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ABSTRACT In an experiment involving teams of humans playing a cooperative game, we study the effect of local
communication policies on the efficiency and the performance of teams and of individuals in different positions
within a network. This design provides an experimental model of human communities, where information may
spread from peer to peer by word of mouth. With this model, we explain the realistic tradeoff between liberal
information dumping and targeted information sharing by human peers. Human subjects exchanged natural-
language messages with relevance to a task, thereby sharing knowledge across a community. Communication
took place along the edges of a small-world graph. Cooperation and individual efforts were incentivized. In one
condition, participants were asked to request specific information and only supply information that they knew
was needed. In another condition, they were asked to supply and forward as much information as possible.
We found that a targeted communication policy was successfully implemented by the participants, increased
task success, shortened the time it took to get answers to questions, increased efficiency (task success per
communication bandwidth), and may have done so selectively for nodes with fewer connections.

1. Introduction

The basic tenet of teamwork is that joint problem-solving
increases efficiency: the whole of all collaborators is
stronger than the sum of their contributions. The alterna-
tive view of collaboration is that “none of us is as dumb
as all of us.” Such inefficiencies are commonly blamed on
communication overheads. In many modern professional
settings, access to information is increased (e.g., through
real-time retrieval on the internet), or has been proposed
to be increased, for instance with soldiers on battlefields
having access to a range of real-time data (Owens, 1995).

Two scenarios represent opposite approaches: information
is either disseminated widely to all people regardless of its
utility, or it is selected by the information consumer based
on filtering by, e.g., keywords. Neither of these extremes is
satisfactory: wide dissemination burdens the recipient with
filtering, while filtering by the sender does not allow down-
stream nodes to aggregate information of which they are
unaware.

To our knowledge there has not been any systematic explo-
ration of system architectures that deliver information to
the right recipient at the right time through a communica-
tion network, or what the potential benefits and pitfalls may



be, taking into consideration cognitive abilities and limi-
tations. Once established, computational and quantitative
models could predict the effect of communication policies
on information propagation and task performance. These
appear particularly useful in the context of large networked
organizations, possibly with connections to adversarial net-
works. In this study, we therefore look beyond the one-
on-one situation of dialogue to iterated communication in
social word-of-mouth networks. To quantify the success
of communication, we use a combined individual and team
task as a benchmark. It measures individual and team per-
formance in dynamically changing and time stressed envi-
ronments.

A computational-cognitive model needs to take into ac-
count the simple fact that humans are limited by attention
span and by memory. To illustrate, consider a thought ex-
periment. Suppose a network of communicating, cognitive
agents that pass questions and answers about distributed
information from node to node. We propose two extreme
cases: in one, agents have unlimited attention span, that is,
their capacity to process information in the short term is
not limited. However, agents have no memory to retain in-
formation that may be needed later on. In the second case,
agents have accurate and infinite memory, but lack the abil-
ity to process more than a single piece of information at a
time. Which communication policies would be appropriate
for the two cases?

Perhaps, in the first case, agents would have to re-send
questions regularly, while in the second, they would send
out questions only once. Human attention span and mem-
ory are both limited; hence, they are subject to a strate-
gic tradeoff. The costs of producing and comprehending
linguistic communication, of attention and decaying mem-
ory are relevant to a model, as is the structure of the net-
work. Lab-based experiments, in which humans are net-
worked artificially, playing an artificial game, represent a
class of non-computational models that explain and pre-
dict emergent phenomena observed in the real world. In
our case, we strive to elicit the tradeoff between bandwidth
optimization through careful information filtering and the
dissemination of useful knowledge. This paper introduces
a distributed task and describes results from two conditions
on either side of the tradeoff. In our communities of exper-
iment participants, we found that increased availability of
information in an information-sharing task does not neces-
sarily lead to improved team performance. This reflects a
phenomenon we know (or believe we know) from real-life
teamwork situations.

Yet, human cognition has evolved in a mix of individual
and social environments, which supports the intriguing hy-
pothesis that cognitive limitations are advantageous in a
collaborative, social setting where other individuals cannot

process an endless stream of information. In networks, hu-
mans may act as filters that prevent information overload in
the community. A recent simulation has demonstrated how
limitations on cognitive capacity can be beneficial as a forc-
ing function for agents to focus on specific sub-problems
(Bhattacharyya and Ohlsson, 2010).

We examine networks of humans in small-world configura-
tions, whose structure resembles that of naturally evolved
social networks. Our experimental task is a foraging game,
called the Geo Game, where participants are motivated by
a combination of individual foraging success (finding hid-
den items in a spatial environment) and the success of their
peers. Participants play the game as a group. Their suc-
cess in the Geo Game depends on the exchange of infor-
mation. Players are organized by a small-world network;
each player is a node in the network and may communicate
with its network neighbors. Because it is fully connected,
information can be passed throughout the network.

2. Recent Work

Much recent work on social networks has focused on their
structural and resulting computational properties, but does
so independently of two major aspects of real-world net-
works: Humans, and their joint objectives, or task. The
study design presented here uses human participants and
employs a task that individuals connected over the network
have to execute. We provide a measurable objective and a
task that depends both on individual performance and col-
laboration. We connect to work by Bavelas (1950) and
Leavitt (1951), who detailed the effects of network struc-
ture with human nodes, arguing that networks with cen-
trality show more stable performance, but increased depen-
dency on those central nodes and decreased flexibility with
respect to the integration of information. The influence of
structural properties in social tasks is evident even when
payoffs are determined by individual performance: Judd
et al. (2010) show how a social differentiation task (col-
oring) was harder for subjects when long-distance connec-
tivity in a small world network was increased, while a so-
cial agreement task (consensus) appeared easier. Kennedy
(1999) used a particle swarm performance model to in-
vestigate the effects of network structure. Recently, Bhat-
tacharyya and Ohlsson (2010) show, by way of simulation,
how network structure influences the creativity of a com-
munity of agents, who exchange partial results in order to
achieve creative goals. There, both cognitive agent prop-
erties and network structure interact in predicting task per-
formance.

With our task we intend to also complement readily avail-
able datasets with an experimental design that gives us



Figure 1: The Geo Game participant interface.

communication data ready to be analyzed in terms of its
semantics and its timing. Datasets of language-based com-
munication show the spread of memes or opinions (e.g.,
Twitter datasets), or they represent socializing or debate
that is difficult to analyze and operationalize for the pur-
poses of problem-solving research (Klimt and Yang, 2004).
Such datasets, however, are not the result of explicit human
collaboration in the context of a well defined task. Tasks,
in such datasets, are coincidental, while the task in Geo
Game is central to driving communication and provides an
objective basis for evaluating the effect of communication
on performance.

3. The Geo Game

The Geo Game is a spatial search game, where all play-
ers simultaneously engage in a foraging task. Players are
shown a map of several named cities, connected by a road
network. At any given time, each player is located in one
city or is moving between two connected cities; players are
shown their own location, but not that of the others (see
Fig. 1). The key features of this game are as follows.

Collaborative problem-solving: Players are tasked to find
items by moving via roads to a city; they find one item at a
time (their goal item). Participants can visit a neighboring
city (directly connected by a road to his current location)

by clicking on its symbol on the map. Each city has a small
number of items available; this item set differs for every
city. Items located in a city are revealed to the participant
only while the participant is “visiting” the city. After find-
ing the goal item, a subsequent item is shown to the partic-
ipant. Moving from city to city takes time, so players are
pressured to rely on their knowledge and that of others to
find the city efficiently rather than to merely scavenge for
items. The time cost for each road is randomized initially,
but constant throughout the game. Participants are asked to
find as many items as possible within the duration of the
session; a timer displays the remaining time.

Dependency on communication: The key feature of the
game is that players can improve their performance through
communication. They may exchange information through
natural language, such as requests for an item they need
or responses about the whereabouts of items. A chat in-
terface allows each player to broadcast written messages
to a fixed set of other players (“neighbors”). A player, re-
ceiving a message, may chose to re-broadcast the informa-
tion since his set of neighbors is likely to differ from the
original message sender. Players use this facility to ask
about the whereabouts of their goal item, to reply to oth-
ers’ queries by telling them where the item is available, or
to disseminate recently acquired knowledge about the lo-
cation of items. The task was designed so that the crucial
decision a participant had to make was whether to send a
piece of information or not, possibly based on its relevance.



Access to the underlying network structure: Players are
organized in a graph structure, with participants as nodes,
and edges indicating communication channels (Figure 2).
This graph is independent of the road network and the lo-
cations of the participants. A node y is a network neighbor
of node x if y and x are connected by one link. In this
case, the distance between x and y, d(x, y), is 1. The dis-
tance between any non-neighbor node z and x is the small-
est 1 + d(z, y′) for any y′ that is a neighbor of x. In our
experiments, the underlying network topology is a graph
in which the mean distance between two random nodes in-
creases logarithmically with the number of vertices. Such
networks are considered small worlds, because it is possi-
ble to connect any two vertices in the network through just
a few links. The graphs used in the present experiment are
“re-wired ring lattices” (Watts and Strogatz, 1998): starting
with a ring in which each node is connected to exactly two
neighbors, long-range links are added to a few pairs of ran-
domly chosen nodes (Figure 2). The communication net-
work embodies principles well-known to participants from
online networks such as Facebook.

Decodable message content: In practice, the language
used by participants is simple and easy to decode automat-
ically. Messages could be analyzed as either Information
Requests (Item) (“I need a towel!”) or Fact (Item, Loca-
tion) (“The cat is in Pittsburgh”). There was little opportu-
nity to aggregate or interpret data (“It seems that there are
many household items in the Western region.”). A time-to-
answer analysis can match requests to facts.

Individual and collective payoffs: Players move around
the road network until they find a city that can provide the
item. Players are rewarded for finding a goal item with
r0 = 1000 game points. As a further incentive to not only
ask for information, but also provide useful information to
their contacts, we reward each participant (node x) with
game points whenever a node y to which they are connected
obtains a goal item. The reward is highest for immediate
neighbors. It is rd = r0

2d(x,y) for all y for which d(x, y) ≤ 3.
This reward distribution system follows common pyramid
schemes and also Pickard et al. (2010). The final game
score of a player is the sum of all rewards obtained during
one session.

Task success metrics: The game was designed to give
measurable task success metrics, where the communication
within the player network would be critical to task success.
These include the accumulated payoff (the communicated
objective), the number of goal items found, and the aver-
age time it takes to receive an answer to one’s information
request.
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Figure 2: The communication network assigned to one of
the experimental groups (17 subjects). The initial links
from the network creation process are shown bold and
black; the other ones (red, thin) can be considered long-
range connections. Nodes are labeled with their degrees.

4. Method

34 participants from our university communities each
played the Geo Game in computer labs for reward. They
were split into two groups with 17 participants each. Each
group formed a team. Participants were briefed about the
game through introductory screens. They were instructed
to score as many points as possible. It was emphasized that
they benefited both from finding items themselves, as well
as from helping those that they were connected to via the
chat interface. Experimenters proctored the session to en-
sure that they did not communicate with other participants
outside of the chat interface or view their screens. Each
group played a 10-minute familiarization phase, and then
two 30-minute experiments in the conditions outlined be-
low. The order of conditions was changed between the two
groups to control for learning effects.

The experiment had two conditions. Participants were in-
structed to adapt their communication strategy: In the first
condition (dump), participants were asked to indiscrimi-
nately broadcast a maximum of information available. In
the other condition (target), they were asked to request and
target information so that only such knowledge was dis-
seminated (and passed on) that was known to be relevant to
others in the network through prior requests.

Data from one participant in the dump condition was ex-
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Figure 3: (a) Score gain per minute vs. number of messages received: At the same numbers of received messages,
communities gained a higher score in the target condition than in the dump condition. (Dotted lines show 95% confidence
intervals, assuming bins per user for each minute elapsed and gaussian distributions). (b) Sender-side efficiency gain
through targeting: low-degree nodes (those with only two connections) vs. others.

cluded, as they were assigned no network neighbors by
the random network generation. Note that this participant
reached only 4,000 points compared to a mean of 23,660
points (std.dev 6,001) for all other participants, providing
anecdotal evidence for the claim that communication is es-
sential to task success in this game.

5. Results

In the analysis of the results, we focus on three measures.
First, we compare the overall task success as measured by
game score and goal items found, analyzed by participant.
The game score is the objective that was communicated
to the subjects. The game score depends on the number
of network neighbors and the overall connectivity of the
node, as each node was assigned additional points when
network neighbors found items. The total number of goal
items found by a participant, on the other hand, is not con-
founded with neighborhood size (degree).

Second, we analyze communication efficiency, which is the
number of goal items found relative to the number of mes-
sages received.

Third, we describe the time it took for each request to be
answered. Requests (for example, “Need cake”) and an-
swers (“Cake in Munich!”) were annotated using keyword

and punctuation spotting, with keywords comprising goal
items and locations. The coding was manually checked on
samples. We matched requests and responses by identify-
ing requests for items sent by a node, and subsequent an-
swers with the item and a location received by the same
node.

5.1. Targeting increases task performance

The first question we ask is whether the information prop-
agation policy influences task performance in the commu-
nity. If either dump or target condition prove substantially
advantageous, then the manipulation would appear to in-
teract with the specific task. Under the assumption that hu-
mans can effortlessly integrate information, we would ex-
pect that the team directly benefits from unlimited commu-
nication in the dump condition. This is not the case: Sub-
jects score 2,653 points higher when targeting (mean score
in dump : 22,367), which amounts to a trend (p = 0.073,
t-test of linear regression coefficients). For the basic sum-
mary statistics of scores, goal items taken, and messages
exchanged, refer to Table 1.

The basic premise of the Geo Game task is that it relies
on communication. An individual’s success should depend
on their communications. Figure 3(a) shows task success
(score gain per minute) as a function of the number of



Cond. Degree Score Received Msgs Msgs Sent Items Taken n
dump > 2 27455 299.6 64.4 6.36 11
target >2 28000 166.9 40.8 6.5 14
dump 2 19512 198.6 68.7 6.45 20
target 2 22576 111.9 37.3 7.1 18

Table 1: Performance and communication data: Means over participants in the two conditions, split into low-degree and
higher-degree sets.

messages received, per minute. A correlation here is pre-
dicted, given the experimental design: more messages lead
to higher task performance, at the level of individual nodes.
However, the network structure moderates the opportunity
to communicate. To differentiate the effects of communi-
cation and network location, a linear regression model was
fitted to the participant data with the score as response, and
as predictors the condition, numbers of received and sent
messages as well as the node’s degree1. Another model was
estimated to predict the number of items obtained, with the
same predictors.

The more messages a participant received, the higher their
final game score (p < 0.0005) and the more items they
seem to find (p < 0.075). Targeting increased partici-
pant’s scores substantially. Once the main effects of mes-
sage quantity and network position are regressed out, we
observe strong benefits from a communication policy on
residual task performance, i.e., we see an effect of mes-
sage quality. Participants scored an average of 6,930 points
more in the target condition than in the dump condition
(p < 0.0005), and appeared to find 1.28 more items (p <
0.08). This means that while an increase in communica-
tion is generally good for performance in this task, indis-
criminate dumping of information is detrimental relative to
communication targeting. Participants fail to make efficient
use of the dumped information, and individual nodes lack
the cognitive capacity to utilize all of it. Thus, targeting
at the network level contributes substantially to the knowl-
edge of the community. A failure to target at the network
level is not effectively compensated by individual partici-
pants. This difference is not an effect of the task, which
could simply reward participants for avoiding communi-
cation. As the case of a non-communicating participant
shows, communication is necessary, and the absence of it
also severely hurts performance. Thus, team performance
is highest when participants tailor their information to their
communication partners.

1All models: Linear Mixed-effects regression. Predictors were cen-
tered. A random intercept was fitted grouped by session and subject. P-
values for the linear models calculated with Markov-Chain Monte-Carlo
sampling. Where the number of items obtained is predicted, generalized
regression with a poisson transform was used. A preliminary regression
model did not find significantly different scores or items-taken between
the two experimental groups, and across both conditions.

5.2. Targeting increases efficiency

Communication in this experiment comes at a small cost: it
takes time to send and read messages. In real-world tasks,
communication may be more expensive, both in terms of
time and attention. The tradeoffs are specific to the tasks.
This study can, however, speak to the effects of human
networks and network communication policies on commu-
nicative efficiency in more general terms. We operational-
ize efficiency as the number of items obtained per message
received (overall mean µ = 0.044).

A linear regression model was fitted to participant data,
predicting the total number of items taken divided by the
total number of received messages (response, henceforth
efficiency), with condition, node degree and number of
received messages as predictors, and random intercepts
grouped by session and participant to account for repeated
measures (see Table 2).

Efficiency was higher during targeting than dumping (β =
0.014, p < 0.05). Efficiency decreased slightly with the
number of received messages (β = −0.0002, p < 0.0005).
I.e., independently of whether participants were asked to
target their messages or not, participants did not benefit
proportionally from a large number of messages. Control-
ling for this small effect by including it in the regression
model, we find that the efficiency increase in the target
condition is not explained solely by an overall lower num-
ber of messages. Thus, the target manipulation affected
message quality. Participants increased the relevance of
their messages and/or paid more attention to each message.
Figure 3(a) shows how the effect of communication policy
holds over the full range of message productivity, taking
the score (instead of items obtained) as response measure.

These results are further corroborated by our time-to-
answer analysis. Here, a regression model was fitted to
message data, predicting time-to-answer (seconds) as a
function of condition and requester’s degree.2 In the target
condition, participants received answers, on average, 49.5
seconds earlier than in the dump condition (p < 0.05).

2Linear mixed-effects regression. Random intercept for session and re-
quester ID. Predictors centered. P-values by Markov-Chain Monte-Carlo
Sampling.



Covariate β SE pMCMC

Linear Model predicting Items Taken / Rec’d Msgs.
Intercept 0.0440 0.0060 < 0.0001
Condition 0.0137 0.0064 < 0.05
Degree −0.0098 0.0137 < 0.005
Received Msgs −0.0002 0.0033 < 0.0001
Cond.:Degree −0.0190 0.0100 < 0.07

Table 2: Condition was coded as -0.5 (dump), +0.5 (tar-
get). The model contains effects for residualized Condition
(against Received Messages and Degree), conservatively
attributing effects to the number of received messages and
the degree; it also contains the residualized Received Mes-
sages (against Degree). Centering and residualization were
used to control for collinearity; correlation coefficients be-
tween relevant predictors were, as in all models in this pa-
per, lower than 0.2.

5.3. Leaf nodes benefit more from targeting

While all participants carry out the same task, some of them
may benefit from an improved network position. Naively,
one would expect that a target -like communication policy
would benefit especially the network hubs, through which
many messages need to pass.

For a time-to-answer analysis, we fitted a model similar to
the one in Section 5.2, but added an interaction between the
condition (target vs. dump) and node degree (2 to 5). There
was no significant interaction between these variables in the
model, indicating no evidence for a difference in time-to-
answer benefit from targeting for low or high-degree nodes.

For the analysis of efficiency, we turn again to the model
described in Section 5.2, which included the degree and
its interaction with the condition. To recall, we find in-
creased efficiency in the target condition. Comparing dif-
ferent network positions, we see that the leaf nodes that
have few connections benefit more than the well connected
ones: The degree (2-5) shows a trend to interact with the
main effect of condition (β = −0.019, p < 0.085), indi-
cating a possibly decreased efficiency advantage from tar-
geting with each additional neighbor a node has. Task suc-
cess measured as items taken is consistent with this analy-
sis (Table 1). When targeting, low-degree nodes collected
more items than high-degree nodes, while when dumping,
degree did not matter as much.

The difference in efficiency with the two communication
policies also changes markedly for the message senders.
Figure 3(b) shows the sender efficiency (items obtained by
messages sent) of degree-2 nodes compared to the aggre-
gate efficiency of higher-degree nodes, again suggesting a
diminished efficiency advantage for high-degree nodes.

6. Discussion

Human networks can filter information and direct it to
where it is needed, provided that humans are encouraged to
make decisions about local information distribution. Com-
munication processes are not necessarily mechanistic: peo-
ple can pay attention to the informational needs of dialogue
partners if asked to do so. In networks and in a situation
where individuals communicate one-to-one, this appears to
be beneficial to their task success.

The increased task performance suggest that “targeting”
of communications accommodates attentional limitations
at the cost of losing information. Given memory decay
and interference, information left on just a few nodes risks
being forgotten and has to be rediscovered at cost. Con-
versely, decreased targeting of information may improve
the life and utility of information by spreading its availabil-
ity and hedging against its decay, at the cost of attentional
overload and interference with more important knowledge.
Finding the optimum requires a computational account of
human memory and attention.

We focus on the case where humans act as sensors and
communication relays. The experiment provides no con-
dition where nodes pull information directly from across
the network: the game would be trivial otherwise. This as-
sumption is sensible, as realistic knowledge is stochastic,
noisy and also biased (based on interpretation): knowledge
is more complex than “the cheese is in Paris”. Future ex-
periments will ask nodes to integrate noisy data.

The experiment is designed such that participants seek out
information that originates from places far beyond their
network neighborhood. Thus, the results show that care-
ful communication practices impact the information state
and attentional demands not just among interaction part-
ners, but also further away in the network. The clearest
effects of the manipulation were observed in the efficiency
measures. Greater efficiency at the local level translated
to greater efficiency at the game level; this was, to some
extent, by design. However, we also observed greater com-
municative success when participants increased local effi-
ciency by targeting. This pattern of results would not have
been predicted by a model in which human participants
have sufficient capacity to process all incoming informa-
tion while playing the game (they would have benefitted
from additional messages, even if their average usefulness
was lower). Thus, participants employed targeted commu-
nication, or audience design, successfully to overcome at-
tentional limitations of their interaction partners.

An important consideration is the interaction of commu-
nication policy and network position. Our results suggest
that well-connected people (hubs) derive less benefit from
a selective message-passing policy. Conversely, openness



in communication may be less useful for leaf nodes. This
may have to do directly with the attentional or memory lim-
itations of hubs, who fail to pass on relevant information
when their bandwidth is exceeded. Yet, they act selfishly
by making use of all received information.

7. Conclusion

With the Geo Game, we have presented a new experimen-
tal paradigm to investigate group performance in commu-
nities of human agents. The game is neither limited to a
single group objective (as in joint problem-solving), nor do
humans act as individual, adversarial agents. Instead, indi-
viduals benefit both directly and indirectly form the efforts
of others. The experimental platform allows us to observe
performance and communication efficiency.

Teamwork benefits from communication policies that make
use of active information filtering by humans. What such
policies should be, however, is subject to a system of inter-
acting constraints: individual cognitive limitations and ob-
jectives, payoff distribution, network structure and the indi-
vidual’s position within the network. We point out some of
the quantitative relationships between those variables. Hu-
man content selection strategies strike a balance between
the need to pass on information quickly while remaining
relevant. Human Geo Game players do very well with the
target strategy, which perhaps is a natural or acquired com-
munication maxim.
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