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Abstract

Stochastic bilevel programming is a bilevel program
having some form of randomness in the problem
definition. The main objective is to optimize the
leader’s (upper level) stochastic programming prob-
lem, where the follower’s problem is assumed to be
satisfied as part of the constraints. Evaluation of
the solution requires its corresponding lower level
optimal reaction for each leader’s action. In addi-
tion, due to the existence of randomness property,
the problem is computationally so expensive and
challenging. In this paper, we considered a two
stage stochastic bilevel program and we proposed
a new algorithm for solving such kind of problems
and the algorithm is checked using constructed test
problem. This algorithm is a meta-heuristic type
algorithm based on systematical partitioning of up-
per level decision space for searching the optimal
reaction for leader’s action from its own decision
space and applying particle swarm optimization for
searching a better follower’s reaction. The result of
the numerical simulations of the algorithm is very
much promising. The algorithm can be used to
solve complex stochastic bilevel programming prob-
lem.

Key Words: Two stage stochastic program-
ming, bilevel programming, Stackelberg equilib-
rium, sample average approximation.

1 Introduction

Stochastic bilevel programming, whose underly-
ing principles have been laid out by Patricsson
and Wynter[16] in 1999 for addressing a prob-
lem on structural programming, is a bilevel pro-
gram in which randomness property is involved

in the problem definition. The program finds
many application, in transportation network[1], en-
ergy market modeling[10], traffic model[15], struc-
tural mechanics[6, 16], network pricing[17], en-
ergy bidding[8], retail market[5], duopoly price
fixation[7], telecommunication[2, 21] and multi
product pricing[14]. However, due to the existence
of randomness property and its hierarchical struc-
ture, the problem is computationally so expensive
and challenging even for the linear deterministic
bilevel program which is the simplest one among the
bilevel programming family. Some authors [3, 19]
have shown that bilevel linear program is strongly
non-deterministic polynomial-time hard problem.

Some of the methods which are used for solv-
ing stochastic bilevel programming are stochas-
tic quasi-gradient algorithm[21], and approxima-
tion strategies and genetic algorithm[l]. Those
proposed methods are limited to some special as-
sumptions like linearity and convexity property
for the objective function of follower’s problem.
The search for solution methods still continues,
especially for non-linearity, non-convexity, non-
differentiation and other undesirable property in-
volved in the problem. The main objective of
this paper is solving two stage stochastic bilevel
programming(TS-SMLP) using our proposed al-
gorithm. The algorithm is derivative free meta
heuristic type, which is a combination of system-
atic sampling at each level’s decision space and na-
ture inspired particle swarm optimization. Particle
swarm optimization was developed by Kennedy and
Eberhart[11, 12] in 1995, based on swarm behavior
such as schooling of fish and flock of bird in na-
ture and uses real number randomness and global
communication among the swarm particles[9, 23].

The rest part of the paper is organized as follows.
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Introduction about two stage stochastic bilevel pro-
gramming is presented in section 2. In section 3,
solution procedures is discussed. In addition, nu-
merical examples are presented in section 4. Fi-
nally, some remarks on two stage stochastic bilevel
programming are made in section 5.

2 Two Stage Stochastic
Bilevel Programming

Consider a probability space (2,.%, P), where  is
a non empty set of all random events, .# the set of
all subsets of  and P is a probability measure. In
addition, consider a finite realizations £ of w € )
and its support function Z. A continuous known
probability distribution can be represented by a fi-
nite set of independent and identically distributed
realization samples &, which is identified using sam-
ple average approximation or sequential bound ap-
proximation. The optimal solution and value of the
approximated problem is convergent under a suit-
able condition like convexity[4, 13, 18].

Two stage stochastic programming problem is
mathematically expressed as

min{F(z) + E[Q(z, w)]} )

subject to G;(z) < 0,i=1,...,p
where
inf F(z,z,w)
Qz,w) = z. = -
subject to  Gi(z,Z,w) <0,i=1,...,p

with = representing first stage decision variable
named as “here and now wvariable” and T repre-
senting the random second stage decision variable
named as “wait and see variable” but after the first
stage decision, the outcomes of the first stage de-
cision could be affected by random events. So, a
second stage decision (recourse) need to be made to
compensate for possible violation of constraints and
its value function Q(x,w) is called the recourse, cost
of compensation, or second stage value function.

Two stage stochastic bilevel programming is for-
mulated as

IgilnFl(whzz)-*'Q(zl,M) (2)

subject to G1(z1,z2) < 0, where z2 solve

min Fa(z1, z2)
3

subject to Gz (z1,z2) <0

where Q(':Ulny) = E§[®($1,$27£)],£ Q= Rn:

ISSN: 2521-2292

n € N and, for any outcome &(w) € Z,

7m(in) F (Z1(w), T2 (w), w)
Zq (w

subject to G1(Z1(w), Z2(w), 1, y1,w) < 0,
where Za solve

Pl w2 £l) = min Py (71(w), £2(),)

B subject to
G2 (%1 (w), T2(w), z1,z2,w) <0

with x; and zy are first stage decision variables
which are decided before observing the random
outcome at the second-stage, and Z; and Zo
are second stage decision variables which are
supposed to be decided after all randomness
property has been removed. In problem (2), as-
suming that Q(z1,x2,w), Fi(x1, 22, %1 (w), T2(w)),
Fy(z1,22, 71 (W), T2(w)), Gi(21, 22,71 (w), T2(w))
and  Ga(z1,22,%1(w),T2(w)) are measurable
functions, then one and two stage stochastic pro-
gramming problems are equivalent[1]. So, problem
(2) can be reformulated as a standard stochastic
bilevel program in the following mathematical
form

1-1}1.151 Fi(x1,22) + Be[F1(21(8), 22(£), &) (3)

subject to G1(z1,z2) <0
G1(%1(w), Z2(w), x1, 22, w) < 0,YVw € Q,
where z2 and Zo solve
in Fy(e1,w2) + B¢ [F2(21(), 22(8), €)]

subject to Ga(z1,z2) <0
G (%1 (w), Z2(w), 21, 22, w) <0,
Yw € Q

Therefore, the TS-SBLP in (3) can be rewritten as
4)

min Fq(z1,Z1, 2, T2)
®q,%1

subject to (z1,Z1(w), 2, T2(w)) € S1, YVw € Q
where 2, T2 solve

min Fa(z1, %1, v2,T2)
EPRED)
subject to (z1,Z1(w), z2, T2(w)) € S2, Yw € Q

where Fi(z1,21,22,82) = Fi(w1,x2) + Ee[Fi(21(), 72(€))]
and

Si = {(z1,71(w), ®2, T2(w)) :
Gi(z1,22) <0,Gi(x1, %1 (W), 22, T2(w)) < 0},
Yw € Q

at it" level of the decision hierarchy, i € {1,2}.
Consider T'S-SBLP in (4) and the decision vari-

able space R™, such that (v1,71(w), 2, Z2(w)) €

X1 X X1 X XQ X X2 = S(?é @) - R’m7 where

— _ 2 .
Xi Q _Rmi7 )(z Q Rmi, Z(mz +’I7_’LL) = m, St =
i=1

2 _

[1(X; x X;) and S; is the i*" level constraint set.

j=i

Assume that decisions or actions are made from first

level decision maker who has control over a vector

(z1,Z1(w)) € X3 x X7 and then reaction is made
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from the 2™? decision maker, this process continues

sequentially until they achieve Stackelberg equilib-
rium. Now, let us see some important TS-SBLP
definitions.

Definition 2.1. The following definitions are as-
sociated to TS-SBLP problem.

1. The constraint region for problem (4) is given
by:

¥ = {(z1,Z1(w), z2,T2(w)) €S:
(z1,Z1(w), 2, Z2(w)) € S1 NS2}, Vw € Q

whereS:Xl XXl ><X2 XXQ.

2. For each given vector (2%,7%(w)) € X, x X1,
the feasible region of lower levels is given by:

(2], 2] () = {(z2,T2(w)) € X2 x X2(w) :
(27,27 (w), z2, T2 (w)) € S2}, Yw € Q

3. Projection of W on to the 15 level decision
space is given by:

(X1, X1) = {(z1,71(w)) : 3(z2, T2(w)),
(z1,Z1(w), T2, T2(w)) € ¥}, Yw € Q

4. For each (2%,%5) € W(X1, X1), the rational re-
action set of the lower order level is given by:

(27, 27) = {(23,%3) € argmin{F (a7, 27, x2, 2)} :
(w2, Z2(w)) € ¥(27,%] (w))}, Vw € Q

5. The induced region at 1% level is defined as:

T = {(z1,%1(w), z2, T2(w)) €Sy : 5)
(z1,7T1(w)) € X1 X X1,
(22, T2(w)) € D(z1,71(w))},Yw € Q

6. Using the set T, one can describe TS-SBLP
equivalently as a single level problem of the
form:

min Fi(z1, %1, x2, T 6
(01,71 (), sy e B TERT) (O
Yw € Q
Therefore, because of this equivalence any op-
timal solution of problem (6) is called a Stack-
elberg solution for TS-SBLP.

3 SSE Method for TS-SBLP

Assumption 3.1. Assume Fy and Fy are continu-
ous and measurable in w, S; is convex with respect
to x1 and Ty, and S is conver with respect to xo
and Zo, respectively. In addition, the decision vari-
ables are bounded.

From Assumptions 3.1, F; has corresponding to
any choice (z1,Z1(w)) of the leader there is at least
one reaction (23, Z5(w)). But, we can possibly select
one of the elements from a set @ in a unique way,
say °(x1,Z1(w)). Hence, V(z1,71(w)) € X1 x X1,
@°(x1,Z1(w)) contain a unique point and then prob-
lem (6) is equivalent to

min Fy (1,21, P° (21, 21(w))) (7)

@131
subject to (z1,71(w)) € X1 X X3
Yw € Q

Therefore, due to continuity assumption in As-
sumption 3.1 over compact set and Weierstrass The-
orem, there exist a solution for problem (7).

The randomness property which is involved in
the TS-SBLP problem is approximated using sam-
ple average approximation method. Then, the next
step is partitioning of first level decision space x

. i
and 71 (w) using a step size value S into a] = %1,
. _j d? . _
Vi € {17....7m1}, and @] = 7, Vi e{L,...,mi},
where df and df are the range of decision vari-
ables on the first level dimension space for z; and
Z1. Then, merge the first odd (af(1) or aj(1)) and

even (a] (2) or @/ (2)) partition together as b (1) for
decision space z; and b/ (1) for decision space Z;
and also merge the remaining partition as bg (p) =
a}(2p— 1) +a](2p) and b (p) = @} (2p— 1) +a] (2p),
where p indicates partition number. In addition,
partition each cell a](1) and /(1) into maximum
number of iteration (MaxIter) using a step size
value [3° for selecting one distinct point at each it-
eration to avoid repetition, where

° B
Here, select y*" first sub-interval and (MaxIter —
v+ 1) second sub-interval from the first partition
(b](1) or b](1)) of j*h dimension leader’s decision
space and distribute it to the remaining first level
decision space using systematic sampling approach
with a step size 3, where + is a unique random natu-
ral number between 1 and MaxIter in each iteration.
Then, after representatives are chosen, leader’s ac-
tion from his/her own space X; x X, is sent to
search good reactions from Xo x X using particle
swarm optimization.

Let (z3,73) and (v3, ) be the position vector
and velocity for particle A, where A € {1,...,¢}.
Each particle is attracted towards current global
best position (z§,z$) and its own best location
(xF,zF) in history, while at the same time it has
a tendency to move randomly. Therefore, the new
velocity vector is determined by

PR PN G -G X A
(v2¢v2)’+1 = w(%a%)t +airi((zg,%y) — (wgaiz)t) +

azra((zf, 75 ) — (23,33)") (9)
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where r; and ro are two random numbers, and each
entry taking the values between 0 and 1, a7 and as
are called acceleration coefficients and a1 ~ ag ~

2[12]. In addition, w(vy, )" is said to be iner-
tia term, oy ((2§,2§) — (z3,72)?)) is social com-

ponent and agro((xd, 78) — (23, 73)) is cognitive

component. So, the new position should be updated
by

A SANttl A oAt A Ayl
(23,33)" = (23,83)" + (v3,93)"" (10)

If a particle find a location that is better than
any previously found locations, then update it as
the new current best for particle A. The aim is to
find global best among all the current best solutions
until a certain number of sub-iterations, then send
(23,Z5(w)) := (2§,2§) as an optimal response for
the upper level problem.

Finally, for each distinct and selected leader’s ac-
tion there is optimal reaction which is in the in-
duced region and this continues until we find a bet-
ter solution based on leader’s problem using equa-
tion (7). However, we may not be sure that the
current solution for a given iteration is the best.
Due to this we should formulate a new solution in
each iteration and use the following two definitions
which are taken from [22] for comparition of results
at each iteration.

Definition 3.2. A given point (z,Z3, x5, T3) is an
e-approzimate Stackelberg solution in problem (4) if

Fi(zy, 27,25, %5) < Fi(ay, 2y, 25, B5)+ei (1+|Fi (27, 27, 23, 75)])
where, € = (€1,€2), (w2, Ta(w)) € ®(z1,T1(w)), Vi €
{1,2} and Vw € Q.

Definition 3.3. A point (25,z5,25,75) € ¥ is
said to be an e-better solution in problem (4) than
(xf,2Y, 23, 25) if

1. (zY,27,25,23) & ¥, or if the following two
statements hold true.

2. V8§ = (61,02) such that (xY,zY,zy,Z5) is a &-
approzimate Stackelberg solution, Je = (€1, €2)
such that €; < &;, Vi € {1,2} but at least one
component is €; < 0; and (z$,Z%,23,T3) is an
e-approzimate Stackelberg solution.

If number of iterations increases to infinity, then
e-approximate Stackelberg solution approaches to
Stackelberg solution. The following pseudo code is
the algorithm for SSE method ,to solve T'S-SBLP.

e Step 1: Consider TS-SBLP with bounded de-
cision variables. o
Input: my;, m;, U, wl bl ul, S;, Fy, df, d, € €

=, where £(w) — RN, {&}9 V5 e {1,...,m;}
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and Vj € {1,...,m;}.
Algorithm parameters: a{ =2 ceil(%), ZL{ =

& i 7] o 8
2 - Cell(ﬁ), bjl bjh €, 60 = MaxIter’ k and
perm = randperm(MaxIter)

e Step 2: Set iteration IT =1

e Step 3: Partitioning of random space and de-

cision space

— Step 3.1: Partition the random space us-
ing the probability distribution

£ =p+ rand(l,n)o

where p is mean, o is variance and n is
the number of realization, and then use
sample average approximation.

— Step 3.2 Partition the space of the
“here and now variables” on the interval
[14,u]™ for leader’s problem
23(1) = U + (perm(IT) — 1)5° + rand(1)8°
z{(2) = l{ + B8 4+ (MaxlIter — perm(IT) + 1)8° +
rand(1)3°
forg=3:2:2bp — 1
2](q) =2 (q—2) +28
wl(a+1)=a(a—1)+28
end for
do Step 3.2 again for the space of the
“wait and see variables” on the interval
[}, @)™ for leader’s problem

e Step 4: Find optimal reaction (z3,Z3) € Xo x

Xo, for each (x7,7%) € X; x Xi, using parti-
cle swarm optimization from the second level
decision space

— Step 4.1: Input: ¢ number of particles,
maximum number of iterations, oy, ag, w

— Step 4.2: Initialize locations (23, #3) and

velocity (vg,@3) for each A, where A\ €
{1,...,q}

— Step 4.3:  Find (2f,25)=0
argmin{Fg(m{,ET,xg‘,fé\)}

from

— Step 4.4: For loop( t =t + 1 pseudo time
or iteration counter)
for loop over all g particles and m; + m;
dimensions
Generate new velocity (v3,)"*! using
equation (9)
Calculate new locations (x3,#3)!! using
equation (10)
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Evaluate objective functions at new loca-
tions (x5, 75)t+!

Find the current best for each particle
(25, 75)

end for

Find the current global best (z§,z5)

end for

— Step 4.5: Output the final results (x5, 5
and let (23,739) := (25, z5)

e Step 5: Select approximate solution using
leader’s problem from equation (7),

Fi(z7,27,®5,%5) < Fi(z1, 21, 25,%5)

and then set a solution, (x1, %1, z2, ZT2) for iter-
ation IT.

e Step 6: If IT > 1, update e-approximate Stack-
elburg solution using Definition 3.2 and equa-
tion .

201
ot - k(48 22
1

e Step 7: Terminate, if IT = Maxlter, else set

IT =1T + 1 and go to step 3.

e Step 8: Out put: (x1,Z1,z2,T2)

4 Simulation Results

TS-SBLP problem (4) can be reduced to a deter-
ministic problem or a finite number of deterministic
problems when either the random variables which
are provided in the problem are fixed by a single or
finite number of realization £. In any case, we will
check the effectiveness and competitiveness of our
proposed algorithm using deterministic bench mark
Stackelberg problem from literature[20] in Exam-
ple 4.1. Moreover, we construct TS-SBLP problem
which is in Example 4.2 for testing our new algo-
rithm.

Example 4.1. [20].

min zf + (w2 — 10)2
3

subject to S1 = {(x1,x2) : —x1 + x2 < 0},
where T2 solves
n;iZn (z1 4 235 — 30)?
subject to So = {(z1,x2) : x1 + z2 < 20}
21 € X1 = [0,15], z2 € X2 = [0,20]

After implementing the SSE algorithm using
MATLAB()software, we let it run 10 indepen-
dent times, where each run has 50 iteration and
5 = 0.25. So, we obtain optimal values to be
F; = 99.989 and Fy, = 2.7439¢7%96 with optimal

solution (9.9994,9.9994) is appeared at 6! itera-
tion. Whereas the optimal value and solution on the
literature[20] are F; = 100.0001 and Fy = 5.5¢ 7011,
with optimal solution (10.0009,9.9993). Therefore,
according to equation (5), the solution method SSE
is competitive and very promising.

The following example is for TS-SBLP in normal
(N) probability distribution.

Example 4.2.

min z? + (z2 — 10)2 + Elwz; + (T2 + w)z]
@y,@1

subject to S1 = {—z1 +x2 < 60,:1:? + Z1 + 2T — w < 20},
where xo and To solves
min (1 + 222 — 30)° + E[2wZ] + wia]
subject to S = {2z + x2 < 20,
z1 + 1 + 2T2 — w < 10}
z1 € X1 =1[0,15], 2 € X2 = [0, 20]
z1 € X1 =10,10], T2 € X2 =[0,6]
Yw € Q,w ~ N(2,3)

After implementing the algorithm the optimal
values are F; = 33.8243 and Fy = 0.47757, with
optimal solution (0.408675,0.401272,14.7957,0)
which is appeared at 18" iteration, where 8 = 0.5.

5 Conclusion

In this paper TS-SBLP is considered and a new type
of derivative free meta-heuristic algorithm so-called
SSE method is proposed for solving our problem.
The algorithm is constructed based on systematic
partitioning of upper level decision space for search-
ing the optimal reaction for each leader’s action on
its own decision space and applying particle swarm
optimization for searching a better response from
lower level reaction. These updating responses for
each leader’s action will continue iteratively using
an e-approximate Stackelberg solution definition.
The proposed algorithm is compared with other
methods using bench mark problem from literature.
The result of the numerical simulations of the algo-
rithm is very much promising. The algorithm can
be used also to solve complex stochastic multilevel
programming. In addition, it is a useful new addi-
tion topic for stochastic multilevel program.
Acknowledgments. This work was supported
by the research initiation grant of the office of the
DVCRI of Botswana International University of Sci-
ence and Technology (DVC/RDI/2/1/161(34)).
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