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der

nature. IPSs harvest energy from am-
bient sources, such asradio-frequency
(RF) signals, solar radiation, and ther-
mal gradients. However, because
such energy sources are weak and
unstable, the harvested energy is first
accumulatedinasmall capacitor. Con-
db y sequently, IPSs (re)boot only when suf-
ficient energy is available, shut down
when the capacitor is depleted, and re-

systems and how computer architects can tailor main inactive while recharging. This

sequence repeats throughout their

microarchitectural techniques for these batteryless lifetime, making computation inher-

systems to enhance their overall energy e

ntermittently powered systems (IPSs) are gaining signif-
icant traction across diverse applications—such as the
Internet of Batteryless Things, infrastructure monitoring,
health tracking, and wearable devices—owing to their
environmentally friendly, self-sustaining, maintenance-free
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o ently intermittent.! To ensure correct

fﬂC{ency . execution despite frequent power in-

terruptions, IPSs employ nonvolatile

memory (NVM) as main memory, to-

gether with checkpoint-and-recovery mechanisms that pre-
serve system state across power failure.

Among these mechanisms, nonvolatile processor (NVP)?
is the most prevalent, utilizing just-in-time (JIT) checkpoint-
ing and restoration. NVP preserves volatile state right before
each power interruption, by saving registers (REGs) to nonvol-
atile flip-flops (NVFFs) and flushing store buffer (SB) entries
and dirty (that is, updated) cache blocks to their nonvolatile
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COMPUTING ARCHITECTURES

counterparts—such as nonvolatile
SRAM (NVSRAM) in Figure 1. As soon as
power returns after recharging, NVP re-
stores the saved state and then resumes
program execution from the prior power
interruption point. In particular, the in-
terval from reboot to the next power in-
terruption is referred to as a power cycle
(that is, the on-time shown on the left of
Figure1). The duration of a power cycle is
determined by multiple factors, includ-
ing harvested energy quality, workload
behavior, and capacitor size, for exam-
ple, typically ranging from hundreds of
microseconds to tens of milliseconds in
RF-harvesting IPSs.

CHALLENGE

A fundamental challenge in IPSs is that
volatile data are lost upon each power
interruption. This behavior restricts
the opportunity for data reuse and un-
dermines the effectiveness of on-chip
storage structures, such as caches. Con-
ventional cache designs are predicated
on the assumption of temporal locality,
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that is, the expectation that recently ac-
cessed data are likely to be reused in the
near future, allowing the processor to
retrieve it from the cache—rather than
from slower and more energy-intensive
NVM. However, this assumption is often
invalidated in IPSs when power failure is
impending, though caches would other-
wise capture temporal reuse and reduce
expensive NVM accesses. Specifically,
frequent power interruptions can cause
cached data to be lost before it can be re-
used, diminishing the effectiveness of
conventional cache designs. For exam-
ple, NVP2 exhibits a four-times higher
cache miss rate compared to execution
with no power failure, as cached data are
repeatedly lost across power cycles.
Figure 2 depicts this phenomenon.
In this example, the cache is initially
empty. A read request for block A at T
thus causes a cache miss (@) and fetches
the block from NVM (@) into the cache.
Similarly, requesting block B at T, re-
sultsin another cache miss (@) and NVM
fetch (@). Under normal operation, both
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FIGURE 1. Design of NVP.
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FIGURE 2. Loss of cache block reuse caused by power interruptions.
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blocks would remain in the cache and
be reused there at T3 and T,. However,
a power interruption before T; causes
both blocks to be lost—volatile storage
cannot retain data in the absence of
power. As a result, the expected reuse
of these blocks does not occur. When
block A is requested again at T, the data
are no longer available in the cache (@),
so it must be refetched from NVM (G).
The same situation repeats for block B
at T,. The takeaway is that power inter-
ruptions can eliminate opportunities
to reuse cached data, forcing the IPS to
resort to expensive NVM accesses upon
subsequent cache misses and thereby
reducing the overall effectiveness of the
cacheinIPSs.

Challenge on prefetching

Power interruptions also reduce the
effectiveness of cache-oriented specu-
lation techniques. A representative ex-
ample is hardware prefetching that can
improve performance by proactively
loading data into the cache before it is
requested by the processor, overlapping
memory access with the execution of
other instructions. Under continuous
power supply, this increases the likeli-
hood that when the requestisissued, the
corresponding block is already available
in the cache or will arrive sooner—ef-
fectively hiding the memory latency. In
IPSs, however, prefetched blocks may be
lost before they are ever used, for exam-
ple, the gain of a stride prefetcher, that
predicts future access patterns by iden-
tifying fixed-distance (stride) between
memory requests, is reduced to only
one-third of its potential compared to
execution with no power failure. Specif-
ically, if a cache block is prefetched but
not accessed before a power interrup-
tion, the time and energy spent transfer-
ring the block from NVM into the cache
yield no benefit to subsequent program
execution and can instead degrade the
overall performance and energy effi-
ciency of IPSs.

Figure 3 illustrates this problem. At
T,, the prefetcher predicts that cache
blocks A and B would soon be needed
and proactively loads them into the
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cache (@) to accelerate future accesses.
When the processor later requests block
A at T,, the data are already available in
the cache and can be retrieved without
delay (@). However, before block B is
accessed, a power interruption occurs
and clears all data stored in the volatile
cache, including the prefetched block.
After execution resumes, when the pro-
cessor requests block B, the data are no
longer present in the cache, triggering
a cache miss (®). The processor must
therefore fetch the block again from
memory at Ty (@). This example high-
lights a key limitation of conventional
prefetchersin IPSs. Because they operate
without awareness of upcoming power
interruptions, they cannot determine
whether prefetched data would actually
be used. As a result, many prefetch op-
erations trigger memory transfers that
consume scarce energy but fail to reduce
future memory accesses, limiting both
performance improvement and energy
efficiency.

In general, IPSs thus opt for a simple
prefetcher, such as a stride one—rather
than sophisticated designs that are more
aggressive yet power-hungry, possibly
offsetting their potential benefits under
intermittent execution. Moreover, since
most IPS platforms rely on low-power
in-order processors, the highly aggres-
sive prefetching strategies designed
for superscalar out-of-order processors
are often ill-suited for intermittent
execution.

Challenge on dead block prediction
Dead block prediction is another ex-
ample of a technique whose behavior
changes in IPSs. A dead block predictor
aims to identify cache blocks that are
unlikely to be reused so that they can
be safely deactivated, thereby reducing
leakage energy (the power consumed
to maintain unused data stored in the
cache).

Figure 4 shows how a dead block is
identified under continuous power sup-
ply. At T}, the processor requests block
A, which is not yet present in the cache,
triggering a cache miss (@) and fetching
the block from memory into the cache
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(@). Then, block A is accessed again at
T,, that is, it remains useful between T,
and T,. However, after this access, block
Aisnolongerused beforeitis eventually
evicted from the cache at T5. Therefore,
theblockis considered “dead” during the
interval from T, to T3 because keeping it
inthe cache doesnot contribute to future
cache hits. Dead block predictors exploit
this behavior by deactivating such dead
blocks in advance, thereby reducing
leakage energy without affecting cache
hit rates. One representative technique
is cache decay,® which classifies a block
as dead if it remains unused for a pre-
defined period after its last access.
However, when conventional dead
block predictors are applied to IPSs, their
effectiveness is diminished because
power interruptions introduce an addi-
tional mechanism by which cache con-
tentscanbecleared. InIPSs,acacheblock
may be predicted to remain useful in the
near future yet still be erased by a power
interruption before it can be accessed

again. We refer to such blocks as zombie
blocks. Deactivating these blocks earlier
can further reduce cache leakage energy
without affecting performance.

Figure 5 illustrates this situation.
At Ty, block A is requested, triggering a
cache miss (@) and the fetching of the
block from NVM (8). The dead block pre-
dictor accurately predicts that this block
is likely to be reused and thus keeps it
active in the cache. However, a power
interruption occurs before the next ac-
cess, causing the cached data to be lost.
As a result, block A remains stored in
the cache from T; until the interruption
without contributing to any cache hits.
During this interval, the energy spent
maintaining the block in the cache pro-
vides no benefit to program execution.
Such blocks are therefore identified as
zombie blocks.

INTERMITTENCE AWARENESS
As previously noted, conventional spec-
ulationtechniquesunderperforminIPSs
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FIGURE 3. The inefficiency of existing prefetchers under power interruptions.
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because they assume that cached data
remains available until explicit eviction.
In reality, frequent power interruptions
often erase volatile data before it can be
utilized for program execution. To over-
come this, computer architects are in-
corporating intermittence awareness into
existing microarchitectural techniques,
enabling them to adapt their behavior
based on the likelihood of upcoming
interruptions—thereby improving both
energy efficiency and performance.

Intermittence-aware prefetching

One example of this approach is inter-
mittence-aware prefetching extension
(IPEX),* which enhances conventional
hardware prefetchers by reducing
unnecessary data movement when a
power interruption is likely. To achieve
this, IPEX dynamically adjusts the ag-
gressiveness of prefetching using a
bimodal control strategy with two op-
erating modes: energy-saving mode and

high-performance mode. When the system
detectsthatapowerinterruptionislikely
to occur soon by monitoring capacitor
voltage (as shown in Figure 1), IPEX en-
ters energy-saving mode and throttles the
number of prefetch requests. This pre-
vents the cache from being filled with
data thatisunlikely to be used before the
interruption. When the risk of interrup-
tion decreases, IPEX returns to high-per-
formance mode and restores the normal
prefetching level to regain performance.
By adapting prefetch activity to current
energy conditions, IPEX helps ensure
that data movement into the cache effec-
tively contributes to useful execution.
Figure 6 shows how IPEX adjusts
prefetching behavior in response to an
upcoming power interruption. At Tj,
IPEX detects an impending interruption
and therefore switches to an energy-sav-
ing mode. In this mode, IPEX reduces its
prefetch degree—the number of blocks
prefetched in advance—from its normal
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value of two blocks to one. As a result,
only block A is prefetched (@), which is
subsequently accessed from the cache
at T, (@); by throttling its aggressive-
ness, IPEX avoids prefetching additional
blocks that would likely be lost before
use. Once power is restored, IPEX re-
turns to its high-performance mode, re-
storing the prefetch degreetotwo. Itthen
prefetches blocks B and C (©), allowing
subsequent accesses to these blocks at T,
(@) and T (@) to be served directly from
the cache. By adapting its prefetching
activity, IPEX reduces unnecessary data
movement proximate to power interrup-
tions, while preserving the performance
benefits of prefetching when energy is
sufficient.

Intermittence-aware dead

block prediction

A similar principle canbe applied to dead
block prediction. Extending dead block
predictors (EDBP)® extends conventional
dead block predictors by identifying and
deactivating zombie blocks. Under stable
energy conditions, when a power inter-
ruption is unlikely, the baseline dead
block predictor continues to operate
normally. As the likelihood of an inter-
ruption increases, EDBP gradually in-
tervenes to proactively deactivate blocks
improbable to contribute to future cache
hits. In this way, EDBP complements ex-
isting prediction mechanisms to reduce
cache leakage energy, improving the
overall energy efficiency of IPSs. To op-
erate effectively, EDBP must determine
when active blocks would become zom-
bie blocks. It relies on the observation
that as a power interruption approaches,
a larger portion of cached data are un-
likely to be reused. This allows EDBP
to anticipate which blocks are at risk of
becoming useless and deactivate them
earlier to save energy, thereby extending
the power cycle.

Asillustrated in Figure 7, EDBP lever-
ages the cache replacement recency
rank as a practical indicator of reuse
likelihood, targeting blocks near the
least-recently-used (LRU) position for
early deactivation when an interruption
is expected. More specifically, when a
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potential interruption is first detected,
EDBP follows a conservative strategy and
deactivates only the LRU block—as the
temporal distance to the interruption
is still far. As the system moves closer
to the interruption, EDBP progressively
expands the set of blocks considered un-
likely to be reused and deactivates them
more aggressively, increasing the poten-
tial for energy savings without affecting
performance.

One potential concern is that by re-
ducing leakage energy and extending
the power cycle, EDBP could delay the
next power interruption long enough to
reach the point where deactivated zom-
bie blocks would have been accessed. In
such cases, prematurely deactivating
these mispredicted zombie blocks can
introduce additional cache misses. To
address this issue, EDBP adopts a con-
servative deactivation strategy that pri-
marily targets cache blocks with a very
low likelihood of reuse before the next
interruption. As a result, the overall en-
ergy savings generally outweigh the oc-
casional performance penalty caused by
such mispredictions due to the extended
power cycle.

LOOKING FORWARD

Reframing speculation for IPSs

IPSs challenge one of the long-standing
assumptions in computer architecture:
that speculation operates under continu-
ous execution. Traditionally, speculative
techniques, suchasprefetching,improve
performance by staging data in antici-
pation of future program needs. These
techniques assume that once specula-
tive data are brought into the cache, it
remains available there long enough to
be used by the processor, unless it is later
replaced by other data during normal
operation. In IPSs, however, frequent
power interruptions may occur before
cache block eviction and erase specula-
tive results before they yield any perfor-
mance gain. Consequently, speculative
actions that provide benefits in contin-
uously powered systems can instead
waste energy in IPSs. This observation
underscores a critical design principle
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for future IPS architectures: speculative
mechanisms should be guided not only
by program behavior, but also by the sys-
tem'’s current energy conditions and the
likelihood of upcoming interruptions.

Beyond speculation

Although this article has focused
on speculation techniques, such as
prefetching and dead block prediction,
the principle of intermittence awareness

intermittence awareness can serve as a
general design principle for improving
the efficiency of microarchitectural op-
timizations in IPSs.

Beyond single-core in-

order processors

Most existing intermittence-aware ar-
chitectural techniques*5678910 haye
been developed for single-core in-or-
der processors—which represent the

IPSs challenge one of the long-standing
assumptions in computer architecture: that
speculation operates under continuous execution.

applies more broadly across many other
microarchitectural optimizations. For
example, cache compression increases
effective cache capacity by storing data
in a compressed form, allowing more
information to fit within the same phys-
ical space. This approach is beneficial
when the compressed data remains
available long enough to be reused. In
IPSs, however, power interruptions may
erase cached data before it can be ac-
cessed again, nullifying the benefits of
compression. In such cases, the energy
and latency overheads of compression
and decompression provide little to no
performance gain, undermining the
overall efficiency of the technique. Re-
cent work® addresses this limitation by
adapting compression decisions to run-
time energy conditions, compressing
cache blocks only when they are likely
to remain useful before the next inter-
ruption. This example highlights that
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dominant baseline platform for today’s
IPSs 1112131415 However, future IPS de-
ployments are expected to incorporate
increasingly complex processing archi-
tectures. Out-of-order processors, for
instance, could leverage intermittence
awareness to dynamically modulate in-
struction scheduling, speculation depth,
and reorder-buffer management. Be-
yond single-core designs, multicore sys-
tems can exploit inter-core coordination
to improve energy efficiency. For exam-
ple, cores may share information about
energy availability and task progress to
decide which threads should execute
first or which data should be retained in
shared caches. By aligning scheduling
and data management decisions with
the likelihood of interruption, the sys-
tem can increase the amount of useful
work completed within each power cy-
cle. Likewise, GPUs and artificial intel-
ligence accelerators—which rely heavily
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on aggressive parallel execution and
memory speculation—stand to benefit
from interruption-aware scheduling and
data orchestration policies. Extending
intermittence awareness to these plat-
forms represents an important direction
for scaling IPS performance beyond cur-
rent microcontroller-class systems.

A roadmap for practical adoption
Notably, incorporating intermittence
awareness does not require redesigning
processors from scratch. In many cases,
lightweight monitoring of run-time en-
ergy conditions—combined with sim-
ple control logic—can adapt existing
mechanisms dynamically with mod-
est hardware overhead. Because these
approaches reuse existing architec-
tural structures, they are practical not
only for research prototypes but also
offer a viable path toward enhancing
commercial embedded processors, mi-
crocontrollers, and emerging edge plat-
forms that operate under strict energy
constraints. This shift in perspective
demands more than just incremental
patches; it requires a fundamental re-
thinking of how architectures manage
resources under power interruptions.
By embedding intermittence awareness
into the very fabric of the processor, we
can move beyond the constraints of sta-
ble power and unlock the full potential
of self-sustaining IPSs.

PSs challenge many conventional

architectural assumptions due to fre-

quent power interruptions and the
resulting loss of volatile state. Conse-
quently, microarchitectural techniques
developed for continuously powered
systems often become less effective un-
der intermittent execution. This article
highlighted how intermittence affects
speculative mechanisms and reviewed
recent intermittence-aware solutions.
Looking ahead, incorporating aware-
ness of power interruptions into ar-
chitectural design will be essential for
improving the efficiency and capability
of future batteryless computing sys-
tems. @
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