block a, data
block b, and possibly more, by a cache client. The matrix is
populated as follows. For counter ¢, between time step “1”
and time step “3”, two different elements are accessed: data
block “a” and data block “b”. Therefore, the value for
counter ¢, at time step =3 is ¢, ;=2.

FIG. 15 illustrates the stack of counters of FIG. 1a, with
emphasis on the latest state, which can be used to determine
a stack distance. After a matrix is populated with counter
values for accesses to “a” and/or “b” as in FIG. 1a, the
method of FIG. 15 involves looking at the next-to-last and
last columns (columns 2 and 3, or time steps 2 and 3), the
last column being the “latest state” when a stack distance is
to be determined. Therefore, each time a stack is updated
with a new column in FIG. 1a, a new stack distance can be
determined as in FIG. 15. Determining a stack distance with
a stack of counters can involve identifying in the latest state
130 (column, or time step) a counter for which the value has
not increased, for example:

From time step 2 to time step 3, the state of counter ¢, has
not increased from value 2 to value 2, therefore counter
¢, is acceptable.

From time step 2 to time step 3, the state of counter ¢, has
not increased from value 1 to value 1, therefore counter
c, is acceptable.

From time step 2 to time step 3, The state of counter c; has
increased from “no value” to value 1, therefore counter
¢, is not acceptable.

Then, from the accepted counters ¢, and c,, the method
involves selecting the counter, of ¢, and c,, for which the
next counter, ¢, and c; respectively, increases in value from
time step 2 to time step 3. For example:

For counter c,, the next counter ¢, does not increase in
value from 1 to 1, and therefore counter ¢, is not
acceptable.

For counter c,, the next counter ¢, does increase from “no
value” to 1, therefore counter c, is selected.

Identifying for the selected counter c, its row number,
which is 2, and its column number, which is 3.

By selecting counter c,, the above method has identified
when the data block accessed at time step 3, i.e. data block
“b”, was last accessed, and the answer is time step 2, because
counter ¢, does not increase in value from 1 to 1. The stack
distance for access to data block b at time t=3, is the value
in counter c,, at time step 3, which is 1.

A definition of the value in each counter, where the
counter has a row number y and a column number t, can be
the number of unique accesses between two time steps. For
example, a counter ¢, can be further indexed as c, 5 indi-
cating that its value is the number of unique accesses,
between time step 2 and time step 3.

In a data structure for a stack of counters according to
embodiments, each element is a HyperL.ogl.og (HLL) coun-
ter having a data structure (HLL data structure) with which
an HLL method can approximate the number of distinct
elements in a data set, at each time step.

An HLL method is a probabilistic method for approxi-
mating the cardinality of a set of data, e.g. in a sequence of
data block requests. It can make an estimation of the number
of distinct elements in a data set, without having to store all
of the elements of the data set. In embodiments, an HLL
counter is used as a counter at each time step. An HLL
method is based on an assumption that a hash function
generates equally distributed hashed values. These hashed
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values can be used by an HLL method to generate param-
eters for approximation used in a cardinality calculation
which approximates the number of distinct elements in a
data set.

An HLL method maintains an array of 2° buckets, where
b is a precision parameter that is typically an integer between
4 and 16, for example. An HLL method has two primary
operations: insert, and query. The insert operation adds an
item to a bucket of an HLLL data structure, and the query
operation returns the estimated cardinality of the inserted
items.

FIG. 2aq illustrates a 1-dimensional (1D) HLL data struc-
ture, that can be used to calculate a cardinality of a data set,
according to prior art. An HLL data structure 205 can
include a number 2% of buckets 210, each bucket indexed
215 from O to 2°-1. If b=3 for example, the number of
buckets in the HLL data structure 210 is 2°=8, and the
buckets can be indexed 220 from 0 to 7.

To estimate the cardinality of a data set, a hash function
can initially be used to generate a 64 bit hash value 225 from
an address key of a cached data block, each bit indexed 230
from 0 to 63. The leading b=3 bits 235, which are “001”, can
be selected as the binary form of a decimal index for a
bucket 235, which for “001” corresponds to decimal index
“1”. The value in bucket “1” can be updated to be the
number of leading zeroes (NLZ), following the first 3 bits.
In this case, the NLZ 240 is “2” and therefore the bucket
value for bucket index “1” 235 is “2” 240.

As other examples with b=3: for hash value “11101110”,
then NLZ=1, and for hash value “10000001”, then NLZ=4.
The set 245 of bucket values in the HLL data structure can
be used to determine a parameter for approximation, as used
in a cardinality calculation of a data set, according to an HLL
method of the prior art.

The above method can be used for cached data without a
TTL, but it cannot be used for a cached data set that includes
data with TTL.

While an HLL data structure 205 according to prior art is
a 1D array of buckets, an HLL data structure according to
embodiments is a 2-dimensional (2D) array of buckets, in
which TTL information can be stored. For example, a data
can be the string of characters such as “test”, and it can have
a TTL of 10 seconds. The value “10”, or an expiry time
t,=t+TTL, can be stored in a bucket of the 2D array of an
HLL data structure according to embodiments, where t, is
the moment in time when the data is stored. An expiry time
can also be referred to as an eviction time.

In an embodiment, each data block has an address and
each request (in a batch of requests), accesses a data block
using its address. A hashed value of a request for cached data
block can be viewed as a hashed value of the data block’s
cache address. Given a key-value pair in a cache: Keyl and
Valuel, when a request is for accessing Valuel, it provides
the key (address) to the cache system. In this case, the key
is Keyl. Keyl can be hashed and the value Valuel can be
stored in a data block.

In an embodiment, a data that is added to a cache, such as
the string “test”, can initially have its cache address key
hashed into value of 8 bits for example. The 8 bit sequence
generally includes a number of leading zeroes (NLZ) after a
b? bit (or a conceptual partition after the b” bit of the
sequence), with b<8 being an integer. By selecting a hashed
value of 8 bits, a 2D array of buckets, having a limited size
can be defined, in which the number of rows is 8 (i.e. from
row 0 to row 7), and the number of columns is equal to the
NLZ, after the b? hashed character. For example, by select-
ing b=3, a 2D array has 8 rows, and a number of columns
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equal to 8-3=5, resulting in a total of 8x5=40 buckets. The
NLZ, which varies from 1 to 5, can therefore identify one of
the 5 columns, while the bucket at the intersection of the row
and column, is free to store an expiry time of data “test”,
instead of the NLZ. An expiry time is a storage time of a data
block plus the TTL indicator of a request for that data block,
ie. t,=t+TTL, where t, is the time when the data is first
stored in the cache, and the TTL is for example “10
seconds”. If a bucket is occupied, the greater value of the
two is kept.

Parameter b can be referred to as a precision parameter
which can be used for determining a number of rows and a
number of columns for a 2D HLL counter.

Allocating a cache size according to embodiments of a
method involves receiving a plurality of requests, each
request for accessing a data block of a cache, and having a
TTL indicator; generating a stack of 2D hyperloglog (HLL)
counters; determining a stack distance for each request with
a 2D HLL counter, each position in the 2D HLL counter
identifying an expiry time based on the TTL indicator;
generating a miss ratio curve, using a frequency distribution
of the stack distances; determining the cache size according
to the miss ratio curve; and allocating a cache of the
determined cache size to satisfy a given performance
requirement.

FIG. 26 illustrates a 2D HLL data structure, according to
an embodiment. A 2D HLL data structure is a 2D HLL
counter for counting unique accesses to data blocks between
two time steps. In this case, an HLL data structure 250 can
include a number 22 of rows, indexed from 0 to 2°~1. A hash
function can be used to hash, from a cached data block’s
address key, a 64-digit hashed value 225 including a plu-
rality of equally distributed hashed bits. The first 3 bits of the
hashed value can be used to determine the index of a row in
the HLL data structure. For example, by setting b=3, the
HLL data structure 250 can be set to includes 2 b=2 3=8
rows, labelled from 0 to 7. The first 3 bits 235 of the hashed
value, which for example can be “001”, can be selected as
the binary form of a row index 235, which for “001”
corresponds to the row with decimal index “1”. To deter-
mine the column, the number of leading zeroes (NLZ) in the
string of digits following the first 3 bits 235 of the hashed
value, is used. In this case, that string is “001 . . . ”, and
therefore the NLLZ is “2”. An expiry time t,=t+TTL is then
stored 245 in the bucket identified by row “1”, column “2”.

More generally, each position in the 2D HLL counter
identifies an expiry time and can be determined by: hashing
a string of bits with a hashing method, the length of which
string is determined by the hashing method; determining a
number of leading bits in the string of bits according to the
precision parameter b, which leading bits when converted to
a decimal number determine a row of the 2D HLL counter;
and determining a number of leading zeroes (NL.Z), after the
leading bits, which NLZ determines a column of the 2D
HLL counter.

The HLL data structure 250 can include a number of
columns equal to 64-b+1=62, and then b=3 can also deter-
mine a position 255 from where to count a number of
leading zeroes (NLZ) 240. The NLZ 240 can be used to
identify a column of the HLL data structure. For example, if
a hashed value is 00100101, then b=3 determines that a
count of leading zeroes starts after the first 3 digits “001”,
that is at the 4% digit. In the remainder “00101”, the NLZ
240 is seen to be “2”. This leads to column “2” of the HLL
data structure. Given row number “1” and column number
“27, bucket (1,2) 260 is updated to contain the greatest of an
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expiry time t, it already contains, and a new expiry time t,.
related to the cached data block from which the address key
was hashed.

In an HLL data structure according to an embodiment,
instead of using the NLZ following the first b bits (e.g. b=3)
as a bucket value, the NLZ is used as a column index.

Each bucket of an HLL data structure according to
embodiments can therefore store an expiry time based on a
TTL. When a data block is accessed, an expiry time in the
access is compared with an expiry time in a bucket identified
with a hash value. If the expiry time from the access is
greater than the expiry time in the bucket, then the expiry
time in the bucket identified with the hash value may be
updated.

Then, in an HLL data structure according to embodi-
ments, estimating the cardinality of a data set is performed
using as parameters the index of each row, and for each row,
the index of the first column (left-most column from left to
right) for which the bucket records an expiry time that is not
expired and not 0.

To estimate the cardinality of a data set at a certain time
t, each expiry time t, in a bucket, that is less than or equal
to t (t <t) is reset to a value of t,=0. Then, the 2D array 250
is reduced to a 1D array 205, by storing the column indices
selected above into buckets of a corresponding row of a 1D
array 205. In other words, a 2D HLL counter can be
converted into a 1D array, based on the expiry times.

In other words, converting the 2D HLL counter into a 1D
array, based on expiry times, comprises scanning each row
of the 2D HLL counter from the lowest indexed column to
the highest indexed column; selecting for each row the index
of the lowest indexed column; storing an expiry time that is
non-expired and greater than 0; and storing in a 1D array
each index of a lowest indexed column.

Yet in other words, to reduce a 2D HLL counter 250 to a
1D array 205, a process can be as follows: for each row of
the 2D array, a scan is performed from left to right, the
left-most bucket of the row, storing an expiry time t, that is
non-expired time and that is greater than 0 (t,>0) is selected,
and the column index of that bucket becomes bucket value
of'a corresponding row of a 1D array. The resulting 1D array
can be used to determine a plurality of parameters for an
approximation of a cardinality calculation from the 1D HLL
counter.

FIG. 3 illustrates a conversion from a 2D HLL-TTL data
structure to a 1D HLL-TTL data structure, according to an
embodiment. Each bucket contains an expiry time that is
either expired (exp.), that is 0 (t,=0), or that is greater than
0 (1,>0). For each row of the 2D array, a scan from left to
right identifies the buckets storing an expiry time t, that is
non-expired time and that is greater than O (t,>0). The
left-most bucket of each row respecting these conditions is
selected, and its column index becomes the bucket value in
a corresponding row of a 1D array.

In other words, a method to generate an MRC according
to embodiments, makes use of a 2D HLL data structure
including TTL (HLL-TTL), according to embodiments. In a
count operation according to a HLL method, a 2D HLL data
structure including expiry times is scanned for expiry times
that are equal or greater than a current time. For each row of
the 2D HLL data structure, a scan is performed from left to
right, and the first (left-most) bucket storing an expiry time
t, that is non-expired time and that is greater than 0 (t,.>0) is
selected. The column number of the selected bucket is the
smallest in the row, for which the bucket is storing an expiry
time t, that is non-expired time and greater than 0. The
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column number of the selected bucket becomes the bucket
value in a corresponding row of a 1D array.

Then, the 2D HLL is reduced to a 1D HLL. The column
indices of the selected buckets are selected as the bucket
value of a corresponding row of a 1D array.

As an example, for row number 1 (“bucket index 1) 305,
a scan from left to right shows that the first (left-most)
bucket having a non-expired time larger than 0 is the bucket
310 at column 2 (320). In a 1D array 315, the bucket value
325 for the bucket of the corresponding row 1 is therefore
chosen as “2”.

After conversion from a 2D HLL counter to a 1D array,
an estimated cardinality can be computed according to an
HLL method, and a frequency distribution of stack distances
(histogram) can be updated according to the process in FIG.
4.

FIG. 4 illustrates a process to update a frequency distri-
bution of stack distances (histogram), according to an
embodiment. Initially, a processor managing a cache
receives 405 a new request for a data block in the cache. If
certain conditions are met, it can then create 410 a new HLL
counter in a counter stack of HLL counters, and evicts 415
old HLL counters. Then, it converts 420 the data structure of
each HLL counter from a 2D array to a 1D array, based on
the expiry times to stored in buckets of each HLL counter,
as in FIG. 3. Then, the processor estimates 425 a stack
distance for the stack of HLL, counters, and updates 430 the
frequency distribution of stack distances (histogram) to
create an MRC.

The number of distinct elements in a stack of HLL
counters can be used for calculating a plurality of stack
distances. After many stack distances are obtained, they can
be arranged as a frequency distribution of stack distances,
which can be converted into a miss ratio curve on a scatter
plot.

A method to obtain an MRC according to embodiments
therefore makes use of TTLs to adjust parameters for
approximation of cardinality in an estimation of cardinality.
This is then used to calculate stack distances, which can be
used to update a histogram and obtain an MRC.

Because an HLL data structure according to embodiments
involves a 2D array that includes TTL information, the
memory space (mMemoryspace,,., ;) it requires is greater
than the memory space (memoryspace,,;z; ;) required for an
HLL data structure of the prior art, and it is greater by a
linear scaling factor. In a case where each TTL can be
represented by 4 bytes, then the memory space required for
an HLL data structure according to embodiments would be:

memoryspace 11.=4(64-b)memoryspace,, ;.7 ;

‘newH]

For practical considerations, the amount of memory
required can be reduced by using, instead of 2D array, a
linked list. With a linked list, memory allocations occur
when needed, which can significantly reduce the factor of
(64-b). With this approach, a faster computation can be
achieved.

To process a stack of counters in accordance with an
embodiment, the following steps can be performed.

FIG. 5 is a flowchart illustrating steps to process a stack
of HLL counters, according to an embodiment. Initially, this
method involves determining 505 the count of requests for
cache data, from a present HLLL counter. Then, the processor
evicts 510 requests in the present HLL counter, based on a
timestamp of a previous counter.

Then, it determines 515 a count difference between the
original count of requests, and the count of requests after
expired requests have been evicted.
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Then, it merges 520 the present HLL counter with the
previous HLL counters.

Then, it computes 525 the count of all participating HLLL
counters, and organizes them into a stack of HLL counters.

Then, it uses the present stack of HLL counters and the
previous stack of HLL counters to compute 530 a number of
cache hits for each counter, each counter corresponding to a
unique access to data blocks between two time steps. By
comparing each counter in the current stack with the previ-
ous stack, a number of cache hits can be determined.

Then, it adds 535 the number of cache hits to a histogram.

Then, it creates 540 a new HLL counter to process a next
batch of requests.

In an embodiment, a plurality of requests can be pro-
cessed as a batch of requests. This involves maintaining an
ordered list of expiry times. The memory space for this list
of expiry times can be limited to correspond with a number
of most recent requests.

FIG. 6 is a flowchart illustrating a process for processing
a batch of requests for cached data blocks, according to an
embodiment. After receiving 605 a batch of requests, and
selecting 610 a request from the batch, a processor can
determine 615 the request’s expiry time t,, based on a TTL
of the request. A hashed version of the request, and the
request’s expiry time can be added 620 to an HLL counter.

If 625 the request’s timestamp is greater than or equal to
the smallest expiry time encountered, the processor can find
630 the smallest expiry time (E) encountered, that is greater
than the request’s timestamp, and remove 635 those expiry
times encountered that are smaller than or equal to E.
Counters based on E can then be evicted 640.

The stack of counters can then be processed 645, and the
processor can add 650 the request’s expiry time to the list of
expiry times encountered.

If 655 there aren’t any more requests in the batch and if
660 there aren’t any more batches, the process can end.

If 625 the request’s timestamp is less than the smallest
expiry time encountered, the processor can add 650 the
request’s expiry time to the list of expiry times encountered
and determine if 665 the number of requests processed is
greater than or equal to the down sampling rate. If so, then
the stack of counters can then be processed 670. And if 655
there aren’t any more requests in the batch, and if 660 there
aren’t any more batches, the process can end.

If the number of requests processed is not greater than or
equal to the down sampling rate, then the processor can
determine if 675 the request’s timestamp is greater than or
equal to the next timestamp. If so, then the stack of counters
can then be processed 670, before it is determined whether
there are any more requests 655 in the batch, any more
batches 660 before the process can end.

In any case, if there are more requests 655 in the batch, or
more batches 660, the process can start over by receiving
605 a batch of requests or selecting 610 a request from a
batch, respectively.

While processing each request in a batch, a timestamp for
the request being processed is compared with the smallest
expiry time from the list of expiry times. If the timestamp is
greater than the smallest expiry time, then the batch pro-
cessing is terminated prematurely. This effectively results in
processing a smaller batch. A precision parameter can be
used to control the grouping of expiry times, by rounding
each expiry time in the list of expiry times to the nearest time
unit (e.g. second).

In a counter stack method of the prior art, the space
complexity of a counter stack is on the order of O(log M/p),
where the number M is the number of distinct accesses in
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data set, and p is a number indicating the difference between
two counters, as defined by a user, below which a method
considers them to be the same counter, and prunes one of
them. In an embodiment however, the space complexity can
be reduced to have a fixed or linear memory space overhead,
i.e. on the order of O(1). In an embodiment, whenever a
fixed size is about to be exceeded, a dynamic pruning
method can guarantee the removal of at least one counter.

When a new request for a data block is being processed,
if an address key for the requested data block does not exist
in the stack, then this is a cache miss, and new objects will
be added to the top of the stack. If the address key exists in
the stack, then the position of that address key in the stack
corresponds to the minimum cache size required to cache
that object. This is called the stack distance (also known as
reuse distance). A frequency distribution (histogram) of
stack distances can be maintained, and an MRC can be
generated as an inverse cumulative distribution function
(CDF) of the stack distance histogram.

A method according to embodiments can support counter
pruning, counter set pruning, as well as variations. A counter
can be pruned whenever its value is at least a factor of (1-3)
times the corresponding counter in the next oldest counter
set, where 0 is a number indicating the difference between
two counters, as defined by a user, below which a method
considers them to be the same counter, and prunes one of
them. In an example, §=0.01. A set of counters can be pruned
(counter set pruning) when the value in each one of its
counters is at least a factor of (1-0) times the value of a
corresponding counter in the next oldest set of counters.

An HLL counter can be replaced with a pointer to the next
oldest corresponding HLLL, counter.

Embodiments include a more practical way to predict
caching usage, which can benefit many systems in terms of
resource management. Because a caching pattern is a fun-
damental pattern in a computer system, many chips or
applications using a cache can benefit from improved cach-
ing.

FIG. 7 is a block diagram of an electronic device (ED) 952
illustrated within a computing and communications envi-
ronment 950 that may be used for implementing the devices
and methods disclosed herein, such as determining an MRC
where data is associated with TLL. The electronic device
952 typically includes a processor 954, such as a central
processing unit (CPU), and may further include specialized
processors such as a field programmable gate array (FPGA)
or other such processor, a memory 956, a network interface
958 and a bus 960 to connect the components of ED 952. ED
952 may optionally also include components such as a mass
storage device 962, a video adapter 964, and an [/O interface
968 (shown in dashed lines).

The memory 956 may comprise any type of non-transi-
tory system memory, readable by the processor 954, such as
static random-access memory (SRAM), dynamic random-
access memory (DRAM), synchronous DRAM (SDRAM),
read-only memory (ROM), or a combination thereof. In an
embodiment, the memory 956 may include more than one
type of memory, such as ROM for use at boot-up, and
DRAM for program and data storage for use while executing
programs. The bus 960 may be one or more of any type of
several bus architectures including a memory bus or
memory controller, a peripheral bus, or a video bus.

The electronic device 952 may also include one or more
network interfaces 958, which may include at least one of a
wired network interface and a wireless network interface. A
network interface 958 may include a wired network inter-
face to connect to a network 974, and also may include a
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radio access network interface 972 for connecting to other
devices over a radio link. The network interfaces 958 allow
the electronic device 952 to communicate with remote
entities such as those connected to network 974.

The mass storage 962 may comprise any type of non-
transitory storage device configured to store data, programs,
and other information and to make the data, programs, and
other information accessible via the bus 960. The mass
storage 962 may comprise, for example, one or more of a
solid-state drive, hard disk drive, a magnetic disk drive, or
an optical disk drive. In some embodiments, mass storage
962 may be remote to the electronic device 952 and acces-
sible through use of a network interface such as interface
958. In the illustrated embodiment, mass storage 962 is
distinct from memory 956 where it is included and may
generally perform storage tasks compatible with higher
latency but may generally provide lesser or no volatility. In
some embodiments, mass storage 962 may be integrated
with a heterogeneous memory 956.

In an embodiment, a system for allocating a cache size
comprising at least one processor, at least one cache, and
machine readable memory storing machine readable instruc-
tions which when executed by the at least one processor,
configures the at least one processor to receive a plurality of
requests, each request for accessing a data block of a cache,
and having a TTL indicator; generate a stack of 2D hyper-
loglog (HLL) counters; determine a stack distance for each
request with a 2D HLL counter, each position in the 2D HLL
counter identifying an expiry time based on the TTL indi-
cator; generate a miss ratio curve, using a frequency distri-
bution of the stack distances; determine the cache size
according to the miss ratio curve; and allocate a cache of the
determined cache size to satisfy a given performance
requirement. The network interface 974 and 1/O interface
968 can also allow for storage and/or processing to occur
externally.

In some embodiments, electronic device 952 may be a
standalone device, while in other embodiments electronic
device 952 may be resident within a data center. A data
center, as will be understood in the art, is a collection of
computing resources (typically in the form of servers) that
can be used as a collective computing and storage resource.
Within a data center, a plurality of servers can be connected
together to provide a computing resource pool upon which
virtualized entities can be instantiated. Data centers can be
interconnected with each other to form networks consisting
of pools computing and storage resources connected to each
by connectivity resources. The connectivity resources may
take the form of physical connections such as ethernet or
optical communications links, and in some instances may
include wireless communication channels as well. If two
different data centers are connected by a plurality of different
communication channels, the links can be combined
together using any of a number of techniques including the
formation of link aggregation groups (LAGs). It should be
understood that any or all of the computing, storage, and
connectivity resources (along with other resources within
the network) can be divided between different sub-networks,
in some cases in the form of a resource slice. If the resources
across a number of connected data centers or other collec-
tion of nodes are sliced, different network slices can be
created.

Although the present invention has been described with
reference to specific features and embodiments thereof, it is
evident that various modifications and combinations can be
made thereto without departing from the invention. The
specification and drawings are, accordingly, to be regarded
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simply as an illustration of the invention as defined by the
appended claims, and are contemplated to cover any and all
modifications, variations, combinations, or equivalents that
fall within the scope of the present invention.

What is claimed is:
1. A method to allocate a cache comprising:
receiving a plurality of requests, each request for access-
ing a data block of the cache, and having a time-to-live
(TTL) indicator;

generating a stack of two-dimensional (2D) hyperloglog
(HLL) counters, each 2D HLL counter of the stack
having respective rows and respective columns, each
position in the 2D HLL counter having a respective row
index and a respective column index;

determining a stack distance for each request with a 2D

HLL counter of the stack of 2D HLL counters, each
position in the 2D HLL counter identifying an expiry
time based on the TTL indicator;

generating a miss ratio curve, using a frequency distribu-

tion of the stack distances;

determining a cache size according to the miss ratio

curve; and

allocating the cache of the determined cache size to

satisfy a given performance requirement,

wherein determining the stack distance for each request

with the 2D HLL counter comprises, for each respec-

tive request:

hashing, in accordance with a hashing method, an
address key of a respective data block of the cache to
obtain a respective string of bits, a length of the
respective string of bits being determined by the
hashing method;

determining, in accordance with a precision parameter,
the precision parameter being an integer number, a
first number of leading bits in the respective string of
bits, the first number of leading bits, when converted
to a decimal number, determining, for the respective
request, the row index for the respective request; and

determining a second number of leading zeroes
(NLZs), after the first number of leading bits in the
respective string of bits, the second NLZs determin-
ing, for each respective request, the column index for
the respective request.

2. The method of claim 1, further comprising:

converting the 2D HLL counter into a one-dimensional

(1D) array, based on the expiry times.

3. The method of claim 2, wherein converting the 2D HLL
counter into the 1D array, based on the expiry times,
comprises:

scanning each row of the 2D HLL counter from a lowest

indexed column to a highest indexed column;
selecting for each row the index of the lowest indexed
column;

storing the expiry time that is non-expired and greater

than 0; and

storing in the 1D array each index of the lowest indexed

column.

4. The method of claim 2, further comprising:

determining a plurality of parameters for an approxima-

tion of cardinality calculation from the 1D HLL array.

5. The method of claim 1, wherein each 2D HLL counter
is for counting unique accesses to data blocks between two
time steps.

6. The method of claim 1, wherein each expiry time is a
storage time of the data block plus the TTL indicator of the
request for that data block.
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7. A system for allocating a cache comprising:
at least one processor,
at least one cache, and
a machine readable memory storing machine readable
instructions which when executed by the at least one
processor, configures the at least one processor to:

receive a plurality of requests, each request for accessing
a data block of the cache, and having a time-to-live
(TTL) indicator;

generate a stack of two-dimensional (2D) hyperloglog
(HLL) counters, each 2D HLL counter of the stack
having respective rows and respective columns, each
position in the 2D HLL counter having a respective row
index and a respective column index;

determine a stack distance for each request with a 2D

HLL counter of the stack of 2D HLL counters, each

position in the 2D HLL counter identifying an expiry

time based on the TTL indicator, the stack distance for

each respective request being determined by at least:

hashing, in accordance with a hashing method, an
address key of a respective data block of the cache to
obtain a respective string of bits, a length of the
respective string of bits being determined by the
hashing method;

determining, in accordance with a precision parameter,
the precision parameter being an integer number, a
first number of leading bits in the respective string of
bits according to the precision parameter, the first
number of leading bits, when converted to a decimal
number, determining the row index of the respective
request; and

determining a second number of leading zeroes (NLZs)
after the first number of leading bits in the respective
string of bits, the second NLZs determining, for the
respective request, the column index of the respec-
tive request;

generate a miss ratio curve, using a frequency distribution

of the stack distances;

determine a cache size according to the miss ratio curve;

and

allocate the cache of the determined cache size to satisty

a given performance requirement.

8. The system of claim 7, wherein the machine readable
memory storing the machine readable instructions further
configures the at least one processor to:

convert the 2D HLL counter into a one-dimensional (1D)

array, based on the expiry times.

9. The system of claim 8, wherein the machine readable
memory storing the machine readable instructions which
when executed by the at least one processor configures the
at least one processor to convert the 2D HLL counter into the
1D array, based on the expiry times, further configures the
at least one processor to:

scan each row of the 2D HLL counter from a lowest

indexed column to a highest indexed column;

select for each row the index of the lowest indexed

column;

store the expiry time that is non-expired and greater than

0; and

store in the 1D array each index of the lowest indexed

column.

10. The system of claim 8, wherein the machine readable
memory storing the machine readable instructions further
configures the at least one processor to:

determine a plurality of parameters for an approximation

of cardinality calculation from the 1D HLL array.
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11. The system of claim 7, wherein each 2D HLL counter
is for counting unique accesses to data blocks between two
time steps.

12. The system of claim 7, wherein each expiry time is a
storage time of the data block plus the TTL indicator of the 5
request for that data block.
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