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—— Abstract

This paper introduces a novel approach to the co-design of sustainable embedded systems through
multi-objective design space exploration (DSE). We propose a two-phase methodology that optimizes
both the multiprocessor system-on-chip (MPSoC) architecture and application mappings, considering
sustainability, reliability, performance, and cost as optimization objectives of equal importance.
Unlike existing approaches, our method thereby accounts for both operational and embodied
emissions, providing a more comprehensive assessment of sustainability. The first phase employs
intra-application DSEs to explore Pareto-optimal constraint graphs for each application. The second
phase, an inter-application DSE, combines these results to explore sustainable target architectures
and corresponding application mappings. Our approach incorporates detailed models for embodied
emissions (scope 1 and scope 2), operational emissions, reliability, performance, and cost. The
evaluation demonstrates that our sustainability-aware DSE is able to explore design spaces overlooked
by traditional approaches, supported by superior results in four key objectives. This enables
the development of more environmentally friendly embedded systems while still achieving high
performance and reliability.
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1 Introduction

The impact of information and communication technology (ICT) on global greenhouse gases
(GHGs) emissions is currently estimated to be between 2.1 % and 3.9 %, and is accelerating
rapidly [11]. But since global emissions must be reduced significantly over the next years, a
fast shift to more sustainable computing systems is inevitable. However, sustainability does
not come for free and to design a sustainable system that balances performance, reliability,
and at the same time cost poses a complex challenge. This is to our knowledge the first
work to provide a solution to this problem by proposing a highly configurable multi-objective
sustainability-aware design space exploration (DSE) that explores sustainable embedded
system designs automatically. More specifically:
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1. We propose a DSE for exploring sustainable MPSoC target architectures, optimizing
for sustainability, reliability, performance and cost. It can be fine-tuned to the specific
production and deployment environment of the embedded system to accurately model
the CO3 emissions during both production and operation.

2. Besides exploring sustainable target architectures, the proposed approach explores also
composable application mapping for real-time applications, that are tailored to these
architectures. Besides applications with static execution properties, the approach even
supports applications with dynamic workload variations during operation.

3. A comprehensive evaluation of the proposed sustainability-aware DSE is provided to
demonstrate the need to consider sustainability during the design.

2 Related Work

Design space exploration (DSE) has become a de-facto standard for simultaneous optimization
of various aspects of multiprocessor systems-on-chip (MPSoC) architectures. However,
existing approaches overlook the significant impact of the embodied emissions of an embedded
system, although [9] predicts that these embodied emissions will dominate the total emissions
for future embedded systems. [27] propose a scenario-aware DSE that explores a MPSoC
architecture and corresponding scenario-aware mappings using a co-evolutionary algorithm
concerning the objectives of execution time and chip area. However, their DSE has scalability
issues for large number of applications and big architectures. [1] present a DSE that optimizes
the mapping of applications regarding execution time, lifetime, power, and temperature for a
given target architecture. Furthermore, it turns the multi-objective optimization problem into
a single-objective one, thus losing large parts of the search space. [19] provide an overview
of hybrid application mapping techniques for heterogeneous MPSoC target architectures,
including approaches for DSE. Instead of a DSE, also heuristic mapping approaches can
be used at run time to speedup the exploration [22]. [21] propose a symmetry-eliminating
DSE, enabling efficient exploration of so-called constraint graphs that specify an application
mapping on a higher abstraction level. By doing so, the exploration can skip the vast inherent
redundancy of mappings. [9] and [12] present a detailed analysis of the environmental impact
of computing systems, considering both operational and embodied emissions. Their work
highlights the importance of a holistic approach to sustainability in computing. [25] present
a tool to analyze the carbon footprint of chiplet-based architectures, showing how it can
reduce greenhouse gas emissions in manufacturing. [5] propose a co-optimization approach
for datacenter sustainability, considering both design technology and system-level factors,
thereby balancing performance and sustainability objectives.

3 Fundamentals

In this section, we introduce our application and architecture model, describe the correspond-
ing formal mapping and give a short overview on modeling and evaluating of sustainability
and reliability, using the illustrative example in Fig. 1.

An application a € A is a directed graph of tasks 7 € T,,, communicating over channels.
These graphs express data dependencies between the tasks by direct edges; a task can start
when the preceding tasks have finished processing. At run time, applications process data
d € D, periodically, where the processing of each data should finish before an application-
specific deadline 0,. The task graphs of three example applications ay, as, a3 € A are depicted
at the top of Fig. 1.
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Figure 1 Tllustration of application graphs for three example applications a1, a2,a3 € A and

two target MPSoC solutions &1, 2 with two annotated mappings, explored by the proposed DSE.

Architecture &; is equipped with six tiles of three different types, while & has four tiles. These tiles
are connected by a 2D NoC mesh using routers. Each tile is equipped with a single-core processor of
different types, onto which the tasks of the applications are mapped.

This work explores heterogeneous tile-based MPSoC architectures &, as presented by [3,
7, 14, 6]. Each tile u € U is equipped with a set of processing resources 1 € u, e.g., CPUs or
accelerators [28], connected to a 2D Network-on-Chip (NoC) mesh, and is of a heterogeneous
tile type v € V, differing in the number and type of processors on the tile. Two example
target architectures £; and &, are depicted in the bottom row of Fig. 1. The MPSoC &; is
equipped with six tiles uq,...,ug of three different color-coded tile types v, va, v3, defined
by the type of the mounted single-core processor ;. £ contains four tiles uq, ..., uq4.

A mapping m maps each application task 7 € T to exactly one resource 1 of the target
architecture £. Different applications are always mapped to separate sets of tiles of the target
architecture, i.e., there are no tiles with tasks from two different applications. This allows
composability [2] which is achieved by applying a temporal isolation scheme [13] to the NoC.
As the search space for mappings is polluted by many redundant mappings with a different
binding but the same execution characteristics, [21] proposes a symmetry-eliminating DSE.
Instead of exploring individual mappings m directly, this approach explores constraint graphs
n € H, which group tasks together, assign these groups to tile types, and specify constraints
between tasks, e.g., a maximum hop distance on a NoC. This abstraction captures essential
mapping characteristics without tying to a specific chip layout, thus eliminating redundant
solutions. As a result, the proposed DSE efficiently considers only meaningfully design
alternatives, later transforming these graphs into actual task-to-resource mappings m by a
binding algorithm [23]. Fig. 1 illustrates the transformed mappings for the three applications
to the two target architectures. On &;, the application a; with tasks 71,72 € Ty, is mapped
to the tiles uy,uq € &, the application as with tasks 73,...,7¢ € Tj, is mapped to the
tiles ug, us, us € &1, and the application as with tasks 77 € T, is mapped to tile ug € &;.
This mapping also includes access grants to the routers of the NoC, which are necessary for
inter-tile communication. Another mapping is illustrated for &;.
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Figure 2 Optimization flow of the proposed sustainability-aware DSE of embedded SoC systems
that implement a given set A of applications.

In this work, we analyze and systematically explore the design space of tile-based
multiprocessor system-on-chip (MPSoC) implementations of embedded systems with respect
to sustainability by considering both their so-called embodied and operational greenhouse gas
(GHG) emissions. Operational emissions are the emissions that occur during the operation of
the system, while the embodied emissions refer to the emissions that occur during production
of the chip. These can be differentiated into three scopes [29]. Embodied Scope 1 emissions
include chemicals and gases produced directly during chip manufacturing. The emissions
are represented in COs equivalents. Embodied Scope 2 emissions represent the portion of
emissions attributed to the energy required during the manufacturing process. Unlike scope 1
emissions which occur directly within the production environment, scope 2 emissions are
dependent on the energy mix used to power the production facility. This energy mix varies by
location based on the region’s reliance on renewable or fossil fuel energy sources. Embodied
Scope 8 emissions include upstream and downstream supply-chain emissions and are omitted
in this work due to their high variability and difficulty in estimation.

While operational emissions can be reduced by designing more energy-efficient computer
architectures, embodied emissions can only be reduced — from a hardware design perspective —
by either building smaller less powerful chips or extending the lifetime of the chip to amortize
the fixed emissions during manufacturing. Therefore, the lifetime, or more generally the
reliability, of a system plays a critical role in achieving a sustainable design.

4 DSE for sustainable Co-Design

Exploring a sustainable MPSoC architecture with corresponding application mappings poses
a complex multi-objective optimization problem. In this work, we propose to employ the
two-phase exploration methodology displayed in Fig. 2 to solve this optimization problem.
For a given set A of applications to be implemented on the system to be designed, we first
perform a set of separate intra-application DSEs for each application a € A to explore
Pareto-optimal constraint graphs n, € H, for a variety of tile number combinations using [21].
Afterwards, an inter-application DSE explores the space of architectures £ and constraint
graphs n, = {77a17~-~777a| Al}, maximizing sustainability, performance, and reliability while
minimizing cost. Finally, the constraint graphs are bound to the target architecture using
the binding algorithm from [23], resulting in a set of target designs with varying application
mappings.
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4.1 Intra-Application DSE

For each application a € A, a separate intra-application DSE explores so-called constraint
graphs n, € H,, which minimize the deadline miss percentage dm(n,, &) and energy consump-
tion eng(ng, &) when executing on an architecture £, constituted by the required number of
tiles r,, (n,) of each tile type v; € V for the regarded constraint graph 7,:

minimize(dm(na, §), eng(Ma, §), 7wy (Ma), s Toyy (M)
Na€Ha (1)
For applications with constant execution times, dm(n,, &) is binary, being 0 if the execution
time {(n,, &) of the application a under a representative mapping for constraint graph n, on
¢ is smaller than the deadline 6, and 1 otherwise. For applications with input-dependent
execution, the deadline miss percentage can be determined by a representative dataset D:

O, €)= 7 Z{O e 0 ©)

|D| deD 1 else

Let eng represent the total energy consumption of the chip during its lifetime, which we
calculate by the average energy consumption engg, per period (equalling the deadline 6),
scaled up to its lifetime :

)
eng(na, &) = ¢ - o engo, (Ma &) (3)

In this formula, ¢ denotes the utilization of the MPSoC, expressing the percentage the SoC
is active during its lifetime. engg, (14, &) is then given as the sum of the energy consumption
per task 7 € T,, which is the product of the power consumption P(1)) of a compute resource
1 = n,(7) and the average latency of the task 7:

engo, (Na,€) = ) <P(77a(7)) : ﬁ > lr(na,f,d)) (4)

T€ET, deD,

As the intra-application DSE only considers the required tiles of each type to execute a single
considered application, it does not yet regard reliability, cost, and the embodied emissions,
for which the total target architecture is needed. These missing objectives are included into
the sustainability-aware inter-application DSE, described next.

4.2 Inter-Application DSE

The sustainability-aware inter-application DSE receives the optimized sets of constraint
graphs H, per application a € A and then explores sustainable target architectures and a
selection of constraint graphs, which minimize the objectives of the mapping problem. This
work assumes that the user specifies the location of the system at use, while the DSE explores
the production location p € W, incorporating the trade-off between cost and sustainability.
Formally, the DSE optimizes a selection of constraint graphs 1 = {14, ...,7a,, }, and a
production location p such that the global goals of sustainability Su(rn’, &, ) and reliability
Re(€) are maximized, and the mean deadline miss rate DM (n',€) and the cost Co(&, ) are
minimized:

ma;]),{igﬁizc(su(n/a 57 u)’ Re(f)’ _DM(n/’ 6)7 _CO(& :u)) (5)

The architecture £ is given implicitly by the union of resources allocated for each application,
exploiting spatial isolation and composability [24]. In the following, each objective is discussed
in more detail.
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4.2.1 Sustainability

We maximize sustainability by minimizing the emissions Su(n), &, u) of the constraint graph
vector 7], on architecture &, estimated by the sum of the embodied emissions (scope 1 and
scope 2) and the expected operational emissions over the lifetime of the MPSoC:

SU(%»&M) = _FScopel(é-?N) - FSCOp82(€7/’L) - Fop(n;ng) (6)

The embodied scope 1 emissions Fgcoper can be estimated by the chip yield y, number of
produced chips n., the number of wafers per chip n,, /. for the target architecture § and the
CO; emissions per wafer Eco,/w at location p (extended from [9]):

Fscoper (€, 1) = é e - 1y (€)] + Bcion (1) (7)

The chip yield y is the proportion of defect-free chips on a wafer, with defects being
caused by contamination and other factors during manufacturing. The emissions per wafer
Eco,/w(it) depend on factors such as wafer size and semiconductor feature size. [17] reports
a COg-equivalent GHG emission of 61 kg for a 300 mm wafer based on a 130 nm technology
node, which can be reduced to about 13 kg of carbon equivalent by exhaust gas treatment,
neutralizing or filtering out most of the NF3 and CF4 gases. [5] provides recent data on GHG
emissions from wafer production, showing the gas quantities and compositions for different
technology nodes (28 to 3nm) and manufacturing processes. Emissions are greatly reduced
by filtering out NF3. The number of chips that can fit on a wafer depend on the wafer’s
diameter ¢ and die size agie:

— T 0. 58”7( (8)
4 - ogie (5) adie(f)

Since wafers are round and chips are rectangular, not all the wafer’s area can be utilized, as

estimated by the formula’s second term. The die size aqie(§) is determined by the core area

core(§), 1.€., the area in which the SoC tiles on the architecture £ are placed. By estimating

the number of transistors for logic 74y 10 and memory 7; mem With respective transistor

nw/c(g)

density Xiog and Xmem, the core chip area amounts to:

acore(g) =g- (ntr,log(f) + ntr,mem(&)) (9)

Xlog Xmem

In this formula, g is the wiring factor, considering the additional space required for the
connections between the transistors. However, the core area is surrounded by additional
peripheral area containing on-chip components that do not correspond directly to the MPSoC
architecture like, for instance, I/O pad cells. With the width of this overhead given as 4, the
die area can then be estimated as:

adie(§) = ([Vacore(§)] + 5)2 (10)

The embodied scope 2 emissions Fgqope2 can be calculated as follows where engy, denotes the
needed energy to produce one wafer (extended from [9]):

FSC0p82(§>M) = 5 : [nc : nw/c(&)] TeNGw - Pu (11)

The factor p, expresses the CO, intensity of the energy mix at location ;1 during production.
[12] present the COq efficiency of energy production in different regions. The energy required
to produce a wafer depends on its size and the semiconductor’s feature size. According
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to [17], this includes energy for processing quartz into silicon, refining silicon into ingots, and
further processing into wafers. Additional energy is needed for chemicals, semiconductor fab-
rication, and maintaining infrastructure. A separate study [10] provides further values across
various semiconductor fabs. [5] presents the energy consumption for various semiconductor
manufacturing processes (28 nm to 3nm), assuming that the supporting infrastructure (e.g.,
cooling, vacuum) accounts for 40 % of total energy use. The operational emissions Fop, can
be computed as follows. Let C' C R x W be the set of tuples (3, A) which describes that
B-100% of the produced chips are expected to be operated in country A. By considering
both the ratio of chips n. - S that are operated using a local energy mix p, and the energy
consumption eng of the chip during its lifetime, see Eq. (3), the total operational emissions
can be estimated as:

Fop(ml, €)= > (ne-B-pa- Y, eng(na,€)) (12)

(B,M)eC Na €Nl

4.2.2 Reliability

The reliability Re(&) of the architecture £ models the mean time to failure (MTTF) of the
system. We approximate the reliability as follows':

. _ 00 _ 0 e*/\wt _ 0 e,t Zwe& Ay _ #
Re(¢) /0 I ot /0 11 dt /0 dt S, (13)

peg Yeg peg
In the above conservative model, it is assumed that the applications allocate all resources of
the SoC system, and that the system is considered defective already once a single of those
processing resources fails. ¢, denotes the reliability function of processing resource 9 and Ay
its failure rate. To determine the failure rate Ay in Eq. (13), e.g. [16] can be used.

4.2.3 Performance

The performance DM (7, £) of the constraint graph vector 7., on architecture ¢ is estimated
as follows. Given the set of periodic real-time applications where each application a € A has
a priority p, and a deadline §,, we want to minimize the average deadline misses dm(1,, &)
of all applications that are mapped to the SoC:

1

W ) Z (1 —dm(na,§))  pa (14)
na €M,

By dividing the sum of deadline misses of running applications by the total number of

applications |A|, we reward systems implementing more applications than others with a
higher performance DM (7], £).

DM (n,,,§) =

4.2.4 Cost

The cost Co(&) of an architecture £ is modeled by the wafer cost k., and the electricity cost
Kel per wafer:

Co(£) =

Ky + ENGw * Rel

15
Nw/cY ( )

L Qur reliability model (Eq. (13)) assumes independent failures of processing resources, equal load
distribution, and all applications starting at the same time. While this simplification allows for efficient
computation, it may overestimate system-level failure rates for architectures with redundancy. Future
work can incorporate more complex reliability models to account for fault tolerance.
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In this formula, n, . describes the number of chips per wafer (see Eq. (8)). The yield y
of defect-free chips on a wafer is modeled using the negative binomial distribution, which
accounts for defect clustering with the e:

y= (1+ Qchip 'X0>_6

(16)
Here, ovchip is the critical chip area, xo is the defect density. The defect density xo depends on
the production environment and structure size, with smaller structures more prone to defects.
The cluster factor € indicates defect distribution: higher values suggest evenly distributed
defects (lower yield), while lower values indicate concentrated defects (higher yield). Typical
values for € range from 0.3 to 5 [15].

4.3 Optimization Time

The total optimization time of the proposed sustainability-aware DSE is composed of the
optimization times of the intra-application DSEs, the inter-application DSE, and the negligible
overhead tpinq of the binding algorithm. As the separate intra-application DSEs can be
executed in parallel, their total optimization time is the maximum across the DSEs, which
depends on the number of generations #gen, and the time per generation tpgg, g The
optimization time for the inter-application sustainability-aware DSE is given by the number
of generations #geng, and the time per generation tsys ge:

ttotal = #gensus : tsus,ge + tbind + Igleaﬁ( (#gena . tDSEa,ge) (17)

In our experiments, we performed the inter-application DSE for 1,000 generations, with
tsus,ge = 20ms. For the intra-application DSE, we also performed 1,000 generations, where
the time per generation depends on the number of new individuals created in this generation
and the time for evaluating an individual. Assessing the execution time of an individual
requires simulating the execution of the application under the individual mapping on the
platform, which takes up to half a second. For input-dependent applications, a separate
execution is needed for every training data, leading up to even higher execution times.
The optimization time is thus typically dominated by the intra-application phase, while
the inter-application DSE is highly efficient and only takes around 2 seconds. Hence, the
proposed approach is highly scalable and can be used to design large and complex embedded
systems.

5 Evaluation

The proposed sustainable-aware DSE is highly customizable and can be fine-tuned by the
user. This customization allows a flexible approach across different production scenarios, but
requires accurate settings for a reliable result. Since these parameters are often classified
and not openly available, we resort in this work to rather limited publicly available data,
e.g., for modeling the sustainability objectives, we assumed a lifetime of 5 years, used
the emission data from [12, 17, 12, 10, 5], and extracted reliability data from [16]. The
lack of accurate data does, however, not invalidate our results, since although different
settings may alter the design space, the superiority of our approach in exploring the entire
design space remains consistent across various parameter configurations. In the following
evaluation, the ray-tracing, Mjpeg, and stitching application from [24], combined with the
auto consumer, auto industry, office automation, and telecom applications from [8] serve
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Figure 3 Different objective trade-offs of the obtained approximation of the Pareto front by the
proposed sustainability-aware DSE (left) and evolution of the normalized hypervolume [4], IGD [30],
R2 [26], and coverage [31] metric for FirstFit (ff), AdaMD+ (adam), Composition (fth), and the
proposed sustainability-aware DSE (sus) (right). Shown are the average results across 5 runs (solid
line) with the shaded area representing the +1 standard deviation from the mean.

as the soft real-time applications A that shall be executed on a SoC target architecture.
All DSEs are implemented in Opt4J [18]. Fig. 3 shows on the left the embedded system
solutions explored by the proposed multi-objective sustainability-aware DSE concerning the
objectives of emissions, reliability, performance and cost. To facilitate comparability, the
objectives are normalized in the following. The comparison of emissions and performance
shows a clear trade-off, where higher performance correlates with increased emissions. In the
mid-performance range, significant performance improvements can be achieved with only
small increases in emissions. This finding suggests that it’s possible to design systems with
high performance without necessarily incurring large environmental costs. However, the graph
shows a sharp increase in emissions at the highest performance levels. This steep rise indicates
that aiming for maximum performance leads to disproportionately higher emissions. The
data suggests that by slightly reducing performance targets from their maximum, designers
can potentially achieve large reductions in emissions, leading to more environmentally friendly
systems without major performance losses. The normalized reliability versus performance
plot demonstrates an inverse relationship. As performance increases, reliability tends to
decrease, with the Pareto front showing a steep drop in reliability at the highest performance
levels. This suggests a critical trade-off point where marginal performance gains come at

Table 1 Normalized key metrics upon convergence.

Metric R2 (}) Hypervolume (1) IGD (J) Coverage (1)
Composition 0.20 0.05 0.80 0.08
AdaMD+ 0.12 0.47 0.53 0.07
FirstFit 0.11 0.52 0.43 0.30
Proposed 0.07 1.0 0.25 0.56
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a substantial cost to reliability. Finally, the performance versus cost plot exhibits a clear
positive correlation, showing how higher performance invariably comes at a greater cost.
At the highest performance levels, the cost increases sharply. These visualizations indicate
the complexity of the design space and the importance of a DSE approach in identifying
non-obvious trade-offs that might be overlooked by simpler methods. To further justify the
need for a DSE incorporating sustainability aspects, We compare the proposed sustainability-
aware DSE against various baselines regarding hypervolume, inverted generational distance
(IGD), coverage, and r2 indicator [31]. This includes FirstFit, an extension of the multi-
objective DSE from [24] with reliability and cost objectives, AdaMD+, an extension of the
fast multi-application mapping optimization methodology by [20], and Composition, which
uses AdaMD to determine the architecture as a composition of the mappings per application.
This evaluation is based on the emission data from [12, 17, 12, 10, 5]. Acc. to Fig. 3, our
proposed approach demonstrates superior performance across all metrics. The hypervolume
metric rapidly converges to 1.0, while the best baseline, FirstFit, plateaus at 0.5. The IGD
plot also shows that our solutions are consistently closer to the true Pareto front. Our method
further excels in the coverage metric, finding nearly twice as many non-dominated solutions as
FirstFit. Finally, the R2 indicator validates our method’s superior convergence and diversity.
Table 1 lists the final R2, hypervolume, IGD, and coverage values upon convergence.

6 Summary

As the demand for computing continues to grow, the environmental impact of this development
is often neglected, despite the fact that data centers already contribute massively to global
emissions. However, designing an environmentally friendly embedded SoC system without
compromising performance, reliability, or cost is quite complex, as all objectives must be
carefully balanced. As a solution, this work proposes a multi-objective, sustainability-
aware two-phase DSE to find Pareto-optimal tile-based MPSoC architectures for a set of
given time-critical applications. In an intra-application phase, the DSE first determines
optimal mappings for each individual application in the form of constraint graphs, and then
explores the combination of these mappings in an inter-application phase. Here, the DSE
is sustainability-aware by considering the embodied scope 1 and scope 2 emissions of the
architecture during chip fabrication and its operation as objective. In addition, the DSE also
considers the reliability, manufacturing cost, i.e., the die area, and the performance on the
set of applications. In a thorough evaluation against various baselines from the literature,
the proposed work dominates over four selected metrics significantly. Particularly, it achieves
nearly double the hypervolume than the best baseline, indicating that it explores a wider
part of the design space, determines solutions closer to the true Pareto front, and explores a
more diverse set of non-dominated solutions.
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