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ABSTRACT

Aggressive technology scaling into the nanometer regirsddtito

a host of reliability challenges in the last several yearmsliké on-
chip caches, which can be ef ciently protected using cotiosal
schemes, the general core area is less homogeneous artdrstiuc
making tolerating defects a much more challenging problBrune
to the lack of effective solutions, disabling non-funcabrcores
is a common practice in industry to enhance manufacturietgyi
which results in a signi cant reduction in system throughpAl-
though a faulty core cannot be trusted to correctly execute p
grams, we observe in this work that for most defects, whetista
from a valid architectural state, execution traces on aafiefecore
actually coarsely resemble those of fault-free executidndight

of this insight, we propose a robust and heterogeneous @are ¢
pling execution scheme, Necromancer, that exploits a fomnally
dead core to improve system throughput by supplying hirgane
ing high-level program behavior. We partition the cores icoa-
ventional CMP system into multiple groups in which each grou
shares a lightweight core that can be substantially actelérus-
ing these execution hints from a potentially dead core. Ewvemt
this undeadcore from wandering too far from the correct path of
execution, we dynamically resynchronize architecturatestvith

1. INTRODUCTION

The rapid growth of the silicon process over the last decade h
substantially improved semiconductor integration levelewever,
this aggressive technology scaling has lead to a host @fhiéty
challenges such as manufacturing defects, wear-out, aachpéric
variations [10, 9]. These threats can affect correct pnogeaecu-
tion, one of the most signi cant aspects of any computeresygi].
Traditionally, hardware reliability was only a concern fagh-end
systems (e.g., HP Tandem Nonstop and IBM eServer zSeries) fo
which applying high-cost redundancy solutions such atetrippd-
ular redundancy TMR) was acceptable. Nevertheless, hardware
reliability has already become a major issue for mainstream-
puting, where the usage of high-cost reliability solutié;aot ac-
ceptable [24].

One of the main challenges for the semiconductor industry is
manufacturing defects, which have a direct impact on yi€ldm
each process generation to the next, microprocessors leecmme
susceptible to manufacturing defects due to higher seitgitf
materials, random particles attaching to the wafer surfand sub-
wavelength lithography issues such as exposure tool agsiion,
cleaning technology, and resist process optimization.[IBjus,
in order to maintain an acceptable level of manufacturiredyia

the lightweight core. For a 4-core CMP system, on average, ou g pstantial investment is required [32]. Traditionallypaern high-
approach enables the coupled core to achieve 87.6% of the per performance processors are declared as functional if et péthe

formance of a fully functioning core. This defect toleraremad

design are fault-free, or if they can operate correctly Hgrating

throughput enhancement comes at modest area and power overi,ij res. However, since manufacturing defects can catssgnéf-

heads of 5.3% and 8.5%, respectively.

Categories and Subject Descriptors

B.8.1 [Performance and Reliability]: Reliability, Testing, and
Fault-Tolerance

General Terms
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icant yield loss, semiconductor companies have recerdlyest to
manufacture parts that have been over-designed to hedgestaga
defects. For instance, to improve yield, IBM did this witketGell
Broadband Engine that sometimes only had 7 out of the 8 pseces
ing elements activated [34].

Based on the latest ITRS report [19], for current and neaméut
CMOS technology, one manufacturing defect per ve t00?
dies can be expected. Fortunately, a large fraction of dia erde-
voted to memory structures, in particular caches, whichteEapro-
tected using existing techniques such as row/column reahoyd
2D-ECC [21], ZerehCache [3], Bit-Fix [38], and sub-bloclsdi
abling [1]. With appropriate protection mechanisms in pldor
caches, the processing cores become the major source aft defe
vulnerability on the die. Consequently, we try to tacklechfaults
in the non-cache parts of the processing core. Due to tha-inhe
ent irregularity of the general core area, it is well-knowatthan-
dling defects in the non-cache parts is challenging [27]ofmon
solution is core disabling [2]. However, the industry is reuntly
dominated by Chip Multi-Processo€MP) systems with only a
modest number of high-performance cores (e.g., Intel Cyreya-
tems which cannot afford to lose a core due to manufacturasg d
fects. The other extreme of the solution spectrum lies mahged



micro-architectural redundancy [32, 12, 35]. Here, brok&noro-
architectural structures, such as ALUs, are isolated daogg to
maintain core functionality. Unfortunately, since the oréy of
the core logic is non-redundant, the fault coverage fronsehagp-
proaches is very limited — less than 10% for an Intel proaef@s.

In this work, we propose Necromanc@tl) to tackle manufac-
turing defects in current and near future technology nodeM
enhances overall system throughput and mitigates thepesfaoce
loss caused by defects in the non-cache parts of the corectoa
plish this, we rst relax the correct execution constraintafaulty
core — theundead core- since it cannot be trusted to faithfully
execute programs. Next, we leverage high level executifor-in
mation fints) from the undead core to accelerate the execution of
an animator core The animator core is an additional core, intro-
duced by NM, that is an older generation of the baseline ciores
the CMP with less resources and the same instruction setegeh
ture (SA). The main rationale behind our approach is the fact that,
for most defect instances, the execution ow of the progranite
undead coreoarsely resemblethe fault-free program execution
on the animator core — when starting from the same architactu
state (i.e., program countdPC), architectural registers, and mem-
ory). Moreover, in the animator core, these hints are orepted
as performance enhancers and do not in uence executioeaerr
ness. In NM, we rely on intrinsically robust hints and effeethint
disabling to ensure the animator core is not mislead by utgrle
hints. Dynamic inter-core state resynchronization is alsployed
to update the undead core with valid architectural stateneter it
strays too far from the correct execution path. To increasede-
sign ef ciency, we share each small animator core amongipialt
cores. Our scheme is unique in the sense that it keeps theadinde
core on a semi-correct execution path, ultimately enaktliregan-
imator core to achieve a performance close to the performaiic
a live (fully-functional) core. In addition, NM does not iceably
increase the design complexity of the baseline cores andean
easily applied to current and near future CMP systems toresgha
overall system throughput.

2. UTILITY OF AN UNDEAD CORE

We motivate the NM design by demonstrating the high-level ra
tionale behind it. To this end, we provide evidence that sujsp
the following two statements(l) Although an aggressive out-of-
order ©O00) core with a hard-fault in the non-cache area cannot be
trusted to perform its normal operation, it can still pravidseful
execution hints in most caseg®) By exploiting hints from the un-
dead core, the animator core can typically achieve a sigmitly
higher performance.

2.1 Effect of Hard-Faults on Program Execu-
tion

Prior work has studied the effect of a single-event upseta or
transient fault, on program execution for high-performanaicro-
processors. Using fault-injection, it has been shown tfzaisient
faults are often masked, easier to categorize, and have potem
ral effect on program behavior [37]. On the other hand, ttiecef
of hard-faults on program execution is hard to study sincghea
hard-fault can result in a complicated intertwined behaviBor
example, a hard-fault can cause multiple data corruptibas t
nally mask each others effect. Moreover, hard-faults amsipe
tent and their effect does not go away. As a result, hard€anan
dramatically corrupt program execution. In order to ilhagé the
negative impact of hard-faults on program execution, weysthe
average number of instructions that can be committed befbre

Figure 1: Distribution of injected hard-faults that manife st as
architectural state mismatches across different latencie— in
terms of the number of committed instructions (CI).

serving an architectural state mismatch. This result, 6i(Garea-
weighted hard-fault injection experiments across SPEC-2R
benchmarks, is depicted in Figure 1. Details of the MonteldCar
engine, statistical area-weighted fault injection infrasture, tar-
get system, and benchmark suite can be found in Section brl. F
these experiments, we have a golden execution which compare
architectural state with the faulty execution every cycid as soon
as a mismatch is detected, it stops the simulation and & toet
number of committed instructions up to that point. For ins&
looking at 188.amp, 26% of the injected hard-faults causaran
chitectural state mismatch to happen in less than 100 cdeunit
instructions. Since 176.gcc more uniformly stresses wiffecore
resources, it shows a higher vulnerability to hard-faulés this
gure shows, more than 40% of the injected hard-faults camsea
an immediate < 10K — architectural state mismatch. Thus, a
faulty core cannot be trusted to provide correct functidpaven
for short periods of program execution.

2.2 Relaxing Correctness Constraints

As just discussed, program execution on a dead core cannot be
trusted. Here, we try to determine the quality of programcexe
tion on a dead core when relaxing the absolute correctness co
straints. In other words, we are interested in knowing foratvh
expected level of correctness, a dead core can practicediguee
large chunks of a program. Based on 5K injected hard-faklts,
ure 2 depicts how many instructions can be committed in a dead
core before it gets considerably off the correct executiathp In
order to have a practical system, the dead core should bécdde
ecute the program over reasonable time periods beforedtsion
becomes ineffectual. Here, we de ne a similarity ind&{)(that
measures the similarity between the PC of committed inStus
in the dead core and a golden execution of the same prograis. Th
Slis calculated every 1K instructions and whenever it bezphass
than a pre-speci ed threshold, we stop the simulation amdne
the number of committed instructions. For instance, a sty
index of 30% for PC values means, that during each 1K instmct
window, 30% of PCs hit exactly the same instruction cache iln
both the golden execution and program execution on the dead ¢
Figure 2 shows the number of committed instructions foretdi-
ferent Sl thresholds. For instance, considering Sl thrigshic®0%,
on average only 12% of the hard-faults renders the prograalex
tion on a dead core ineffectual before at least 10K instoastiget
committed. Hence, even for an Sl threshold of 90%, in more tha
85% of cases, the dead core can successfully commit at |e@kt 1
instructions before its execution differs by more than 10%.
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Figure 2: Number of instructions that are committed (Cl) before an injected hard-fault results in a violation of a pre-speci ed sim-
ilarity index threshold. For this purpose, 5K hard-faults were injected while considering three different similarity index thresholds
(90%, 60%, and 30%).

2.3 Opportunities for Acceleration tain an acceptable level of single-thread performance. évew in

Since the execution behavior of a dead core coarsely matchesOrder to accelerate program execution, one of these couyles
the intact program execution for long time periods, we cd@ta Must progress through the program stream faster than tiee. dth
advantage of the program execution on the dead core to accele order to do so, three methods have been proposed:
ate the execution of the same program on another core. This ca In Paceline [16], the core that runs aheéehde) and the
be done by extracting useful information from the executibthe core that receives execution hinthéckeJ from the leader
program on the dead core and sending this information (htots core operate at different frequencies. Paceline cuts the fr
the other core (the animator core), running the same progkilen quency safety margin of the leader core and continuously
allow theundead coreo run without requiring absolutely correct compares the architectural state (excluding memories)eof t

functionality. The undead core is only responsible to pievelp-
ful hints for the animator core. This symbiotic relation Wween

the two cores enables the animator core to achieve a sigmiya

higher performance. When the hints lose their effectivenase
resynchronize the architectural state of the two corescesam ar-
chitectural state resynchronization, between two cores @MP
system, takes about 100 cycles [27] and resynchronizatiomore

two cores. When a mismatch happens, the frequency of the
leader is adjusted, L1 state match is enforced, and naky th
checkpoint interval is rolled back for re-execution.

Slipstream processors [28] and Master/Slave speculadiie p
allelization [41] need two different versions of the same-pr
gram. Inthese schemes, the leader core runs a shorterversio
of the program based on the removal of ineffectual instruc-

tions while the checker core runs the unmodi ed program.
Finally, Flea-Flicker two pass pipelining [6] and Dual-@or
Execution [40] allow the leader core to return an invalicleal

than 85% of cases happens after at least 100K committediéastr
tions, the overhead associated with resynchronizatioméals

For the purpose of evaluation and since we want to have aesingl c
ISA system, based on the availability of the data on the poaven, on long-latency operations and proceed. _
and other characteristics of microprocessors, we use an(B¥€ Although these schemes have widely varying implementation
Alpha 21264 [20]) for the baseline cores. On the other haad, f ~ details, they share some common traits. In these schemes, th
the animator core, we select a simpler core like the EV4 (DEC A leader core tries to get ahead and sends hints that can mteele
pha 21064) or EV5 (DEC Alpha 21164) to save on the overheads checker core execution. These two cores are connectedgtinrou
of adding this extra core to the CMP system. In order to evalu- One/several rst-in rst-out £IFO) hardware queues to transfer
ate the ef cacy of the hints, in Figure 3, we show the perfonce hints and retired instructions along with t.heir PCs. Theoklge
boost for the aforementioned DEC Alpha cores using perfitsh ~ core takes advantage of program execution on the leaderircore
(PH9 — perfect branch prediction and no L1 cache miss. Here, 3 Ways. First, the checker core receives pre-processedidnst
we have also considered the EV4 (000), an 000 version of the tion and data streams. Second, during the program execistion
2-issue EV4, as a potential option for our animator core. #sloe the leader core, most branch mispredictions get resolveudrd,T
seen, by employing perfect hints, the EV4 (O00) can outperfo the program execution in the leader core automaticallyeitgis L2
the 6-issue 00O EV6 in most cases; thus, demonstrating #m-po  cache prefetches for the checker core. _
bility of achieving a performance close to the performante live A straight-forward extension of these ideas to animate aldea
core through the NM system. Nevertheless, achieving this 5o core seems plausible. However, NM encounters major difiesl
quite challenging due to the presence of defects, diffesentces ~ When trying to t the dead core into this execution model. éler

of imperfection in hints, and inter-core communicatioruiss. we brie y describe the two main challenges, leaving disawss of
the proposed microarchitectural solutions for subseqgsections.

Fine-Grained Variations: One of the main sources of problems
is the presence of defects in the dead core. Due to the pesénc
defects, thaindead coremight execute/commit more or less num-
ber of instructions, causing variations in the similarifypoogram
executions between the two cores. For instance, in many ctme
undead core can take the wrong direction on an IF statemeht an
get back to the right execution path afterwards, therebygrréng

3. FROM TRADITIONAL COUPLING TO
ANIMATION

In a CMP system, prior work has shown two cores can be cou-
pled together to achieve higher single-thread performar®iace
the overall performance of a coupled core system is bounged b
the slower core, these two cores were traditionally idetic sus-
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Figure 3: IPC of different DEC Alpha microprocessors, normdized to EV4's IPC. In most cases, by providing perfect hintsor the
simpler cores (EV4, EV5, and EV4 (000)), these cores can a@hve a performance comparable to that achieved by a 6-issue Oo

EV6.

a perfect data or instruction stream for the animator coftes Me-
cessitates employing generic hints that are more resit@itiese
local abnormalities. Moreover, the number of times thathe€
is visited cannot be used to synchronize the two cores. A mech
nism is required to help the animator core identify the prdpee
for pulling the hints off the communication queue. Giventhea-
tion in the usefulness of the hints, in order to enhance tleety

of the animator core, ne-grained hint disabling can be taged.
For instance, if the ladt branch prediction hints for a particular
PC were not useful, branch prediction for this particularda@ be
handled by the animator core's branch predictor.

Global Divergences:When the undead core gets completely off
the correct execution path, hints become useless, and disriee
be brought back to a valid execution point. For this purpdise,
architectural state of the animator core can be copied avénd
undead core. Although exact state matching, by checkgjritie
register le, has been used in prior work [16], it is not agalble
for animating a dead core since architectural state midmeatoc-
cur so frequently. Therefore, we need coarse-grained emlion-
itoring of the effectiveness of the hints over a large timeique
to decide whether the undead core should be resynchroniitbd w
the animator core. Moreover, resynchronizations shouldhsap
and relatively infrequent to avoid a noticeable impact andterall
performance of the animator core. One possible approaahdan-
taining correct memory state, suggested by Paceline, is-fetch
the cache-lines that are accessed during the last chetkgairter-
val into the L1 cache of the leader core [16]. However, sifig t
might happen often for a dead core, we need a low-cost resynch
nization approach that does not require substantial boegikg.

4. NM ARCHITECTURE

The main objective of NM is to mitigate system throughpuslos
due to manufacturing defects. For this purpose, it levesageo-
bust and exible heterogeneous core coupling executiohrtiepie
which will be discussed in the rest of this section. Given @ugr
of cores, we introduce an animator core, an older generatitin
the same ISA, that is shared among these cores for defecirnoke
purposes. In this section, we describe the architectutallddor a
coupled pair of dead and animator cores. The high-level N&igte
for a CMP system with more cores will be discussed in the nesd s
tion. In Section 2, we showed that the faulty core — the undeael

— cannot be trusted to run even a short part of the program.-How

ever, as we relaxed the exact architectural state matchcahed

at the global execution pattern, the undead core can exaautel-
erate portion of the program before a resynchronizatiordsiired.

By executing the program on the undead core, NM provideshint
to accelerate the animator core without requiring multi@esions

of the same program. In other words, the undead core is used as
an external run-ahead engine for the animator core that éas b
added to the CMP system. We believe NM is a valuable solution
for improving the system throughput of the current and near f
ture mainstream CMP systems without notably in uencingigies
complexity.

4.1 High-Level NM System Description

Figure 4 illustrates the high-level NM heterogeneous cedpl
core design. As discussed in Section 2, for the purpose ddi@va
tion, we use 6-issue 00O EV6 for the baseline cores and ai@-iss
000 EV4 as our animator core. In our design, most communica-
tions are unidirectional from the undead core to the animedoe
with the exception of the resynchronization and hint disegsig-
nals. Thus, a single queue is used for sending the hints arfebca
ngerprints to the animator core. The hint gathering untaahes a
3-bit tag to each queue entry to indicate its type. When theug
gets full and the undead core wants to insert a new entryalisst
To preserve correct memory state, we do not allow the dirtgdi
of the undead core's data cache to be written back to the dhare
L2 cache. As a result, a dirty data cache-line of the undeasliso
simply dropped whenever it requires replacement. Excagtan-

Figure 4: The high-level architecture of NM is shown in this g-
ure and modules that are modi ed or added to the underlying
cores are highlighted (not drawn to scale).
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(b) Port activity for the animator core's L1-instructionatee

Figure 5: Port activity breakdown for local caches of the animator core. Here, we show the percentage of cycles that eacaahe port
is either busy or free. For our animator core, the data cache hs 2 ports while the instruction cache has a single port.

dling is also disabled at the undead core since the animater c
maintains the precise state.

As discussed in Section 2, the animator core with perfedshin
has the potential of surpassing the average performancdivé a
core. Nonetheless, the performance of the undead core can be
bottleneck for the NM system sinca: In many cases (Figure 3),
performance of a baseline core is worse than the performahce
the animator core with perfect hintb. After each resynchroniza-
tion, the undead core needs to warm-up the branch prediothr a
local caches. Therefore, we allow the undead core to prooeed
the data cache L2 misses, without waiting for the severatfed
cycles needed to receive data back from main memory. We gimpl
return zero since L2 misses are not common and also valu&pred
tion would not be bene cial. This has a large impact on the per
formance of the undead core, potentially shortening thgnesro-
nization period. Given the ability to eliminate stalls on kri2sses
and also semi-perfect hints from the undead core, NMmaten-
tially achieve even a higher performance than that of a live core.
Nevertheless, providing even semi-perfect hints is chgileg due
to defects in the undead core, queue size, limited perfocmarh
the undead core, queue delay, and natural uctuations igrara
behavior.

NM uses a heterogeneous core coupling program executi¢n wit
a pruned core that has a signi cantly smaller area compaoeal t
baseline core. In NM, we do not rely on overclocking the undea
core or having multiple versions of the same program. Futhe
more, it is a hardware-based approach that is transparetiiteto
workload and operating syste®§). It also does not require regis-
ter le checkpointing for performing exact state matchingflveen
two cores. Instead, we employ a fuzzy hint disabling approac
based on the continuous monitoring of the hints effectigsnand
initiating resynchronizations when appropriate. Hintdibng also
helps to enhance performance and save on communicationr pow

for program phases in which the undead core cannot get atfead o

the animator core. Apart from that, the undead core mighaocc
sionally get off the correct execution path (e.g., taking trong
direction on an IF statement) and return to the correct ptidr-a
wards — Y-branches [36]. In order to make the hints more robus
against microarchitectural differences between two carebalso
variations in the number/order of executed instructions,lever-
age the number of committed instructions for hint synchzation
and attach this number to every queue entry aagetag More-
over, we introduce theelease windowconcept to make the hints
more robust in the presence of aforementioned variatiorm. aF
particular hint type, the release window helps the animetoe to
determine the right time to utilize a hint. For instance uasisg the
data cachel-cach@ release window is 100, and 1000 instructions

have already been committed in the animator core, D-caatts hi
with age tags 1100can be pulled off the queue and applied.

4.2 Hint Gathering and Distribution

Program execution on the undead core automatically wamns-u
the shared L2 cache without requiring communication betvbe®
cores. However, other hints — i.e., L1 data cache, L1 instnc
cache, and branch prediction hints — need to be sent thrdwgh t
queue to the animator core. The hint gathering unit in theeadd
core is responsible for gathering hints and cache ngetpriat-
taching the age and 3-bit type tags, and nally insertingrtiato
the queue. On the other side, the hint distribution unitikesgthese
packets and compares their age tag with the local numberrof co
mitted instructions plus the corresponding release windiaes.

Every cycle, the hint gathering unit looks over the comnaiifte
structions for data and instruction cacle@ché hints. In fact, the
PC of committed instructions and addresses of committettlaad
stores are considered as I-cache and D-cache hints, regheddn
the animator core side, the hint distribution unit treatsitttcoming
I-cache and D-cache hints as prefetching information tanwap
its local caches. For the animator core, Figure 5 depictauthe
lization of two D-cache ports and a single I-cache port. Gitle
pipelined cache access for all high-performance procesagrcan
be seen for D-cache, both ports are busy for less than 5% fxyc
Therefore, we leverage the original cache ports for apglynr
D-cache hints. However, since hints can opbtentiallyhelp the
program execution, priority of the access should alwaysiveEngo
the normal operation of the animator core. On the other htred,
I-cache port is busy for more than 50% of cycles for 3 benchmar
and is free only if the instruction fetch queu€&Q) is full. More-
over, since the I-cache operation is critical for having staimable

eperformance, we add an extra port to this cache in the animato

core.
In order to provide branch prediction hints, the hint gaithgr
unit looks at the branch predictdBP) updates and every time the
BP of the undead core gets updated, a hint will be sent thrthgh
queue. In the animator core side, the default BP — for EV4 —is
a simple bimodal predictor. We rstly add an extra bimoda¢pr
dictor (NM BP) to keep track of incoming branch prediction hints.
Furthermore, we employ a hierarchical tournament predictde-
cide for a given PC, whether the original or NM BP should take
over. During our design space exploration, the size of tisase-
tures will be determined — Section 5.2. As mentioned eanlier
introduced release window size to get the hints just befoeg are
needed. However, due to the variations in the number of égdcu
instructions on the undead core, even the release windowotan
guarantee the perfect timing of the hints. In such a scenésio
a subset of instructions, the tournament predictor can gived-
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Figure 6: A code example in which the NM BP performs poorly andswitching to the original BP of the animator core is required
The code simply calculates the summation of a 2D-array elemés which are stored in a row-based format. It should be notedhat the
branch prediction release window size is normally set so thiahe branch prediction accuracy for the entire execution gés maximized.
As can be seen, hints are received by the animator core at impper times, resulting in low branch prediction accuracy.

vantage to the original BP of the animator core to avoid any pe
formance penalty. Having this in mind, Figure 6 shows a seampl
example in which the NM BP can only achieve 33% branch predic-
tion accuracy. This is mainly due to the existence of a tigher
loop — number of instructions in the loop body is less than 8P r
lease window size — with a low trip count. Switching to thegaral

BP can enhance the overall branch prediction accuracyifoctue
region.

Another aspect of the NM dual core execution is the potenfial
hints on the speculative execution paths. If a speculatitie furns
to be a correct path, instructions on this path will everlyubke
committed and the corresponding hints will be sent to thenator
core. On the other hand, for a wrong path, although sendintg hi
can potentially accelerate the execution of speculativiespan the
animator core, this acceleration can only decrease théegfay of
our hints for the correct paths. For instance, if the animedoe ex-
ecutes a wrong path faster, it will bring more useless daita tocal
D-cache which causes prefetched data for non-speculadives po
be dropped out of D-cache. Therefore, it is clear that senbints
for speculative paths can merely hurt the performance of\ike
system.

4.3 Reducing Communication Overheads

In order to reduce the queue size, communication traf c seed
to be limited to more bene cial hints. Consequently, in thath
gathering unit, we use two content addressable mematias/)
with several entries to discard |-cache and D-cache himtsvilere
recently sent. Eliminating redundant hints also minimittes re-
source contention on the animator core side. For this perpgbsse
two CAMs keep track of the lasti — number of CAM entries —
committed load/store addresses in the undead core. Iniaudit
sending less number of hints, queue size can be reduced by sen
ing less bits per hint. Saving on the number of bits can be done
in several ways: sending only the block related bits of asklfer
I-cache and D-cache hints, ignoring hints on the specelgtaths,
and for branch prediction hints, only sending lower bitstod PC
that are used for updating branch history table of the NM BP.

Given a design with multiple communication queues, the adde
core stalls when at least one queue is full and it wants tatiaseew
entry to that queue. The other queues that are not full duliage
stalls remain underutilized; thus, using a single aggesygueue
guarantees a higher utilization, which reduces the areghewae,
number of stalls, and overheads of interconnection wires.tr@

other hand, since a single queue is used, multiple entrigbtmeed
to be sent to or received from the queue at the same cycle c@his
be solved by grouping together several hints with the saredagy
and sending them as a single packet over the queue. Thigesqui
a small buffer in the hint distribution unit to handle the edhat
hints have non-identical release windows sizes.

4.4 Hint Disabling Mechanisms

Hints can be disabled when they are no longer bene cial fer th
animator core. This might happen because of several reaBoas
the program execution on the undead core gets off the cagrect
cution path due to the destructive impact of defects. Sedarukr-
tain phases of the program, performance of the animatoroagkt
be close to its ideal case, attenuating the value of hintstly,aat
certain parts of the program, due to the intertwined behasfithe
NM system, the animator core might not be able to get ahead of
the undead core. In all these scenarios, hint disablingshielfour
ways:

It avoids occupying resources of the animator core with-inef
fective hints that does not buy any performance bene t.

The queue lIs up less often which means less number of
stalls for the undead core.

Disabling hint gathering and distribution saves power and e
ergy in both sides.

It serves as an indicator of when the undead core has strayed
far from the correct path of execution (i.e., when hints are
frequently disabled) and resynchronization is required.

The hint disabling unit is responsible for realizing wherclea
type of hint should get disabled. In order to disable cachéshthe
cache ngerprint unit generates high-level cache acceksrira-
tion based on the committed instructions in the last disgiime
interval — e.g., last 1K committed instructions. These rgets
are sent through the queue and compared with the animatescor
cache access pattern. Based on a pre-speci ed threshald fa
the similarity between access patterns, the animator cec&lds
whether the cache hint disabling should happen. In additiden
a hint gets disabled, that hint remains disabled during a period
called the back-off period. More precisely, the cache myarnt
unit retains two tables for keeping track of non-specutaticache
and D-cache accesses in the last disabling time intervalir&i7(a)
illustrates an example of cache disabling. ConsideringaBhe
hints, the corresponding table has only several entries rti@es
in our example — and each entry will be incremented for a cammi
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(b) Disabling branch prediction hints

Figure 7: Two high-level examples of cache and branch prediion hint disabling mechanisms. Here, values on the X-axes the plots

correspond to eight entries of the cache disabling table.

ted load/store, whenever the LSBs of the address match tike ra
order of that entry. Therefore, the cache disabling tablataims a
high-level distribution of addresses that are accesseadglthre last
interval. At the end of each interval, the table contents$ elsent
over the queue to the animator core and entries will be aiefme
the next interval. Given a similar cache access distrilousibthe
animator core's side, for evaluating similarity betweerotdistri-
butions,(V1; V2; :1:; Vie) for the undeadgcore ar(hs; Sz; :::; Sie)
for the animator core, we calculae = = 2 jSi  Vij. Then, if
K (140 in our example) is less than a pre-speci ed threshosiga
nal will be sent to the undead core to stop gathering thatquéear
hint for the back-off period.

Disabling branch prediction hints can solely be done by tiie a
mator core. Apart from prioritizing the original BP of theiarator

core for a subset of PCs, the NM BP can be also employed for

global disabling of the branch prediction hints. For thispgmse,
we continuously monitor the performance of the NM BP and if
this performance — compared to the original BP — is worse than
pre-speci ed threshold for the last disabling time intdrwae dis-
able branch prediction hints. As Figure 7(b) depicts, farwoh
prediction hint disabling, we use a score-based schemeansth-
gle counter. For every branch that the original and NM BPisegit
both correctly predict or both mispredict no action shoutddken.
Nonetheless, for the branches that the NM BP correctly ptedi
and the original BP does not, the score counter is increrddnge
one. Similarly, for the ones that NM BP mispredicts but thgioal
BP correctly predicts, the score counter is decrementathlllyj at
the end of each disabling time interval, if the score couf®ein
our example) is less than a certain threshold, the brandfigtien
hints will be disabled for the back-off period. For perfongiin-
frequent disabling-related computations, we add a 4-bivAd.the
hint disabling unit.

4.5 Resynchronization

Since the undead core might get off the correct executiom, pat
mechanism is required to take it back to a valid archite¢tstee.
In order to do so, we use resynchronization between the twesco
during which the animator core's PC and architectural tegigal-
ues get copied to the undead core. According to [27], for aemod
processor, the process of copying PC and register valuegbat
cores takes on the order of 100 cycles. Moreover, all infsos in
the undead core's pipelines are squashed, the rename sabket,
and the D-cache content is also invalidated for “resyndzing”
the memory state.

Resynchronization should happen when the undead coreffiets o
the correct execution path and it can no longer provide Udfits
for the animator core. The simplest policy is to resynctzergvery
N committed instructions wheif¢ is a constant number like 100K.
However, as we will show in Section 5.2, a more dynamic resyn-
chronization policy can achieve a higher overall speedargie
NM system. We take advantage of the hint disabling inforomati
to identify when resynchronization should happen. An aggjve
policy is to resynchronize every time a hint gets disabledweler,
such a policy results in too many resynchronizations in atghmoe
which clearly reduces the ef ciency of our scheme. Anothetep-
tial policy is to resynchronize only if at some point in timk ar
at least two of the hints get disabled. Later in Section 5& il
compare some of these potential resynchronization pslicie

4.6 NM Design for CMP Systems

So far, we described the NM heterogeneous coupled core exe-
cution approach and its architectural details. Here, NMGMP
systems will be discussed. Figure 8 illustrates the NM defig
a 16-core CMP system with 4 clusters modeled after the Suk Roc
processor. Each cluster contains 4 cores which share sesamgl
imator core, shown in the call-out. In order to maintain abét
ity of the NM design, we employ the aforementioned 4-core<lu
ter design as the building block. Although a single animatme
might be shared among more cores, it introduces long intereo-
tion wires that should travel from one corner of the die totara

il
~

= T

Figure 8: The high-level NM design for a large CMP system
with 16 cores, modeled after the Sun Rock processor, which
has 4 cores per cluster. The details of NM core coupling can be
found in Figure 4.



Therefore, given the low area overhead of NM for a 4-core CMP
(5.3% as will be discussed in Section 5.2), the proposedlingl
block preserves design scalability. On the other hand esinany
dies are fault-free, in order to avoid disabling the animatres,
these cores can be leveraged for accelerating the opeattiore
cores. One possibility is to use the animator cores to ekSioéc-
ulative Method-Level Parallelism by spawning an extradldrand
moving it to the animator core to execute the method call. The
original thread executes the code that follows the methrtisrn
by leveraging a return value predictor. This is based on the o
servation that inter-method dependency violations anednfent.
However, evaluation of the latter is beyond the scope ofutiaisk.
For a heterogeneous CMP system, the problem is slightly more
dif cult due to the inherent diversity of the cores. Therefpshar-
ing an animator core between multiple cores might not beipless
since those cores have different computational capasilitA po-
tential solution is to partition the CMP system to groups ofes
in which each group contains cores with similar charactiessand
performance. Therefore, each group can share an animater co
with different speci cations. An alternative is to partti the cores
to groups such that in each group, we have several large aarks
a small core — all from the original set of heterogeneouss.ohe
each group, the smaller core should have the capability efating
as a conventional core or as an animator core when there is a de
fect in one of the larger cores in its own group. These dugbpse
cores are a suitable t for many heterogeneous CMP systeats th
come with a bunch of simpler cores such as the IBM Cell pramess
In our design, since the animator core is shared among multi-
ple cores, it is reasonable to shift the overheads to the aoim
core side to avoid replicating of the same module in the el
cores. For instance, most of the similarity matching streeet for
hint disabling are located on the animator core side. Furtbee,
since the undead core runs signi cantly ahead of the anintaie
in the program stream, the communication queue should aso b
closer to the animator core to reduce the timing overheadadss-
ing the queue and checking the age tags. Finally, disabiints,h
when they are no longer bene cial, allows the undead core/oia
gathering and sending the hints which saves power/enerdpptin
sides.

5. EVALUATION

In this section, we describe experiments performed to dfyant
the potential of NM in enhancing the system throughput.

5.1 Experimental Methodology

In order to model NM's heterogeneous coupled core execution
we heavily modi ed SimAlpha, a validated cycle accurate ro&s-
chitectural simulator based on SimpleScalar [5]. We run difo
ferent versions of the simulator, implementing the undeatiani-
mator cores, and use inter process communicatie@) to model
the information ow between two cores (e.g., L2 warm-up,tejn
and cache ngerprints). As mentioned earlier, a 6-issue GV®

and a 2-issue 000 EV4 are chosen as our baseline and animator

cores, respectively. The con guration of these two coupteces

and the memory system is summarized in Table 1. We simulate
the SPEC-CPU-2K benchmark suite cross-compiled for DEC Al-
pha and fast-forwarded to an early SimPoint [31].

To study the effect of manufacturing defects on the NM system
we developed an area-weighted, Monte Carlo fault injecéon
gine. During each iteration of Monte Carlo simulation, a roar-
chitectural structure is selected and a random single sttitult is
injected into the timing simulator. Table 2 summarizes thdtflo-
cations used in our experiments. Since every transistathigesame

Table 1: The target NM system con guration.

| Parameter | The animator core | A baseline core
Fetch/issue/commit widtH 2 per cycle 6 per cycle
Reorder buffer entries 32 128
Load/store queue entries| 8/8 32/32
Issue queue entries 16 64
Instruction fetch queue 8 entries 32 entries
Branch predictor tournament tournament

(bimodal + NM BP)
256 entries, direct-maf

(bimodal + 2-level)
1024 entries, 2-way

Branch target buffer size

Branch history table 1024 entries 4096 entries

Return address stack 32 entries

L1 data cache 8KB direct-map, 3 64KB, 4-way, 5
cycles latency, 2 ports | cycles latency, 4 portg

L1 instr. cache 4KB direct-map, 2 64KB, 4-way, 5

cycles latency, 2 ports | cycles latency, 1 port
2MB Uni ed, 8-way, 15 cycles latency
250 cycles access latency

L2 cache
Main memory

probability of being defective, hard-fault injections sifab be dis-
tributed across microarchitectural structures in praparto their
area. Therefore, for each fault injection experiment, vwedn5000
hard-faults while arti cially prioritizing structures #t have larger
area. These stuck-at faults are injected one by one in theeat
each individual experiment. As a result, at any point in tithere
is a single stuck-at fault in the undead core. Given an ojoerait
frequency of 600MHz [22] for EV6 in 0.3 , scaling to a 96m
technology node would result in a frequency of Gz at 1.2V.
This frequency is a pessimistic value for the animator cagNM
can clearly achieve even better overall performance if tiimator
core were allowed to operate at a higher frequency. Nevedhe
since the amount of work per pipeline stage remains relgt@n-
sistent across Alpha microprocessor generations [22]afgiven
supply voltage level and a technology node, the peak opeati
frequency of these different cores are essentially the same
Dynamic power consumption for both cores is evaluated using

Wattch [13] and leakage power is evaluated with HotLeak&88¢ [
Area for our EV6-like core — excluding the 1/0 pads, intemen-
tion wires, the bus-interface unit, L2 cache, and contrgide- is
derived from [22]. In order to derive the area for the animatare,

Table 2: Fault injection locations and their corresponding
pipeline stages along with stage-level area break-down fd&V6.

Pipeline Stage| Area Break-down | Fault Location |

Program counter
Branch target buffer
Instruction fetch queue

Fetch 14.3%

15.6%
5.1%

Decode |

Input latch of decoder |

Rename |

Rename alias table |

Integer register le
Floating point register le
Reorder buffer

Integer ALU

Integer multiplier
Integer divider

Floating point ALU
Floating point multiplier
Floating point divider
Load/store queue

Dispatch 24.1%

Backend 40.8%
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(a) Effect of the NM D-cache release window size on the data(b) Effect of the branch history table size of the NM BP on the
cache miss rate of the animator core. overall branch prediction accuracy of the animator core.
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(c) Effect of CAM size that are used for reducing the numbebefache hints — generated in the undead core — on the data cach
miss rate of the animator core. Here, the lines show the nuwfdata cache hints should be sent to the animator core pée,cy
normalized to the the case without any CAM.

(d) Number of instructions committed in the animator coréobethe branch prediction hint is disabled for differene{speci ed
branch prediction hint disabling thresholds (i.e., 50%8467@0%, 90%, and 99% similarities).
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(e) Effect of different resynchronization policies on theetall (f) Effect of communication queue size on the overall spegd-

speed-up of the NM coupled cores normalized to the perfor-of the NM coupled cores normalized to the performance of the

mance of the baseline animator core. baseline animator core.

Figure 9: Design space exploration for the NM system descrixd in Table 1.

we start from the publicly available area break-down for E\&G nology library, is used to evaluate the overheads of the isinm
and resize every structure based on the size and number tsf por miscellaneous logic (e.g., MUXes, shift registers, and para-
Furthermore, CACTI [26] is used to evaluate the delay, aaed, tors). Finally, the area for interconnection wires betwé®sn cou-

power of the on-chip caches. Overheads for the SRAM memory pled cores is estimated using the same methodology as inj28]
structures that we have added to the design, such as the Nidibra  intermediate wiring pitch taken from the ITRS road map [19].
prediction table, are evaluated with the SRAM generator uted

provided by the 9m Artisan Memory Compiler. Moreover, the 5.2 Experimental Results

Synopsys standard industrial tool-chain, with a TSM@ré@ech- In this section, we evaluate different aspects of the NMgfesi



Average

300.twolf
256.bzip2

197.parser

186.crafty

176.gec

175.vpr

164.gzip

Benchmark

188.ammp

183 equake
179.art

177.mesa

173.applu
172.mgrid

N
&

& ¢ &
= & FSF & & &g
oo o

& @ e

Faull Location

Figure 10: Variations in the speed-up of the animator core
for different hard-fault locations across SPEC-CPU-2K berth-
marks. To only highlight the impact of hard-fault locations, in
each row, results are normalized to the average speed-up tha
can be achieved by the NM coupled cores for that particular
benchmark.

such as design space, achievable speed-up in the presedee of
fects, performance impact of different hard-fault locatiparea and
power overheads, and nally throughput enhancement.

Design Space Exploration: Here, we x the architectural pa-
rameters that are involved in the NM design. Since there &iaty
of parameters (both hardware and policy), due to space derssi
tions, we only present a subset of the exploration for patarse
with the most interesting behaviors. During the explomatiore
initially assign a nominal value to each of the parametecs @
we select a proper value for each parameter, we use the wapdate
value for the reminder of the experiments. Figure 9 dephutsde-
sign space exploration for a pruned set of NM parametersign F
ure 9(a), the release window size is varied between 0 to 266 co
mitted instructions while monitoring the data cache mis¢s cdithe
animator core. As can be seen, there is an optimal window(isize
16 committed instructions) that maximizes prefetchingcefncy,
given the variations in the number of committed instruction the
undead core. The D-cache miss rate, even before optimiziveg o
parameters, is reduced from 10.7% to 5.3%. Figure 9(b)titiss
the effect of reducing the branch history tabBHT) size of the
NM BP on the branch prediction accuracy of the animator cooe.
save area, we limit the BHT size to 1024 entries, causingthess
0.5% reduction in the achievable branch prediction acgurac

The size of the D-cache hint CAM is a double-edged sword and
its impact on the D-cache miss rate and communication tref ¢
shown in Figure 9(c). Increasing the CAM size, reduces thm-co
munication traf c and queue size. However, this aggravates
ef ciency of D-cache hints. The reason is that sending mgre u
to-date hints increases the likelihood that data is preisethie |o-
cal D-cache of the animator core when it is needed. Nevessel
using a CAM with 2 entries can reduce the number of transmit-
ted D-cache hints by more than 30% while affecting the D-each
miss rate by less than 0.5%. Next, Figure 9(d) illustrateseh
fect of varying the threshold for disabling branch predinthints.
For each injected hard-fault and benchmark, we record thebeu
of instructions committed before the branch predictiort fsrdis-
abled. Results of this process are depicted for 5 diffetemeshold
values (i.e., 50%, 70%, 80%. 90%, and 99% similarities).Hgh
similarity requirements, such as 99%, the branch predictimts
are mostly disabled even before 5K instruction are comnhiite
the animator core. Consequently, we select 70% similadtihat
the hint disabling does not occur too frequently while sglteiv-

ing occasional feedback about the effectiveness of the kimting
program execution.

Finally, Figures 9(e) and (f) show the impact of differergyme-
chronization policies and communication queue sizes oa¢hiv-
able speed-up by NM, respectively. In these two plots, spgsd
are normalized to the performance of a baseline animatar. e
consider 4 candidates for the resynchronization policpsiing
of one static and 3 dynamic polices. For the static policgyme
chronization occurs periodically after committing 100Kstiruc-
tions while for the dynamic policies, the number of disabiémts
determines whether resynchronization is required. Sineeagr
gressively exploit the hints by rarely disabling them, tegynchro-
nization policy that is invoked on the rst disabled hint @&les
a better speed-up. Finally, the sensitivity to the commatin
queue size is presented in Figure 9(f). Although it seemsdha
larger queue is always better, an extremely large queudentie
undead core to get too far ahead of the animator core, pudjtkie
L2 cache with unpro table prefetches.

The values for the remaining parameters were identied in a
similar fashion: I-cache release window size (4 committestriic-
tions), branch prediction release window size (4 commiitsttuc-
tions), I-cache hint CAM size (2 entries), branch predicthint
disabling threshold (70% similarity), D-cache hint disablthresh-
old (70% similarity), I-cache hint disabling threshold ¢8&imilar-
ity), D-cache hint disabling table size (32 entries), amdd¢he hint
disabling table size (32 entries). Given these parametaesaon
average, NM can achieve 39.5% speed-up over the baselimaani
tor core. In our simulation, we set the queue delay to 15 syele
same as L2 cache; however, since the NM coupled core design is
highly pipelined, it has a minimal sensitivity to the queusay.
For instance, even setting this delay to 45 cycles, onlyctdfthe
nal speed-up by less than 1%.

Performance Impact of Different Hard-Fault Locations: In
order to highlight the impact of a fault location on the avhige
speed-up by the NM system, Figure 10 depicts the performance
breakdown results for the fault locations described in &bl Re-
sults in each row of this plot is normalized to the averagesdpe
up that can be achieved by the NM coupled core for that paaticu
benchmark. This was done to eliminate the advantage/disaalye
that comes from the inherent benchmark suitability for cooe-
pling. As can be seen, hard-faults in some locations are trare-
ful than others. These locations consist of the PC, integi&f Aand
instruction fetch queue. Another interesting observaisahat, for
a benchmark like 197.parser, reaction to defects can signily
differ from other benchmarks. We conclude two main pointsrfr
this plot. First, on average, there are only a few fault |moat that
can drastically impact the NM speed-up gain. Second, fovargi
fault location, different benchmarks show various degrefesus-
ceptibility; thus, heterogeneity across the benchmarksing on
a CMP system helps NM to achieve a higher speed-up by having a
more suitable workload assigned to the coupled cores.

Summary of Bene ts and Overheads: Figure 11(a) demon-
strates the amount of speed-up that can be achieved by the NM
coupled cores for CMP systems with different numbers of €ore
As can be seen, NM achieves a higher overall speed-up asiie nu
ber of cores increases. For a 16-core system, on averageothe
pled cores can achieve the performance of a live core, eallgnt
providing the appearance of a fully-functional 6-issuedtiag core
with a 2-issue animator core. This is because NM achievésrdift
speed-ups based on the defect type, location, and the vaorkim-
ning on the system. Here, we assume full utilization, whicanms
there is always one job per core. Hence, for larger CMPs, with
more heterogeneity across the benchmarks running on thensys



(a) Performance of the baseline animator core, NM coupled

cores, and a live core normalized to the average performaice
a baseline animator core. Due to the higher heterogeneidgac

the benchmarks for a CMP system with more cores, NM can

achieve a higher overall speed-up.
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(b) Break-down of NM area and power overheads for CMP
systems with different numbers of cores. As can be seen, the
overheads that are imposed by the the baseline animator core
is typically the major component, which gets amortized &s th
number of cores grows.

Figure 11: Summary of bene ts and overheads of our scheme foEMP systems with different number of cores.

there is more opportunity for NM to exploit. The speed-uplagza
tion was done by conducting a Monte Carlo simulation with@00
iterations. In each iteration, we select one benchmarkdohe&ore,
while allowing replication in the selected benchmarks.

the system throughput and sale price [2]. This simple cose di
abling approach has been taken by microprocessor vendarl, s
as IBM, Intel, AMD, and Sun Microsystems, to maintain an ac-
ceptable level of manufacturing yield.

Figure 11(b) shows the breakdown of area and power overheads Core Cannibalization [29] and StageNet [17] suggest brepki
for our scheme. Here, we assume a single core system has 2MB L2each core into pipeline stages and allowing one core to torro
while assuming 1MB shared L2 per core for CMP systems. As can stages from other cores through interconnection netwohiso-

be seen, the area overhead gradually shrinks as the numberesf
grows since the cost of the animator core is amortized amaorg m
cores. Nevertheless, since we simply replicate the 4-caitdibg
block to construct CMPs with more than 4 cores, the area eagth
remains the same. In terms of power overhead, two pointsighou

be noted. First, based on our target defect rate, for CMPls wit

more than 4 cores, other animator cores remain disabled@ndtd
contribute to the power consumption. Next, as the speedsuyits

duction of these interconnection networks in the procepgmline
presents performance, power consumption, and design eampl
ity challenges. Finer-grained redundancy maintenancebbas
used by Bulletproof [14] and sparing of array structures][1h
the same vein, Shivakumar et. al. [32] proposed a methodsto di
able non-functional microarchitectural components (exgcution
units) and faulty entries in small array structures (eggister le).
Rescue is mainly a microarchitectural design-for-t&#T) tech-

show, for CMPs with less than 8 cores, the undead core remainsnique which can map out faulty pipeline units that have spgge].

ahead of the animator core and it needs to stall when the qgetse
full. During stall times, the undead core does not consunmaugyc
power which is accounted for in the net overhead of the ar@mat
core — Figure 11(b).

Finally, as discussed earlier, based on the expected defiect

for current and near future CMOS technologies, on average on

defect per ve manufactured 18@m? dies should be expected.

In the case of a defect in one of the original cores, we appty ou

scheme. On the other hand, if any of the animator cores, caramu
cation queues, or NM speci ¢ modules like the hint gatherimit
are faulty, we simply disable the animator core and the rette
system can continue their normal operation.

6. RELATED WORK

Manufacturing defects can cause transistors in differemtsp
of a microprocessor to get corrupted. Prior work on defett to

erance mostly focused on on-chip caches since there is tess h
mogeneity in the non-cache parts of a core, making defeet tol

erance a more challenging issue. Typically, for high-endese
systems designed with reliability as a rst-order desigmstoaint
(e.g., HP Tandem NonStop [7], Teramac [15], and the IBM eServ
zSeries [7]), coarse-grained replication has been emgI{8e33].
Con gurable Isolation [2] is a high availability chip muttiocessor
architecture for partitioning cores to multiple fault domsawhich
allows independent redundant executions. However, dubirgsie
modular redundant systems incur signi cant overheadsrims$eof
area and power which is not generally acceptable for maasir
computing. An easy solution is to disable the faulty core®— t
avoid yield loss — which clearly causes a signi cant redoetin

However, as shown in [27], these schemes have a limitedappli
bility due to the small amount of microarchitectural redandy
that exists in a modern high-performance processor.

Architectural Core Salvaging [27] is a high-level low-casthi-
tectural proposals which uses thread migration betweeodtes to
guarantee the correct execution. To avoid incorrect exatufor
each instruction, it assesses whether the fault locatigiifie ex-
ercised by the correspondimgpcode Thus, without using extra re-
dundancy, itis only applicable to defects in about 10% oéarea.
DIVA [4] was proposed for dynamic veri cation of complex Hig
performance microprocessors. It employs a checker pipdhat
re-runs the same instruction stream for ensuring correagiam
execution. Given the fact that DIVA is not a defect toleranfteine,
as shown in [4], a “catastrophic” core processor failuraitssin
about 10X slow-down. Detour [25] is a completely softwaseséxd
approach which leverages binary translation for handlief@cts in
execution units and register les. Apart from limited defegpes
that can be handled, a binary translation layer cannot &jlgibe
applied to high-performance x86 cores [27].

7. CONCLUSION

Since manufacturing defects directly impact yield in naads
CMOS technologies, to maintain an acceptable level of namuf
turing yield, these defects need to be addressed properpn- N
cache parts of a core are less structured and homogeneasstdh
erating defects in the general core area has remained &bty
problem. In this work, we presented Necromancer, an arcthitel
scheme to enhance the system throughput by exploiting adead.c
Although a dead core cannot be trusted to perform prograrouexe



tion, for most defect incidences, its execution ow — whearthg

from a valid architectural state — coarsely matches thecinieo-

gram behavior for a long time period. Hence, Necromancesdoe [17]
not rely on correct program execution on a dead core; inst¢ad

only expects this undead core to generate effective exachints [18]
to accelerate the animator core. In order to increase Nemmosr

ef cacy, we use microarchitectural techniques to providginsi- (19]
cally robust hints, effective hint disabling, and dynaniter-core [20]

state resynchronization. For a 4-core CMP system, on agemag
approach enables the coupled core to achieve 87.6% of tfarper [21]
mance of a live core. This defect tolerance and throughphaiece-
ment comes at modest area and power overheads of 5.3% and 8.5%,;
respectively. We believe NM is a valuable and low-cost sotufor
tolerating manufacturing defects and improving the thiqug of
the current and near future mainstream CMP systems. 23]
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