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Abstract—Cache plays an important role in storage systems.
With better allocation of cache space to each storage device, total
I/O latency can be reduced remarkably. To achieve this goal, we
propose an Accurate Probabilistic miss ratio curve approximation
for Adaptive Cache allocation (APAC) system. APAC can obtain
near-optimal performance for allocating cache space with low
overhead. Specifically, with a linear-time probabilistic approxima-
tion of reuse distance of all blocks inside each device, APAC can ac-
curately estimate the miss ratio curve (MRC). Furthermore, APAC
utilizes the MRCs to obtain the near-optimal configuration of
cache allocation by dynamic programming. Experimental results
show that APAC achieves higher accuracy in MRC approximation
compared to the state-of-the-art methods, leading to higher hit
ratio and lower latency of the block storage systems.

Index Terms—Reuse Distance Estimation, Miss Ratio Curve,
Cache Allocation

I. INTRODUCTION

Block storage systems have been increasingly important in
the cloud services, and provided flexible high-performance
Input/Output (I/O) operations for various applications. For
example, cloud block storage (CBS) systems have been widely
deployed by cloud storage providers like AWS, Google Cloud,
etc. In block storage systems, caching is used to reduce latency
to improve I/O performance by keeping data that might be
accessed in short-term in fast storage medium [1]–[3]. It is
worth noticing that even small increases in cache hit ratio have
significant impacts on application performances [4], [5].

The design of caching mechanisms heavily rely on the
intrinsic data access patterns within the systems, while access
patterns are usually complex in real-world applications [6].
Different applications are deployed by multiple users simultane-
ously on different storage devices, resulting in I/O requests with
various characteristics [7]. As a result, the demand of cache
varies according to the applications that run on that storage
device. Commonly used cache allocation methods such as even-
allocation policy (EAP) fail to leverage these complex patterns,
and often impose static configurations [8], [9].

∗Equal contribution. Work done as intern at Huawei Noah’s Ark Lab.

Recently, an Online-Model Scheme for dynamic Cache Allo-
cation (OSCA, [10]) was proposed to take a further step. The
OSCA system devises a low-cost Miss Ratio Curve (MRC)
estimation algorithm for estimating and adjusting the cache
demand of different storage devices. The MRC is the curve
of the cache miss ratio to the provided cache size, which
indicates the benefit per cache size given to a storage device.
The decision regarding the cache allocation to a group of
storage devices could be directly settled given their MRCs.
As a result, MRC estimation is the major component of this
cache allocation system. OSCA designs a Re-Access Ratio base
Cache Model (RAR-CM) where it is assumed that reaccesses to
blocks (smallest units for the caches) are uniformly distributed
across the entire I/O history. They then compute the MRCs
based on this model for guiding the cache allocation. However,
as shown in Section IV-B, the estimated MRCs are not accurate
enough, which would mislead the allocation algorithm.

In this work, we propose a novel MRC-based cache allo-
cation system, called Accurate Probabilistic miss ratio curve
Approximation for adaptive Cache allocation (APAC). With an
additional yet minimal assumption about the reaccess patterns
(refers to Assumption 2 in Section III-A), we could construct
a much more accurate estimation of MRCs than OSCA with
similar computation and memory cost. Our APAC system then
leverages the accurate estimation of MRCs and allocate cache
for different storage devices. APAC outperforms previous MRC
estimation algorithms in terms of estimation accuracy, and also
leads to higher system hit ratio than OSCA. In a nutshell, our
contributions are twofold:

• An accurate linear-time estimation method for MRCs. It
can achieve a theoretically unbiased estimation with our
assumptions.

• An adaptive cache allocation system, APAC, which utilizes
the accurate estimation of MRCs and outperforms the
state-of-the-art (SOTA) methods.
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II. RELATED WORK

A. Basic Definitions

Here we have some basic definitions, summarized in Table I.
Consider the following access sequence:

B1 C1 A1 C2 D1 A2 B2 C3 B3 C4 E1 A3

where Li indicate the ith access to the block L, for example,
A2 is the 2nd access to the block A. In this access sequence,
there are N = 12 total accesses and M = 5 different block
addresses.

Reuse distance (denoted as rd), or stack distance, has been
defined by [11]. It is the number of unique block addresses
between two accesses to the same block. For example, the
unique blocks between A2 and A3 contain B,C,E (B,C for
two times and E for one time), so the reuse distance between
these two accesses is rd2,3A = 3. Similarly, we have rd1,2A = 2,
which contain C,D. In general, rdi,jL is the reuse distance
between the ith and jth accesses to the block L.

We also define three more statistics (ioi,jL , rpi,jL , lrpi,jL )
between two accessses to the same block L, which are related
to the computation of reuse distance rdi,jL .

First, ioi,jL simply denotes the number of I/O accesses
between Li and Lj . For instance, io2,3A = 5, which includes
B2, C3, B3, C4, E1. Second, rpi,jL denotes the number of reac-
cesses (globally considered) happened between Li and Lj . For
example, since C1 and B1 happened before A2, and between
A2 and A3 there are B2, C3, B3, C4, the global reaccesses of
both B and C increase by 2. Consequently, rp2,3A = 4. Finally,
lrpi,jL is similar to rpi,jL but only considers the local reaccesses.
Locally between A2 and A3, B and C are both accessed twice,
so there are 2 local reaccesses (B3 and C4), thus lrp2,3A = 2.

For simplicity, we use a single superscript i to denote the
interval from the start of the access sequence to the ith access
to that block. For example, io1A = 2, which contains the access
sequence B1, C1.

B. Miss Ratio Curve

1) Description of MRC: Miss ratio is the portion of accesses
that fail to hit the cache. Miss Ratio Curve, or MRC, is the
curve of the miss ratio to the provided cache size, under the
Least-Recently-Used (LRU) policy [12]. Intuitively, if larger
cache size is given, then the miss ratio is lower. It is because
that the data that needs to be reaccessed is more likely to stay
in a larger cache, instead of being replaced by new data.

MRC is crucial to cache allocation strategies, because given
the allocated cache size, the miss ratio of that application is
reflected quantitatively. MRC under LRU is closely related to
reuse distance. Given a cache size C, the (i + 1)th access to
L (or Li+1) should miss only if its current resuse distance
rdi,i+1

L is larger than the cache size C. If rdi,i+1
L ≤ C, the

Li should be still in the cache and have not been replaced by
new blocks. Consequently, denote the probability distribution
of reuse distances as PRD, then the computation of MRC is
simply given by an integration MRC(C) = 1−

∑C−1
k=0 PRD(k).

TABLE I
SYMBOL TABLE. THE SUBSCRIPT L DENOTES A SPECIFIC BLOCK.

THE SUPERSCRIPT i, j DENOTES RANGE FROM iTH TO jTH ACCESS
TO L. FOR SIMPLICITY, IF THE SUPERSCRIPT ONLY CONTAINS i, IT

DENOTES RANGE FROM THE START TO THE iTH ACCESS.

N # total memory accesses
M # total unique block addresses
Li ith access to block L

rdi,jL # unique blocks

ioi,jL # all accesses

rpi,jL # globally reaccesses

lrpi,jL # locally reaccesses

2) Estimation of Reuse Distance: To accurately compute
the reuse distance for each pairs of accesses, the algorithm
has to keep track of the information of each data block, thus
taking O(N logM) time [11]. This time cost is huge and cannot
support real-time cache policy.

The estimation of reuse distance has been well-studied [13]–
[15]. Waldspurger et al. [15] proposes a Spatially Hashed
Approximate Reuse Distance Sampling (SHARDS) for reduc-
ing computation time by sampling the input with a specific
sampling threshold T and a modulus P . Denote the accessed
block as L. If hash(L) mod P < T , then this access is
collected for reuse distance computation. The estimations are
obtained simply by upscaling the computed reuse distance by
the sampling rate T/P . The paper also proposed a fixed-
size implementation so that the algorithm theoretically runs at
constant time. However, with sampling mechanism it is hard
to estimate the reuse distance for each access, thus putting
on a constraint on the available information. Additionally, in
our experiments we observed that SHARDS still required a
large portion (around 1%) of data to make relatively accurate
estimations, which took long running time.

OSCA [10] proposed a reaccess ratio cache model (RAR-
CM). Their method runs at a low cost and estimates per-
reference reuse distance. With the definitions, a simple obser-
vation would be:

rdi,i+1
L = ioi,i+1

L − lrpi,i+1
L . (1)

OSCA takes ioi,i+1
L × rpi+1

L

ioi+1
L

as the estimation of lrpi,i+1
L . The

motivation is that the ratio of local reaccesses to local total
accesses

lrpi,i+1
L

ioi,i+1
L

can be estimated by the ratio of global recesses

to global total accesses
rpi+1

L

ioi+1
L

. Each ioi+1
L and rpi+1

L can be

calculated in O(1) time by storing the block information in a
hash map, so the algorithm takes O(N) time in total. However,
empirically the tested error of the lower bound estimation could
be rather large, as will be shown later in Section IV.

C. Cache Allocation Policies

Cache allocation policies are the underlying mechanism for
the cache server in a storage system. A brief structure of
cache allocation in a CBS system is shown in Figure 1. Each
application that run on the block storage system should ideally
require enough cache, so as to reach the highest possible hit
ratio for their I/O operations. Nevertheless, the total cache size
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for each storage device
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by configuration
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Fig. 1. An simple architecture of CBS system and cache allocation system.
Cache sever calculates MRCs, then uses MRCs to search for best configuration
and allocates the cache memories in the cache pool to different storage devices
periodically.

is limited in the block storage system. Thus, certain trade-off
on the hit ratios of different applications exists, in order to
maximize the overall system performance.

Current practical systems often use even-allocation policy
(EAP). EAP assigns the same pre-determined amount of cache
to each storage device, and it is typically used in real-world
production systems for its simplicity. This default and static
mechanism runs at a very low cost, but fails to capture the
dynamics and heterogeneity of the storage system. Some other
heuristic methods were developed, including TCM [16] and
REF [17]. These methods have low cost, but their capacity of
optimization is limited by their overly simplified assumptions.

OSCA proposed to make the allocation dynamically based
on quantitative analysis, by periodically computing the MRCs
for all storage devices. The trade-off on cache allocation could
be settled easily by using the MRCs and assuming them to be
stable in the near future. This model-based approach adapts to
the changing I/O access patterns and produces more reasonable
allocation strategies than static approaches.

III. THE PROPOSED METHODS

The proposed cache allocation policy relies on an accurate
reuse distance estimation. In the following Section III-A,
we first present the details of our linear-time reuse distance
estimation algorithm. Then, we describe our cache allocation
method in Section III-B.

A. Linear-Time Reuse Distance Estimation

To reduce the relatively large error of current linear-time
reuse distance estimation algorithm and maintain its speed, we
propose a novel linear-time estimation method.

As mentioned above in Equation 1, reuse distance between
two accesses to the same block (rdi,i+1

L ) could be computed
by subtracting the number of accesses in this range (ioi,i+1

L )
by the number of locally reaccesses (lrpi,i+1

L ), i.e., rdi,i+1
L =

ioi,i+1
L − lrpi,i+1

L . Here we propose an unbiased estimation for
lrpi,i+1

L . Then, an unbiased estimation of rdi,i+1
L is obtained

as ioi,i+1
L can be recorded straightforward. The estimation is

efficient and takes O(N) time complexity.
Denote the probability distribution of all ioi,i+1

L as pio(k) =
P (ioi,i+1

L = k). pio(k) could be understood as the overall
distribution of the number of accesses between two accesses to
the same data block. Consider an arbitrary reused block As+1

(we assume that the access As exists, which happens before
As+1) happened between reaccesses Li and Li + 1, we make
the assumption that ∀A, s, ios,s+1

A ∼ pio(k). In other words,
we assume that the number of accesses between any pair of
reused data blocks obey the same probabilistic distribution.

Lemma 1:
Assume that arbitrary ios,s+1

A follows the overall distribution
pio(k), then the probability of As+1 being a locally reaccess

between Li and Li + 1 is
∑ios+1

A −ioiL
k=0 pio(k).

Proof 1: If As+1 is a locally reaccess, then As must also hap-
pen after Li. Consequently, the probability of As+1 ∈ lrpi,i+1

L

could be calculate as:

P (As+1 ∈ lrpi,i+1
L )

= P (As ∈ Li,i+1 | As+1 ∈ Li,i+1)

= P (iosA > ioiL | As+1 ∈ Li,i+1)

= P (ios+1
A − iosA < ios+1

A − ioiL | As+1 ∈ Li,i+1)

= P (ios,s+1
A < ios+1

A − ioiL | As+1 ∈ Li,i+1)

=

ios+1
A −ioiL∑
k=0

pio(k).

(2)

We keep an access counter Iac and a reuse counter Ire. Ire
increases by 1 whenever an access happens, while Ire increases
by 1 when a reaccess happens. We use a hash map M to record
information for data blocks. When a data block L is accessed
for the ith time, we update M(L).ac = Iac and M(L).re =
Ire. When it is reused, ioi,i+1

L is computed by Iac −M(L).ac
and rpi,i+1

L is computed by Ire − M(L).re. We also keep a
record of the distribution of all ioi,i+1

L so that we estimate
pio(k) on the fly. Notice that for any B ∈ Li,i+1, if B /∈
rpi,i+1

L , then B is never reaccessed and P (B ∈ lrpi,i+1
L ) = 0.

Then, with Lemma 1 we can estimate lrpi,i+1
L as:

E

[
lrpi,i+1

L

]
=

∑
B∈Li,i+1

P (B ∈ lrpi,i+1
L )

=
∑

B∈rpi,i+1
L

P (B ∈ lrpi,i+1
L )

=
∑

As+1∈rpi,i+1
L

P (As+1 ∈ lrpi,i+1
L )

=
∑

As+1∈rpi,i+1
L

ios+1
A −ioiL∑
k=0

pio(k).

(3)

If we assume that the reused data blocks As+1 ∈ rpi,i+1
L are

uniformly distributed over time, we can compute E

[
rdi,i+1

L

]
.
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Theorem 1: Assume that:

Assumption 1: Reused blocks are uniformly distributed over
time.

Assumption 2: The distribution of the number of blocks
between two accesses to the same block pio(k), is stationary.

Then, we have:

E

[
rdi,i+1

L

]
= ioi,i+1

L − rpi,i+1
L

ioi,i+1
L

ioi,i+1
L∑
k=0

(ioi,i+1
L − k + 1)pio(k).

Proof 2: Consider an arbitrary reused block As+1 between
Li and Li+1. According to the assumption, we have ios,s+1

A ∼
pio(k). With Lemma 1 and Equation 3, we know that:

E

[
lrpi,i+1

L

]
=

∑
As+1∈rpi,i+1

L

ios+1
A −ioiL∑
k=0

pio(k).

Since arbitrary As+1 ∈ rpi,i+1
L distributes evenly, ios+1

A − ioiL
also takes a discrete uniform distribution between Li and Li+1.
Denote X = ios+1

A − ioiL, we have X ∼ U{0, ioi,i+1
L }, then:

E

[
lrpi,i+1

L

]
=

∑
As+1∈rpi,i+1

L

EX∼U{0,ioi,i+1
L }

[
X∑

k=0

pio(k)

]

=
rpi,i+1

L

ioi,i+1
L

ioi,i+1
L∑

X=0

X∑
k=0

pio(k)

=
rpi,i+1

L

ioi,i+1
L

ioi,i+1
L∑
k=0

ioi,i+1
L∑

X=k

pio(k)

=
rpi,i+1

L

ioi,i+1
L

ioi,i+1
L∑
k=0

(ioi,i+1
L − k + 1)pio(k).

(4)

Therefore:

E

[
rdi,i+1

L

]
= E

[
ioi,i+1

L − lrpi,i+1
L

]
= ioi,i+1

L − E

[
lrpi,i+1

L

]

= ioi,i+1
L − rpi,i+1

L

ioi,i+1
L

ioi,i+1
L∑
k=0

(ioi,i+1
L − k + 1)pio(k).

(5)

With Theorem 1, we can compute E

[
rdi,i+1

L

]
using only

ioi,i+1
L , rpi,i+1

L and the distribution pio(k). We keep a distri-
bution p̂io(k) as the estimation of pio(k), so that we have an
unbiased estimation for each reuse distance as:

ioi,i+1
L − rpi,i+1

L

ioi,i+1
L

ioi,i+1
L∑
k=0

(ioi,i+1
L − k + 1)p̂io(k).

Keeping p̂io(k) takes O(1) time for each new I/O request. As
mentioned before, the calculation time rdi,i+1

L and ioi,i+1
L is

O(1), so the computation of any rdi,i+1
L is O(1). Overall, the

estimation algorithm runs at O(N) time.

B. Cache Allocation based on MRCs

Based on accurately approximated MRCs, we further pro-
pose a dynamic-programming-based cache allocation system.

We define total cache size as Ctotal, and cache size allocated
to K different storage devices is denoted as Ci, i = 1, 2, ...,K,
respectively. The hit ratio of the allocated cache for the ith
storage device is defined as HRi. Also, define Ni as the total
number of accesses for the ith device. Then, the optimization
problem is formulated as:

max
Ci

K∑
i=1

HRiNi (6)

s.t.

K∑
i=1

Ci = Ctotal (7)

The MRC of the ith storage device reflects the relationship
between the miss ratio (i.e., 1 − HRi) and its given cache
sizes, so it encodes all the information that we need for cache
allocation optimization. We calculate the MRCs of each storage
device, and use dynamic programming to search for the best
configuration of cache sizes based on MRCs, and then adjust
the cache allocation configuration. This procedure is done
periodically with an interval T during the whole I/O process.

IV. EXPERIMENTS

A. Experimental Settings

We compare the proposed APAC with other methods on one-
day-long data traces collected from a commercial CBS system,
where applications run on multiple storage devices. The CBS
system consists of 12 storage devices, indexed by Logical Unit
Number 1 to 12 (LUN1 to LUN12). The detailed information
are shown in Table II.

TABLE II
TRACE SOURCES AND NUMBER OF TOTAL MEMORY ACCESSES N AND

TOTAL UNIQUE BLOCK ADDRESSES M .

name N M
LUN1 31110176 286083
LUN2 27437054 287345
LUN3 31217096 284025
LUN4 51946923 20636130
LUN5 54446309 21132290
LUN6 55505126 21159307
LUN7 54430947 21160552
LUN8 54334504 21168283
LUN9 54898915 21227572
LUN10 60726889 21220725
LUN11 55429555 21142972
LUN12 28595133 262565

We compare APAC with a classical method SHARDS [18]
and a SOTA approach OSCA [10] on MRC approximation and
cache allocation. We use SHARDS with 0.01 sample rate to
balance accuracy and efficiency. With this setting, the actual
running times of the three algorithms are approximately the
same. The MRC calculation period of cache allocation is set
as T = 1 hour. The total cache size are 12GB and initial cache
size of each LUN are equally allocated to be 1GB. We set the
range of cache size of each LUN to be between 32MB and
4GB. The finest grain of adjustment is set to be 32MB.
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Fig. 2. MRCs of all 12 LUNs. We only show cache size from 64MB to 512MB. After the 512MB the trends of miss ratio curves keep the same, which are
not informative. MRCs of APAC are the most closest to the ground truth in most cases.

TABLE III
THE MAES OF MRC APPROXIMATION. THE BEST ONES ARE IN BOLD.

name SHARDS OSCA APAC
LUN1 6.31E-02 3.52E-02 4.98E-03
LUN2 8.34E-02 3.46E-02 4.93E-03
LUN3 6.51E-02 3.66E-02 5.07E-03
LUN4 6.00E-02 7.31E-03 5.79E-04
LUN5 2.19E-03 7.70E-03 5.42E-04
LUN6 6.20E-02 1.07E-02 5.47E-04
LUN7 6.97E-03 7.35E-03 5.08E-04
LUN8 7.81E-02 7.13E-03 4.68E-04
LUN9 1.01E-02 1.00E-02 5.02E-04
LUN10 2.67E-02 1.48E-02 1.05E-03
LUN11 2.07E-02 8.32E-03 6.40E-04
LUN12 6.40E-02 6.64E-02 5.25E-03
Average 4.52E-02 2.05E-02 2.09E-03

B. Results of MRC Approximation

We compare the proposed MRC approximation with
SHARDS (0.01 sampling rate) and OSCA. We compute the
exact miss ratio (ground truth) and the estimated ones by
compared methods on cache sizes from 32MB to 4GB every
32MB. The results of MRC approximation are reported in
Table III, where Mean Absolute Error (MAE) over miss ratios
on all tested cache sizes are used to evaluate the MRCs.

The error of SHARDS is 21.6 times larger than APAC, and
OSCA is 9.82 times larger. APAC has the lowest MAE on
all experiments. The comparison of MRCs of all 12 LUNs is
shown in Figure 2.

By observing the access sequences, a typical case in reuse
distance estimation that OSCA performs weakly is found.

Consider the following trace:

A1, B1, C1, D1, A2, B2, C2, D2, A3, B3, C3, D3

OSCA estimate lrp2,3D = io2,34 × rp3
D

io3D
= 3 × 7

12 ≈ 1.75. And

APAC estimate lrp2,3D = 0 because pio(k) = 0, ∀k < 4,
which is accurate. OSCA accumulates errors with this common
pattern of access sequences, which leads to errors in MRC
approximations.

Also, it should be noticed that SHARDS has analytically
O(1) computation time, but the accuracy of its results decreases
as the sampling rate decreases. As a result, we control the actual
computation time in our experiments. Our method achieves
much more accurate MRC estimations than other methods, with
approximately the same actual computation time.

C. Results of Cache Allocation

To prove the effectiveness of cache allocation, we compared
all methods to EAP and optimal configuration. The optimal
configuration is obtained offline by calculating accurate MRCs.
To show the effectiveness of a method, we report its Improve-
ment Coverage, IC:

ICmethod =
HRoptimal − HRmethod

HRoptimal − HREAP
(8)

Here HRmethod means the overall hit ratio of all LUNs. This
statistic shows how much a method covers the difference of
total hit ratio between EAP and the optimal configuration. The
results are shown in Figure 3.

Overall, APAC covers 66.8% of theoretically optimal im-
provement. APAC remains higher hit ratio compared to OSCA
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and SHARDS during the I/O accesses except the first hour, as
no allocation is performed at that time. Due to the inaccurate
estimation of MRCs by OSCA, it even performs worse than
EAP since the 6th hour. SHARDS performs the second with
49.7% coverage. SHARDS shows stable performance over
time, as it estimates MRCs more and more accurately with
the number of I/O access grows.

It is worth noting that although SHARDS has higher MAE
in MRC approximation, it reflects the trend of MRC better
than OSCA. Consequently, the cache allocation performance is
better than OSCA. Our estimations have more accurate trends,
so that APAC still outperforms SHARDS. Also, as shown in
Figure 2, the MRC estimation of OSCA has larger error when
cache sizes are small, which certainly leads to unsatisfactory
cache allocation configuration.

V. CONCLUSION

In this work, we propose a dynamic cache allocation method
based on accurate approximation of miss ratio curve. The
approximation algorithm is a linear-time algorithm, which
shows a large improvement over the existing SOTA linear-time
estimation in terms of MAE.

Since our APAC can obtain more accurate estimation of
MRCs, the allocation strategy based on MRCs is also more
efficient. Experiments show that the proposed cache allocation
method has consistently higher hit ratio on block traces than
SHARDS and the SOTA method OSCA.

One limitation the proposed method is that the recording
of reuse distance information and last access information con-
sumes O(M) space, which is similar to OSCA. In future work,
we will improve it by designing better data structures.
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