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Effect of Coordination on Ef�ciency

- Use IEEE 300-bus system as public network
- Generate private network as Erdös-Renyi random graph
- Total losses in distribution: lower = better
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Low

Ad hoc 7.14 7.25 7.05 7.13
Priv. self-int. 7.14 7.25 7.05 7.13
Coop. 7.14 6.95 2.91 2.16
Integrated 7.14 6.95 2.92 2.16

Med.

Ad hoc 7.28 7.19 7.15 7.20
Priv. self-int. 7.28 7.19 7.15 7.20
Coop. 7.28 6.92 2.93 2.16
Integrated 7.28 6.91 2.93 2.16

High

Ad hoc 7.32 7.26 7.28 7.22
Priv. self-int. 7.32 7.26 7.27 7.20
Coop. 7.32 6.93 2.95 2.16
Integrated 7.26 6.87 2.94 2.16

Figure 3: Avg. transmission loss as a percentage of net demand
in a low (node) density network (1 agent per sq. kilometer).
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Low

Ad hoc 7.25 7.28 7.31 7.33
Priv. self-int. 7.25 7.28 7.31 7.33
Coop. 7.25 6.97 2.93 2.16
Integrated 7.24 6.97 2.93 2.16

Med.

Ad hoc 7.22 7.39 7.40 7.08
Priv. self-int. 7.22 7.39 7.40 7.09
Coop. 7.22 7.05 3.00 2.16
Integrated 7.21 7.04 3.00 2.16

High

Ad hoc 7.30 7.26 7.50 7.41
Priv. self-int. 7.30 7.26 7.50 7.39
Coop. 7.30 6.91 3.00 2.16
Integrated 7.26 6.85 2.99 2.16

Figure 4: Avg. transmission loss as a percentage of net demand
in a high (node) density network (100 agents per sq. kilometer).
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1 km x 1
km

Ad hoc 7.13 8.33 6.79 4.00
Priv. self-int. 7.13 22.16 2.68 2.25
Coop. 7.13 3.60 2.27 2.07
Integrated 7.12 3.59 2.26 2.06

100 km x
100 km

Ad hoc 7.12 8.08 6.89 4.05
Priv. self-int. 7.12 24.95 2.70 2.25
Coop. 7.12 3.62 2.28 2.08
Integrated 7.10 3.60 2.26 2.06

Figure 5: Avg. transmission loss as a percentage of net demand
in networks derived from the IEEE 300-bus power flow test case.

ing social welfare while satisfying participation constraints
for the agents who control private infrastructure if we as-
sume that coalitions of agents have the ability to calculate
stabilizing payments. We presented several models of agent
behavior under different incentive conditions and tested the
efficiency of various power distribution networks under dif-
ferent models. Using private infrastructure in cooperation
with public infrastructure was shown to be quite important.
Although we were always able to compute “core” stabi-

lizing payments empirically, it remains an open question
whether they always exist. The cooperative game theory
model we analyze assumes that the prices on the public grid
are fixed regardless of the behavior of agents on the private
grid. Since these prices reflect long term costs of supplying
costs of electricity, this is probably a reasonable assumption
from a short term perspective or if there is a relatively small
number of agents on the private grid. It makes the problem
significantly easier to analyze and does not require consider-
ation of the generation cost curves of the supplying utilities.

Figure 6: Scaling behavior of Ad Hoc (red) and Cooperative
(blue) as net demand increases. The lines are 2nd degree polyno-
mial fits.

If the generation cost curve were convex, it should make
the problem easier because there is an “extra” incentive for
agents to cooperate, but it would be interesting to further
analyze this version of the problem.
We conjecture that there is a class of cooperative games

that generalizes market games to allow non-independent con-
gestion costs, while retaining the property that core pay-
ments always exist. We are not sure if these games have
core payments that are easy to calculate, but if the proof
of existence resembles that of market games, they should
be. This class would include at least the power distribution
game with fixed prices on the public grid as described above,
but also would include games with other transmission losses
(likely convex). We investigated this problem from many
perspectives, but have not yet been able to prove either core
existence or construct a counter example.
Our experimental results show that coordination is critical—

without it, private links can be constructed without decreas-
ing the overall network load. Indeed, building a private link
may be profitable for an agent in the short term; but if many
agents construct links without coordinating, the return on
investment tends to zero, even when a large number of pri-
vate links are constructed. Essentially, these private links
are only valuable under the ad hoc and private self-interest
models to the extent that they allow agents to access the
available distributed generation. Since the amount of dis-
tributed generation is limited, the construction of further
links divides these benefits into smaller and smaller pieces.
Since the grids we simulate have relatively small amounts

of distributed generation, the main objective for routing is
to deliver power as cheaply as possible. Although the private
grid can reduce the amount of demand from the public grid,
the lack of coordination in the way this occurs prevents it
from having a large impact on overall grid efficiency. When
the private lines are used under the cooperative and inte-
grated models, they can reduce delivery costs by taking ad-
ditional load off of the public grid. The ad hoc and private
self-interest models do not prevent them from performing
this role, but there is no incentive for agents to do so. If
the network were not a net consumer, the role of the grid
becomes primarily to distribute power locally, and the role
of the public grid is less critical. In this scenario, the private
self-interest model is likely to perform decently once most
agents are connected via the private network. One avenue
for extension is to investigate higher levels of distributed
generation to see where the thresholds for behavior change
are.

Conclusion

Contributions
- Calculate optimal flow and payments in idealized model
- Open problem: Market Games with non-independent losses
- Importance of coordination

Future Work
- Richer agent preference spaces—time-based decisions, trading off    
 comfort vs. cost
- New game type—representation as partition function game?

Motivation

- Emergence of private infrastructure, e.g., in microgrids, creates an  
 organization problem on the electricity grid
- The problem can be addressed using the tools of game theory and  
 optimization
- Want to coordinate the distribution of locally-generated and main- 
 grid power of varying cost across private and public infrastructure
- We assume that we do not control private infrastructure—we must  
 incentivize its owners to use it in the most efficient way.

Ad hoc
- Agents trade with other nearby agents to heuristically maximize profit. 
- Trades with nearer agents occur first to model limited knowledge of   
 trading agents. 
- Flow on public edges constrained by physics.
- Private trades on example: (A4,A5): 1 unit and (A1,A2): >1 unit. 
- Public trades: remaining requirements of A3, A4, A5 and A7 and
 purchase leftovers from A1.

Private self-interested    
- Groups of agents trade to collectively maximize their profits.
- Flow on public edges constrained by physics.
- Private trades on example: (A4,A5): 1 unit, (A1,A2): 2 units, and (A2,A3):  
 1 unit.
- Public trades: remaining requirements to A4, A5, and A7 and purchase  
 leftovers from A1.

Cooperative
- Groups of agents cooperate with the grid to minimize the overall cost  
 of supplying electricity. 
- Flow on public edges constrained by physics.
- Private trades on example: (A1,A2): >1 unit and (A2,A3): >0.5 units. 
- Public trades: Remaining demands met, but A4  receives half from A1   

 and half from the public grid.

Intergrated
- Same as cooperative model, but do not restrict public flow to physics
- Trades: same as cooperative, but A4 receives 1 unit from A1.

Four Models of Agent Behavior

Coalitions Are Not Independent

T Q2 << 0

Q1 = −1

Other coalitions

Formulation as a Cooperative/Competitive Game

- Players decide what coalition (trading group) to join
- Coalition chooses a strategy—the strategies available depend on the   
 actions of other coalitions
- Payoff distributed to members of coalition
- Example of network infrastructure:

- Transmission losses proportional to square of the amount distributed
- Closest known model is the Market Game (Shapley and Shubik, 1975)
 - Each agent has an endowment, utility function
 - Core always exists, is easy to find
 - No natural generalization to non-independent losses
- Open question as to whether supporting payments always exist, but   
 examples to date always have them

T

Q1 = 3 Q2 = −1 Q3 = −1

Q4 = −1

Q5 = −1 Q6 = 1 Q7 = −1

Models of Agent Behavior

- Different models represent different control assumptions about agents
- All models calculable or closely approximable efficiently in CPLEX.   
 Because of quadratic losses, they require quadratically-constrained       
 quadratic programs (QCQP).
- The behavior of each model is described on the 8-node example

To generation/
transmission


