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Abstract—

Spin Transfer Torque Magnetic RAM (STT-MRAM) is one of the most promising on-chip technologies, which delivers high density, non-
volatility, and near-zero leakage power. However, STT-MRAM suffers from three reliability issues, namely, read disturbance, write failure,
and retention failure, that present significant challenges to its use as a reliable on-chip memory. All of these three reliability challenges
become even more threatening with any increase in STT-MRAM cell temperature. Write operations are regarded as the main source
of heat generation and temperature increase in STT-MRAM on-chip memories. This paper first presents experiments to show how the
heat generated by consecutive writes affects the reliability of an STT-MRAM on-chip cache. Then, it proposes the WiSE framework,
an approach to reduce the STT-MRAM-based cache memory temperature and improve its reliability. WiSE utilizes the Reinforcement
Learning (RL) technique to detect high-density write operation patterns in STT-MRAM cache. To manage the write operations across
the STT-MRAM caches, WiSE introduces a new temperature-aware replacement policy. The simulation results show that while WiSE
imposes only about 1% performance overhead, it improves retention failure rate, read disturbance rate and write failure rate by 64%,
57%, and 47%, respectively, compared to Least Recently Used (LRU) replacement policy.

Index Terms—Reinforcement Learning, Reliability, Replacement Policy, STT-MRAM, Heat Accumulation
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1 INTRODUCTION

RECENTLY researchers have become increasingly inter-
ested in promising alternatives for Static RAM (SRAM)

cells in the structure of on-chip Last Level Cache (LLC)
memories [1]. Among emerging memory technologies,
STT-MRAM has been regarded as one of the most promising
candidates due to its better scalability, higher density, and
lower leakage power [2], [3].

Reliability is one of the main concerns in all parts of
integrated circuits from CPU to interconnects [4]. Among
these components, cache memory is of decisive importance
since it maintains the most valuable asset, i.e., data. Despite
all of its advantages, STT-MRAM suffers from some relia-
bility challenges that should be addressed to be employed
as an on-chip memory [5]. Briefly, three failure mechanisms
challenge the reliability of STT-MRAMs: 1) read disturbance:
an unexpected value change of a memory cell during a
read operation, 2) write failure: erroneously written value
in an STT-MRAM cell during a write operation, and 3)
retention failure: unintended value change of an STT-MRAM
cell during idle times [6].

All three failure mechanisms of STT-MRAM cells are
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affected by temperature fluctuations [7]. Temperature in-
crease reduces the thermal stability factor (�), the ratio of the
thermal stability barrier to the operating temperature, which
in turn, exponentially increases both read disturbance and
retention failure rates. Besides, higher temperature increases
write switching threshold current resulting in an increase in
write failure rate [7].

Write operations are known to be the major source of
heat generation and temperature increase in STT-MRAM
cache memories [8], [9]. Accordingly, distributing write op-
erations evenly across the memory banks of cache memories
would efficiently distribute the heat over the STT-MRAM
cache memory. On the other hand, the write operations
in the cache are highly application-dependent. Since cache
memory utilizes temporal and spatial localities in the appli-
cation address space to maintain the most frequently refer-
enced data, the write operation density in cache memories
would be localized in some specific parts of the cache at each
time epochs. Thus, usually, a few parts of cache memory
banks would be hot while most parts of them would be
cold.

To this end, if one finds high-density write operation
patterns in the applications and distributes them across
the memory banks, the peak temperature and average
temperature of the cache memory banks would signifi-
cantly decrease and many reliability issues of STT-MRAM
caches would alleviate. The more accurate detection of
high-density write operation patterns, the more reliability
improvement achieve. Thus, to detect these patterns across
the applications, we require an efficient method.

In this paper, first, we show how the heat generated
by consecutive writes affects the reliability of STT-MRAM
on-chip caches. Then, we introduce WiSE, an approach to
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alleviate the STT-MRAM-based cache memory temperature
and improve its reliability. In WiSE, we try to track the write
operation behavior across the memory banks of STT-MRAM
cache through a Machine Learning (ML)-based technique.
Indeed, ML provides automated methods that can detect
patterns in data and analyze (classify) them. Notably, WiSE
utilizes RL technique to detect high density write operation
patterns in applications.

RL is a class of ML models where the learning process
is based on evaluative feedbacks without any supervised
signals. It aims to create agents similar to the humans, which
learn for themselves by trial-and-error, solely from rewards
or punishments, to develop successful strategies that even-
tually lead to the largest long-term rewards [10].WiSE uti-
lizes the RL technique to detect high-density write operation
patterns in applications.

Since replacement policy is the main contributor in
placements of the blocks in the cache memories, after find-
ing high density write operation patterns, to distribute them
across the STT-MRAM cache’s memory banks, we propose
a new replacement policy. WiSE replacement policy tries to
uniformly distribute high density write operation patterns
all over the chip to reduce generated heat due to the write
operations and improve reliability challenges.

To evaluate WiSE, we employ the gem5 cycle-accurate
simulator [11], using a set of benchmarks from the SPEC
CPU2006 [12]. Our simulation results show that WiSE de-
creases the average and peak temperatures of cache blocks
significantly up to 17.99°C and 26.36°C, respectively, com-
pared to LRU. Based on the simulation results, compared
to LRU, WiSE decreases retention failure rate by 64%, read
disturbance rate by 57%, and write failure rate by 47%.

The remaining of this paper is organized as follows:
In Section 2, the background of STT-MRAM and learning
are presented. In Section 3, the motivation of this study
is introduced. Afterward, in Section 4, WiSE is explained,
followed by a comprehensive experimental study in Section
5. The most related previous studies are explored in Section
6. Finally, we conclude this paper in Section 7.

2 PRELIMINARIES

In the following, we first discuss the basics of STT-MRAM
technology and explore its reliability challenges. Then we
review some preliminaries on ML.

2.1 STT-MRAM Fundamentals
Fig. 1 depicts the structure of an STT-MRAM bit-cell, which
consists of an access transistor and a Magnitude Tunnel
Junction (MTJ) device. An MTJ device, as shown in Fig. 1,
consists of two independent ferromagnetic layers, namely
reference layer and free layer, separated by a barrier oxide
layer such as magnesium oxide (MgO). The Parallel (P) and
Anti-Parallel (AP) orientation of the free layer compared
to the reference layer puts the STT-MRAM cell in a low
and high resistance state, respectively. These two resistance
states are used to represent either ‘1’ or ‘0’ logic values [13].

To read the stored value in an STT-MRAM cell, the WL
is activated, and a low sensing current is applied through
the cell to measure the resistance of the MTJ. If the sensing

current is higher than the reference current, the MTJ is in a
low resistance state, and the content of the cell is considered
to be ‘0’. Otherwise, the MTJ is in a high resistance state
and the cell is regarded as ‘1’. During the write operation, a
current greater than the critical switching current is passed
through the bit-cell. Writing ‘0’ or ‘1’ is determined by the
direction of the applied switching current between the Bit
Line (BL) and Source Line (SL) while keeping the Word Line
(WL) activated.

The major failure mechanisms of STT-MRAM cells
are retention failure, read disturbance, and write failure
[14],[15],[16]. A retention failure occurs when an idle cell
flips without applying any intentional excitation source. The
retention time of an MTJ is defined as the expected time
until a data retention failure happens. The retention failure
probability (PRF ) for a given time period (t) is calculated by
Equation (1) [14]:

PRF = 1 − exp( −te� ) (1)

where � is the thermal stability factor and is measured
using the Equation (2) [14]:

� = Eb

K × T (2)

During a read operation in an STT-MRAM cell, the
content of a cell can change unintentionally due to read dis-
turbance. The occurrence probability of a read disturbance
in an STT-MRAM cell is calculated according to Equation
(3) [17]:

PRD(tr) = 1 − exp(−tr⌧ × exp(
−�(IC0 − Ir)

IC0

)) (3)

where � is the thermal stability factor, ⌧ is the attempt pe-
riod, Ir is the read current, IC0 is the critical MTJ switching
current at 0○K, and tr is the read pulse width.

Write failure as another reliability concern occurs when
the magnetic field direction of the free layer in an MTJ is
not switched during the time that the write pulse is being
applied. Equation (4) shows the probability of a write failure
for an STT-MRAM cell [18]:
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Fig. 1: Typical STT-MRAM bit-cell structure.
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PWF (tw) = exp(−tw × 2µBp(Iw − IC0)(c + ln(⇧2�
4 )) × (em(1 + p2))) (4)

where � is the thermal stability factor, IC0 is the critical
MTJ switching current at 0○K, c is the Euler constant, e is
the magnitude of electron charge, m denotes the magnetic
momentum of the free layer, p is the tunneling spin polar-
ization, µB is the Bohr magneton, Iw is the write current,
and tw is the write pulse width.

The temperature rise significantly increases the rates
of the three types of errors mentioned above. Increasing
the temperature reduces the thermal stability factor (�) of
STT-MRAM cells, which results in an exponential increase in
read disturbance and retention failure rates. Similarly, write
current decreases in higher temperatures, which results in a
higher write failure rate [7]. Accordingly, the high impact of
temperature fluctuations on failure rates of STT-MRAM cells
necessitates an efficient temperature management approach.

2.2 Learning
The ability to learn from the environment and improve
performance through learning [19] is a primary and cru-
cial property of a neural network. By tuning the inter-
unit connection weights or strengths obtained by adapting
to or learning from a set of training patterns [20], the
network functionality is realized. Therefore, the quality of
the learning process would have a significant impact on the
functional accuracy of a neural network.

ML allows automatically detecting patterns in data and
using these patterns to make decisions or predictions during
the run-time [21]. ML approaches are traditionally divided
into three broad categories: Supervised learning is the task of
inferring a classification or regression from labeled training
data, Unsupervised learning is the task of drawing inferences
from data sets consisting of input data without labeled
responses, and RL is the task of learning how agents ought
to take sequences of actions in an environment to maximize
cumulative rewards [22].

RL is a class of ML models in which the learning
process is done through evaluative feedbacks without any
supervised signals. As opposed to supervised learning, RL
does not have direct access to the data labels. The labels
for RL can be thought of as being dynamically generated
and updated until convergence is achieved. The agent is
placed in the training environment and is allowed to take
action to explore the environment. With every action taken,
a reward is given to the agent based on a user-defined goal.
The reward quantifies the underlying goal; if the agent takes
an action in accordance with the goal, the reward is higher
and vice versa. The aim of RL is to learn a control policy
that predicts actions that maximize the long-term rewards.

An RL problem can be formalized as a discrete time
stochastic control process where an agent interacts with its
environment. The agent starts, in a given state within its
environment s0 ∈ S , gathering an initial observation !0 ∈
⌦. At each time step t, the agent has to take an action at ∈
A. As illustrated in Fig. 2, it follows three sequences: (i) the
agent obtains a reward r(t) ∈ R, (ii) the state transitions to
s(t + 1) ∈ S, and (iii) the agent obtains an observation !t+1

Environment 

Agent
State s(t)

Reward r(t)Action a(t+1)

Fig. 2: Agent-Environment interaction in RL

∈ ⌦. This control setting was first proposed by [23] and later
extended to learning by [24].

An RL agent includes one or more of the following
components:

● A representation of a value function that provides a
prediction of how good each state or each state/ac-
tion pair is,

● A direct representation of a policy to define how an
agent selects actions, ⇡(s) or ⇡(s, a) , or

● A model of the environment (the estimated transi-
tion function and the estimated reward function) in
conjunction with a planning algorithm.

The first two components are related to what is called
model-free RL. When the latter component is used, the
algorithm is referred to as model-based RL.

3 MOTIVATION

As mentioned earlier, the major source of heat generation
and increase in temperature in STT-MRAM cache memories
are write operations [8], [9]. If the generated heat is not
evenly distributed all over the chip, some points of the
chip will have a higher temperature than others. So, uneven
heat distribution makes some points of the cache memory
vulnerable to reliability challenges.

In the following, we will see how different workloads
can cause high temperature in the L2 cache in case study
applications. To this end, we use a combination of applica-
tions from SPEC CPU2006 benchmark suite [12] as our case
study application. The application includes cactusADM,
gcc, perlbench, and sjeng. cactusADM is a combination
of Cactus, an open-source problem-solving environment,
and BenchADM, a computational kernel representative of
many applications in numerical relativity. gcc generates
code for an AMD Opteron processor. The benchmark runs
as a compiler with many of its optimization flags enabled.
perlbench is a cut-down version of Perl v5.8.7, the popular
scripting language. sjeng is based on Sjeng 11.2, which
is a program that plays chess and several chess variants
and attempts to find the best move via a combination of
alpha-beta or priority proof number tree searches, advanced
move ordering, positional evaluation, and heuristic forward
pruning.

We use the gem5 simulator [11] to simulate our case
study application on a system with four cores. We consider
an initial temperature of 84.85°c for each cache block [25].
Fig. 3 shows the comparison of temperature rate in four
replacement policies, i.e., LRU, First In First Out (FIFO),
Most Recently Used (MRU), and Random.
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Fig. 3: Comparison of temperature rate in different replace-
ment policies: (a) LRU, (b) FIFO, (c) MRU, and (d) Random.

As can be seen from Fig. 3.(a), after running the appli-
cation with LRU, about 6.66% of blocks have a temperature
range of 134.85-159.85°c, 66.07% of blocks are in the range of
159.85-184.85°c, 24.38% of blocks have a temperature range
of 184.85-209.85°c, and 2.85% of blocks have a temperature
more than 209°c. For FIFO, as it is depicted in Fig. 3.(b),
6.8% of blocks have maximum temperature in the range
of 134.85-159.85°c. The 159.85-184.85°c temperature range
consists 67.17% of cache blocks. The temperature of 23.29%
of blocks is in the range of 184.85-209.85°c. 2.71% of blocks
have a temperature of more than 209°c.

Fig. 3.(c) shows that having MRU as the replacement
policy causes to have 20.36% of cache blocks in a tempera-
ture range of 134.85-159.85°c. 60.35% of cache blocks have
a maximum temperature between 159.85°c and 184.85°c.
The range 184.85-209.85°c consists of 17.35% of blocks while
1.87% of blocks have a maximum temperature of more than
209°c. For the Random replacement policy, Fig. 3 shows that
6.54% of cache blocks have a temperature between 134.85°c
and 159.85°c and the temperature of 66.97% of cache blocks
is in the range of 159.85-184.85°c. The range 184.85-209.85°c
consists of 23.8% of cache blocks while 2.69% of cache blocks
have a temperature of more than 209.85°c.

As can be seen, the percent of cache blocks that have
a temperature in a specific range is different for different
replacement policies. These observations confirm that one
of the main factors in write distribution non-uniformity is
the decisions made by cache replacement policy, as they
determine into which cache block the incoming data should
be written.

4 WISE IN DETAILS

This section describes how WiSE distributes the generated
heat in an STT-MRAM cache. To this end, WiSE benefits
from an RL-based approach that tries to distribute write
operations all over the cache memory banks and manage
the generated heat to improve STT-MRAM reliability chal-
lenges. In the following, first, we explain how we map our
thermal management problem to an RL-based problem at
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Fig. 4: The relation between 32nm STT-MRAM cell temper-
ature rise and the delay between two consecutive writes as
long as the percent of write accesses with different delays.

the first sub-section. Then, in the second sub-section, we
will introduce the WiSE replacement policy in detail.

4.1 How to Utilize RL in WiSE
Increasing chip temperature can have significant adverse
effects on the performance, reliability, power consumption,
and lifetime of the chip. Some destructive mechanisms
such as electron migration, stress migration, and dielectric
breakdown are temperature-dependent and will speed up
with increase in temperature. Increasing the temperature
also decreases the reliability of an STT-MRAM chip. If the
generated heat accumulates in a specific part of the chip,
that part becomes a hot-spot and can cause read disturbance
(see Equation (3)), write failure (see Equation (4)), or reten-
tion failure (see Equation (1)). So, controlling the generated
heat plays an important role in improving the performance,
reliability, and energy consumption of the chip.

As mentioned earlier, one of the main sources of heat
generation in STT-MRAM memory cells is the write op-
eration. Consecutive writes significantly increase the tem-
perature of a cell and treat its reliability. To explore the
generated heat after the write operation, we used the MTJ
cell model proposed in [25]. Accordingly, we considered a
set of workloads from the SPEC CPU 2006 benchmark suite
[12]1. Fig. 4 depicts the temperature of the cell (left vertical
axis) and access distribution (right vertical axis) based on
the delay between two consecutive writes. As can be seen
in the figure, the longer the delay between two consecutive
writes, the less heat is generated.

Fig. 5 shows the temperature rise for different write
latencies at different technology node sizes in two scenarios.
In the first scenario, a technology node size-independent
voltage (current) is applied to the STT-MRAM cell during
the write operation. In this scenario, we just change the
technology node size of the MTJ cell. In the latter scenario,
we apply different write pulse voltages (same as technology
node size introduced Vdd) during the write operation. Fig.
5 reveals that the most critical contributor in heat generation
of STT-MRAM cell during the write operation is its applied
write voltage (current). As shown in this figure, when the
write voltage is fixed at 0.7v, the amount of generated heat

1. The details of the benchmarks and simulation settings can be found
in Table 1 and Table 2
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Fig. 6: The RL model used in WiSE-enabled cache.

during the write operations is not noticeably different for
various technology node sizes. On the other hand, when we
change the write pulse voltage (current) as the technology
node size varies, the amount of generated heat changes
significantly. Considering the second scenario, the tempera-
ture rise due to the write operation in the STT-MRAM cell
becomes smaller as the technology size becomes smaller. It
should be noted that the primary cell’s temperature was
84.85°c (358°K) during the experiments.

Since the write operation is performed in different cells,
the cell in which the write operation is performed remains
idle for a certain period. If there is no write request to that
cell, the temperature of that cell will decrease. Indeed, the
cell in which the write operation is not performed will lose
its heat and cool down over time. Equation (5) shows the
relation between time and cooling rate for an STT-MRAM
cell [26].

T − T∞
Ti − T∞ = e

−t
⌧ (5)

where T is the temperature at any moment, Ti is initial
temperature, T∞ is final temperature, t is time, and ⌧ is
thermal time constant.

In WiSE, we aim to increase the idle time of each
STT-MRAM cache cell as much as possible with the hope of
decreasing the cell temperature. Accordingly, if we consider
Figure 2 model for a system that utilizes the RL management
strategy, we should first fit the model to our problem.
Figure 6 depicts the RL model that we use in the WiSE-
enabled cache. The environment in our RL model is the
STT-MRAM cache and our agent is the WiSE replacement
policy. As can be seen in Figure 6, WiSE RL actions are the
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Fig. 7: An abstract view of different parts of a system
equipped with WiSE approach.

WiSE replacement policy decisions on the victim blocks. For
WiSE RL rewards, different strategies can be considered. For
example, we can consider a positive reward of ‘1’ whenever
the incoming write request is written at the most relaxed
memory bank recently, and a negative reward of ‘-1’ for
the time that the incoming write request is written at the
most recently used memory bank. Finally, for the WiSE RL
state attributes, we consider access latency ratios of different
WiSE-enabled cache memory banks.

4.2 WiSE-enabled Cache Architecture
Fig. 7 depicts the WiSE-enabled cache architecture. As can
be seen in Fig. 7, compared with the traditional n-way set as-
sociative STT-MRAM-based cache, the WiSE-enabled cache
benefits from a WiSE Manager module which is resided next
to an ordinary cache controller. Generally, WiSE Manager
is responsible for alleviating the hot spots in STT-MRAM
memory banks which are assigned to the cache ways and
increase the reliability of STT-MRAM cache according to the
facts (and formulas) which are mentioned in Section 2.

It is illustrated in Fig. 7 that WiSE Manager itself consists
of three main parts, i.e., WiSE Controller, Age List, and Reward
Baskets. In the following, we will explain the details of each
part.

● WiSE Controller: Generally, it is responsible for im-
plementing Algorithm 1. By executing Algorithm 1,
the WiSE Manager can efficiently track the tempera-
ture rise in the cache’s ways and force the traditional
replacement policies (like LRU) which are executed
in the cache controller to evict a different block to
alleviate the way’s temperature.

● Age List: It is a WiSE Manager-provided space that
tracks the order of write operations in the ways. It is
much like the age bit concept, which is traditionally
used in LRU replacement policy to monitor the block
usage history in each set of an n-way set-associative
cache. However, the Age List focuses on the write
operations in the ways (memory banks). The Age
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List is directly updated by the WiSE controller. The
leftmost section in the Age List is the least frequently
written way and the rightmost section in it is the
most frequently written way. The bit-width and the
number of sections in the Age List depend on the
number of ways in the cache.

● Reward Baskets: It is a WiSE Manager-provided
space that is used to save the reward of each way. It is
computed according to Algorithm 1. The number of
baskets in the reward basket depends on the number
of cache ways. The bit-width of each basket can be
computed by Equation (6).

RBbit−width =
log2 �(PositiveMaxV alue−
NegativeMaxV alue + 1�

(6)

4.3 WiSE Replacement Policy
This section describes the WiSE replacement policy. It is
important to remember that the physical structure of the n-
way set associative cache consists of several memory banks.
Indeed, there is a relationship between the number of cache
ways and the number of memory banks. In most cases,
for an n-way set associative cache, we have an n-multiple
number of memory banks.

As we mentioned earlier, the write operations in the
STT-MRAM cache memories are the main contributor in
generating the heat across the STT-MRAM cells. The write
operations in cache memories are requested in two scenar-
ios. In the first scenario, a write operation is issued when a
cache block that is already found in the cache is updated.
In the second scenario, when a block is requested in a cache
and it is not found in it, this block should be taken from
the lower-level (nearer to main memory) memory module
in hierarchical memory system infrastructure.

In the second scenario, the cache replacement policy is
the main contributor to placing the new block in a specific
position of the cache memory and issues the write operation
on that position. Indeed, here when a miss occurs, a new
block must be written to cache. The replacement policy
chooses a block as a victim block and replaces it with the
new one. Here in the WiSE replacement policy, we aim
to control these kinds of write requests in a way that the
generated heat from them would be as low as possible. To
this end, the WiSE replacement policy chooses the victim
block from the memory banks that experience fewer write
operations recently.

Algorithm 1 outlines the WiSE management policy. Al-
gorithm 1 is called each time a read or write request arrives
at the WiSE-equipped cache memory. As can be seen in
Algorithm 1, at line 1, first we check if we can find the
requested block on the cache (hit) or not (miss). Then, at line
2, if the request is a read and it was a hit in the cache, there
is no need to perform any action since the read operation on
the STT-MRAM cache is not challenging (compared to the
write operation). In line 5, if the request is a write (write-
back) and it was a hit in the cache, we should update the
reward baskets that are assigned to each way. To this end,
first, the way number that the hit block resides in is retrieved
at line 6.

Algorithm 1: WiSE Algorithm
Input: readRequest, writeRequest, blockAddress,

RewardBaskets, ageList, nextVictimWay,
maxWayNumber

Output: Updating rewardBaskets and introducing the
victimBlock if applicable

1 found = (!foundSet(blockAddress) and
!foundWay(blockAddress));

2 if (found == 1) and readRequest then
3 return null
4 end
5 if (found == 1) and writeRequest then
6 n = foundWay(blockAddress));
7 if n == ageList[maxWayNumber] then
8 if RewardBasketn == PositiveMaxV alue then
9 RewardBasketn = 0;

10 ▷ Clearing the good history!
11 else
12 RewardBasketn+ = 1;
13 end
14 ▷Write hit in least recently written way
15 end
16 if n == ageList[0] then
17 if RewardBasketn == NegativeMaxV alue then
18 nextV ictimWay = n;
19 ▷ Introducing the next victim block in advance!

RewardBasketn = 0;
20 ▷ Clearing the bad history!
21 else
22 RewardBasketn− = 1;
23 end
24 ▷Write hit in most recently written way
25 end
26 ageList[0] = n;
27 return null
28 end
29 if found ≠ 1 then
30 ▷Miss in read or write request
31 if nextV ictimWay ≠ null then
32 set = foundSet(blockAddress);
33 victimBlock = set.block[nextV ictimWay];
34 ageList[0] = nextV ictimWay;
35 return victimBlock
36 else
37 LRU(blockAddress);
38 ageList[0] = foundWay(blockAddress));
39 end
40 end

As illustrated in Fig. 7, we consider a reward basket
for each way in WiSE-equipped cache memory. The most
significant bit in each way’s basket is considered as a sign bit
since we can have positive or negative rewards for different
write operations in the ways. For example, a five bits way’s
reward basket can contain numbers from -15 (NegativeMax-
Value) to +15 (PositiveMaxValue). For the situations that the
write request hits on the coolest way (lines 7 to 15), we
will increase the corresponding way’s reward basket by one
unless its value does not become above PositiveMaxValue.
As can be seen in lines 8 to 13, if the target way’s reward
basket already contains PositiveMaxValue before this write
hit request, first we clear the target way’s basket to zero and
then increase it by 1.

For the situations that the write request hits on the
hottest way (lines 16 to 25), we will decrease the corre-
sponding way’s reward basket by one unless its value does
not become less than NegativeMaxValue. As can be seen in
lines 17 to 23, if the target way’s reward basket already
contains NegativeMaxValue before this write hit request, we
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will consider the target way as the next victim way to
replace and then clear the target way’s basket to zero and
decrease it by 1.

If the request is a read or a write and it was missed
in the cache (line 29), first we check if NextVictimWay is
null or not. If we have a victim way, then the replacement
will be done in the corresponding set of that way (lines
32 to 33). Then, the ageList[] will be updated (line 34) and
the victim way comes to the first place in this array which
means that this way is the most recently used. If we have no
victim way (NextVictimWay is null), the algorithm uses LRU
replacement policy to find the victim block for replacing and
updates the ageList[] accordingly (lines 37 to 39).

5 SIMULATION SYSTEM SETUP AND RESULTS

In this section, first, we introduce the system setup used to
explore the efficiency of WiSE. Then, we will explore the
experimental results of this study.

5.1 Simulation System Setup

We applied WiSE to a shared L2 cache of a 4-core ARM
processor simulated in gem5 [11]. Although there is no
limitation in WiSE design to be applied to any cache level
in the memory hierarchy, we applied it to the L2 cache for
illustration. Several past studies on adopting STT-MRAM in
on-chip memories, such as SPM (Scratchpad Memories) and
cache, declared that employing STT-MRAM is only practical
for L2 and lower-level on-chip memories [27], [28], this is
because STT-MRAM has limitations on dynamic energy con-
sumption, performance, and endurance that make it more
suitable for L2 cache and lower levels of on-chip memories.

To calculate the temperature of the STT-MRAM cache
at different timestamps during the run-time, we model
the temperature of STT-MRAM cache block at three lev-
els. The first level calculates the temperature rise due to
applying the write pulse to the STT-MRAM cell. At this
level, we use the HSPICE model in [25]. The initial tem-
perature of the STT-MRAM cell introduced in this model
was 84.85°c. This model contains a Landau-Lifshitz-Gilbert
(LLG) equation solver and computes the final temperature
based on the STT-MRAM physics informed model and its
applied voltage. The parameters and variables included in
the STT-MRAM circuit-level simulation are shown in Table
3. Please note that some parameters of modeled STT-MRAM
cells like Tunnel Magneto-Resistance (TMR) and critical
switching current are temperature-dependent and vary by
changing the temperature of the STT-MRAM cell. The val-
ues and dynamic behaviour of these kinds of parameters
are efficiently modeled at [25] and the interested readers
can refer to [25] for more information. Then, at the second
level, we model an STT-MRAM cache at the gem5 simulator
and associate a temperature to each STT-MRAM block in the
L2 cache. When each write operation is performed across the
STT-MRAM block, we utilize the information taken from the
HSPICE model and update the temperature of the block. On
the other hand, when the STT-MRAM blocks are idle across
the STT-MRAM cache, based on Equation (5), we update the
temperature of each block as time passes.

Written Block

Up Neighbour0

Up Neighbour1

Down Neighbour1

Down Neighbour0

TWritten-Block(now)

TUpNeighbour0(prev.)

TUpNeighbour1(prev.)TUpNeighbour1(steady)

TUpNeighbour0(steady)

TDownNeighbour1(prev.)

TDownNeighbour0(prev.)TDownNeighbour0(steady)
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Known TemperaturesUnknown Temperatures
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Up Neighbour2

Down Neighbour2
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TDownNeighbour2(prev.)

Cache Way

...
...

Fig. 8: The heat dissipation model considered in the experi-
ments.

Algorithm 2: Heat dissipation modeling.
Input: TWB(now), TUN0(prev.), TUN1(prev.), TUN2(prev.),

TDN0(prev.), TDN1(prev.), TDN2(prev.)
Output: TWB(steady), TUN0(steady), TUN1(steady),

TDN0(steady), TDN1(steady)
1 TWB(temp) = TUN0(temp) =

Average(TWB(now) + TUN0(prev.));
2 TUN0(steady) = TUN1(temp) =

Average(TUN0(temp) + TUN1(prev.));
3 TUN1(steady) = Average(TUN1(temp) + TUN2(prev.));
4 TWB(steady) = TDN0(temp) =

Average(TWB(temp) + TDN0(prev.));
5 TDN0(steady) = TDN1(temp) =

Average(TDN0(temp) + TDN1(prev.));
6 TDN1(steady) = Average(TDN1(temp) + TDN2(prev.));

At the third level, we model heat dissipation across the
STT-MRAM blocks. While none of the previous studies con-
sider the heat dissipation effects of writing an STT-MRAM
block on its neighbours, here we try to model this phe-
nomenon based on some basic concepts of heat transfer
knowledge. To this end, we assume that the heat dissipation
of STT-MRAM write operation affects at most only affects
its two consecutive neighbour blocks at its upside and
downside. Since we consider the blocks of cache sets at
each way are manufactured in unique banks (chips) (see
Fig. 7), we do not consider left and right sides neighbours
for cache blocks. Accordingly, the heat dissipation due to
the write operation in an STT-MRAM cache block affects
the neighbour blocks according to the following scenario
depicted in Fig. 8.

There are two sets of temperatures, i.e., known tem-
peratures and unknown temperatures, as shown in Fig. 8.
Based on our assumptions, we assume that each neighbour
can affect its neighbour temperature up to their average
temperatures. In this regard, the unknown temperatures can
be calculated by Algorithm 2.

Note that the temperature variables are defined at three
moments in Algorithm 2, i.e., previous, now, and steady
times. WB stands for Written Block, UN stands for Up
Neighbour, and DN stands for Down Neighbour. After each
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Fig. 9: Classification of benchmarks based on their generated
temperature in the L2 cache

TABLE 1: gem5 settings

Parameter Value Parameter Value
ISA ARMv7-A L1 Size,Assoc 32KB, 4

No. of Cores 4 L2 Size,Assoc 4MB, 8

Cache Config L1 (Private)
L2 (Shared, WiSE-enabled) Cache Block Size 64B

L1 Write Latency 2 Cycle L2 Write Latency 40 Cycle
L1 Read Latency 2 Cycle L2 Read Latency 20 Cycle

write operation during the experiments, we update the
temperature of all the affected blocks by considering the
mentioned three levels of temperature modeling.

The details of the simulation environment are shown
in Table 1. NVSim [29] is used to retrieve the latencies,
energy consumption, and area of a 4MB STT-MRAM based
L2 cache. Eventually, to evaluate the area and power con-
sumption overheads of the peripheral circuits in the WiSE
controller, we used Synopsys Design Compiler® with 45nm
technology library.

From the workload perspective, we used a set of bench-
marks from the SPEC CPU2006 benchmark suite [12] to
evaluate WiSE. To better show the efficiency of the WiSE at
different applications, we classified the benchmarks based
on the maximum and average temperature they generated
in the L2 cache. We intuitively categorized all the bench-
marks into three groups,i.e., hot, warm, and cold, depicted
in Fig. 9. As can be seen in Fig. 9, we have five benchmarks
in the hot group whose peak temperatures in the L2 cache
are above 250°c. On the other hand, we have four and five
benchmarks in warm and cold categories, respectively. The
peak temperature of the L2 cache for benchmarks in the
warm category is above 200°c while it is above 170°c in the
cold category. Finally, we made 12 combinations of these
benchmarks introduced in Table 2.

5.2 Simulation Results

In the following, we evaluate WiSE from two perspectives,
i.e., reliability and energy consumption. Also, we discuss the
performance and area overheads of WiSE. For the sake of
comparison, we implemented and compared the following
replacement policies:

● LRU: The victim block is always the one that has
been used less frequently than the others in the cache
target set, recently.

● FIFO: The evicted block is the one that comes first in
the cache target set in comparison with the others.

● MRU: The evicted block is the one which was the last
one accessed in the cache target set.

TABLE 2: SPEC CPU2006 benchmarks combinations as
multi-programmed workloads in the evaluation of a quad-
core processor

Workloads Benchmarks
Core1 Core2 Core3 Core4

Hot1 cactusADM gcc perlbench sjeng
Hot2 cactusADM gcc perlbench lbm
Hot3 cactusADM gcc sjeng lbm
Hot4 cactusADM perlbench sjeng lbm

Warm1 dealII lbm h264ref libquantum
Warm2 dealII lbm h264ref mcf
Warm3 dealII lbm libquantum mcf
Warm4 dealII h264ref libquantum mcf
Cold1 bzip2 mcf hmmer omnetpp
Cold2 bzip2 mcf hmmer namd
Cold3 bzip2 soplex xalancmbk mcf
Cold4 namd mcf hmmer omnetpp

TABLE 3: Parameters and variables included in MTJ simu-
lation

Parameter and Variable Description Default Value
↵ Gilbert Damping Coefficient 0.0062

MS0 Saturation Magnetization at 0°K 1210
P0 Polarization Factor at 0°K 0.69
� Gyro-Magnetic Constant 1.76×1011s−1T−1
Ts Free Layer Thickness 2.44nm

tmp0 Initial Temperature 358°k
RA Resistance-Area Product 5
F 2 Feature Size 45nm

● Random: The evicted block is randomly selected
among the target set, regardless of the usage history
of the blocks.

● TA-LRW: The victim block is always the one that
recently has been written less frequently than the
others in the cache target set.

It is worth mentioning that the WiSE approach is com-
pletely orthogonal with the ECC technique. Indeed, the
WiSE approach is categorized among the fault avoidance
techniques while the ECC technique is categorized among
fault tolerance techniques. Thus, the operational phases of
the WiSE and ECC techniques do not interfere with each
other.

5.2.1 Reliability
As we have mentioned earlier, most STT-MRAM reliability
challenges are temperature-dependent. An increase in tem-
perature causes a reduction in thermal stability factor, � that
increases the probability of read disturbance and retention
failure. Temperature rise also reduces the write current that
results in increasing the write failure rate.

WiSE tries to reduce the chip temperature by increasing
the delay between two consecutive writes. Fig. 10 shows
the maximum temperature of L2 cache blocks in different
replacement policies for 12 hot, warm, and normal com-
binations according to Table 2. As it is clear from Fig. 10,
WiSE keeps the L2 cache at a lower temperature compared
to other replacement policies. For the hot combinations, Fig
10.(a) shows that on average, WiSE keeps the maximum
temperature of 15% of blocks in the range of 109.85-134.85°c,
65.21% of blocks in the range of 134.85-159.85°c, 17.58% of
blocks in the range of 159.85-184.85°c, 1.73% of blocks in
the range of 184.85-209.85°c, and 0.27% of blocks in the
range of more than 209.85°c. On average, WiSE decreases
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Fig. 10: Maximum temperature of L2 cache with different
replacement policies for combinations: (a) hot, (b) warm,
and (c) cold.

the maximum temperature by 26.36°c over LRU. This tem-
perature reduction over TA-LRW, MRU, Random, and FIFO
is 16.55°c, 18.43°c, 22.82°c, and 24.13°c, respectively.

For the warm category, Fig. 10.(b) shows that WiSE keeps
the temperature of 34.14% of blocks in the range of 84.85-
109.85°c, 61.45% of blocks in the range of 109.85-134.85°c,
4.29% of blocks in the range of 134.85-159.85°c, 0.11% of
blocks in the range of 159.85-184.85°c, 0.003% of blocks in
the range of 184.85-209.85°c, and 0% of blocks in the range
of more than 209.85°c. In this category, WiSE decreases the
maximum temperature by an average of 10.36°c, 16.74°c,
12°c, 11.05°c, and 14.32°c over TA-LRW, LRU, MRU, Ran-
dom, and FIFO, respectively.

Considering the cold benchmarks, Fig. 10.(c) shows that
WiSE keeps the temperature of 72.64% of blocks in the range
of 84.85-109.85°c, 20.14% of blocks in the range of 109.85-
134.85°c, 5.24% of blocks in the range of 134.85-159.85°c,
1.5% of blocks in the range of 159.85-184.85°c, and 0.46%
of blocks in the range of 184.85-209.85°c. On average, WiSE
decreases the maximum temperature by 10.88°c over LRU.
This temperature reduction over TA-LRW, MRU, Random,
and FIFO is 9.37°c, 10.16°c, 12.47°c, and 14.5°c, respectively.

Fig. 11 shows the comparison of reliability for different
configurations normalized to LRU. As can be seen in Fig.
11, the temperature decrease delivered by WiSE noticeably
alleviated the reliability concerns of the STT-MRAM cache.
It is illustrated in Fig. 11.(a) that WiSE decreases the reten-
tion failure rate on average by 64% compared to LRU. On
the other hand, compared to LRU, WiSE decreases the read
disturbance rate and write failure rate by 57% (Fig. 11.(b))
and 47% (Fig. 11.(c)), respectively.
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Fig. 11: Comparison of failure rates for different configura-
tions, normalized to LRU: (a) Retention failure rate, (b) Read
disturbance rate, and (c) Write failure rate.
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Fig. 12: Dynamic energy consumption of L2 cache, normal-
ized to LRU.

5.2.2 Energy Consumption

Fig. 12 shows the dynamic energy consumption of the L2
cache for WiSE and other replacement policies. As can
be seen, on average, the dynamic energy consumption of
WiSE is about near the LRU and is lower than Random,
MRU, and FIFO. According to Fig. 12, WiSE increases the
energy consumption by about 1.6% compared to LRU. This
is because an l2 cache equipped with WiSE always uses LRU
for replacing a cache block and every time that the reward
basket of a way reaches the NegativeMaxV alue, it uses
WiSE replacement policy to evict a block from this way with
the hope that the new incoming block to the target way
does not have the same intensive frequent write behavior.
Accordingly, the dynamic energy consumption of the WiSE-
equipped cache is much like the LRU-quipped cache.

From the static energy consumption perspective, WiSE-
equipped cache benefits from the modules depicted in Fig.
7. These modules and their corresponding circuits impose
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Fig. 13: IPC, normalized to LRU.
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Fig. 14: Miss rate of L2 cache, normalized to LRU.

static energy consumption on the design. We have syn-
thesized these circuits in Synopsys Design Compiler® with
45nm technology library. The synthesis results show that
WiSE only imposes 0.64 percent static energy overhead
compared to an LRU-equipped L2 cache.

5.2.3 Performance
We have chosen Instruction Per Cycle (IPC) as the metric
for showing system performance. Fig. 13 shows the IPC
overhead after applying WiSE normalized to the LRU (the
highest performance scenario among the other replacement
policies). As can be seen, the IPC after applying WiSE is
higher than MRU, Random, and FIFO and is about near to
the LRU. WiSE decreases the IPC by about 1% compared to
the LRU, that is negligible.

As the second metric that represents the system perfor-
mance, we have considered the miss rate of the L2 cache.
Fig. 14 illustrates the miss rate of L2 cache for different
replacement policies. According to Fig. 14, on average,
applying WiSE only increases the miss rate of L2 cache
by about 1.3% compared to the LRU, that is lower than
Random, MRU, and FIFO.

5.2.4 Area
Fig. 15 shows the detailed modules of peripheral circuits
that we added to the conventional architecture of an 8-way
L2 cache as WiSE Manager (see Fig. 7). Note that these
peripheral circuits are designed to operate with an 8-way
L2 cache that we considered in our simulations. By changing
the configuration of the caches, the design depicted in Fig.
15 will be modified slightly, but the concept behind the
design will not change. As can be seen from the right side
of Fig. 15, a 24-bit width array is used as the age list. Each
cell of this array contains a 3-bit number that shows a way
number in an 8-way cache. Two 3-bit comparators are used
to compare the hottest way and the coolest way (the first
cell and the last cell of the age list) to the way associated
with the incoming address. In the left side of Fig. 15, eight
5-bit registers are used as the reward basket of each way.
A multiplexer is used to choose a reward basket and add a
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Fig. 15: The peripheral circuit of WiSE.

reward to it through a 5-bit adder. The result is added to the
corresponding reward basket through a demultiplexer.

From the area perspective, as we mentioned previously,
the circuits that we added to the traditional architecture of
the L2 cache leads to a small area overhead. We have syn-
thesized these circuits in Synopsys Design Compiler® with
45nm technology library. The total area of an STT-MRAM
L2 cache obtained from NVSim was equal to 4.931 mm2.
The WiSE Manager peripheral circuits has an area equal to
9.794×10−4mm2. The synthesis results show that WiSE only
imposes 0.02 percent area overhead in comparison with an
LRU-equipped L2 cache.

6 RELATED WORK

As we mentioned in Section 2, STT-MRAM suffers from
three reliability challenges, i.e., retention failure, read dis-
turbance, and write failure. There have been several studies
to address these reliability challenges of STT-MRAM caches.

Some studies like [30], [31], and [32] use Error Correction
Codes (ECCs) to reduce the write error rate in STT-MRAM
caches. The authors in [30] propose a repair mechanism
based on an SEC-DED code to increase the reliability of
embedded non-volatile memories. In [31], a particular type
of cache block called tolerable block is further identified
among the faulty ones and ECCs are used to increase the
number of tolerable blocks. ECCs impose energy, area, and
performance overhead. This is because the majority of data
bits that are written in cache blocks are zeros and do not
need protection. ECCs are only needed when most of the
incoming data bits are ones.

To overcome write failure of STT-MRAM caches, [33]
and [34] have proposed increasing the amplitude of write
current to overcome the write failure problem. In this circuit-
level scheme, the width of the access transistor is augmented
to improve the current driving ability of the access transis-
tor. Consuming extra energy and enhancing the probability
of oxide breakdown are side effects of this scheme.

Performing an additional read operation after each write
operation is the method used in [7], [35]. In this method,
when a write operation is done, the data of memory is read
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and if the data is incorrect, the write operation is repeated.
This process continues until the data is written correctly.
These additional read operations increase the probability of
read disturbance.

Several research efforts have been devoted to addressing
the retention failure of STT-MRAM. ECCs are also used
in some studies to reduce retention failure [14]. As men-
tioned earlier, ECCs impose energy, area, and performance
overhead. Some researches increase the STT-MRAM cell
retention time [36], [37]. This is done by changing the cell
thermal stability factor or MTJ layer characteristics.

ECCs have been widely used to overcome read distur-
bance [38] which results in energy, area, and performance
overheads. An additional write operation after each read
operation is done in some researches to guarantee the cor-
rection of possible read error [39]. This causes an increase
in the write failure rate. Reducing read current to reduce
read disturbance is another method that has been used
in previous studies [36]. So, accurate sense amplifiers are
needed to read the cell content correctly.

Several research efforts have been devoted to taking
advantage of RL to improve the reliability and energy
consumption of STT-MRAM caches. The authors in [40]
propose a method to reduce the number of refreshes needed
to maintain cache data integrity. Leveraging the reduced
cell area of STT-MRAM, they create a refresh confidence
table to learn the interleaving access duration of the blocks
through their access pattern and to decide if a block needs
to be refreshed. Eliminating unnecessary refreshes helps to
reduce dynamic energy as well as the memory access stalls
required when the data is being refreshed. To overcome the
large write latency and write energy of STT-MRAM-based
embedded systems, [41] performs transfer learning (TL) on
meta environments and RL on the last few layers of a deep
convolutional network. While the STT-MRAM stores the
meta-model from TL, an on-die SRAM stores the weights
of the last few layers. Thus, all the real-time updates via
RL are carried out on the SRAM arrays. The authors in [42]
employ a customized RL algorithm to minimize the latency
and power overhead caused by scrub operation in tailored
STT-MRAM without incurring additional retention errors.
[43] proposes a cache management method based on the
RL that uses the write intensity and reuses information of
cache access requests to design a cache allocation policy
and optimize energy consumption. The key idea of this
work is to use the RL algorithm to get the weight for the
set allocating to SRAM or STT-MRAM by learning from
the energy consumption of cache line sets. The algorithm
allocates a cache line in a set to the region with greater
weight.

To the best of our knowledge, except for [44], none of the
previous studies have attempted to mitigate heat generation
and high temperature of STT-MRAM cache memories using
a replacement policy. The authors in [44] propose a cache
replacement policy, so-called Thermal-Aware Least Recently
Written (TA-LRW), to uniformly distribute the temperature
and prevent heat accumulation. TA-LRW sorts the blocks
based on their last write access and evicts the least-recently
written block on a cache miss. To prevent heat accumulation,
the target block to eviction is selected physically far enough
from the previously written block in the cache set. Please

note that TA-LRW granularity of STT-MRAM cache thermal
management is at block-level while WiSE granularity of
STT-MRAM cache thermal management is at way (memory
bank)-level. Thus, these two approaches are orthogonal to
each other.

7 CONCLUSIONS

STT-MRAM offers great promise for replacing SRAM-based
memories. However, read disturbance, retention failure, and
write failure are serious reliability challenges for the devel-
opment of STT-MRAM. The probability of occurring each of
these three reliability challenges is significantly increased in
higher temperatures. Write operations are regarded as the
main source of heat generation and temperature increase
in STT-MRAM cache memories. To reduce the STT-MRAM-
based cache memory temperature and improve its reliabil-
ity, we have proposed WiSE in this paper. WiSE utilizes RL
technique to detect high density write operation patterns in
ways that leads to a significant increase in cache ways tem-
perature. The experiments show that WiSE reduces retention
failure rate, read disturbance rate and write failure rate by
64%, 57%, and 47%, respectively, compared to LRU, while it
imposes minor overheads to the system from performance,
static energy consumption, and area point of view.
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