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Improving (min,+) convolutions by heuristic
operation reordering

Antonio Andrea Salvalaggio, Raffaele Zippo, Giovanni Stea

Abstract—Deterministic Network Calculus (DNC) is a math-
ematical framework for the worst-case analysis of networked
systems. In less-than-trivial cases, pen-and-paper computation of
DNC expressions is not viable, and the support of a software
library for the automated computation is instead required. In
particular, the (min,+) convolution operation can be very time-
consuming, and several works have focused on optimizing its
algorithms. Since the operation is commutative and associative,
the convolution of multiple curves can be performed in several
ways. In this paper, we compared the runtime performance of
different permutations, observing up to an order of magnitude
of difference between the worst and best permutations, which
highlights an opportunity for optimization. We devised several
heuristics based on runtime prediction, to reorder the operations
and take advantage of this optimization, obtaining on average an
improvement of 30% over the average of all permutations. In this
paper, we describe the runtime prediction heuristic approach and
its results, highlighting paths for future research.

Index Terms—Deterministic Network Calculus, Worst-Case
Analysis, (min,+) Algebra, Performance, Algorithms.

I. INTRODUCTION

Deterministic Network Calculus [1]-[5] and Real-Time
Calculus (RTC) [6] are mathematical frameworks for the
worst-case analysis of networked systems. While DNC fo-
cuses on network traffic, RTC focuses on event-triggered
systems. Both frameworks employ characterizations of ser-
vices guarantees and arrival constraints through cumulative
functions of time, which are then composed using operations
(min,+) and (max,+) algebra [7], [8]. One such operation is
the (min,+) convolution, which is defined as (f ® ¢)(t) =
info<s<t{f(s) + g(t — s)}. For example, in DNC, the worst-
case service that a packet scheduler guarantees to a flow
is characterized by a service curve (5. If a flow traverses
a tandem of schedulers with service curves (31,...,[3,, we
can derive a service curve for the tandem as 31 ® - - ® [,
which can be then used to derive worst-case metrics for the
tandem. This is called Separated Flow Analysis [5, Section
10.4.2], while a similar property exists in RTC [9]. However,
algebraic expressions which may look simple on paper can
in fact require lengthy computations [10]-[13]. The research
community has therefore developed algorithms [S], [11], [14]
and several software packages to automate this task, such as
RTC Toolbox[15], RTaW-Pegase[16], Nancy[17], as well as
algorithmic optimizations to reduce the time taken to compute
each operation, which can be broadly divided in two ways.

All authors are with University of Pisa, Department of Infor-
mation Engineering; A. A. Salvalaggio is also with Scuola Su-
periore Sant’Anna. e-mail: a.salvalaggio@studenti.unipi.it,
raffaele.zippoling.unipi.it, giovanni.stealunipi.it

In the first case, the optimizations exploit properties of the
problem that allow for discarding information on the curves
without affecting the worst-case metrics computed [18]-[20],
while in the second case they exploit novel algebraic properties
to compute the same curves at a reduced cost [10], [12], [13].

On the other hand, some phenomena that can affect the
runtime cost of a computation cannot be accurately determined
before running it. For example, the effect representation
minimization algorithm [10], which may reduce the size of
a curve and thus the cost of chained computations, depends
on the shape of the result and cannot be predicted before
running the computation. A use case that is affected by this
is the computation of chained (min,+) convolutions, such as
those used in Separated Flow Analysis. Since the operation is
commutative and associative, the result is the same regardless
of the order of operations. However, it can be observed that
the order does impact the runtime, even if all optimizations of
[10], [12] are employed.

In this paper, we 1) investigate the impact of these effects
on the runtime using operand permutations, showing that the
gap between a “good” and a “bad” permutation is significant,
and 2) investigate heuristics that can, on average, guide the
algorithm towards a “good” permutation.

II. BENCHMARKING PERMUTATIONS

Since the (min,+) convolution is both commutative and as-
sociative, the result of a chained convolution between multiple
curves can be computed in many different ways. As discussed
in [10], [12], it is possible to greatly reduce computation times
of single convolutions between pairs of curves by applying var-
ious optimization techniques. The efficacy of these techniques
depends on properties of the curves that are being convolved.
For this reason, when we compute a chained convolution,
the order of computations can affect the efficacy of these
optimizations, leading to vastly different computation times.

In this work, we investigated this result exploiting only
the commutativity property of (min,+) convolutions.Consider
a set of curves f(i,...,0,. In our experiments, we used
n = 6. Let m be a permutation of this set, e.g., m =
(B85, B3, B2, B, P4, B1)- Then we call computing the (min,+)
convolution of this set according to 7 the operation ((((f85 ®
B3) @ B2) ® Bs) ® B4) ® PB1. Note that these are n — 1
convolutions. In these experiments we used sets of six curves,
which results in 360 different ways of computing a convo-
lution according to different permutations. We measured and
compared the runtimes for each of these permutations. The
curves where generated as staircase curves with random step



lengths and heights. We repeated the experiments on seven
different sets, generated with different rng seeds. To take
accurate measurements, we repeated each computation four
times, ignoring the first one (used as a warm-up) and taking
the median value between the other three measurements.
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Fig. 1. Distribution of runtimes to compute the (min,+) convolution of a set
of 6 curves, according to all possible permutations of the set. Minimum value:
5.7s; Maximum value: 111.8s; Average: 38.48s.

The distribution of computation times across all possible
permutations, for one such set of curves, is shown in Figure 1.
This result is of similar shape for all the seven sets of
curves we analyzed: roughly a left-leaning bell distribution
with a long right tail. The difference in runtime between
the best and worst permutations is not negligible: in all our
experiments (using different sets of curves) the worst ordering
takes between five and twenty times longer to compute than the
best one. In the case shown in Figure 1, this is the difference
between 111.8 and 5.7 seconds.

The left-leaning shape of the distribution suggests that,
with a random ordering of operations, one is likely to obtain
a runtime significantly lower than the worst one. However,
the difference of an order of magnitude indicates that using
an ordering algorithm, rather than leaving the ordering to
chance, could easily reduce average computation times just
by avoiding the long right tail of the distribution. Thus, we
set on to search an algorithm able, with low enough overhead,
to find a “good ordering”, i.e., one that excludes the right tail
of the distribution.

We envisioned our algorithm as an iterative one that reorders
the curves as it runs computations. In the following, we use C
to indicate the set of curves to convolve, 3; to indicate a curve
from C, and f3} to indicate the intermediate result of the j-th
convolution. The iterative algorithm would behave as follows.

« At the first step, it selects the first two curves to convolve.
Let them be 3;, and (3,,, it computes 5] = f5;, ® 5;,, and
removes f3;, and 3;, from C.

At each step j > 1, let §;_; be the intermediate result
computed so far. The algorithm then selects and remove
another curve from C, let it be ﬁij +1» t0 compute ,8;- =

JT’ 1 ®p (FES

After n—1 steps the set C is empty and ), _; is the result of
the (min,+) convolution. The permutation thus is determined
by the order of choice: ™ = (8;,, Biys Biss - - -+ Bi,, )-

The main benefit of such algorithm is that, while effects
such as those of representation minimization [10] make it hard
to predict the performance of a permutation 7 before running
any computations, an iterative approach can adjust to the shape
of the intermediate result 3;.

Key components of such algorithm are the way we estimate
the runtime of each operation and the policies according to
which we use the estimate to select the first pair (5;,, 5;,) and
next curve f3;, ,, which we will refer to as first pair and next
curve policies. These are discussed in the following Sections.

III. RUNTIME PREDICTION

An important step of such an algorithm is predicting the
computation time that an operation will take. We focused on
estimating the runtime of the convolution of a given pair of
curves, evaluating the accuracy vs. the overhead introduced by
such estimation.

To do so, we need to give some details on how the
(min,+) convolution is computed. As discussed in [12], [14],
the (min,+) convolution algorithm is divided in two layers:
a by-curve algorithm and a by-sequence algorithm. In the
by-curve algorithm, the pseudo-periodic properties (pseudo-
period length, pseudo-period height, etc.) of the operands
are used to limit the amount of points and segments to
be considered from each operand, as well as determine the
pseudo-periodic properties of the result. In the by-sequence
algorithm, the points and segments given from the previous
layer are used to compute the points and segments of the result.

In practice, only a small fraction of the runtime is spent
on the by-curve algorithm. The runtime of the by-sequence
algorithm is related to the number of points and segments
of the operands to be used: let these be Ny and N, the
algorithmic complexity is O(Ny - Ny - log (Ny - Ny)). The
above expression is related to an execution of the algorithm
that considers all possible pairs of points and segments from
the two operands, Ny - N4, which is a metric that is easily
computed. We call this metric Element Product.

However, due to various optimizations [12], [13], many of
these pairs are unnecessary, and are not computed. So we
can compute another metric, which we call Operation Count,
which considers this to count only the pairs that the by-
sequence algorithm would compute. However, computing this
metric is by itself O(Ny - N,) which, for sequences with a
high number of elements, is a non-negligible overhead.

To evaluate the effectiveness and prediction power of these
metrics we used a test set of 5000 pairs of curves. Figure 2
shows the correlation between the measured computation time
and the value predicted with Operation Count. As expected,
the graph shows a clear correlation between the predicted and
measured values, with a linear correlation coefficient of 0.986.

On the same test set, Element Product performs slightly
worse, as shown in Figure 3. This metric struggles with
extremely small sequences, probably because with such low
numbers of operations even a single optimization can greatly
change the result. Despite this, the correlation is still clear,
with a linear correlation coefficient of 0.981, just 0.005 lower
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Fig. 2. Graphs showing measured time (x-axis) and prediction using
Operation Count (y-axis) on both a linear (left) and a logarithmic (right)
scale.

than Operation Count. The computation time required for
the prediction is however much lower: on the testing dataset
Element Product had on average a runtime of 0.47% of the
actual computation, compared to 4.79% of Operation Count.
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Fig. 3. Graphs showing measured time (x-axis) and prediction using Element
Product (y-axis) on both a linear (left) and a logarithmic (right) scale.

IV. HEURISTIC REORDERING

In order to heuristically reorder the curves, taking advantage
of the commutativity of (min,+) convolution, We need two
policies: first pair and next curve. We envisioned these policies
to be based on the runtime of single operations, with the
overall goal of minimizing the time taken to compute all n—1
convolutions.

The strategy we followed was to list different policies that
could be used for the two selections, and test all their possible
pairings. Given a pair of policies and a set of curves, this gives
us a permutation of curves and thus an order of operations,
whose runtime lies somewhere in the x-axis of the distribution
shown in Figure 1. We computed the percentile of the runtime
of this permutation against all others: we say that a policy
gives the 30th percentile on a set curves if the runtime of
the (min,+) convolution of this set, using the permutation
of this pair of policies, is higher than 30% of all other
possible permutations (which implies faster than 70%). We
thus compared the policies based on the percentile given on
the sets of curves mentioned in Section II. Furthermore, the
above evaluation was done using different runtime prediction
metrics. To give a perspective on the accuracy of policies in
ideal conditions and their degradation w.r.t. the accuracy of the
runtime prediction, we first compare them using the actual
runtime, which cannot be used in practice as it is unknown
beforehand. Then, we will show how their performance vary
using Element Product and Operations Count.

For first pair policies, we tested the following:

o shortest first: choose the pair that has the shortest runtime;

o longest first: choose the pair that has the longest runtime;

o shortest between longest: for each curve, choose the pair

that contains it with the longest runtime, then among
these pairs choose the one with the shortest runtime;

o median of medians: for each curve, choose the pair that
contains it with the median runtime, then among these
pairs choose the one with the median runtime;

o shortest median: for each curve, choose the pair that
contains it with the median runtime, then among these
pairs choose the one with the shortest runtime.

For next pair policies, we tested the following:

o shortest-first: choose the curve that, paired 5;_;, has the
shortest runtime;

o longest-first: choose the curve that, paired 3_;, has the
longest runtime;

o median: choose the curve that, paired (;_;, has the
median runtime;

The first observation that we gathered is that for next curve
there is a clear winner in the shortest first policy, since it
performs better than the other two options in all pairings with
first pair policies, as well as all sets of curves. In Table I
we report the comparison between next curve policies when
paired with shortest between longest, similar results are found
with other first pair policies.

Table 1
Percentile given by different next curve policies, using actual runtime and
shortest between longest first pair policy.

Next Pair Algorithm | Average Max Min Star‘ldgrd
eviation
Shortest-First 28 68 2 24
Longest-First 73 99 6 33
Median 58 95 14 29

Instead, in first pair policies the comparison was more
interesting. We observed that selecting pairs that produce
either too slow or too fast convolutions tends to give worse
results than choosing something in the middle. This is intuitive
for the longest first policy: in many cases, the longest runtime
for the first convolution is, by itself, larger than the average
for the entire chain over all permutations. It is instead counter-
intuitive for the shortest first policy: a possible explanation is
that selecting the simplest curves first forces a worse pairing
later in the chain. We found instead better performance in
the following policies, designed to select something “in the
middle”, i.e., shortest between longest, median of medians
and shortest median. Since, as discussed above, the next curve
policy shortest first performs better than all others heuristics
we tried, the following comparisons will all be made using it.

Table II shows the comparison of the different policies
by percentiles. To give a perspective on the time saved (or
not), Table III reports the same as ratio over the average
runtime over all permutations. The sets of curves that we used
highlight different behaviors: in some outlier instances the best
ordering is easily found by our policies, while in others they
point to suboptimal permutations. On average, we observed
a 30% reduction of runtime from the use of these policies.
More importantly, we observed that all policies are effective
in avoiding the right tail of the distribution, which, as Figure 1
shows, can reach over 2.9 times the average.



Table II
Percentile given by different first pair policies, using actual runtime.

First Pair Algorithm Average Max  Min Sg?ggfi
Shortest 40 72 7 22
Longest 44 81 11 27

Shortest between longest 28 68 2 24

Median of medians 22 73 2 24

Shortest median 32 73 2 23
Table III

Ratio of runtime given by different first pair policies (using actual runtime)
over average across all permutations.

First Pair Algorithm Average  Max Min Star}dqrd
eviation
Shortest 0.783 1.136  0.486 0.219
Longest 0.916 1.401  0.588 0.318
Shortest between longest 0.643 1.174  0.324 0.294
Median of medians 0.656 1.289  0.282 0312
Shortest median 0.682 1.144  0.324 0.254

Tables IV and V show instead how these policies perform
w.r.t. the accuracy of the runtime estimation metric being used,
where actual runtime acts as an ideal case with maximum
estimation accuracy. From these comparisons, we see that
shortest between longest behaved better than the others, as it
performs well when using estimates, while median of medians
performs well only in the ideal case.

On the topic of runtime estimates, we can see from these
results that the difference in accuracy between Operation
Count and Element Product are not reflected in the policy
performance. Note that Tables IV and V do not take into ac-
count the overhead induced by estimates, which we measured
to be, compared to runtime for the whole chain convolution,
between 10% and 19% for Operation Count and between 0.1%
and 0.3% for Element Product. This strongly suggest that using
Element Product is sufficient for our purposes.

Table IV
Average percentile given by different first pair policies, using different
runtime estimation methods.

Firs Pair Algoritm | B0 OB roduet
Shortest 40 40 40
Longest 44 46 51

Shortest between longest 28 28 28

Median of medians 22 29 29

Shortest median 32 31 31

We can visualize the impact of these results using the same
example of Figure 1. In Figure 4, we can see that using our
heuristics one can obtain better performance by not leaving
the ordering to chance.

V. CONCLUSION

In this paper, we have shown that, while the (min,+)
convolution is commutative and associative, its runtime does

Table V
Average ratio of runtime given by different first pair policies over average
across all permutations, using different runtime estimation methods.

Firs Pair Algoritm | i OB et
Shortest 0.783 0.783 0.783
Longest 0.916 1.009 1.043

Shortest between longest 0.643 0.643 0.643

Median of medians 0.656 0.704 0.704

Shortest median 0.682 0.672 0.672

BmA shortest between longest + shortest-first
® median of medians + shortest-first
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Fig. 4. Distribution of runtimes to compute the (min,+) convolution of a set
of 6 curves, according to all possible permutations of the set, vs. the runtimes
obtained using our heuristics.

change based on the order in which operations are performed.
We thus explored an algorithm that uses heuristics to reorder
the curves based on runtime prediction, showing that it is able
to avoid the cases with higher runtimes, and reduce average
runtime by 30%.

While promising, there are many paths for improvement
for this approach. One such direction is further research on
the algebraic properties that affect runtime, in particular those
that affect the efficacy of optimizations from [10], [12]-[14].
For example, our approach would benefit from a way to predict
the runtime on a permutation basis rather than only on a pair
to pair basis.

Another direction is the extension of the heuristic approach
to exploit the associativity of (min,+) convolution, as well.
In this work we focused on the commutativity of the (min,+)
convolution due to the explosive increase in number of com-
putations needed to construct a dataset to evaluate heuristics.
In fact, to compute a chained convolution of n curves using
commutativity we have O(n!) many ways to reorder the
operands and obtain different runtimes; but if associativity is
also considered then we have O( ((2::12))!!) to do so. Even for
n = 6, this is tens of thousands of computations compared
to the few hundreds we discussed in this paper. Given these
initial results, it is however a promising direction to follow in
future work.
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Abstract— This paper proposes an architecture for the data
processing unit of the DUSTER instrument for exploration
missions to solar system bodies. The DUSTER project objective
is to develop instrumentation and technologies for in situ
analysis of the charging and cohesion of the dust grain in the oon
regolith of the Moon. There are three probes: one shall measure
the electric field generated by the dust particles; the second
measures the status of the plasma in the surrounding near the
regolith and the third analyses the movement of the grains
measuring the current resulting from the impact of the charged
grains onto the electrodes with high voltage (thousands) applied.

The DUSTER project is funded by the European
Commission with BIRA-IASB leading the project and 1AA-
CSIC, ONERA and THALES as partners. IAA-CSIC is
developing the electronics required to acquire in real time the
data from the probes, process it and send it back to Earth for
post-analysis. We approach to the development of the
instrument from the point of view of a model-based design to
address the complexity associated with development of space
projects.

The DUSTER hardware platform, prototyped on a Field
Programmable Gate Array and relying on the GRLIB IP
Library, is designed such that it can be a candidate for
qualification and use in future ESA, NASA or JAXA missions,
which cannot rely on high performance COTS technologies. In
particular, the platform is targeted to be a mixed-criticality
platform, allowing the deployment of the instrument in different
levels of criticality.

Keywords—DUSTER, FPGA, LEON3

INTRODUCTION

A. DUSTER

International scientific and commercial interests in
exploration missions to solar system bodies such as the Moon,
asteroids and comets have increased significantly during the
last two decades and will continue to increase in the future.
One major environmental constraint during exploration
missions is the presence of charged dust-like particles that can
be a threat for both human and robotic exploration missions.
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The DUSTER (for DUst Study, Transport, and
Electrostatic Removal for exploration missions) project aims
to analyse the effects of dust adhesion to any type of
equipment (e.g. astronauts, rovers, landers and scientific
equipment). DUSTER is part of a UE funded project [1] with
BIRA-IASB! leading the project and TAS-E? (THALES
Spain), ONERASZ and IAA-CSIC* as partners. BIRA-IASB is
coordinating the project and developing the instrument front-
ends and provide the high-power supplies of the instrument.
IAA-CSIC is in charge of developing the tools (software and
electronics) required to acquire the data, process it and send it
back to Earth for post-analysis (Electrical Ground Support
Equipment, EGSE, data processing unit, DPU, breadboard
architecture and the low-voltage power supplies of the
instrument). TASE will run EMC tests of the integrated
instrument. ONERA is in charge of developing the system
(around Technology Readiness Level 4, TRL4) that will
charge the dust, activate their transport and measure the
generated current and thus the net charge.

The DUSTER instrument shall answer the key questions:
what voltage and what type of electrodes are needed to remove
the dust depending on the dust properties and the environment
(UV, plasma, E-field). The DUSTER instrument uses the
High- and Low- voltage power supplies to transport the dust
to the probes. Then it detects the current carried by dust grains
when they collide with an electrode equipped with high
sensitive current amplifiers. From the literature, the charge
carried by a single grain is in the order of a few fC up to a few
tens of fC and can be mobilized over a few (tens of)
centimetres ([2], [3], [4], [5]). Dust charge monitoring is
performed with a charge amplifier connected to the output of
a Faraday cup (FC). When a dust grain enters the FC, its
charge generates a displacement current in the order of the
carried charge divided by the dust velocity. The dust velocity
itself depends on the dust charge, on the electric field and on
the acceleration zone.

B. Instrument Description

The DUSTER instrument measures the dust properties and
the environment (ultraviolet, plasma, electric field) with three
probes: E-Field, DUST and Langmuir. The Low-Voltage

3 French Aeroespace Lab
4 Instituto de Astrofisica de Andalucia

Funded by the European Union’s HORIZON Research and
Innovation programme under grant agreement No 101082466.



Power Supply (LVPS) and the High-Voltage Power Supply
(HVPS) generate an electric field that transport the dust to the
instrument probes. The data processing unit (DPU) manages
the probes and the power supplies to perform the acquisition,
process the acquired data and generates science and
housekeeping telemetries.

Langmuir

PROBES

Figure 1 DUSTER Instrument block diagram

Each of the probes has its own front-end that abstracts the
management of the analog to digital converter (ADC) and is
configured using a serial peripheral interface (SPI).

The Langmuir probe acquires the current measured
by the probe when it operates in sweep, fixed bias and current
monitoring mode, as well as the potential of the probe (it
monitors the applied bias) in bias monitoring mode.

The E-Field probe measures the electric field in
nominal mode and the voltage provided by the digital to
analog converter (DAC) in monitoring mode.

The Dust probe measures the current acquired by the
probe in nominal mode, the current provided by the DAC in
current monitoring mode and the voltage applied to the probe
(by the HVPS and the ADC) in potential monitoring mode.

The high-voltage power supply (HVPS) receives
commands and transmits housekeeping information to the
DPU via a serial interface. The output voltage of the HVPS,
which is around 5kV, is configurable and shall be adapted to
the operation of the DUST probe.

The low-voltage power supply (LVVPS) powers the digital
components of the instrument and generates the mid-range
and low voltages required for the transportation of the dust
particles.

The data processing unit (DPU) controls the operation of
the probes and the power supplies to perform the science
operation, acquires the measurements obtained by the probes,
processes them and transmits the results. Moreover, the DPU
receives commands with the operation parameters of the
instrument.

C. Data production and handling

The operation of the instrument involves transporting dust
particles in vacuum environment to the probes and measuring
their properties upon collision with a grid. The charged dust
particles are attracted to the grid by generating an electric field
using the LVPS and HVPS. The instrument will monitor dust

counts over several tens of seconds, acquiring data at the
highest possible rate to effectively distinguish between
consecutive dust particles.

Table 1 Acquisition units for the DUSTER probes

Probe ADC Sampling DAC SPI Baudrate
(max-min)

Langmuir | (5kHz-1kHz) / 20 bits 100Hz/16bits = 10-1 Mb/s

E-Field 1 kHz / 20 bits 1kHz/16 bits 10-1 Mb/s

DUST (10 kHz-1kHz) / 20 bits 1kHz/16 bits 750 — 300 Kb/s

The requirements include both an objective and minimum
performance for the acquisition quantities. The allowed data
rate for SPI is between 1Mbps and 10 Mbps for the SLP and
E-field probes. The DUST probe, because of the high-voltage
isolation, data rate is constrained to 300 kbps and 750 kbps.
The Langmuir probe must perform bias sweeps with at least
600 steps per sweep and a time resolution of 1 minute, with a
goal of achieving 1000 steps per sweep. The E-Field probe
will conduct measurements with a time resolution of less than
1 minute. Lastly, dust probe measurements must have a time
resolution of at least 10 milliseconds. Table 1 presents the
expected acquisition rates of the probes.

Il. DUSTER DPU OVERVIEW

The DUSTER DPU will execute all software related to
instrument management and status monitoring, generating
housekeeping data that reflects the instrument's status. It will
receive telecommands to adjust the operational parameters of
the instrument. The real-time data acquisition task involves
the DPU continuously reading the ADC measurements for at
least 1 minute. The scientific output of the DUSTER DPU wiill
be a timestamped time series of measurements for both the
ambient environment and the dust collected by the probes.

Space systems cannot utilize commercial of the shelf
(COTS) processors because they are not designed to support
radiation and do not meet qualification requirements. Current
space missions often incorporate powerful radiation-hardened
ASIC processors[6][7], such as the GR712RC and GR740
from Frontgrade Gaisler. However, while these ASICs include
the most common interfaces used in space missions, they lack
the flexibility needed to adapt to the specific requirements of
the DUSTER project.

In contrast, the soft processors LEON3[8] and NOEL-
V[9] are implemented as synthesizable soft intellectual
property (IP) cores, allowing for customization and
deployment in field-programmable gate arrays (FPGAS). The
LEONS processor, in particular, has been successfully used in
various space missions, demonstrating its effectiveness and
reliability in harsh environments[10].

The DUSTER DPU is a dual-core system based on the
LEON3 processor, which adheres to the SPARC v8
architecture and is built using the GRLIB GPL v2023.2[11].
The GRLIB IP Library, developed by Frontgrade Gaisler, is a
comprehensive suite of reusable IP cores designed for system-
on-chip (SoC) development. Its primary infrastructure is
available as open-source under the GNU GPL license,
promoting accessibility and innovation.

A notable feature of the LEON3 processor is its fault
tolerance capability against Single Event Upsets (SEUs),
particularly in its radiation hardened version, LEON3FT



(Leon3 Fault Tolerant). This fault tolerance mechanism is
primarily aimed at protecting on-chip RAM blocks used for
IU/FPU register files and cache memory. However, it’s
important to note that some cores and configurations are
exclusive to the commercial version of GRLIB, and the
LEONSFT is only available in the fault tolerant (FT) and FT-
FPGA versions.

One key advantage of the GRLIB IP Library is its vendor
independence, allowing compatibility with various CAD tools
and target technologies. This flexibility facilitates seamless
integration within model-based development workflows,
where projects are constructed using models to represent
subsystems and elements rather than relying solely on
traditional documentation.

In summary, the DUSTER DPU takes advantage of the
capabilities of the LEON3 processor and the versatile GRLIB
IP Library, provides a solid foundation for advanced SoC
development focused on reliability and integration.

I1l. ARCHITECTURAL CONFIGURATION

The DUSTER instrument is currently under development
and therefore changes to the current configuration are
expected and will have to be adapted to changing requirements
as they arise during development. The development of the
different elements of the instrument is being done in parallel
and several releases have been scheduled for integration and
verification. Once the software and the probes are integrated
and the instrument is fully functional, the final platform
configuration could be determined.

The baseline configuration of the platform consists of a
dual-core Leon3 processor with a system clock of 100MHz.
Each CPU features private L1 caches for instructions and data,
with 16KB size and 16 bytes cache line length. The L2 cache
is disabled. The processor is connected to the debug support
unit which is accessible using the JTAG (Joint Test Action
Group) and UART (Universal Asynchronous Receiver
Transmitter) debug links.

The design includes two memory controllers, one to
manage the non-volatile flash memory and the other for the
DDR4 volatile memory devices included in the platform. The
flash memory is used as permanent storage for the software
and firmware of the FPGA. The DDR4 memory is used as the
main processor memory for the software execution.
Additionally, communication interfaces such as SPI and
UART facilitate data exchange with the probes and
communication with the control unit. Finally, the Timer Units,
Interrupt Controller and General Purpose Input Output
(GPIO) controller peripherals, are included in the design to
enhance functionality and performance of the system. All
these peripherals will be implemented as IP Cores and are
provided by the GRLIB IP library. The block diagram of the
DUSTER DPU with its main elements is represented in Figure
2.
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Support Unit Link
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Figure 2 DUSTER DPU block diagram

The SPI interfaces facilitate communication with the
probes, with three independent SPI interfaces in the
instrument—one for each probe. This design ensures that each
probe could meet its timing constraints. The DAC of the probe
is also configured using this interface.

Additionally, two UART interfaces connect to the Low-
Voltage and High-Voltage power supplies. These interfaces
are essential for configuring the power supply outputs, thereby
generating the electric fields necessary for observation.

The DPU receives telecommands through one of the
UART interfaces, which includes configuration parameters
for the instrument's operation. This same interface is also used
to transmit housekeeping data and telemetry related to the
instrument's products.

Finally, there is an additional UART interface dedicated to
logging purposes.

IVV. FPGA DEVICE TRADE OFF

The DUSTER DPU will be prototyped on an FPGA,
targeting an architecture suitable for future institutional space
missions. To develop the prototype, a large FPGA is necessary
to accommodate a multicore system along with the required
peripherals and numerous 1/O ports. Table 2 summarizes the
hardware resources of the most common space FPGASs.

Table 2 Rad-Hard FPGA resources

LUTs (k) / Flip 1/O ports
Flops (k)
Xilinx XQRKU060 331/663 620
NanoXplore NG- 137/129 740
LARGE
Microchip 21/21 198
Axcelerator
Microchip RTG4 151/151 720

We opted not to consider RadHard FPGAs due to their
higher cost and the project's low Technology Readiness Level
(TRL4). However, we aim to stay as close to RadHard
specifications as possible.

The Xilinx XQRKU060 FPGA[12], radiation testing has
confirmed that the FPGA is suitable for all orbits, including
deep space exploration. The QMLB and QMLY -grade version
of the XQRKUG60 device could be procured for the final
hardware prototype. Furthermore, the Xilinx Kintex
UltraScale family[13] includes the XCKUO060 FPGA, which
is a commercial-grade FPGA, but can serve as a basis for
understanding the architecture and capabilities of the
XQRKUO060. Table 3 presents the hardware resources of the
Xilinx UltraScale devices.



Table 3 Xilinx UltraScale family resources

XCKU040 XCKU060 XQRKU060

Radiation Hardness None None Tolerant
System Logic Cells (K) 530 726 726
CLB Flip-Flops (K) 448 663 663
CLB LUTs (K) 242 331 331
DSP Slices 1920 2760 2760
Block RAM (Mb) 211 38.0 38.0
Gbl/s Transceivers 20 32 32

1/0 Pins 520 624 620

The use of commercial-grade FPGAs offers several
advantages, including availability of development boards like
the GR-VPX-XCKUO060 and GR-CPCIS-XCKU from
Frontgrade Gaisler, as well as the ADA-SDEV-KIT3 from
Alpha Data. In addition, the Xilinx KCU105 Evaluation Kit,
featuring the Xilinx Kintex UltraScale XCKU040 FPGA,
provides a robust platform for development.

Additionally, from a firmware development perspective,
prototyping for any device in the Xilinx Kintex UltraScale
family is effectively the same as prototyping for the
XCKUO060. The Kintex UltraScale family shares a common
architecture, meaning that the wunderlying hardware
resources—such as logic cells, DSP blocks, and memory
interfaces—are similar across devices. This consistency
allows the usage of a full commercial development board,
simplifying procurement and reducing costs.

Prototyping on the Kintex UltraScale XCKUO040 device
provides a reliable reference for the XQRKUO060. The Xilinx
KCU105 Evaluation Kit allows to prepare the testing,
validation and verification at early stages of the project.

Furthermore, the broader ecosystem surrounding the
Kintex UltraScale family, including community resources,
forums, and documentation, provides extensive support for
developers. This shared knowledge base can be leveraged
across different devices, further simplifying the development
process.

V. SOFTWARE SUPPORT

The LEONS architecture is supported by the real-time
operating system RTEMS [14] which is pre-qualified for
space applications[15]. The prequalification toolkit allows
end-users to qualify their space applications. That reduces
both the cost and the effort of the development and
qualification.

VI. SYNTHESIS RESULTS

The initial step of this DUSTER project involves
synthesizing the design shown in Figure 2, followed by
benchmarking and analysing its compliance with real-time
requirements of the instrument.

We prototyped for the Xilinx KCU105 Evaluation Kit for
this synthesis and the actual occupations of the FPGA in terms
of slice registers (mostly Flip Flops), combinational logic
blocks (CLBs) and the global numbers of occupied /O is
presented in Table 4.

Table 4 Device Utilization Summary.

KCU105 Board  Occupied resources

CLB 9373 of 30300 30%
LUT as Memory = 1805 of 112800 1.60%
LUT Flip Flop 15227 of 242400 6.28%
Block RAM 74 of 600 12.33%
DSPs 11 of 1920 0.57%
1/0 221 of 520 40%
GLB CLK BUFF = 13 0f 480 2.71%

Considering the current state of the project development,
the resource utilization of the FPGA design seems adequate,
enabling us to continue advancing without concern that any
new requirements may render development on this platform
unfeasible.

VII. RESULTS AND DEVELOPMENT STATUS

In this short paper, we describe the development of the
Data Processing Unit for the DUSTER instrument, designed
to analyze dust during special exploration missions. We detail
the design of the DPU, which is based on a LEON3 processor
and utilizes the GRLIB IP library, while exploring FPGA
options for prototyping. We present the architecture and
design synthesis results, along with the current status of
project development.

The DPU will handle all software related to instrument
management and status monitoring. This software must be
robust and reliable to ensure mission success. Additionally,
the DPU must manage the high data acquisition rates from the
three instrument probes and process and transmit this data in
real time.

We also emphasize the importance of using a model-based
development flow manage the complexities of space projects.
Selecting the right FPGA is crucial; factors such as cost,
availability, radiation resistance, and compatibility with
development tools must be considered. Utilizing the GRLIB
IP library—comprising a comprehensive set of reusable IP
cores designed for system-on-chip (SoC) development—
offers advantages due to its vendor independence and
compatibility with various CAD tools and target technologies.
This flexibility facilitates integration into model-based
development workflows.
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Abstract—

A new trend of offloading real-time (RT) systems to edge
computing platforms is emerging. Function-as-a-Service, a type
of serverless computing, has useful applications for RT systems
by offloading aperiodic tasks to the edge, or by reducing over-
provisioned periodic tasks. Due to their comparatively low
overheads, containers are an attractive alternative to VMs for
supporting RT serverless computing. However, containers still
have relatively long cold startup times. WebAssembly (WASM)
has been suggested for use in non-RT serverless edge computing.
Due to its short cold startup times, it can also be a potential
alternative to containers. We explore this by running synthetic
benchmark tests to see the timing performance of WASM
runtimes in comparison to a container. We compare the startup
times and execution times of different WASM runtimes and a
container, with the goal of determining which of them is better
in which situations. Furthermore, we discuss the qualitative
suitability of WASM as compared to containers for RT serverless
edge computing.

Index Terms—WebAssembly, Container, Real-time, Safety-
critical, Cloud computing, edge computing, Serverless, FaaS

I. INTRODUCTION

As seen in recent EU projects such as SECREDAS [1], a
new trend of offloading real-time (RT) systems applications is
emerging. Edge computing is becoming popular as it enables
data processing on edge nodes that are located only a few
network hops away. This minimizes and bounds the worst-
case network latency, which is crucial for RT systems.

Previous works [1], [2], [3], suggested fine-tuned versions
of cloud hypervisors (e.g., KVM [4]) for real-time cloud/edge
nodes, allowing multiple operating systems/applications to run
on the same physical machine in Virtual Machines (VMs).
Hypervisors provide strong CPU-level temporal isolation and
memory-level spatial isolation, in addition to security. How-
ever, VMs come with significantly higher resource usage and
performance overhead.

Some works [5], [6], [7], [8] have explored containers (e.g.,
docker [9]) as a lightweight alternative to VMs, especially for
supporting RT serverless/Function-as-a-Service (FaaS) com-
puting. Serverless computing allows for automatic scaling
of resources based on demand, saving costs and improving
efficiency. FaaS allows developers to write and deploy code
as individual functions to be executed in response to spe-
cific events, and can be used for offloading aperiodic real-
time applications to the edge. Periodic RT applications can
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also use serverless computing to help reduce resource over-
provisioning between periodic invocations.

Although containers have much lower runtime overheads
(near-native application) compared to VMs, they can still
suffer from large (100s of milliseconds) cold startup times
(i.e., on first invocation) for initialization and resource pro-
visioning [10]. A way to tackle cold startup problems for
RT applications is by over-provisioning CPU and memory
resources to keep container (or VM) instances warm between
invocations [8], [1], [11]. However, this is contrary to the
resource efficiency goal of serverless computing.

Previous work on non-RT serverless edge computing
(e.g., [12], [13]) proposed using WebAssembly (WASM) [14],
a binary instruction format, due to negligible cold startup
times. WASM allows developers to compile code written in
programming languages such as C++, Rust, and Go into a
portable format that can be executed on multiple hardware and
software platforms. WASM also has potential for use in RT
systems as it runs code in a sandboxed environment, providing
isolation and security like containers/VMs.

However, the WASM runtime environment can introduce
additional overhead compared to native/container-compiled
code. In addition, WASM is still a relatively new technology
and needs more exploration to understand its suitability for
RT systems.

Previous works [15], [16], [13], [14] have generically
analyzed the performance of WASM runtime compared to
containers for IoT or execution as native Linux application
or execution of WASM code in the browser. We, on the
other hand, use benchmarks to understand the difference
between the cold startup times and runtime overheads for
WASM runtimes (Wasmtime [17], WebAssembly Micro Run-
time (WAMR) [18]) and docker containers. Our study is not
about proving one technology’s superiority over another. It’s
about understanding the suitability of Docker container or
WASM for different use cases; and if WASM is better suited
for a specific use case, we aim to identify which particular
WASM runtime is the best for that use case. We performed
an experimental evaluation on a server-grade edge node (Dell
R640 [19]) with 2" Gen Intel Xeon Gold Processor [20] (2.3
GHz, 16 cores) and 8 GB RAM running Ubuntu 24.04.

The remainder of the paper is organized as follows: Sect. II
presents related work on the suitability of WebAssembly for
edge computing. Sect. III gives a brief overview of We-



bAssembly runtimes. Sect. IV describes our tests to compare
the performance of WASM runtimes and docker, and presents
the results. Sect. V discusses factors in deciding between
WASM runtimes and containers. Sec. VI concludes the paper.

II. RELATED WORK

Grosch et al. [21] position WebAssembly (WASM) as an
essential enabling technology for designing distributed appli-
cations across the Edge-Cloud continuum. They proposed a
theoretical edge-cloud framework based on WASM to sup-
port real-time applications and meet their safety, timeliness,
and reliability requirements. Zaeske et al. [22] integrate a
WASM interpreter in a safety-critical ARINC 653 Hypervisor
and demonstrate the approach’s feasibility by assessing the
resultant binary size and performance.

Previous work, such as [23], [15], [13], [12], have proposed
using WASM for serverless (edge) computing, esp. to support
Function-as-a-Service (FaaS). Gackstatter et al. [13] argue that
the high cold-start latencies of containers render them useless
to support unpredictable and bursty workloads and may cancel
the latency benefits that come with edge computing when
serverless functions are deployed. Hall and Ramachandran
[12] demonstrated how a WASM-based serverless platform
may provide similar isolation and performance guarantees of
container-based platforms while reducing average application
cold start times and the resources needed to host them. Pham
et al. [15], [24] evaluated WASM as an alternative to Docker
containers for IoT applications. [15] demonstrated that WASM
has a modest performance cost over Docker containers and
provides security to applications. Kjorveziroski et al. [23]
compared the cold start delays and total execution times of
three WASM runtimes: WasmEdge, Wasmer, and Wasmtime
to the performance of the containerd container runtime. They
showed that WASM runtimes have better results in most tests,
and Wasmtime is the fastest runtime among those evaluated.
Jangda et al. [16] conduct a large-scale evaluation of the
performance of WASM vs. native using the SPEC CPU suite
of benchmarks. They showed that applications compiled to
WebAssembly run significantly slower. Bosamiya et al. [25]
implemented two techniques to produce provable safe WASM
code. Their evaluation of these two techniques indicated that
WASM can be leveraged to produce provably safe multilingual
sandboxing with performance comparable to standard, unsafe
approaches.

Contrarily, we use PolyBench/C [26] benchmark to under-
stand better the difference between the cold start times and
runtime overheads for WASM using three different runtimes
and their different modes. We also compared cold start times
and runtime overheads with docker containers. We focus
on understanding workloads for which a particular WASM
runtime excels or workloads where containers outperform
WASM.

III. WEBASSEMBLY RUNTIMES

WebAssembly binaries are run by software called We-
bAssembly runtimes. There are many existing non-web en-
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vironment WASM runtimes for executing WASM binaries.
In this paper, we present the results of testing two WASM
runtimes: Wasmtime, and WebAssembly Micro Runtime
(WAMR). We also tested Wasmer, but, since it performed
worse than the other two runtimes, we don’t show its results
to save space.

One difference between WASM runtimes and container
runtimes (such as containerd), is that WASM runtimes are
responsible for translating WASM binaries so that they can
run on the target platform, whereas container images already
have natively-compiled binaries.

WASM runtimes can also have different running modes:
interpreter, Ahead-of-Time compilation (AOT), and Just-in-
Time compilation (JIT).

When running in interpreter mode, the runtime executes the
equivalent native instruction(s) for each WASM instruction.
With AOT, the WASM binary is compiled into its native
equivalent in advance, while with JIT, the compilation is done
at runtime.

AOT offers the best performance in terms of startup and
runtime execution, but this requires compiling the WASM
binary for the intended platform, which trades off some
flexibility of WASM. JIT retains this at the cost of some
performance overhead, but not as much as interpreter mode,
which is why we used JIT for our tests.

Runtimes can also have different compiler backends that
affect their timing performance. Wasmtime uses Cranelift as
its backend compiler. It aims for fast compilation speeds while
generating code that performs almost as well as LLVM or gcc.

WAMR has two JIT tiers: Fast JIT and LLVM JIT. Fast
JIT has a faster startup time compared to LLVM JIT, but at
the cost of execution time performance. WAMR also supports
runtime dynamic tier-up from Fast JIT to LLVM JIT, referred
to as multi-tier JIT.

IV. EXPERIMENTATION

In this section, we present our testing of different We-
bAssembly runtimes and Docker. The goal of these tests are
to determine where WebAssembly is better than containers in
terms of total execution time.

All tests were performed on a Dell R640 server with an
Intel Xeon Gold 5218 processor and 8 GB of RAM running
Ubuntu 24.04. The processor has 16 cores, 22 MB of cache,
and has a max turbo frequency of 3.9 GHz but was limited to
its base frequency of 2.3 GHz for our tests.

We used the PolyBench/C [26] benchmarks for our tests. It
is a collection of benchmarks used in many papers evaluating
WebAssembly performance.

We used the Alpine docker image as a base image for our
test container. This image is based on Alpine Linux, a small
and simple Linux distribution based on musl libc and busybox.

WebAssembly binaries were generated using WASI SDK
(wasi-sdk-21), a WebAssembly C/C++ toolchain. Both WASM
and native binaries were compiled with clang using the same
optimization options (e.g., -O3).



A. WebAssembly runtimes and container comparison

We ran each PolyBench/C benchmark 25 times with the
docker container and each runtime’s available compiler.

container ’—
wasmtime - +
wamr _|
fast
wamr _|
llvm
wamr _|
multi-tier
T T T T T T T
0.0s 0.1s 0.2s 0.3s 0.4s 0.5s 0.6s
Time

Fig. 1: Startup times.

When offloading RT tasks, the startup time must be included
in the WCET, since it delays task completion. Figure 1 shows
the startup time results. The startup times were relatively sim-
ilar for each category regardless of the benchmark. WAMR’s
fast JIT and multi-tier JIT had the fastest startup times at
around 26ms on average, followed by Wasmtime at roughly
46ms. WAMR’s LLVM JIT’s startup time averaged at around
315ms, which was slower than the container, whose average
was around 268ms. It is, however, important to note that
the startup time of a container can vary a lot depending
on the configuration of the image [27]. Note also that this
overhead is only present in the first invocation of a task, since
WASM runtimes cache the compiled version of the binary, and
containers don’t need go through the same setup if they are
kept live. Periodic tasks, in particular, only suffer this penalty
at the start.

Figure 2 shows the total execution times (i.e., from start-
ing the runtime/container until the end of main ()) of the
runtimes and the container for each benchmark. For bench-
marks that last less than a second, WAMR’s LLVM JIT and
the container performed significantly worse compared to the
others. This is largely due to their startup times, which were
longer than the total execution time of the others. In most of
the longer benchmarks, they outperform the other three.

B. Prolonged benchmark test

The previous test showed that the container and WAMR’s
LLVM IJIT perform better in benchmarks that lasted longer,
but this may be due to the workload of the benchmark itself,
and not just the duration of the benchmark.

For this reason, we conducted a prolonged benchmark
test where we ran the main () function of each benchmark
multiple times continuously, and noted the time for each
run. This simulates a periodic task over multiple jobs, or an
aperiodic task with a long duration workload. Doing so allows
us to see the trend of how the container and the runtimes
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perform over a longer time period. The first timestamp in
this test is equivalent to the total duration that was measured
in the previous test, while subsequent timestamps no longer
have a startup period since the WASM runtime/container is
not restarted.

To save space, we only show a few selected graphs in Figure
3 which show trends that are representative of what can be
observed in other benchmarks. In 8 of the benchmarks, the
container had the fastest times after a prolonged run, while in
20 of the benchmarks, either WAMR’s LLVM JIT or multi-tier
JIT had the fastest times.

V. DISCUSSION

As shown in the previous section, WASM with fast JIT
compilers have a clear advantage for short workloads because
of its fast startup. This is not a big advantage for longer
workloads, where having a more optimized binary is more
important, as shown in our prolonged benchmark test. Thus,
when deciding on what to use for offloading a task to an edge
server, the expected duration of a task should be considered.
WAMR’s multi-tier approach is of particular interest since it
attempts to get the best of both worlds by using a fast compiler
at the start and switches to a slower compiler, which is better
at optimizing, later on.

Contrary to our expectations, the container did not have
the fastest times for the majority of the benchmarks in the
prolonged test. This needs to be investigated further since it
implies that WASM can perform better than natively-compiled
code.

We also want to note that while synthetic benchmarks can
be indicative of performance, they don’t completely represent
real-world workloads. Further tests that run workloads closer
to real-world applications are needed.

A. Qualitative Analysis

a) Practical implications: There are other practical as-
pects to consider when deciding between using WebAssembly
and containers.

Even a minimal container image like the Alpine docker
image is 5 MB in size, while a WebAssembly binary could
be as small as several kilobytes. This has implications on the
bandwidth and storage usage of the intended application.

WebAssembly is also platform-independent. Having a single
binary for different server platforms that an application may
run on is a significant advantage. Edge servers may have differ-
ent architectures, which necessitates different native binaries
that will have their own overheads in terms of maintenance
and certification.

b) Limitations of WASM runtimes: WebAssembly in non-
web environments is still relatively early in development and
does not yet have support for many features.

An example of this is setjmp/longjmp support, which is
used in exception handling. This feature has not yet been
standardized in WebAssembly, which makes it difficult or
perhaps even impossible to use WebAssembly in the many
applications that use it.
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Another example is thread support. While the wasi-threads
proposal has already been implemented in some WebAssembly
runtimes, others have yet to add support for it. This limits
the use of some WebAssembly runtimes for multithreaded
applications.

These issues, including several others, were encountered
when we attempted to compare WebAssembly and containers
with a practical application, specifically the You Only Look
Once (YOLO) framework used for real-time object detection
[28]. We needed to work around these issues to get it to
compile to WebAssembly. Due to these workarounds, we were
not sure if it was still a valid test. For a sample object-detection
test case, the native binary took about 300 milliseconds on
average to make a prediction. In comparison, Wasmtime took
about 2 seconds on average. WAMR took about 3.5 seconds
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on average, but it was only spawning 4 processing threads,
as opposed to creating a thread for each core similar to
Wasmtime and the native binary, even when specifying 12
as the max number of threads. Lastly, Wasmer crashes since
it would reach the maximum number of open file descriptors
because it would not close files that the application should
only temporarily have opened.

As we noted earlier, these issues are likely due to We-
bAssembly still being relatively young, and most would likely
be addressed in the future.

VI. CONCLUSION

In conclusion, our assessment of WebAssembly runtimes
and containers for real-time serverless computing has high-
lighted the potential of WebAssembly for short periodic and
aperiodic tasks at the edge. While shorter startup times make
WebAssembly runtimes advantageous for specific applications,
the significance of startup times diminishes for longer ex-
ecution time tasks, where containers with optimized code
compilers may offer better performance.

WAMR’s multi-tier approach shows promise in addressing
performance drop-offs for longer WCET tasks, presenting an
interesting area for further research. A possible avenue for
real-time serverless edge computing research is to see if it
can combine WebAssembly’s quick startup advantage with the
better long-term performance of native binaries in containers.

When utilizing WebAssembly for real-time serverless com-
puting, it’s crucial to consider factors such as platform in-
dependence. This is particularly important as the technology
continues to evolve and additional essential features are yet to
be added.

Future work will focus on exploring why WAMR out-
performed the container in prolonged benchmark tests. This
investigation is crucial to understand whether this trend holds
for different types of tasks. We also plan to extend our testing
to real-world application workloads like the ECRTS ARM
industrial challenge.
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Abstract—While targeting a reduced energy consumption for
the embedded real-time systems community, different techniques
exist and, in this paper, we are interested in Dynamic Voltage and
Frequency Scaling. Quan and Hu propose an algorithm ensuring
an energy-optimal CPU frequency assignment for executing
independent programs on a single-core processor under real-
time constraints. Since its optimality is proposed for CPU variable
frequencies, we propose to add variable frequency assignment for
memory accesses to the problem solved by Quan and Hu. Based
on numerical evaluation of energy consumption of TACLeBench
programs, we study the impact of both CPU and memory accesses
frequencies on the energy consumption but no existing energy
model considers these two factors. Moving back to the existence
of an optimal algorithm to assign both frequencies, one may
propose to find the appropriate pair of CPU-memory accesses
frequencies, but an appropriate energy model is required to
compare two different pairs.

I. MOTIVATION, OUR PROBLEM AND EXISTING RESULTS

Since reducing energy consumption is a major concern
for the embedded real-time systems community, techniques
like Dynamic Voltage and Frequency Scaling (DVFS) [1] and
Dynamic Power Management (DPM) [2] have been developed.
In particular, DVFS consists of reducing processor voltage and
frequency to reduce power consumption while meeting timing
constraints. Nonetheless, in the literature this technique mainly
considers the processor frequency (or the CPU frequency) and
not the memory frequency. In this paper, we study the impact
of memory accesses on energy consumption and discuss the
existence of an optimal frequency assignment algorithm for
CPU and memory accesses.

Our problem More precisely, we consider a real-time
system composed of a set 7 of n independent, synchronous,
implicit deadline, periodic tasks {7y, 72, - - , 7, } scheduled by
a preemptive fixed-priority scheduling algorithm on a single
COre processor.

Each task 7; is defined by its worst-case execution time
(WCET) C}, and its period T; equal to its deadline. An
execution or instance of a task 7; is called job. The execution
time of the j** instance, i.e. the j'* job, of task 7; is
denoted c;. The execution time of a job is not necessarily
equal to the WCET of the task. Since we deal with periodic
tasks, a task releases a job at any instant k * T;, where k € N.

Within the paper, unless stated otherwise, we consider a
fixed-priority algorithm. Without any loss of generality, the
priority assignment is given: the tasks are ordered in the
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decreased order of their priorities, i.e., 7; has a higher priority
than 7; if ¢ < j. Tasks are executed on a processor with one
core and one memory storage, each of which has an associated
execution frequency, i.e., new operations are performed at
each new cycle. The processor frequency is denoted as f,
and the memory frequency is denoted as f,,. Moreover, f,
and f,, vary by having discrete values respectively within
the interval [0, f;"**] and [0, f;7**] with f*** maximum
processor frequency and f;%* maximum memory frequency.
Since an execution time of a task 7; depends on CPU and
memory frequencies, we denote it as c{ pram

In this paper, we consider that the hardware features of
the processor are such that we cannot modify the frequency
during the execution of a program to match realistic hardware
components. Thus, within our model of real-time system we
consider that both frequencies, memory and processor are fixed
during the schedule.

Existing work To the best of our knowledge, there is no
result providing a solution of finding an optimal frequency
assignment for both CPU and memory accesses to minimize
energy consumption for the real-time systems considered in
this paper. If one considers only the CPU frequency, then Hong
et al. [3] propose a heuristic scheduler, while Quan and Hu
provide a heuristic [4] and then a speed schedule for a fixed-
priority real-time system, based on the offline algorithm of Yao
et al. [1], that leads to a minimal energy consumption [5].
Moreover, these results consider that the CPU frequency is
modifiable during the execution of tasks. Interestingly, Kim et
al. [6] show that the lowest processor and memory frequencies
do not always imply the lowest energy consumption.

Organization of the paper: We provide a detailed de-
scription of our experimental environment, then we propose a
discussion on obtained energy consumption measures as well
as the identification of future work.

II. DESCRIPTION OF EXPERIMENTAL ENVIRONMENT

We consider a real-time system composed of tasks or
programs of the benchmark TACLeBench [7] executed on a
Raspberry Pi 3 model B+ [8]. This micro-controller has a 64-
bit ARM Cortex-A53 quad-core processor, whose frequency
should vary from 600 MHz to 1400 MHz. The memory is
an SDRAM. The default minimum and maximum values set
for the memory frequency are respectively 400 MHz and



500 MHz [9]. The operating system used is Raspberry Pi OS,
a Linux operating system based on Debian.

In order to monitor the energy consumption, we use the
power analyser Otii Ace Pro [10] and its associated software,
Otii 3 Desktop App [11].

There are three steps in our experiments. The first one con-
sists of creating several test programs with different quantities
of memory accesses. The second step involves building a
real-time system to study the impact of CPU and memory
access frequency on the energy-consumption and the third
step consists of measuring the energy consumption of our test
programs and our system.

Building test programs We build four test programs. The
first two programs are test programs that are used to control
the impact of memory accesses, and the last two are actual
applications on a realistic benchmark, TACLeBench [7].

The first program, called test_mem, involves allocating a
two dimensional array and doing write accesses on each cell.
These accesses are made in a way to maximise cache misses
and, thus, memory accesses. Indeed, if at the iteration k we
access the cell at the position (¢, ), with ¢ representing the
row number and j the column number, then we access the
cell at the position (¢ + 1, j) at the iteration k + 1. The second
program, called test_cpu, consists of looping as many times
as there are cells in the array of the previous test. In this way,
we have two control tests against which to compare energy
consumption results.

The last two consist of executing one application of the
benchmark TACLeBench [7] in a loop, however they differ
with their sensitivity to the CPU frequency. The third program
is statemate, executed in a loop of 100 iterations. It is chosen
among all the TACLeBench tasks, because its execution time
is less sensitive to the CPU frequency. Thus, this program is
performing more memory requests (see Section III.B in [12]).
The fourth program is ammunition. For this task, the execution
time is more sensitive to the CPU frequency and should
have less memory accesses [12]. Contrary to statemate, it is
executed in a loop of 10 iterations due to its larger execution
time.

All these tests are set to the highest priority with the
set_priority function. Moreover, we transmit a message
to the power analyser through the Universal asynchronous
receiver transmitter (UART) protocol [13] at the beginning and
at the end of each test. These messages are used to get precise
timestamps of the beginning and the end of each measure.

Description of the real-time system Last section consider
specific programs in isolation, however our real-time system
is more complex, with several tasks. Therefore, we build a
program called global_system composed of three tasks of
TACLeBench [7] described in Table I : statemate, ndes, and
cjpeg_wrbmp. These tasks are chosen since their execution
times are less sensitive to the processors speed and, therefore,
their number of memory accesses is higher than other tasks
(see Section IIL.B in [12]).

The experimentation is done in two steps: First, the execu-
tion time of these three tasks are measured at the maximum
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TABLE I: Task parameters of the systems

Tp=T400, [, =500

Task ic T;
statemate 1 1.60 ms 9.86 ms
ndes 2 1.61 ms 9.86 ms
cjpeg_wrbmp 3 1.72 ms 9.86 ms

CPU and memory frequencies. Every application is executed
on a single core with the sched_setaffinity function.
To ensure our measures are as reliable as possible each
program is set to the highest priority in the user-space with the
set_priority function. Moreover, we disable, via raspi-
config and config.txt the desktop mode, the camera mod-
ule, Bluetooth, Wi-Fi and interfaces options (Serial Periph-
eral Interface (SPI) [14], Inter-Integrated Circuit (I12C) [15],
Wire [16], Virtual network computing VNC [17], and Remote
General Purpose Input/Output (GPIO)). Each application is
executed 500 times. The execution time is measured with the
perf command. Averages, standard deviations and 99% con-
fidence intervals are then computed [18]. The execution times
are the upper limit of the confidence intervals.

Second, we implement a scheduler [18]. The scheduler
executes 1000 times a loop corresponding to the hyper-period
of the real-time system. At the end of a loop, we check
whether the tasks have been completed on time. If a deadline is
missed, we end the program, thus the result is not considered
in our experimentation. At the beginning and the end of the
scheduler, we transmit a message to the power analyser with
the UART protocol as in the test programs. Applying Quan and
Hu’s speed schedule to our system gives us a single interval
with an associated speed which is the initial speed, thus the
initial frequency, divided by two.

Energy consumption measures We power supply the
power analyser Otii Ace Pro [10] with an adjustable power
adapter. We connect the power analyser to 5V and Ground pins
of the micro-controller Raspberry Pi 3B+ through banana to
jumper wires and to a computer through a USB wire. We also
connect RX and Digital Ground pins of the power analyser
respectively to 7X and Ground pins of the micro-controller
to capture UART logs. We use the software Otii 3 Desktop
App [11] to switch on the power analyser which switches on
the Raspberry Pi 3B+.

Since the micro-controller has a quad-core processor, we
disable three of them to get a single core by setting
maxcpus=1 in /boot/firmware/cmdline.txt.

In order to see how energy consumption evolves and to
figure out a pattern, we measure the energy consumption under
different frequency assignments for CPU and memory. We
call a configuration a pair of CPU frequency and memory
frequency (fp, fm). For each configuration, we measure our
programs 100 times.

The configurations ( fy, f,) we choose for our test programs
test_cpu, test_mem, statemate and ammunition are the ones
with f,, varying from 200 MHz to 1400 MHz in steps of 200
and f,, varying from 200 MHz to 500 MHz in steps of 100.
The ranges chosen for the memory frequency are similar to
the ones used in [12].
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For the global_system program, the CPU frequency is set
up to 700 MHz according to Quan and Hu’s algorithm output.
We measure the energy consumption under different memory
frequency assignment; f,,, € {200, 300,400, 500, 600}.

CPU frequency is set with arm_freqg in
/boot/firmware/config.txt. Since we do not want the frequency
to lower during the execution, we set arm_freg min in
/boot/firmware/config.txt with the same frequency. In the
same way, memory frequency is set with sdram_freq and
sdram_freqg min in /boot/firmware/config.txt.

Although, lowering the CPU frequency under 600 MHz
does not results in power savings, we keep configurations
where the CPU frequency is below 600 MHz to observe power
consumption patterns, especially when the memory frequency
is equal to or higher than the CPU frequency. The same goes
for the memory frequency, even if it is not explicitly mentioned
that memory frequencies below 400 MHz are not supported.
In addition, we go above the indicated maximum frequency
of the memory for the global_system program since we can
overclock the SDRAM in order to have an additional power
consumption value.

III. DISCUSSION ON ENERGY CONSUMPTION RESULTS
AND FUTURE WORK

The results obtained are in two CSV files [18] for repro-
ducibility purpose. One is about power consumption results
and the other contains the UART log. A power consumption
is given every 20 microseconds. We compute the average
power consumption of each measures and then we compute the
average power consumption between all measures [18]. To do
that, we consider power consumptions whose timestamps are
included between the timestamps “end” and “begin* given in
the UART log file. Timestamps in the UART log file are given
in milliseconds. It is not the same precision as the timestamps
in the power consumption file but is sufficient for our measures
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since the power consumption does not vary significantly during
one millisecond. In addition, standard deviations, minimum
and maximum are also computed [18].

When we look at the results of our test programs (Figures 1—
4), we first see that the program fest_mem is more power
consuming than fest_cpu as expected since fest_mem does the
same as test_cpu but with more memory accesses. Moreover,
ammunition is more power consuming than statemate. The
program ammunition has less memory accesses so the vari-
ations of the power consumption is mainly due to CPU fre-
quencies. Conversely, with statemate, the memory frequency
seems to have more impact than the CPU frequency on the
power consumption. It is consistent with the characteristics of
this task which has more memory requests.

The Rasberry Pi3 model B+ has a supported memory
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a CPU frequency of 700 MHz for global_system

frequency range of 400MHz to 500MHz [9] (these limits are
represented by the vertical red lines in Figures 1-5). On this
specific interval, one can observe that no matter the CPU
frequency, the power consumption obtained at higher memory
frequency, i.e., f,,, = 500 MHz, is equivalent or lower than the
power consumption obtained at lower memory frequency, i.e.,
fm = 400 MHz.

When we consider lower CPU frequencies, the lowest power
consumption is almost every time associated with the highest
memory frequency. We observe that this is never the lowest
memory frequency, nor the one closest to the CPU frequency
that leads to the minimal energy consumption. Most of the
time, the patterns of the power consumption in Figures 1-4
are either decreasing curves, or curves that increase and then
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decrease. Based on these results, there is a single memory
frequency (this frequency differs according to the programs
and the CPU frequency) that leads to the highest power
consumption which means that, starting from this frequency,
we can either increase or decrease the memory frequency to
lower the power consumption. Given that lowering the memory
frequency increases the execution time [12], it is better to
increase the memory frequency to lower the total energy con-
sumption. However, sometimes the curves of power consump-
tion decrease, increase and then decrease again. Moreover, the
power consumption decreases with the CPU frequency until
the minimum default value which is f, = 600 MHz as expected
since lowering the CPU does not results in power savings [9].

As for the power consumption of the considered real-time
system, we observe that the behaviour of the power consump-
tion differs from the one of the test programs. Indeed, we
can see in Figure 5 the power consumption is increasing with
the memory frequency. If we link this result to the analysis
done in the previous paragraph, it could mean we should
increase the memory frequency to get the memory frequency
leading to the highest power consumption. Notwithstanding,
the power consumption is increasing very slowly. The lowest
power consumption in this case is obtained when the memory
frequency is set to 200 MHz and equals 2.60 W. The highest
power consumption is obtained when the memory frequency
is set to 600 MHz and its value is 2.64 W. Although both
power consumptions are very close, we can get a lower
power consumption. Therefore, there is a gain of 1.5% in
power consumption when exploiting the impact of memory
frequency.

Yet, in terms of gain in power consumption the highest we
get are with statemate at f, = 400 MHz with a reduce rate of
7.4% or with test_cpu at f, = 400 MHz with a reduce rate
of 8%. Indeed, with statemate we get a power consumption
of 2.69 W at f,,, = 200 MHz and 2.49 W at f,, = 500 MHz.
For test_cpu, the power consumption equals 2.62 W at f,,
200 MHz and then decreases to 2.41 W at f,,, = 500 MHz.
However, fest_cpu is not supposed to have a lot of memory
accesses.

Nevertheless, the measures show huge variations of power
consumption, in spite of the pattern of the power consumption
for each program. Indeed, the power consumption varies from
1.8 W to 4 W. Even when the CPU is idle, the power
consumption varies around the same values.

Our discussion indicates that an energy model considering
both CPU and memory accesses frequency is not straightfor-
ward. Moving back to the existence of an optimal algorithm
to assign both frequencies, one may propose an exhaustive
search algorithm by considering all possible pairs of CPU-
memory accesses frequencies in order to identify the one with
the lowest energy consumption. Nevertheless, an appropriate
energy model is required to compare two different pairs within
this exhaustive search algorithm. In conclusion, we identify as
future work the proposition of an appropriate energy model as
mandatory condition towards the proposition of an optimal
algorithm.
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Abstract—Segregated Fit and Two-Level Segregated Fit are two
common dynamic memory allocation algorithms used in real-time
systems, due to their constant-time allocation and deallocation of
memory.

We pose a model where these allocation algorithms run on a
host system but manage device memory. This model is exemplified
in accelerated applications without unified memory that copy
data in and out of device memory before and after a kernel
call. Managing device memory from the host device incurs the
following constraint: the allocator can’t read the memory it is
managing. This means we are unable to use boundary tags, which
is a concept that has been ubiquitous in nearly every allocation
algorithm, including segregated fit and two-level segregated fit.
In this paper, we propose alternate designs to work around this
constraint, and discuss in general the implications of this system
model.

Index Terms—GPU, FPGA, hardware acceleration, heteroge-
neous computing, memory management

I. INTRODUCTION

This paper concerns itself with real-time dynamic memory
management, i.e., algorithms to manage a heap of memory that
clients can request and free blocks from at any time, and do so
in O(1) time. The field of dynamic memory management could
be said to have been started by Knuth [1]. Some 30 years of
progress is well summarized by Wilson and Johnstone [2][3] in
their comprehensive survey. Since then, further improvements
have been made [4][S][6][7], but overall the subject can be
considered to be highly mature.

Most existing memory management algorithms include
metadata as headers or footers within allocated blocks. In
contrast, our system model assumes that the allocator is
running on a host system, managing device memory. This may
occur, for example, if part of a computation is offloaded to
a GPU or FPGA device while the rest of the computation
runs on a multicore processor. This in turn implies that the
compute device cannot (conveniently and efficiently) access
the memory it manages. Therefore, any data needed by the
allocation algorithm cannot be stored in its allocated blocks.

We motivate this system model by considering the usecases
surrounding how device memory is managed. In the current
state of the art, memory allocation/deallocation is either done
on the peripheral compute device in often proprietary device
drivers. This causes memory allocators to be treated as a fixed
black box.

However, different applications may have differing needs
to manage their memory. The most optimal allocator may
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be high performant, real-time constrained, or have domain-
specific characteristics catering to the application. Fixing the
allocator choice in proprietary drivers and hardware denies
developers the choice to optimize this aspect of their program
through selective mapping of portions of the application and
its supporting libraries to different computational devices. Ex-
amples of such applications include drone cinematography [8]
and real-time hybrid simulation experiments in earthquake
engineering [9].

For our work, we assume that existing hardware and drivers
are used to allocate arbitrarily large blocks of memory, but
finer-grained memory allocation is then done in userspace
by the host machine. As was mentioned previously, these
allocators are constrained by the inability to read the memory
they are managing and cannot store metadata in allocated
blocks. We present alternative algorithms that overcome this
constraint.

In Section II, we propose alternative measures to overcome
this constraint of being unable to read managed memory.
In Section III, we present our updated alternative allocation
algorithms. We compare the performance of one of our algo-
rithms to the default CUDA memory allocation functions in
Section IV. Finally, we conclude in Section V with thoughts
on implementations and usecases for this work.

II. ALTERNATIVES TO FREE LISTS

Our paper explores a model in which device memory is
managed from the host. This prevents the allocator from read-
ing the memory being managed, which creates a new challenge
not present in traditional memory allocation schemes. We
cannot use boundary tags, a standard approach that was first
mentioned by Knuth [1].

The traditional usage of boundary tags is illustrated in
Figure 1. A free list is formed by a linked list of blocks that
are available for reuse. The header points to the next element
in the free list, and the footer points to the header of the
same block, which enables coalescence between two adjacent
blocks in O(1) time. After a block is freed, one can subtract
the footer size from the block’s address to obtain the address
of the header of the prior block. From there, one can check if
that prior block is in the free list, and if so, the two will be
coalesced. The next block in the free list can also be checked
to see if it’s adjacent in memory, possibly coalescing a total
of three blocks.
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Fig. 1: Demonstration of Boundary Tags

A. Hash Tables

The strategy we propose is to use a hashtable, keyed by
device memory address, to store all the information typically
found in the header and footer of an allocated block.

The traditional algorithms for free-list traversal and coales-
cence operation would need to be modified to accommodate
an extra step to lookup data in the hashtable. Additionally, the
in-use blocks would also need to be tracked in the hashtable as
well, as they also have necessary information in their header
and footer.

With the use of hash tables, we aim to achieve O(1)
allocation and deallocation, so co-mingling free and in-use
blocks will not be a major performance concern.

The key for the hash table is the address of a block. The
value contains i) the block size, ii) the address of the next
block in a free list, iii) the address of a previous block in
a free list, iv) the address of the previous block adjacent in
address space. Thus we can create, in effect, free lists that span
across a hash table. The ability to easily maintain multiple free
lists is useful for segregated fit algorithms.

The primary downside of this approach is the overhead.
Each entry contains 6 words (the key, block size, two refer-
ences for a doubly linked list, one reference for a prior adjacent
block, and a reference for a separate list linking collisions in
the hash table). This means that in the worst case scenario,
minimum allocation size of one word, the overhead is ~ 83%.
This is comparable to the worst case overhead of 80% seen in
doubly linked free lists in conventional host-only algorithms.
However, we only recommend this approach for applications
with a fewer small allocations, such as those with a larger
minimum block size, or any applications for which segregated
fit algorithms are applicable.

B. Bitmasks

One way to minimize overhead is through the use of
bitmasks. In this approach, device memory is divided equal-
sized chunks, and the only overhead is a single bit in host
memory to indicate whether that block is free or not. If we
consider an allocation size lower bound of 8 bytes to be the
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worst case scenario, this creates an overhead of only 1.5%
(one bit for 8 bytes). That produces 16MB of overhead for a
gigabyte of device memory.

Allocation is done by finding a contiguous string of set bits
in the bitmask corresponding to the desired size. For example,
to allocate 1kB of memory, it is necessary to find a string of
128 bits that are all ones, incurring an O(n) cost for allocation,
on the order of the address space size. The clz and ffs
hardware instructions can be used to accelerate a bitsearch
such as this.

All these bits must then be set to zero to indicate their
corresponding blocks are in use. When the block is freed,
they are all returned to ones (coalescence is implicit here).
This means allocation and deallocation operations also incur
an O(s) cost, on the order of the block size.

Bitmasks have low overhead and relatively high time com-
plexity on the order of allocation size. Because of the low
overhead, a potential use-case is to use bitmasks to manage
a pool of small memory chunks, either of the same size (as
in an object pool) or commingled varying sizes, as described
above.

In order to achieve the real-time O(1l) allocation and
deallocation, the size of the bitmask must be bounded. For
instance, a c1z and f£fs can search a 64-bit string in a single
operation. This feature is also used in segregated fit algorithms
that maintain multiple free-lists of different size classes. The
bitmask serves as an availability mask to indicate which free-
lists are non-empty.

III. SEGREGATION ALGORITHMS
A. Segregated Fit

In segregated fit, multiple free lists are maintained in size
buckets for different powers of 2. Given a requested size to
allocate, it is rounded up to the nearest order of magnitude, and
then the first block from that list is selected. This means (as-
suming no empty free lists) the selected block may be nearly
4x larger than the requested size, causing 75% fragmentation,
as discussed in prior literature [2] [3].

All lists are initialized pointing at a null block: an invalid
block in the hashtable is meant to indicate the end of a free
list. Accompanying this array of lists is an availability bitmap
that can indicate which lists are non-empty. If the free list for
a desired size class is empty, the next eligible list can be found
by using the find-first-set (ffs) bit operation on the bitmap.

Our implementation stores the free lists in a hashtable, as
discussed in Section II-A. Algorithm 1 and 2 show pseudocode
for allocation and deallocation, respectively.

B. Two-Level Segregated Fit for Device Memory

Two-Level Segregated Fit[10][11][6] (TLSF) is a real-time
dynamic memory allocation algorithm. Its primary benefits are
reduced fragmentation and O(1) allocation and deallocation. It
is an extension of segregated fit, dividing class sizes not only
logarithmically, but also linearly, in a two-tiered system.

The allocation and deallocation steps are functionally the
same, except the lookup step requires consulting 2 bitmasks.



Algorithm 1: Allocate memory in segregated fit

Algorithm 2: Deallocate memory in segregated fit

Data: free_lists, bitmask, hashtable, size > 0
> Find available free list large enough to accommodate
requested_bins < 1 < ceil(log2(size));
order <+ ffs(requested_bins);
> Lookup head of candidate list in hashtable
it = ht[free_lists[order]];
free_listslorder] + it.next_free;
it.free = False;
> Split off surplus portion of block
if size < it.size then
new_block.size < it.size — size;
new_block. free < True;
new_block.addr < it.addr + size;
new_block.prev_adj < it.addr;
new_block.prev < 0;
it.size < size;
> Place new block at head of free list in its size
class bin_idx « floor(log2(new_block.size));
new_block.next = free_lists[bin_idx];
new_block.prev = 0;
ht[new_block.next].prev = new_block.addr;
free_lists[bin_idx] = new_block.addr,
bitmask < bitmask | (1 < bin;dz);
ht[new_block.addr+new_block.size].prev_adj +
new_block.addr;
> Insert into the hashtable
ht[new_block.addr] = new_block;
ht[it.addr] = it;
return it.addr;

One is logarithmic and functions just as detailed in Algorithm
1 and Algorithm 2. TLSF differs in that this points at another
bitmask which subdivides the space linearly, as illustrated in
Figure 2. This tier then points to a free list of blocks in that
size class. If the free list is non-empty the linear bitmask will
have a corresponding 1 set. If the linear bitmask is non-zero,
then the logarithmic bitmask will have a corresponding 1 set.

Free list manipulations are done the same way as in segre-
gated fit, so Algorithms 1 and 2 only need to be modified
to account for this two-tiered lookup process and bitmask
manipulation.

C. Hybrid Allocators and Object Buffers

Hybrid approaches may also be employed, using object
buffers to manage object pools for allocations smaller than
a page (<4kB), and segregated lists for larger allocations.

Object pools allow for the efficient management of vast
amounts of small allocations, but are not a practical approach
for larger allocations. A hybrid approach can permit the
benefits of both approaches.

It is important to consider the practical use of such a hybrid
approach in this context. A host-based allocator for device
memory is unlikely to allocate large numbers of small objects,
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Data: free_lists, bitmask, hashtable, addr > 0
it < ht[addr];

left < ht[it.prev_adjl;

right < htlit.addr + it.sizel;

if left.free then

if right. free then
> Coalesce all 3, erase it and right
left.size+ = it.size + right.size;
ht[right.addr + right.size].prev_adj <
left.addr;
> Update bitmask
if right.prev = right.next then
unset_bit + 2floor(log2(right‘size));
bitmask + bitmask & -—-unset_bit;
remove(right);
else
> Coalesce left block, erase it
left.size+ = it.size;
right.prev_adj < left.addr;
if it.prev_free = it.next_free then
unset_bit + 2ceil(log2(it.size));
bitmask + bitmask & —unset_bit;
remove(it);
it = left;
else if right. free then

> Coalesce right block
it.size+ = right.size;
ht[right.addr + right.size].prev_adj < it.addr;
> Update bitmask
if right.prev = right.next then
unset_bit + 2floor(log2(right.size));
bitmask + bitmask & —unset_bit;
remove(right);
> Put coalesced block in free list in its size class
bin_idx <+ floor(log2(it.size));
it.next = free_lists[bin_idx];
ht[it.next].prev = it.addr;
it.prev = 0;
free_lists[bin_idx] = it.addr;
it.free = True;
ht[it.addr] = it;
bitmask < bitmask | 20n-ide;

but rather large memory blocks that are passed to a kernel
call for a hardware-accelerated device. If small allocations
are created, they would be intermediary memory allocated by
device code, likely using a SIMD allocator such as XMalloc[5]
or ScatterAlloc[7]. These allocators are designed to handle
many allocation requests in parallel without the need for locks,
a usecase that doesn’t apply to the host-based model we have
presented in our paper.

So, our usecase would be best served by limiting the
smallest granularity to a medium sized value, such as 4kB,



r Initial free memory pool Firsl level
Second level
50 Free block
131072 ! 0
(1 i
65536 g Bitmap
 _[32768 -] 40960- [49152 - | 57344- M Block header/tail
32768~ 3ooss
16384 TigT
124 0 N
0]
|1} - 48Kb 42Kb
1 ] > > l« 42Kb
0 256 | :
: [0}
,% 1 128 o1}
zm" 64 //% 32-39 ‘ 40-47 ‘ 48-57 ‘ 56-57 ‘
| 32 ‘ ‘x

63b 63b

R =me I
32b |, |33,

Fig. 2: TLSF Data Structure[11]

and exclusively using a segregated fit algorithm.

IV. EVALUATION

To evaluate, we wrote an implementation of Algorithms 1
and 2. We make use of CUDA driver calls to perform initial
allocation of physical memory when the memory pool doesn’t
have an adequate candidate block. After mapping the memory
into virtual address space, it is treated as a contiguous and
fungible memory pool. When a process terminates, all physical
blocks are unmapped.

We compare our work to the default CUDA allocator.
We adapted the malloc-large benchmark from the MiMalloc
benchmark suite[12] to use an implementation of our seg-
regated fit algorithm. This algorithm randomly allocates and
frees blocks 1kB and 16MB in size, several thousand times.

As a baseline, we also ran the benchmark with ordinary
calls to cudaMalloc and cudaFree. The order and size of the
malloc and free operations was consistent between our work
and the baseline. Latency comparisons between the two are
shown in Figure 3.

Our work outperforms the default CUDA allocator by 2
orders of magnitude. There are some outliers during program
initialization where the segregated fit malloc can take upwards
of 2ms, but these disappear as the program settles into a steady
state.

We measure fragmentation in our experiments (Figure 4) by
tracking not only the memory in use by the benchmark, but
also the physical device memory provisioned to the benchmark
process. In our segregated fit allocator, we observe a roughly
50% fragmentation ratio. This is consistent with prior work[2]
on segregated fit. A Two-Level Segregated Fit allocator would
see improved fragmentation[6].

V. CONCLUSION

We note that prior work on dynamic memory allocation
relies on free lists and boundary tags. We’ve posed a hetero-
geneous system model where memory is stored on one device
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and managed from another. After observing that existing al-
gorithms are no longer applicable, we’ve provided alternatives
to free lists and updated versions of classic sequential and
segregated fit algorithms.

An implementation of our segregated fit algorithm was
tested against conventional calls to cudaMalloc and cudaFree.
It was found that, after a warmup period, our work consistently
outperformed the CUDA calls by two orders of magnitude.
This is mainly due to its implicit and efficient memory
recycling.

We do not claim to outperform established GPU allocators
[13] at scale, nor to address their highly parallelized use-
cases. However, in specific circumstances where kernels are
not expected to allocate memory and diverse accelerated com-
putation is combined into a large heterogeneous application,
performance benefits can be achieved by managing memory
on the host. It is unnecessary to invoke device calls to free
memory, and instead it can be dynamically recycled.
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