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Collective Computing?
Collective computing integrates the cloud, the crowd and the 
shroud, defining a new era of “cooperation between humans 
and computing that enhances both computational capabilities 
and the human experience.”  
- G. Abowd 

but also humans are largely mobile, or 
at least want to be, or should be

“me-centric” computing to  
“we-centric” computing!



3



4



5



Human 
Computation
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Technology Trends
• crowds: 7,000,000,000+ mobile phones in use in the world 

today, each riding on the “Moore’s law” wave & green

• cloud computing

• Internet of Things: smart things, jackets, shoes, glasses, etc.

• Big Data, personal/mobile analytics

• crowd computing, human computation, social media

• culture of sharing: car sharing, bike sharing, thing sharing

• participatory systems

https://en.wikipedia.org/wiki/
Cloud_computing

matternet.us
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Crowd-Powered Mobile Computing

Mobile computing of today and of the future:  
tens to thousands (to millions to billions?) of mobile nodes can cooperate in 
new ways, in order to provide new capabilities and applications, from 
massive context-awareness to new distributed computational platforms 

Mobile crowdsourcing, crowdsensing, crowd-steering,  participatory social 
systems, mobile device clouds, and cooperative Intelligent Transport 
Systems are examples.  

  crowd-powered mobile computing

In this talk, four ideas: 
Crowd Machines (Crowd-Powered Systems) 
Scalable Context-Awareness 
Extreme Cooperation 
Drone Services for Mobile Crowds



9

• a crowd machine: a computer formed by a crowd of people, each with their 
own (network of) devices (e.g., smartphone, smartwatch, smartcar, smart*) , 
inter-network-able to each other, providing human and machine 
computational capabilities; the crowd machine changes boundaries 
seamlessly, and 
• distributed ownership 
• heterogeneous devices 
• dynamic environment: devices coming & going, joining & leaving 
• ad hoc and opportunistic 
• context-aware: sensitive to what is available 
• localized: proximity and in vicinity 
• minimal assumed knowledge of devices/resources 
• can combine human and machine computation capabilities 
• incentive-driven 
• energy-aware (resource-aware) 
• elasticity 
• resources shared? storage, processing, sensors, etc

Crowd Machines



Types of Mobile Clouds

• Vehicular clouds 
• pool together a collection of cars as a supercomputer 
• e.g., cars at parking lot as data centre 
• Intelligent Transportation Systems apps 

• Personal clouds 
• pool together devices worn/carried by a user 
• mobile health apps 

• Cloud at the Edge (Cloudlet) / Fog Computing 
• intermediary cloud servers between mobile users and the 

greater Cloud  
• reduces latency and improves security 
• e.g., data centres at telecommunications base stations 

• Mobile crowd clouds / mobile device clouds 
• pool together devices from a nearby crowd of people
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Crowd Machines



• A broader view? 

• 2014 view
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Crowd Machines



Mobile Cloud Computing

• A broader view?
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Crowd Machines
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Crowd Machines



What is shareable?

GPS,  
Human power,  

access to  
3G services,  

access to  
greater Cloud,  

etc…
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Crowd Machines
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Crowd Machines -what if we scale this up to 10,000 devices?



Form a p2p 
group via Wi-Fi 
Direct, with 
Delegator as 
the group 
owner.

Mobile Crowd Computing with Honeybee: get the mobile crowd around you to 
help you do computations

16Honeybee@ N. Fernando, La Trobe University, Australia

Crowd Machines

[src: http://nfernando.org ]



Delegator:
• Work
• Let Workers 

steal
• Collect 

results
• Steal from 

Workers

Workers:
• Work
• Steal from 

Delegator
• Send results
• Let Delegator 

steal

17Honeybee@

Crowd Machines



Honeybee properties
• Opportunistic: Periodic resource discovery 

enables connecting to nodes as and when they 
are encountered

• Load-balancing with unknown & heterogeneous 
nodes: Node capabilities vary and are unknown 
a priori. Work stealing method enables 
distribute jobs as per node capabilities

• Supports mobility via FT mechanisms: Monitors 
workers via heartbeats and upon disconnection, 
adds stolen jobs back to the queue

• Proactive: Workers proactively ‘take’ on jobs

18Honeybee@ N. Fernando, La Trobe University, Australia

Crowd Machines



Implementation: Honeybee API

• Android

• Wi-FiDirect

19

Crowd Machines



Experimental Evaluation
Application Job Type Data size of I/O
Face detection Machine centric: CPU 

& memory intensive
Big inputs/small 
outputs

Mandelbrot set 
generation

Machine centric: 
CPU intensive

Small inputs/big 
outputs

Collaborative 
photography

Human centric Small inputs/ big 
outputs

20Honeybee@
N. Fernando, La Trobe University, Australia

Crowd Machines



Experiments with WiFi Direct: Performance gain & Energy saving

Speedup is proportional to the number of devices 

Face detection: maximum average speedup observed was 4.01 for 7 devices. 
Mandelbrot set generation:  maximum average speedup was 3.7 for 9 devices.

(c)
Measured via the Android battery API. 

Experiments with the FaceMatch app for 1920 images in 
Figure (c) shows how the energy consumption of the 
delegator is almost halved from 11.7 % to 6.8% with 
just one worker. 

21

Crowd Machines
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Crowd Machines

[more in: Seng W. Loke, Keegan Napier, Abdulaziz Alali, Niroshinie Fernando, and Wenny Rahayu. 2015. Mobile Computations with 
Surrounding Devices: Proximity Sensing and MultiLayered Work Stealing. ACM Trans. Embed. Comput. Syst. 14(2) (February 
2015), 25 pages.]

are we normally 
surrounded by  
a big crowd?

can we use peer-to-peer 
computing to create a 

network of collaborating 
devices?

Related questions



Crowd Machines
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[src: Phuttharak, J., and Loke, S.W. Towards Declarative Programming for Mobile Crowdsourcing: P2P 
Aspects. Proceedings of the 1st International Workshop on Mobile Collaborative cROwdsourcing and Sensing (M-
CROS), in conjunction with the 15th IEEE International Conference on Mobile Data Management(MDM 2014).]

ask the crowd to find the crowd boundaries…e.g., at a concert; 
here, using the platform called LogicCrowd: use Prolog to program 
mobile crowdsourcing apps



Crowd Machines
• Spatial finding: get the mobile crowd to help you find car parks, crowds, 

noisy/quiet areas, high bandwidth spots
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[more in: Loke, S.W.  Heuristics for Spatial Finding using Iterative Mobile Crowdsourcing. Human-Centric 
Computing and Information Sciences (to appear), 2016, Springer]



spatial finding 
examples…

25

Crowd Machines



• but you can also crowdsource finding cherry blossoms to cars…via 
car-mounted cameras (to find scenic routes, road/traffic situations, 
driver behaviours, not just the shortest, use that for parking too?) 
[src: http://www.slideshare.net/ubilab_naist/
ubicomp15sakurasensor-quasirealtime-cherrylined-roads-
detection-through-participatory-video-sensing-by-cars, by 
Morishita et al. (2015)]
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Crowd Machines

http://www.slideshare.net/ubilab_naist/ubicomp15sakurasensor-quasirealtime-cherrylined-roads-detection-through-participatory-video-sensing-by-cars
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The CAROMM 
Framework

[more in: Sherchan, W.; Jayaraman, P.P.; Krishnaswamy, S.; Zaslavsky, A.; Loke, S.; Sinha, A., "Using On-the-Move Mining 
for Mobile Crowdsensing," 2012 IEEE 13th International Conference on Mobile Data Management (MDM),  pp.115,124]

Mobile Crowdsensing

CAROMM@

Crowd Machines
• get the mobile crowd to help you sense people behaviours in 

the city and place usage (understanding the city)
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Group/Crowd Activity Recognition

GroupSense@

Crowd Machines
• what is a crowd doing? sense group/crowd activities by aggregating and 

reasoning about the recognised activities of a set of individuals

[src: A. Abkenar, S.W. Loke, W. Rahayu, and A. Zaslavsky. Energy Considerations for Continuous 
Group Activity Recognition Using Mobile Sensor Data: the case of GroupSense, AINA’16.]
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Crowd Machines

• get the mobile crowd to help you annotate the world: places and 
objects; others: GeoNotes, Augmented reality style apps

29

centralised Cloud 
architecture 

 

[src: Alzahrani, A.A., Loke, S.W., and 
Lu, H. An Advanced Location-Aware 

Physical Annotation System: from 
Models to Implementation. Journal 
of Ambient Intelligence and Smart 
Environments 6, 2014, pp. 71-91, 

IOS Press]

Drones/robots/vehicles  
can “read”  

the annotations!



• get the crowd to help the disabled navigate from A to B or to read signs: the 
crowd machine is an “eye” for the blind and an “ear” for the deaf


• others: Chorus View (http://web.eecs.umich.edu/~wlasecki/projects-
conv.html) and VizWiz (http://vizwiz.org)

30

Crowd Machines

Loke, S.W. and Prabhanjan, B. GuideMate: A Crowd-Powered System to Assist the Disabled.  
Proceedings of the Workshop on Mobile and Situated Crowdsourcing (WMSC ’15) (at Ubicomp 2015)

http://ubicomp.org/ubicomp2015/


More from Percom 2016 and etc…

• crowdsource riding comfort/quality in buses etc (Tan et al.) [close the 
“loop”: real-time feedback to driver?]


• crowdsource audience heartbeats for music visualization (Geigel et al. 
and http://www.project01x.com/pulse/)) [close the “loop”: real-time 
usage by the musician?]


• crowds of mobile phones connect as p2p network, some nodes are 
relays, some nodes needing rescue can listen for messages 
(TeamPhone, Lu et al.) 

31

Crowd Machines

http://www.project01x.com/pulse/


Scalable Context-Awareness
• vision? you or your apps can become more aware of:


– your own self: self physical activity recognition

– the “group” of people you are currently with: group activity recognition

– the environment and situation 20m around you

– the environment and situation 100m around you

– the environment and situation 300m around you

– the environment and situation 3km around you

–…

– the environment and situation 500m from me, radius of 200m

–…


• combining social media data, crowd sensed data, and sensor network data

32
[image for illustration from: 

https://dzone.com/articles/executing-and-testing]



Extreme Cooperation

•Vision: people (with their devices such as 
cars, smartphones, smart*) can now 
cooperate more than ever: as needed, ad hoc, 
transient, e.g., to find carpark, to avoid 
congestion, to get coffee, etc…

33
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[src: M. Gerla, Professor at UCLA, http://nrlweb.cs.ucla.edu/publication/slides/779/Gerla_Vision.pdf]

Extreme Cooperation

v2v communication is here, for Autonomous 
Vehicles and/or normal cars…

e.g., 
• https://www.technologyreview.com/s/534981/car-to-

car-communication/ 
• GM: V2V technology in its 2017 Cadillac CTS sedans? 

[http://www.claimsjournal.com/news/national/
2015/06/26/264208.htm ] 

And v2p (e.g., http://www.digitaltrends.com/cars/google-
patents-car-to-pedestrian-communication-system/), v2i, etc…

http://nrlweb.cs.ucla.edu/publication/slides/779/Gerla_Vision.pdf%5D
https://www.technologyreview.com/s/534981/car-to-car-communication/
http://www.claimsjournal.com/news/national/2014/02/04/243908.htm
http://www.claimsjournal.com/news/national/2015/06/26/264208.htm
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[src: M. Gerla, Professor at UCLA, http://nrlweb.cs.ucla.edu/publication/slides/779/Gerla_Vision.pdf]

Extreme Cooperation

http://nrlweb.cs.ucla.edu/publication/slides/779/Gerla_Vision.pdf%5D


Cars cooperate to avoid congestion
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[src: Prajakta Desai, Seng Wai Loke, Aniruddha Desai, Jugdutt Singh: CARAVAN: Congestion Avoidance and Route 
Allocation Using Virtual Agent Negotiation. IEEE Transactions on Intelligent Transportation Systems 14(3): 1197-1207 (2013)]

CARAVAN@

Extreme Cooperation

http://www.informatik.uni-trier.de/~ley/pers/hd/l/Loke:Seng_Wai.html
http://www.informatik.uni-trier.de/~ley/pers/hd/d/Desai:Aniruddha.html
http://www.informatik.uni-trier.de/~ley/pers/hd/s/Singh:Jugdutt.html
http://www.informatik.uni-trier.de/~ley/db/journals/tits/tits14.html#DesaiLDS13


Cars cooperate to avoid congestion
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[src: Prajakta Desai, Seng Wai Loke, Aniruddha Desai, Jugdutt Singh: CARAVAN: Congestion Avoidance and Route 
Allocation Using Virtual Agent Negotiation. IEEE Transactions on Intelligent Transportation Systems 14(3): 1197-1207 (2013)]

CARAVAN@

Extreme Cooperation

http://www.informatik.uni-trier.de/~ley/pers/hd/l/Loke:Seng_Wai.html
http://www.informatik.uni-trier.de/~ley/pers/hd/d/Desai:Aniruddha.html
http://www.informatik.uni-trier.de/~ley/pers/hd/s/Singh:Jugdutt.html
http://www.informatik.uni-trier.de/~ley/db/journals/tits/tits14.html#DesaiLDS13
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Extreme Cooperation



Cars cooperate to improve car parking
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[src:Ali N.M. Aliedani, PhD Student, unpublished]

CoPark@

Extreme Cooperation

Setting: 20 cars targeting 11 spaces in a carpark area, 
using SUMO and Jade

si
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Cars cooperate and share 
info (a msg on leaving and 
on occupying) to improve 

car parking
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From:  Article in IEEE ITS Magazine, summer 2015

Extreme Cooperation



• a basic game theory analysis: illustrating the 
case for cooperation (coordinating actions)

41

Extreme Cooperation

Car B chooses route1 Car B chooses route2

Car A chooses route1 Travel time for A: 25min

Travel time for B: 25min

Travel time for A: 15min

Travel time for B: 20min

Car A chooses route2 Travel time for A: 20min

Travel time for B: 15min

Travel time for A: 30min

Travel time for B: 30min

Car B chooses space1 Car B chooses space2

Car A chooses space1 Time to park for A: 30min

Time to park for B: 30min

Travel time for A: 15min

Travel time for B: 20min

Car A chooses space2 Travel time for A: 20min

Travel time for B: 15min

Time to park for A: 30min

Time to park for B: 30min



Extreme Cooperation

• crowd-steering: e.g., each of 1000 or 100,000 mobile users is given some 
instructions (in emergency evacuation, in simple crowd control, in going 
home…, etc )[http://www.seas.upenn.edu/~mubbasir/]; see also http://
www.aware-project.eu/documents/awass-2012/CrowdSteeringCaseStudy.pdf 
(music festival)

42

http://www.seas.upenn.edu/~mubbasir/%5D
http://www.aware-project.eu/documents/awass-2012/CrowdSteeringCaseStudy.pdf


Drone Services for Mobile Crowds

• drones to provide services for crowds of people on the move: e.g., 
emergency, photo-taking from “impossible angles”, data storage on-demand, 
guidance on demand, safety cameras that follow you, etc…


• what happens when a crowd of drones belonging to a crowd of people get 
together and are shared?
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Loke, S.W. Smart Environments as Places Serviced by k-Drone Systems.  
Journal of Ambient Intelligence and Smart Environments.  (to appear, 2016)

[src: http://www.dailymail.co.uk/sciencetech/article-2520818/DHL-tests-delivery-drone-airborne-
robots-used-deliver-medicine.html]

[src: http://calmfiredrones.com/drone-commercial-services/]

http://www.dailymail.co.uk/sciencetech/article-2520818/DHL-tests-delivery-drone-airborne-robots-used-deliver-medicine.html%5D
http://calmfiredrones.com/drone-commercial-services/%5D


Concluding Remarks

collective computing  +  mobile computing  =  crowd-powered mobile computing
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From this talk, four ideas to keep exploring? 
Crowd Machines 
Scalable Context-Awareness 
Extreme Cooperation 
Drone Services for Mobile Crowds 
Lots of challenges!

For a future of 
smarter  

transport?!



Thank you!

Please check out papers at

http://homepage.cs.latrobe.edu.au/sloke
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