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The Architectural Sustainability Indicator

Jaime Roelandts

Abstract—Computing devices are responsible for a significant fraction
of the world’s total carbon footprint. Designing sustainable systems is
a challenging endeavor because of the huge design space, the complex
objective function, and the inherent data uncertainty. To make matters
worse, a design that seems sustainable at first, might turn out to not be
when taking rebound effects into account. In this paper, we propose the
Architectural Sustainability Indicator (ASI), a novel metric to assess the
sustainability of a given design and determine whether it is strongly, weakly,
or unsustainable. ASI provides insight and hints for turning unsustainable
and weakly sustainable design points into strongly sustainable ones that are
robust against potential rebound effects. A case study illustrates how ASI
steers Scalar Vector Runahead, a weakly sustainable hardware prefetching
technique, into a strongly sustainable one while offering a 3.2 perfor-
mance boost.
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I. INTRODUCTION

USTAINABILITY is a major challenge for our society and
S generation due to its impact on global warming and the
continuous quest for raw materials. Information and Commu-
nication Technology (ICT) is responsible for 2.1% to 3.9% of
global warming — on par with the aviation industry — and this
contribution is expected to continue to increase substantially in
the near future [1]. Without a significant and continuous effort
from our community to reduce computing devices’ carbon foot-
print, the sustainability gap between ICT’s actual contribution
to global warming versus the Paris agreement will continue to
grow [2].
Even though energy- and power-efficient computing has been
a ‘hot’ topic for several decades now [3], only recently have
computer system engineers realized that improving the environ-
mental footprint of a computing device involves addressing both
its embodied and operational footprint [4], [5]. The former refers
to the upfront environmental footprint due to manufacturing,
while the latter refers to the environmental footprint due to
device use during its lifetime. While the embodied footprint
dominates for mobile devices, the operational footprint tends to
dominate for connected always-on devices [5]. Carbon models
have been proposed to assess a device’s carbon footprint at
design time, including the bottom-up data-driven GreenChip [4]
and ACT [6] models, as well as the top-down first-order FOCAL
model [7].
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Designing sustainable computer architectures is a major chal-
lenge because of the huge and complex design space, i.e., there
are many design parameters which all impact performance,
power, energy, chip area, and thus ultimately a design’s envi-
ronmental footprint. To make things worse, rebound effects may
turn a presumably sustainable design into an unsustainable one
as efficient designs tend to be used more intensively and thus
perform more work, which in turn leads to an increased envi-
ronmental footprint. How to guide computer architects towards
sustainable design points is an open challenge.

This paper presents the Architectural Sustainability Indica-
tor (ASI) which enables computer architects to assess whether
a design is strongly, weakly or unsustainable compared to a
reference design. Weakly sustainable means that a design is
subject to a rebound effect, i.e., while a more efficient design
may reduce the footprint under a fixed-work scenario, it may
lead to an increased footprint under a fixed-time scenario when
more work is done. Strongly sustainable means that a design
is (more) robust to rebound effects, i.e., a design reduces the
footprint under both the fixed-work and fixed-time scenarios.
While the FOCAL model [7] introduced the notion of strongly,
weakly and unsustainable design options, it did not introduce
the ASI metric. ASIis a powerful metric by capturing a design’s
sustainability profile in a single number. Visualizing a design’s
ASI versus performance trade-off relative to a reference design
provides insight and a hint for how to make a design more
sustainable, i.e., whether one needs to focus on reducing chip
area and/or power consumption versus improving performance.

We illustrate the utility of the ASI metric by assessing the
sustainability of Scalar Vector Runahead (SVR) [8], a hardware
runahead data prefetching technique that speculatively executes
the future instruction stream in a vector-scalar manner. The
default SVR design with a 16-wide vector length is weakly
sustainable though: while yielding an average 3.3 x performance
speedup, it also leads to an ASI that is 38% less compared
to the reference design. The ASI versus performance trade-off
provides a hint for how to turn SVR — by itself a weakly sustain-
able microarchitecture technique — into a strongly sustainable
one. Indeed, ASI hints towards reducing chip area and/or power
consumption, which can be achieved by reducing the size of
the last-level cache (LLC). In particular, we identify a strongly
sustainable SVR design point (16-wide vector length with a
128 KiB LLC) with similar ASI as the reference design (with
512 KiB LLC) even when subject to rebound effects while still
achieving an average 3.2 x performance speedup. In other words,
ASI provides a pathway towards architecture optimizations that
improve performance and sustainability in the context of poten-
tial rebound effects.
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II. BACKGROUND

A. Strongly, Weakly and Unsustainable Designs

The FOCAL model [7] computes the Normalized Carbon
Footprint (NCF) to quantify the carbon footprint of a system
X relative to a reference system Y. NCF is a weighted sum
of a system’s normalized embodied and operational footprints.
The weight o (0 < v < 1) determines the relative importance
of embodied versus operational footprint for the system, i.e.,
mobile devices tend to be dominated by the embodied footprint
(v >~ 0.8) while always-on devices are mostly dominated by the
operational footprint (o ~ 0.2) [5]. To cope with the inherent
data uncertainty regarding sustainability, FOCAL uses proxies
for the embodied and operational footprint when comparing two
systems in the same technology node. The embodied footprint is
represented by chip area (A), while the operational footprint is
represented by either energy (E) in a fixed-work scenario and
power (P) in a fixed-time scenario. The fixed-work scenario
assumes that the amount of work done is constant when com-
paring systems, while the fixed-time scenario assumes that the
amount of time spent is constant, implying that a more efficient
system performs more work. This is to foreshadow the infamous
rebound effect, also known as Jevons’ paradox [9].

Equations (1) and (2) report NCF for the fixed-work and fixed-
time scenarios, respectively, with A, = ‘2—’; normalized chip
area, and P, and F,, normalized power and energy, respectively.

NCFjy=axA,+(1—a)x E, (1)
NCFp=axA,+(1—-a)x P, 2)

As described in the FOCAL work [7], a system X is called
strongly sustainable relative to system Y when it reduces the
carbon footprint under both the fixed-work and fixed-time sce-
narios, thus NCFy,, < 1and NCF, < 1. A system is classi-
fied as weakly sustainable if it reduces the carbon footprint under
only one of the two scenarios, i.e., NCFy, <1 < NCFy; or
NCFyfy >1> NCF . A system is unsustainable if the car-
bon footprint increases under both the fixed-work and fixed-time
scenarios, i.e., NCFy, > 1land NCFy > 1.

B. Scalar Vector Runahead

We employ Scalar Vector Runahead (SVR) [8] to illustrate
the utility of the ASI metric proposed in this work. SVR is a
low-overhead hardware data prefetching technique to improve
the performance of workloads with chains of dependent memory
accesses, as typically seen in graph analytics workloads among
others. SVR achieves substantial performance speedups through
speculative execution of prefetch requests on an energy-efficient
in-order core. The key idea underpinning SVR stems from the
Vector Runahead (VR) proposal [10], in which the processor
core speculatively vectorizes future instructions during runa-
head mode in a hardware-only fashion to prefetch data when
the processor core stalls on a long-latency load. Decoupled
Vector Runahead (DVR) [11] solves some of the fundamental
limitations of VR and further boosts performance by decoupling
vectorization from the main thread into a separate microthread
context, by limiting the number of inaccurate prefetches through

loop bound detection and prediction, by prefetching across
nested loops, and by efficiently handling branch divergence.

Techniques such as VR/DVR can only be implemented within
large, typically out-of-order, processor cores with large vector
execution units and register files. VR/DVR is hence not suitable
for energy-constrained edge devices which typically lack vector
units and registers. How to improve the performance of challeng-
ing memory-intensive workloads on edge devices which feature
small, typically in-order, cores is what SVR contributes. First,
it does not require any vector execution units by speculatively
executing future (vectorized) instructions as scalars. Second,
unlike DVR which requires a decoupled microthread context
for vectorization, Scalar Vector Runahead (SVR) executes in a
lockstep fashion alongside the main thread. Third, SVR does not
require a discovery pass for loop bound detection and prediction,
but recycles a (small) physical register file among speculatively
executing scalar instructions. These features make SVR a lean
hardware data prefetching technique well suited for low-power
embedded processors.

SVR is a good candidate to illustrate the utility of the ASI
metric. In fact, we find that SVR, as originally proposed, is a
weakly sustainable technique, i.e., SVR incurs some hardware
chip area overhead adding to the embodied footprint, while
reducing energy consumption (due to improved performance)
which in turn reduces the operational footprint under a fixed-
work scenario. However, because power consumption increases,
SVR is susceptible to a rebound effect up to the point that it
is weakly sustainable, i.e., SVR leads to an increased carbon
footprint under a fixed-time scenario. The ASI metric proposed
in this work clearly demonstrates this and provides a hint to turn
SVR from a weakly into a strongly sustainable solution.

II. ASI

The Architectural Sustainability Indicator (ASI) enables com-
puter architects to assess whether a design is strongly, weakly
or unsustainable using a singe metric, and more importantly
provide insight and hints to improve the sustainability of a
design. Recall from Section II-A that a design is strongly, weakly
or unsustainable depending on whether the value of NCFy,,
and NCFy, is larger or smaller than one as denoted below
in Equation 3. Using the symbols «, A,, and P,, as defined in
Section II-A, and by defining 7}, as normalized execution time
or T,, = Tx /Ty, Equations 4 through 6 rewrite the conditions,
as follows:

NCFys1 )
NCF; <1
@A, +(1-a)P,T,s1 @)
aAd,+(1-a)P, s1
(1-a)P,T,s1-0aA,
— {(1—04)Pn s1—-a4, )
Tn < 1-aA,
= {1 SN (©)
= (1-a) P,
T, s ASI
{1 < ASI ™
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TABLE I
CLASSIFYING SUSTAINABILITY OF A SYSTEM USING ASI

Strongly sustainable
Unsustainable
Weakly sustainable

AST > max(1,Ty)
AST < min(1,Ty)
min(1,7,) < AST < max(1,Ty)

By defining ASI as

1—-aA,

AST = ————
s (1-a)P,’

®)

we reach the final form of the conditions in (7). ASI is a higher-
is-better metric, and measures the architectural sustainability of
a system relative to another reference system. The numerator
computes the normalized total carbon footprint of the reference
system Y (equal to one) minus the weighted normalized embod-
ied footprint of system X; this is divided by the denominator
which quantifies the weighted normalized operational footprint
of system X.

Whether a design is strongly, weakly or unsustainable can
now be derived from analyzing the ASI value:

Strongly sustainable: A system is strongly sustainable if its
normalized footprint under both the fixed-work and fixed-time
scenarios is smaller than the reference system. In other words,
NCFy <land NCFy, < 1.This implies that 1 < AST and
T, < ASI,or ASI > max(1,T,).

Unsustainable: A system is unsustainable if NC'F'y, > 1 and
NCFy, > 1. This implies that 1 > ASTI and T, > ASI, or
AST < min(1,T,).

Sustainable under fixed-work (S-FW): This is a system that
improves sustainability under a fixed-work scenario but not un-
der a fixed-time scenario. This can happen when a performance
increase results in a decrease in energy, but at a cost of an increase
in power consumption. The inequalities become NCF ¢, > 1
and NCF,, < 1. This implies that 1 > ASI and T, < ASI,
orT, < AST < 1.

Sustainable under fixed-time (S-FT): This is a system that
improves sustainability under a fixed-time scenario but not under
a fixed-work scenario. This can happen when the reduction in
power consumption is less than the increase in speedup, which
results in higher energy consumption. The inequalities become
NCFy¢ <1 and NCF¢, > 1, which implies that 1 < AST
and T, > ASI,orT,, > AST > 1.

Note that the latter two categories denote weakly sustain-
able systems because they improve sustainability in either a
fixed-work scenario or a fixed-time scenario, but not both.
Combining both categories of weakly sustainable systems with
respective conditions, T, < AST < 1and T,, > ASI > 1, we
obtain min(1,7,,) < AST < max(1,T;,). Interestingly, these
boundary conditions are identical to the ones for the strongly
and unsustainable designs. This leads to the overall summary as
presented in Table I.

Fig. 1 illustrates the relationship between ASI (vertical axis)
versus speedup (S = 1/7T,, along the horizontal axis). It depicts
the different sustainability regions of a new system X versus a
reference system Y, which is represented by the reference point
(1,1). The blue line denotes the max(1, 7}, ) boundary condition
while the green line denotes the min(1, 7;,) boundary condition.

ASI
— Strongly Sustainable
Sustainable
under FT
v I
1 . Ref. max(1, %)
I 111 Sustainable
\ ) 1, under FW
I min(1, g)
. :
1
- Speedup
0 1 \> Unsustainable

Fig. 1.  This graph depicts the relationship between ASI and speedup .S defined
as S = % The four regions denote whether a system is strongly, weakly, or
unsustainable with respect to the reference system.

We identify four regions: (I) the top right region (green) is the
strongly sustainable region, (II) the bottom left region (red) is the
unsustainable region, (III) the right-most region (orange) repre-
sents weakly sustainable designs under the fixed-work scenario
(S-FW), and (IV) the top-left region (yellow) denotes weakly
sustainable designs under the fixed-time scenario (S-FT).

The power of this representation is that it visualizes what a
computer architect should focus on to improve the sustainability
of a system under design and make it strongly sustainable. If
a system is situated in region I (green), the system is strongly
sustainable. If the system is located in region III (orange, S-FW),
we need to improve ASI which implies that we need to reduce
chip area A,, or power consumption P, or both. If the system
is located in region IV (S-FT), we need to focus on improving
performance, more so than on improving ASI. Finally, if the
system is located in region II (red), we need to improve both
performance and ASI to become sustainable. An interesting
observation of region III, and partially II, is that regardless how
much performance is improved, it will never become strongly
sustainable, without any improvement in ASI. This possibly
goes against the intuition that better performance implies a more
sustainable system. It is further worth noting that ASIis arelative
metric, specific to a reference design and a set of workloads; the
« value on the other hand only affects ASI, but does not affect
the boundary conditions.

IV. MAKING SVR STRONGLY SUSTAINABLE

As alluded to in Section II-B, SVR improves performance
while incurring a chip area and power overhead, i.e., it is
clear that T;, < 1 while A,, > 1 and P,, > 1. This implies that
speedup is larger than one, while ASTis smaller than one. In other
words, depending on whether the performance improvement
exceeds the power overhead, SVR may be weakly sustainable
or unsustainable — it cannot be strongly sustainable. This im-
plies that in the ASI versus speedup graph, SVR is located in
region III (sustainable under fixed-work, or S-FW) or region II
(unsustainable).

To quantitatively evaluate the sustainability of SVR, we con-
sider the experimental setup previously considered in [8] which
assumes a reference superscalar in-order core akin to the Arm
Cortex A510 with a 512 KiB shared last-level cache (LLC).
SVR’s vector length is set at design time and parameterized in
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Fig. 2. Exploring ASI versus speedup while varying SVR vector length (8
through 128 in powers of 2) and LLC size (64 to 1024 KiB), assuming o = 0.8.

our evaluation. The default vector length is set to 16 which means
that, when SVR is engaged, 16 speculative (scalar) instructions
are generated and speculatively executed for prefetching pur-
poses. The benchmarks used in the evaluation, as in [8], consist
of a broad mix of database and graph analytics applications.
Sniper v7.3 [12] (modified to model SVR) was used for timing
simulation; McPAT v1.0 [13] assuming a 22 nm technology
node was used to estimate chip area and power consumption.
In the analysis here we assume o = 0.8 to reflect the use case
scenario of SVR targeting energy-efficient mobile processors
which are mostly dominated by their embodied footprint [5]. For
calculating ASI, we first compute average speedup and power
consumption across all benchmarks.

Fig. 2 reports ASI as a function of speedup (S = 1/7},) for
the SVR design space relative to the reference design without
SVR and a 512 KiB LLC, see red circled dot with coordinates
(1,1). As noted, assuming a constant LLC size of 512 KiB (red
symbols), SVR ends up in region III, meaning it is weakly
sustainable and only sustainable under a fixed-work scenario,
irrespective of vector length. More specifically, SVR with a
default vector length of 16 yields an average 3.3x speedup,
however its ASI score is 38% less compared to the reference
design. Being located in region III suggests that to make SVR
strongly sustainable, we need to focus on improving ASI, and
thus reduce chip area and/or power consumption, more so than
improving performance. Indeed, reducing vector length reduces
power consumption and chip area, however, this also leads to a
significant, and proportionally larger, reduction in performance.
In fact, as illustrated in Fig. 2, reducing vector length indeed
improves ASI but it does not lead to an ASI above one, i.e., SVR
remains weakly sustainable. In other words, SVR, by itself, is
weakly sustainable.

The question hence is how to turn SVR from a weakly sustain-
able into a strongly sustainable technique? Or in the words, how
to benefit from SVR’s performance boost while not increasing
the system’s overall environmental footprint? ASI provides a
hint. Indeed, being located in region III, this suggests that we
need to specifically focus on reducing chip area and/or power
consumption while limiting the impact on performance. One
option to achieve this is to explore SVR under different cache
sizes. Indeed, reducing LLC size has a substantial impact on chip

area and power consumption, while incurring a relatively small
performance degradation. The result is a massive improvement
in ASI while incurring a small degradation in speedup. This is
also illustrated in Fig. 2, which demonstrates that this strategy
indeed brings SVR from the weakly sustainable region to the
strongly sustainable region. We identify four architecture config-
urations that are strongly sustainable, i.e., the four pairs of LLC
size and vector length (128 KiB, 16 scalars), (64 KiB, 16 scalars),
(128 KiB, 8 scalars) and (64 KiB, 8 scalars). Among these
four configurations, SVR with 16-length vectors and a 128 KiB
LLC is the design point that yields the highest performance
boost (3.2x average speedup) for the same ASI score as the
reference design. In other words, this design point has the same
environmental footprint as the reference point even when subject
to rebound effects while achieving a significant performance
boost.

V. CONCLUSION

The Architectural Sustainability Indicator is a novel metric to
assess whether a design is strongly, weakly or unsustainable rel-
ative to a reference point. The ASI versus performance trade-off
provides insight and hints for turning unsustainable and weakly
sustainable design points into strongly sustainable ones. The
case study illustrates how SVR, by itself a weakly sustainable
technique, can be made strongly sustainable with similar ASI as
the reference design while boosting performance by on average
3.2x.
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