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General guidelines for exam TEK5010 Multi-agent systems 2019 

4 hour written exam. No aids are allowed (ingen hjelpemidler er tillatt). Exam text is given in English, 
answers may be written in English or Norwegian. 

The exam is divided into 3 parts: a part on general definitions of multiagent systems, a game theory part 
and a swarm intelligence part. The exam is organized into 5 main questions with related sub-questions. 
All main questions are weighted equally in the grading. There is 1 main question for the first part, 2 main 
questions for the second part and 2 main questions for the third part. The questions are a blend of 
theory and exercises. 

For each sub-question, a completely correct answer is awarded a full score, whereas a blank or 
worthless answer gets 0 marks. 

The answers should be brief and to the point, but for clarity the answers should always include the in 
between calculations (inkludere mellomregninger i besvarelsen). However, if the reasoning for an 
answer is hard to follow marks should be deducted. If there is only an answer, when an explanation is 
also required, 0 marks could be given. 

In the case of following error (følgefeil), i.e. when an error gives rise to an error in the next sub-question, 
we do not reduce marking in the following sub-question. 

If the candidate solves a much easier version of the original question, some marks might be given but a 
full score cannot be awarded. In the case of the candidate solves a much harder version of the original 
question a full score is awarded, but good judgement is needed when such harder questions are partly 
answered. 

Errors of carelessness (slurvefeil) reduce the marking. Sometimes it is hard to distinguish between errors 
of carelessness and errors as a result of lack of understanding. One has to use good judgement here but 
errors from lack of understanding should be treated more sever and deducted accordingly. 

If, during the evaluation of the exam results, a sub-question clearly has been formulated imprecisely, 
this should be adjusted for in the grading. 

Grading is based on the scale as given by the Faculty of Mathematics and Natural Sciences at the 
University of Oslo1: 
 
Grade A: 92 - 100 percent correct answers 
Grade B: 77 - 91 percent correct answers 
Grade C: 58 – 76 percent correct answers 
Grade D: 46 - 57 percent correct answers 
Grade E: 40- 45 percent correct answers 
Grade F: 0- 39 percent correct answers  

                                                           
1 https://www.uio.no/studier/eksamen/karakterer/fagspesifikk-karakterbeskrivelse/mn-math.html#skriftlig 



Overview of exam TEK5010 Multi-agent systems 2019 

How exam questions relate to curriculum, lectures, class exercises and obligatory assignments. 

Part 1: General definitions 

Question 1: Definitions of agents in multiagent systems and their different aspects applied to game 
theory and swarm intelligence (based on material covered in lecture 1, 2 and 9 and class exercises, 
curriculum is given by chapter 1-5 and preface in Wooldrigde, chapter 1 and preface in Bonabeau et al., 
chapter 1 in Hamann) 

Part 2: Game theory 

Question 2: Exercises in non-cooperative game theory (based on lecture 3 with class exercises, chapter 
11 in Wooldridge) 

Question 3: Exercises related to voting (based on lecture 4 with class exercises, chapter 12 in 
Wooldridge) 

Part 3: Swarm intelligence 

Question 4: Theory related to the Universal Scalability Law (based on lecture 10 and class exercises, 
chapter 1 in Hamann) 

Question 5: Theory related to the Beeclust algorithm (based on lecture 10 and 11 and obligatory 
assignment 2, chapter 5 and 7 in Hamann) 

  



Detailed sensor guidelines for exam TEK5010 Multi-agent systems 2019 

Question 1 [30 marks] 

The concept of agency is vital to multiagent systems modelling. We want you to elaborate on the 
concept of agency and describe the different aspects of agency as applied to game theory and swarm 
intelligence. Be careful to explain and comment on your answers. 

a) What is a common definition of an agent? [9 marks] 

A fully correct answer must include the following points: 

1) Definition of an agent: «An agent is a computer system that is situated in some environment, and that 
is capable of autonomous action in this environment in order to meet its delegated objectives», 
[Wooldridge & Jennings, 1995], or equivalent, with emphasize on the points: 
a. Objective/goal is to affect the environment in some desirable way. 
b. Autonomy is the only generally accepted requirement. 
c. Acting on behalf of someone. 
d. Reactivity – respond to changes in the environment. 
e. The intelligent agent is also proactive – initiate goal-directed behaviour on its own. 
f. The Intelligent agent engages in social activities – like cooperation, coordination, negotiation, 
competition. 

b) And what is a multiagent system? [6 marks] 

A fully correct answer must include the following points: 

1) Definition of MAS: “Multiagent systems are systems composed of multiple interacting computing 
elements, known as agents”, [Wooldridge, 2009], or equivalent. 
2) Reactive agents can produce complex collective properties/performance – this is often modelled by 
swarm intelligence. 
3) Intelligent agents engage in strategic interaction – this is often modelled by game theory. 

Sensor comment: Answers related to 1a) but given in 1b) are considered as fully satisfactory answers to 
1a). The same relation relates answers given in 1a) to 1b). 

c) Define swarm intelligence. [2,5 mark] 

A fully correct answer must include the following points: 

1) Swam intelligence is the emergent collective intelligence of groups of simple agents, typically based 
on the social insect metaphor. 

d) Name a few key properties of swarm intelligence. [2,5 marks] 

A fully correct answer must include the following points: 



1) Most important properties of swarm intelligence: 
a. Simple agents (reactive agents). 
b. Autonomy (the only generally accepted requirement in MAS). 
c. Distributedness (no central control). 
d. Direct and indirect communication (stigmergy). 
e. Flexibility and robustness (self-organization). 

e) What do we mean by emergence in swarm intelligence? [5 marks] 

A fully correct answer must include the following points: 

1) The understanding of the simple and individual behaviour of each single agent is not sufficient to 
explain the complexity of what agents can do in terms of coordinated collective behavior, or the 
emergent collective intelligence originates from the many interactions between many simple agents 
(and not the agent itself).  

f) What is stigmergy? [5 marks] 

A fully correct answer must include the following points: 

1) Stigmergy is indirect interaction, non-symbolic form of interaction, mediated by the environment, or 
stigmergy is when agents exchange information by modifying their environment.  



Question 2 [30 marks] 

Two agents, Player 1 and Player 2, have strategies S1 and S2 available to them. The resulting payoffs 
are given in the following extensive form game: 

 

a) Explain why this is a strategic game. Could you write the game in strategic or normal form?  
[5 marks] 

A fully correct answer must include the following points: 

1) A strategic game is when optimal strategy of each player is mutually dependent on the other player’s 
action. Agents cannot see other agents perform actions. 
2) This extensive game can be written in strategic or normal form since player 2 is unknown to player 1’s 
first action, this is indicated by the dashed line in the extensive form game. 
3) The normal form of the game is given by:  

 

b) In relation to this game, could you define and identify: [10 marks] 
i.   Nash equilibrium (pure strategy) 
ii.  Pareto optimal outcomes 
iii. outcomes that maximize social welfare 

A fully correct answer must include the following points: 

1) Nash equilibrium: The two strategies 𝑠𝑠𝑖𝑖 and 𝑠𝑠𝑗𝑗 of agents 𝑖𝑖 and 𝑗𝑗 are in Nash equilibrium  
- if player 𝑖𝑖 plays 𝑠𝑠𝑖𝑖 and player 𝑗𝑗 can do no better than playing 𝑠𝑠𝑗𝑗 



- if player 𝑗𝑗 plays 𝑠𝑠𝑗𝑗 and player 𝑖𝑖 can do no better than playing 𝑠𝑠𝑖𝑖, 
then 𝑠𝑠𝑖𝑖 and 𝑠𝑠𝑗𝑗 are best response to each other, no player regret their strategy choice. 
2) Pareto optimal: A solution is Pareto efficient/optimal if no improvement is possible without making 
someone else worse off. 
3) Max social welfare: Chose the strategies (or outcome) that gives the highest aggregated utility over all 
agents, or state the equation of social welfare  
 

𝑠𝑠𝑠𝑠(𝜔𝜔𝑖𝑖) = � 𝑢𝑢𝑗𝑗(𝜔𝜔𝑖𝑖)
𝑗𝑗∈𝐴𝐴𝐴𝐴

 

where 𝑠𝑠(𝜔𝜔𝑖𝑖 ) is social welfare of outcome 𝜔𝜔𝑖𝑖 

            j∈Ag  over all agents 
             𝑢𝑢𝑗𝑗 is utility for agent 𝑗𝑗 of outcome 𝜔𝜔𝑖𝑖 

4) The different solutions, with N=Nash equilibrium, P=Pareto optimal and SW=max Social Welfare, is 
indicated as follows: 

 
 

c) What is Nash’s theorem? [5 marks] 

A fully correct answer must include the following points: 

1) Every game in which every player has a finite set of possibilities has a Nash equilibrium in mixed 
strategies. 
2) Often difficult to find Nash equilibrium in mixed strategies due to high computational complexity, but 
they do exist! 

d) What is the mixed strategy Nash equilibrium in this game? [10 marks] 

A fully correct answer must include the following points: 

1) Derivation of the mixed strategy Nash: 
The rationale behind mixed strategy Nash: We have mixed strategy Nash equilibrium if each player can 
make the other player indifferent in choice of strategy (or expected payoff/utility U), as given by: 

Equation I:  𝐸𝐸𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃1,𝑆𝑆1(𝑈𝑈) = 𝐸𝐸𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃1,𝑆𝑆2(𝑈𝑈) 
Equation 2: 𝐸𝐸𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃2,𝑆𝑆1(𝑈𝑈) = 𝐸𝐸𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃2,𝑆𝑆2(𝑈𝑈) 



The randomized strategies is given by the probability p1 of player 1 playing S1 and the probability p2 of 
player 2 playing S1. This is indicated in the following normal form game: 

  

We can then express the two equations as:  

Equation 1: 𝑝𝑝23 + (1 − 𝑝𝑝2)1 = 𝑝𝑝20 + (1 − 𝑝𝑝2)2 
Equation 2: 𝑝𝑝12 + (1 − 𝑝𝑝1)0 = 𝑝𝑝11 + (1 − 𝑝𝑝1)3 

2) When this is solved we get: 

p1=3/4 and p2=1/4 

Player 1 plays strategy S1 with probability 3/4 and strategy S2 with probability 1/4. Player 2 plays 
strategy S1 with probability 1/4 and strategy S2 with probability 3/4. (The expected utility for player 1 is 
1/4*3+3/4*1=1/4*0+3/4*2=6/4=1.5 and for player 2 is 3/4*2+0+1/4*0=3/4*1+1/4*3=6/4=1.5.) 

Sensor comment: An answer which shows/demonstrates that the candidate has understood the basic 
concept, as expressed by the initial equation 1 and equation 2, is awarded half score. 

 

  



Question 3 [30 marks] 

Given the voters 𝑨𝑨𝑨𝑨 = {𝟏𝟏,𝟐𝟐,𝟑𝟑} and their possible outcomes 𝛀𝛀 = {𝝎𝝎𝟏𝟏,𝝎𝝎𝟐𝟐,𝝎𝝎𝟑𝟑,𝝎𝝎𝟒𝟒}, the preference 
ordering of the different voters are as follows: 

𝛡𝛡𝟏𝟏 = (𝝎𝝎𝟏𝟏,𝝎𝝎𝟐𝟐,𝝎𝝎𝟑𝟑,𝝎𝝎𝟒𝟒) 

𝛡𝛡𝟐𝟐 = (𝝎𝝎𝟐𝟐,𝝎𝝎𝟑𝟑,𝝎𝝎𝟒𝟒,𝝎𝝎𝟏𝟏) 

𝛡𝛡𝟑𝟑 = (𝝎𝝎𝟑𝟑,𝝎𝝎𝟒𝟒,𝝎𝝎𝟏𝟏,𝝎𝝎𝟐𝟐) 

a) Define plurality voting. What outcome is winner if voting procedure is plurality? Do we have a 
Condorcet’s paradox here? [5 marks] 

A fully correct answer must include the following points: 

1) Plurality voting: 
a. Every voter submits their preference order and the winner is the outcome ranked first most times. 
b. There is no winner in plurality here since different first place for all voters. 

2) Condorcet’s paradox:  
a. No matter which outcome we choose, a majority of voters will be unhappy with the outcome.  

b. Derivation of the paradox: 
- If 𝜔𝜔1is picked as winner: ϖ2 prefer  𝜔𝜔2, 𝜔𝜔3, 𝜔𝜔4 over  𝜔𝜔1 and  ϖ3 prefer 𝜔𝜔3, 𝜔𝜔4 over  𝜔𝜔1, so 2/3 of the 
voters prefer 𝜔𝜔3 and 𝜔𝜔4 over 𝜔𝜔1 
- If 𝜔𝜔2 is picked as winner: ϖ1 prefer  𝜔𝜔1 over  𝜔𝜔2 and  ϖ3 prefer 𝜔𝜔3, 𝜔𝜔4, 𝜔𝜔1 over  𝜔𝜔2, so 2/3 of voters 
prefer 𝜔𝜔1over 𝜔𝜔2 
- If 𝜔𝜔3 is picked as winner: ϖ1 prefer  𝜔𝜔1, 𝜔𝜔2 over  𝜔𝜔3 and  ϖ2 prefer 𝜔𝜔2 over  𝜔𝜔3, so 2/3 of voters 
prefer 𝜔𝜔2over 𝜔𝜔3 
- If 𝜔𝜔4 is picked as winner: ϖ1 prefer  𝜔𝜔1, 𝜔𝜔2, 𝜔𝜔3 over  𝜔𝜔4 and  ϖ2 prefer 𝜔𝜔2, 𝜔𝜔3 over  𝜔𝜔4 and ϖ3 prefer 
𝜔𝜔3 over  𝜔𝜔4, so all voters prefer 𝜔𝜔3 over 𝜔𝜔4 

c. Yes, we do have a Condorcet’s paradox here. 

b) What is Borda count? Apply the Borda rule to select an outcome, given the voter preferences as 
shown above. [5 marks] 

A fully correct answer must include the following points: 

1) Borda count take into account other information in the voter preference list than top rank, or state 
the mathematical equation of the Borda count for outcome 𝜔𝜔𝑗𝑗 as given by: 

𝐵𝐵𝐵𝐵𝜔𝜔𝑗𝑗 = �𝑘𝑘− 𝑟𝑟𝑟𝑟𝑟𝑟𝑘𝑘 �𝝕𝝕𝑖𝑖�𝜔𝜔𝑗𝑗��
𝑁𝑁

𝑖𝑖=1

 

where  |Ω|=𝑘𝑘  is the number of possible outcomes  



𝑁𝑁           is number of voters 
𝝕𝝕𝑖𝑖         is social preference order of voter 𝑖𝑖 

2) Derivation of the Borda count: 
  
The calculated Borda count of the different outcomes is given by: 

Outcome 𝝕𝝕1 𝝕𝝕2 𝝕𝝕3 BC 
𝜔𝜔1 3 0 1 4 
𝜔𝜔2 2 3 0 5 
𝜔𝜔3 1 2 3 6 
𝜔𝜔4 0 1 2 3 

 

3) According to the Borda rule, the outcome with the highest Borda count is outcome 𝜔𝜔3. The social 
ranking according to the Borda rule is ϖ∗ = (𝜔𝜔3,𝜔𝜔2,𝜔𝜔1,𝜔𝜔4) 

Sensor comment: All ways of computing the Borda count that linearly take into account the ranking of 
the voter preference ordering, either by correspondingly maximizing or minimizing the resulting 
summed rank as the Borda rule, is awarded a full score. 

c) Write up all winners in pairwise elections. Explain what a majority graph is and draw the 
corresponding majority graph from the pairwise elections. Discuss what would be the preferred social 
ordering based on this graph? [10 marks] 

A fully correct answer must include the following points: 

1) The pairwise elections: 

𝜔𝜔1 ≻ 𝜔𝜔2 𝜔𝜔2 ≻ 𝜔𝜔3 𝜔𝜔3 ≻ 𝜔𝜔4 
𝜔𝜔1 ≺ 𝜔𝜔3 𝜔𝜔2 ≻ 𝜔𝜔4  
𝜔𝜔1 ≺ 𝜔𝜔4   

 

2) The majority graph is a directed graph constructed from voter preferences. Nodes correspond to 
outcomes and edges correspond to majority outcome between pairwise node elections. 

3) The corresponding majority graph is given below: 



 

4) Evaluation of the majority graph:  
a. There is no clear social ordering here since there are no nodes with all arrows pointing out of a node, 
i.e. no Condorcet’s winner. 
b. All outcomes are possible winners since there are at least one arrow pointing out of each node. 
c. A discussion on the difference between selecting the different outcomes: a Condorcet’s winner of 
outcome 3 can be produced by only 1 edge flip if 𝜔𝜔2 ≻ 𝜔𝜔3is changed to 𝜔𝜔2 ≺ 𝜔𝜔3, a Condorcet’s winner 
of outcome 2 can be produced by only 1 edge flip if 𝜔𝜔1 ≻ 𝜔𝜔2 is changed to 𝜔𝜔1 ≺ 𝜔𝜔2. All other outcomes 
require more than 2 edge flips to become Condorcet’s winner. 

d) What is Slater ranking? What is the best outcome in terms of the Slater rule? Why is the Slater rule 
problematic to use in the general case? [10 marks] 

A fully correct answer must include the following points: 

1) Slater ranking is used for breaking cycles in majority graphs. The slater rank for a social ordering is 
how many edges must be ‘flipped’ in the cyclic majority graph to produce that particular social order. 
2) The slater rule is to choose the social ordering that minimizes the disagreement between the majority 
graph and the social choice, i.e. the order with lowest slater rank number. 
3) Derivation of slater ranking of the majority graph: 

a. First we look at the possible social orderings with outcome 2 and outcome 3 as Condorcet’s winners 
(as discussed in 3c): 

Slater count for all social ordering of 𝜔𝜔2 ≻∗ … 

Social ordering Slater count 
𝜔𝜔2 ≻∗ 𝜔𝜔1 ≻∗ 𝜔𝜔3 ≻∗ 𝜔𝜔4 3 
𝜔𝜔2 ≻∗ 𝜔𝜔1 ≻∗ 𝜔𝜔4 ≻∗ 𝜔𝜔3 4 
𝜔𝜔2 ≻∗ 𝜔𝜔3 ≻∗ 𝜔𝜔1 ≻∗ 𝜔𝜔4 2 
𝜔𝜔2 ≻∗ 𝜔𝜔3 ≻∗ 𝜔𝜔4 ≻∗ 𝜔𝜔1 1 
𝜔𝜔2 ≻∗ 𝜔𝜔4 ≻∗ 𝜔𝜔1 ≻∗ 𝜔𝜔3 3 
𝜔𝜔2 ≻∗ 𝜔𝜔4 ≻∗ 𝜔𝜔3 ≻∗ 𝜔𝜔1 2 

 

Slater count for all social ordering of 𝜔𝜔3 ≻∗ … 



Social ordering Slater count 
𝜔𝜔3 ≻∗ 𝜔𝜔1 ≻∗ 𝜔𝜔2 ≻∗ 𝜔𝜔4 2 
𝜔𝜔3 ≻∗ 𝜔𝜔1 ≻∗ 𝜔𝜔4 ≻∗ 𝜔𝜔2 3 
𝜔𝜔3 ≻∗ 𝜔𝜔2 ≻∗ 𝜔𝜔1 ≻∗ 𝜔𝜔4 3 
𝜔𝜔3 ≻∗ 𝜔𝜔2 ≻∗ 𝜔𝜔4 ≻∗ 𝜔𝜔1 2 
𝜔𝜔3 ≻∗ 𝜔𝜔4 ≻∗ 𝜔𝜔1 ≻∗ 𝜔𝜔2 2 
𝜔𝜔3 ≻∗ 𝜔𝜔4 ≻∗ 𝜔𝜔2 ≻∗ 𝜔𝜔1 3 

 

There is no need for calculating the social ordering with outcome 1 and 4 as Condorcet’s winners 
because they both have slater count higher than 2 (as discussed in 3c). 

b. According to the Slater rule the social ordering of outcomes 𝜔𝜔2 ≻∗ 𝜔𝜔3 ≻∗ 𝜔𝜔4 ≻∗ 𝜔𝜔1 is the most 
socially acceptable ordering and most similar to the majority graph. 
 
4) Computing the Slater rank is NP-hard. 

  



Question 4 [30 marks] 

The Universal Scalability Law (USL) [Gunther, 1993] is given by the following equation: 

𝑹𝑹(𝑵𝑵) = 𝑪𝑪
𝑵𝑵

𝟏𝟏 + 𝜶𝜶(𝑵𝑵− 𝟏𝟏) + 𝜷𝜷𝑵𝑵(𝑵𝑵− 𝟏𝟏) 

And in the following graph the R value as a function of N is plotted (blue) using parameters 
𝑪𝑪 = 𝟎𝟎.𝟐𝟐𝟐𝟐, 𝜶𝜶 = −𝟎𝟎.𝟎𝟎𝟑𝟑𝟑𝟑𝟐𝟐 and 𝜷𝜷 = 𝟎𝟎.𝟎𝟎𝟎𝟎𝟎𝟎𝟑𝟑𝟐𝟐. For reference a linear line is also plotted (red): 

 

a) In terms of using USL for modelling the performance of swarm systems, could you explain the 
variables in the model? [5 marks] 

A fully correct answer must include the following points: 

1) Description of the USL: 
a. N is number of agents. 
b. (𝑁𝑁) is (some kind of) performance measure as a function of 𝑁𝑁 processors/agents. 
c. 𝛼𝛼 is degree of contention or inference by sharing limited resources. 
d. 𝛽𝛽 gives the lack of coherency in the distributed data due to local communication. 
e. C is a constant. 

Sensor comment: If the meaning of 𝛼𝛼 and 𝛽𝛽 have been interchanged, a full score is still possible to 
achieve in this sub-question. 

b) In the above graph, how would you characterize the performance of this swarm system? What is 
the optimal performance in this case? You can assume that the benchmark linear speedup is 1.  
[15 marks] 

A fully correct answer must include the following points: 



1) In this graph we have 4 distinct regions of performance related to the derivative dR/dN=R’ 
a. Sub-linear speedup/region N~[1,15] when 0<R’<1 
b. Super-linear speedup/region N~[15,50] when R’>1 
c. Optimal region N~[50,60] when R’~0 
d. Inference region N~[60,100] when R’<0 

2) Optimal operation level is given when R’≈0 at N~55. 
3) The swarm system performs better than the linear benchmark system when R-L>0 at N~[30,70] and 
the addition of a new agent is at its most valuable when R’’=0 at N~40. 

Sensor comment: If regions are named correctly and corresponding intervals are indicated in ball part, a 
full score is awarded (even if regions are related by comparing R directly to L, typically via the relation R-
L, and not as given by evaluating R’). 

c) Would the optimal performance level change if a constant loss per operating agent would have to 
be replaced by a limited pool of available agents? Explain your answer. [10 marks] 

A fully correct answer must include the following points: 

1) When operational level cannot be sustained indefinitely, i.e. limited availability of agents and agents 
get lost during operation, then optimal operation level is given by maximizing the average performance 
of all agents applied to the operation as stated by: 

𝑑𝑑 �𝑅𝑅𝑁𝑁�
𝑑𝑑𝑁𝑁

= 0 

2) The optimal Nloss from (R/N)’=0 has a lower value than optimal Nunlimited from R’=0, which gives a 
slightly lower performance per evaluation step for the case of lost agents. However, the loss in 
performance is more than compensated by an extended time at operational level before pool of agents 
is empty and performance levels inescapably decreases as the number of operational agents approach 
zero. 

  



Question 5 [30 marks] 

It has been claimed that Beeclust [Schmickl & Hamann, 2011] is one of the most important algorithms 
developed in term of swarm research progress.  

a) Discuss the validity of such a claim and elaborate on what type of problem it would be appropriate 
to apply Beeclust. [10 marks] 

A fully correct answer must include the following points: 

1) Beeclust is one of the first swarm algorithms that make an explicit mathematical micro-macro 
connection through the Langevin and Fokker-Planck equations. 
2) Beeclust is an efficient search algorithm that can aggregate a swarm of robots at a certain spot 
determined by sensor input but stays flexible to changes in the dynamic environment. Could be 
warmest, brightest or most radioactive spot in search area. 
3) Especially suited for problems that are multimodal, highly noisy and/or have systematic plateaus. 
These are search problems that other algorithms find hard to optimize. 
4) Beeclust works when sensors are cheap and poor. 
5) Beeclust works when there is no communication and global positioning available. 

b) Could you describe the Beeclust algorithm and explain how it works? [10 marks] 

A fully correct answer must include the following points: 

1) Beeclust behavioural model for each agent: 
a. Step 1: move straightforward or random. 
b. Step 2: obstacle or robots around? 
c. In case of an obstacle: turn away, return to step 1. 
d. In case of a robot: stop, measure sensor, wait for some time dependent on sensor reading, u-turn or 
random, and return to step 1. 
2) Positive feedback since robots are more inclined to stop in high density areas correlated with high 
sensor readings. 

c) Based on the equations given below, could you explain how one could mathematically connect the 
micro level modelling with the macro level performance of the Beeclust? [10 marks] 

Equation 1:  �̇�𝑹(𝑡𝑡) = 𝛼𝛼𝛼𝛼𝛼𝛼�𝑹𝑹(𝑡𝑡)� + 𝐵𝐵𝑭𝑭(𝑡𝑡) 

Equation 2:  𝜕𝜕𝜌𝜌𝑚𝑚(𝒓𝒓,𝑡𝑡)
𝜕𝜕𝑡𝑡

= 𝐵𝐵2𝛼𝛼2𝜌𝜌𝑚𝑚(𝒓𝒓, 𝑡𝑡) − 𝜌𝜌𝑚𝑚(𝒓𝒓, 𝑡𝑡)𝜑𝜑 + 𝜌𝜌𝑚𝑚�𝒓𝒓, 𝑡𝑡 − 𝑠𝑠(𝒓𝒓)� 

A fully correct answer must include the following points: 

1) The microscopic model:  
a. The Langevin equation (eq. 1) describe the micro scale agent behaviour 
b. Description of the model either: by concept (non-stochastic term with drift + stochastic term) or by 
reference to variables in the equation. 



�̇�𝑹(𝑡𝑡) = 𝛼𝛼𝛼𝛼𝛼𝛼�𝑹𝑹(𝑡𝑡)� + 𝐵𝐵𝑭𝑭(𝑡𝑡) = 𝐵𝐵𝑭𝑭(𝑡𝑡) 

                           
𝑹𝑹(𝑡𝑡) is position of an agent in 2D space at time t,  
𝛼𝛼𝛼𝛼�𝑹𝑹(𝑡𝑡)� is the gradient of sensor field P 
𝛼𝛼 ∈ [0,1] is intensity of drift 
𝑭𝑭(𝑡𝑡) is random perturbation and B is a scalar 

c. Trick in Beeclust: 𝛼𝛼 = 0 making the Langevin equation a pure random walk, making it much easier to 
derive the Fokker-Planck equation. 

2) The macroscopic model: 
a. The Fokker-Planck equation (eq. 2) is the description of the macro scale system behavior. 
b. Description of the model either: by concept (density of moving agents is based on the diffusion term, 
flow into stopped and flow into move, connected by a stopping rate and waiting time) or by reference to 
variables in the equation.   
 
𝜕𝜕𝜌𝜌𝑚𝑚(𝒓𝒓, 𝑡𝑡)

𝜕𝜕𝑡𝑡
= 𝐵𝐵2𝛼𝛼2𝜌𝜌𝑚𝑚(𝒓𝒓, 𝑡𝑡) − 𝜌𝜌𝑚𝑚(𝒓𝒓, 𝑡𝑡)𝜑𝜑 + 𝜌𝜌𝑚𝑚�𝒓𝒓, 𝑡𝑡 − 𝑠𝑠(𝒓𝒓)� = 𝐵𝐵2𝛼𝛼2𝜌𝜌𝑚𝑚(𝒓𝒓, 𝑡𝑡) −

𝜕𝜕𝜌𝜌𝑠𝑠(𝒓𝒓, 𝑡𝑡)
𝜕𝜕𝑡𝑡

 

                      

𝜌𝜌𝑚𝑚 (𝒓𝒓,) is density of moving agents at position r and time t  
𝜌𝜌s (𝒓𝒓,) is the density of stopped agents at position r and time t 
𝑠𝑠(𝒓𝒓) is the stopped time based on sensor reading 
𝜑𝜑 is the stopping rate where 𝜌𝜌𝑚𝑚 (𝒓𝒓,) gives us the correct density flow into stopped robots (this is a 
rather strong assumption). 

3) Description of the overall concept: assuming some properties of the Langevin equation (Gaussian F 
and smooth gradient …) one can derive the Fokker-Planck from the Langevin equation. 

Sensor comment: If the candidate explains the explicit connection between the micro-macro level in 
relation to the Langevin and Fokker-Planck equations of the Beeclust in 5c), a full score on requirement 
1) in 5a) is awarded. 


