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LEO Satellites

NASA awards millions to SpaceX and Amazon's
Project Kuiper for satellite communications

BY ALAN BOYLE on April 20, 2022 at 3:24 pm

Arianespace Soyuz rocket launches 34
OneWeb internet satellites into space

By Mike Wall published August 22, 2021

Arianespace has now lofted a total of 288 OneWeb satellites.

0000060

INVESTING IN SPACE

About 150,000 people in Ukraine are
using SpaceX’s Starlink internet
service daily, government official says

PUBLISHED MON, MAY 2 2022.12:03 PM EDT | UPDATED MON, MAY 2 2022.1:25 PM EDT

SpaceX deploys more Starlink satellites,
aims for higher launch cadence

@ April 21,2022 & Stephen Clark
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LEO Satellite Edge Computing
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LEO Satellite Edge Computing
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Shorter Communication Delay

[7] D. Bhattacherjee, S. Kassing, M. Licciardello, and A. Singla, “In-orbit computing: An outlandish thought experiment?” in
Proceedings of the 19th ACM Workshop on Hot Topics in Networks (HotNets 2019), Nov. 2020, pp. 197-204.
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LEO Satellite Edge Computing

Satellite w/
& X 2
Shorter Communication Delay
Where do we allocate servers?
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Opportunities for Resource Placement

 Server Allocation
« Data Replica Allocation
« (Cache Node Placement

» Application Service Replication

Mobile
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LEO Satellite Edge Computing

Where do we allocate servers?
At every satellite?
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Starlink Phase | Constellatio~

4,409 satellites in five “shells”
Walker Delta constellation

Each shell is independent
4,409 satellite servers is a
large upfront investment

5 )4
Y N
SRLEOO X X XY,

Altitude Nodes Orbital VAR AN A s
in km per Plane | Inclination Color %:év/‘x‘;-él‘\'
550 72 22 53°  turquoise
Y S ARa .-
1,110 32 50 53.8° orange % A oty AZ:.A!‘Z%!‘Z i
1,130 8 50 74° purple
1,275 5 75 81° pink
1,325 6 75 70° green
[12]

[12] S.Kassing, D. Bhattacherjee, A. B. Aguas, J. E. Saethre, and A.Singla, “Exploring the “Internet from Space” with Hypatia,” in Proceedings of the
ACM Internet Measurement Conference (IMC 2020), Oct. 2020, pp. 214-229.
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LEO Satellite Edge Computing

Where do we allocate servers?
eyt
Where demand is?
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LEO Satellite Mobility

High Demand Here
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LEO Satellite Mobility

550km Orbit = 95 minute orbital period
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LEO Satellite Mobility
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LEO Satellite Edge Computing

Where do we allocate servers?
eyt
ekl

Evenly across the constellation
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LEO Satellite Network Topology
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LEO Satellite Network Topology
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LEO Satellite Network Topology
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LEO Satellite Network Topology
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LEO Satellite Network Topology
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LEO Satellite Network Topology

&
'

Lgesu_, Y S %‘@H ;;@._@&_I
&

QoS-Aware Resource Placement for LEO Satellite Edge Computing | T. Pfandzelter | ICFEC '22
Page 21

Technische .
Universitat

Berlin

Mobile
Cloud
Computing

EINSTEIN
CENTER

Digital Future




LEO Satellite Network Topology
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LEO Satellite Network Topology
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LEO Satellite Network Topology
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Resource Placement on 2D Tori
? ¢

*  Well-studied problem Py
« Had some grid/cluster computing applications in P il

the 1990s ? °
» Considers the discrete ,hop* distance metric ¢ Py
+ Bae [27], Albdaiwi and Livingston [28], Bae and ® ¢

Bose [29] propose solutions based on Lee error ® ¢

correcting codes

« ,Perfect” solutions exist under some constraints Figure 1. A perfect distance-2 placement in a
«  Non-perfect solutions exist for all tori 13 x 13 torus (wraparound edges not shown).

[27]

[27] M. M. Bae, “Resource placement in torus-based networks,” IEEE Transactions on Computers, vol. 46, no. 10, pp. 1083-1092, 1997.
[28] B. F. Albdaiwi and M. L. Livingston, “Perfect distance-d placements in 2D toroidal networks,” Journal of Supercomputing, vol. 29, no.
1, pp. 45-57, 2004.

[29] M. M. Bae and B. Bose, “Spare processor allocation for fault tolerance in torus-based multicomputers,” in Proceedings of the Annual
Symposium on Fault Tolerant Computing, Jun. 1996, pp. 282—291.
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Resource Placement on 2D Tori
[ 1
*  Well-studied problem
« Had some grid/cluster computing applications in 'l
the 1990s R
* Considers the discrete ,,hop“ distance metric hd Py
+ Bae [27], Albdaiwi and Livingston [28], Bae and
Bose [29] propose solutions based on Lee error ®

correcting codes

1]

+ ,Perfect” solutions exist under some constraints Figure 1. A perfect distance-2 placement in a

*  Non-perfect solutions exists for all tori
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The Issue with Discrete Berln
Distances: Two Starlink Shells

—
—
.-I
j -
_—
e}
—
-
-

0

Planes (N): 8 Planes (M): 72
Nodes/Plane (M): 50 Nodes/Plane (M): 22
Altitude: 1,130km Altitude: 550km
Inclination: 74° Inclination: 53°
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The Issue with Discrete S
Distances: Two Starlink Shells

Planes (N): 8 Planes (M): 72
Nodes/Plane (M): 50 Nodes/Plane (M): 22
Altitude: 1,130km Altitude: 550km
Inclination: 74° Inclination: 53°
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Calculating the Distances

« D, is easy as satellites are evenly
spaced along their orbit

Altitude

Du = (s -I—‘-;L-)\\/2(1 _ cos(%))

L1_J

Earth
Radius

* assuming the Earth is a sphere
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Calculating the Distances

+ Dy changes over time Closer near the poles
* Can only use aggregate distances
*  Maximum distance gives upper limit

2
D = max Dy = +h 1— e
N t€[0,7] n=(rs )\/ 2(L o8 N )

* Mean distance gives a closer
approximation of effects observed over
time

/ Dy (t)dz

(rE + h) \/2(1 - cos(—))E(l — cos?(7))

Further apart here

* assuming the Earth is a sphere
Mobile EINSTEIN
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Integrating Real Distances

Example: 5x3 torus

N=5

M=3

Dy=0.8

Dy=1.3

Target distance d = 1.4
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DN =0.8
e e e
[~ O |\ |\ ) O
_ N e e e I
M=3 = O @ @ @), @)
N e e e I
— CJ ) ) Y \.)
| J
1
N =
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Integrating Real Distances
- O O O O O
* Introduce virtual nodes so that:
5 O O O O O
MI= M M
DN
M=5= O O O O O
* Here:
iz [2 13] oO—0O—0O—0O—0
0.8
L0 O0—O0—0—0
\ J
!
N=5
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Integrating Real Distances
o O O O O
 Perform a [DiJ-hops placement using the
M
known algorithms O O O ® O
* Here:
O O O O O
d 1.4
_J = [_ —1
Dyl 113
O O O O ®
, SO we do a 1-hop placement
O O O O O
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Integrating Real Distances
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@ O O O O
* Multiply y-coordinates of resource nodes N L r
with % to have the placement on the Q o N o O
original torus
O O O O O
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Evaluation: Simulation

»  Create resource placements for different satellite networks

« Simulate network behavior with realistic parameters

* Measure observed network distances

+ See if observed network distances conform to the limits we set
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Evaluation: Simulation Framework

+ Basedon SILLEO-SCNS [30]

+ Extended with support for SGP4 perturbations models and
WGS84 world geodetic system

« Open-Source! 2
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1]

https://github.com/pfandzelter/optimal-leo-placement
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Evaluation: Parameters

Satellites/
Constellation Plane (M) Altitude in km
A 72 22 550 53.0°
SpaceX
Starlink
B 5 75 1,275 81.0°
A 34 34 630 51.9°
Amazon
Kuiper
B 28 28 590 33.0°
Mobile EINSTEIN
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Evaluation: Required Resource Nodes

# Resource Nodes

# Nodes
1-Hop  4-Hops Mean 10ms Max. 10ms 1“38?:5 1“48:7(1-3

Starlink A 1,584 354 55 94 135 2 2
Starlink B 375 75 17 45 45 2 2
Kuiper A 1,156 245 41 128 106 2 2
Kuiper B 784 178 25 80 178 2 2

Mobile EINSTEIN

QoS-Aware Resource Placement for LEO Satellite Edge Computing | T. Pfandzelter | ICFEC '22 oo I CENTER

Page 38



Technische .
Universitat

Berlin
I Starlink A [ Starlink B [ Kuiper A I Kuiper B I Starlink A [ Starlink B N Kuiper A I Kuiper B

30000 === === e e 100ms 30000 === = e
£ 25000 £ 25000
o : )
§ 8
@ 20000 < 20000
o o
5 5
& 15000 & 15000
2 2
o] 8
& 10000 £ 10000
& s
a a
c .
S 5000 & 5000 -
= - --- - Jor—gr e memm ek L L 2 10ms = - --- Yy —

ST - - -
0 ‘o . e 0 ‘o .
1-Hop 4-Hops Mean Max. Mean Max. 1-Hop 4-Hops Mean Max. Mean Max.
10ms 10ms 100ms 100ms 10ms 10ms 100ms 100ms
SLO SLO
Mean Resource Distance in km Maximum Resource Distance in km
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Limitations & Future Work

« Service placement: if service migration (and, by extension, virtual stationarity) are an
option, our static placement algorithm is not needed

« Fault tolerance/availability: for efficiency, algorithm places only one resource node
within d-distance of every other node — if resource node fails, there is no backup

 Routing & link congestion: placement ignores routing, links to resource nodes will
have higher load

« Other QoS dimensions/factors: placement only takes physical distance (= network
distance) into account

Mobile EINSTEIN
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Conclusion

LEO satellite edge computing is becoming more relevant to bring compute closer to the edge of
the network for a global userbase

« Efficient placement of resources (servers, services, data replicas...) is non-trivial
+ Satellite constellations can be modeled as 2D tori

«  Existing resource placement techniques for 2D tori cannot be applied directly as they only support
discrete distances (i.e., hops)

+ Extended technique to support real distances

« Evaluated algorithm using realistic network simulations

Mobile EINSTEIN
QoS-Aware Resource Placement for LEO Satellite Edge Computing | T. Pfandzelter | ICFEC '22 Cloud CENTER

Computing Digital Future
Page 41




tp@mcc.tu-berlin.de

https://www.tu.berlin/en/mcc/
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Satellite Torus
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Satellite Torus

QoS-Aware Resource Placement for LEO Satellite Edge Computing | T. Pfandzelter | ICFEC '22
Page 44

Technische '
Universitat

Berlin

Mobile
Cloud
Computing

EINSTEIN
CENTER

Digital Future




Technische
Universitat
Berlin

References |

[11 T. Klenze, G. Giuliari, C. Pappas, A. Perrig, and D. Basin, “Networking in heaven as on earth,” in Proceedings of the 17th ACM Workshop on Hot Topics in Networks (HotNets
2018), Nov. 2018, pp. 22-28.

[2] M. Handley, “Delay is not an option: Low latency routing in space,” in Proceedings of the 17th ACM Workshop on Hot Topics in Networks (HotNets 2018), Nov. 2018, pp. 85—
91.

[3] D. Bhattacherjee, W. Ageel, I. N. Bozkurt, A. Aguirre, B. Chandrasekaran, P. B. Godfrey, G. Laughlin, B. Maggs, and A. Singla, “Gearing up for the 21st century space race,” in
Proceedings of the 17th ACM Workshop on Hot Topics in Networks (HotNets 2018), Nov. 2018, pp. 113-119.

[4] M. Handley, “Using ground relays for low-latency wide-area routing in megaconstellations,” in Proceedings of the 18th ACM Workshop on Hot Topics in Networks (HotNets
2019), Nov. 2019, pp. 125-132.

[5] I. del Portillo, B. G. Cameron, and E. F. Crawley, “A technical comparison of three low earth orbit satellite constellation systems to provide global broadband,” Acta
Astronautica, vol. 159, pp. 123-135, 2019.

[6] Z. Zhang, W. Zhang, and F.-H. Tseng, “Satellite mobile edge computing: Improving QoS of High-Speed Satellite-Terrestrial networks using edge computing techniques,” IEEE
Network, vol. 33, no. 1, pp. 70-76, 2019.

[7]1 D. Bhattacherjee, S. Kassing, M. Licciardello, and A. Singla, “In-orbit computing: An outlandish thought experiment?” in Proceedings of the 19th ACM Workshop on Hot Topics
in Networks (HotNets 2019), Nov. 2020, pp. 197-204.

[8] V. Bhosale, K. Bhardwaj, and A. Gavrilovska, “Toward loosely coupled orchestration for the LEO satellite edge,” in Proceedings of the 3rd USENIX Workshop on Hot Topics in
Edge Computing (HotEdge 2020), Jun. 2020.

[9] T. Pfandzelter and D. Bermbach, “Edge (of the earth) replication: Optimizing content delivery in large leo satellite communication networks,” in Proceedings of the 21st
IEEE/ACM International Symposium on Cluster, Cloud and Internet Computing (CCGrid 2021), May 2021, pp. 565-575.

[10] T. Pfandzelter, J. Hasenburg, and D. Bermbach, “Towards a computing platform for the LEO edge,” in Proceedings of the 4th International Workshop on Edge Systems,
Analytics and Networking (EdgeSys 2021), Apr. 2021, pp. 43-48.

[11] S. Wang, Q. Li, M. Xu, X. Ma, A. Zhou, and Q. Sun, “Tiansuan constellation: An open research platform,” preprint, 2021.

[12] S.Kassing, D. Bhattacherjee, A. B. Aguas,J. E. Saethre, and A.Singla, “Exploring the “internet from space” with hypatia,” in Proceedings of the ACM Internet Measurement
Conference (IMC 2020), Oct. 2020, pp. 214-229.

[13] A. C. Clarke, “Extra-terrestrial relays - can rocket stations give world- wide radio coverage?” Wireless World, vol. LI, no. 10, pp. 305-308, 1945.
[14] J. G. Walker, “Satellite constellations,” Journal British Interplanetary Society, vol. 37, p. 559, 1984.

[15] C.-J. Wang, “Structural properties of a low earth orbit satellite constellation - the walker delta network,” in Proceedings of the MILCOM °93 - IEEE Military Communications
Conference, Oct. 1993, pp. 968-972 vol.3.

Mobile EINSTEIN
QoS-Aware Resource Placement for LEO Satellite Edge Computing | T. Pfandzelter | ICFEC '22 oo I CENTER

Page 45



Technische
Universitat
Berlin

References |l

[16] D. Bhattacherjee and A. Singla, “Network topology design at 27,000 km/hour,” in Proceedings of the 15th International Conference on Emerging Network Experiments And
Technologies (CONEXT 2019), Dec. 2019, pp. 341-354.

[17] F. Bonomi, R. Milito, J. Zhu, and S. Addepalli, “Fog computing and its role in the internet of things,” in Proceedings of the first edition of the MCC workshop on Mobile cloud
computing (MCC 2012), Aug. 2012, pp. 13-16.

[18] B. Zhang, N. Mor, J. Kolb, D. S. Chan, K. Lutz, E. Allman, J. Wawrzynek, E. Lee, and J. Kubiatowicz, “The cloud is not enough: Saving iot from the cloud,” in Proceedings of
the 7th USENIX Workshop on Hot Topics in Cloud Computing (HotCloud 2015), Jul. 2015.

[19] D.Bermbach ,F.Pallas ,D.G.Perez, P.Plebani, M.Anderson, R.Kat, and S. Tai, “A research perspective on fog computing,” in Proceedings of the 2nd Workshop IoT Systems
Provisioning & Management for Context- Aware Smart Cities (ISYCC 2018), Jun. 2018, pp. 198-210.

[20] M. Grambow, J. Hasenburg, and D. Bermbach, “Public video surveillance: Using the fog to increase privacy,” in Proceedings of the 5th Workshop on Middleware and
Applications for the Internet of Things (M4loT 2018), Dec. 2018, pp. 11-14.

[21] H. Wu, J. Li, H. Lu, and P. Hong, “A Two-Layer caching model for content delivery services in Satellite-Terrestrial networks,” in Proceedings of the 2016 IEEE Global
Communication Conference (GLOBECOM 2016), Dec. 2016, pp. 1-6.

[22] J. Nedeau, D. King, D. Lanza, K. Hunt, and L. Byington, “32-bit radiation-hardened computing for space,” in Proceedings of the 1998 IEEE Aerospace Conference (Cat.
No.98TH8339), Mar. 1998, pp. 241- 253 vol.2.

[23] S. Koontz, R. Suggs, J. Alred, E. Worthy, C. Steagall, W. Hartman, B. Gingras, W. Schmidl, and P. Boeder, “The international space station space radiation environment:
Avionics systems performance in low-earth orbit single event effects (SEE) environments,” in Proceedings of the 48th International Conference on Environmental Systems
(ICES 2018), Jul. 2018.

[24] “HPE spaceborne computer,” https://www.hpe.com/us/en/compute/hpc/supercomputing/spaceborne.html, Hewlett Packard Enterprise, Feb. 2021, accessed: 2021-11-8.

[25] J. Sun and E. Modiano, “Capacity provisioning and failure recovery in mesh-torus networks with application to satellite constellations,” in Proceedings of the 7th International
Symposium on Computing and Communications (ISCC 2002), Jul. 2002, pp. 77-84.

[26] S. Ji, D. Zhou, M. Sheng, and J. Li, “Mega satellite constellation system optimization: From network control structure perspective,” IEEE Transactions on Wireless
Communications, 2021.

[27] M. M. Bae, “Resource placement in torus-based networks,” IEEE Transactions on Computers, vol. 46, no. 10, pp. 1083-1092, 1997.
[28] B. F. Albdaiwi and M. L. Livingston, “Perfect distance-d placements in 2D toroidal networks,” Journal of Supercomputing, vol. 29, no. 1, pp. 45-57, 2004.

[29] M. M. Bae and B. Bose, “Spare processor allocation for fault tolerance in torus-based multicomputers,” in Proceedings of the Annual Symposium on Fault Tolerant
Computing, Jun. 1996, pp. 282-291.

Mobile EINSTEIN
QoS-Aware Resource Placement for LEO Satellite Edge Computing | T. Pfandzelter | ICFEC '22 Cloud CENTER

Computing Digital Future
Page 46




Technische
Universitat
Berlin

References llI

[30] B. Kempton and A. Riedl, “Network simulator for large low earth orbit satellite networks,” in Proceedings of the 2021 IEEE International Conference on Communications (ICC
2021), Jun. 2021, pp. 1-6.

[31] A. W. Smith, “Supercomputing in space: HPE'’s spaceborne computing returns after a successful 1.5-year mission on the ISS nat. lab,”
https://www.issnationallab.org/iss360/supercomputing-in-space-hpes-spaceborne-computer-returns/, Jun. 2019, accessed: 2021-11-8.

[32] M. Sheetz, “SpaceX launches another 60 starlink satellites while setting two rocket reuse records,” https://www.cnbc.com/2019/11/11/watch-spacex-livestream-launching--
second-starlink-internet-mission.html, Nov. 2019, accessed: 2021-11-8.

[33] B. Bose, B. Broeg, Y. Kwon, and Y. Ashir, “Lee distance and topological properties of k-ary n-cubes,” IEEE Transactions on Computers, vol. 44, no. 8, pp. 1021-1030, 1995.

[34] M. C. Azizoglu and O. Egecioglu, “Lower bounds on communication loads and optimal placements in torus networks,” IEEE Transactions on Computers, vol. 49, no. 3, pp.
259-266, 2000.

[35] D. Bermbach, E. Wittern, and S. Tai, Cloud Service Benchmarking: Measuring Quality of Cloud Services from a Client Perspective. Springer, 2017.

[36] L. Tong, Y. Li, and W. Gao, “A hierarchical edge cloud architecture for mobile computing,” in Proceedings of the 35th Annual IEEE International Conference on Computing
Communications (IEEE INFOCOM 2016), Apr. 2016, pp. 1-9.

[37] M. I. Naas, P. R. Parvedy, J. Boukhobza, and L. Lemarchand, “iIFogStor: An loT data placement strategy for fog infrastructure,” in Proceedings of the 2017 IEEE 1st
International Conference Fog and Edge Computing (ICFEC 2017), May 2017, pp. 97-104.

[38] L. F. Bittencourt, J. Diaz-Montes, R. Buyya, O. F. Rana, and M. Parashar, “Mobility-Aware application scheduling in fog computing,” IEEE Cloud Computing, vol. 4, no. 2, pp.
26-35, 2017.

[39] J. Hasenburg, S. Werner, and D. Bermbach, “FogExplorer,” in Proceedings of the 19th International Middleware Conference, Demos, and Posters (Middleware 2018), Dec.
2018, pp. 1-2.

[40] D. Bermbach, S. Maghsudi, J. Hasenburg, and T. Pfandzelter, “Towards Auction-Based function placement in serverless fog platforms,” in 2020 IEEE International
Conference Fog Computing (ICFC), Apr. 2020, pp. 25-31.

[41] D. Bermbach, J. Bader, J. Hasenburg, T. Pfandzelter, and L. Thamsen, “AuctionWhisk: Using an auction-inspired approach for function placement in serverless fog
platforms,” Software: Practice and Experience, 2021.

[42] T. Pfandzelter, J. Hasenburg, and D. Bermbach, “From zero to fog: Efficient engineering of fog-based internet of things applications,” Software: Practice and Experience, vol.
51, no. 8, pp. 1798-1821, 2021.

[43] A. Brogi and S. Forti, “QoS-Aware deployment of loT applications through the fog,” IEEE Internet of Things Journal, vol. 4, no. 5, pp. 1185-1192, 2017.

Mobile EINSTEIN
QoS-Aware Resource Placement for LEO Satellite Edge Computing | T. Pfandzelter | ICFEC '22 oo I CENTER

Page 47



Technische
Universitat

Berlin
References IV

[44] A. Brogi, S. Forti, and A. Ibrahim, “How to best deploy your fog applications, probably,” in Proceedings of the 2017 IEEE 1st International Conference on Fog and Edge
Computing (ICFEC 2017), May 2017, pp. 105-114.
[45] M. Livingston and Q. F. Stout, “Perfect dominating sets,” Congressus Numerantium, vol. 79, pp. 187-203, 1990.

[46] B. Azeez, H. Kim, Y. Jin, and E. J. Kim, “I/O node placement for performance and reliability in torus networks,” in Proceedings of the International Conference on Parallel and
Distributed Computing and Systems (PCDS2006), IASTED, Nov. 2006.

Mobile
QoS-Aware Resource Placement for LEO Satellite Edge Computing | T. Pfandzelter | ICFEC '22 Cloud
Page 48

Computing Digital Future

EINSTEIN
CENTER




