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A COST ALLOCATION FRAMEWORK FOR LP AND GLP GAMES

Cost allocation problems within the GLPG class of games (Generalized Linear Programming Games)
are considered in this paper. We assume that a group of agents participate in a common project and each
agent defines his requirements for his expected benefit resulting from the project. Then, the joint cost of
the project must be allocated amongst the agents in order to satisfy a set of required properties
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1. Introduction

The joint cost allocation problem appears in a situation where a group of agents
participate in a common project, e.g. production of certain goods. Each agent defines
his requirements for his expected benefit resulting from the project, which is usually
called the agent’s “demand”. The total cost (joint cost) of the project depends on the
agents' demands, that is, it is a function of these demands. We assume that this func-
tion is known. A nontrivial case appears if the joint cost is not equal to the sum of
observed costs for each agent’s demand considered separately. Then the following
question arises: how should the joint cost be covered by the agents? Thus, the aim is to
compute an appropriate allocation of joint costs to each individual agent. Throughout
the paper we focus on the cost allocation problem, however this problem can be
equivalently formulated as a profit share problem.

In practice, the cost allocation problem emerges e.g. in the joint production of
goods [3], [14], [21], [25], [29], [31], [33], electricity (costs of grid usage, grid exten-
sion, generator start-ups, allocation of certificates) [22], [23], [34], [41], [42], network

* Warsaw University of Technology, Institute of Control and Computation Engineering, ul. Nowowiej-
ska 15/19, 00-665 Warsaw, Poland, e-mail: M.Kaleta@elka.pw.edu.pl, E.Toczylowski@ia.pw.edu.pl



28 M. KALETA, E. TOCZYLOWSKI

issues [5], [11], [12], [38], [39], [40], accounting [45], public utilities [1], [24], and
other situations. Literature surveys can be found in [43], [46].

The main contribution of this article is the provision of a general and efficient al-
gorithmic framework for computing exact cost allocations for a class of path-
generated cost allocations in generalized linear programming games (GLPG).

Our approach is more general than the one closest to our work and given by
SAMET et al. in [30]. Moreover, it does not benefit from any specific problem
structure, in opposition to the algorithm given by SAMET et al. [30]. Our finding is
new since previous articles considered specific problems, where the joint cost is
usually sampled along some paths, which results in both — excessive computational
efforts and approximation. For example, see fixed-cost allocations in power systems
[41], allocation of firm-energy rights [6], production games, inventory games [4]
and others.

2. Definition of the problem

Let us denote the set of agents by M ={1,2,..., M}, where M is the number of

agents, and denote the vector of the agents’ real demands by d € R" . The real de-
mands are the requirements reported by agents that should be satisfied. Moreover,
some other potential requirements, that agents could have submitted, will be consid-
ered internally during computations of the allocation. We call these the demands.
A joint cost function C:R" — R transforms the M-dimensional vector of the agents’
demands into a real number — the joint cost of the project. The natural assumption is
that there are no joint costs when there are no demands, that is, C(0,...,0)=0.

For a given instance of a problem (d,C), the aim is to find a cost allocation
(%, ..., x;,) of value C(d) to agents 1,..., M, where x,, is the cost allocated to agent
m, me M . However, usually we are interested in a more general approach of finding
the cost allocation method (rule). Formally, the cost allocation method is a function
d(C,d)=(x,..., X)) € RM which, for a given joint cost function C and demand vector
d , divides the joint cost C(d) into individual costs x, for each agent me M . We

also assume that the allocation must satisfy the budget-balance condition, that is, the
sum of the values allocated to agents must be exactly equal to the joint cost:
2.5 =Cd).
meM

Many versions of the cost allocation problem for joint projects have been exten-
sively studied in the literature. A number of approaches have been proposed for some
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specific problems that are based on designing a procedure or mechanism — e.g. an
arbitration rule, an auction or a competitive market mechanism — which produces the
complete set of cost allocations [13]. Another possible approach to cost allocation is
strictly normative, where game-theoretic methods of cost allocation play an important
role [20], [46]. Cost allocation problems can be modeled as a cooperative game with
transferable utility. Agents are considered to be players of such a game (we will use
the terms “players” and “agents” interchangeably). Agents cooperate to perform
a common project. However, each agent might completely or partially withdraw from
the common project.

The agents’ potential decisions form the feasible set of players’ demands 9. Each
configuration of demands from the space of feasible demands D forms a potential sce-
nario of the agents’ decisions for which the related potential joint cost is known or can
be computed. We denote a single potential scenario by d. We also use the same nota-
tion for the real demands — d

In the simplest formulations, only discrete scenarios from <O; 4) are considered

during the computations. This means that agent m can only choose to participate in the
common project at level d,, or not to participate. Such a discrete scenario d is called

a game coalition (abbreviated to coalition). In this case, the demand space D consists

of 2" points.
In more general formulations of the cost allocation problem, agent m may choose
the level of his participation to be anywhere between 0 and d, , so the space of sce-

narios D =<0;d > is continuous. However, even in this case, many of the known

allocation rules are based only on a subset of scenarios called coalitions.
Since the real decisions of the players are known and equal to d , the game is

somehow artificial. The agents’ decisions are known, but not the rules of the game.
Finding an allocation rule means finding the rules of the game such that the decision
vector d is an equilibrium point of the game.

The most important game-theoretic allocation methods are the Shapley value [35],
the core [10], [36], the nucleolus [32], the separable cost remaining benefits method
(SCRB) [15], AUMANN—-SHAPLEY pricing [2], and Ramsey pricing [28].

The Shapley value for agent m is a weighted average of the increase in costs after
adding agent m to all the possible coalitions without m. To calculate the Shapley val-

ues, the costs for all coalitions must be computed (the number of coalitions is 2" ) —
thus this approach could involve huge computational effort. The SCRB method is
based on calculating the marginal costs for agent m. Initially, the SCRB method allo-
cates to each agent m his marginal cost. Then, the remaining joint cost (positive or
negative) not covered by the already allocated marginal costs is further allocated to
agents in proportion to the so called remaining benefits, computed for each agent. The
SCRB method considers coalitions of 1, M —1 and M agents.
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An important notion in cooperative game theory is the core, which specifies a set
of solutions of primary importance. The core is a set of allocations such that there is
no subcoalition, which can attain lower costs for its members than the grand coalition
related to d . However, in many practical situations the cost function C is usually non-

concave (and not subadditive) and therefore the core is empty [36]. The nucleolus is
a solution which is the “central” point in the core in some sense.

Other methods of cost allocation popular in the economics literature are AUMANN—
SHAPLEY [2] and RAMSEY [28] pricing. Using the Aumann—Shapley pricing method,
the cost x,, of agent m represents the average marginal cost along the ray from 0 to d :

d
X, = I {%} dt . The function C must have continuous partial derivatives in the
0 m

considered domain. Using the Ramsey pricing method, cost carriers are treated as new
commodities and the cost of producing a bundle of commodities is allocated to each
commodity. The demand for a bundle of goods depends on the allocated costs (and
prices). In this case, the prices of all products are determined to maximize total con-
sumer surplus over all the products minus the costs of production.

For some specific classes of problems certain cost allocation rules (that satisfy
some desired properties of the allocation) have been proved to be the best. Usually
some additional assumptions, like the subadditivity of the cost function C, are needed
to achieve satisfactory allocation rules. There is still a number of open problems for
which we do not know satisfactory allocation rules. We recall some examples in the
following sections.

The framework formulated in this paper is appropriate for the allocation problem
defined in this section under the assumption that it can be modeled as a non-atomic
cooperative game with transferable utility (TU-game) with the joint cost function for-
mulated as a linear programme. Within this framework, various allocation rules can be
stated, meeting a given set of expectations related to allocation rules.

3. Path-generated allocations

A family of path-generated methods is a natural generalization of the Aumann-
Shapley approach. Methods within this family compute the share of costs borne by
agent m as the integral of the m-th partial derivative along a so called “path” in the
demand space D.

Definition 1. For a given d, a path function y is a mapping
y:te[0,0]xD y(t) €D, where
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1. y(¢) is continuous and nondecreasing,

2. y(0)=0,

3. and there exists { >0 such that for all t>¢,y(t)=d .

We denote the set of all paths by I". Any path from I links points 0 and d in D.

Definition 2. 4 path-generated allocation (x{,...,x},) imputed by path y is de-
fined by

I
I
—38

2. C(r)dy, () (1)

t=0

Besides the Aumann—Shapley value, also the SHAPLEY—SHUBIK value [37] and se-
rial cost sharing are examples of path-generated allocation rules. Path-generated meth-
ods have been formally studied by FRIEDMAN and MOULIN [7], [8]. The concept of
such paths has simultaneously appeared in the works of Kaleta and Toczylowski in the
context of applications to electrical energy markets [16], [18]. They have considered
a more general framework, which covers not only known paths like Aumann—Shapley
and serial cost sharing, but also various paths based on local and global information
[19].

4. Generalized linear programming games

The class of so called linear programming games (LPG) has been considered since
the earliest works of SHAPLEY and SHUBIK [37], OWEN [27], and later work of
GAMBLE and PAZGAL [9]. In such games the task of calculating the joint cost for
a given demand scenario is formulated as a linear programming model with each con-
straint associated with one of the agents. Each agent defines a subset of the constraints
in a linear programme, where this subset describes his requirements (agent demand
balancing equations). One constraint of the linear programme is chosen by at most one
agent.

Classically, this class of games is limited by two assumptions: 1) only two states
are considered for each agent — their real or zero demands, 2) the corresponding vari-
ables in the agent demand balancing equations are set to 0 if an agent has demand
equal to 0. Using this formulation, a scenario is defined by the coalition of agents to-
gether with their real demands.

In this paper we consider a generalized linear programming game (GLPG) by re-
laxing the above assumptions. We assume that the joint cost C(d) for an assumed de-

mand scenario d € D =0,d =[0,d,]x[0,d,]x...x[0,d,,] can be calculated by solving
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the linear programming problem PP: {min, 'y dy+s=[b;d]",y,s 20}, where

y represents the internal decisions related to the common project and s denotes surplus
variables. The constraints can be divided into two subsets: the first subset is related to
the logic of the problem, with right hand side b. The second subset d =(d,,),me M is

related to the agents’ demands from the set D and is indexed by the elements of M.

One example of a GLPG — the transportation problem — has been studied by
SAMET et al. [30]. In general, a cost function C(d) based on linear programming is not
differentiable. Even so, Samet et al. have shown that the structure of the problem al-
lows us to calculate the Aumann—Shapley allocation. They provided an algorithm for
determining the Aumann—Shapley allocation based on parametric programming for the
transportation problem. However, this derivation uses the special structure of the
transportation problem.

The model of the problem of balancing the Single Commodity Infrastructure Mar-
ket (SCIM) is another important example of a game with a possibly empty core and
non-subadditive characteristic function C(d). This model is related to the problem of
balancing an infrastructure market in which a group of suppliers and buyers compete
in an organized manner. However, in opposition to pure exchange, free trade is limited
by the infrastructure, e.g. a power grid, transportation network, or telecommunication
network, where the feasible market balance is determined by a linear optimization
problem. Some additional conditions must be included into the market balance, which
appear in the model as additional constraints on resources. These additional infra-
structure constraints affect the fairness conditions and make the economic benefits
lower. The decrease in benefits resulting from infrastructure constraints is a joint cost
of imperfect infrastructure. This joint cost can be allocated to each constraint on the
infrastructure, which is essential for cost sharing by market players. Such allocation
problems have become more and more important during the last decade, due to world-
wide market liberalization and decentralization processes in many infrastructure sec-
tors, including electrical energy, telecommunication, rail, water, urban transport and
others. For example, balancing real-time electrical energy markets must take into ac-
count the fact that electrical power is transmitted along a transmission network ac-
cording to Kirchhoft’s laws. Sometimes the security of supply may require a minimum
must-run level of power generation at a given node of the network. Hence, for
a power supplier located at this node, some of his offers may have to be accepted irre-
spectively of the offered prices or costs. Acceptance of non-competitive offers may
lead to the rejection of other, more competitive generators. Hence, the resulting addi-
tional cost of system usage must be allocated to the market players. As the SCIM
game is non-convex, its core is usually empty. At present, no known allocation rule
could be acknowledged as a satisfactory solution. There is still a need for further in-
vestigations into new path-based allocation methods. For a formal model of the SCIM
problem and numerical example see [17].
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5. Agents’ demand space

We recall that for any d € D, the joint cost can be calculated by solving the linear
programming model PP:

C(d)=min, 'y 2

subject to:
Ay+s=[b;d], 3)
y,5§20, 4)

where y is a vector of internal decisions related to the common project, s denotes sur-
plus variables, b is the right hand side of the constraints modeling the problem’s logic,
and d is the vector of the agents’ demands. Problem DP

C(d)=max, _ 7' [b;d] &)

subject to:
An-z=c, (6)
7,220 (7

is the dual problem to (5)—(7), where the 7 are the dual variables in (6) and z denotes
the vector of slack variables for the constraints in the dual space. Apart from the repre-
sentation of the problem PP in the primal and dual spaces, parametric analysis can be
defined over the agents’ demand space D. Any scenario d €D defines the right hand
side (RHS) of the linear programme PP. Movement in the space d € D is equivalent to
parametric analysis of the problem PP(d) under a perturbation of the right hand side.
Below, we analyze some properties of the function C(d) under perturbations of d.

Let us assume that for a given d we have obtained an optimal basic solution of the
problem (5)—(7). Therefore, the linear programme can be represented in canonical
form with the matrix 4 = (B, N) partitioned into a basic matrix B and nonbasic matrix
N. Similarly, the vectors of variables y’ =(y5, yy) and parameters ¢’ =(cj,cy) are

partitioned into their basic and nonbasic components. The optimal value of the objec-
tive function, C(d), equals

C=cyB'[b;d], (8)

where B is the basic matrix which is active for the optimal basic solution
y" =(yp, yy) with y, =0 and
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vy =B7'[b;d]. )

In the space D the optimal value of the objective function C(d),d €D is nonlin-
ear, since the optimal canonical partition and the optimal base B are active only in
some region and may change if d changes sufficiently. However, in some neighbor-
hood of a given point d the optimal base is fixed and the formula (8) induces a hyper-
plane in the space """ of vectors (C, d). For certain boundary values of d, the opti-
mal basis matrix B for the problem (5)-(7) may change and a new base induces

another hyperplane in the space R™*'. The intersection of these two hyperplanes pro-

jected into the space RY of parameters d forms a hyperplane that separates the adja-
cent regions in which these two bases are active.

In general, the space of RHS parameters D — RY can be divided into polyhedral
regions, convex closed polyhedral sets, which we call cells and denote by C. In each
cell C there is at least one active basis matrix B that satisfies (8), (9). The faces of
a cell C overlap with some hyperplanes that separate the cell C from other cells — adja-
cent regions in which other bases are active. A cell in the parameter space is called
non-degenerate if it contains an inner point.

Inside a non-degenerate cell it is possible to move in some neighborhood in any di-
rection without changing the basis. Let us consider a degenerate cell which is the in-
tersection of [, 2</< M , adjacent non-degenerate cells. This degenerate cell has
M +1-1 degrees of freedom. For the function C(d) there are / different linear de-
scriptions of the form (11). From the global point of view of joint costs, each descrip-
tion is equivalent, however each determines a different cost allocation for the individ-
ual constraints.

Let us consider the intersection of /, 2</< M +1 adjacent non-degenerate cells
and the corresponding bases B,,k =1,...,/. If the intersection is nonempty, it consti-
tutes a degenerate cell with M +1—1 degrees of freedom. Degenerate cells lie in cer-
tain subspaces of the parameter space, e.g. in faces, edges, or vertices. In a degenerate
cell all the related bases are equivalent'. This is a case of primal degeneracy, where
! — 1 basic variables are degenerate and equal to zero. The admissible points in a de-
generate cell C are multiply equivalently defined and must satisfy the following
[ constraints

v =B;'[b;d]  k=1,.]1 (10)

where / — 1 degenerate basic variables must be equal to zero. Moreover, for any
[b; d] e C there are [ multiple, equivalent definitions of the objective function

! Two bases are equivalent if the optimal values of the decision variables are identical, but the parti-
tions of variables into basic and nonbasic are different.
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C=r"[b;d] k=1,..,1 (11)

with dual variables 7* = cng,; h

The nonlinear function C(d) is given by the maximum from the set of hyperplanes
that correspond to all the optimal bases locally active in various regions of the pa-
rameter space. Consequently, C(d) is a concave piecewise linear function — it is strictly
linear in the domain in which one base is active. At the kinks of C(d), or equivalently
at the points where the description of the function (8) changes, the function C(d) is
given by the intersection of two or more hyperplanes.

The global parametric analysis of a linear programming problem can be repre-
sented in both the primal and dual spaces, but also in the RHS parameter space. All
these representations are strongly related. In particular, local movement in the pa-
rameter space (inside a non-degenerate cell) leaves the optimal basis in the primal
space unchanged, as well as the description of the objective function C(d) by the op-
timal dual variables, see (11). On the other hand, movement along degenerate cells,
such as faces or edges, is related to multiple representations for many equivalent
bases. Each representation (11) provides a different cost allocation for a given set of
constraints.

6. Algorithmic framework
for path-generated cost allocations

The algorithmic framework that we have developed is designed to compute the
cost allocation for a GLPG problem for any path in D. However, we will now show
that any path in 9 can be transformed into an equivalent path built of linear segments.
The following lemma holds:

Lemma 1. Let d' and d™ be in the same cell C. Each subpath from d' to d™'
that belongs completely to the cell C determines the same cost allocation to each
agent.

Proof. The set of primal and dual solutions related to the cell C is constant. At each
point of the cell the solution (7, s) remains the same, therefore the partial derivative

x, with respect to constraint m is the same. If we shift from point d’ to d""', the
shift in the m-th direction is equal to Ad!, =d!' —d! . Generally, along any subpath
from d’ to d’', the m-th coordinate of the current point is shifted in one direction by

&*d!, and in the opposite direction by 6~d! . It is obvious that 5'd) — 5 d!, = Ad., .
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Since the subpath belongs entirely to the cell C, the dual prices are constant and the
allocation is equal to 7, *8*d! —x, *67d! =z, *(5'd, ~5d.)=n,*Ad, . m

Since each cell C is convex, from Lemma 1 we have the following:

Corollary 1. Any subpath from d "to d™ completely belonging to a cell gives the
same cost allocation and

1. Any such subpath can be replaced by a straight subpath — the shortest path be-
tween d' and d™,

2. From the result described in point 1, one need consider only straight segments
(d';d™") of subpaths.

Additionally, the whole path linking points 0 and d can be transformed into
a path built of I linear segments, where I is the number of different cells between
0 and d . The local direction y', which defines the shortest way from point d' to d'™"'
is related to segment i €1, ..., 1. This path can be described by a set of local directions

for all the cells crossed y =", y',...7").

In consequence, we can divide the cost analysis into / iterations. In iteration i
exactly one cell C is crossed. Fig. 1 shows a block diagram of the algorithm. First,

the initial point d % is set to 0, and the iteration counter is cleared. The next three
blocks are related to crossing a single cell (one iteration). This procedure is repeated
I times, until the end point d is reached. In each iteration the local direction »’

is chosen for analysis. We will not focus on this block now, since it is related to
a concrete allocation rule and needs to be specified the rule designer. In each itera-
tion, two main steps are performed: 1) moving to the next cell along the given path;
2) computing the partial derivatives for the segment determined in step 1. When
point d is reached, then the algorithm computes the allocation according to Defini-

tion 2.

Lemma 2. Let us assume that consecutive moves in the space C performed by the
algorithm depicted in Fig. 1 constitute a path linking points 0 and d . The algorithm

terminates after a finite number of iterations.
The proof comes from the observation that any path, which is nondecreasing by
definition, crosses a countable number of cells.

The dual problem DP to the PP task is as follows: max, . x'[b;d]:
A"m—z=c,7,z>0. At the i-th iteration the current point d' €D and optimal solu-
tion of the pair PP’ and DP’, denoted by (3';§'; 7'; 2'), are known, where PP’ and DP'
are defined at point d’.
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\ d, d°=0, i=0 \

Y
‘ Choose direction \/ ‘47

A

STEP 1
Compute the maximal step o’ along the
path y such the new point o '=d+p*/’
belongs to the border of the current cell

- V ‘ -
d N

dis not reached Vad
Y =i +1 |
I
STEP 2 I,
Compute directional jf'
derivatives along the S
segment (d';d"") e Té»
dis reached h ‘
A

Compute allocation from
directional derivatives, e.g.
by integrating derivatives
along the path y

Fig. 1. Block diagram of the algorithm

6.1. Step 1 — Reaching the opposite border of the current cell

At step 1, to compute the point on the border of the current cell reached by moving
along the path 7', we use the notion of range of compatibility. At a given point d’

there may be a number of equivalent bases. At point d' base B is compatible with
direction ' (and ' is compatible with B), if B remains optimal for d' +a'y’ for

l

some «a' >0. The compatibility range of base B in direction »' is
p'(B; v')=sup{a’ : Bis optimal for d' + &'y'} . The range of the compatibility of base
B can be determined from the canonical form of the linear programme by finding

which is the first basic variable to achieve its upper or lower bound when o' increases
from 0.

Now, let us assume that we have fixed the direction ' at point d'. The point d’

and direction ' define a cell in which each base compatible with y' is active. To
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determine the boundary point p’ of that cell, the optimization subproblem of finding
p(d',7") must be solved. In the other words, we must find the maximum range of o'
in direction »' without leaving the current cell. Notice that the boundary of the cell is
reached at a point induced by the minimum compatibility range p'(B; ') of all bases B
compatible with »' at point d’. This range of compatibility p’'(B;»') can be calcu-

lated directly by solving the following problem RC'(d’, ', #', 2'), where #' and 2’

give the solution of the dual problem at the point d’.

Problem RC'(d', ', 7', 2"):

p'=p(d,y)=max,  p (12)
subject to
Ay+s=[b;d[+p}/i]T, (13)
()£ =0, (14)
(sH'#' =0, (15)
¥, s >0. (16)

The constraints (14) and (15) represent complementarity conditions. These condi-
tions ensure that the boundary of the cell will not be crossed moving in direction '.
Increasing « beyond this boundary would result in a base change in the primal space,
which would not be complementary to the fixed dual solution 7', 2. The new point

d™ isequalto d' + p'(d’, y)y'.

6.2. Step 2 — computing the derivatives

Two consecutive points, let us say d’, d'*', belong to a common cell. If both

points d' and d"*' are in the same non-degenerate cell and at least one of them is in
inside the cell, then the solution to the dual is unique along the path and the points
inside the cell located on the path satisfy exactly one equation (11) for some k. The

derivative 0 C(y(t; c?,; )) = 7., , which reflects the local unit cost, is constant along

the segment i arises directly from (11) and is equal to ) for the m-th agent.
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Moreover, the additive properties of the costs associated with the constraints come
from the form of (11).

If points d’ and d'*' are in the same degenerate cell C which is the intersection
of [ non-degenerate cells, 2 </ <M +1, then, while crossing the path from d' to

d™', any one of the M +1 — [ bases active in the cell can be chosen. For an arbitrary
basis £, the equation (11) defines an arbitrary cost allocation of C according to the
individuals’ constraints, where the allocated costs sum up to the joint cost revealed
by segment i.

Since in such a degenerate case there are M + 1 — [ active bases related to the cell,
we may consider M + 1 — [ different allocations according to the dual prices appearing
in (11). These allocations are not equivalent. Also, notice that if we choose an arbi-
trary base and allocate the costs according to this base, we shall allocate zero costs to
the active constraints (for which the surplus variables are basic variables equal to 0, so
their dual prices are 0).

If the move in the m-th direction immediately leads to entering another cell, then
the derivative with respect to constraint m can be calculated as a one-sided derivative

of the function C(d) in this direction. Therefore, the 7 can be determined from Mills
theorem [26] as the maximal dual price of 7z"* for all the bases k = 1, ..., I by solving

the following:
Subproblem DD ;”(;_7,_?) :

A, =Mmax ; 7, (17)
subject to
A'r+z =c, (18)
=)'y =0, (19)
()5 =0, (20)
7',z >0. 21

where 7' and §' give the primal solution at any interior point of the cell crossed in the

i-th iteration, e.g. for the midpoint d' =0.5(d’ +d™"). The constraints (19) and (20)

reflect the complementary conditions, which restrict the admissible solution space of
problem DD to solutions corresponding to the current cell.
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6.3. Integrating the local cost

After [ iterations, the vector of steps (p°, ..., p') and matrix of derivatives [7 ]

have been computed. The cost allocation can then be calculated directly from defi-
nition (1). However, the budget-balance condition will only be satisfied when the
directional derivatives are additive, that is to say, when the following condition is
satisfied:

D A, =0'Cly(:d") (22)

meM
for each segment i€0,...,/, i.e. when the number of points from degenerate cells

along the path y is countable. The cost x/ assigned to the m-th agent using path y is
calculated as the integral of the m-th partial derivative along the path y :

1
X =D AP V- (23)

If condition (22) is not satisfied, then directly applying definition (1) will result in
over-allocation — the sum of the allocated values will be greater than the total cost
C(d) . To satisfy the budget-balance condition, the partial costs from segment i should
be appropriately scaled, i.e. by a factor equal to ”—mAiamC(y(t), d'.

meM m

The choice of the path in the agents’ demand space is crucial to the quality of
the method of allocation. The framework described above does not define such
a path, which gives us some freedom to optimize the outcomes. Since any path can
be used, this allows us to specify various cost allocation algorithms. In [19] we
have described various groups of rules for choosing directions for the parametric
analysis.

7. Numerical example

As a case study, we consider an example of an SCIM problem on the electrical
energy market. All the individuals’ demand constraints resulting from a given net-
work of electrical energy generators lead to a joint cost, which has to be shared by
each constraint. One type of such a constraint may be active during the winter,
where the power generated in each power plant cannot be reduced below a mini-
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mum level. For instance, such constraints must be considered by the Polish Trans-
mission System Operator (TSO) on the real-time balancing market due to security
reasons. There are 20 generators and each of them submits 5 sale offers in staircase
form. We assume that groups of generators are located within the network as given
in Fig. 2. There are inequality constraints for the levels of power at the network
nodes. We consider 10 constraints on the minimum level of generation and 15 con-
straints on the maximum level of generation. Demand is non-elastic and equal to
4500 MWh. To balance the market we use the SCIM model. The randomly gener-

ated sale offers are presented in Table 1. The values y,™,n=1,...,5 in the table are
the maximum volumes for each offer 1, ..., 5 for a given generator and correspond to

max

p™ in the original SCIM. The prices ¢, for each offer correspond to s parameters

in the SCIM model.

The total cost of balancing demand with the amount of energy produced in the un-
constrained case with no demands from the agents is equal to $ 420 509. Under the
given constraints, the total cost of producing this energy increases by $ 9 935 to
$ 430 444. Thus the joint cost of all the resource constraints is $ 9 935.

P3
A
P2 P4 P5  P6
Al
P1 P13
P14

P8
Sl P16
P9 P10
P17
B : P18
,,,,,,, P19
P12 P20

Fig. 2. Network topology



42 M. KALETA, E. TOCZYLOWSKI

Table 1. Producers’ offers (5 offers per generator)

Generator | y™* ¢ e e e 3 e ¢4 A2 cs
P1 120 | 82 40 115 | 40 132 | 40 133 | 40 146
P2 55 75 20 94 50 122 | 20 123 15 132
P3 200 | 110 | 30 120 | 30 125 60 132 | 30 148
P4 125 92 15 93 10 114 10 131 5 138
P5 120 | 73 40 87 50 92 90 132 | 50 140
P6 200 | 100 15 119 | 25 135 30 137 | 20 137
P7 110 | 109 | 30 115 | 40 125 | 40 128 10 148
P8 60 73 18 81 22 83 100 | 142 | 40 143
P9 150 | 76 100 | 77 50 86 25 93 25 147
P10 60 71 40 84 50 100 | 50 119 10 129
P11 70 72 50 36 50 114 | 50 137 | 30 147
P12 180 | 79 10 83 40 108 | 25 135 25 141
P13 150 | 87 20 94 70 98 40 128 | 30 144
P14 160 | 77 40 115 50 116 | 20 144 | 80 149
P15 190 | 91 30 115 30 123 25 128 5 139
P16 120 | 110 | 20 122 | 50 134 | 90 143 30 144
P17 130 | 76 35 95 35 96 75 134 | 55 149
P18 130 | 82 70 85 5 39 5 101 10 126
P19 160 | 72 10 76 20 111 50 126 | 110 | 149
P20 200 | 75 100 | 83 100 | 107 15 145 15 146

We use the parametric analysis described above with a path leading from the origi-
nal RHS of the constrained problem to the first point of the relaxed problem where the
joint cost is reduced to 0.

To set the local direction we applied the following rule: The local analysis direc-

tion »' at point d' is to be set dynamically in each iteration of the algorithm as a vector
with ones in the positions corresponding to active constraints and zeroes in the other

positions. When entering a new cell at point d’, the set of active constraints can be de-
rived as follows. The constraint corresponding to demand m is considered active if and

only if 7, >0 for the problem DD'. The new direction vector 7' can be obtained by

setting ) =1 for the active constraints and setting 7\ =0 for the remaining constraints.

Table 2 presents the results. For comparison, we calculated the decrease of joint
costs in two cases: X,, is the decrease in costs after adding constraint m to the model

without resource constraints, x,, is the decrease in costs after relaxing constraint m in
the original model under all the resource constraints. x,, is the result of analysis in the

RHS parameter space.
The first direction of analysis was determined by 7 active constraints and 14 non-
active constraints. After 14 iterations this direction changed — other constraints were
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reflected in the local direction. After the next 8 iterations the algorithm terminated.
The algorithm applied using this rule for determining the direction of analysis allo-
cates the costs mostly to active constraints (for which x,, > 0) but also to some nonac-

tive constraints which might be easily activated after the relaxation of other con-
straints. It can be observed that, in some cases, when a constraint is nonactive in the
constrained model, but would disqualify any optimal solution for the unconstrained
model (X,, >0), no costs are allocated. The reason for this is that it may be quite un-

likely that such a constraint is activated when others are relaxed, although it is possi-
ble. In other cases the allocated costs vary between x,, and X,,, which is a reasonable

feature. The allocated costs are clearly related to the impact of the individual con-
straints on the joint cost of balancing.

Since we are not investigating the allocation rule here, but are testing our frame-
work, we have chosen an example rule which explores the demand space extensively.
The most important result from this case study is that our algorithm needs relatively
few iterations (22) to find the allocations according to the chosen rule.

Table 2. Description of constraints and cost allocation

Constraint No. Generators in constraints Type | RHS X, X, X,
1 P1, P2, P3 > 660 5 1365 | 1478.5
3 P7, P8 > 320 0 2400 | 1716.7
7 P16, P17, P18, P19 > 820 40 0 0.0
8 P20 > 410 130 940 566.7
9 P16, P17 > 600 2585 3060 | 3094.1
14 P9, P10 < 520 95 0 0.0
16 P13, P14, P15 < 735 305 125 155.3
20 P18, P19 < 410 300 0 0.0
21 P7, P8, P9, P10 < 700 1415 0 951.2
22 P1, P2, P3, P7, P8, P9, P10 < 1330 650 1380 | 1218.0
24 P16, P17, P18, P19, P20 < 1360 0 1265 754.5
25 P4, P5, P6, P9, P10 < 1050 740 0 0.0

8. Summary

The GLPG class of cost games covers important cost allocation problems, includ-
ing production games (based on the transportation problem), the Single Commodity
Infrastructure Market game, and others. To the best of our knowledge, no general al-
gorithm for the efficient computation of path-generated cost allocations for linear pro-
gramming-based games (LPG and GLPG) has been developed before. In this paper we
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have formulated a procedure which is general in the meaning that it covers all possible
paths. Thus it is applicable not only to well-known methods like Aumann—Shapley,
but also to all potentially new path-based concepts. This procedure is based on the
sensitivity analysis of a linear programme for determining the joint cost. However, the
degeneracy and ambiguity of dual prices is a key problem during the cost analysis.
According to the corollary formulated in this paper, each path of analysis has certain
properties. We have applied these properties to formulate two optimization subprob-
lems designed to: (i) compute consecutive steps along the path, and (ii) determine the
local marginal costs. We have illustrated our approach using a numerical example of
a transmission network cost allocation for electric power systems. Our results can be
directly applied to examples of GPLG studied in the literature, where only approxi-
mate solutions are usually applied.
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Metaalgorytm alokacji kosztow dla gier LP i GLP

Rozwazono zagadnienie alokacji kosztow w ramach klasy probleméw modelowanych jako GLPG
(Generalized Linear Programming Games) — uog6lnione gry kooperatywne bazujace na zadaniach pro-
gramowania liniowego. Zakladamy, Zze grupa agentdw uczestniczy we wspolnym przedsigwzigciu,
a kazdy agent okresla pewne wymagania zwigzane z jego uczestnictwem. Wowczas pojawia si¢ problem
podziatu tacznych kosztow realizacji przedsigwzigcia na kazdego z uczestniczacych agentow przy za-
pewnieniu zdefiniowanych ograniczen tych agentow.

W artykule sformutowano ogélny szkielet algorytmu do wyznaczania alokacji tacznych kosztow,
oparty na klasie metod alokacji generowanych przez tzw. $ciezki. Proponowane podejscie jest uogoélnie-
niem pewnych waznych mechanizméw alokacji, bazujacych na teorii gier kooperatywnych, w tym na
wycenie Aummana—Shapleya. Zgodnie z nasza wiedza dotychczas nie zostal opracowany zaden wydajny
algorytm umozliwiajacy wyznaczanie alokacji dla probleméw modelowanych jako gry kooperatywne
bazujace na programowaniu liniowym (LPG i GLPG). Spotykane w literaturze podej$cia polegaja na
obliczeniach niedoktadnych przy jednocze$nie wymaganym wigkszym naktadzie obliczeniowym.

Stowa kluczowe: alokacja kosztow, gry kooperatywne, gra bazujqca na programowaniu liniowym
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