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ABSTRACT

NBTI is one of the most important silicon reliability probfs fac-

ing processor designers today. The impact of NBTI can be miti
gated at both the circuit and microarchitecture levels. hia pa-
per, we propose a multi-level optimization approach, carinigj
techniques at the circuit and microarchitecture levels,réaluc-
ing the impact of NBTI on the functional units (FUs) of a high-
performance processor core. We perform SPICE simulations t
evaluate the impact of circuit-level design optimizatiemseduce
the NBTI guardband in terms of area, delay, and power. We then
propose a set of NBTl-aware dynamic instruction schedyiolg
cies at the microarchitecture level and quantify their iotfman ap-
plication performance and guardband reduction throughueian-
driven simulation. We show that carefully combining teciuds at
both these levels provides the most attractive solutioretiucing
the guardband while imposing the least overhead in termseaf, a
power, delay, and application performance.

Categories and Subject Descriptors

B.2.3[ARITHMETIC AND LOGIC STRUCTURES]: Reliabil-
ity, Testing, and Fault-Tolerance

General Terms
Reliability

1. INTRODUCTION

Silicon reliability is one of the key challenges facing thero-
processor industry today. There is a myriad of reliabibisties that
processor designers have to cope with, including soft grtward
errors, and process variation. One of the key emerging haod e
problems is Negative Bias Temperature Instability (NBNBTI
affects the lifetime of PMOS devices and occurs when a logat
of ‘0’ (i.e., a negative bias) is applied at the gate of thesistor.
This negative bias leads to the generation of interfacestaaphe
Si/Si02 interface. These interface traps cause the threshold volt-
age of the transistor to increase, thereby lowering thedspéthe
device and the noise margin of the circuit which finally leadat
circuit failure [12, 9]. However, some of the interface sajan be
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eliminated by applying a logic input of ‘1’ to the device, pog
the device into a "recovery mode" [1].

NBTI affects both the cycle time and the stability of storage
structures within the processor. These problems are tjypiad-
dressed via guardbanding. Guardbanding accounts for tra-de
dation in cycle time and the stability of the storage strrgsiover
the lifetime by reducing the operating frequency and insireathe
minimum voltage of the storage elements,(,). Typically, 20%
of the cycle time is reserved as a guardband for NBTI and a 10% i
crease in threshold voltag&y) can be handled with a 10% increase
in V,in [1]. However, reducing the frequency and increadihg.,
have a detrimental impact on performance and power resp8cti
and therefore it is desirable to reduce the guardband viasbef
NBTI mitigation techniques. In this work, we look into guaechd
reduction techniques to address the degradation in cyoke ti

Techniques for putting PMOS devices into the recovery mode
can be implemented at both the circuit and microarchiteckew-
els in the processor. The goal of circuit-level techniqe®ide-
sign the structures such that as many PMOS devices as mossibl
in the structure can be put into the recovery mode whenevgr po
sible. Circuit-level techniques typically attempt to teckIBTI at
the granularity of a single structure. Microarchitectuereel tech-
nigues, on the other hand, can manage NBTI for several ategst
within the processor core using techniques such as ingirufettch
and scheduling policies. There are tradeoffs in implenngMiBTI
recovery at each of these levels in the system in terms of area
power, performance, complexity, and, their effectiveriageduc-
ing the guardband.

In this paper, we present a quantitative analysis of NBTovec
ery techniques at the circuit and microarchitecture lefeishe
functional units (FUs) in the cores of a high-performancdtimu
core processor. We choose to study FUs because of the general
trend in multicore processor design, where more cores dee in
grated onto the die each sucessive generation but the dwes t
selves tend to be relatively simple and have only a small ruirob
FUs. In this scenario, the failure of even one FU could safiou
jeopardize the ability of that core to provide high perfonoe. We
characterize the effectiveness of NBTI mitigation at bdté tir-
cuit and microarchitecture levels and quantify their intpacother
important figures of merit, such as, area, delay, and apjgicaer-
formance. The objective of this chracterization study iglamtify
those techniques that can effectively reduce the guardbaiithve
the least amount of performance impact on applications,edisas
impose minimal overheads in terms of area, power, and diéay.
then show that lightweight optimizations at each level igenef-
fective in reducing the guardband without adversely aiifecthe
other figures of merit than applying more extensive changasy
one level. To the best of our knowledge, this is the first paper



systematically analyze NBTI recovery techniques at eadheaxe
levels for FUs and develop multi-level optimization teajugs to
tackle this important reliability problem.

The specific contributions of this paper are:

e \We propose and evaluate three different NBTl-aware FU de-

signs in terms of guardband reduction, area and delay. We

show that, on an average, the three different designs provid

a guardband reduction of 42%, 46% and 47% over the base-

line configuration.

e \We then propose three different NBTl-aware scheduling poli

units (FUs) and describe the specific designs and policiesvale
uate. While our circuit designs are optimized versions ofexip
ously proposed technique [6], the microarchitecture legakemes
we propose are novel.

3.1 Circuit Level Techniques

Fu et al. [6] propose a circuit-level technique where a FU is
divided into multiple segments and instructions with narseidth
operands are steered into one of the segments based on dye del
of each segment due to NBTI. The delay of a segment depends
on the level of stress experienced by the PMOS transistdisain
segment. Higher the stress, more would be the increale amd

cies and evaluate their impact on performance and guardbandhence higher would be its delay. The specific design coresitier

reduction. We show that, on average, the three policies pro-
vide a guardband reduction of 43%, 54% and 63% over the
baseline FU configuration.

o Finally, we analyze the effectiveness of combining lightye
optimizations at each level and show that this approach pro-
vides a 56% guardband reduction with minimal impact on
other figures of merit.

The outline of the rest of this paper is as follows. The next se
tion discusses the related work and the NBTI mitigation négptes
we consider are described in Section 3. The experimentdiadet
ology is described in Section 4. The results are present8ddtion
5 and Section 6 concludes this paper.

2. RELATED WORK

NBTI mitigation techniques roughly fall into two categm@ig¢hose
that aim to reduce the stress on the PMOS devices by congolli
Vaa, Vz, and temperature, and those that try to increase the rgcover
time to facilitate detrapping.

There have been several studies into enhancing the réljadifil
FUs at both the circuit and microarchitecture levels. [liagkle
NBTI-induced wearout problems by feeding specific inputs the
FUs during idle periods to increase the recovery time. [I&jsu
temperature-based job-scheduling to individual cores ofui-
core processor in conjunction with;; andV; control to hide the
effects of aging due to NBTI. There also has been prior work on
fault tolerant designs and hard error detection schemdser [3]
proposes a microprocessor design integrated with a dynaenic
fication based error detection mechanism to diagnose haltd fa
FUs. [7] presents a fault-tolerant design of the Kogge-Stadder
that leverages its inherent redundancy to continue reliapération
even in the presence of hard errors.

While all these prior works propose optimizations at the cir
cuit or microarchitecture level, to our knowledge there dssys-
tematic analysis of NBTI optimizations for the FU at eachelev
and an exploration of multi-level optimization techniquesackle
this problem. Fu et al. [5] propose multi-level optimizatitor
soft error mitigation for SRAM arrays in SMT processor cores
and show that such combined approaches are attractivenrs ter
of reliability, performance, and power. In this paper, wewh
that a multi-level approach is more attractive for NBTI métiion
in the FUs of a high-performance processor than a circuit-on
microarchitecture-only approach.

3. APPROACHESTONBTI MITGATION AT
THE CIRCUIT AND MICROARCHITEC-
TURE LEVELS

In this section, we describe how degradation due to NBTI @n b
reduced at the circuit and microarchitecture levels foftimetional

[6] is a 64-bit FU that is divided into four segments of 16 lgigsh.
An instruction with 16-bit or smaller operands uses the sagm
with the smallest delay while the other segments are puttheo
recovery mode. Instructions with operand-widths grediantl6
bits make use of the entire FU.

There are two drawbacks to the design proposed by Fu et al.
First, each segment in the FU is built as a Carry LookaheaceAdd
(CLA) and the segments are connected as a multi-level CLA to
form a 64-bit FU. CLAs are seldom used in high performance mi-
croprocessors due to their low speed. Instead, most prarsetss
day use some form of a high-speed prefix adder. Second, to put
PMOS devices in the idle segments into the recovery modg, the
feed in special input vectors. Since an FU is a complex coaibin
tional circuit, a single vector of bits input to the FU canpot all
the PMOS devices in it into the recovery mode and instead a se-
quence of input vectors are necessary, which takes muttiptk
cycles. Therefore, the PMOS devices cannot utilize theedtira-
tion of an idle period to recover from NBTI. We address botsth
limitations as follows.

In this paper, we model the FU to be a 64-bit Kogge-Stone adder
(KSA) which is a high-speed prefix adder [8] for the purposessf
timating NBTI. KSA is a widely used FU design due to its regula
structure and its speed. In order to put all the PMOS devices i
the FU into the recovery mode during an idle period, we malke us
of power gating [10]. Power gating reduces leakage powehén t
circuit by using a header or footer device which connectettige
circuit to Va4 or ground. Whenever the circuit is idle, turning off
this transistor disconnects the circuit frda; or ground. In our
model, we use footer devices to connect the circuit to grona-
ing power gating, we find that the gate voltages of the PMOS de-
vices in the FU stay reasonably close to a logic value of Heréby
putting the FU into the recovery mode.

We design the KSA such that it consists of segments that are
capable of processing narrow-width operands while the seig
ments undergo recovery using power gating. We profiled tHeCSP
CPU2000 benchmark suite [15] to determine the distributibn
narrow-width operands. We find that there are a large nunfher o
structions with 8-bit, 16-bit, and 32-bit operands. Theref there
is significant scope for NBTI recovery by partitioning theltid FU
into 2, 4, or 8 segments, where each segment is 32 bits, 1®ba&s
bits respectively. Each such segment can operate as areimadkent
FU on operands of the given width and multiple such segmearts c
be combined to operate on wider operands. For example, if the
FU is partitioned into 4 parts, an instruction with two 16-biput
operands needs to utilize only one part while the other tbaeebe
put into the recovery mode. An instruction with 32-bit opets
can use either the first two or last two consecutive segmehile w
the other two are put into the recovery mode. Figure 1 shovid.an
that has two segments. To ensure that all parts of the FU iexjger
roughly an equal amount of wear, we schedule instructiontbeo
segments in a round-robin fashion.
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Figure 1: Partitioned Kogge-Stone Adder Design to Support
NBTI Recovery.

It is important to note that the KSA is fast because the carrie
are computed in parallel, a feature that we retain in thetjzared
design. The delay of the FU, when operating in the 64-bit mode
should not be significantly affected by the partitioned ratf the
design. In order to achieve this property, we introduce aofet

MUXes between adjacent segments, as shown in Figure 1. The

selection input to these MUXes depend on the width at whieh th
FU will be used. For example, in the case of Figure 1, the input
to the MUXes will determine whether the FU will be used as a
64-bit FU or a 32-bit FU. Each segment is connected to ground
via a footer device. The gates of the footer devices are aibedr

by zero detectors and a one-bit counter output. The purpbse o
the zero detectors is to decide whether the instruction hasw-
width operands or not. The one-bit counter is incrementedyev
time a narrow-width operation is performed. If the operaads
narrow-width, they are steered towards a particular segumEng

a round-robin policy based on the value of the counter. Théefo

for the left segment is shared with the MUXes since the MUXes
provide the input to the left segment.

There are tradeoffs in designing the FU in a partitioned man-
ner to support recovery. The more segments that a FU hasegrea
are the opportunities for recovering the PMOS devices addcre
ing the guardband, since there will be a better matching éetw
narrow-width operands and the number of segments required t

tion on a given type of FU. Once a FU becomes available, tleesel
logic directs a suitable instruction to that unit for exéontby as-
serting the corresponding grant signal (instruction ggleSince
multiple instructions could wakeup in a given cycle and the-p
cessor typically has multiple FUs of the same type, therelsiéa

be a policy to select a subset of the ready instructions asidgras
them to specific FUs based on resource availability. Modefn i
struction schedulers typically use a form of prioritizethesduling
where instructions are selected in an oldest-first orden fitee is-
sue window and each instruction is issued to the lowest-euetb
FU that is free. We call this policirioritized Scheduling (PS).

In this approach, an instruction will be allocated to Fifit is
available; if FU is busy, then FW will be checked for availability
and so on. This non-uniform assignment leads to the caseewher
FUs with smaller sequence numbers get utilized more thasetho
with higher sequence numbers and hence degrade faster.isThis
illustrated in Figure 2, which presents the utilization o integer
ALUs (in terms of the number of cycles that the FU is busy over
the entire execution time of the workload) of a 4-wide isst® p
cessor core for a set of SPEC CPU2000 benchmarks. As we can
observe from the figure, the lower-numbered functionalsutgnd

to be heavily utilized and therefore will wear out soonemtiiae
higher-numbered ones.

Functional Unit Utilization

EFU0 OFU_1 EFU_2 EFU_3
07
0.6

0.5
4
03
0.2
01
0
& & &g S &

@ &
¢ 5

Utilization
°

Benchmarks

Figure2: Utilization of the Integer ALUsin a 4-wideissue pro-
cessor core using the PS palicy.

We propose instruction scheduling policies that attempxto
tend the recovery times for the FUs so that their degradati@nto

operate on them. However, such a design comes at the cost of in NBTI can be minimized. We make use of power gating to put idle

creased area, delay, and higher power consumption wheungets
for operating on wide operands. We analyze these tradeo8sd-
tion 5.

3.2 Microarchitecture Level Techniques

There are opportunities to reduce the guardband by cayefull
managing the hardware resources within the core at the aricro
chitecture level. The usage characteristics of differeds Ean
be controlled through various instruction scheduling gie. The
dynamic instruction scheduler decides which instructiaresexe-

FUs into the recovery mode. We now present a brief overview of
the instruction scheduling policies that we evaluate.

i) Priority Rotation Scheduling (PR): The PR policy is geared
towards achieving a balanced utilization of the FUs in orer
level the wear on them. This policy modifies the conventid?fal
scheduling policy so that the priorities of the FUs are cleaihgn

a round-robin fashion, after a fixed humber of cycl€gql e pr)
have elapsed. In theR policy, we start with FiJ having the high-
est priority and assign lower priorities to the other FUseoben
their sequence numbers (i.e., f-Witially has the highest priority

cuted and at what times on a given set of FUs and therefore haswhereas FL)_; has the lowest). Afte€ycl e pr cycles, FU gets

a strong impact on the utilization characteristics of the Fte
scheduler consists of two key components: wakeup logic and s
lect logic. The wakeup logic is responsible for assertingnatruc-
tion as being ‘ready’ in the issue window by updating the seur
dependences of instructions waiting for their source amsao

the highest priority, FU gets the second highest priority and so on
and FU has the lowest priority. The select logic is similar to the
PS policy but with added functionality to change the priestof
the FUs afteCycl e pr cycles. A key advantage of tHeR policy
is that it does not degrade performance in the sense that nie FU

become available. Every time a result is produced by a FU, the precluded from being used because it is in the recovery mode.

tag of the result is broadcast to the waiting instructionheissue
window. Each waiting instruction compares the result tath wie

ii) Time-Dependent Scheduling (TD): Time-Dependent Schedul-
ing extends the conventional policy to include an explicied re-

tag of each of its source operands. Once both operand tags hav covery period. In thd'D policy, whenever the wakeup logic flags

matched, the instruction is ready to execute (instructiakemp)
and the ready instructions signal the select logic to retgeseecu-

an instruction to be ready, the select logic allocates tive$d num-
bered FU that is available. After a FU is used, no other imstru



tion is assigned to that particular FU for a fixed number of cy-
cles Cycl erp). This policy allows the FU to undergo recovery

NBTI. To compute guardband reduction, we track the stress an
recovery cycles of the FUs in the architectural simulatiddsing

for Cycl erp cycles after each stress phase. We can implement these statistics, we estimate the degradatidr iafter a 7-year ser-

this in hardware by keeping the busy signal of the FU asséoted
Cycl erp cycles after the FU is used. However, since the FU can-
not be used during this time, there could be a detrimentahahgn
performance.

iii) Prioritized Time-Dependent Scheduling (PTD): Prioritized
Time-Dependent Scheduling combines &R and TD policies to
include an explicit fixed recovery period to the highest pryoFU.

In this scheme, similar t&R policy, the priorities of the FUs are
changed in a round-robin fashion after a fixed number of sycle
(Cycl eprc) have elapsed. Whenever an FU gains the highest
priority, it also gains the priviledge of an extended recgveeriod
after it is used. When this high priority FU is used, no other i
struction is assigned to this particular FU for another firachber

of cycles Cycl erpc), allowing it to undergo recovery after each
stress phase. Other FUs can be continued to be used as usaal. O
Cycl eprc cycles have elapsed, the priorities are rotated. This
transition in priorities does not affect the residual tinoe Which

an FU can remain in the recovery mode. Any FU that enters the
recovery mode is guaranteed to be in that modeCipe! erpc
cycles. Since th@TD policy prevents an FU that is in the recovery
mode from being used till the requisite number of cycles sdap
this policy could also have a detrimental impact on perfaroea
However, ifCycl e pre is chosen to be significantly larger than
Cycl erpc, only one FU would tend to be in the recovery mode
at any one time and therefore the degradation in performanaéd

tend to be less severe than ffi2policy. We evaluate these policies
in Section 5.

4. EXPERIMENTAL SETUP

Our circuit-level modeling is performed via SPICE-levehsi
lation using the Cadence Virtuoso Spectre circuit simulgtpfor
the 32nm process using the Predictive Technology Model [QL}
architecture-level evaluations are carried out via exeotdriven
simulation using the M5 simulator [2]. We simulate a 4-widstie
core, which is representative of cores used in multicoregssors
today, that runs at a 3 GHz clock frequency and has a suppty vol

vice life [16], using which we calculate the delay degragiatin

the structures and finally the guardband reduction. We alsm-q
tify the impact on other important figures of merit, such asaa
delay, and application performance (in terms of IPC), tatine
effectiveness of NBTI mitigation at both the circuit and noiar-

chitecture levels.

Our goal is to evaluate the extent to which optimizationsrdy o
the circuit or microarchitecture level can reduce the goand and
ascertain the costs incurred in applying these optiminatmn the
other figures of merit. These results are presented in Sscid
and 5.2. Based on this analysis, in Section 5.3, we studyhehet
less aggressive optimizations at each level, which impessedver-
heads, can be combined to provide an effective means toeehec
guardband.

5. RESULTS
5.1 Circuit-Level Optimization

We now study the tradeoffs between different circuit-leeeh-
niques. We partition the FU into 2, 4 and 8 segments and amalyz
the guardband reductions, area overheads, and the insrieate-
lay with respect to the baseline.

Circuit-level Approach: Guardband Reduction
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age of 0.9V. We use all 26 benchmarks from the SPEC CPU2000 Figure 3: Guardband reduction for the FUs with 2, 4 and 8

benchmark suite in our evaluations [15]. The benchmarksare
piled for the Alpha ISA and use the reference input set. Wioper
detailed simulation of the first 100-million instructiom$Point for
each benchmark [13].

In this paper, we focus on the impact of NBTI on the integer
ALUs only. Although we consider both integer and floatingrpo
benchmarks in our evaluations, several of the floatingtdmench-
marks have a considerable number of integer instructionidin
instruction mix and therefore make heavy use of the the arteg
ALUs [14]. We present our results for only the integer ALU fwvit

segments.

Guardband Reduction: Figure 3 presents the guardband reduc-
tion (as a percentage) due to the modified FU designs. The BU wi

2 segments provides a guardband reduction of 30%-55% wsarea
4-Segment FU and a 8-Segment FU provide 35%-60% and 40%-
60% guardband reductions respectively. This result shdas t
the more partitions that a FU has, the higher would be thedguar
band reduction. However, we see that the guardband reductio
achieved by going from the baseline to the 2-segment design i
much higher than going from the 2- to 4-segments and 4- to 8-

the lowest sequence number since this ALU tends to be the mostsegments. Also, the integer benchmarks, which are thendeftt

heavily utilized of all the ALUs with conventional instrueh schedul-
ing, as explained in Section 3.2. Since NBTI affects theshoid
voltages of PMOS devices in the FUs, the delay of the FU hard-
ware increases which causes a potential danger to meetrthngyti
constraints. Guardbanding is used to protect a circuit ffain
ure, which entails both performance and power penaltiesll ur
experiments, we assume that the baseline processor usasa-the
partitioned FU design, thES instruction scheduling policy, and a
guardband of 20% [1].

In our evaluations, we use the percentage reduction in taedgu
band with respect to the baseline as the figure of merit to-quan
tify the extent to which a particular design mitigates theatt of

side group of bars in the figure 3, experience less guardieghdt+
tions than the floating-point benchmarks.

In order to understand how the modified FU design impacts NBTI
we need to analyze how the FUs are utilized and the distdbsti
of the narrow-width operands. The instruction mix gives aali-i
cation of how frequently each type of FU gets accessed. For ex
ample, the higher the number of integer instructions, tlghdri
is the probability of accessing integer FUs. A previous wthd
Siddiqua et al. [14] gives the breakdown of the instructidr af
these benchmarks. We find that the lowest guardband redsctio
are observed for those benchmarks which have a high pegeenta
of integer instructions. Similarly, to understand the bitra# the



segmented designs, it is important to look at the distrisudf the
narrow-width operands. We find that, on average, the peagerdf
32-bit operands is about 48% whereas it is 8% for 16-bit opsa
and 27% for 8-bit operands across the benchmark suite. Siece
32-bit operand sizes occur most frequently, we get a highardy
band reduction when we go in for the 2-segment partition ftioen
baseline, whereas the 4-segment to 8-segment designsl@rdivi
minishing returns.

Increase in Area for Modified FUs
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Figure 4: Percentage increase in area and delay for the FUs
with 2, 4 and 8 segmentswrt. theunpartitioned FU design.

Area and Power: We design the FU for the baseline design to
occupy the minimum area required to provide correct fumetiiby.

The overheads for the partitioned FU designs are given iorEig

(a). We can see that the area overhead of the 2-segmentineseg
and 8-segment FUs are 3%, 7% and 12% respectively. The s&rea
in area is due to the number of sets of MUXes required for the
three designs (1, 3 and 7 respectively). These MUXes inerees
power consumption of the FU and therefore the designs wittemo
segments will consume more power.

Delay: We evaluate the delay to measure the highest clock fre-
guency at which the FU can operate reliably. Figure 4 (b) show
the increase in delay with respect to the baseline desigroutn
simulations, we find that the increase in delay for the 2-segn-
segment and 8-segment FU designs due to the additional hegsw
are 5%, 11% and 18% respectively. However, these increases i
delay can be accomodated within a 333ps clock cycle timedfwhi
corresponds to the 3 GHz clock frequency) and therefordefie

FU designs can provide a single-cycle access latency ftmuiis
tions using the FUs.

Summary: There are merits and demerits to using the aforemen-

we choose the 2-segment FU design for use in the multi-lgvel a
proach in Section 5.3

5.2 Microarchitecture-Level Optimization

We evaluate the guardband reduction and performance 8Rhe
TD and PTD policies. We use a value of 10K f@ycl epr and
Cycl eprc and a value of 1 foCycl erp andCycl erpc for
the different policies.

Microarchitecture-level Approach: Guardband Reduction
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Microarchitecture-level Approach: Performance Loss
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(b) Percentage loss in performance

Figure5: Impact of theinstruction scheduling policies.

Guardband Reduction and Performance: Figure 5(a) presents
the percentage guardband reduction for the various pslicldne
PR policy reduces the guardband by 30%-55% wheread Ehand
PTD policies reduce it by 50%-80% and 35%-70% respectively.
Since the scheduling policies aim to achieve improved dheard
reduction by increasing idleness to provide NBTI recovéngy
may impact performance, as discussed in Section 3.2. Fifbje
quantifies the performance loss. As we can seeTthandPTD
policies achieve a greater guardband reduction at the da®t-o
duced performance whereas tRR policy experiences no perfor-
mance loss. On average, th® and PTD policies lead to a per-
formance loss of 17% and 8% respectively. D policy pro-
vides a guardband reduction and experiences a performasse |
that is betweerPR and TD because the value @ycl eprc is
much higher thail®ycl erpc. Therefore, the policies that attempt
to increase the recovery time of a FU cause a correspondgsy lo
in performance for the benchmarks. Similar to the circentel re-

tioned FU designs. The higher the segment count in the FU, the sults, the integer benchmarks have less guardband redubam

higher is the guardband reduction. However, the area, pamer
delay overheads also increase significantly. Each segmémnt i
duces a set of extra circuitry which adds area and increasesrp
consumption. For 64-bit operand computations, the FU woald
sume the highest power since all the MUXes will be active and
this power consumption will be higher with more partitio@szer-

all, we find that we get higher guardband reduction with leass,
power and delay overheads for the 2-segment design. Therefo

the floating-point benchmarks.

The impact of scheduling policies on NBTl is influenced by two
factors: the instruction mix and instruction level partidim. As
mentioned before, the instruction mix is an indicator of hiver
quently each type of FU gets accessed. Instruction levallpism
also determines the frequency of use of the FUs. Also, itctdfe
how groups of FUs get used. When the IPC is high, more instruc-

tions are executed per cycle. Consequently, more FUs willitie



lized. Indeed we find the least guardband reductions areddzse
for those benchmarks which have a high percentage of intager
structions and higher IPC.

Summary: As the results indicate, there is a clear tradeoff be-
tween achieving higher guardband reductions and appiicgter-
formance by using instruction scheduling. Although Tipolicy
provides large benefits in terms of guardband reductiompbises
large performance overheads as well, which is unattrafvivase
in high-performance processors. Although B¥D policy reduces
the performance overheads significantly while still pravidsig-
nificant guardband reductions, the detrimental impact qulicg
tion performance is still non-trivial. ThER policy, on the other
hand, does not cause any performance loss while still pirayid
guardband reduction of 43% on average. Therefore, althdigh
andPTD provide large guardband reductions, we cha@Resince
itis the most lightweight policy in terms of its performariogact,
and use it in the multi-level approach.

5.3 Multi-Level Optimization

In the results presented thus far, we have observed thatisiclg
the effectiveness of NBTI mitigation techniques at only tireuit
or microarchitecture level to improve the guardband esiaénal-
ties in terms of area, power, delay, and application peréoce.
On the other hand, lightweight optimizationseach level could
provide a net increase in guardband reduction with lessheast.
We now evaluate this hypothesis.

Overall, we observe that the multi-level approach provigtester
reductions in the NBTI guardband while retaining the lowaare
power, and delay benefits of the 2-segment FU design andghe hi
performance of th®R policy.

6. CONCLUSION

NBTI is one of the most important silicon reliability probhs
facing processor designers. In this paper, we evaluate ¢inth
cuit and microarchitecture level approaches to reduce B&IN
guardband for the FUs of a high-performance processor o&fte.
the circuit-level, we use an optimized version of a pantiéd FU
design and evaluate several design points in terms of tffeic-e
tiveness in reducing the guardband and also their areay, deld
power. At the microarchitecture-level, we propose and uatal
a set of NBTl-aware dynamic instruction scheduling pokcaad
evaluate their impact in terms of guardband reduction amfbpe
mance. Finally, we show that a multi-level optimization aygeh,
which combines the benefits of both circuit and microarchites
level optimizations, is the most effective in reducing theugiband
while imposing little overhead in terms of area, power, detand
performance.
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