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Executive Summary

This document summarises the work performed in WP 6 of the SmartSociety during the
first year of the project toward achieving a first specification of a static social orchestration
architecture based on a survey of existing methods and their adaptation to the challenges

of HDA-CAS.

We start by formulating the overall specific objectives and scientific vision of the work-
package, which are driven by the broader aim to understand how complex social computa-
tions are composed of many individual contributions of human users and machines. Based
on the observation that traditional notions of compositionality break down when we move
from “closed” systems with known, static computational components and a high degree
of a priori interoperability, we propose a view of system composition that emphasises the
use of context (hidden, but relevant, information revealed to the system through its hu-
man participants and machine analysis of data) and collectives (treating the behaviour of
aggregates of contributing processes distinctly from individuals) to recover some of the
compositionality in “open”, evolving HDA-CAS.

Secondly, we define an abstract model of social computation which captures the es-
sential aspects of the kinds of computations we are interested in. These are: distributed
data processing and exchange among distinct (human or machine) nodes of computation
across a network structure; sequential, parallel, and hierarchical composition under min-
imal assumptions regarding synchronisation, communication facilities, and organisational
structure; definition of the result of a social computation without reference to any specific
implementation environment; linking a model of data-driven distributed computation to
models of distributed, motivation-driven rational reasoning and decision making. Using
this abstract architecture, we identify and formally define a set of core research problems
that set the long-term research priorities of the workpackage, related to the automated
synthesis, verification, and optimisation of social computations.

Thirdly, we propose a first social orchestration architecture which identifies a set of
specific functional components (discovery, assignment, execution, feedback) within the
broader abstract model and the way these can be put together to provide a general method
for composing socially orchestrated collaborative tasks. This is still generic enough to cap-
ture a broad range of existing social computation systems, but constitutes a more concrete
proposal for a specific “style” of orchestrating them. Instead of attempting to implement
this kind of architecture within existing “closed” platforms, we propose a new, purely
data-driven, lightweight computational architecture, which we call the “play-by-data” ar-
chitecture that is better suited for mapping our conceptual framework to concrete imple-
mentations. Play-by-data emphasises RESTful web-based interaction, data-orientation,
openness, and opportunistic, voluntary processing without explicit guarantees. It also
proposes minimal standards for interoperability, though these have so far only been elab-
orated at a conceptual level, and will need to be further defined in future iterations.
To illustrate how these principles can be applied in a real-world scenario, we present an
exemplary implementation of these architectural principles in a ridesharing domain.

Finally, we critically review the work done so far, review the related literature, and
discuss avenues for future work.
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1 Vision and objectives

The SmartSociety project is concerned with understanding the design principles, operat-
ing principles, and adaptation principles of hybrid and diversity-aware collective adaptive
systems (HDA-CAS). Invariably, such systems involve the composition of a multitude of
heterogeneous users, hardware and software components in complex socio-technical sys-
tems. Within the overall project, the aim of WP6, Compositionality and Social Orches-
tration, is to improve our understanding of how these kinds of systems are composed, and
to develop novel methods that allow for effectively orchestrating the social computations
(SCs) they perform.

Compositionality enables us to derive the meaning of composite structures based on
the meanings of their constituents. It is an important property of many formal systems
and models, in particular the traditional semantics of mathematics or formal logic (e.g. the
meaning of z+y can be solely defined based on the denotation of z, y, and the semantics of
the operation “+”). Compositionality is key to successful modelling and system design, as
it essentially allows us to anticipate the interactions between components ahead of time,
and thus to build systems whose behaviour is well-understood. Complex systems often
“break” this property, as the whole can be “less” or “more” than the sum of the parts.
This may be due to side-effects that were not taken into account during composition (e.g.
resource contention when multiple actors use resources at the same time, unaware that
they are sharing the resource), or due to unanticipated regularities and redundancies (e.g.
one is expecting to collect all different items of information from different users, but they
give the same response, unaware what others are saying). From a modelling point of
view, the problem arises from contextuality, i.e. the fact that there are factors affecting
the overall process that lie outside the modelling boundary, and where not adequately
taken into account at design time. This shifts systems from a traditional closed-world
to an open-world nature, where what lies beyond the modelling boundary does affect the
system, and leads to models not correctly reflecting reality, with negative consequences
for the behaviour of systems based on these models. Achieving some “closure” of these
open systems involves introducing notions of collectives. These make the interactions
between components explicit, thereby allowing for relevant contextual information to be
reintroduced in the model and capture aspects whose absence led to the original loss of
compositionality features.

Our work in WP6 is guided by this overall model of iterations of compositionality loss
and recovery, and by a design philosophy that could roughly be summarised by the tagline
“compositionality = context + collectives”, which we call, somewhat informally, “the CCC
principle”. The engineering methods we want to develop to utilise these principles are
both human- and machine-based, and exploit the complementary capabilities of both
types of actors: Humans are good at explicating context that wasn’t available to a system
before, at selecting relevant information out of a plethora of data and possible design
alternatives, and at recovering from unexpected failures in some way. Machines are good
at processing high volumes of information, monitoring the operation of large numbers of
interacting components, filtering and analysing data, and performing algorithmic tasks
more generally at very high speed and with very high accuracy. Our overall objective is
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to provide the right kind of models, algorithms, and architectures that will allow us to
combine these human and machine capabilities in large-scale distributed systems so as to
make these systems more scalable, resilient, and efficient.

This deliverable describes first steps toward this aim, in particular the specification
of an initial social orchestration architecture. We start by defining an abstract model of
social computations which allows us to talk about sequential, parallel, and hierarchical
composition of human and machine tasks without making any commitment to a specific
computational infrastructure, and to define a set of core research problems that set the
scene for our future research. This is subsequently used to define a social orchestration
model in terms of more concrete functional building blocks involved in organising common
social computations, and, briefly discuss how this can be mapped to models of autonomous,
decentralised decision making that allow us to describe the stakeholders’ rationales and
thus lay the foundation for future dynamic adaptation of our currently static model of social
orchestration. In the third part of this document, we propose a lightweight computational
architecture that realises the principles of the more abstract models, and this is then
illustrated with the example of an implemented prototype of a collaborative ridesharing
platform. Finally, we look at related work, discuss relationships to other parts of the
project, and present an outline of planned future work.

2 Abstract social computation model

2.1 Definition

We start by presenting an abstract model of SCs that allows us to describe the research
problems they give rise to more precisely. Assume a set of human/machine agents A =
{1,....,n} and a set of local functions F' = {f1,..., fin} these agents can compute (where,
typically, m < n), such that F; C F are the functions of agent i. The global set of variables
in the system X = {x1,...,x%} determines what the inputs and outputs of each function
are, where every variable z; has a domain D;, and X; C X indicates which variables ¢ has
access to. Note that as many (often most) agents will be human users, many of the f; will
not have (known) formally precise, algorithmic representations.

Every local function f € F;, has input and output sets Xg;, X gut C X, and we have
f: D!l = D! where DI = D; x...x D;, and D{,, = D, x ... x D,, denote the
domains of the input and output variables sets of f, i.e. Xij; = {i1,...,is} and Xf:ut =
{01,...,0.}. We will assume that agent i has access to the input variables of its local
functions (X lfn C X;), and that it can/will only compute the outcome of a local function
for a restricted subset of the possible inputs sz - szn.

To overlay this collection of local functions with a network structure, we introduce a
neighbourhood function N : A — 24 which maps every agent i to a set of agents N (i)
that i has access to, including itself (these are nodes that can be found via a search, are
acquaintances, etc). A set of discrete timesteps T = {t1,t2,...} is used to specify values
at specific points in time, e.g. 2} denotes the value of variable z; at timestep ¢, f* denotes
that function f is invoked at timestep ¢ and so on (if a computation takes k timesteps, we
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Figure 1: An abstract SC: Network edges depict neighbourhood relations IV, with bold
arrows for edges that are used to compute f. Agent ¢ performs function f; € F; based on
input x received from the previous node and, optionally, also variables locally known by
i. After k; timesteps the successor node f;41 continues the computation.

have ft(at) = y'*h).

With this, we can define a sequential SC function SC = (f,{F;}ica, N,I,t) to compute
f using agents A on an input set I C D;, x ...D; where {i1,...,im} C{1,...|X]|} as a
procedure that calculates f for each ! € I given at time t after k timesteps such that

f(xt) _ ft+k1+...+k’n—1 o o §+k1 o ff(xt) _ yt—i-k
and output set O as the set of values y*** that result from this computation, where the
following conditions hold for every 1 < j <n —1, and k = Z}l:l kj:

1. There is some agent ¢ with f; € Fj, and fj11 € Fy()-

2. For any two f; € F; and fj11 € Fy, atthit-Fhi ¢ lej and pttRiteFhie ¢ ng“ if
fat) = ot
j

The idea behind this is fairly simple: An SC calculates a target function f that is the result
of a sequential application on inputs received from predecessor functions (or from the
environment — we impose no constraints on the inputs other than that they be accessible
to the agent operating on them) and passed on to the subsequent computation node.
Condition 1. restricts the SC to sequences that can be constructed using only neighbours
of the currently executing agent in each step, i.e. the overall computation is constrained
by the network structure. Condition 2., on the other hand, constrains the computation
of every local function to those inputs that the respective agent can (or is prepared to)
process. Figure 1 illustrates the structure of these sequential computations graphically. It
is fairly easy to extend this model to parallel computations as long as they are synchronised:
For this, we need a collection {SC1, ..., SC,,} of sequential SCs , and a set of constraints
defined on synchronisation variables X gne € X of the form (¢t,z = 2’) where op specifies
that the values of variables x and ' must be equal at time ¢. These constraints are added
as additional conditions to those specified for sequential SCs above, and allow us to link
variables pertaining to separate computation sequences explicitly, rather than having to
share global names for them.

(© SmartSociety Consortium 2013-2017 9 of 40
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Note that our model neither requires that every agent needs to be different or only
involved in a single step (e.g. the sequence could involve polling different agents and then
aggregating the result in a central node), that agents are heterogeneous in terms of what
functions they can perform, or that all of the output variables they compute are needed
by the subsequent node — some of those just effect local changes that are irrelevant for the
overall computation.

This model is deliberately abstract and simplified: it does not account for asynchronous
processing, non-determinism, or aggregation. Also, it does not imply any commitment to
the algorithmic representations that will be used for the implementation of SCs. However,
it captures the key elements of the kinds of systems we’re interested in: a network struc-
ture that provides connectivity between local processes, constraints on the circumstances
under which local computation will be performed, and fully decentralised information and
control. Importantly, it captures the central composition operators that are normally
provided by computational systems: sequential composition of computations over time
(through chaining of functions and input/output sharing), parallel composition through
access to common resources (variables that are synchronised through constraints), and hi-
erarchical abstraction through nesting (each component function in the above model can
be modelled as an SC itself).

2.2 Core research questions

At the abstract level, our definition above does not appear very different from a tradi-
tional distributed systems model. The challenging aspects of SC arise from the fact that
humans play a significant role in these computations, significantly limiting observability
and predictability of the system. We discuss several implications of this in the following
exposition of a number of core research problems formulated using our model:

Synthesis Given f, input set I, and a set of agents A with capabilities {F;}ica, what
is a concrete sequence fn o ...o fi that computes f(I)? The solvability of this problem
depends on the way in which the functions are represented, i.e. this question cannot be
answered at the level of our above model, which may include functions that are neither
machine- nor human-computable. Certainly, for many functions computed by humans,
there is little hope that we can describe those using rigorous formalisation.

Verification Does a given sequence fro...o f1 compute the target function f correctly
on inputs I ? While in principle much simpler than synthesis, in many real-world domains
no agent will be able to verify whether others’ local functions have been (correctly) ex-
ecuted, e.g. when they involve spatially dispersed physical action in the environment, or
when they involve genuinely non-verifiable results (opinions, expert knowledge). An im-
portant question here is how human-based verification can be used to improve the “safety”
of the SC system, for example through reputation systems.

Recruitment Given a function f, input set I, and agents A, how can we identify a
set of participants P C A that will compute f(I)? While this could be solved through
exhaustive enumeration in a system with complete information, in human-centric systems
we will normally not know under which conditions participants can/will perform the task
from the outset. Also, there is a circular dependency between task specification and
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recruitment: How can users decide to participate before an overall description of the
computation is presented to them, which would, in turn, require specifying which of them
will contribute to this computation?

Incentivisation Given special variables X, € X that are under the control of an
agent i, how should i choose this to solve the recruitment problem for a specific input set
1?7 This is a more specific sub-problem of recruitment: In our model, incentives can be
viewed as variables X;,. whose values are set by the agent initiating an SC (e.g. modifying
bank credit after task completion). How would these need to be chosen to persuade an
adequate set of participants to contribute, and to execute their local tasks correctly?

Synchronisation Given a set {SC1,..., SCp} of sequential SCs, what set of con-
straints (i,j,t,x op 2') will enable all of them to be executed correctly? This essentially
asks how we can resolve conflicts that could arise from the parallel execution of more
than one sequential SC, and is important when we consider the open-world nature of
the Web, where one SC may not be aware of the existence of the other, but may share
resources/participants with it.

Composition Given a set {SC1,..., SCp,} of SCs that compute { fi,..., fm}, respec-
tively, and a set of constraints of the form (i, j,t,x op '), what function f does the overall
system compute? Complementary to synchronisation, in a sense, this question addresses
more general problems of compositionality and emergent behaviour, as it may be the case
that the joint effect of several SCs does not occur “by design”, but only as an indirect
consequence of running several of them in parallel or in sequence.

Optimisation Given a quality measure q for SCs and an input set I, identify SC* =
arg maxgc q(SC). Since SCs usually operate in resource-constrained environments, they
will have to satisfy certain optimality criteria. Different from other kinds of systems, the
quality of an SC is intrinsically multi-perspective and subjective (e.g. is it fun?), and its
overall evaluation is subject to continual change. Hard, a priori optimality criteria are
unlikely to work here.

Casting these problems in an HDA-CAS context suggests a strongly incremental ap-
proach, where any successful solution method would need to specify (i) how it will discover
new information over time to refine and improve an existing model; (ii) how it will adapt
its operation to changing information; and, (iii) how it will expose its adaptability to
designers and users that act as stakeholders in this process of evolutionary design.

2.3 The decision-making perspective

There is one aspect that is key to the analysis of HDA-CAS which has been deliberately
left out from the above model, but which we want to touch upon briefly, as a “preview”
to aspects that will become important in future stages of WP6 research: Our model so far
is descriptive and does not allow us to formulate rationality constraints on behaviour that
could serve as a basis for taking into account the motivations and preferences of human
participants, or to specify how autonomously acting artificial agents should make rational
choices based on their experience (be it at a global system-designer level, or as individual
machine peers).

(© SmartSociety Consortium 2013-2017 11 of 40
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To move toward a model of rational decision making that would allow this, we start
by translating the above to a discrete state-transition model, which shifts the focus of
modelling from algebraic manipulation of variables to activities resulting from observed
system states at the loci of decision making.

For this, we can define the set of global system states as S = Dj x ... X Dy, i.e.
the set of all values the global set of variables can take on. The action set is given by
A=A x...x A, where agents’ individual actions a; are the f € F; as applied to the
appropriate subsets of their input variables. More specifically, the local state set for agent ¢
is S; = (Xiex, D), and f changes the values of Xf:ut depending on the values of Xi];. With
this, it is easy to introduce non-deterministic transition dynamic 7" : S x Ax S — [0;1] that
enables us to describe the dynamics of the system even if there is uncertainty of execution
(uncertainty of perception can also easily be accommodated, but for now we will assume
this is captured as reduced predictability, if the modelling agent has an incorrect view of

the state space or the action specifications).

To model preferences, we can assume that each of the variable configurations z; € X;
agent 7 has access to can be mapped to a real-valued number u(z;) describing the utility
of them having certain values (in practice most of these variables will be irrelevant to the
agent, and only a small subset will matter). This can be used to define reward functions
R; : S x A — R" for each agent, which are extended from states to state-action pairs,
so as to take action cost into account, where relevant. A policy m; : S; x A; — [0;1]
for an agent in this multiagent Markov Decision Process then becomes a specific choice
to invoke certain functions under certain circumstances, and allows us to use concepts
from reinforcement learning, stochastic optimisation, and game theory to reason about
collectives of utility-maximising agents.

In practice, rational reasoning will be over subsets of the overall state-action space
relevant to a specific task setting. The modelling process outlined here serves as a general
model which allows us to formulate criteria and mechanisms for rational behaviour which
can be then considered in the design of HDA-CAS. Investigating the core research prob-
lems listed in the previous section in combination with the autonomous decision making
perspective is the basis on which the longer-term research agenda of WP6 is built. In
the remainder of this document, we map these general ideas to a specific static social
orchestration framework and scenario as a first step toward this.

3 Static social orchestration model

To move from a model of social computation, which simply captures their composition
from local computations and might arise in an unplanned and uncoordinated way from
the individual activities of local nodes, to one of social orchestration (SO), we need to
identify the functional building blocks that enable planned and coordinated collective ac-
tivity. This cannot be achieved at the same level of generality as that aimed at with our
previous constructions. We have to commit to a certain “style” of performing a social
computation from the point of view of an agent or system designer who orchestrates it.
For this, we take inspiration from the teamwork model of collaborative activity commonly
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used in the multiagent systems, combined with elements of web-based collective intelli-
gence systems (such as human-based computation and crowdsourcing platforms, online
collaborative tools like wikis, and applications for coordinating human activity, such as
meeting scheduling, task routing, etc). At this stage, the model we propose will be one of
static social orchestration, i.e. the functions it uses do not change over time, and have a
pre-specified semantics.

3.1 Definition

Many of the kinds of computations we are interested in consist of a common set of key
functions: discovery, to identify appropriate peers who could perform it in principle; as-
signment, by which specific peers commit to participating in the computation in specific
ways; erecution, which produces the concrete behaviour of the peers that have agreed to
participate; and feedback, which modify the state of the system after execution (these can
be rewards and sanctions, ratings submitted by peers, reputation scores). In many sys-
tems, these functions are viewed as distinct and strictly ordered stages of the SO process,
and, below, we will assume that this is true of at least the discovery-assignment-execution
cycle, and that feedback is an update operation of the global state through local inter-
ventions that does not have to happen in close coupling to the task-orchestration stages
(though it will normally depend on and refer to them).

Assume a class of tasks F, among which we want to achieve a specific SC 3 f. We
define, at a fairly abstract level the above SO stages as follows:

e Discovery: A function d : F — 24 that returns a set of possible agents for the task,
i.e. there is a sequence fi, ..., f, with f; € Fj for some j € d(f) and f = f,o0---0 f1
(note that we are not necessarily looking for a set of agents that could perform a
specific sequence, but, effectively, the union of all agent sets for which some such
sequence exists). In our model, individual agents may not have access to appropriate
agents that can solve the problem, in which case, in turn, this would become a SC
itself, where d = d, 0---ody and d; : F — 2N with d;(f) C d(f) and d(f) = U;d;(f)
(this discovery will not always terminate, of course, and it is not guaranteed to always
add genuinely novel agents)

e Assignment: A function a : 24 — (F x A) where a(A") = (i, f;), f; € F;, and
f=1fano--fj---ofyforalll<j<mn,and a will normally only be defined for a
specific subset A’ C A of agents. Processes like negotiation of conditions, refinement
of the task specification etc are hidden here by the fact that the f; assigned to
agent ¢ is simply selected from all the things that agent could do, which will include
variations as to what incentives it would require, etc. To describe assignment as a
computation within our framework, agents and tasks need to be reified in variables,
so the assignment process itself becomes an SC.

3For simplicity, our construction here is limited to sequential tasks and ignores time constraints. In
reality the overall task would be a collection of sequential SCs plus a set of synchronisation constraints
that would have to be solved within some time interval.
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e Execution: A function e : F x A — F determines agent i’s behaviour, such that
e(fj,i) = fj/ denotes that agent i will perform fj/ when it has been assigned function
fj- Normally, it will be desirable that f = f’ for every participating agent, or
at least that [ = e(in, fn) o --- o (i1, f1) on the relevant inputs with regard to
the outputs we are interested in (i.e. side-effects that are generated by the actual
computations performed by agents i1, ..., can be ignored may vary). The outcome
of the execution phase is f/(z!) = y'** using the notation of our abstract SC above.

e Feedback: A function k : F x A — F determines what additional functions will be
performed by every agent to reflect the consequences of the task execution in terms of
rewards, observations about the observed (e.g. agents’ performance, success/failure,
etc), where agents i (not necessarily only those involved in the execution of the task)
compute k(f’,7) = k' based on (what they can perceive of) the global computation
that has occurred.

With this, we can describe the outcome of an attempt to orchestrate an SC as performing
the first three stages, i.e. o(f) = e(a(d(f)))), where various additional feedback steps
k(o(f)), K (o(f)), ... may be performed by various agents before, during, or after the
computation. Note that the outcome o(f) of the orchestration may be very different from
the originally intended task f, i.e. the SC may fail, produce unintended side-effects etc.

3.2 Implications for design

The primary motivation for moving from a general, abstract model of SC to a more
constrained, though still fairly high-level, specification of SO is to be able to ask more
specific questions about the representations and algorithms that are necessary in order to
build actual HDA-CAS to a specific set of requirements. A consequence of this transition
to a more bounded design space is that we have to make certain assumptions and establish
some general requirements for any implementation that follows this framework.

e Communication network: The requirement for each peer to have knowledge of at
least some neighbours in the network is already captured by the abstract SC model.
Performing the necessary interactions assumes that reliable and scalable decen-
tralised communication channels are available. A commonly agreed communication
language needs to be available, so that messages are interpreted correctly by all
peers. Appropriate access control mechanisms need to be in place to ensure shared
data is appropriately accessed and correctly manipulated.

e Representational requirements: The signature of the above functions requires that
peers be able to talk about tasks, peers, and knowledge of the environment pertinent
to the task in hand, so that they can process these as inputs and produce the right
outputs. This implies that an agreed ontology about peers, objects, actions, task
workflows, time, commitment, rewards and sanctions, and relevant social constraints
is available, and that the status of the overall orchestration can be shared (e.g. to
inform each other about agreed, completed, failed tasks, to refer to previous tasks
when providing feedback, etc).
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e Processing requirements: Each peer needs to dispose of an internal “algorithm”
(which may not be formulated in a computational way in the case of human com-
putation) for translating appropriate task specifications, i.e. generating some state-
modifying behaviour given certain commitments made. Every peer needs to be able
to inspect and transform local variables, and to determine when this should be done
in accordance with synchronisation constraints; it also needs to have appropriate
means for tracking the execution status of a complex task and knowing when its
contribution is required (this may require additional sensing or communication to
observe non-local variables).

At first glance, none of these requirements seem to be very different from those involved in
the design of a traditional distributed system. The challenge and novelty arises from our
aim to realise them in such a way that our architecture allows for a continual co-design of
these systems by all stakeholders involved, so that the composition of complex HDA-CAS
can successfully exploit the CCC principle. In the next part of this document, we propose
a concrete, computational architecture which we have designed to make this possible.

4 The Play-By-Data architecture

4.1 Introduction

To enable individuals to build, participate in, and adapt HDA-CAS, we need to provide
a computational infrastructure that is as lightweight as possible in terms of making as-
sumptions that will invariably break as the system grows, the behaviour of participants
changes, or the system environment changes. For these systems to achieve broad uptake
and be composed in a loosely coupled way with each other, we also need to keep them
lightweight in terms of ease of entry and use, and interoperable with existing systems.

To explain the intuition our architecture is based on, it’s worth thinking about human
collaboration more generally, and to consider how people got tasks done collaboratively
when they were not in the same place and when they didn’t need to be co-present to
perform their local contributions to the task before digital communications existed?

A good example of this is correspondence chess, which people have been playing for
decades. Using post-cards like the one shown in figure 2, two players would send each
other information about their moves, following the turn-taking rules of the game. The in-
formation contained on these postcards involved not only details about the actual moves
performed locally, but also about temporal constraints (e.g. by when a response is ex-
pected), debugging information (such as the statement “your move is not clear” or “your
move is impossible”), and control messages like “I offer/accept Draw” that indicate ter-
mination with various outcomes. Importantly, this did not require the local state of the
board to be communicated as long as the initial state was common knowledge. Everybody
could maintain a local representation of the current state synchronised among the players
at all times, as long as the right turn-taking rules were observed and commonly known.

Compared to social computation, this example is of course somewhat limited, in that
it is competitive (though it can be easily replaced by a collaborative one, e.g. solving a
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Figure 2: Postcard for correspondence chess

puzzle together), very small-scale (though one can imagine groups of people playing simply
through a rotating chain letter or a central co-ordinator broadcasting to everyone), and
the task is quite simplistic in principle. However, it also has some interesting properties:

1. It shows how a co-ordinated activity can be performed despite spatial distribution
using only relay communication (= snail mail).

2. Communication or reasoning errors have no damaging effect on the integrity of the
local state representations (= chessboards in players’ houses) or on the availability of
local computation nodes (= players) for other activities (e.g. other games happening
in parallel).

3. Synchronisation actions and local state update is left to the owner of the data (=re-
cipient of the postcard).

4. The mechanism is oblivious to the extent to which the global computation is decen-
tralised or centralised (e.g. all players could be deciding on their moves by using the
same chess Web server or locally, and the process would look exactly the same).

5. The co-ordination complexity only grows in the number of messages exchanged, not
in terms of local representations as the number of participants grows (a thousand
players need five hundred chessboards, but these are completely decoupled from each
other).

16 of 40 http://www.smart-society-project.eu



Deliverable D6.1 (© SmartSociety Consortium 2013-2017

The architecture which we propose, called “play-by-data” (PBD) follows this “play-by-
mail” metaphor in an attempt to provide a framework for implementing our above social
orchestration model that inherits the same properties, adapted to the reality of modern
digital communications: Nowadays, we obviously don’t need postcards, we have the Web.
In the broadest sense, the postcards can be documents with content data expressed using
common Web standards like RDF and XML, and accessed over HT'TP, just like the cor-
respondence chess postcard is, in a sense, a document on a piece of paper. PBD is based
on precisely the idea, namely that the data in a social computation ¢s the computation.

It is important to point out the difference between PBD and existing platforms to man-
age decentralised autonomous interactions: Unlike many of these systems, PBD does not
suggest a bespoke infrastructure which can only manage interactions when mediated by
platform-specific messaging protocols and software components residing on “gated” server
or custom client-side applications (such as common workflow engines, multiagent plat-
forms, common peer-to-peer systems, or existing human-based computation/crowdsourcing
web sites). Instead, it allows peers to describe SCs by virtue of the interaction models
they permit using only common Web standards and transformations on resources that
are exposed to the extent necessary to achieve “approximate shared state” (¢rue shared
state cannot be achieved if we want to ensure systems are robust to failure while op-
erating without strict synchronisation and heavy assumptions on interoperability). We
argue that viewing social computations as collections of clients and servers accessing each
other’s data as the computation unfolds is the most scalable, robust, and lightweight way
of implementing them using current technology.

4.2 Architecture

The “play-by” idea in PBD captures both the fact that all interaction is mediated by
persistent, shareable, and locally owned data, and also that this data specifies how the
computation is performed, as in “play by the rule” (set out by the data). The principles
of this paradigm are the following:

1. A global playcore ontology is provided that is used to bootstrap new PBD inter-
actions. This contains basic constructs to describe peers, tasks, messages, and
interaction models that define admissible sequences of messages. It also specifies
basic constraints that any node needs to implement who wants to participate in
distributed PBD computations, and can be used to form more complex, application-
specific constraints. To enable very minimal discovery, it will also contain a set
of basic exploration protocols to find potential interaction partners, and to solicit
information about them.

2. Each so-called playnode, representing a peer or group of peers that may participate(s)
in PBD computations, is associated with a base URI (and can be either directly
addressable server itself or be contained as an entity representing a client on another
server), and is essentially a datastore that specifies rules for how this datastore
responds to incoming messages in terms of updates to its local data and messages
that will be sent in response to others. This information is provided as a playspec
local to the node, expressed using the playcore ontology.
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Figure 3: Schematic overview of the Play-By-Data architecture for social orchestration

3. The playdata stored with a playnode describes any local information that is to be
exposed to others in order to share information or capture globally relevant aspects
of the state of the overall computation. It may involve results of locally performed
functions, attributes of peers, their concrete action capabilities, incentives they can
offer or may require, groups among peers that are defined by relationships and roles
between individuals, conventions and norms, as well as provenance data including
past interaction logs, trust and reputation values, etc.

4. Both local computations and node-to-node computations are realised as transfor-
mations of resources that produce new resources (normally, Web documents) in line
with the REST paradigm (i.e. only using ordinary HTTP messages, and sharing state
by providing access to appropriate resources). These transformations are triggered
by exposed playservices, and provide the communication interface among clients and
servers, where some clients may of course be servers at the same time.

Figure 3 shows a schematic overview of the PBD architecture. This shows how individual
playnodes, as the agents ¢ of our abstract SC model, manipulate variables X; on web
resources using the atomic functions F; they can perform, and obtaining inputs/sharing
outputs with other playnodes. The different resources created over time correspond to
the application of a function f;(x) to the respective inputs and outputs. The new el-
ement PBD introduces are the playspecs defined in terms of it, which are required for
a reification and description of the elements required to perform the building blocks for
social orchestration rather than abstract computation, and the communication interfaces
defined by playservices. Note that playspecs may remain valid for sequences of individual
computations or change themselves under particular circumstances (this is hinted at by
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playspec containers appearing only in some playdata resources.

4.3

Benefits

At this stage, it is useful to justify the design choices we have made above to explain the
rational behind them. The following is a list of key advantages of the approach:

1.

It follows the principles of the architecture of the Web. This means we can look
at social computations, both past and ongoing ones, as linked data with all the
flexibility that comes with that, e.g. using third-party services and data on the
Web, and scaling up computation models by using the decentralised data storage
and computation facilities that Web components share by virtue of simple, generic
interoperability standards.

. It does not require a bespoke computational runtime application. As many previous

efforts have shown, unless the purpose of the overall system is so broad that it
can attract millions of users (as, e.g., in P2P filesharing systems), it is unrealistic
to assume that we can build a platform that will achieve the uptake needed to
demonstrate how new social computation techniques work in the real-world.

It provides a separation of concerns between the shared computational process and
actual runtime processing. Following this architecture does not require making com-
mitments as to whether and how interaction flows are planned and executed at run-
time. Playnodescan be implemented at various levels of abstraction, for individuals
or collectives, managing arbitrary portions of the global playdata space.

It enables a unified way of managing and analysing data. Individual nodes can
specify access policies to their local data through disclosure services with appro-
priate authentication methods that ensure privacy. Subject to privacy constraints,
comprehensive descriptions of past interactions can be made available for analysis,
following common Web standards that make them amenable to the use of Big Data
methods.

It lends itself to human-in-the-loop, open-ended modelling of context, knowledge,
and inference. We envision that automated support will be provided by (locally or
globally provided) inference services, for example to plan interaction sequences, to
search for appropriate peers, to automatically generate execution sequences for social
workflows, or to repair broken computations. Where such automated inference fails
to produce complete, executable, and verifiable computations, humans can fill in the
gaps, using human-level intelligence and interpretation capabilities.

A separate argument needs to be made regarding why social orchestration needs consider
architectural issues at all — after all, it is about the organisation, rather than implemen-
tation of complex decentralised computations in HDA-CAS! The reason for this is that
the computational architecture on which these will run does affect their design in two
important ways:
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Firstly, to capture the nature of voluntaristic collectives of collaborating (human and
machine) computation units inherent to HDA-CAS, we need to move away from a tradi-
tional “platform” view of distributed computation where these units are ultimately under
the control of a “container” that runs them. In the kinds of systems we’re interested in,
control of data and process is restricted to the playdata pertaining to a playnode, and
any manipulation performed on is the result of the behaviour of an autonomous peer. A
systems architecture like PBD is required if we want to study the behaviour of individuals
and collectives as autonomous actors and identify what incentives and motivations will
lead to certain behaviours.

Secondly, as our abstract SC model has already shown much earlier, we are interested
in an environment where the sources and results of computations are simply “out there
in the wild”, i.e. there are no guarantees as to whether they are correct, up-to-date or
synchronised with each other, pertain to computations that are still relevant, are fixed or
still evolving, have been corrupted, or whether they are linked to each other in a correct
way. This is exactly what is true of data and users on the Web: their validity and usefulness
is only verifiable at the moment when they are accessed. Only by embracing this openness
we can attempt to develop a principled way of understanding and managing the kinds of
systems HDA-CAS operate in.

5 An example

To illustrate the workings of the conceptual and architectural principles laid out above, we
describe a first design for an application for a ridesharing HDA-CAS, of which we are cur-
rently developing a prototypical implementation. We start by introducing the ridesharing
scenario and explaining its value for our work. We then present an outline of its im-
plementation, mapping its individual components to the social orchestration architecture
introduced above. This is then followed by a discussion of important research issues that
have arisen from this design and implementation effort.

5.1 The ridesharing domain

Ridesharing is the activity of several human travellers sharing means of transportation
for (parts of) a journey. As it may contribute to a global reduction of traffic, pollution,
and energy consumption, and may improve the utilisation of private and public means of
transportation, it is a valuable means of addressing important societal and environmental
challenges. At the same time, it offers concrete benefits to participants in terms of improv-
ing comfort and mobility while reducing travel cost. Beyond these features, ridesharing
has many further properties that make it ideal as a problem domain for the development
of SmartSociety systems: The complex route and resource constraints combined with the
different travel needs of individual travellers create a highly complex combinatorial prob-
lem, where machine computational can be useful in identifying and matching appropriate
peers in a large-scale market of potential travel requests, plan routes and timings for them,
and analyse global effects arising from overall patterns of use within a certain geograph-
ical areas. Further, the contributions required by human participants involve sequences

20 of 40 http://www.smart-society-project.eu



Deliverable D6.1 (© SmartSociety Consortium 2013-2017

of individual, inter-dependent activities, such as driving or travelling on public means of
transportation, meeting each other, and reacting to unexpected delays and failures. They
also involve a host of complex psychological and social constraints regarding individuals’
preferences, safety expectations and liability arrangements, as well as financial exchanges.

The ridesharing prototype we are developing in the project aims to provide a “minimal”
implementation of this kind of system. In the current phase of the project, we deliberately
limit ourselves to car sharing, where co-travellers share the entire journey, and negotiate
the precise terms of the deal themselves without machine intervention, and a centralised
ridesharing server performs matchmaking of ride requests, tracking of agreed rides, and
provides a facility for submitting feedback. Also, we do not assume that the trip itself can
be observed by the ridesharing software platform, or that the system will be necessarily
notified when trips are completed (whether successfully or not).

There are several motivations for following such a minimal design: Firstly, we want
to replicate the functionality of existing ridesharing platforms using our lightweight social
orchestration principles to show that they conform to the kind of functionality provided by
existing social computation systems. Secondly, we deliberately want to produce a system
that is “maximally human-oriented” so that we can gain insight into the contribution of
intelligent automation support in a bottom-up, incremental way. Our previous work [1]
on automated ride planning algorithms can be used to add further machine computation
to support more advanced algorithmic processing in the future: The algorithm presented
there clusters potential travellers together in likely groups of co-travellers and computes
plans for complex, multi-modal journeys that involve real-world public transport as well
as private cars for large numbers of travellers and transport connections/services. Thirdly,
the purpose of the prototype is to inform our further research through simple simulations
and human experiments, rather than produce a full application demonstrator.

It should also be pointed out that the current implementation has not involved design-
ing the playcore ontology and playspec structures that would allow for automating more
of the social orchestration functionality based on machine-readable specifications of peers,
tasks, and interaction processes. Rather, the current prototype has all these elements still
hardcoded into a domain-specific Web application, so that we can extract requirements for
a future domain-independent design of these elements of our architecture from a concrete
case study in the next phase of the project.

5.2 Implementation
5.2.1 Overall architecture

The ridesharing prototype is designed as a PBD system with two machine playnodes
providing automated support for the discovery/assignment (“matchmaking service”), and
feedback (“reputation service”) stages of our social orchestration model, realised as Web
servers. The remaining playnodes can be arbitrary human users who execute the actual
rides, and can manipulate their local data (e.g. choosing rides that they are interested in,
or generating feedback) and submit it to the respective server. As these human nodes do
not need to be addressable for the ridesharing application in hand, they are simply realised
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Figure 4: Different states of a ride plan in a ride request. Transitions happen automatically
on the matchmaking server based on information provided by users who appear in the plan.

as “clients” in the Web architecture sense, though this concept is rather misleading here,
since in fact they can simply store their data locally, manipulate it, and communicate
with the servers. The only implication of them not being servers is that they have to
“pull” information on globally exposed state changes in the system since those cannot be
“pushed” to them by the machine nodes. This represents a fairly simple PBD design, but
one that is very similar to existing Web-based social computing platforms.

The matchmaking service allows users to create profiles with persistent preferences
(currently we use preferences regarding “smoking in the car” and “pets in the car” as
examples of these, based on experience BGU has with a ridesharing system locally used
at their university for staff and students), post requests for rides either as drivers or
commuters tied to specific constraints (timing, cost, etc), and agree rides with each other
(through a multi-stage process explained further below). The reputation service allows
user to submit feedback for rides they have participated in, and retrieve reputation rerports
for other users. Authentication data and provenance information regarding all relevant
data transformations performed on the machine nodes of the system are also stored by
the system, so that a trace of all past interactions is available at all times.

The feedback services provide users with a facility to give feedback and rate other
users with whom they have travelled together in the past. Part of the rating process
involves users indicating what opinion they hold about other users. This captures how well
they blend together with the particular matched users of the system, based on previous
experience. Also, users specify a ride quality threshold, which indicates the minimum
accepted average opinion that must be held about others in a ride plan for a user to be
willing to negotiate further with these potential co-travellers.

Figure 4 presents the different states ride plans can be in. For every ride request
received by a user the matchmarking service generates plans that are classified either as
potential Tide plans, or as potentially agreed ride plans. The latter refer to ride plans
acceptable to all participants in terms of opinion thresholds. Ride plans become agreed if
all participants have indicated that they are willing to commit to a ride and perform it.
Finally, ride plans where agreement has not been reached yet may become inwvalid when
at least participant in a ride plan commits to a different plan that was generated by the
system for the same ride request; thus all other options that involve this participant (and
correspond to the same ride request) are automatically rendered invalid. As a consequence,
all other users involved in these plans will be notified about this change the next time they
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fetch an updated overview of plans that match their ride request.

There is a subtle issue that is important here, namely that ride preferences can be
specified at different levels of generality: they may be globally valid for all ride requests,
specific to a particular request, or even specific to a suggested ride plan returned for a
request. At the moment we are treating all preferences (and opinions) as global, but the
system allows these to be specified at finer-grained levels if necessary.

5.2.2 Discovery

The process of discovery in the ridesharing prototype unfolds in a “pull” rather than
“push” style, which is heavily based on matchmaking rather than on exploration of a
peer network: Individual users post ride requests, and the matchmaking service advertises
these requests to every peer who might be interested. Its main functionality is to identify
potential matches based on origin, destination, time of departure, expected time of arrival,
cost, (and, in the case of requests coming from drivers, available number of seats), and to
construct potential ride proposals (i.e. ride plans) for potentially matching users.

This simple matchmaking process already raises important algorithmic problems that
relate directly to compositionality concerns: Firstly, even with relatively small numbers of
travellers between similar destinations, the set of possible ride plans can be prohibitively
large (imagine 100 people travelling between the same locations, where 30 of them are
drivers of cars offering up to 3 spare passenger seats). In practice, this means that we must
produce subsets of all possible solutions (possibly ranked using contextual information),
and abandon completeness. Secondly, while in our simplistic prototype the satisfaction of
ride constraints is very straightforward and involves no route planning, their computation
based on real map data and with revised estimates for travel time and more general
models for cost-matching would involve a significant amount for computation. This, in
combination with the previous issue, effectively means that we would be looking for a
group recommender system that prioritises a reduced set of solutions in such a way that
their acceptance for all travellers is more likely, to avoid wasting computational effort (and,
thus, responsiveness of the ridesharing system). This highlights a fundamental, complex
feedback loop that underlies the compassion of social computations in HDA-CAS: knowing
what computations are feasible requires working out their details algorithmically, but these
require knowledge of the humans who would contribute to them, who, in turn, cannot
reliably be asked whether they are willing to contribute until these details are known.

5.2.3 Assignment

Figure 5 presents the different states in which users can participate in a ride plan. Here,
on the level of individual ride plans, the distinction whether a wuser is considered to be
potential or potentially agreed is manipulated based on the opinions of the user about the
other participants in the specific ride plan as well as the value of the user’s ride quality
threshold. This state transition occurs automatically by the matchmaking service when
the ride plan is generated and can be manipulated when the user changes her opinion about
others in the plan, or modifies her ride quality threshold appropriately. If all users who
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Figure 5: Different states of users in a ride plan.

appear in a plan have a positive opinion of each other (all appear as potentially agreed in
Figure 5), the plan itself becomes a potentially agreed ride plan on the level of the relevant
ride requests (Figure 4), i.e. a serious candidate solution for the users’ requests. The plans
might lose their status as such (or regain it in the future) if at least one reputation value
falls under the relevant threshold due to feedback submitted after their first calculation
(or if the reputation values for all the participants climb above quality thresholds).

In terms of social computation, the above steps involve the composition of the ride
generation service with the reputation service, which are coupled here through the identi-
ties of users involved in future potential rides known to the matchmaking play node, and
mentioned in previous testimonials stored on the reputation and provenance play node.
Synchronisation between the two services is kept as lightweight as possible: feedback can
be added to the reputation service at arbitrary points in time. To complete assignment,
however, we need an additional step which involves obtaining actual commitment from
human participants, i.e. negotiation.

Negotiation is initiated by drivers. As owners of vehicles, their consent is essential.
The driver selects one of the plans appearing as potentially agreed and indicates that she
is an agreed participant (Figure 5) for that plan. The platform then automatically updates
the ride requests of the involved users reflecting this change; i.e. the specific plan is now
a driver agreed ride plan (Figure 4). It is now the turn of the commuters to continue
with the negotiation process. Once all commuters appearing in the ride plan agree on this
specific plan, assignment is completed and the ride plan is automatically promoted to an
agreed ride plan (Figure 4) and a ride record is created, which contains links that can be
used by the participants to post feedback about it. The reputation playnode is ready to
accept feedback to the assigned social computation.

In terms of PBD implementation details, the information and data flow is organised as
follows: Users post ride requests to the ride sharing service. These requests (documents)
are then modified by the ride sharing service so that they include links to the ride plans
(again documents) that are generated by the matching algorithm. Users are modifying
their local copies of ride plans during the negotiation phase and these changes are auto-
matically reflected on the level of ride requests by the system. Of course the other way of
influencing negotiation is by changing opinions about others in the plan or modifying ride
quality thresholds and notifying the system about this change in local playdata.

5.2.4 Execution

As stated above, our ridesharing system does not track or monitor individuals during the
execution of a ride. The only globally exposed state transition that occurs once assignment
is complete is that participants may now submit feedback during (or after) the execution
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of the ride. More precisely, feedback can be submitted as soon as a ride record has been
created (which happens automatically upon mutual agreement).

Though one may imagine that in more complex systems execution information may
be directly available to the system (e.g. by tracking the GPS location of the participants’
mobile devices, or allowing them to submit information about completion (or failure) of
sub-steps of the ride plan), leaving execution opaque is a deliberate choice to illustrate
how parts in a social computation may not be observable by those not directly involved in
a human activity outside a computationally managed infrastructure. This “opaque” mode
of execution is in fact quite common in the real world, for example when human users
trade physical goods on electronic consumer-to-consumer markets. In many scenarios
that involve this kind of execution, the only information the machine nodes in the SC
obtain is through feedback.

5.2.5 Feedback

Feedback can be submitted for agreed ride plans both by the drivers as well as commuters
at any point after agreement (the system has no way of checking whether the ride has
already started, has been completed, or has actually been abandoned). Apart from feed-
back reports submitted by users, two more reputation reports are generated: One of them
is based on statistics computed over interactions recorded by the application about a ride
request, while the other is a summary of the reputation reports submitted about a partic-
ular user. Moreover, the feedback service allows users to change their opinion about other
participants in an agreed ride. Such feedback allows users to be better matched by the
system in future ride requests they may post to the matchmaking service.

This illustrates how contextual information obtained from collectives of human users is
used by the system in the composition of future tasks, and constitutes a simple implemen-
tation of our CCC principle as suggested in the introductory sections of this document.
Effectively, what the system is trying to achieve here is to solicit information about factors
that affect the future probability of success for proposed SCs from human users that is not
directly available to it, thereby using human intelligence and machine-driven data analysis
to augment the compositionally properties of the system. The design principle this method
is based on is that while information about ride requests and negotiation outcomes (known
to the system) alone will not be sufficient to compute future rides successfully, supplying
user-provided context to the algorithm that computes them will.

5.2.6 Social computation and compositionality

In terms of social computation, the overall task of the system is to improve and explicate
existing “neighbourhood” structures (as described in our abstract SC model) that will in-
crease the likelihood for individual computations (individual agreed rides) to occur so that
the overall social computation (collection of all rides) leads to better resource utilisation
and mobility for all involved. This is essentially achieved by allowing the neighbourhoods
of the individual human users to evolve over time, as they participate in rides and/or as a
consequence of the feedback submitted about others, which reinforces good neighbourhood
links and thus connectivity among the social network.
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As regards task composition, each of the individual rides is considered independent,
i.e. the system does not check, for example, whether a single user has over-committed
themselves to parallel rides. In terms of sequential composition, each ride may involve
contributions from a small number of peers (typically 2-5, depending on the spaces avail-
able in a driver’s car) which all have to agree sequentially to participating in a given ride
before that ride is complete (in terms of agreement, not of execution, which is currently
not captured by the system as described above).

6 Discussion

In this section, we review what our work on lightweight social orchestration has achieved
so far, and discuss the next steps that are necessary to accomplish the longer-term aims
of the workpackage and its relationship to other activities in the project.

6.1 Work so far

In order to achieve a lightweight design, our work has so far proceeded in a strictly bottom-
up fashion. We developed an abstract, purely algebraic model of social computation that
allows us to capture important compositionality issues in HDA-CAS starting from first
principles, while making no specific assumptions about its computational realisation. This
very simple model allows for sequential and parallel composition, hierarchical organisa-
tion, and embeds social computation within networks of interaction. We then showed how
this can be translated to a model of distributed rational decision making for autonomous
agents. This alternative view is essential if we want to analyse and predict emergent pat-
terns in human behaviour, and allows both normative and descriptive models of rationality
to be super-imposed onto the previous abstract model.

The next step has been to propose specific functional building blocks that can be used
to orchestrate a broad range of real-world social computations. Our social orchestration ar-
chitecture instantiates the abstract social computation model with key functions performed
by human and machine nodes which are needed to bootstrap organised computer-mediated
man-machine workflows. By providing specifications of these and indirectly assuming that
their purpose and nature are understood by all participants, it fills the gap between an
abstract view of “social algorithms”, and provides guidance for the specification of specific
computational artefacts that support the development of implemented HDA-CAS.

Enabling such implementation requires a minimal computational infrastructure that
can be assumed. Our proposed Play-By-Data architecture is not a “software architec-
ture” per se, but much more a set of architectural principles to which any concrete social
orchestration implementation must adhere. It is strictly data-driven, imposes minimal
communication requirements, and maps the architectural principles of the Web to the
requirements of our conceptual and theoretical models. Following these principles is likely
to result in loosely coupled and robust large-scale systems which do not require reliable,
persistent communication links, allow for redundant information storage and caching, and
are thus well-equipped to cope with the demands of complex HDA-CAS.
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Finally, we presented an implement example of our social orchestration framework
in a PBD-based system to illustrate the principles of both ideas while adhering to our
initial vision and abstract framework. While it is certainly not the case that a system
like our ridesharing prototype is, in itself, novel in its functionality, the main achievement
of our specification and design efforts has been to produce a consistent “pipeline” from
conceptual analysis to concrete implementation.

6.2 Next steps

As proposed in the project workplan, our work so far has produced a static social orches-
tration architecture which ignores adaptation. This limitation manifests itself in different
ways, and each of these manifestations directly suggest what the next steps in our work
on social orchestration and compositionality will be:

Firstly, the SO specification is one where concrete, domain-specific functions need to
be implemented in the different components of the social computation system. This is not
only evident from the fact that the communication protocols and data transformations in
the ridesharing example are implemented on an ad hoc basis in a fairly traditional Web
programming style to perform the functions needed to bring about the overall computation.
It is also obvious from the lack of actor, task, and process ontologies (the “play specs”
alluded to above in a very cursory fashion) that are missing from our specification. Without
these, and execution engines that can operate on them, the system essentially relies on
full a priori agreement on the role each node will play in the interaction, and existing
specifications cannot be adapted to new ones. The view we take regarding adaptation
here would be that in order to achieve interoperability within a new or modified system,
there needs to be a common minimal set of interoperable standards so that peers can
define novel social computations in terms of existing ones. (After all, remembering our
proposed CCC vision of compositionality, this is exactly the human- and machine-driven
process of evolution by which we expect contextual information to be used to incrementally
enhance systems.) Our social orchestration model makes some headway toward this, in
that it hints at what conceptual categories will need to be included in such dynamic
orchestration methods, where execution engines could “run” shared specifications of social
computations. Developing such ontologies and engines will be a focus of our work in the
next project phase, and will also involve an exploration of the extent to which RESTful
web applications can be built from generic descriptions of actors, tasks, and interaction
models, which is something that, to our knowledge, has not been attempted before. Work
on these issues will involve close collaboration with WP4 on peer profiling, WP1 on the
formal modelling framework, and WP8 on the SmartSociety architecture.

Secondly, our orchestration method does not propose any specific methods for algorith-
mic adaptation. By this we mean the “intelligent” part of orchestrating social computa-
tions, which involves automated methods for adapting incentives and social rules, making
recommendations, and resolving conflicts. We have already mentioned two fundamental
research challenges above that need to be addressed to enable such intelligent support
for orchestration: (i) the tension between synthesising complex tasks and eliciting con-
tributions from their potential participants to these tasks, where each of these two steps
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cannot be performed in isolation from the other and (ii) the problem of group recom-
mendation, i.e. prioritising proposed tasks based on their likelihood to be acceptable for
collectives rather than individuals. We have seen (fairly trivial) examples of how these
issues can be addressed in the ridesharing example, namely its mechanism for improving
recommendations based on past feedback, and the sequential agreement process it em-
ploys, respectively. To achieve a deeper understanding of these problems, further work is
necessary on various more specific issues related to the modelling of collectives and their
behaviour. Firstly, this is necessary to capture the structure of collectives and the opera-
tions they permit, such as agreement, delegation, representation, and stereotyping, and to
use these for more advanced recruitment and task suggestion methods based on analysis
of past behaviour. Secondly, to be able to detect emergent functionality when various
computations run in parallel and impact on each other (a simple example of this would
be to detect congestion problems cause by parallel rideshares, or improving the reliability
of participants by policing overcommitment and imposing stricter execution monitoring
rules — e.g. that they have to report their location in fixed intervals so other co-travellers
can be reassured about the feasibility of an already initiated ride).

Work on these issues has many different facets related to distributed autonomous
decision making, planning and execution monitoring, and machine learning, and touches
on fundamental problems in A, such as uncertainty and partial observability, strategic
models of individual and collective behaviour, and mechanism design. On the incentives
design part, it will involve close collaboration with WP5, and on the data analysis side
with WP2. The intelligence of how HDA-CAS are adapted will also of course involve
human intervention, and we will make sure, in collaboration with WP1 and WP3 that our
models and architectures encompass facilities for such intervention and its utilisation by
the system.

7 Related work

In this section we present a survey of the existing work on composing machine and/or
human elements to perform complex computations, and relate their contributions to ours.
Within this very broad space, we focus on three specific areas: agent-based systems, which
provide key coordination techniques for the kinds of systems we are interested in, focus-
ing on the representations, reasoning, and interactions involved; workflow systems, which
address issues relating to the organisation, management, and execution of complex pro-
cesses and services; and frameworks for human-based computation, which provide concrete
programming support for building systems that involve human services.

We should remark that, to our knowledge, there exist no methods that fully support
our view of social orchestration in the HDA-CAS context, i.e. none of them considers
hybridity, collectivity and adaptability jointly. However, considered separately, previous
solutions give insight into different possible approaches for addressing some of the key
research issues we are interested in.
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7.1 Agent-based systems

The agent-based systems literature [2, 3, 4] abounds with techniques for coordinating
autonomous, rational agents. These range from specifications of agent communication
languages and interaction protocols via negotiation mechanisms to multiagent plan coordi-
nation, norms and institutions, trust and reputation mechanisms, and multiagent learning
approaches. Such methods provide a very rich arsenal of conceptual abstractions, formal
modelling and specification tools, representation and reasoning methods, and algorithms
that can all be used to support coordination (in the sense of “the effective management
of interactions”).

Our conceptual framework for social computation is inspired by the literature on
network-based modelling of strategically interacting systems [5], as well as that on (multi-
agent) rational decision making in sequential stochastic systems [6, 7]. While this connec-
tion will be brought to full fruition only in our future focus on reasoning and adaptation,
it is crucial to make it from the outset to ensure that our more practical orchestration
and implementation methods are designed in adherence to these frameworks. It is also
worth noting that our models are much more data- (rather than outcome- or strategy-)
oriented, which will hopefully make them more directly applicable to the analysis and de-
sign of concrete Web applications, rather than requiring various prior steps of conceptual
abstraction by a human expert.

Our social orchestration model borrows heavily from the teamwork framework [8], in
that it replicates its main stages of identifying a goal that cannot be solved by an agent on
her own, negotiation and agreement on a plan to achieve this goal, and joint execution of
the plan. The feedback stage, and the effect it has on matchmaking is not present in the
original framework, and extends it by adaptation capabilities based on user experience.
Also, our architecture interprets previous work in this area in a very lightweight fashion:
While existing work emphasises the modelling of individual and collective mental states
(e.g. intentions and joint intentions) as well as flexible forms of negotiation, planning, and
execution monitoring, we are looking for the most basic set of procedures that will enable
human-oriented collaboration. On the one hand, this means that we are not (yet) making
use of many of the methods the area has to offer. On the other, it drastically reduces the
amount of assumptions we have to make regarding the infrastructure, representations, and
computational mechanisms agents to bootstrap team activity. This is crucial if we want
to move from small sets of elaborate computational agents among which a high degree
of a priori assumed interoperability to large-scale open-ended Web applications with very
diverse populations of participants.

In terms of a computational architecture, our PBD model is somewhat akin to work on
electronic institutions [9], which is concerned with specifying the rules by which interac-
tions are managed in a decentralised system, going through various stages of interactions
(so called “scenes”, e.g. information exchange, negotiation, etc) where different contribu-
tions are possible, and different constraints are applied to obtain the outcomes required
for the overall functionality to be realised. A web-centric application of electronic institu-
tions that emphasises shared ontologies and interaction models has been proposed in [10],
and provides the inspiration for our (future) aim to develop appropriate ontologies for

(© SmartSociety Consortium 2013-2017 29 of 40



(© SmartSociety Consortium 2013-2017 Deliverable D6.1

playspecs and execution engines for them. Though this work made significant progress in
terms of developing advanced methods that help achieve interoperability among heteroge-
neous components interacting within open computational infrastructures, it adheres to a
“big” Web service paradigm, where services essentially interact through remote procedure
calls, rely on persistent messaging connections, and hand over direct control to non-local
execution engines. Our focus on RESTful services, which are purely driven by asyn-
chronous transitions among the states of local data exposed to other components, takes a
very different approach. Here, local computations are handled by genuinely autonomous
nodes in the network, and rely on a much more lightweight communication infrastructure.

7.2 Workflow-based systems

Workflow-based systems support the specification, execution and monitoring of complex
computations, typically able to combine many web services, or computational elements.
The existing workflow systems concentrate on the orchestration of computational services,
and offer limited support for human involvement in the execution of workflows.

Generic systems, such as the Business Process Execution Language BPEL?, focus on
the composition of Web Services for generic enterprise use. Though there have been efforts
to use BPEL for scientific research [11], many workflow systems have also been created
specifically to support the scientific research process [12, 13], and the tools have evolved
along with the communities of users in specific disciplines. These can be used to provide
access to services, or to orchestrate the data access and processing nodes needed for large
scale computation, such as with Grid computing.

Workflows defined in such languages provide a specification of the tasks and depen-
dancies between them, with most workflow systems providing graphical interfaces to allow
domain experts to specify the form of the computation without having to deal with the
underlying workflow language. Depending on the particular system, the dependancies in
the workflow either represent data-flow between services, or control-flow defining the order
of execution of tasks. The nodes in the workflow form a directed acyclic graph which, even
though most workflow languages provide constructs to encode conditional execution and
looping, still provides only a static description of the shape of the resulting computational
system.

In order to support the enactment of a workflow, the workflow system needs to map
each node to a specific instance of a service or computational resource. Support for this
varies considerably: Mapping may be a manual process, requiring the user to specify each
resource explicitly, as in scientific workflow systems such as Taverna [14] and Kepler [15],
or it may be handled by the middleware. In the case of BPEL, the mapping may be
the result of the workflow specifying services according to an abstract WSDL description,
with the workflow engine being responsible for matching these to concrete instances at the
point of execution.

In the case of Grid computing systems, mapping involves allocating the compute re-
sources for the individual jobs which make up the workflow. HTCondor [16] is a Grid

“https://www.oasis-open.org/committees/wsbpel/
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middleware to support High-Throughput Computing. Its DAGMan workflow system al-
lows the composition of individual condor processing jobs into complex sequences of jobs.
Each job is represented by a ClassAd (a ”classified advert”) which describes the details of
the compute environment it requires (such as processor type, available RAM, Operating
System). The workflow system uses the Condor matchmaker service which compares job
ClassAds with those representing the available system resources, to map tasks to specific
systems with available compute time.

When supporting the execution of the workflow instance, the workflow system is re-
sponsible for arranging for the transfer of data to and from services or processing nodes,
and monitoring progress to provide feedback to the user. The system may also record
provenance information to ensure a record of the processes which led to the creation of
any workflow outputs is available.

Since workflows often comprise many services, or large numbers of long running com-
putations, it is important that workflow systems are able to deal with error conditions
in parts of the workflow. Taverna can be made to retry a service if it is unavailable, or
alternatives can be specified by the user and it can attempt to use one of these alternative
service implementations if the first choice fails or is unavaiable. HTCondor’s DAGMan
jobs are often run on scavanged compute cycles where machines are otherwise unused, or
underutilsed. This leaves a job vulnerable to interuption at any point. The scheduler will
attempt to checkpoint the job and requeue it to resume later, if that isn’t possible then
the job will be restarted. If the workflow engine detects errors from which it is unable to
recover then the whole workflow will be checkpointed, so that the human user can inves-
tigate and potentially resubmit the workflow to carry on from where it left off, without
needing to repeat the successfully completed parts.

In contrast to this, our orchestration model and architecture rely on the voluntary
contributions of participants, and so far do not address recovery from errors. In fact, we
make no explicit distinction between correct executions and error states or exceptions —
computations may simply continue from any intermediate point if a play node is able to
perform its computations on them, and is free to generate any resource as a consequence
of that computation, with no guarantees for the integrity or usefulness of these resources.

7.3 Human-based computation systems

In this final section, we turn toward more concrete proposals for systems that involve

human-based computation on the Web. These are relevant for our own work, as they
address the hybridity aspect of HDA-CAS.

Following the expansion of portable computing devices, the traditional service-oriented
computing (SOC) moved on to include people as providers of online services. How this is
achieved depends mainly on the type of collaborations where human services are needed.
Collaborations can range from fully orchestrated ones (process-centric) to fully uncon-
strained (ad-hoc) ones. We explore how this choice affects the design decisions using two
exemplary systems. Then, we look at crowdsourcing systems that are more concerned
with aggregating results from repeated execution by large numbers of humans rather than
with organising collaboration among individuals. Together, the more collaboration-centric
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and more aggregation-centric paradigms address different dimensions of compositionality
which, taken together, are at the core of our approach to this theme.

7.3.1 Process-centric Collaboration

Apache HISE® is a system implementing WS-HumanTask® specification for process-centric
collaborations, such as those described by BPEL4People”. Human interaction is modelled
through the concepts common to business processes. Humans take specific roles (e.g.,
owner, initiator, stakeholder) with respect to tasks. Roles specify the possible actions
that (a group of) humans can perform over a task. In order to perform a task, different
people with different roles are assigned to the task. The concept of task encapsulates the
human service, i.e. human tasks are services “implemented” by people. Each task has
two interfaces, one exposing the actual service that the task offers, and the other allowing
humans who work on the task to manage it.

In order to support task lifecycle management, the system implements a number of
other elements need: a state machine for tracking the task progress, temporal and role-
based constraints, GUI rendering of tasks, a number of common, prescribed interaction
patterns (escalation, delegation), and notifications.

In terms of orchestration, business processes are executed by an execution engine.
When a human task needs to be performed, a WS-HumanTask is created and its lifecycle
managed by the state machine. Depending on the current state, predefined roles are
invoked to perform necessary actions. Humans can perform delegations and assignments
of tasks to other. Humans can notify and be notified through asynchronous messages, and
they are offered a GUI and an API for managing the task lifecycle. At the implementation
level, tasks are invoked through WSDL interfaces, both synchronously and asynchronously.

The system makes no provisions for discovery or recruitment: Participants/nodes are
known in advance and assigned predefined roles are defined to carry out specific actions
on a task. Each task is then assigned to (groups of) people fulfilling specific roles.

The advantages of this type of system, similar in spirit to workflow-based systems,
is the ability to precisely control the collaboration, and to reuse process models, at the
cost of limited flexibility requiring process remodelling in case of collaborative pattern
changes. Its reliance on traditional services is similar to that often encountered in the
workflow systems literature, and we have already commented above on how we want to
follow different architectural principles in our work.

7.3.2 Ad-hoc Collaboration

At the opposite end of the spectrum Human-Provided Services (HPS) Framework [17]
supports ad-hoc human collaborations, i.e. human interactions without a predefined control
flow. The framework allows humans to use a high-level editor to specify the interface of
the service they intend to provide. The service is then stored in an XML-based service

Shttp://incubator.apache.org/hise/
Shttp://docs.oasis-open.org/ns/bpeldpeople/ws-humantask/200803
"http://docs.oasis-open.org/bpeldpeople/bpeldpeople-1.1.html
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repository and made available through different interfaces (SOAP, REST) and for different
message formats (XML, JSON). A proprietary human task format is used when a request
is submitted (so called task announcement). Upon submission, the user is presented
with a list of potentially matching services. The framework supports both synchronous
and asynchronous communication, and manages message delivery and service invocation
delays when needed to accommodate the human nature of services. Another powerful
feature of the framework is interaction handling, which gives users the option of specifying
their own collaboration patterns by providing a set of interaction rules.

Architecturally, the HPS middleware runs a centralised XML-based registry of services,
tasks, messages and user profiles, along with different modules for management of service
discovery and matching, message routing and handling and interaction management (rules
engine). The middleware’s functionalities — definition and deployment of services, service
discovery and matching and service invocations are exposed through a layer supporting
different protocols (SOAP, REST, Atom). On top of it, a number of web-based GUI tools
is provided, offering the user a visual facility for importing/specifying service descriptions
and interaction rules.

Workers freely contribute their service descriptions into the repository, and, at design
time, who will provide the service at invocation time is not specified. When a system user
submits a task to the system, the service discovery offers offers service listings in response
via Atom feeds. The services can be matched based on different matching and ranking
algorithms (cf. [18, 19]). The requester can further restrict the services he wants to use
for task processing by limiting it to a role-based group of service providers.

Service providers also provide rules governing the allowed interaction patterns with the
service, which are then imposed by a rule engine at runtime. The framework imposes no
restrictions as to what kind of rules can be specified. However, no support for automated
service composition is reported.

In terms of synchronisation, the middleware manages conversion and routing of mes-
sages to appropriate services. In order to support the inherently unstable availability of
human-provided services, the platform manages asynchronous communication between the
human service providers and the task requesters by caching messages and delivering them
across different devices.

The system makes no provisions for task aggregation or decomposition, all tasks are
atomic. The main strength of this system is that it is a general-purpose platform with
support for arbitrary collaboration patterns, but as it has not been fully implemented yet
its real-world applicability is unclear. We envision that concrete SmartSociety implemen-
tations of our orchestration architecture will adopt similar principles in many ways, but
enhance them with intelligent composition and analysis mechanisms, which are amiss from
this system.

7.3.3 Crowdsourcing Systems

In contrast to collaboration systems, crowdsourcing platforms platforms use large num-
bers of (mostly unskilled) workers to perform human intelligence tasks. In the following
paragraphs, rather than focusing on popular crowdsourcing platforms like Amazon Me-
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chanical Turk, Galaxy Zoo etc themselves, we focus on programming frameworks that aid
the process of building specific applications using Web-based programming techniques,
and thus provide important insights for social orchestration architecture design.

TurKit [20] TurKit is a JavaScript library layered on top of Amazon’s Mechanical Turk,
aiming to provide a seamless integration of crowdsourcing into general programming. It
does so by introducing a novel programming model (crash-and-rerun) designed specif-
ically for conventional microtask-based crowdsourcing platforms. Although a detailed
discussion of its programming model is out of scope here, the general principle is impor-
tant within the context of social orchestration. The crash-and-rerun model implies that
the entire orchestration and synchronisation is left to the programmer, who must divide
the work into appropriate micro-tasks. When a program is run, the human task results
are stored into a database, together with the execution trace, allowing a repetition of a
blocked /delayed /unsuccessful human computation with different actors, until the compu-
tation is successfully completed (memoization). Each subsequent re-run reuses the stored
results of the previously successfully executed human tasks, and offers the unfinished tasks
again to the crowd, attracting possibly different workers.

All these properties are directly dependent of the underlying crowdsourcing platform,
in this case Amazon’s MTurk. Therefore, the programmers can specify task descriptions,
the offered price, and the interfaces exposed to the workers as specified by this underly-
ing platform. The workers then simply decide to accept the task and perform it. The
only constraint that a programmer can specify is to explicitly prohibit certain workers to
participate in a given computation.

The entire synchronisation and aggregation process is left entirely to the programmer,
who needs to implement it on an ad hoc basis. TurKit offers a programming primitive
allowing to fork a code block for parallel execution and a join primitive to wait for the
forked branches to finish. Inter-worker synchronisation is out of the programmer’s reach.

Since the TurKit approach relies on re-offering the same microtasks to the crowd, it
inherently implies that the computation task must be decomposable into simple subtasks
that can be offered to arbitrary workers, i.e. no matching to individual workers’ capa-
bilities can be performed. Alongside the absence of team composition and inter-worker
coordination control, this effectively limits the applicability of the platform to conventional
crowdsourcing tasks — tagging, translation, comparisons, preference votes, etc.

An important aspect of the programming model assumed by this system is that it
embraces the uncertainty involved in human-based computation: If needed, redundant
computations can be easily run, and majority votes can be used for controlling the cal-
culation of results. This is certainly a perspective that is largely overlooked by most
agent- and workflow-based systems, and will be one that we will have to consider in future
developments of our own social orchestration platform.

Jabberwocky [21] Jabberwocky is a programming framework for human-based com-
putation that is composed of three components:

1. Dormouse — a cross-platform middleware enabling computations on top of different
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underlying commercial crowdsourcing platforms. In addition to the bare functional-
ity offered by Mechanical Turk, this layer allows richer user profiles, and integrating
social information from different social networks, such as Facebook.

2. ManReduce — a component implementing the novel ManReduce programming model.
As the name suggests, the model is inspired by the MapReduce model. Programmers
are required to break down the task into appropriate map and reduce steps, each of
which can then be performed by a machine or by a set of humans workers.

3. Dog — a high-level, user-friendly procedural level language with a syntax slightly
resembling SQL, allowing non-expert users to specify a certain class of problems
which then get executed by being translated into the aforementioned ManReduce
paradigm.

The computational architecture of the system operates in the following way: A user com-
piles a high-level script in the Dog language, which then gets translated into a ManReduce
program. This program is then executed on the Dormouse platform. The platfrom creates
tasks, as defined by ManReduce. Machine tasks are dispatched for execution through
a queue to a cluster of machine compute units or services. People tasks are similarly
dispatched in form of JSON descriptors to workers residing on possibly different underly-
ing platforms. Machine execution is suspended (de-queued) until human computation is
performed.

In terms of recruitment, at the ManReduce level, it is left to the programmer to specify
the mappings from human tasks to workers. However, as opposed to TurKit, Jabberwocky
provides more support as the programmer can impose declarative constraints to specify
what types of workers are eligible to apply for the task, and this mechanism extends to so-
cial relationships, and can be used, for example, to consider only Facebook friends (though
the constraint language is far from allowing general relationship constraints). At the Dog
level, only a number of predefined constructs can be used for specifying eligible workers
and collaboration patterns at a fairly high level, for example, “friends from ‘facebook’
where university="MIT’ ” will be asked to perform one of the following actions {‘Vote’,
‘Label’, ‘Compare’, ‘Answer’}”.

Synchronisation and aggregation mechanisms are dictated by the map & reduce variant
in use: A number of map steps can be performed in sequence, followed by possibly multiple
reduce steps. Any of these can be performed by human or machine nodes, and human
computations are blocking.

The main limitation of this system is that the “MapReduce-style” class of problems is
not general enough. On the other hand, the framework makes a good attempt to provide
a programming interface that can be used by non-expert users by introducing the Dog
language. This is an interesting feature that should be further explored in our project,
though it is not central to the aims of the social orchestration and compositionally work.

Automan [22] AutoMan is very similar to the previous systems, but simpler, providing
only functionality for crowdsourced multiple-choice question answering in the Scala pro-
gramming language. Its authors main focus is on automated management of quality and
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correctness of answers and on pricing policies. Each question is offered to the crowd in
a number of copies. The exact number of copies depend on the desired confidence inter-
val. Once the question is answered a number of times, an automated procedure decides
if the answer is correct with respect to a minimum level of confidence, or another round
of answering should be performed. New rounds of answering offer better prices, but also
exclude previously participating workers from answering again, stimulating the workers to
respond correctly the first time.

Although simple, the reason why we chose to include this system in our review is be-
cause it demonstrates how indirect worker recruitment works: Instead of actively choosing
workers to perform a task by selecting them based on their properties, skills or social con-
nections, this approach employs a mechanism offering tasks to the crowd in multiple rounds
and adjusting the price in order to attract the workers.

In this sense, it provides a very interesting incentive scheme to solve the recruitment
problem which is worth studying for the development of our own recruitment mechanisms.
At the same time, it does not cover many of the other stages of social orchestration that
we have discussed.

CrowdLang [23] While offering similar functionalities as the systems just describe, such
as cross-platform applicability and human result memoization, CrowdLang a number of
novel features, primarily with respect to the collaboration synthesis and synchronisation.

CrowdLang enables users to (visually) specify a hybrid machine-human workflow by
combining a number of generic collaborative patterns (e.g. iterative, contest, collection,
divide-and-conquer), and to generate a number of similar workflows by differently recom-
bining the constituent patterns, in order to generate a more efficient workflow. The use
of human workflows also enables indirect encoding of inter-task dependencies.

An IDE is used as interface to users of the systems, which can define tasks and perform
workflow recombinations to generate hybrid man-machine workflows. These workflows are
orchestrated by the CrowdLang FEngine, that also exposes Web Service interfaces, although
details are not provided in the cited paper. The engine invokes human tasks through an
abstraction layer that supports task deployment on different commercial crowdsourcing
platforms, such as MTurk, Clickworker or CrowdFlower.

CrowdLang offers an array of collaborative patterns which can be recombined, in order
to enable versatile human-machine workflow compositions. Initial task decomposition and
final result aggregation are also represented as collaborative patterns and then executed by
the crowd as part of the workflow. Similarly, synchronisation is also achieved by specifying
appropriate patterns.

At the time of writing, the system has been evaluated only on a limited scope of tasks,
such as text translation, which can be expressed with standardised workflow patterns in
a straightforward way. It remains to be seen how applicable this approach can be for
more general human computations, and whether we can reuse some of its ideas for (semi-
Jautomated task design. However, it is worth highlighting that CrowdLang is currently
the only available crowdsourcing system that allows for directly specifying and combining
collaboration patterns, thereby adding elements of the (otherwise missing) collaboration
layer on top of conventional crowdsourcing.
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7.4 Summary

This section has surveyed important contributions from various areas on issues relating to
social orchestration and compositionally. Where possible, we have attempted to explain
how these relate to our own approach, and to identify elements of these contributions that
have been, or are expected to become, important for our work.

The survey, just like earlier parts of this document, illustrates that our research aims are
at the intersection of many research topics, which involve implementation and architectural
concerns, algorithmic issues, and fundamental computational problems. It is important
to emphasise that we believe the contribution of the workpackage to be precisely at the
intersection of all these issues, rather than in attempting to make significant contributions
to all of them. The fact that our own work so far does not even attempt to reproduce the
features of state-of-the-art systems by using them “off-the-shelf” is indicative of this.

With this respect, the main conclusions from the survey of related work, and the re-
search gaps it has uncovered which seem relevant to the development of next-generation
HDA-CAS, are as follows: Firstly, methods are needed that address the requirements of
Web-based, voluntary collaboration in open-ended collectives while providing more elabo-
rate methods for task composition and aggregation without assuming the heavy machinery
that intelligent and flexible coordination methods such as those provided by agent- and
workflow-based systems provide. Secondly, we need to develop automated methods that
better support humans in designing, executing, and adapting social orchestration systems:
our literature review shows that current systems reach their limits fast when more than
one of the three main dimensions of complexity (complexity of the process model, number
of actors, lack of a priori interoperability) is increased at the same time. Finally, existing
contributions appear across largely disconnected research areas and differ very much in
terms of their aims and assumptions — combining their methods in the novel context of
HDA-CAS will certainly lead to new insights and hopefully benefit all of them.

8 Conclusion

This document has summarised the work done in WP6 within the first year of the Smart-
Society project. It describes how we have developed methods for static social orchestration
that attempt to be as lightweight as possible, surveys relevant work from the literature,
and sets the scene for the work to be done in this workpackage for the remainder of the
project. We believe it illustrates that we have made significant progress so far, and that
our preliminary results have allowed us to formulate important longer-term research chal-
lenges. Whereas the focus of the work has been mostly on laying the conceptual and
architectural groundwork for future collaboration (which is important as social orchestra-
tion provides the methodological “glue” for the core nscientific workpackages WP2/3/4/5
and their interface to the more implementation-oriented work in WP7 and WPS8), this fo-
cus will shift toward an investigation of algorithmic methods for intelligent orchestration
support, which will contribute crucial adaptation capabilities to the HDA-CAS SmartSo-
ciety is endeavouring to build.
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